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ABSTRACT

With semiconductor technology scaling approaching atomic limits, novel approaches
utilizing new memory and computation elements are sought in order to realize increased density,
enhanced functionality, and new computational paradigms. Spintronic devices offer intriguing
avenues to improve digital circuits by leveraging non-volatility to reduce static power dissipation
and vertical integration for increased density. Novel hybrid spintronic-CMOS digital circuits are
developed herein that illustrate enhanced functionality at reduced static power consumption and
area cost. The developed spin-CMOS D Flip-Flop offers improved power-gating strategies by
achieving instant store/restore capabilities while using 10 fewer transistors than typical CMOS-
only implementations. The spin-CMOS Muller C-Element developed herein improves
asynchronous pipelines by reducing the area overhead while adding enhanced functionality such
as instant data store/restore and delay-element-free bundled data asynchronous pipelines.

Spintronic devices also provide improved scaling for neuromorphic circuits by enabling
compact and low power neuron and non-volatile synapse implementations while enabling new
neuromorphic paradigms leveraging the stochastic behavior of spintronic devices to realize
stochastic spiking neurons, which are more akin to biological neurons and commensurate with
theories from computational neuroscience and probabilistic learning rules. Spintronic-based
Probabilistic Activation Function circuits are utilized herein to provide a compact and low-power
neuron for Binarized Neural Networks. Two implementations of stochastic spiking neurons with
alternative speed, power, and area benefits are realized. Finally, a comprehensive neuromorphic
architecture comprising stochastic spiking neurons, low-precision synapses with Probabilistic
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Hebbian Plasticity, and a novel non-volatile homeostasis mechanism is realized for subthreshold
ultra-low-power unsupervised learning with robustness to process variations. Along with several

case studies, implications for future spintronic digital and neuromorphic circuits are presented.
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CHAPTER ONE: INTRODUCTION

Scalable, energy-efficient, and enhanced functionality over CMOS technology are all
desirable characteristics for future computational devices. Emerging spintronic devices achieve
greater functionality through nonvolatility and improved scalability via Back End of Line (BEoL)
compatibility, which enables vertical integration [1]. By utilizing these features, enhancements to
contemporary computational architectures can be realized, such as area-efficient digital circuits
with instant store/restore functionality for aggressive power gating, while new neuromorphic
computational architectures can leverage the dense arrays of non-volatile memory, and the intrinsic
properties of spintronic devices can be used to realize entirely new computational paradigms at
even greater energy efficiency [2, 3]. This Chapter introduces the need for spintronic architectures,
provides an overview of current spintronic approaches for digital and neuromorphic circuits, and

delineates the contributions of this Dissertation.

Need for Spintronic Circuits

The Moore’s Law scaling of CMOS devices has enabled the proliferation of computational
technology in every facet of the information processing revolution since the 1960s. However, the
fundamental limitations of CMOS scaling has necessitated the semiconductor industry to formally
acknowledge that transistors will stop shrinking by the early 2020s, as emphasized by the chairman
of the road-mapping organization [4]. Means for continuing Moore’s Law or enhancing the

capabilities achievable with current integration densities could be through the development of new



nanodevices. Among promising devices, the 2015 International Technology Roadmap for
Semiconductors (ITRS) identifies nanomagnetic, or spintronic, devices as capable post-CMOS
candidates [5].

Spintronic devices have the potential to operate at frequencies above 1 GHz and at energies
approaching lalJ [6]. Thus, they provide a direction for a scalable universal memory technology,
which is in contrast to today’s current memory systems that are segmented between SRAM for
high speed/high area, DRAM for moderate speed/low area, and Flash or magnetic platters for very
low speed/very low area data storage. Additionally, the features of spintronic devices enable new
classes of circuits that, in contrast with CMOS, intrinsically hold their state without any external
power signals. This feature can provide novel circuit and architectural strategies leveraging power-
gating for reduced energy consumption and heat generation, as well as the development of new
computational strategies beyond typical von-Neumann approaches, such as neuromorphic circuits,
where the improved integration density of high-speed non-volatile devices can decrease area
overheads for the memory-intensive nature of neural network paradigms, while the stochastic
switching properties of the devices enable the implementation of stochastic behaviors found in
biological neural networks and probabilistic unsupervised learning rules using a minimal number

of discrete binary memory devices [2, 7, 8].

Spintronic Technology

In this Section, the spintronic switching mechanisms outlined in Figure 3 are delineated.



To begin, almost all currently-commercializable spintronic devices utilize a Magnetic Tunnel
Junction (MTJ) for switching, reading the magnetic state, or both, and the MTJ is realized with a
material stack of a thin insulating oxide, which is typically MgO, sandwiched between two

Ferromagnets (FM) [1, 9-25].

MTJ Stack High Resistance Low Resistance

Free layer—»

Figure 1: Illustration of the MTJ stack, high resistance state, and low resistance state.

As shown in Figure 1, one FM is deemed the fixed layer since it is engineered such that its
magnetic orientation will not change, and the other FM is called the free layer since its magnetic
orientation will rotate according to the principles of the specific device it is a part of. The MTJ
acts as a mechanism to read the state of magnetic orientation of a FM since the resistance across
the MTJ is based on the relative magnetic orientations of the fixed- and free-layer FMs in the stack.
If the two FMs are parallel (P), then the MTJ has its lowest resistance, and if they are anti-parallel
(AP), then the MTJ has its highest resistance. The relative resistance ratio between the P and AP
states 1s called the Tunneling Magnetoresistance (TMR) ratio. MTJs will be used throughout the
dissertation to interface between spin-states and electrical circuits.

One of the primary mechanisms by which the free-layer of an MTJ can be switched is with
Spin Transfer Torque (STT) [26, 27]. STT operates by injecting a spin-polarized charge current

into the free-layer. If electrons of one spin orientation meet an electron of differing orientation,
3



then a net magnetic torque is applied, which is STT. MTJs can be utilized to polarize the spin of
electrons through its fixed-layer before passing into the free-layer much like how a polarizer only
allows photons of a particular polarization to pass through it [28]. Other physical phenomena, such
as Spin Orbit Coupling discussed later, are also able to inject spin-polarized currents into free
layers to switch the magnetic state. STT will be used throughout this dissertation as a mechanism
to switch the magnetic state of a free layer.

Domain Wall Motion (DWM) is a phenomena whereby two regions with opposing
magnetic orientations in the same FM wire have a region between the two called the domain wall
[29, 30]. By applying STT to the domain wall it will move in the direction of the electron flow,
which allows charge current-based manipulation of a magnetic region in a continuous fashion as
opposed to the discrete nature of mono-domain FMs used in typical STT-MTJs. DWM will be
used in Chapter 3 to realize novel hybrid spin-CMOS digital circuits.

Spin Orbit Coupling (SOC) effects such as the Spin Hall Effect (SHE) are mechanisms by
which particular materials cause electrons of one spin orientation to flow opposite to those of
opposite spin orientation [31-38]. The SHE is a bulk phenomena found in heavy metals such as Pt
or beta-W and works by passing a charge current through the material, and due to SOC electrons
with opposing spins are pushed to opposite sides of the heavy metal, which provides a mechanism
for injecting spin current into FMs interfaced with the material. SOC effects can be engineered to
realize very high efficiency spin injection and as such has been at the forefront of the latest in
spintronic device research. SOC will be used in Chapters 4, 5, and 6 to realize neuromorphic

synapses and neurons.



Spintronic Approaches for Digital Circuits

Spintronic devices can be beneficial for standard digital circuits since they can reduce the
overheads by reducing the number of devices needed while migrating some circuitry to BEoL,
alleviating area overheads. The current-based switching of the devices also affords the
straightforward implementation of majority logic gates, which can reduce total gate counts in some
circuits [17]. Furthermore, the non-volatility of the devices allows for replacement of in-circuit
memory structures, such as SRAM, with spintronic devices that can be readily power-gated when
not being used to conserve static power consumption. Two novel hybrid spin-cmos circuits are
developed in Chapter 3 that utilize the overhead-reduction and non-volatility capabilities of

spintronic devices to improve both synchronous and asynchronous Von-Neumann architectures.

Spintronic Approaches for Neuromorphic Circuits

The dense, non-volatile, resistive, and stochastic switching properties of spintronic devices
can all be utilized for neuromorphic architectures. Neuromorphic architectures are a paradigm shift
away from Von-Neumann architectures that focuses on combining computation and memory
elements within neural network computational schemes. The primary components of
neuromorphic architectures are the synapses, which modulate the strength of input signals,
effectively implementing a multiplication between the synaptic weight and the input signal, and
the neurons, which implement some form of non-linearity applied to the summation of pre-
synaptic input signals multiplied by the connecting synaptic weights. The synapses and neurons

are typically organized into a crossbar configuration as shown in Figure 2.
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Figure 2: Typical neuromorphic crossbar architecture with synapses and neurons.

There are a variety of neural network algorithms that can be used to develop neuromorphic
architectures such as standard Deep Neural Networks (DNN5s) that use continuous valued weights
and neuron activations [39], Binarized Neural Networks (BNNs) that use binary neuron activations
and synaptic weights [40], and Spiking Neural Networks (SNNs) that attempt to mimic the spiking
behavior found in biological neurons, use discrete binary spike events to represent the outputs of
neurons and can have either discrete, continuous, or binary synaptic weights [3, 41-43].

Spintronic devices can be utilized to implement both the synapse and neuron components
of neuromorphic architectures. The resistive nature of spintronic devices lends themselves to
naturally implement synaptic weighting of input signals in an analog fashion in crossbar arrays for
parallel computation of all input signals and synapses to be applied to the input of the neuron.
Additional benefits are realized by the vertical integration of spintronic devices, reducing the area

overheads of synapses, which make up the majority of neuromorphic architecture footprints. Also,



the non-volatility of spintronic devices mitigates static power consumption within the crossbar
array. SNNs also receive additional benefits from the utilization of spintronic devices because they
can leverage the intrinsic stochastic switching behavior of spintronic devices to realize efficient
probabilistic update rules with binary or low-bit synapses for hardware-efficient neuromorphic
architectures with unsupervised learning, as shown in Chapter 6. For neuron circuits, spintronic
devices can naturally implement sigmoidal Probabilistic Activation Functions (PAFs), which can
be implemented with resistive crossbar arrays for compact low-power neuron designs as developed
in Chapter 4. Spintronic devices also pave a way towards more biologically-mimetic stochastic
spiking neuron behaviors that realize powerful Bayesian computations as prescribed from several
works in computational neuroscience [44-46]. Such stochastically spiking neurons typically
require expensive overheads to be realized with deterministic CMOS circuits, but by leveraging
the intrinsic stochasticity of spintronic devices to implement such stochastic spiking behaviors,

compact low-power circuits can be realized, as developed in Chapters 5 and 6.
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Figure 3: Taxonomy of spintronic technologies and architectures with their associated
characteristics.

Contributions of the Dissertation

The primary contributions of this dissertation are detailed below.

Hybrid Spin-CMOS circuits for area reduction and enhanced functionality in Von-Neumann
architectures: The direct integration of spintronic devices in traditional CMOS circuits achieves
reductions in device counts as well as enhanced functionality due to the non-volatility imparted
into the circuits, such as instant store and restore capabilities for aggressive power-gating schemes.
As CMOS devices have been scaled, static power consumption has increased to a significant
proportion of the total power consumption, prompting chip architects to utilize power-gating
schemes whereby the power supplies to idle circuits are shut off to reduce static power

consumption. However, due to the volatility of typical SRAM memory used in digital circuits, the



data needs to be migrated to either non-volatile storage or non-power-gated circuits prior to turning
the supply off, and then the data needs to be restored from storage after power is resupplied before
the circuit can resume operation. The work presented in Chapter 3 demonstrates how to utilize
spintronic devices to impart edge-triggered flip-flops and Muller C-elements with instant store and

restore capabilities while reducing device counts.

Stochastic neurons in area- and power-efficient circuits: Stochastic neuron circuits can be
beneficial for both BNN and SNN architectures. The binarization of DNNs requires neurons that
provide a non-linearity to a wide-ranging input, which can be either a deterministic sign function,
or a sigmoidal Probabilistic Activation Function. Chapter 4 introduces a spintronic Probabilistic
Activation Function that has reduced power and area overheads compared to the deterministic
approach. A ubiquitous behavior found in biological neural networks is the stochasticity of the
firing rate, which arises from the stochastic opening and closing of the ion channels that drive
spiking behavior and is determined to be an important component of theoretical computational
frameworks developed in computational neuroscience, such as Neural Sampling. Most spiking
neuron circuits utilize a simple Leaky Integrate and Fire (LIF) model that does not accurately
model the stochastic spiking found in-vivo and is incompatible with Neural Sampling. The works
presented in Chapter 5 detail two approaches that utilize the stochastic behaviors of spintronic
devices to realize compact, high-speed, and low-energy stochastic spiking neuron circuits with a
spike rate determined by the input signal, which can be utilized for neuromorphic architectures

implementing computational models that leverage stochastic spiking neurons.



Comprehensive hardware and algorithm co-design for process variation resilient and low-
power neuromorphic architecture: The design of robust, hardware-efficient, and low-power
neuromorphic architectures with unsupervised learning requires an integration of knowledge from
device physics, low-power circuits, and computational neuroscience to realize a holistic device-
aware circuit, architecture, and algorithm co-design. Several emerging devices are promising for
advancing neuromorphic architectures in part due to their non-volatility and stochastic switching
behaviors, of which spintronic devices have the advantage of nearly unlimited write endurance.
Typical approaches to neuromorphic architectures using spintronic devices attempt to impose ideal
algorithmic constraints, such as exponential Spike-Timing Dependent Plasticity learning rules
onto non-ideal circuits in an ad-hoc fashion, requiring precise parameter tuning that would be
challenging when considering the effects of process variations, especially at subthreshold voltages.
The Neural Sampling Core developed in Chapter 6 leverages the intrinsic properties of spintronic
devices and subthreshold CMOS under the effects of process variation to design ultra-low-power
neuron, synapse, and homeostasis circuits that are hardware-efficient and implement principles
from Neural Sampling, while utilizing the stochastic switching properties of spintronic devices to
realize a new unsupervised learning rule called Probabilistic Hebbian Plasticity that is shown to

be robust under various forms of parameter and circuit variations, input sizes, and input noise.
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CHAPTER TWO: PREVIOUS WORKS

This Chapter starts by introducing previous approaches for implementing spintronic
devices in standard digital circuits to reduce static power consumption through power-gating, due
to the non-volatile nature of spintronic devices. Then, previous approaches utilizing emerging

devices for compact and low-power neuromorphic circuits, such as neurons and synapses, are

detailed.

Previous Spintronic Approaches for Digital Circuits

The non-volatile, high-speed, high write-endurance, and BEoL properties of spintronic
devices offers the ability to improve digital circuits, particularly by ameliorating the ever-growing
static power consumption overhead of highly scaled CMOS circuits through power-gating. In this
Section, several approaches for utilizing spintronic devices to imbue D F/F and Muller C-Element
circuits with low-overhead non-volatile storage for standby power reduction are delineated. A
direct comparison between the works can be found in Table 1.

D F/F circuits, which are the primary intra- and inter-computation memory elements in
standard synchronous architectures, are an ideal candidate for the non-volatile, high-speed, and
high-endurance properties of spintronic devices since non-volatility within these circuits can allow
entire portions of the overall architecture to be power-gated without loss of data. Several works
have used these properties to develop such non-volatile D F/Fs, which are listed in Table 1. In

particular, Ryu et al. [47] utilized a master-slave D F/F configuration in which the slave latch is
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connected to a sensing circuit containing two MTJs, which also includes associated write circuitry.
Prior to power-gating, a write-enable signal is sent to the write circuitry, which then writes the
state of the D F/F into the MTJs in a complementary fashion. Once power is restored to the circuit,
a sense-enable signal is sent to the sensing circuitry, which senses the data in the MTJs and loads
that data into the D F/F. Suzuki et al. [48] used a master-slave D F/F configuration with a DWM
device-based non-volatile storage cell with associated store and recall circuitry. Prior to power-
gating a store signal is sent to the non-volatile storage cell, causing the state of the D F/F to be
written to the DWM device, and once power has been restored, a recall signal causes the data in
the DWM device to be sensed and loaded into the slave latch of the D F/F. Both of these non-
volatile D F/F circuit designs require significant circuitry overhead as well as additional signaling
wires and timing overheads to store and restore the data to and from non-volatile storage prior and
after power-gating. Thus, the work presented in [8] and Chapter 3 removes these overheads,
allowing very compact circuits with instant store and restore capabilities without any additional
signaling wires or timing overheads.

The asynchronous counterpart to the D F/F for synchronous architectures is the Muller C-
Element, which is involved with storing inter-computational data and is critical for performing
asynchronous handshaking protocols in lieu of a global clock signal [49]. Therefore, several works
have targeted the Muller C-Element for integration with spintronic devices to imbue asynchronous
architectures with non-volatility for power-gating capabilities, as listed in Table 1. Zianbetov et
al. [50] developed a hybrid spin-CMOS Muller C-Element with body biasing and a silicon-on-

insulator design. Their design typically operates in an ordinary CMOS-only fashion for high speed,
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with a propagation delay of just 32 ps, and it can then backup the state data to non-volatile MTJ
cells prior to powering the circuit down for power-gating. The metrics listed in Table 1 compare
only the backup delay and power instead of the standard CMOS-only high-speed operation in order
to compare the non-volatile operation of the design with the intrinsically non-volatile operation of
the design proposed herein. Storing data in spintronic devices can also increase radiation-induced
soft error immunity. For instance, Onizawai et al. proposed their design to address Single Event
Upsets using the resilience of MTJs [51]. Their design lacks the CMOS-only high speed operation
of Zianbetov et al. as their focus was to improve reliability, and as such, needed to write to the

non-volatile cells every operation.

Table 1: Comparison of Hybrid Spin-CMOS Digital Circuits.

Ref. Circuit Device Count Delay Power
[47] D F/F 56T +2S 203.3 ps N/A
[48] D F/F 27T + 1S 62.2 ps 12.7 uW
[8]. D F/F 10T+ 1S ~1-10 ns ~3-9uW
Herein
[51] Muller C-Element 38T + 2S 1.05 ns 263.8 uW
[50] Muller C-Element 17T + 2S 1 ns 50 uW
[2]. Muller C-Element 8T+ 18 801 ps 34.04 uWv
Herein
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Previous Approaches for Neuromorphic Circuits

Spintronic devices have been utilized to realize high-speed, low-power, and compact
neuromorphic circuits including neurons and synapses, of which we review a recent selection in
this Section. Although spintronics have been utilized to realize both deterministic and stochastic
neuromorphic circuits, since the works developed in this dissertation focus on the stochastic
approach for its potential power and area savings as well as biological plausibility and
compatibility with theories from computational neuroscience. Where appropriate, spintronic
approaches are also compared to standard CMOS and alternative emerging technologies, such as
memristor in order to demonstrate the benefits of spintronics for stochastic circuit
implementations.

The implementation of stochastic neuron circuits requires a circuit to take an input signal,
which is typically voltage or current, and compute a probability of spiking based on that signal.
Most approaches utilize a sigmoidal spiking probability, which is commensurate with the behavior
of emerging device switching probabilities as well as biological behavior and computational
neuroscience theories [42, 44, 45, 52]. Implementing stochastic neuron circuits in standard digital
CMOS designs is not very natural due to the determinism inherent in the designs, and requires a
Pseudo-Random Number Generator (PRNG) and the associated power, area, and timing
overheads, such as in [53]. Emerging devices can implement a sigmoidal probability of switching
much more naturally through their stochastic switching properties. Wijesinghe et al. [54] utilized
the stochastic filament formation behavior of amorphous silicon-based metal filament formation
memristor devices to realize a compact stochastic spiking neuron that operates with a three-phase
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approach. The first phase is the write phase where a voltage is applied to the memristor,
representing the input signal corresponding to the previous synaptic weighted summation
computation, to the device for a period of time, which may or may not switch based on the input
voltage. After the write phase, the read phase senses the state of the memristor, and if the device
switched during the write phase, a spike signal is generated. After the read phase, the device is
reset with a voltage pulse with an amplitude and duration chosen such that the device is reset with
a very high probability. Spintronic approaches to designing stochastically spiking neural circuits
utilize the thermally-driven random magnetic excitations found in nanomagnets to switch the
device probabilistically based on the applied input signal [42, 43, 52]. Previous approaches using
both MTJs and SHE-MTJs have a similar three-phase approach to the memristor design previously
described. The first phase is considered the write phase, where a current pulse is applied to the
MT]J or the SHE layer of the SHE-MTJ with a current pulse equivalent to the input strength for a
pre-defined pulse duration, and the device may or may not have switched. After the write phase,
the device is sensed, and if it was switched, an output spike is generated. Once the read phase is
complete, the MTJ or SHE-MTIJ must be reset with a strong current pulse to reset the state of the
device prior to the next write phase. Of all the previous memristor and spintronic stochastic spiking
neuron approaches, they require the write-read-reset phases, which introduces additional time and
power overheads. In Chapters 5 and 6, spintronic stochastic spiking neuron circuits are developed
that leverage the properties of a novel spintronic device to realize intrinsically spiking hardware

that does not need any additional read or reset phase overheads.
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In addition to stochastic spiking neuron circuits, emerging devices have been utilized for
implementing stochastically switching synapses for realizing either binary or multi-bit synapses
with probabilistic update rules for compact and low-power unsupervised learning algorithms in
hardware. Suri et al. [55] fabricated a SNN chip with conductive-bridge RAM (CBRAM) binary
synapses with probabilistic unsupervised learning rules that were capable of realizing auditory and
visual pattern extraction. Bill et al. [56] showed that compound memristive synapses using 1-100
devices with unsupervised probabilistic learning rules is capable of recognizing handwritten digits
with diminishing returns on the number of devices in each synapse, showing that high precision is
not required. Zhang et al. demonstrated a similar scheme with compound MTJ synapses consisting
of 1 to 9 MTlJs and showed that with probabilistic unsupervised learning rules, the network can
learn to recognize handwritten digits with respectable accuracies and some robustness to process
variation. Srinivasan et al. [42, 57] demonstrated two approaches to using SHE-MTJs as synapses
with probabilistic unsupervised learning rules resembling exponential Spike-Timing-Dependent-
Plasticity (STDP) curves; one showed that single SHE-MT]Is are capable of achieving respectable
accuracies for handwritten digits and a stochastic spiking neuron, and the other showed that two
SHE-MTIs per synapse, each with slightly different circuity, could realize long-term and short-
term memory, which reduces the total energy required to train the network. In Chapter 6, a low-
precision subthreshold hybrid spin-CMOS synapse using three SHE-MTJs and a new probabilistic
unsupervised learning rule called Probabilistic Hebbian Plasticity is developed to realize an ultra-

low power synapse that is robust to process variations.
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Table 2:

Comparison of Stochastic Spiking Neuron Approaches

S3N S4N
[53] [54] [42, 43, 52] Herein Herein
Hybrid Hybrid Spin- Hybrid Spin- Hybrid Spin-
Technology  CMOS o\ 108/ Memristor CMOS CMOS CMOS
Source of Memristor
.. PRNG Switching Thermal Energy Thermal Energy  Thermal Energy
Stochasticity o
Probability
Spike Event Write-Read-Reset Write-Read-Reset Intrinsic Circuit  Intrinsic Circuit
Implementation Signal Cycle Cycle, Behavior Behavior
Spike Time-
Scale Order 1 ms 10 ns I ns 10 ps 1-10 ns
Energyper 14 ~1-10 pJ ~1nJ I nJ ~10-100 aJ
spike
Normalized >10x ~1x ~0.5% 1% 2x

Device Count

Probabilistic Bits

An important family of spintronic approaches to leveraging thermally-driven true random
behavior in circuits, which are used extensively in Chapters 4, 5, and 6, are called Probabilistic
Bits (p-bit) [58]. P-bit circuits come in a couple different flavors that center around a spintronic
device with a very low energy barrier free layer as will be described subsequently. Although these
specific devices have not been demonstrated comprehensively yet, the field of probabilistic
spintronics is an active area of research with very promising experimental results demonstrating

the utilization of stochastic nanomagnets as a tunable random number generator [59].
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Spin-Hall Effect Probabilistic Bit

The SHE-driven p-bit, shown in Figure 4a, combines a heavy metal (HM) exhibiting SHE
and an MTJ whose free layer magnetization is modulated by the SHE layer. Unlike standard
experiments combining the HM with an MTJ that utilizes ferromagnets with energy barriers of the
order of 40 to 60 kT [58, 60-62], the p-bit uses an unstable ferromagnet, with an energy barrier of
0 to 1 kT, which can be obtained by either reducing the volume of a stable magnet [63] or by using
circular magnets that effectively have no barrier in the absence of a geometrically preferred easy
axis [64]. In the absence of any SHE current, the magnetization fluctuates with average < m, >=
0 and the inverter chain amplifies this signal to produce rail-to-rail voltage swings between 0 and
VDD. An input current into the SHE layer generates a spin current that influences the
magnetization of the circular magnet, which effectively biases the probability that the output is 0
or VDD. The SHE-driven p-bit is utilized in Chapters 4 and 5 to provide intrinsic thermally-

generated stochasticity for various stochastic neuron implementations.
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Figure 4: p-bit device schematic and equivalent READ circuit: (a) The gray layer represents a
heavy metal (HM) exhibiting the Spin Hall Effect (SHE) that injects a spin current into an
adjacent “free layer” of a Magnetic Tunnel Junction. The free layer is a circular magnet with no
preferred easy axis (EB=0 kT) that fluctuates in the z-x plane in the presence of thermal noise.
The MTJ is connected to an average resistance RO creating a fluctuating voltage that is amplified
by two inverters. (b) The circuit equivalent READ circuit is also shown.
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Figure 5: Embedded p-bit circuit.

The Embedded p-bit circuit developed in [65] is a straightforward adaptation of the
standard 1-transistor with 1-MTJ circuit typically used in spintronic memory arrays but with a low-

energy barrier free layer, as shown in Figure 5. Due to the very low energy barrier (A) of the free
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layer, the MTJ of the embedded p-bit will stochastically switch between its AP and P states, where
the mean retention time for an MTJ (7) is given by:
T = 7el/kT

Where 7, is a material dependent parameter called the attempt time, k is Boltzmann's
constant, and T is the temperature in Kelvin [65]. Since the input to the inverter is a voltage divider
between the MTJ and the NMOS transistor, the output of the inverter will be a function of the
voltage applied to the gate of the NMOS and the probabilistic state of the MTJ, providing a
sigmoidal probability of outputting a logic 1 based on the voltage applied to the NMOS. The

embedded p-bit is utilized in Chapters 5 and 6 to realize compact and low-power voltage-

controlled stochastic spiking neuron circuits.
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CHAPTER THREE: HYBRID SPIN-CMOS DIGITAL CIRCUITS

In this Chapter, the Domain Wall Coupled Spin Transfer Torque (DWCSTT) device
developed in [30] is described and then utilized to design two new hybrid digital circuits that
introduce a novel direct interfacing between spintronic and CMOS devices to realize critical
datapath components with enhanced functionality and reduced area costs. The first circuit
developed is an edge triggered flip flop utilizing spintronic devices to enable instant store and
restore functionality for aggressive power-gating schemes © 2016 IET, reprinted, with permission,
from [8]. The next circuit leverages the state-holding properties of a spintronic device to reduce
the area overhead of the Muller C-element, which is a critical component in asynchronous
architectures, while also imbuing it with instant store and restore functionality, © 2018 IEEE,
reprinted, with permission, from [2]. Both circuits illustrate how the use of complementary MTJs

in a single device allows a seemless voltage-divider-based integration with CMOS.
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Figure 6 (a): Domain Wall Coupled Spin Transfer Torque Device; (b): Low and High states.

The DWCSTT device shown in Figure 6a uses two electrically isolated, but magnetically
coupled FM domain wall layers to isolate the read and write mechanisms of the device [30]. The
device state is sensed through the two anti-parallel fixed reference pillars, which have MTJs with
the underlying domain-wall-based free layer. The domain wall only has two stable states as shown
in Figure 6b, and therefore one fixed reference pillar will always be Ruignh and the other will be
Rrow, exclusively, and they will alternate depending upon the location of the domain wall. If the
TMR of the MTJs is large enough (~100%), then we can use the two MTJs of the DWCSTT device
as a voltage divider to output a View or a Vign, which can then be used to switch a CMOS inverter
as shown in Figure 7b [8]. The write operation of the device is performed by passing a current
through the lower domain wall FM, denoted as the write layer, which is first spin-polarized through

the fixed contact layers, and then exerts a STT on the write layer, which moves the domain wall.
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Since the upper domain wall FM layer, denoted as the free layer, has strong dipolar coupling with
the write layer, its magnetization will rotate in conjunction with the write layer as it undergoes
STT. The velocity of the domain wall is linearly related to the current density applied to the write
layer, and experimental results show that domain wall velocities up to 125 m/s is achievable with
current densities near 1.8e8 A/cm? [66]. Using 16nm PTR CMOS models [67] with a supply
voltage of 0.7V, respectable write speeds are achieved by simply applying logic “1” or “0” (vdd
or gnd) to the device inputs. By varying the driving transistor widths, the speed and power draw
of the device are able to be adjusted. Seo et al. utilized the self-referencing differential nature of
the device to read the state of the device by fixing the read out terminal to ground and then
comparing the currents of the two fixed reference pillars when a fixed voltage is applied to both
[30]. However, with proper read and write path optimization of the DWCSTT, 16nm CMOS gates
with balanced transistor widths are capable of both writing to and reading from the device in lieu

of using a sense amplifier to compare relative current levels.

Compact Instant Store/Restore D Flip-Flop

The Hybrid Spin-CMOS edge triggered Flip-Flop (D F/F) focuses on using the non-volatile
properties of the DWCSTT to reduce the number of transistors needed compared to the standard
pure-CMOS implementation of a master-slave D F/F while providing instant store/restore
functionality with full data retention, simplifying the requirements of power-gating techniques [8].
The D F/F developed herein is shown in Figure 7 and consists of a Static Random Access Memory

(SRAM)-based master latch, a DWCSTT device as the slave latch, an output inverter, and two
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pass gates used for clocking control. While the clock signal is low, the pass gate leading into the
master latch from the input is conducting, allowing the master latch to poll the data arriving at the
input terminal D. Once the clock signal goes high, the master latch becomes isolated from terminal
D and the data stored in the master latch is latched into the DWCSTT slave latch as shown in
Figure 7. With this circuit, power gating is achieved by simply disconnecting the entire circuit
from VDD since the data is already latched inside the NV element, and no pre-sleep data-storing
strategies are necessary. However, since the data stored inside the SRAM master-latch is non-
deterministic upon re-powering the circuit, power restoration must commence with the negative
edge of the CLK signal to ensure that the proper data stored in the NV slave-latch is propagated
through the circuit and the result is ready at the master-latch of the following D F/F before CLK
may go high and write the data from the master-latch into the slave-latch. The delay between the
clock signal going high and the output updating based on the new data is called the clock-to-Q (C-
Q) delay [47], and is dependent upon the speed of the STT-driven domain wall motion in the
DWCSTT device, which is proportional to the write current provided by the transistors in the
SRAM master-latch. Thus, the C-Q delay can be adjusted by varying the width of the transistors
in the SRAM master-latch cell. By increasing the transistor width, we can reduce the C-Q delay
for an increased power and area overhead. The relationship between transistor width, power, and
C-Q delay is shown in Figure 8, where the x-axis is multiples of the minimum feature size (F)

corresponding to Wy 05 = xF and Wpyps = 2xF. For these simulations, F is taken to be 16nm.
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Figure 7: The compact hybrid spin-CMOS D F/F circuit with non-volatile input latching.

Results

We simulated the Hybrid Spin-CMOS D F/F circuit in HSPICE using the 16nm high-
performance transistor models available from Arizona State University [67]. The DWCSTT device
was simulated by taking a Verilog-A model from the mCell model available online [68] and
modifying it such that it accurately performs the operation of the DWCSTT device. Essentially,
the only change from the mCell to the DWCSTT model was to flip one of the reference layers such
that the two fixed reference pillars are complementary and to connect a terminal to the free layer
shared between the two MTJs. The circuit parameters for the simulation are found in Table 3. The
value of Rp is chosen to be of a high resistance but not out of the range of feasibility [69] in order
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to reduce the read power overhead. Wnmos and Wpmos are chosen to minimize the C-Q delay, and
if one’s application can relax the C-Q delay for improved area and power metrics, they may reduce
the transistor sizing. The device width, length, TMR, and write path resistivity were all chosen as
the base values included in the model of the mCell [68].

The simulated waveforms for the developed D F/F are shown in Figure 9. At the positive
CLK edge, the data present at D is written into the DWCSTT slave-latch and is then outputted at
terminal Q as depicted. The functionality of this design is critically dependent upon Vr switching
above and below the threshold voltage for an inverter, Vi, which is shown. Upon power-gating
Vbp, the data stored in the slave-latch is saved and immediately restored upon restoration of Vpp

to the circuit, illustrating the instant store/restore functionality of the D F/F.

Table 3: Simulation parameters used for the compact hybrid spin-CMOS D F/F

Parameter Value
Voo 0.7V

Rp 40k
TMR 100%
Device Length 12nm
Device Width 10nm
Wnmos 96nm
Wpnos 192nm

Write Path Resistivity  200Q2nm

Compared to previous works [47, 48], the proposed design has a reduced number of
transistors and negates the need for store/restore circuitry and signaling prior to power-gating.
However, since the C-Q delay of this design is impacted by the relatively slow write speed of the
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DWCSTT compared to an SRAM cell, some trade-offs are observed. In particular, compared to
[48] the proposed D F/F uses 17 fewer transistors, but has a 1.2ns longer C-Q delay. Although
such an increase in C-Q delay is unfavorable for many applications, applications with relaxed
speed requirements that utilize power-gating schemes can be benefited with the compact size and
simplified power-gating requirements of the proposed design. In addition, further advancements

in spintronic research may lead to faster switching designs, which can improve the C-Q delay.

Effects of Transistor Width
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Figure 8: The effects of transistor width on power and C-Q delay of the compact hybrid Spin-
CMOS D F/F
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Figure 9: Simulated waveforms of the compact hybrid spin-CMOS D F/F

Discussion

The proposed D F/F design herein is shown to retain its data in a non-volatile spintronic
device as a part of its operation, which allows instant store/restore functionality without the need
for store/restore signaling or overhead control circuitry. Furthermore, the proposed design uses 10
fewer transistors than a traditional pure-CMOS-based master-slave D F/F [48]. Additionally, we
showed that by varying the transistor widths in the SRAM master-latch, it is possible to tune the
circuit for the power, delay, and area needs of one’s application. The functionality of the design
was demonstrated by using 16nm CMOS models and a Verilog-A model of the DWCSTT device
in HSPICE. Area results were favorable compared to previous works, but C-Q delay was shown

to be worse.
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Spintronic Muller C-Element

The complementary roles of asynchronous architecture with nonvolatile spintronic devices
are explored in this section to realize novel improvements for a logic element critical for
asynchronous architectures. By redesigning the Muller C-Element to take advantage of spintronic
device non-volatility and area-efficiency, benefits such as reduced asynchronous handshaking area
overhead, are achieved in addition to instant on/off capabilities for reduced static-power
dissipation through power-gating. A novel 8 transistor and 1 spintronic device Muller C-Element
design is developed which is 20% faster and uses 68% of the power of previous non-volatile Muller
C-Element designs. This spintronic Muller C-Element is demonstrated within a 4-phase dual-rail
asynchronous First In First Out (FIFO) pipeline resulting in 48% fewer transistors in comparison
with the previous designs. Additionally, bundled-data protocol overheads are shown to be reduced
by using the spintronic Muller C-Element proposed herein. Detailed analysis of the effects of

driving transistor width and the TMR ratio on device performance characteristics are included.
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Figure 10: Null Convention Logic, Weak Conditioned Half Buffer, Muller C-Element gate,
CMOS implementation, and the proposed implementation. © 2018 IEEE.

Overview of Asynchronous Pipelines

Asynchronous pipelines utilize local clock generation control circuits instead of the global

synchronization clock found in synchronous pipelines [70]. Local clock generation in lieu of global
synchronization provides robust, elastic, and high performance circuits with on-demand power
consumption by design [70]. Systems with similar levels of robustness, performance, and power
efficiency are difficult, if even possible, to realize using synchronous design [70]. This is due to
synchronous designs being limited by the worst case logic delays, register setup and hold times,
process variation, and aging-based circuit degradation [70]. Additionally, propagation delays,

multiple clock domains, and the exponentially increasing circuit complexity of today’s

30



microprocessors all contribute to increasingly complex clock trees and the associated area and
energy overheads relative to the circuits they are controlling in synchronous pipelines [71]. Heat,
power, security, and electromagnetic radiation issues also arise from the large power spikes
following the clock edge, which is avoided with asynchronous design [72].

Asynchronous design is an established field with a large variety of protocols available, and
it is out of the scope of this dissertation to describe them in detail completely. Thus, we will
introduce the two protocols used herein. The 4-phase dual-rail quasi-delay-insensitive Null
Convention Logic (NCL) pipeline as depicted in Figure 10 is based on dual-rail logic, which uses
2 wires, noted as Data.0 and Data. 1, to transfer every bit of data [70]. If Data.0 is asserted logic
high, then a logic 0 is transferred. If Data.l is asserted logic high, then a 1 is transferred. If both
Data.0 and Data.l are asserted logic low, then a NULL value is transferred, and it is not allowed
for both Data.0 and Data.l to be asserted logic high at the same time. The basic register element
for our particular NCL implementation is called the Weak-Conditioned Half Buffer (WCHB) and
is shown in Figure 10. The WCHB works by correlating the request (req) signal of the following
stage with the input dual-rail data of the previous stage to determine if it can record the previous
stage’s data. When a data signal is asserted high, the WCHB resets the ack signal, indicating that
it is not ready to accept data, other than a NULL value. Once a NULL value is received, the ack
signal is set and indicates that it is ready to accept new data. With this inter-stage handshaking,
data flows through the pipeline in a coordinated accurate-by-design method without the need for

global synchronization.
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The asynchronous Bundled-Data (BD) protocol lacks the dual-rail logic of NCL
architectures, which alleviates the overhead needed for two wires per bit, but negates the intrinsic
completion detection of NCL designs [70]. By contrast, BD is implemented with standard
pipelining of combinational logic and local clock generation by inserting delay elements
equivalent to the delay of the combinational logic between clock generating circuits.

Regardless of the protocol, the key element for implementing the inter-stage handshaking
that many asynchronous pipelines depend on is the Muller C-Element [49]. As depicted in Figure
10, the Muller C-Element asserts a logic 1 when both inputs are logic 1 and asserts a logic 0 when
both inputs are logic 0; if the inputs are different, then its output does not change. The key principle
of this operation is that an output change indicates that both of the inputs are identical to the output
at that transition. One particular low-area CMOS implementation of the Muller C-Element is
shown in Figure 10 and utilizes a weak-inverter based SRAM cell to store the output data until a
(0,0) or (1,1) condition is reached [73]. The volatile state of this design leads to increased static
power dissipation and power-gating overheads by requiring additional store and restore circuitry
and delays if power-gating is desired. The work proposed in this Section utilizes the non-volatile
memory properties of a particular spintronic device for implementing a compact Muller-C element
with instant store/restore functionality for reduced asynchronous pipeline area and power-gating
requirements.

The following research contributions are provided for this design:

1) a novel, compact spintronic-based Muller C-element design for reducing asynchronous

control area overhead,
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2) reducing power-gating store and restore delay and circuit overheads by operating in an
intrinsically non-volatile manner, and

3) realization of a delay-element-free asynchronous Bundled Data pipeline.

Proposed Spintronic Muller C-Element Designs

When developing the spintronic Muller C-Element, two functionally-correct designs were
obtained. The first design developed is shown in Figure 11a and operates by only allowing one p-
MOS branch and one n-MOS branch to be “on” when 4 and B are either (0,0) or (1,1), and all
CMOS branches to be in a high-impedance state when 4 and B are (1,0) and (0,1). This causes
current to pass through the write terminals of the DWCSTT device only when the output transitions
according the Muller C-element functionality. It also restricts current flow through the write
terminals when output transitions do not occur.

The second design iteration of the spintronic Muller C-Element is shown in Figure 11b.
This design operates by using the pMOS or nMOS branches of the inverters driving 4 and B to
connect the write terminals of the DWCSTT device to either Vpp or GND. If A and B are (0,0) or
(1,1), then a potential difference occurs between the write terminals of the DWCSTT device, which
generates a current through the device to change its state. If 4 and B are either (0,1) or (1,0), then
both write terminals will be either GND or Vpp, thus eliminating any potential difference necessary

to generate current flow.
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Figure 11: Two Spintronic Muller C-Element Designs. © 2018 IEEE.

Spintronic Muller C-Element Results

The two design iterations of the spintronic Muller C-Element were implemented with 16nm
PTR transistor models [67] in HSPICE. The DWCSTT device was simulated by altering the
Verilog-A model of [68] to have opposite fixed reference pillars as well as a Read Out Terminal
according to the DWCSTT device operation; exactly the same as for the spintronic D F/F

developed previously in this Chapter.
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The circuits simulated with their corresponding functional verification waveforms and
power and delay metrics are shown in Figure 12. For both circuits, Vpp is 0.7V, nMOS width is
3F, pMOS width is 6F (where F is the minimum feature size), the TMR is 100%, and the value of
Rrow used herein is 40kQ). Having a large Riow, which is correlated with the thickness of the oxide
layer in the MTJ, minimizes the reading current used in the voltage-divider sensing scheme. Both
circuits were also power-gated by turning off Vpp for 5 ns when the output is both a logical 0 and
logical 1. In both instances, when FVpp is restored, the correct logical value is restored,
demonstrating the simple instant-on/off nature of the circuits. Additionally, Vz, which is the
voltage read at the Read Out Terminal, is shown to switch above and below V7, which is the

threshold voltage for a 16nm CMOS inverter using PTR models.
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Figure 12: Spintronic C-Element designs, functional verification, and performance metrics.

© 2018 IEEE.

Although the first design iteration in Figure 12a showed much lower power consumption
than the second design in Figure 12b, the nearly double rail-to-rail swing delay causes the total
energy consumption to be similar between the two designs. Since both designs use a comparable
amount of energy, yet, the second design is nearly twice as fast and reduces the transistor count, it
is deemed the better design and is the one used for pipeline simulations in the following sub-
section.

In Figure 13, we analyze the relationship between TMR and write power, energy, and delay
in order to extrapolate how the spintronic Muller C-Element will benefit with improved MTJ

manufacturing techniques, which can improve TMR. For instance, room temperature TMR has
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been experimentally reported to be as high as 604% [74]. Additionally, in Figure 13, we analyze
how the widths of driving transistors, which determine the magnitude of the current through the
DWCSTT, affects the performance characteristics of the Muller C-Element. As the TMR is
increased, improvements in all performance characteristics are observed due to the greater
difference between Viow and Viigrn achieved when increasing the TMR. As the driving transistor
width is increased, which increases the driving current, write power is increased significantly,
delay is decreased significantly until w=3, and then steadily decreases, and write energy is

increased.
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Asynchronous Pipeline Simulation and Results

In this Section, two different pipelines utilizing alternative asynchronous protocols are
implemented and discussed. First, a simple 4-bit dual-rail NCL FIFO pipeline is implemented with
the spintronic Muller C-Element demonstrating functional correctness as well as instant on/off
power-gating potential. Next, a pipelined 4-bit Ripple Carry Adder is implemented in a Bundled
Data fashion to illustrate how the delay of the Spintronic Muller C-Element compared to typical
CMOS gate delays can be utilized to reduce circuitry overhead of the local clock generating
circuits.

In order to demonstrate the functionality and results of the developed Muller C-Element,
the asynchronous NCL pipeline shown in Figure 14 is simulated in HSPICE. It consists of a simple
FIFO pipeline using WCHBs as the intermediate storage and control. Each WCHB uses two Muller
C-Elements with reset control and a two-input NOR gate as shown in Figure 10. The total transistor
count for each WCHB is 24, which is 52% fewer transistors than in [70]. The included waveform
demonstrates the pipeline handshaking protocol, which deterministically ensures correct
propagation of data, typically called tokens, between the stages. Since Ve, is held low for a period,
tokens are only allowed to propagate to the 3™ stage until Vze, goes high. Until this happens each
stage holds onto its previous token, even after power-gating the entire circuit for 5 ns,

demonstrating the NV functionality of the pipeline.
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Figure 14: Asynchronous 4-phase dual-rail FIFO pipeline design, performance characteristics,
and functional verification showing instant on/off after power gating. © 2018 IEEE.



Typical CMOS-only implementations of Bundled Data pipelines require delay elements
equating to the delay of the combinational logic to be inserted between the local clock generating
Muller C-Elements as shown in Figure 15. By simulating the clocking circuitry using Spintronic
Muller C-Elements without any combinational logic, it is determined that the propagation delay
between pipeline stages is about 605ps. Additionally, the propagation delay of a two-input NAND
gate was found to be about 9ps. By extrapolation, it can be said that up to 67 CMOS gate delays
can fit within the delay margin of the Spintronic Muller C-Element, and therefore, it is not
obligatory to insert delay elements between Muller C-Elements, as illustrated in Figure 15. This
concept was then simulated with a four-stage pipelined 4-bit ripple carry adder, and it was found
to be functionally correct and had additional delay slack to accommodate larger combinational
circuits between pipeline stages. The stage delay for an input pattern of all zeros for both operands
was 605 ps, which corresponds to the minimum delay since no carry logic is required. The
maximum stage delay for an input pattern of all ones for both operands was about 2.4 ns, which

corresponds to the maximum delay since each adder will compute a carry that must be propagated.
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implementations. © 2018 IEEE.

Discussion

Non-volatile spintronic device-based Muller C-Element designs have beneficial
characteristics relating to asynchronous architectures. The designs proposed through the course of
this Section realizes a compact non-volatile Muller C-Element that’s capable of instant on/off
functionality with higher speed and lower power compared to previous non-volatile Muller C-
Element designs. Additionally, analysis of driving-transistor widths and TMR effects on
performance characteristics are detailed. The best performing design was simulated using HSPICE

within a four-phase NCL pipeline and demonstrated instant store/restore power-gating
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functionality. Furthermore, Bundled Data protocols have been shown to have reduced overheads

when using the Spintronic Muller C-Element proposed herein.

Summary

This Chapter detailed two new digital circuit elements utilizing a hybrid spintronic-CMOS
approach to achieve intriguing benefits, specifically these contributions are provided:
e utilizing the self-complementing nature of the DWCSTT to directly interface with CMOS
to provide low-area non-volatile logic,
e the development of a novel compact nonvolatile edge triggered flip flow that requires no
additional store and restore circuitry or signals prior to power-gating,
e the development of a novel compact spintronic Muller C-element that requires no
additional store and restore circuitry or signals prior to power-gating, and
e the utilization of the spintronic Muller C-element to reduce Bundled Data asynchronous
protocol overheads by negating the requirement of CMOS delay elements.
This Chapter also details the effects of improved TMR on performance from improved
MTJ manufacturing techniques as well as the effects of transistor sizing on performance

characteristics.
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CHAPTER FOUR: BINARIZED DEEP NEURAL NETWORKS WITH

STOCHASTIC SPINTRONIC NEURONS

Deep Neural Networks (DNNs) have realized impressive feats of intelligence, surpassing
humans in specific tasks and achieving high efficacy at speech recognition, machine translation,
and higher-level human-like reasoning activities such as interpretation and classification of visual
art [75]. Although there are many successful architectural models used by DNNs, their common
characteristic is the use of many layers of hidden nodes to realize “deep” topologies of non-linear
neurons with linear weighted connections trained by backpropagation to distinguish complex
inputs with high degrees of accuracy [39]. However, this beneficial characteristic of having many
layers results in high computational demands and a large memory footprint. Thus, recent works
into reducing the computation and memory overheads of DNNs have investigated the possibility
of attaining similar recognition capabilities using reduced-precision approaches which incur
significantly lower computation and memory demands. By reducing these overheads, in-situ
networks could potentially be realized on resource-constrained platforms such as mobile and
Internet of Things (IoT) devices [76].

Promising advancements towards this goal have focused on the substitution of high-
precision floating-point parameters with binary representations, which replace expensive multiply-
and-accumulate computations with bitwise logical operations and bit counting. These Binary
Neural Networks (BNNs) have replicated some incredible feats of narrow intelligence

demonstrated by Deep Learning with energy profiles that could be implemented on more resource-
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constrained systems by using efficient custom neuromorphic hardware with emerging computing
devices [40, 77-80]. This has led to the development of neuromorphic hardware accelerators that
can implement such networks in a highly efficient manner [77-80]. The work presented in this
Chapter extends these works by utilizing an emerging compact stochastic device, called the
probabilistic bit (p-bit) [58], that naturally implements a non-linear Probabilistic Activation
Function (PAF), © 2019 IEEE, reprinted, with permission, from [81]. The low-current operation
of the p-bit allows for a seamless integration with low-voltage and high-resistance Resistive
Random Access Memory (RRAM) crossbar and pseudo-crossbar arrays, which leads to very low
power. In addition to the novel PAF proposed herein, we analyze how process variations in RRAM
devices impact the performance of BNNs that are implemented using our scheme, and how such
variations can be mitigated with in-situ training.
To summarize, this work provides the following contributions:

1. We demonstrate the feasibility of a compact PAF that uses just 4.98 uW combined
with parallel binary RRAM pseudo-crossbar arrays for a low power of 75 nW per
each weighted connection having an excitatory input, and

2. We evaluate the effects of RRAM process variation rates up to 50% on the
recognition rate for the CIFAR-10 image recognition dataset using a convolutional
neural network and demonstrate how on-chip learning can mitigate the resulting

performance degradation.
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Background

In this section, the relevant background information on BNNs and recent works on

accelerating BNNs in hardware using emerging devices are reviewed.

Binary Neural Networks

Convolutional Neural Networks (CNNs), the popular class of DNNs that we investigate
herein, are multi-layered networks that typically consist of several convolution layers, which
convert high dimensional data, such as RGB images, into features, followed by a number of fully
connected layers and terminated with a Log SoftMax layer for classifying the input data objects
into labels based on their features, as depicted in Figure 16 [39]. Within each layer, either
convolutional or fully-connected, the primary computations are realized by abstract neurons that
calculate the weighted-summation of their input connections. Each neuron then computes a non-
linear activation function of that weighted-sum. There are many different activation functions used
with DNNs, such as rectified linear units, tanh, sigmoid, and others. Since DNNs traditionally
utilize high precision floating-point representations of millions and sometimes billions of
parameters, they incur significant memory requirements and computational operations during their
training and deployment phases. They also are subject to the high latency overhead of transferring
data between the memory and processor in traditional von-Neumann architectures. Thus, the
development of BNNs which discretize the weights and activations of DNNs to binary values, as
shown in Figure 16, can greatly reduce the memory and computation overheads of training and

utilizing DNNs. Namely, the expensive floating-point operations can be simplified into highly-
46



efficient bitwise computations using bit-counting [40]. If we realize these memory and
computation overhead reductions by implementing BNNs with custom neuromorphic accelerators
using resistive devices in crossbar and pseudo-crossbar topologies [78-80], we can also reduce

physical chip area, energy, and computation time requirements, which we expound upon in the

following sections.
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Figure 16: Convolutional DNN structure along with representative neurons for both floating-
point and binary representations. © 2019 1EEE.

The binarization of weights in BNNs are typically constrained to (-1, +1) values, while

activation functions have been explored with both (0, 1) and (-1, +1) constraints [78-80].
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Additionally, the activation function is typically implemented with a deterministic sign function
due to its straightforward implementation on most hardware [78-80]. Even though stochastic
binarization has been suggested to be more appealing, the generation of random bits in hardware
normally requires large pseudo-random number generators [40]. However, the approach proposed
herein utilizes a novel stochastic spintronic device that uses ubiquitous thermal noise to generate
random bits in a compact and low-power PAF circuit. Another consideration for BNN accelerators
using resistive crossbar arrays is the effect that process variation has on the accuracy of the
network. With deviations from the device’s ideal resistance values, the weights effectively shift
from their intended values, which as we show later, can cause a significant increase in the error
rate. However, we demonstrate that by incorporating the hardware into the backpropagation
training loop, it is possible to mitigate almost all degradations of accuracy associated with process

variation.

Recent Work on Binary Neural Network Hardware Acceleration

Several recent works have aimed towards realizing BNN acceleration through the
utilization of emerging devices, such as RRAM and spintronics, to compute the necessary binary
operations in-memory. This frees up chip area and eliminates bottlenecks in the data pathways
between memory and computational resources. A selection of these works in Table 4 is compared
on the basis of Transistor Count, which determines the silicon die area that is needed to interface
with and facilitate computational operations in the memory array, the Sequential/Parallel operation

of the in-memory computations, and the Variation Degradation Factor. The latter quantifies the
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accuracy degradation, defined as the increase in mean percent recognition error across the CIFAR-
10 dataset divided by the percentage value of single-sigma variation in resistance of the RRAM
elements, as described subsequently herein. The influential work of Sun et al. proposed an RRAM-
based XNOR BNN that is capable of both sequential operation by computing the XNOR of inputs
and weights one input bit at a time, summing the result, and then applying the sign activation
function and also parallel operation by using two input lines per input bit and two single-
transistor/single-resistive-element (1T1R) cells per weighted input to compute parallel bitwise
XNOR operations and then using a Sense Amplifier output to realize the sign activation function
[80]. Ni et al. proposed a sneak-path-free binary crossbar using two types of RRAM devices that
do not require a select transistor for each bit cell, and their activation function is determined by a
voltage comparator, which uses 16 transistors [78]. They found that a 29% variation rate in the
resistance values of the bit cells degraded accuracy by 4%, leading to a Variation Degradation
Factor of 0.138. The work presented herein uses a compact, low-power PAF and an RRAM array
to conduct parallel BNN computations that are resilient to RRAM variations. With a Variation
Degradation Factor of 0.02 when used with on-chip training, concerns about process variation are

practically eliminated.
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Table 4: Neuron attributes of recent BNN approaches. © 2019 IEEE.

Ref. Trél(l)iilsltor Sequential/Parallel Degr;?:lartiii[lilol?ac tor
[80] 14 Mixed N/A
[78] 16 Parallel 0.138
[77] >10 Sequential N/A
Herein 4 Parallel 0.02

Accelerator Design

The binarized Deep Neural Network (DNN) neuromorphic accelerator developed in this
Chapter is depicted in Figure 17. It consists of multiple Binary Neural Network (BNN) layers,
where each layer contains a pseudo-crossbar array, along with the associated Probabilistic
Activation Functions (PAFs) at the outputs, that corresponds to either a convolution kernel or a
fully-connected layer, as determined by the BNN architecture that is being implemented. In
addition to the BNN layers, our simulations assume that a rudimentary on-board CPU or ASIC
with access to sufficient RAM is used for handling the training logic and backpropagation
calculations, as well as storing and delivering the training/test data and labels. Those resources do
not significantly impact the computational burden, as the majority of the calculation workload is

engaged when computing each DNN layer’s weighted sums and activation functions.
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Figure 17: Neuromorphic accelerator proposed in this Chapter. © 2019 IEEE.

Pseudo-Crossbar Array

Each layer in the neuromorphic accelerator performs three computations in parallel

between all input and output bits. The first computation is the bitwise multiplication of the binary

input and the stored binary weight between each input and each output. This computation is
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realized using two complementary memristors per input/output pair as well as two signal lines per
input, which is similar to resistive pseudo-crossbars previously developed for processing BNNs
[78-80]. As shown in Figure 17b, the paired input wire (in;, in;’) voltages signify a value of either
‘0’ or ‘1’. The signal level ‘0’ is represented by an input pair value of (Vss, Vdd) (here Vss is
chosen to be -Vdd) which deactivates both the PMOS and NMOS transistors in the bit cell,
allowing no current to flow regardless of the weight value. An input value of ‘1’ is represented by
an input pair value of (GND, GND), which activates both transistors, allowing current to flow
through both branches. Each memristor pair corresponds to a ‘-1’ or ‘+1° weight, depending on
which memristor is in the High Resistance (HR) state and which memristor is in the Low
Resistance (LR) state, as depicted in Figure 17b. When the input value is ‘1’, meaning both
transistors in the bit cell are on, the branch with the LR memristor sinks/sources the vast majority
of the current flow in the bit cell, due to the large resistance ratio between the LR and HR states.
Thus, if the LR branch connects to the NMOS and Vss, it will sink current, corresponding to an
output value of ‘-1°, and if the LR branch connects to the PMOS and Vdd, it will source current,
corresponding to an output value of ‘+1°. Thus, the three possible output values of the bitwise
input and weight multiplications are 0, -1, and +1.

The second parallel calculation performed in the BNN layer is the bit-counting operation,
which is the summation of the parallel bitwise multiplications described previously along a single
output path. This is accomplished by connecting the in- terminal of the p-bit to GND and the in+
terminal to the bit line that connects all of the bit-cells within a single column, whereby the

accumulation of currents according to Kirchoff’s current law corresponds to parallel input-weight
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multiplications, which equates to one of the (0, -1, +1) current-level values described previously.
The final calculation in the BNN layer uses the accumulated current summation from the
previously described computation as the input to a PAF, which outputs a ‘0’ or ‘1’ with a

probability according to a sigmoidal function as shown in Figure 17c. The implementation of the

PAF is described next.

Probabilistic Activation Function Circuit

In order implement the PAF, we leverage the probabilistic-bit (p-bit) design proposed by
Camsari et al. [58] and shown in Figure 17c, which is a low-power and compact circuit capable of
generating random bits from thermal fluctuations. The p-bit is a Spin-Hall-Effect driven Magnetic
Tunnel Junction (MTJ) device with a very low energy barrier, which allows thermal agitations to
stochastically switch the free layer of the MTJ between its parallel and antiparallel states on sub-
nanosecond timescales. Since a current flowing through the bottommost heavy metal layer can
effectively bias the free layer of the MTJ, the probability of the MTJ being in HR or LR states can
be tuned along a sigmoidal function via the input current, as shown in Figure 17c. By placing a
resistor, Ry,;4, having a fixed resistance equal to the average of the HR and LR states of the MTJ
between the MTJ and VDD, we can use a voltage divider to switch a pair of inverters, giving us a
digital representation of the state of the MTJ, which represents the output of the PAF. Since the
energy barrier of the p-bit is very low, it requires current on the order of 100’s of nA to bias the
PAF, which allows for low-energy BNN calculations using low voltage and highly-resistive scaled

RRAM devices for weighted connections.

53



Simulation Framework

The simulation framework utilized herein is depicted in Figure 18 and consists of HSPICE
modeling of the circuit-level parallel bitwise and bit-counting operations of the RRAM pseudo-
crossbar as well as the p-bit PAF for determining the circuit behavior under different RRAM
variations and PAF properties, which are then modeled in PyTorch for training and testing on

Nvidia Tesla V100 GPU clusters.
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* RRAM mean and std. dev. * on-chip vs off-chip training
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Figure 18: Simulation Framework for Stochastic Binarized Deep Neural Network Accelerator.

© 2019 IEEE.

HSPICE Simulations

On the HSPICE platform utilized, 14nm PTM transistor models [82] were deployed along with
RRAM resistance values of N(5 MQ,o) for the LR state, and N(50 MQ,c) for the HR state, where
N(w,0) is a normal distribution with a mean of p and a standard deviation of o, which is varied

from 0%-50% of p in 5% increments, and the p-bit is modeled using experimentally verified
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physics modules from the Modular Spintronics Library [83] at a Vdd of 0.6V. PAF activation
probability was measured using Monte Carlo simulations of 100 samples each for 480 different p-
bit input currents. The results, shown in Figure 17¢, depict the sigmoidal probability of the p-bit’s

output voltage representing a ‘1’ signal level.

PyTorch Simulations

For training BNNs using the PyTorch framework, we extend the code developed in [40] to
include the impacts of weight-resistance distortion resulting from device variations, as well as
implementing our p-bit based PAF. During training, high-precision weight values are stored in
RAM, which are used for gradient calculations as per the training algorithm for BNNs developed
by Hubara et al [40]. However, the activations in the forward pass are determined strictly by the
binary weight values with their associated variations, as if the computation was done on-chip.
Although some mismatch may still occur between the high-precision weights used for the
backward pass and the on-chip weight variations used for the forward pass, we found that
performance is still improved by using the real on-chip weights during the forward pass. The p-bit
PAF circuit from the HSPICE simulation is approximated with a probabilistic hard sigmoid
function.

The CNN used herein is the same one used for [80], which has six convolutional layers and
three fully-connected layers and was trained on the CIFAR-10 dataset [84]. We do not include any
pooling layers, however we utilize a stride of 2 on CNN layers 2, 4, and 6. Although it is not

explicitly claimed within other BNN hardware accelerator literature, we found that binarizing the
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final layer results in a significant increase in the error rate, whereby if only the last layer is chosen
to be LogSoftmax, the error rate reduces to very tractable levels. Thus, we use LogSoftmax for the
final layer, which would be computed using the CPU or ASIC in our scheme. Since the final layer
is a small fraction of the total size of the network, the large accuracy improvement can be

worthwhile given the acceptable minimal performance degradation incurred.

On-Chip vs Off-Chip Training

When developing BNN accelerator hardware, one has the choice to either train the network
off-chip using ideal (-1, +1) weight values and then download the final weight configuration to the
as-built hardware, or train the network on-chip, using the actual circuit and its associated process
variations within the training loop. The latter approach is a distinguishing feature of our design
scheme developed herein. We leverage the useful property that device-to-device resistance
variations are effectively variations to the (-1, +1) weight values computed when training and
testing the network in PyTorch. We compare the performance of on-chip and off-chip training
techniques with respect to the final error rates under multiple levels of resistance variation, and we
show that even with the anticipated rates of variation measured experimentally for fabricated
devices, on-chip training allows the learning mechanism to produce BNN configurations that
achieve error rates that are nearly identical to the error rates corresponding to idealized networks

without device variation [85].
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Figure 19: Effect of weight variations for on-chip vs off-chip training. © 2019 IEEE.

Results

The results for the simulations conducted as described in the previous sections can be
summarized in Figure 19 as follows. We simulated at least 100 epochs for on-chip and off-chip
training with weight variations from 0% to 50% in 5% increments for as-built process variation
and/or degradation over the devices’ lifetime of operation. The lowest error rate for each condition
is shown in Figure 19, and we show the error rate per epoch for a selection of test cases in Figure
20. The lowest error rate for ideal weights with no variation is determined to be 15.38%. The
increase in error rate due to weight variations for the off-chip training condition is negligible under
15% variation, staying within a 2% error rate increase for up to 30% variation, but increases
significantly thereafter, reaching a maximum of 12.17% increase in error rate at 50% variation.
However, for the on-chip training approach developed herein, the increase in error rate fluctuates

within 1% for all weight variations, demonstrating the robustness that is achieved by utilizing the
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intrinsic device variations within the forward pass for training. Such a result is crucial for deeply-
scaled beyond-CMOS devices that exhibit significant process variation. In addition to the error
rate analysis, our HSPICE simulations demonstrated that each bit cell that has an input value of
‘1’ consumes an average power of 75 nW, and that the p-bit PAF uses just 4.98 uW, demonstrating

a very low-power scheme for accelerating BNNs.
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Figure 20: Error rate per epoch for a selection of off-chip and on-chip test cases. © 2019 IEEE.

Summary

The BNN hardware accelerator proposed in this Chapter uses a novel spintronic device to
realize a compact implementation of a PAF that naturally integrates with current-summation-based

crossbar and pseudo-crossbar arrays for low-power parallel BNN computations of just 75 nW per
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activated bit cell and 4.98 uW per PAF. Additionally, we demonstrated that this approach is highly
resilient, even to extreme process variation, when utilizing an on-chip training framework. Taken
altogether, such a scheme is well-situated for highly-scaled BNN acceleration on resource-

constrained platforms such as mobile and IoT.
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CHAPTER FIVE: SPINTRONIC STOCHASTIC SPIKING NEURONS

In this Chapter, two approaches for implementing asynchronous stochastic spiking neuron
circuits with alternative benefits are presented. First, the Spintronic Stochastic Spiking Neuron
(S3N), is designed with a preference towards high-speed and low device count, © 2018 IET,
reprinted, with permission, from [86]. Second, the Subthreshold Spintronic Stochastic Spiking

Neuron (S4N) is designed for ultra-low-power subthreshold operation.

Spintronic Stochastic Spiking Neuron

The S3N circuit is depicted in Figure 21. It consists of a spintronic p-bit device to provide
a tunable stochastic output via a bias driven by the input current at i;y, a capacitor (Cpgp)
representing the membrane potential of a neuron to accumulate temporal information about the
state of the p-bit, two inverters preceding Cygp to sense the state of the p-bit, two inverters
proceeding Cy g to detect if the voltage Vi gy has reached a threshold (), which is the same as
the threshold for a CMOS inverter, and an NMOS (M,) to discharge Cyzy upon detecting an
output spike. The overall circuit operation is as follows: by tuning the input current, i;y, the p-bit
will be stochastically biased towards either its high-state or low-state, with a statistically equal
amount of time between the two states if i;y is zero. Based on the state of the p-bit, Cypp Will
either charge or discharge, and if charged enough, spike,yr will go high, subsequently turning on

M,, which discharges Cy;gp and then sets spikeyr low. Thus, generating brief pulses, or spikes,
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at spikeqyyr with timing characteristics dependent upon transistor parameters and the capacitance
of Cypur-

It is worthy to note that the stochasticity of the p-bit device is due to the effects of thermal
noise on low-energy barrier nanomagnets, and the tunability is introduced by methods of magnetic
bias, such as the SHE used herein. Therefore, alternative designs of p-bit devices that utilize
alternative methods of magnetic bias, such as the magnetoelectric effect [87], can be readily
implemented with the S3N scheme, providing future avenues of exploration and improvement to

the design.

Figure 21: The Spintronic Stochastic Spiking Neuron circuit with Spin-Hall driven p-bit.

Second Order Synapse

In order to emulate the postsynaptic transient currents found in biological neurons

following a preceding spike, the Neuromorphic VLSI second-order synapse developed in [88] and
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depicted in Figure 22 is utilized to convert incoming spikes into linearly additive temporally
extended current pulses. The circuit is essentially a cascade of two current-mode lowpass filters,
whereby the effective weight of the circuit can be tuned by adjusting V,, and the temporal

characteristics of the circuit can be tuned by adjusting V¢, Vs, C;, and C,. For the results

demonstrated in the following section, Vy, is either fixed or varied deterministically in order to
demonstrate the effect of varying the weight. As such, no learning mechanism has been
implemented. This synapse circuit was chosen due to its high degree of biological mimicry,
demonstrating full neuron-synapse-neuron communication as similar to biological structures in
addition to its utility in demonstrating an elementary computational network in the following
Section. Although we utilize the synaptic circuit herein in a completely excitatory sense, such a
circuit could be used for inhibitory currents by connecting i, to the V™~ terminal of an S3N. As
will be discussed later, alternative synaptic architectures that prefer area efficiency over biological
mimicry, such as crossbar arrays, could be utilized with the S3N for dense Stochastic Spiking

Neural Network computational paradigms.
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Results

The simulations provided in this Section were performed in HSPICE using 14nm FinFET
transistor models [67]. The p-bit device was simulated using benchmarked SPICE spin-circuit
models from the Modular Spintronics Library [83]. All inverter and synapse transistors are
minimally sized with just a single fin, and M, has 5 fins. It is critical that M, has stronger driving
characteristics than the inverter transistors since it must pull down V)¢, regardless of the state of
the p-bit device. After testing multiple values for Cygp, 10fF provided the desired circuit
characteristics. V¢, Vs, C;, and C, were found by experimentation and are included with the

parameters provided in Table 6.
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Table 5: S3N and Second-Order Synapse Simulation Parameters.

Parameter Value
Vaa 0.7V
Cmem 10 fF
R, 500 kQ

C; 1fF

C, 1fF

Vs 0.54V

Vs 047V

a) Stochastic Spiking Neuron

Figure 23 shows the results of a single S3N neuron receiving a stepwise increasing input
current. Every nanosecond, the input current is increased by 50nA. m, is the z component unit
vector of the magnetization of the free layer of the p-bit. As shown, when i;y is low, m,
stochastically switches between +1 and -1 in about equal amounts. As i;y is increased, m,
becomes increasingly biased towards -1, which is the high-state of the p-bit in this configuration,
while still exhibiting stochastic switching. When the p-bit is in the high state, Vg begins to
charge, and if it is asserted for a long enough period, Vy,g) will reach Vy;, and a spike is generated
at spikeyyr and Vi gy is subsequently pulled down. Thus, the poissonian spike rate of the S3N

can be controlled via i;y. The power consumption of the S3N with an input current of 0.8uA,

which ellicites a very high rate of spiking is 9.6uW, and with an input current of OuA, which ellicits

almost no spiking, the SSN uses just 0.6uW. The average spike width from % to % is just 15
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ps. The average spike interval during high rates of spiking, such as with an input current of 0.8uA,
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Figure 23: Stochastic Spiking Neuron simulation graphs illustrating, from the bottom up, i;y,
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b) Synaptic Dynamics and Weight Control
The S3N combined with the second order synapse circuit was simulated by connecting the

spikeyyr of the S3N circuit to the spike;y terminal of the synapse and applying a fixed current
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of 0.5uA at the i;y terminal of the S3N with V,, set to 0.14V, which can be considered as a strong
weight, which means that the output current is significant enough to elicit a high rate of spikes in
the post-synaptic S3N if the pre-synaptic S3N is strongly spiking. As shown in Figure 24a, the
output current of the second order synapse, ipyr, follows a prolonged and slightly delayed
integration of the incoming spikes. Single spikes or a few dispersed spikes have little effect on
iouT, but prolonged periods of intense spiking ellicit a strong increase in output current, similar to
the EPSPs found in biological neurons. The saturation current of i, depends upon the weight of
the synapse, which is determined by the voltage at 1,,. Figure 24b shows the effect of decreasing
Vi, which effectively increases the weight of the synapse. A single-input S3N with an input current
of 0.7uA is used to generate the spike pattern spike,, which is then fed to the spike;y terminal of
a synapse, whose resulting output current is used as the input current for another S3N to generate
the spike pattern spike,. All other parameters are the same as previous simulations. As shown,
when V), is decreased, the synaptic output current, i,r, saturation point is increased, and thus, the
spiking rate of spike, increases as well. The potential range of current output from the synapse
circuit is quite large compared to the effect it has on proceeding S3Ns since V,, could potentially
be varied from gnd to V;4, and our results show that just varying ¥}, from 0.14V-0.2V is enough

to modulate the output from very high spiking to almost no spiking.
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Figure 24: Simulation transients of Stochastic Spiking Neuron with Neuromorphic Synapse.

¢) Boolean Two-Input Perceptron

In order to demonstrate rudimentary computational capabilities utilizing the S3N, we

simulated a two-input one-output perceptron implementing AND and OR logic functions. For this
demonstration, a high rate of spikes indicates a logic ‘1°, and a low rate of spikes indicates a logic
‘0’. The circuit consists of two (input) S3Ns whos output terminals are connected to two synapses,
whose outputs are combined into the input of a third (output) S3N. For both functions, the circuit
topology is the same, and just the weight, 1, is changed for both synapses, effectively changing
the network operation. By using a high weight of 0.14V, the output SSN will spike at a high rate

when either of the inputs spike at a high rate; thus, implementing OR logic. This is shown in Figure
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25a, where input current pulses of 0.7uA are applied to input 1 from 2ns-4ns and from 6ns-8ns and
to input 2 from 4ns-8ns. As shown, a high rate of spiking activity at the output (spikes) occurs
when either input is firing. Figure 25b shows the results of the same simulation, but with I, at
0.2V, which is equivalent to a low synaptic strength. As shown, the output only becomes highly

active when both inputs are active with a high rate of spikes, implementing AND logic.
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Figure 25: Simulation transients of S3N with Neuromorphic Synapse implementing Perceptron
functionality.

Discussion

The primary contribution of the S3N is the demonstration of a novel compact stochastic
neuron circuit that leverages true randomness from thermally-driven magnetic excitations in an
ultra-low energy barrier spintronic device to generate high speed spikes in a fashion which exhibits
a Poisson distribution. As such, a rather simple choice of synapse and test case was used to

demonstrate and evaluate the speed, power, and biological mimicry of the design without
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designing an elaborate architecture, which could be done in future works as will be discussed later.
Therefore, the synapse circuit chosen, although biologically-mimetic, requires a significant device
count for each synapse and utilizes voltage levels for weight-value implementation, which would
require additional memory and programming elements in order to implement the weight in a
programmable/learnable manner. For the perceptron test cases used herein, we assumed fixed
weights that were tailored to the particular operation.

Secondly, the SHE-driven p-bit used in this work that combines an MTJ that has a
thermally unstable nanomagnet with a heavy metal exhibiting SHE has not been experimentally
demonstrated yet, even though each individual component has been demonstrated by different
authors. 2-Terminal MTJs having unstable free layers have been experimentally utilized for TRNG
applications [89-92] while SHE driven MTJs with stable free layers are also commonly
demonstrated [61, 62] for memory applications. More recently, an embedded Magnetoresistive
Random Access Memory (MRAM)-based implementation of a p-bit was proposed that uses a 2-
Terminal MTJ with an unstable free layer along with an NMOS transistor [65]. The main results
would remain essentially unchanged if such an alternative p-bit replaces the 3-Terminal device
proposed herein, and whether a 3-Terminal device proves to be more flexible due to the separate
control terminal deserves further study.

Theoretical neuroscience has demonstrated that networks of stochastic neurons having
firing rates which follow a Poisson distribution can achieve Markov Chain Monte Carlo (MCMC)
sampling of an underlying probability distribution as encoded by their weights. Referred to as

Neural Sampling, various aspects of probabilistic inference become feasible, which provides a
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particularly interesting explanation being elaborated for various cognitive processes [44]. Thus, a
natural application and extension to the S3N functionality developed herein is to leverage it to
implement hardware-based neural sampling networks wusing intrinsic thermally-driven
stochasticity in a low area hardware design operating with low energy consumption. Realization
of hardware-based artificial neural network acceleration leveraging the stochastic properties of
spintronics leads to a fresh direction towards increasing performance and efficiency. Namely,
software-based approaches to artificial intelligence systems suffering from massive switching
plurality due to an underlying binary-value representation and layers of software bloat are reduced
substantially.

With regards to the underlying learning paradigms, it has been demonstrated that
competitive networks of stochastic neurons with lateral inhibition, a structural organization
prevalent throughout the mammalian cortex, in conjunction with very simple Hebbian learning
rules converges high-dimensional stochastic spiking inputs to an implicit generative model through
Expectation Maximization [93]. With such a generative model, Bayesian computations are readily
implemented for probabilistic inference in both the spatial and spatio-temporal regimes, giving the
ability to make predictions and classifications on new data. Therefore, utilizing the S3N with an
appropriate synaptic architecture, one could realize a computational system that intrinsically
“learns” a generative model of high dimensional input distributions with improved performance
and efficiency over software-only based approaches or CMOS-only hardware accelerators.

In order to alleviate the utilization of floating point weights, which either require a large

amount of memory per synapse (32-64 bits), or are difficult to reliably encode intrinsically in
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hardware, such as through memristors, several works have demonstrated impressive results of
classification and detection utilizing binary synaptic weights with probabilistic Hebbian learning
rules [57, 94-96]. Hence, it should be possible to implement S3Ns with dense arrays of binary
stochastically switching memory devices, such as STT-MTJs or CBRAM, to realize dense and fast

unsupervised learning architectures for future cognitive systems.

Subthreshold Spintronic Stochastic Spiking Neuron

The S4N is inspired by the principle that the cortex consists of noisy and imprecise
components in order to realize an ultra-low-power stochastic spiking neural circuit that resembles
biological neuronal behavior, which can be used as a building block for future biologically-
inspired computational paradigms. By utilizing probabilistic spintronics to provide true
stochasticity in a compact CMOS-compatible device, an Adaptive Ring Oscillator for as-needed
discrete sampling, and a homeostasis mechanism to reduce power consumption, provide additional
biological characteristics, and improve process variation resilience, this subthreshold circuit is able
to generate sub-nanosecond spiking behavior with biological characteristics at 200mV, using less

than 80nW, and with good behavioral robustness to process variation.

Circuit Overview

The S4N is motivated by the desire to realize a minimal-complexity, ultra-low-power
circuit that intrinsically behaves similar to the noisy heterogeneous neurons in the cortex, at least

in the sense that it can be relevant for implementing Neural Sampling. This has led to a circuit that
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appears at first glance rather different than traditional rate-based spiking neuron schemes where

the output is purely a Poissonian spike rate, yet the S4N is still relevant in the following ways.

1.

The S4N generates samples (or spikes) where the rate is somewhat deterministic and
periodic, but the 'strength' of the samples is determined by a sigmoidal relationship with
the input voltage and a random variable.

The S4N output bears little resemblance to the spike signals found in typical spiking neuron
designs, but they strongly resemble the double-exponential Post-Synaptic-Potentials
(PSPs) found in biology that result from pre-synaptic spike trains.

A fast homeostasis mechanism not only modulates the sample strength in a fashion that
closely resembles spike-frequency-adaptation found in biology [97], but also assists in
balancing the network to be sensitive, but not too sensitive, even in the presence of process
variation.

Process variation effects don't cause the circuit to fail, but simply modify the sigmoidal
relationship between the input and output, such that the behavior of multiple neurons is

heterogeneous, which is found in cortical neurons of the exact same type and region [98].

The S4N circuit shown in Figure 26 is implemented by what is essentially a voltage divider

between an sSMTJ and three transistors, M; — M3, modulating the input to M,, which acts like a

voltage-controlled current source since its operating in the subthreshold region. The input voltage,

Vinput» modulates the resistance of M; in an exponential fashion, while also modulating the
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Adaptive Ring Oscillator (ARO). The ARO, which is a five-inverter ring oscillator with an
additional nmos Transistor in the second inverter controlled by Vi, as shown in Figure 26,
oscillates at a frequency depended upon V¢, generating voltage pulses applied to M,, which are
considered to be samples. The ARO is used in place of a standard ring oscillator in order to save
energy by sampling more frequently only when Vjy,,,,; 1s significant, and less when it is not. The
resistance of M3 is related to the homeostasis mechanism and modulated by V), which is a leaky
exponential inverted integration of the output activity. During periods of high activity, V,,;
reduces the resistance of Mj, enough to pull down V,, increasing the resistance of M3, increasing
Vstate, and lowering the current through M, during samples, resulting in a negative feedback to
balance periods of high activity. By leveraging the high resistance of subthreshold CMOS devices,

which results in low current operation, an ultra-low-power scheme is realized.
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Figure 26: The Subthreshold Spintronic Stochastic Spiking Neuron circuit.

The stochasticity of the circuit arises from the stochastic switching of the sMTJ between
Anti-Parallel (Ry;g4p) and Parallel (Ry,,,) resistance states due to thermal noise. Although typical

ratios forRp;gn and R4y, is 100-150%, which is small compared to the exponential resistance

changes of subthreshold CMOS, when the resistance of the lower branch is close to that of the

sMT]J, the state of the sMTJ becomes significant in determining the strength of the output current
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through M,, where R,,,, will result in a significantly weaker signal than Rp,; 4. This results in three

primary operating regions of the S4N that resembles the saturating and linear regions of a sigmoid:

1. When the resistance of the lower branch is >> Ry;4p, such as when the ARO output is
low, Vippue is low, or Vj, is low, then the output is saturated at the lower bound, providing
little to no activity regardless of the sMT]J state.

2. When the resistance of the lower branch is << R;,,,, such as when the ARO output is high,
Vinpue 18 high, and V}, is high, then the output is saturated at the upper bound, providing
maximum output activity regardless of the sSMT]J state.

3. When the lower branch is ~[R;4, Rpign], such as when the ARO output is high and Viypy,¢,
V, take intermediate values, the state of the SsMTJ has a large influence on the output signal,

resulting in stochastic spiking behavior.

An interesting observation detailed in the following section is that when a large constant
input voltage is applied for a long enough time, the homeostasis mechanism balances V}, so that
the resistance of the lower branch remains sensitive to the state of the sMT1J.

The output resistor R; is used to leak V,,,+ over time, and the output capacitor Cj, is a very
small value used in place of downstream CMOS devices in synaptic circuits that the circuit may
drive. The signals shown above Vinp,;: and V. in Figure 26 give an example of a single sample
whereby a brief pulse equivalent to Vpp is applied to the input for enough time to elicit a single

sample, and the resulting output waveform is shown, resembling a PSP.
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Results

This Section analyzes the results of our simulations, which were performed using HSPICE
with high-performance 7nm FinFET PTM Transistor models [67]. The sMTJ was modeled using
physically benchmarked spintronic modules from the Modular Spintronic Library [83]. The other

circuit parameters are listed in Table 7.

Table 6: Circuit Parameters for the Subthreshold Spintronic Stochastic Spiking Neuron.

Parameter Value
Vop 200 mV
Riows Rnign 6 MQ, 15 MQ
R, 2 MQ
Cy, 0.5 fF
R, 5 MQ
Cp 2 fF

Figure 27 illustrates the S4N circuit behavior when applying voltage pulses of 50mV,
100mV, 150mV, and 200mV to Vjy;y,; for 20ns, 20ns, 50ns, and 50ns, respectively, with 15ns
periods of OV in between. Since square voltage pulses are not the typical input voltage signals that
would be propagated in networks of S4N circuits, the output of the S4N, V,,;+1, is connected to
another S4N, and the output of that S4N, V,,,+», 1s shown to illustrate how the circuit operates with

in-situ signals. This can be considered a 1-to-1 network with a synaptic weight of 1. As shown,
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Vreaa> Which is the output of the ARO, oscillates with a rate proportional to Vj,p,,:, and when the
input is too low, such as for 50mV and 100mV, almost no output signal is generated at V,,,,;1. For
the case where Vippy; is 150mV, it takes a few samples from V;..qq before Vi, reaches its peak
at just below 200mV, which is when the homeostasis mechanism reduces V; so that V4
decreases and stochastically jitters from higher and lower voltages due to the interplay between
the homeostasis mechanism and the sMTJ, which corresponds to operational region 3 described in
the previous Section; V,,,;» appears to only generate a single significant spike when V1 is at its
highest, although there are additional minor fluctuations. For the case where Vippy, 1s 200mV, only
a single sample is needed to elicit a maximum voltage at V1, which subsequently reduces V,
such that the circuit operates in region 3 as described in the Previous Section; V,,;, generates a

larger initial spike than the 150mV case, and has additional minor stochastic fluctuations.
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Figure 27: Operational waveforms of the Subthreshold Spintronic Stochastic Spiking neuron.

In order to analyze the effects of process variations on the S4N circuit, we performed
monte-carlo analysis with 50 samples for values of Vi, ranging from OmV to 200mV with
10mV increments for 50ns, varying the threshold voltage of each transistor with a standard
deviation of 75mV and all resistances and capacitances listed in Table 7 with a standard deviation
of 20%. As shown in Figure 28, the mean output voltage follows a sigmoidal behavior, which is
commensurate with biological characteristics, and the behavior is maintained even in the presence
of process variation, although it may be shifted and skewed to a degree. We argue that this does

not constitute an issue for biologically-inspired computational paradigms since neurons of the
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exact same type and similar location in the brain have similar heterogeneous sigmoidal spiking

responses to inputs [98].
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Figure 28: Mean output voltage of the S4N versus input voltage including process variation.

The S4N circuit, operating at 200mV, in the presence of process variation, uses a maximum
power of just 77nW, as shown in Figure 29, which is incredibly efficient for a spiking neuron
design operating at the nanosecond time-scale. Additionally, the power consumption scales in an
almost sigmoidal fashion to the input voltage, using up to about an 8x reduction in power at low
input voltages, which would be the most likely operating region for most S4Ns in a large network
architecture. For a simple back-of-the-envelope comparison to biology, the human brain uses 100
billion Neurons at just 20W; if 100 billion S4Ns were operating with 10% using 70nW, and the

rest using 10nW, then it would require 1600W of power. Although this is two orders of magnitude
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larger than the human brain, the S4N operates six orders of magnitude faster. Of course, this doesn't
include synapses and routing, which would use a significant fraction of the total power, but begs
the question that perhaps leveraging these noisy and imprecise subthreshold circuits could be an

avenue to realizing the computational efficiency of biological brains?
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Figure 29: Mean power of the S4N versus input voltage including process variation.

Summary

The Spintronic Stochastic Spiking Neuron introduced herein was demonstrated to achieve
tunable high-speed poisson-distributed spike generation within a compact hybrid spin-CMOS

circuit using just 0.8-9.6uW. The circuit, when combined with a neuromorphic 2"4-order synapse,

80



is capable of realizing perceptron functionality such as AND and OR logic, for a readily
implementable test of the computational capabilities of such a circuit. A variety of potential future
works for the S3N design draw inspiration from theoretical neuroscience to focus on the realization
of hardware-based online learning architectures utilizing stochastic learning algorithms.

The S4N demonstrates that circuits of noisy and imprecise components can realize
biologically-inspired computational primitives at ultra-low-power. The Subthreshold Spintronic
Stochastic Spiking Neuron circuit combines an Adaptive Ring Oscillator for as-needed sampling,
probabilistic spintronics for thermally-driven stochasticity, and a homeostasis mechanism in order
to realize biologically-inspired signals at nanosecond time scales using less than 80nW. Good
behavioral robustness to process variation in line with biological observations is also
demonstrated. Such a circuit could pave the way to realizing brain-like computational abilities and

efficiency.
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CHAPTER SIX: NEURAL SAMPLING CORE

An intriguing observation is that biological brains and nanoscale electronic circuits share
characteristics that can provide insights towards designing circuits and architectures that can be
utilized for biologically-inspired computation with potential power efficiency comparable to
brains. The first comparable characteristic is that the primary computational structures of
biological brains, neurons and synapses, are highly heterogeneous and imprecise [99, 100], which
is akin to the fact that all manufactured nanodevices have behavioral variability arising from
Process Variation (PV), especially CMOS devices operating at subthreshold voltages [101]. The
question then arises that perhaps by designing neuromorphic circuits and architectures that can
adapt to, and even utilize, such heterogeneity while trying to aggressively lower supply voltages,
even greater power efficiency could be achieved compared to adhering to the strict design margins
and deterministic behaviors that VLSI circuits are typically designed to realize. The second
comparable characteristic is that the fundamental mechanisms underlying neural activity, ion
channel opening and closing, is a stochastic process, which leads to stochasticity throughout neural
activity [45]. Coincidentally, a promising framework in computational neuroscience, Neural
Sampling, has theoretically proven that a particular biologically-plausible model of stochastically
spiking neurons in cortical circuit motifs represent samples from an underlying conditional
distribution that can be used for probabilistic inference [44, 46]. Therefore, leveraging

heterogeneity and stochasticity in neuromorphic architectures using emerging devices that are
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intrinsically stochastic, such as spintronics [42, 86, 102], could lead to more capable and efficient

neuromorphic hardware.

The Neural Sampling Core (NSC) presented in this Chapter is motivated by the ultra-low-
power and robust characteristics of biological neural networks, which utilize stochastic and
heterogeneous components with local learning rules in competitive networks, © 2019 IEEE,
reprinted, with permission, from [7]. The NSC is a thrust towards mimicking the underlying
computational principles of the brain in nanoelectronic circuits in order to realize self-adaptive and
low-power neuromorphic hardware with noisy and imprecise CMOS and spintronic devices

operating at subthreshold voltages.

The following contributions are provided in this Chapter:
1. astochastic spiking neuron circuit with protracted digital post-synaptic-potentials realizing
behaviors from Neural Sampling,
2. a low-precision hybrid spintronic-CMOS synapse circuit with a new event-based
Probabilistic Hebbian Plasticity (PHP) unsupervised learning , and
3. anovel homeostasis mechanism that regulates neural activity across multiple time-scales

and process variation effects.

The above contributions are integrated into low-power neuromorphic hardware approach

operating at subthreshold voltages while remaining robust to noisy and imprecise components.
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Previous Work on Stochastic Spiking Neural Network Hardware with Unsupervised Learning

Several recent works have leveraged the stochastic switching properties of spintronic
devices to realize unsupervised learning in SNN neuromorphic hardware as delineated in Table 8.
The work developed by Zhang et al. [43] utilized multiple parallel MTJs to form a compound
magnetoresistive synapse with a stochastic Spike-Timing-Dependent (STDP) learning rule in
conjunction with a MTJ-based stochastic spiking neuron to realize a SNN able to achieve
respectable accuracies on MNIST dataset. However, their work did not evaluate the power
consumption of the design, which can be quite large for many parallel MTJs per synapse in a
crossbar, nor the effect of process variation on the CMOS circuitry necessary for the neuron.

The long-term short-term stochastic synapse developed by Srinivasan et al. [57] utilizes
two SHE-MTlJs with distinct peripheral circuitry to realize various switching characteristics
corresponding to different STDP sensitivities, enabling one SHE-MTJ to have sharper correlation
sensitivity and greater synaptic strength then the other, which had moderate correlation sensitivity.
They demonstrated that the scheme has faster training convergence, resulting in a reduction in total
training energy consumption. However, the scheme was quite sensitive to STDP and circuit
parameters, and they did not analyze the effect of process variations.

The all-spin stochastic SNN developed in [42] leverages one-bit SHE-MT]J synapses with
a stochastic-STDP learning rule and SHE-MTJ based stochastic spiking neurons with a
homeostasis mechanism to realize a low-energy SNN with online learning. However, the SHE-
MT]J neuron requires write-read-reset cycling, which adds additional timing and energy overheads,
the stochastic-STDP learning rule requires precision between the spike timing, switching
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probability, and write current, the homeostasis mechanism is rather coarse since it simply cuts off
neurons that reach a certain spike count during learning, and the effect of process variations are

not analyzed.

Table 7: Comparison to Previous Spintronic Stochastic Spiking Neuromorphic Hardware.

© 2019 IEEE.

Ref Synapse Neuron Learning Rule Homeostasis Key Quantitative
Technology Technology Findings

[43] Compound  Stochastic Simplified None 91.27% accuracy on

MTJ Switching MTJ  Stochastic MNIST
STDP

[57] LT-ST LIF Stochastic None 10.4 uJ to train

SHE-MT]Js STDP network on MNIST

[42] SHE-MTJ  Stochastic Stochastic Spike count cutoff 682 nW per neuron
Switching SHE- STDP

MTJ
Herein  Spin-CMOS Embedded p-bit PHP Adaptive to fast and 311 nw per neuron
with PSP slow time-scales 1.9-7.7 nw per
synapse

Thus, the NSC developed herein extends beyond these promising works by developing a
robust subthreshold stochastic SNN approach utilizing a 3-bit hybrid spin-CMOS synapse with
series and parallel SHE-MTlJs, a flexible and adaptive homeostasis mechanism, and a stochastic
spiking neuron with digital PSPs implementing neural sampling and enabling a simple and robust
event-driven unsupervised learning mechanism, all developed and analyzed with the effect of

process variations in both the spintronic and CMOS devices.
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Neural Sampling Theory

This Section details the Neural Sampling Theory from computational Neuroscience [44,
46]. Neural Sampling interprets the stochastic spiking behavior of biological neurons as stochastic
samples of underlying conditional distributions [44, 46]. In particular, it models the spiking
behavior of neurons with an instantaneous stochastic spiking rate exponentially dependent upon
the membrane potential, combined with a refractory period of duration T and a commensurately
prolonged rectangular Post-Synaptic-Potential (PSP), which approximates the PSPs found in-vivo.
Combined with a Hebbian learning rule, such a model can be shown to realize a generative model
of the input distribution [46]. This is in contrast to typical Leaky-Integrate and Fire (LIF) spiking
neuron models, which models spikes as impulses and neurons as a leaky integration of
synaptically-weighted pre-synaptic spikes that fires if a threshold is reached and then reset. For the
rest of the Chapter, a ‘spike’ means a rectangular pulse of 7 clocks, as in Neural Sampling. Several
cortically-inspired circuit motifs have been developed utilizing Neural Sampling that have
demonstrated impressive results of unsupervised, and reward-based learning [46, 103]. Thus,
Neural Sampling provides a theoretically-accomplished and biologically-relevant framework for

leveraging stochastic neural models to achieve brain-like computations

Circuits of the Neural Sampling Core

This Section delineates the constituent circuits of the NSC, such as the stochastically
spiking neuron with a refractory period and prolonged digital PSPs congruent to those utilized in

Neural Sampling's theoretical modeling, a three-bit synapse with event-driven probabilistic
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Hebbian learning rules, and a novel homeostasis mechanism. Since an important premise of this
work is that the NSC should be able to adapt and utilize the heterogeneity of components that
emerges from PV, we model PV in both the spintronic and CMOS devices as described in the next
Section on the simulation framework at all stages of development and analysis. This Section is
organized by first detailing the operational principles of each circuit and then integrating them into
a cohesive mixed-signal architecture with discussions. Although detailed later, it is worth
mentioning here that there are two reciprocating phases based on the state of the clock; the read-

phase occurs when the clock is low, and the update-phase occurs when the clock is high.

Stochastic Spiking Neuron with Digital Post-Synaptic Potentials

The Stochastic Spiking Neuron circuit shown in Figure 30a consists of an embedded p-bit
and a digital PSP circuit that operates as follows. Based on the voltage applied to IN and the state
of the stochastically switching MTJ in the embedded p-bit, p — bityyr will either be high or low.
If p — bityyr 1s high at the positive edge of CLK, then the output of the PSP circuit, Neurongyr,
will go high and hold it for eight clocks, which corresponds to a T of eight clocks. The waveforms
shown in Figure 30b is an illustrative snapshot that shows the relevant circuit signals obtained
from SPICE simulations for the parameters given in the following Section on the Simulation

Framework.
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Figure 30: The stochastic spiking neuron circuit and associated waveforms. © 2019 IEEE.

Hybrid Synapse with Probabilistic Hebbian Plasticity

The hybrid spintronic-CMOS synapse shown in Figure 31 and the PHP learning rule were

co-designed to take advantage of the prolonged PSP signals with the stochastic switching behavior
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of spintronic devices. The synapse uses three SHE-MTIJs (S1-S3) to store the synaptic weight, one
PMOS transistor (M1) that operates as a voltage-controlled current source since the circuit is at
subthreshold, and two NMOS transistors (M2-M3) that are used when updating the synapse. The
circuit operates during the read phase as follows. If the pre-synaptic neuron is not active, which
means it has not spiked within the previous 7 clocks, then IN will be at VDD, N will be at VDD,
and no current will flow through M1 onto SUM. If the pre-synaptic neuron has spiked within the
previous T clocks, then IN will be at GND, causing a voltage-divider between S1 and S2-S3,
which determines the voltage at N, which then controls the current through M1 into SUM. The
synaptic weights determined by the P or AP states of S1-S3 are shown in Table 9 where

WO<WI1<W2~W3<W4<WS5.
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Figure 31: The three-bit hybrid spin-CMOS synapse. © 2019 IEEE.
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Table 8: Synapse Weights for MTJ States. © 2019 IEEE.

S1 S2 S3 Weight
AP AP WO
P AP P Wi
p P AP W1
P P P w2
AP AP AP W3
AP AP P W4
AP P AP W4
AP P P W5

PHP modifies the synapses during the update phase in an event-driven fashion as follows.
If the post-synaptic neuron, POST, has spiked during the previous t clocks, then both M2 and M3
are turned on, allowing current to flow through the write paths of S1-S3 based on the voltages
applied to PRE and IN. If the pre-synaptic neuron has spiked within the previous T clocks as well,
then the synapse will update according to a synaptic potentiation event, that is, different voltages
will be applied to PRE and IN for a given pulse duration such that S1 has a probability of switching
to its anti-parallel state and S2-S3 have a probability of switching to their parallel states, which all
have the effect of lowering the voltage at N and increasing the current through M1 during the read-
phase. If the pre-synaptic neuron has not spiked within the previous 7 clocks, then the synapse will
update according to a synaptic depression event, that is, voltages will be applied to PRE and IN
for a given pulse duration such that S1 has a probability of switching to its parallel state and S2-

S3 have a probability of switching to their anti-parallel states, which all have the effect of
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increasing the voltage at N and decreasing the current through M1 during the read-phase.
Therefore, each time a post-synaptic neuron spikes, all associated synapses are probabilistically
updated for T clocks, and more coincident pre-synaptic spiking will have a higher chance of
strengthening the synapse, while non-spiking pre-synaptic neurons will have a chance of being

depressed.

Non-Volatile Homeostasis Mechanism

The homeostasis mechanism acts to increase the activity of under-active neurons and
decrease the activity of over-active neurons, is implemented with a number of the homeostatic
synapses shown in Figure 32 connected to the input of each neuron. The two homeostatic synapse
designs shown in Figure 32 utilize alternative mechanisms for implementing homeostasis on both
fast and slow time-scales, where S1 has a higher probability of switching compared to S2, and
therefore adapts on a faster time-scale. The positive-feedback effect of synaptic plasticity needs a
fast homeostasis mechanism to balance network activity [104, 105] while a slower homeostasis
mechanism is beneficial for balancing the neuron's excitability in the presence of its intrinsic
heterogeneity arising from PV. Both of the designs operate similar to the regular synapse during
the read phase as follows. During the read phase BOT is pulled to GND, causing a voltage divider
between S1 and S2, which determines the voltage at N, which then determines the current through
M1 into SUM. The weight values are akin to the regular synapses described previously in that if

S1 is AP and/or S2 is P, then the homeostatic synapse has a higher effective weight than vice-
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versa. The two designs differ during the update phase as follows. The circuit in 31a requires S1 to
have a lower A than S2, which causes it to have a higher probability of switching for the same
current and pulse duration. The circuit in Figure 32b does not require S1 and S2 to have different
As, but requires more overhead with an additional NMOS and two horizontal wires to isolate the
two devices during the update phase, allowing different voltages and/or pulse durations to switch
the two devices with different probabilities such that S1 switches with a higher probability than
S2. During the update phase, UPDATE goes high and different voltages are applied to TOP and
BOT for Figure 32a, or TOP, TOP, BOT, and BOT for Figure 32b, depending on the state of the
connected neuron - if the neuron is active, then a homeostatic depression event occurs, and if the

neuron is inactive, then a homeostatic potentiation event occurs.
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Figure 32: Two alternative implementations for the homeostatic synapse. © 2019 IEEE.

92



Inhibition Mechanism

Inhibitory feedback is a mechanism to ensure that only a small number of output neurons
are active at a time by decreasing the input strength of the others, and therefore their chances of
spiking, each time one has spiked. This enforces competition between the neurons, which enforces
selectivity [106]. Without it, it is likely for all neurons to become receptive to all input patterns,
and therefore there is no information from the network that can be used to discern the input patterns
from one another, which is key for unsupervised learning and probabilistic inference [106]. The
exact inhibitory mechanisms that the brain utilizes is still an active area of research, but many SNN
models utilize a fixed inhibition model such that every time a neuron spikes, a fixed decrease in
input strength is applied to all other neurons [41, 46], and the same is used for the NSC. In order
to minimize area overhead, the inhibition mechanism is implemented with a single NMOS
connected to the SUM wire and GND. The input voltage to that NMOS is chosen such that the
effect on SUM is equivalent to the negative of the strongest synaptic weight, W5, and its associated

distribution according to PV.

Architectural Discussion

Figure 33 shows all of the core components of the NSC integrated into a single layer feed-
forward SNN. During the read phase, which is when CLK is low, if POST is also low, and therefore
M,0qq 1s On, all of the synapses with spiked pre-synaptic neurons, all of the homeostatic synapses,
and all of the inhibitory feedback with active POST signals will source and sink current, generating

a voltage at SUM due to the resistance of R,.,4 and M,..,4, Which is the resulting parallel analog
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computation of weighted pre-synaptic spikes plus the cumulative effect of the homeostatic
synapses minus any active inhibition, and is applied to the input of the stochastic spiking neuron
circuit. When CLK goes high, the post-synaptic neuron may or may not have spiked, M,..,4 turns
off to prevent wasted current flow, all inhibitory feedback turns off for the same reason, and the

synapse and homeostatic update mechanisms occur according to Algorithm 1.

Algorithm 1: Update Phase

Input neuron state: y(t) € [0, 1]
Output neuron state: z(t) € [0, 1]
for z;(t) in z(t) do
/I Update homeostatic synapses
if z;(t) == 1 then
homeostatic-depression(i);
else
homeostatic-potentiation(i);
end
// Update input-output synapses
if 2;(t) == 1 then
for y;(t) in y(t) do
if y;(t) == 1 then
synaptic-potentiation(i,j);
else
synaptic-depression(i,j);
end
end
end
end

The event-based nature of the NSC with its non-volatile parameters affords flexibility to
its operational and greater architectural needs. For instance, the NSC is described herein with two

phases corresponding to different states of the clock for simplicity, but in principle, many other
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operations could intermix with the two main phases, such as routing algorithms for intra- and inter-
chip communications or monitoring processes. Additionally, the clock rate could be adjusted based
on application needs, using a slower clock when idle and a faster clock as needed. The clock rate
could also be adjusted based on as-manufactured timing considerations. Another beneficial aspect
of the non-volatile nature of the NSC is that the more power-intensive update phases are only
required during training and/or re-training. Once a desired capability is achieved, the update phases

can be much more dispersed or stopped altogether, saving considerable power.
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Figure 33: An architectural overview of the Neural Sampling Core. © 2019 IEEE.

Another benefit of the NSC is that it is able to learn patterns of different dimensions, as is

described in the following Section, using all the same constituent circuits and devices with just an

96



alteration of the number of homeostatic synapses - smaller dimensional inputs require more
homeostatic synapses. Therefore, fixed NSC networks of a certain size could be fabricated and
then inputs and homeostatic synapses could be turned on or off depending on the application needs.
Also, this could provide redundancy in the case of unusable components, providing a higher

potential yield.

Simulation Framework

This section delineates the SPICE simulation parameters and results for the stochastic
spiking neuron circuit, synapse circuit, and homeostatic synapse circuits, as well as the
architectural simulation results from Brian2, a Spiking Neural Network Simulator [107]. All
MOSFET models used 7nm high performance PTM FinFET models [67] with threshold voltages
modified by a Gaussian distribution, N(Omv, 75mv) where N(u, o) is a Gaussian distributed
random variable with mean u and standard deviation g, to model effects of Process Variation
(PV). All of the resistances of Magnetic Tunnel Junctions (MTJ) were modified from their ideal
values with a Gaussian distribution with a mean of the ideal value and a standard deviation of 20%

to model PV effects. The supply voltage was set to 200mV.

Stochastic Spiking Neuron Circuit Simulation Results

The stochastic spiking neuron as shown in Figure 30 was first modeled by using SPICE

simulations to obtain the spiking probabilities for all input voltages and then that behavior was
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modeled in Brian2 simulations. The low-energy barrier MTJ can be modeled by the stochastic

Landau-Lifshitz-Gilbert (s-LLG) equation below [65].

(1+a?)dm

= =lylm xH— alyl(mx @ x H)+1/qN(@ x Is x M) + (a/qN (@ x I5)) (1)

Where « is the damping coefficient of the nanomagnet, y is the electron gyromagnetic
ratio, q is the electron charge, and E is the spin current applied to the free layer. The spin current’s
polarization, P, is equivalent to the polarization of the fixed layer, which is Z, and its amplitude is
given by E = Pl;2, where I is the charge current flowing through the MTJ. N is the number of
spins in the free layer, which is given by N = M Vol.up , where M, is the saturation

magnetization, pg is the Bohr magneton, and Vol. is the volume of the nanomagnet. The effective

field for the monodomain circular magnet used for the free layer is H=- % Mom,x + HTL, where

X is the out-of-plane direction of the magnet and H_,{ is the thermal noise field in three directions:

(H,’f‘y 'Z)z = 2akT/(ly|M;Vol.). However, simulating the s-LLG equation in SPICE requires a
significant amount of time. Therefore, we utilized a compact Verilog-A model for simulation speed
where a resistor was modeled that stochastically switched from 0.5M() to 1.5M() with a retention
time of N(0.5ns, 0.5ns), a transition time of N(0.1ns, 0.05ns), and a minimum retention and
transition time of 0.01ns. This provided behavior that was qualitatively similar to the results
provided by the s-LLG and described in [65]. The embedded p-bit with the compact stochastic

MTJ model was connected to a D-Flip-Flop to estimate the probability of spiking at the clock edge
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and was simulated for 100 Monte-Carlo runs with a clock period of 10ns for input voltages ranging
from OmV to 200mV with steps of ImV for 1000ns each, and the resulting probability of spiking

for each run is shown in Figure 34a. Based on this result, we modeled the instantaneous spiking

probability, p(t), of each neuron in Brian2 with equation 4.
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Figure 34: SPICE results and modeled sigmoids for simulation framework. © 2019 IEEE.
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1
pt) = —amwr (2)

Where a = 500, 8 = N(75,9.75), and v(t) is the input voltage at time t. Figure
34b shows 50 samples of equation 4 used for neurons in Brian2, which is very close to the behavior

obtained from SPICE simulations.

Synapse Simulation Results

Modeling the hybrid spin-CMOS synapse and homeostatic synapse circuits in Brian2 is
challenging due to the complexity of CMOS behavior, especially in the presence of process
variations at subthreshold voltages. Our approach is to use 10000 monte carlo SPICE simulations
for each possible synapse strength, W0-W5, for the input-output synapses and WO0-W3 for the
homeostatic synapses, to fit the voltage increase seen at SUM in Figure 33 of the main paper,

Viweight> to @ gamma distribution with shape parameter a and scale parameter b, and then model

the synaptic strength in Brian2 with such a distribution. We used Rgyy = 200kQ, Rp =
N(20MQ,4MQ), which is the resistance of the parallel state of the SHE-MTIJs, and Ryp =
N(50M(Q, 10MQ), which is the resistance of the anti-parallel state of the SHE-MTJs. The resulting
fitted gamma distribution parameters for the synapse and homeostatic synapses are listed in Tables
10 and 11. The synaptic weights from the SPICE simulations as well as 10000 samples from a
gamma distribution of the fitted parameters for each weight are shown in Figure 35, demonstrating
conformity between the SPICE simulations and the modeled weights. The homeostatic synapse

weights had a similar conformity, and which are not shown for brevity.
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Table 9: Synapse Fitting Parameters. © 2019 IEEE.

Weight Gamma Parameters
a b
WO 1. 8496 1.50E-4
Wi 1.8018 2.60E-4
w2 1. 7275 4.03E-4
W3 1. 8340 4.17E-4
W4 1. 8008 9.19E-4
W5 1. 7715 1.772E-3

Table 10: Homeostatic Synapse Fitting Parameters. © 2019 IEEE.

Weight Gamma Parameters
S1 S2 a b
WO P AP 1.8311 1.95E-4
W1 P P 1. 8213 3.83E-4
w2 AP AP 1. 8320 3.84E-4
W3 AP P 1. 8232 1.181E-3
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Update Phase

The primary motivations and contributions of this work is the investigation of using
imprecise and stochastic components to realize robust neuromorphic hardware that has very low
operational power. Therefore, since the stochastic switching behavior of spintronic devices is well
established [108], and yet, highly dependent upon the specific device parameters and switching
mechanism, for which there is no standard SHE-MTJ foundry process yet, determining the exact
voltages and pulse durations needed for a given probability of switching will differ from any
assumptions that could be made herein. Therefore, we model the update mechanisms outlined in
Algorithm 1 with a Gaussian-distributed probability of switching listed in Table 12 for each of the
SHE-MTIs in the synapses, S1-S3, or the homeostatic synapses, S1-S2. Although the unsupervised
learning results herein are obtained using the parameters listed in Table 12, we also explored
switching probabilities with standard deviations of up to 500% and found no qualitative differences
in the results, illustrating that the exact switching probabilities are not important as long as the
average behavior is similar to those in Table 12, and therefore, such a scheme should be robust to
process variations. It is also worth noting that the probability of switching for each SHE-MT]J is
very small, and thus, would yield a very low-power update mechanism compared to approaches
that would require larger switching probabilities. Also, if the update mechanism required too much
power to update the entire NSC in parallel, time-multiplexing could be used to update smaller

portions at a time, thanks to the non-volatility of the design.
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Table 11: SHE-MTJ Switching Probability During Events. © 2019 1IEEE.

Event SHE-MT]J Psy,
Synaptic Potentiation S1-S3 N(0.01,0.0025)
Synaptic Depression S1-S3 N(0.001,0.00025)
Homeostatic Potentiation
S1 N(0.0001,0.000025)
S2 N(0.00001,0.0000025)
Homeostatic Depression
S1 N(0.01,0.0025)
S2 N(0.001,0.00025)

Architecture Results

This Section describes the simulation results of the NSC. The circuits of the NSC were
simulated and analyzed using SPICE and then modeled in Brian2, a SNN simulation framework

[107], to obtain the unsupervised learning results.

Unsupervised Learning

The emergent unsupervised learning capabilities of the NSC are demonstrated by learning
a cortically-inspired behavior, orientation selectivity, within a feed-forward SNN of 50 output
neurons with 60 homeostatic synapses each and 900 Poisson spiking input neurons that each

correspond to a pixel in a 30x30 stimulus window. The input pattern distribution consists of 180
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28x2 bars centered and rotated in the stimulus window such that they cover the complete 180
degrees of rotation. The synaptic weights are initialized with S1-S3 randomly distributed and the
homeostatic synapses are initialized with S1 in AP state and S2 in P state. Up to 10,000 randomly
chosen samples from the input distribution are presented to the network for 100 clocks where each
input neuron that the randomly chosen bar corresponds to has a Poisson spike rate of 75 spikes per
1,000 clocks and all others have a spike rate of 1 spike per 1,000 clocks. In between each sample
is a brief period of 20 clocks whereby all input neurons have a spike rate of 1 spike per 1,000
clocks. Figure 36a shows the temporal evolution of a random selection of output neuron's receptive
fields, that is, the strength of their 900 synapses shaped into a 30x30 window corresponding to the
stimulus window, where a lighter color indicates a stronger synaptic strength, illustrating the
emergent specialization of each neuron to a particular input pattern. Figure 36b illustrates the
emergent orientation selectivity in another way, where all synapses were fixed and each input
pattern was presented to the network for 100 clocks and the spikes of all output neurons were
counted and shown for a random selection of 5 output neurons. The orientation selectivity of all
50 output neurons can be seen in Figure 36c, demonstrating that the entire range of possible
orientations are well represented by the collection of output neurons. It can be seen that the spike
counts closely resemble the tuning curves for simple cells in V1 cortex [109]. The NSC was also
tested using a smaller stimulus window of 20x20 and bars of 18x2, which is shown in Figure 37,

and the only needed change was an increase in the number of homeostatic synapses to 90.
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Figure 36: Relevant figures for the 30x30 test case. a) the evolution of receptive fields for a
random selection of five output neurons. b) the tuning curves for a random selection five output
neurons. ¢) the tuning curves for all 50 output neurons. d) the temporal evolution of the number
of homeostatic synapses with potentiated long-term SHE-MT]Js (bot) for a random selection of

five output neurons. e) the temporal evolution of the number of homeostatic synapses with
potentiated short-term SHE-MTJs (top) for a random selection of five output neurons. © 2019

IEEE.
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Figure 37: Relevant figures for the 20x20 test case. a) the evolution of receptive fields for a
random selection of five output neurons. b) the tuning curves for a random selection five output
neurons. ¢) the tuning curves for all 50 output neurons. d) the temporal evolution of the number
of homeostatic synapses with potentiated long-term SHE-MT]Js (bot) for a random selection of

five output neurons. e) the temporal evolution of the number of homeostatic synapses with
potentiated short-term SHE-MTJs (top) for a random selection of five output neurons. © 2019
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Noise Analysis

The NSC is also quite robust to input noise and is actually able to utilize such noise for
some benefit. This was tested by adding a uniformly distributed random spike rate between 0 and
7.5 spikes per 1000 clocks to each input neuron for each pixel in the stimulus window as described
previously. The noise had a regulating effect, decreasing the number of homeostatic synapses
required to just 30 for a 30x30 stimulus window. The NSC was still able to learn orientation
selectivity with the noise, although the receptive field was qualitatively noisier and the tuning

curves were on average a bit broader, as shown in Figure 38.
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Figure 38: Relevant figures for the 30x30 test case with noise. a) the evolution of receptive fields
for a random selection of five output neurons. b) the tuning curves for a random selection five
output neurons. ¢) the tuning curves for all 50 output neurons. d) the temporal evolution of the

number of homeostatic synapses with potentiated long-term SHE-MTJs (bot) for a random
selection of five output neurons. e) the temporal evolution of the number of homeostatic
synapses with potentiated short-term SHE-MT]Js (top) for a random selection of five output
neurons. © 2019 IEEE.
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Power Analysis

The average power consumption for each of the NSC circuits was found using SPICE
simulations and was determined to be 310nW for the stochastic spiking neuron with PSP circuit,
1.9-7.7aW for each of the input synapses, depending on the synaptic strength, and 1-3.4nW for
each of the homeostatic synapses, depending on its strength. The average power consumption of
the network during the read phase for the neurons, homeostasis mechanism, and active synapses
for the 20x20, 30x30, and 30x30 with noise test cases are shown in Figure 39. The inhibitory
mechanism was found to be negligible since very few output neurons are ever active at one time.
As shown, the power consumption due to the output neurons are all equal since the number of
neurons does not change. The power consumption due to the synapses increases from the 20x20
case to the 30x30 case since there are more inputs and synapses, and the noise increases the
synaptic power consumption due to there being more active synapses as well as a higher number
of higher strength synapses. The homeostasis power consumption is highest for the 20x20 case
since it has the fewest active input synapses, and therefore needs on average more homeostatic
input synapses to drive the neurons to spike and is lowest for the 30x30 with noise for the exact
opposite reason. The power consumption of the update phase is not considered due to the NSC
requiring updates only during training or re-training, and thus, is a very small fraction of the total
lifetime energy usage. Additionally, the power consumption of the update phase depends heavily

upon the materials, dimensions, and technology of the devices used.
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Figure 39: Average power consumption for each component of the NSC for each test case.

© 2019 IEEE.

Summary

The NSC described in this Chapter provides several intriguing insights to realizing ultra-
low-power neuromorphic circuits and architectures. Future directions for extending the NSC could
be to implement recurrent connections and migrate the inhibitory mechanism to a population of
inhibitory neurons, which would more closely resemble cortical network motifs, to explore how
networks of NSCs could be connected together in deep or hierarchical fashions to realize greater
computational ability, or to develop methodologies that can implement supervised or

reinforcement learning capabilities.
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CHAPTER 7: CONCLUSION

This Chapter presents a summary of the circuits and techniques that were developed in this
dissertation, a selection of the limitations of the approaches with lessons learned and avenues for

improvements, and finally, a discussion about future works in the directions laid out herein.

Summary of the Developed Circuits and Techniques

In order to continue attaining improvements in processor technology when Moore’s Law
for transistor scaling ends, the novel properties of new nanoelectronics devices must be effectively
utilized for improving the capabilities of contemporary processor designs while exploring entirely
new computational paradigms. Spintronic devices are well situated to achieving these goals with
utilizing beneficial properties of scalability, non-volatility, and vertical integration for reducing
the area of standard digital circuits while enabling those circuits to be powered off when idle
without any loss of data, greatly reducing static power consumption, which is an ever-growing
portion of total power consumption for highly scaled nanoelectronics circuits. Additionally, the
intrinsic stochastic behaviors of spintronic devices, which is typically seen as a challenge for
standard digital designs, enables whole new classes of neuromorphic paradigms that can yield
compact and ultra-low-power neuronally-inspired computations. In this dissertation, the intrinsic
switching properties of some promising spintronic devices have been leveraged to demonstrate

these benefits.
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Complementary Switching in Hybrid Spin-CMOS Digital Circuits

The hybrid spin-CMOS digital circuits developed in Chapter 3 utilized the complementary
switching properties of the DWCSTT device as a voltage divider that can directly interface with
CMOS without the need for sense amplifiers. This property was utilized to imbue critical
components of synchronous and asynchronous datapaths with non-volatility, enabling the circuits
to be power-gated without requiring storing or restoring circuitry, signals, or timing overheads,
while also reducing the number of devices needed to realize the circuit. In particular, a non-volatile
D F/F was developed that required 10 fewer transistors than traditional CMOS only designs and
significantly fewer than that compared to alternative non-volatile D F/F circuits that required store
and restore overheads. It was also shown that the width of the transistors driving the DWCSTT
device could be adjusted to tune the design between speed, power, and area demands. Additionally,
a non-volatile Muller C-Element was developed that used just 8 transistors with 1 DWCSTT
device, which is equivalent in transistor count to traditional CMOS-only Muller C-element
circuits, but the non-volatility of the developed circuit was shown to enable entire asynchronous
pipelines to be power gated without loss of data or operational functionality when power was
restored. The developed non-volatile Muller C-element was also shown to be faster, lower power,
and had a lower device count than alternative non-volatile Muller C-element designs. It was also
explored how improvements to spintronic manufacturing technology improving TMR would
benefit the operational characteristics of the circuit in addition to trading off power, delay, area,
and energy by adapting the driving transistor widths. Finally, the slower switching speed of the
non-volatile Muller C-element when compared with pure CMOS implementations was found to
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be a benefit when utilized in bundled data asynchronous protocols since it negated the need for

inserting delay elements between pipeline states.

Stochastic Switching for Neuromorphic Circuits

Neuromorphic paradigms that combine large arrays of synapses with non-linear neurons
are a natural fit for the dense non-volatile properties of spintronic device, and many previous works
have explore this proposition. This dissertation focused on leveraging the stochastic properties of
spintronic devices to improve the capabilities of contemporary machine learning approaches
utilizing DNN architectures while enabling new implementations at ultra-low-power that are in
accordance with some of the latest theories of brain computation from computational neuroscience.
Both stochastic neurons using p-bit circuits as well as hybrid spin-CMOS synapses using the
stochastic switching of non-volatile SHE-driven spintronic devices are explored

In Chapter 4, the SHE-driven p-bit is used to realize a compact and low-power PAF for
computing the non-linear function of weighted summation required for BNNs in resistive crossbar
and pseudo-crossbar circuits. Due to the very low current operation of the SHE-driven p-bit, highly
resistive devices can be used in the crossbar network, which leads to a low power consumption of
just 75 nW per active synapse with 4.98 uW per PAF. Additional exploration of error rate under
the effects of process variations for on-chip vs off-chip training showed that on-chip training
almost completely mitigated the reduction in accuracy induced by variations in the resistances of

the resistive devices in the crossbar network.
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In Chapter 5, two approaches for leveraging p-bits to implement stochastically spiking
neurons that have alternative benefits are presented. The first utilized the SHE-driven p-bit to
realize a high-speed spiking neuron with a tunable spike rate based on input current using just 0.6-
9.8 uW of power. It was also demonstrated that such a neuron with a neuromorphic synapse
implementing PSPs could implement perceptron functionality. The second circuit preferred to
eschew size and speed optimizations in order to operate at as low a voltage as possible, and thus,
low power, demonstrating that combining the embedded p-bit with additional CMOS circuitry
could realize a stochastic spiking neuron with homeostasis and PSPs resembling biological
behaviors using a maximum of just 77 nW. It was also demonstrated that process variations will
not cause the circuit to fail, but simply induces heterogeneity into the circuits behavior that is
similar to the biological heterogeneity found in neurons of the same type and region of the cortex.

In Chapter 6, a wholistic circuit, architecture, and algorithm co-design utilizing imprecise
and stochastic components at subthreshold voltages and under the effects of process variations is
developed to realize brain-inspired computational abilities at ultra-low-power. A stochastic
spiking neuron utilizing the embedded p-bit was developed in combination with a digital PSP
circuit to implement the neuronal behavior described by Neural Sampling, a powerful theoretical
framework from computational neuroscience. A low-precision hybrid spin-CMOS synapse was
designed to leverage the stochastic switching properties of SHE-driven MTJ devices for realizing
the new Probabilistic Hebbian Plasticity learning rule along with the voltage-driven current-
source properties of subthreshold CMOS for ultra-low-power. A novel non-volatile homeostasis

mechanism is also developed that utilizes the stochastic switching properties of SHE-driven MTJ
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devices for balancing spiking activity across multiple time-scales. All components were modeled
with the effects of process variations and demonstrated to achieve unsupervised learning of

orientation selectivity using just 311 nW per neuron and 1.9-7.7 nW per synapse at 200mV.

Lessons Learned and Limitations

Based on the simulations and analyses conducted as a part of this dissertation, the
uncovered limitations of the approaches are discussed in conjunction with recommendations for

possible improvements.

Delay and energy overheads when using spintronics in digital circuits: While the hybrid spin-
CMOS circuits developed in Chapter 3 imbue the digital circuits with improved area efficiency
and non-volatility, they are significantly slower compared to pure CMOS approaches and require
significantly more energy per computation. Therefore, with current spintronic devices, such
approaches would only be beneficial in applications that afforded long periods of idle time, since
the power benefits of the hybrid spin-CMOS approach come from the fact that you can power off
the circuits while idle, which you cannot do with pure-CMOS approaches without storing the data
to non-volatile cells, which is power intensive in itself. Future spintronic devices offer the
possibility of greater energy efficiency than CMOS, and such devices would greatly improve the

hybrid spin-CMOS approaches presented herein [6].
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PAFs decrease accuracy in BNNs: Although Hubara et al. [40] propose that stochastic
binarization is more appealing than deterministic binarization and we showed that area and power
improvements can be realized using a p-bit based PAF in Chapter 4, our experiments showed no
benefits to accuracy of the BNN for CIFAR-10 dataset when using stochastic binarization over the
deterministic approach, regardless of the choice of architecture. However, it is yet to be seen the
extent to which such PAFs help to regularize the network across more diverse datasets and prevent

overfitting, akin to Dropout [110].

Asynchronous analog spiking neurons are challenging to integrate in a wholistic
neuromorphic architecture: The spintronic stochastic spiking neurons developed in Chapter 5
demonstrated how to achieve high speed and ultra-low-power compact neuron circuits, which we
developed as stepping stones towards developing neuromorphic architectures that achieved the
same goals. However, while attempting to design synapses and associated learning algorithms and
circuits, the asynchronicity and analog output of the neurons raised many challenges regarding
identifying learning conditions that circuits could realize across time-scales and ensuring that the
paradigms operated appropriately when considering process variations. Thus, we chose to tradeoff
some speed, power, and area to realize synchronous designs in Chapter 6 that allowed for very
simple learning rules, synapses, and homeostasis mechanisms that work properly at subthreshold

voltages and including process variation.
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Future Work

Future work regarding hybrid spin-CMOS digital circuits would be to integrate emerging
voltage-controlled spintronic devices that could be far more energy efficient and faster than the
DWM or SOC devices explored herein, such as the MESO device [6]. Such devices could
ultimately replace far more CMOS circuitry than explored herein for even finer-grained pipelining
and power-gating strategies.

Regarding neuromorphic circuits, the promising work in Chapter 6 could be extended to
recurrent neural networks consisting of separate populations of excitatory and inhibitory neurons,
much like the circuits of the cortex, to realize temporal pattern recognition and hierarchical
structures with top-down and bottom-up integration for higher-dimensional pattern recognition.
Alterations to PHP that include a reward term could be utilized for reinforcement learning
applications and benchmarking against current state of the art DNN schemes could be used to

determine possible benefits in training speed, operation speed, and hardware efficiency.
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