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ABSTRACT

A heterogeneous device technology reconfigurable logic fabric is proposed which leverages the
cooperating advantages of distinct magnetic random access memory (MRAM)-based look-up ta-
bles (LUTs) to realize sequential logic circuits, along with conventional SRAM-based LUTs to
realize combinational logic paths. The resulting Hybrid Spin/Charge FPGA (HSC-FPGA) using
magnetic tunnel junction (MTJ) devices within this topology demonstrates commensurate reduc-
tions in area and power consumption over fabrics having LUTs constructed with either individual
technology alone. Herein, a hierarchical top-down design approach is used to develop the HSC-
FPGA starting from the configurable logic block (CLB) and slice structures down to LUT circuits
and the corresponding device fabrication paradigms. This facilitates a novel architectural approach
to reduce leakage energy, minimize communication occurrence and energy cost by eliminating un-
necessary data transfer, and support auto-tuning for resilience. Furthermore, HSC-FPGA enables
new advantages of technology co-design which trades off alternative mappings between emerging
devices and transistors at runtime by allowing dynamic remapping to adaptively leverage the intrin-
sic computing features of each device technology. HSC-FPGA offers a platform for fine-grained

Logic-In-Memory architectures and runtime adaptive hardware.

An orthogonal dimension of fabric heterogeneity is also non-determinism enabled by either low-
voltage CMOS or probabilistic emerging devices. It can be realized using probabilistic devices
within a reconfigurable network to blend deterministic and probabilistic computational models.
Herein, consider the probabilistic spin logic p-bit device as a fabric element comprising a crossbar-
structured weighted array. The Programmability of the resistive network interconnecting p-bit de-
vices can be achieved by modifying the resistive states of the array’s weighted connections. Thus,
the programmable weighted array forms a CLB-scale macro co-processing element with bitstream

programmability. This allows field programmability for a wide range of classification problems
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and recognition tasks to allow fluid mappings of probabilistic and deterministic computing ap-
proaches. In particular, a Deep Belief Network (DBN) is implemented in the field using recurrent
layers of co-processing elements to formann m; my i m; weighted array as a configurable
hardware circuit with an n-input layer followed by i 1 hidden layers. As neuromorphic archi-
tectures using post-CMOS devices increase in capability and network size, the utility and benefits

of reconfigurable fabrics of neuromorphic modules can be anticipated to continue to accelerate.
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CHAPTER 1: INTRODUCTION 1

1.1 Research Motivation

The objective of this dissertation is to architect a next-generation Hybrid Spin- and Charge-based
Field Programmable Gate Array (HSC-FPGA) by innovating design techniques, circuit modules,
synthesis scripts, and transportable libraries. HSC-FPGAs are recon gurable logic arrays that
leverage the cooperative roles of emerging spintronic and CMOS devices within a runtime adapt-
able platform. HSC-FPGAs enable a new advancetetlinology co-desighwhich trades off
alternative mappings between emerging devices and CMOS technology during synthesis-time and
also during runtime. The targeted emerging computing devices, and yet-to-be-discovered architec-
tural innovations utilizing them, become readily explored. Many sub- elds of computing including
post-CMOS design, advances in Computer-Aided Design (CAD) models and optimizations, and
applications become reinvigorated to attain reliable and energy-sparing hardware/software systems

at low cost.

Towards the eventual realization of this objective, the HSC-FPGA Con gurable Logic Block
(H-CLB) shown in Figure 1.1 provides an enabling element.Thus, the dissertation will advance
post-CMOS computing by spanning Look Up Tables (LUTSs) for two spin-based devices. The
potential bene ts are summarized in Figure 1.1, which can be realized similarly to how eld-
programmability had enabled new hardware, CAD, pipelining, soft-cores, and application ad-

vances during the CMOS design era, by increasing access to the devices themselves.

1©2017 IEEE. Part of this chapter is reprinted, with permission, from [1].
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Figure 1.1: HSC-FPGA component vision. Physical devices consist of spintronic and CMOS elements
within each H-CLB.

Similar to their ASIC counterparts, recon gurable computing devices strive to surmount the grow-
ing technical challenges to improve their logic density, throughput performance, and power pro-
les. Thus with the geometrical and equivalent scaling trends guided by decades of International
Technology Roadmap for Semiconductors (ITRS) projections nearing their end, new pathways to-
wards these goals have been de ned in ITRS 2.0 along with the IEEE International Roadmap for
Devices and Systems (IRDS) initiative [18]. Two such technical thrusts identi ed for 2020 onward
are leveraging beyond-CMOS devices (ITRS 2.0 theme 5) and utilizing heterogeneous components
(ITRS 2.0 theme 4) to realize fundamentally new ways to compute. The perspective taken herein
is that a recon gurable computing paradigm can signi cantly advance both of these declared ITRS

2.0 themes.

Within the post Moore era, there are several motivations for pursuing novel recon gurable fab-
rics of heterogeneous device technologies. Foremost, their one-time design and fabrication model
minimizes the recurring engineering effort for post-CMOS devices, while amortizing development

costs across multiple applications. Thus, recon gurable fabrics may offer a more cost-effective
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approach to utilizing emerging devices. Additionally, post-CMOS ingrained eld-programmable
fabrics expand the accessibility of emerging devices to vast populations of circuit designers, in-
cluding the majority of those who lack foundry access. Such a pre-fabrication approach with later
eld-programmability minimizes the need for extensive post-CMOS circuit design, veri cation,
and validation expertise. Field-programmability also eliminates the computational demands, de-
lays, and inaccuracies of simulation-based modeling associated with emerging devices. Instead,

heterogeneous fabrics support rapid and direct realizations in hardware.

As a fundamentally different way to compute, the mapping of operations to device technologies
remains uid. Flexible mappings become possible not only during circuit synthesis, but also dur-
ing execution-time. Thus when execution demands change, the architecture can adapt by utilizing
a preferred device technology within its datapaths via recon guration of hardware components.
This leverages the complementary characteristics of CMOS and emerging devices by increasing
the exibility in its binding of logic and memory roles to distinct device technologies. This is in-
troduced herein as a post-CMOS era approach referred teesblogy co-desighOverall, the
hypothesis is as follows: recon gurable fabrics of heterogeneous CMOS and spin-based devices
offer an orthogonal dimension of technology adaptation to balance throughput, energy consump-
tion, and resilience beyond static emerging device architectures, xed hybrid emerging/CMOS

architectures, and CMOS-only recon gurable platforms.



1.2 Need for Next Generation Recon gurable Fabrics

Frequently-cited motivations for embracing recon gurable fabrics are listed in Table 1.1, includ-
ing extensions to sub-10nm regimes. Fabric exibility and accessibility allows realization of logic
elements at medium and ne granularities while incurring low Non-Recurring Engineering (NRE)
and Time-To-Market (TTM). Recon gurable fabrics have been demonstrated to provide a viable
solution for process-voltage-temperature variation induced problems and could be utilized effec-
tively for fault recovery [31, 32, 33, 34, 35, 36, 37, 38]. They can support circuit synthesis speci c
to the application at-hand, including localization of data stores. Moreover, highly-scaled devices
are expected to increasingly rely on in-situ recon gurability to mitigate process variation. Thus,
their in- eld adaptability to intrinsic “as-built” device switching characteristics enables resiliency,

as advocated in [39, 40]. Fabrics can also be tuned to meet energy pro les at runtime [39, 41].

Table 1.1: Strengths of Recon gurable Logic Fabrics over ASIC/CPU/GRUL&NM regimes.
Relation to

Attribute Typical Bene ts Emerging Devices Prototypes
- decreased NRE costs - usable by designers
ibili &TTM without foundry access
Flexibility yaee [19, 20, 21, 22]
& Accessibility - hardware/software - knowledge/behavior
co-design encapsulation

- datapaths synthesized
Energy-sparing for application

- near-zero standby energy
non-volatile designs

: : . [23, 24]
Potential - local data stores near - increased local capacities
data usage in same energy budget
_ customized accelerator _ |°9iC-in-memory
capabilities
Bloat-free ~ hardware _ _ [25, 26, 27]
. - device-physics enabled
- reduce middleware .
computing
. - true PVT solution
Resiliency - amorphous spares and alpha-particle immunity [28, 29]
Adaptability - leverage Intrinsic behavior tunable to match [29, 30]

dynamic requirements




Extending recon guration capabilities using emerging devices is highly desirable. Among promis-
ing devices, the 2017 Magnetism Roadmap [42] identi es nanomagnetic devices as capable post-
CMOS candidates, of which Magnetic Random Access Memories (MRAMS) are considered feasibly-
implemented. Thus, the proposed research is well-motivated by the established aims of academia

and industry to:

» Promote emerging devices to surmount scaling challenges of CMOS devices [43, 44]. We
will examine and adopt various emerging spintronic devices to further develop novel circuits
and architectures to realize higher density with signi cantly improved power-delay-product
(PDP) over CMOS-based FPGAs for identical design rules and power budget. While in
this dissertation we will focus on leveraging spintronic devices, alternative methods such as
asynchronous switching approaches [45, 46, 47] and Quantum-dot Cellular Automata (QCA)

methods [48, 49, 50, 51] also aim towards reduced energy consumption.

» Realize the bene ts of Non-Volatile Memory (NVM) to reduce leakage energy for ultra-low-
power recon gurable computing [52, 53, 54]. We propose to utilize the accepted spin-based
device models to con gure logic arrays, and extend beyond the previous work to include

non-volatile functionality.

» Employ the characteristics of the spin-based devices for reliability bene ts such as radiation
hardness [55, 56]. We will build upon reliability analysis methods for spintronic devices
[57, 58] to bene t reliability by conferring the circuit at-hand with a heterogeneous palette

of emerging devices that can be con gured as needed at runtime.

» Develop transportable libraries to facilitate the wider application of spintronic devices. Our
proposed HSC-FPGA platform can enable application-scale study, thus overall bene ts can
be more readily quanti ed. Overall, the foundational focus of this research can advance

several elds spanning post-CMOS devices, theory, modeling, and circuit innovation.
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1.3 Advancing from Homogeneity towards Heterogeneity in Recon gurable Computing Fabrics

As depicted in Figure 1.2, FPGA fabrics continue their transition towards embracing the bene ts of
increased heterogeneity along several cooperating dimensions. Since the inception of the rst eld-
programmable devices, various granularities of general-purpose recon gurable logic blocks and
dedicated function-speci c computational units have been added to fabric structures. These have
resulted in increased computational functionality compared to homogeneous fabrics [59, 60, 61].
Over the last ten years, reprogrammable fabrics have embraced further highly-dedicated special-
purpose co-processing units to handle complex oating-point computations [62]. Some of the
standard co-processing units that appear within many contemporary FPGAs are Digital Signal Pro-
cessing (DSP) blocks [63, 64], Multiplier-Accumulators (MACSs) [65], and multi-bit block RAMs
[66], as well as processor hardcores which are commonly embedded within the fabric of many

leading commercially-available recon gurable devices.

The upper rightmost corner of Figure 1.2 depicts that emerging devices could advance new trans-
formative opportunities for exploiting technology-speci ¢ advantages, which we refer to as Tech-
nology Heterogeneity. Technology heterogeneity recognizes the cooperating advantages of CMOS
devices for their rapid switching capabilities, while simultaneously embracing emerging devices
for their non-volatility, near-zero standby power, high integration density, and radiation-hardness
[67, 68]. Realization of technology heterogeneity in a eld-programmable fabric enables synthesis-
time co-design and dynamic run-time adaptability among device technologies. Thus, we propose
exciting feasible research towards utilizing the proven spin-based devices to complement CMOS

devices.



Figure 1.2: Escalation of eld-programmable heterogeneity within chronological and structural contexts [1].

1.4 Technology Heterogeneity in Recon gurable Fabrics

The mentioned motivations for embracing recon gurable fabrics are achieved at a cost of in-
creased fabric area and power consumption, as well as a decreased performance compared to the
application-speci c integrated circuits (ASICs). Thus, Innovations using emerging devices within

recon gurable fabrics have been sought to bridge the gaps needed to provide these bene ts.

Currently, static random access memory (SRAM) cells are the basis for most of the commercial
FPGAs, and can be found in the well-known Xilinx and Intel products. In FPGAs, SRAM cells
are employed within programmable switching blocks to control the interconnection between logic
building blocks. Moreover, they are utilized in lookup-tables (LUTS) to store the logic function
con guration data, which constitute the primary components in recon gurable fabrics. In partic-
ular, LUT is a memory witl2™ cells in which the truth table of am-input Boolean function is
stored. The re-programmability of the SRAM cells, and the fact that they can be implemented by

highly-scaled CMOS technology, have made the SRAM-based FPGAs the most popular recon g-



urable fabric in market. However, SRAM cells also have some limiting attributes which caused

FPGAs to have a niche market share of ASICs.

In [69], Kuon and Rose have provided a comprehensive comparison between SRAM-based FPGAs
and ASICs in terms of area, performance, and power consumption. They have reported that in
order to achieve a same functionality and performance in an FPGA as an ASIC, FPGA requires
signi cantly larger area while consuming approximately 14 times more power. This is mainly due

to the crucial drawbacks of the SRAM cells such as:

* high static power: due to the existence of intrinsic leakage current which is signi cantly

increasing by technology scaling.

* volatility: SRAM is volatile, therefore all functions must be reprogrammed upon each power-
up. Consequently, an external non-volatile memory is required to be integrated into the chip

either in the same package or on the printed circuit board level.

* low logic density: SRAM consists of six transistors which limits the logic density.

The aforementioned SRAM's drawbacks have motivated exploration of alternative LUT designs, as
listed in Table 1.2. One of the introduced alternatives is based on non-volatile ash-based LUTS,
however it targets a niche market due to their low recon guration endurance [70, 71]. Higher
endurance non-volatile LUTs can be enabled by emerging resistive technologies, such as spin-
tronic storage elements [72, 73, 74, 75, 76, 77, 78], resistive random access memory (RRAM)
[79, 80, 81, 82], and phase change memory (PCM) [83, 84]. Although PCM can offer non-
volatility, its considerable recon guration power and high write latency can signi cantly exceed
that of an SRAM LUT. Spintronic devices offer non-volatility, near-zero static power, and high
integration density [88, 89]. Two of the spin-based devices, which are previously proposed for use

in recon gurable fabrics are magnetic tunnel junctions (MTJs) [76, 75, 78, 2, 3, 85] and domain
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wall (DW)-based racetrack memory (RM) [73, 74, 86]. RM is effective for non-volatility and area
density, although previous designs can incur signi cant delay and energy cost due to excessive shift
activities to con gure the implemented logic function. Hence, MTJ-based LUTs are proposed to
be placed at critical points of a large-scale digital circuit to implement various logic functions as

a runtime adaptable fabric under middleware control. the magnetic LUTs provides the fabric with
suf cient recon gurability features to mitigate process variations. The fabric will be leveraged
for fault detection and recovery using the adaptive self-healing approaches. MTJs comprising the
storage elements in the adaptable LUTs are vertically-integrated as a backend process of typical

CMOS fabrication, which signi cantly reduces the area cost of the redundancy.

Moreover, SRAM-based FPGAs, like all CMOS-based fabrics, are susceptible to radiation-induced
transient soft faults such as single event upsets (SEUs), which primarily affect SRAM-based stor-
age cells [87]. Thus, research into the design of suitable placements with improved soft error
immunity and energy pro les is urgently sought using a number of feasible physical devices in-
cluding RRAM [80] and magnetic random access memory (MRAM) [55, 4, 88, 89]. This trend has
been motivated by aggressive CMOS technology scaling in digital circuits has resulted in signi -
cant increase in transient fault rates, as well as timing violations due to process variation (PV) that
consequently reduces the performance and reliability of the emerging very large scale integrated
(VLSI) circuits. For instance, the probability of single upsets, and more realistically, multiple up-
sets, is projected to increase several fold at sea-level for sub-10nm technology nodes [90, 91]. By
the extensions to sub-10nm regimes, error resiliency has become a major challenge for microelec-
tronics industry, particularly mission critical systems, e.g. space and terrestrial applications. The
ability of FPGAs to correctly execute the complicated tasks in harsh environments signi cantly

relies on their fault-handling and radiation hardening techniques.



Table 1.2: Characteristics of enabling LUT technologies.” br “—" indicates strength/limitation relative
to SRAM-based LUT.

Design Baseline  [71] [80] [84] [75] [56] [89]
Technology SRAM FLASH RRAM PCM MRAM MRAM MRAM
Non-\Volatile NO YES YES YES YES YES YES
Endurance 0 - —— == — — -
Area 0

Read Power 0 0 0 —— -
Operation Delay 0 0 0 0 0 - - —
Standby Power 0

Write Power 0 - —_——— === —-— - — - —
Operation Delay 0 - — —_——— === —-— -— ——
Radiation SEU NO NO NO NO NO YES YES
Hardness DNU NO NO NO NO NO NO YES

Leveraging MRAMSs as storage elements within LUT circuits has the potential to signi cantly in-
creases their radiation immunity due to the radiation hardness characteristic of spin-based devices.
However, the access and sensing circuitry for MRAM still requires transistors, and thus is still
susceptible to radiation-induced faults. Therefore, circuit-level innovations are sought to achieve
immunity to radiation-induced transient faults such as SEUs and double node upsets (DNUS).
In recent years, various radiation hardening techniques are investigated to develop SEU-tolerant
MRAM-based LUTs [56, 88]. In particular, in [89] authors have proposed a single-event double-
node upset tolerant MRAM-based LUT, which provides multiple upset resiliency at the cost of

increased read energy and area consumption with baseline ef cacy.

1.5 Logic Paradigm Heterogeneity

The interrelated elds of machine learning (ML), and arti cial neural networks (ANN) have grown
signi cantly in previous decades due to the availability of powerful computing systems to train
and simulate large scale ANNs within reasonable time-scales, as well as the abundance of data

available to train such networks in recent years. The resulting research has realized a bevy of
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ANN architectures that have performed incredible feats including a wide range of classi cation

problems, and various recognition tasks.

Most ML techniques in-use today rely on supervised learning, where the systems are trained on
patterns with a known desired output, or label. However, intelligent biological systems exhibit
unsupervised learning whereby statistically correlated input modalities are associated within an
internal model used for probabilistic inference and decision making [92]. One interesting class
of unsupervised learning approaches that has been extensively researched is the Restricted Boltz-
mann machine (RBM) [93]. RBMs can be hierarchically organized to realize deep belief networks
(DBNs) that have demonstrated unsupervised learning abilities, such as natural language under-
standing [94]. Most RBM and DBN research has focused on software implementations, which
provides exibility, but requires signi cant execution time and energy due to large matrix multipli-
cations that are relatively inef cient when implemented on standard Von-Neumann architectures
due to the memory-processor bandwidth bottleneck when compared to hardware-based in-memory
computing approaches [95]. Thus, research into hardware-based RBM designs has recently sought

to alleviate these constraints.

Previous hardware-based RBM implementations have aimed to overcome software limitations by
utilizing FPGAs [96, 97] and stochastic CMOS [98]. In recent years, emerging technologies such
as RRAM [99, 100] and PCM [101] are proposed to be leveraged within the DBN architecture as
weighted connections interconnecting building blocks in RBMs. While most of the previous hybrid
Memristor/CMOS designs focus on improving the synapse behaviors, this dissertation overcomes
many of the preceding challenges by utilizing a novel spintronic p-bit device that leverages intrinsic
thermal noise within low energy barrier nanomagnets to provide a natural building block for RBMs
within a compact and low-energy package. The contribution of this dissertation goes beyond using
low-energy barrier MTJs, as has been previously introduced for a neuron in spiking neuromorphic

systems [102, 103]. This is the rst effort to use MTJs with near-zero energy barriers as neurons
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within an RBM implementation. Additionally, various parameters of a hybrid CMOS/spin weight
array structure are investigated for metrics of power dissipation, and error rate using the MNIST

digit recognition benchmarks.

Within the post-Moore era ahead, several design factors and fabrication constraints increasingly
emphasize the requirements for in-circuit adaptation to as-built variations. These include device
scaling trends towards further reductions in feature sizes [104], the narrow operational tolerances
associated with the deployment of hybrid Complementary Metal Oxide Semiconductor (CMOS)
and post-CMOS devices [91, 105], and the noise sensitivity limits of analog-assisted neuromor-
phic computing paradigms [106]. While many recent works have advanced new architectural
approaches for the evaluation phase of neuromorphic computation utilizing emerging hardware
devices, there have been comparatively fewer works to investigate the hardware-based realization
of their training and adaptation phases that will also be required to cope with these conditions.
Thus, this dissertation develops one of the rst viable approaches to address post-fabrication adap-
tation and retraining in-situ of resistive weighted-arrays in hardware, which are ubiquitous in post-
Moore neuromorphic approaches. Namley, a tractable in- eld recon guration-based approach is
developed to leverage in- eld con gurability to mitigate the impact of process variation. Recon g-
urable fabrics are characterized by their fabric exibility, which allows realization of logic elements

at medium and ne granularities, as well as in- eld adaptability, which can be leveraged to realize
variation tolerance and fault resiliency as widely-demonstrated for CMOS-based approaches such
as [31, 39]. Utilizing recon gurable computing by applying hardware and time redundancy to the
digital circuits offers promising and robust techniques for addressing the above-mentioned relia-
bility challenges. For instance, it is shown in [39] that a successful refurbishment for a circuit with
1,252 LUTs can be achieved with only 10% spare resources to accommodate both soft and hard

faults.
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1.6 Contributions of the Dissertation

The main focus of this dissertation is to architect a next-generation hybrid spin- and charge-based

recon gurable fabric by innovating design techniques, circuit modules, synthesis scripts, and trans-

portable libraries listed in Table 1.3.

Table 1.3: Research Outcomes of the dissertation spanning Metkigdkibraries/Models I(), Tools (T),
and PublicationsK).

Abstraction | Research Outcomeg Evaluation Case Deliverables
Level & Work Products Metrics Studies |M | L | T P
Verilog-A model of | - Resistance vs. N/A X 2]
Device MTJ's resistance | Experimental Results (3]
MATLAB Model of o
STT/SHE switching 'Eiwétr?g'ggtzeéaegﬁé N/A X %g]? ]
for MTJ devices P
- Read Power
SATd;'Vt'Li tﬁfJSTed - Read Delay N/A X 3]
L P - Read PDP
Circut - Read Energy
Eggt_x;glsalief - Write Energy N/A | X | X [2]
- Max. CLK Freq.
. - SEU/DNU Tolerance
Radiation-hardened
MRAM-LUT - Reapl PDP N/A X | X [4]
- Device Count
TG-based - Write EDP
MRAM bit-cell - Area N/A X [108]
Wite Enery MCNC
HSC-FPGA gy ISCAS99| X [109]
- Standby Power ITC99
Architecture - Device Count
- Read Power
SNRA - Standby Power MNIST X [6]
. Dataset [8]
- Device Count
Verilog HDL MNIST
of CD Algorithm | - Error Rate Dataset | X | % [6]
- Error Rate
PIN-Sim - Power Consumption MNIST X | [9]
i CIFAR10
- Device Count
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The main contributions of the dissertation are summarized below, which are comprehensively de-

scribed in the following chapters of the dissertation:

» Developed an approach to model the behavior of 2-terminal STT-MTJs, and 3-terminal SHE-
MTJ devices, as described in Chapter 2. In particular, Verilog-A was utilized to model the
resistive behavior of the MTJs. Then, the model was leveraged in SPICE circuit simulations
to design various hybrid spin/CMOS-based circuits. Moreover, a MATLAB based module
was developed to provide details regarding the switching characteristics of the 2-terminal and
3-terminal devices. In addition to the spin/COMS-based circuits designed in this dissertation
[2, 4, 3, 6, 108, 109], the developed modeling approach has been also widely-used by other
researchers in the related works, such as [85, 107, 86, 110, 111, 112, 113, 114, 115, 116,
117, 118].

» Researched STT-MRAM as a promising alternative for SRAM in recon gurable fabrics. As
described in Section 3.1 of the dissertation, we leveraged physical characteristics of MTJs
to design a unique reference MTJ which has a calibrated resistance matching the STT-based
LUT (STT-LUT) circuit requirements to provide optimal reading operation. Results ob-
tained show 42% and 70% power-delay product (PDP) improvement over previous MTJ-
based LUT designs. Moreover, a four-input adaptive STT-based LUT (A-LUT) is proposed
based on the developed STT-LUT, which is con gurable to function in seven independent
modes. Am-input A-LUT exhibits PDP which can be a fraction@finput STT-LUT PDP,

when performing two-input ton  1)-input Boolean logic functions.

» As described in Section 3.2 of the dissertation, we leveraged SHE-MTJ devices to design
an energy-ef cient nonvolatile LUT. Functionality of the proposed SHEMTJ-based LUT is
validated using SPICE simulation. Our proposed SHEMTJ-based LUT (SHELUT) is com-

pared with the most energy-ef cient MTJ-based LUT circuits. The obtained results show
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more than 6%, 37%,and 67% improvement over three previous MTJ-based designs in terms
of read energy consumption. Moreover, the recon guration delay and energy of the pro-
posed design is compared with that of the MTJ-based LUTs which utilize the STT switching
approach for recon guration. The results exhibit that SHELUT can operate at 78% higher
clock frequency while achieving at least 21% improvement in terms of recon guration en-
ergy consumption. The operation-speci ¢ clocking mechanisms for managing the SHELUT
operations are introduced along with detailed analyses concerning tradeoffs. Results are also

extended to design a 6-input fracturable LUT using SHEMTJs.

Developed a radiation-hardened non-volatile LUT circuit utilizing SHE-MRAM devices, as
explained in Section 3.4. The proposed hardening technique is based on using feedback tran-
sistors, as well as increasing the radiation capacity of the sensitive nodes. Simulation results
show that our proposed LUT circuit can achieve single node upset (SNU) and double node
upset (DNU) tolerance with more than 38% and 60% power-delay product improvement as
well as 26% and 50% reduction in device count compared to the previous energy-ef cient
radiation-hardened LUT designs. Finally, we have performed a process variation analysis
showing that the MNU immunity of our proposed circuit is realized at the cost of increased

susceptibility to transistor and MRAM variations compared to an unprotected LUT design.

Proposed various energy-ef cient write schemes for switching operation of SHE-MTJs. A
transmission gate (TG)-based write scheme is proposed, which provides a symmetric and
energy-ef cient switching behavior. Circuit Simulation results showed that the TG-based
write scheme advantages in terms of device count and switching energy. In particular, it
can operate at 12% higher clock frequency while realizing at least 13% reduction in en-
ergy consumption compared to the most energy-ef cient write circuits. We analyzed the
performance of the implemented write circuits in presence of process variation (PV) in the

transistors' threshold voltage and SHE-MTJ dimensions. Results showed that the proposed
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TG-based design is the second most PV-resilient write circuit scheme for SHE-MTJs among
the implemented designs. Finally, we proposed the 1TG-1T-1R SHE-based magnetic ran-
dom access memory (MRAM) bit cell based on the TG-based write circuit. Comparisons
with several of the most energy-ef cient and variation-resilient SHE-MRAM cells indicate
that 1TG-1T-1R delivers reduced energy consumption with 43.9% and 10.7% energy-delay

product improvement, while incurring low area overhead.

Propoesd a hybrid device technology recon gurable logic fabric which leverages the coop-
erating advantages of distinct MRAM-based LUTSs to realize sequential logic circuits, along
with conventional SRAM-based LUTS to realize combinational logic paths. The resulting
Hybrid Spin/Charge FPGA (HSC-FPGA) using MTJ devices within this topology demon-
strates commensurate reductions in area and power consumption over fabrics having LUTs
constructed with either individual technology alone. In Chapter 4 of the dissertation, a hier-
archical top-down design approach is used to develop the HSC-FPGA starting from the con-
gurable logic block (CLB) and slice structures down to LUT circuits and the corresponding
device fabrication paradigms. The Xilinx ISE Design Suite was used to implement, and
evaluate resource utilization contributing to HSC-FPGA's fabric-level simulation that yields
70% and 30% reductions in standby and read power, respectively, for various ISCAS-89
and ITC-99 benchmark circuits. To address the MTJ fabrication process and challenges, a
circuit-level modular redundancy based method is developed to increase the resiliency of the
MRAM-LUTs against process variation. The corresponding power consumption and area
utilization are analyzed to formulate extensive device tradeoffs resulting in recommenda-

tions towards future multi-device based recon gurable fabrics.

In Chapter 5, a low-energy hardware implementation of deep belief network (DBN) archi-
tecture is developed using near-zero energy barrier probabilistic spin logic devices (p-bits),

which are modeled to realize an intrinsic sigmoidal activation function. A CMOS/spin based
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weighted array structure is designed to implement a restricted Boltzmann machine (RBM).
Device-level simulations based on precise physics relations are used to validate the sigmoidal
relation between the output probability of a p-bit and its input currents. Characteristics of
the resistive networks and p-bits are modeled in SPICE to perform a circuit-level simulation
investigating the performance, area, and power consumption tradeoffs of the weighted array.
In the application-level simulation, a DBN is implemented in MATLAB for digit recogni-
tion using the extracted device and circuit behavioral models. The MNIST data set is used to
assess the accuracy of the DBN using 5,000 training images for ve distinct network topolo-
gies. The results indicate that a baseline error rate of 36.8% for aI{B®MBN trained by

100 samples can be reduced to only 3.7% using a 380 800 10 DBN trained by 5,000

input samples. Finally, Power dissipation and accuracy tradeoffs for probabilistic computing

mechanisms using resistive devices are identi ed.

Developed a spintronic neuromorphic recon gurable Array (SNRA) to fuse together power-
ef cient probabilistic and in- eld programmable deterministic computing during both train-

ing and evaluation phases of restricted Boltzmann machines (RBMs), as described in Chapter
6. First, probabilistic spin logic devices are used to develop an RBM realization which is
adapted to construct deep belief networks (DBNs) having one to three hidden layers of size
10 to 800 neurons each. Second, we designed a hardware implementation for the contrastive
divergence (CD) algorithm using a four-state nite state machine capable of unsupervised
training inN +3 clocks wheréN denotes the number of neurons in each RBM. The function-
ality of our proposed CD hardware implementation is validated using ModelSim simulations.
We synthesize the developed Verilog HDL implementation of our proposed test/train control
circuitry for various DBN topologies where the maximal RBM dimensions yield resource
utilization ranging from 51 to 2,421 lookup tables (LUTS). Next, we leverageed SHE-MTJ

based non-volatile LUT circuits to form a recon gurable fabric. Finally, we compare the
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performance of our proposed SNRA with SRAM-based con gurable fabrics focusing on the
area and power consumption induced by the LUTs used to implement both CD and evalu-
ation modes. The results obtained indicate more than 80% reduction in combined dynamic

and static power dissipation, while achieving at least 50% reduction in device count.

Leveraged MRAM technologies with thermally unstable nanomagnets to develop an intrin-
sic stochastic neuron as a building block for RBMs. The embedded MRAM-based neuron
is modeled using precise physics equations. A probabilistic inference network simulator
(PIN-Sim) is developed to realize a circuit-level model of an RBM utilizing resistive cross-
bar arrays along with differential ampli ers to implement the positive and negative weight
values. The PIN-Sim is composed of ve main blocks to train a DBN, evaluate its accuracy,
and measure its power consumption. The MNIST dataset is leveraged to investigate the en-
ergy and accuracy tradeoffs of seven distinct network topologies in SPICE using the 14nm
HP-FInFET technology library with the nominal voltage of 0.8V, in which an MRAM-based
neuron is used as the activation function. The software and hardware level simulations indi-
catethat#84 200 10topology can achieve less than 5% error rates wi#0QoJ energy
consumption. The error rates can be reduced to 2.5% by usiBg a500 500 500 10

DBN at the cost of 10 higher energy consumption and signi cant area overhead. Fi-
nally, the effects of speci ¢ hardware-level parameters on power dissipation and accuracy

tradeoffs are identi ed via the developed PIN-Sim framework.
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CHAPTER 2: FUNDAMENTALS AND MODELING OF MAGNETIC
TUNNEL JUNCTIONS 1

Figure 2.1 depicts the vertical structure of an MTJ [5, 119], which consist of two ferromagnetic
(FM) layers:(1) Fixed Layerthat is magnetically-pinned and utilized as a reference layeriznd

Free Layer that its magnetic orientation can be switched. These two FM layers are separated by
a thin oxide barrier, e.g. MgO [44]. The FM layers can have two different magnetization con gu-
rations callecgparallel (P) andantiparallel (AP) according to which the MTJ's resistance changes
betweenRp andRap, respectively. The MTJ resistance is determined by the anyleetween

the magnetization orientations of xed layer and free layer due to the tunnel magnetoresistance
(TMR) effect. The MTJ resistance in P50), and AP (=180 states is expressed by the following
equations [11, 120, 10]:

8
R( )= 2RyTt;(1+ TMR) _sRP: Ruti; =0 2.1)
" 2+TMR+ TMR cos 3 '

“Rap = Ryt 1+ TMR); =

Rury = fox o exp(1:025 ty, M) (2.2)
Factor Area '™
P ST 1

TMR(T; W) = ( wl )" (2.3)

T P 7592 1+ ()2

1© 2017 IEEE. Part of this chapter is reprinted, with permission, from [2].
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Figure 2.1: (a) MTJ vertical structure, (b) In-plane MTJ (IMTJ), and (c) Perpendicular MTJ (PMTJ) [2].

In the above equations,y is the oxide thickness of MTJactor is obtained from the resistance-
area product (RA) value of the MTJ that relies on the material composition of its |afme¥s,

is the surface area of the MTJ,is the oxide layer energy barrier height, TMR is the tunneling
magnetoresistance, which relies on temperature (T) and bias voliggP (is the spin polarization

factor,Vy is a tting parameter, and s, is a material-dependent constant.

The energy barrier betwedhandAP con gurations of MTJ is in a range such that it can switch
between con gurations, while also retaining thermal stability. The magnetic direction of MTJ
layers can be in the Im plane or out of the Im plane referred to as in-plane MTJ (IMA) and

perpendicular MTJ (PMA) structure, respectively.
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Figure 2.2: MTJ state change froP to P due to the positive currettyt; >1 ap p condition, and vice
versa. (b) MTJ resistance hysteresis curve relative toghe [2].

Two of the conventional switching methods used for changing the magnetization orientation of
free layers are Field-induced magnetic switching (FIMS) [121] and thermally assisted switching
(TAS) [122]. In the mentioned approaches, a current source with an amplitude in range of mil-
liampere (MA) was required to generate the magnetic eld, which should be applied to switch the
MTJ state. Thus, these approaches are not appropriate for low power integrated circuits, due to
the signi cantly high switching energy consumption. In 1996, Slonczewski [123] proposed Spin
Transfer Torque (STT) switching method, which is known as a promising alternative for changing

the MTJ states.

2.1 Spin Transfer Torque (STT) Switching Approach

Based on the STT approach, a bidirectional spin-polarized cutligqi § is required for switching
MTJ nanomagnet con guration, as shown in Figure 2.2. Electrons that ow through the MTJ free
layer will experience an exchange eld which aligns the spin of the electron with the magnetization
direction of the nanomagnet. This phenomenon is cafed- ltering effect The conservation of

the angular momentum results in the exertion of an opposite sign torque with equal magnitude on
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the free layer which eventually change its magnetization direction. The P or AP con guration of
the MTJ is determined by the direction of the current that ows through it. The required bidi-
rectional current could be produced by means of simple MOS-based circuits. Due to the vertical
structure of the MTJ, it can be readily integrated at the back-end process of the CMOS fabrication

[124, 125].

STT switching behavior can be categorized into two main regions based on the relation between
ImTs and the switching critical current{): (1) precessional regioffl yt; > | ¢) described by

Sun model [126], where MTJ experiences a rapid precessional switching, athe(@gl activa-

tion region(lyty <1 ¢) de ned by Brown model [127], in which the switching can occur with a
long input current pulse due to the thermal activation. The switching duration in the precessional

and thermal activation regions are described by Equations 2.4 and 2.5, respectively [125]:

L. 2 : gP
STT _[C +In( 2) ]'em(1+ P2) (Iwra le) (2.4)
. = oe(1 INII%) (2.5)

STT
where stt is the mean switching duratio = 0:577is the Euler's constant,= E=4kgT is
the thermal stability factomn is the free layer magnetic moment, ands the attempt period. In
practice, MTJ is normally designed to work in precessional region with an input current amplitude

larger than critical current to achieve high switching speed.

Equations 2.6 and 2.7 express the switching critical current for IMAa ) [128] and PMA
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(I pma) [5] MTJ devices, respectively:

e ma =2 eM sV(H + T2 )=g( )Ph 26)

lc pma = eM sV H=50() (2.7)

where is the magnetic damping constang, is the Bohr magneton, is the gyromagnetic ratio,

eis the electric chargé/ is the volume of the free layel] s is the saturation magnetizatidm,s

the reduced Planck’s constaht¢ is the in-plane coercive eldHess is the effective out-of-plane
demagnetization eld, an#ily is the anisotropy eld. The effective demagnetization eld in IMA

is approximately equal to the saturation magnetization, which is normally larger than anisotropy
eld in PMA. Thus, switching current for PMA is smaller than that of the IMA devices according

to the Equations 2.6 and 2.7. Moreover, spin polarization ef ciency fag(o), is a function of

the angle between free layer and xed layer magnetization directionsd is obtained by the

Equations 2.8 [129] and 2.9 [11] for IMA and PMA MTJ devices, respectively.

gua =[ 4+(P12+ P 12)(3+ cos)=4] | (2.8)

_ _ P
Opma = Osv  Gunnel :[ 4+(Pl_2+ P 1_2)3(3+ Cos ):4] ! [m] (2-9)

whereP is the spin polarization percentage of the tunnel curigt,is the spin polarization ef -

ciency in a spin valve angynne IS the spin polarization ef ciency in tunnel junction nanopillars.
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The dynamics of the magnetic moment of the free lag@riG an STT-MTJ device is described by

the Landau-Lifshitz-Gilbert (LLG) equation [130]:

(1+ 2 dh _
Tdt

M H i (M H)+ et (M ) (2.10)

whererh andrh, are the unit vectors of the free layer and pinned layer magnetizations, respec-

tively. H is the effective perpendicular anisotropy eld,is the damping coef cient, and is

the gyromagnetic ratio. The STT coef ciend equalsz(;fﬁ,IS , where~ is the reduced Planck's
constant,] is the switching current densitg,is the electron charge;, is the free layer thickness,

andM is the saturation magnetization.

While STT-MTJ offers signi cant advantages in terms of read energy and speed, a signi cant
incubation delay due to the pre-switching oscillation [131, 132] incurs high switching energy.
Consequently, Spin Hall Effect (SHE) and Rashba effect are investigated to achieve an alternative
low power switching approach [133, 134, 135]. Recently, SHE-MTJ is introduced as an alternative
for 2-terminal MTJs, which provides separate paths for read and write operations, while expending

signi cantly less switching energy [136, 13].

2.2 Spin Hall Effect (SHE)-based Switching Approach

As mentioned, spin-polarized currents can be utilized to generate the torque required for switching
the magnetization directions of the free layer in MTJs. In [133], Liu et al. have shown that passing
a charge current () through a heavy metal (HM) such agantalum can generate a spin-polarized
current (s) using the spin Hall Effect (SHE). This can switch the magnetization direction of the

free layer in an MTJ with in-plane magnetic anisotropy.
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Figure 2.3: (a) SHE-MTJ vertical structure. Positive current albmginduces a spin injection curretitz
direction. The injected spin current produces the required spin torque for aligning the magnetic direction of
the free layer int y directions, and vice versa. (b) SHE-MTJ Top view. [2].

In [13], Manipatruni et al. have provided the physical equations of the three-terminal SHE-MTJ
device behavior. Figure 3.1 shows the structure of the SHE-MTJ device, in which the magnetic
orientation of the free layer changes by passing a charge current through a heavy metal (HM). MTJ
free layer is directly connected to HM which is normally made eantalum [133], -tungsten

[135]. The spin-orbit coupling in HM de ects the electrons with different spins in opposite direc-
tions, which results in a spin injection curremt)(transverse to the applied charge currdgj. (

The injected current produces the required spin torque for aligning the magnetic direction of the
free layer. The ratio of the generated spin current to the applied charge current is de ned as below

[13]:

I : | t
SHIE = 5= “WMTIIMT) 1 gech(-AM) 2.11)
lc  4tym Whwm sf

wherewy 1, is the width of the MTJly1; is the length of the MTXyy is thickness of the HM,
wywm IS the width of the HM, & is the spin ip length in HM and sye is the spin Hall angle. The
spin hall injection ef ciency (SHIE) value is normally greater than one. Therefore, SHE-MTJs can
achieve equivalent switching delays with lower write current amplitudes compared to STT-MTJs,

resulting in lower power consumption for write operation. The critical spin current required for
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switching the free layer magnetization orientation is expressed by Equation 2.12 [137]. Thus, the

SHE-MTJ's critical charge current£) can be calculated using Equations 2.11 and 2.12.

ls=2eM sV(Hg+2 M g)=h (2.12)

The relation between the switching timee ) and the applied charge currehge ) is shown in
2.13, in whichv, is the critical switching voltage, is the characteristic time, alyy, is the HM

resistance, which are given by 2.14, 2.15, and 3.1, respectively [13]:

awe = [ oln(=2 gl ) g (2.13)
Ve=81cl suelu (I sech("")] (2.14)
0= MsVuu €=lcP & (2.15)
Rum = ﬁ (2.16)

where ¢ is the effect of stochastic variatiohyy is the length of the HM, antl; is the critical
charge current for spin-torque induced switching. The magnetization dynamics of the free layer in

SHE-MTJ device can be captured by the modi ed Landau-Lifshitz-Gilbert (LLG) equation [138]:

B R G
aN gN

1+ 2):%‘: M H (h m HA)+ (2.17)

whereN = MsV= g is the total number of the spins in the volumg) (of free layer nanomagnet,

in which g is the Bohr magneton.
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Figure A.4 shows the block diagram of an approach proposed by authors in [2, 107] to model the
behavior of STT-MTJ and SHE-MTJ devices, in which a Verilog-AMS model is developed using

the aforementioned equations. Then, the model is leveraged in SPICE circuit simulator to design
hybrid CMOS/spin-based circuits and validate their functionality using experimental parameters

such as the ones listed in Table 2.1.

Table 2.1: Parameters of STT/SHE-MTJ devices [2].

Parameter  Description Value
HM Volume HM Length HM widih HM Thickness 100 60 3nm?®
MTJArea MTJiengn HMwign =4 60 30 =4nm?
MTJ Area Reference MTJ Surface 505 =4nm?3
lc.sHE SHE-MTJ Critical Curren 108A
lp_ap STT-MTJ Critical Current for P to AP Switching 37A
| ap-p STT-MTJ Critical Current for AP to P Switching 18A
SHE Spin Hall Angle 0.3
HM Resistivity 200 :cm
Potential Barrier Height 04V
tox Thickness of oxide barrier 0.85 nm
Gilbert Damping factor 0.007
Mg Saturation magnetization 200 7.8e5 ALm
B Bohr Magneton 9.27 e-24 31T
P Spin Polarization 0.52
Gyromagnetic Ratio 1.76e7 (Oels)
Rap:Rp MTJ Resistances 2.8K 5.6 K
Rp Reference MTJ Resistance 412 K
TMRy TMR ratio 100%
Hy Anisotropy Field 80 Oe
0 Permeability of Free Space 1.25663e-6 T.m/A
SHE Spin Hall Angle 0.3
HM HM Resistivity 200 .cm
Potential Barrier Height 04V
of Spin Flip Length 1.5nm
e Electric charge 1.602e-19 C
~ Reduced Planck's Constant 6.626e-34/2s
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Figure 2.4: Modeling and simulation process of STT/SHE MTJ devices [2].

Figures 4.10 (a) and (b) show the CMOS-based bitcell of the 2-terminal STT-MTJ and SHE-MTJ,
respectively. In SHE-MTJ device, the spin current can be signi cantly larger than the applied
charge current. Therefore, the transistor utilized in the bitcell of the 2-terminal MTJ should be
larger than that of the SHE-MTJ to be able to provide equal switching delay. Thus, although
SHE-MTJ bitcell requires two MOS transistors, its integration density is comparable to that of the
2-terminal MTJs. Increasing the transistor size in 2-terminal MTJs may also impacts the reliability
of tunneling oxide barrier, which is improved in 3-terminal SHE-MTJ devices, since the current

does not ow through it during the write operation [124].

Figure 2.5: (a) 2-terminal MTJ bitcell, (b) SHE-MTJ bitcell [2].
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CHAPTER 3: MAGNETIC RANDOM ACCESS MEMORY BASED
LOOK-UP TABLE (LUT) CIRCUIT DESIGN 12

A Look-Up Table (LUT) circuit is the building block of recon gurable computing fabrics, which
includes a2™ 1 memory block to store the con guration data of erinput Boolean logic
function. Currently, static random access memory (SRAM)-based LUTs are primary constituents
for logic realization in most recon gurable fabrics. However, SRAM's drawbacks such as high
static power consumption, volatility, and restricted logic density [139, 140] have motivated ex-
ploration of alternative LUT designs. One of the introduced alternatives is based on non-volatile
ash-based LUTs, however it targets a niche market due to their low recon guration endurance
[70]. Higher endurance non-volatile LUTs can be enabled by emerging resistive technologies,
such as spintronic storage elements [72, 73, 74, 75, 76, 77, 78], resistive random access memory
(RRAM) [79, 80, 81, 82], and phase change memory (PCM) [83, 84]. Although PCM can of-
fer non-volatility, its considerable recon guration power and high write latency can signi cantly

exceed that of an SRAM LUT.

Spintronic devices offer non-volatility, near-zero static power, and high integration density [68, 67].
Two of the spin-based devices, which are previously proposed for use in recon gurable fabrics are
magnetic tunnel junctions (MTJs) [76, 75, 78, 2, 3, 85] and domain wall (DW)-based racetrack
memory (RM) [73, 74]. RM is effective for non-volatility and area density, although previous
designs can incur signi cant delay and energy cost due to excessive shift activities to con gure the
implemented logic function. Hence, MTJ-based LUTs are proposed herein to be utilized within
the recon gurable fabrics to implement various logic functions as a runtime adaptable fabric under

middleware control. Moreover, Radiation immunity of MTJ devices decrease the susceptibility of

1© 2016 IEEE. Part of this chapter is reprinted, with permission, from [3].
2© 2017 IEEE. Part of this chapter is reprinted, with permission, from [2].
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the design to radiation-induced errors [4], as will be described in this chapter.

Three types of energy consumption pro les can be identi ed in FPGA LUTs. First, an initial
write energy consumption incurred at LUT con guration time. Second, the LUTs comprising
active logic paths will consume read energy, which may constitute only certain sub areas within
high gate equivalent capacity of contemporary FPGA chips. Third, the standby energy consumed
by the remaining signi cant quantity of the LUTs comprising the fabric that may be inactive. It

is not possible to power-gate LUT islands, as they must retain the stored con guration. It has
been estimated in [75] that if the combined effect of these three modes can be mitigated with
a suitable SRAM alternative, then typical power consumption can be reduced up to 81% under
representative applications based on measurements of fabricated devices. In [75], Suzuki et al.
have fabricated a nonvolatile FPGA with 3000 6-input STT-MTJ based LUTs under 90nm CMOS
and 75nm perpendicular MTJ technologies. They have utilized the LUT designs introduced in
[76, 78], and in addition to the mentioned energy savings they also achieved 56% area reduction.
Herein, we will study two of the MTJ-based LUT designs developed by the author that can realize

even more power reduction.

3.1 Spin Transfer Torque (STT)-Magnetic Tunnel Junction (MTJ)-based LUT Circuits

In this section, a 4-input STT-MTJ LUT [3] is introduced which consists of read and write circuits
as shown in Figure 4.1. The write circuit includes two transmission gates (TGs) which provide the
desired charge current for STT switching [108], while the read circuit is comprised of a pre-charge
Sense Amplier (SA) [141, 142], a TG-based Multiplexer (MUX), and a reference tree. Each
MTJ cell of LUT could be accessed according to the input signals, A, B, C, and D, through MUX
which employs TGs instead of Pass Transistors (PTs). TGs have near optimal full-swing switching

behavior which results in less delay. In addition, TG-based circuits are more resilient to process
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variation comparing to PT-based designs [143, 108].

The reference tree in read circuit is designed to provide SA with required reference resistance to
properly sense each MTJ cell state. Reference tree consists of four TGs in series con guration to
compensate for the select tree active resistance. Reference MTJ resistance is designed in a manner
such that its value in parallel con guration is between low resistaf€) @nd high resistance

(Rap) of the LUT MTJ cells as shown in equation below:

1
RP referenceMTJ = E(RAP LUTMTJ + RP LUTMTJ) (3-1)

In [144] the rst prototype of a two input MTJ-based LUT is simulated. It contains four MTJs to
store data, and a separate SA and write circuit for each MTJ which lead to signi cant area overhead
and power consumption. In [78], Suzuki et al. has proposed an optimized STT-MTJ based LUT.
They reported a 44% reduction in active power, for a 4-input XOR operation, comparing to the
LUT designed in [144]. They employed a single SA for the whole LUT circuit instead of using
one for each memory cell which results in area and active power reduction. Herein, the proposed
STT-MTJ based LUT circuit is implemented using both TG-based and PT-based select and refer-
ence trees. The performence of the developed STT-MTJ LUT circuit is compared with the above
mentioned MTJ-based LUTS, as listed in Table 3.1. The proposed STT-MTJ LUT provides high
speed and ultra-low power circuits with improved power-delay product (PDP) values shown in sev-
enth row of the table. Furthermore, TG-based STT-LUT exhibits least PDP value while it leverages
larger number of MOS transistors comparing to PT-based STT-LUT which is the optimum choice

from the area ef ciency point of view.
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In order to evaluate the scalability of the STT-MTJ LUT circuit, PDP values are calculated for
2-input to 6-input STT-MTJ LUTSs, considering the worst case scenario, i.e. MTJ state is zero.
Figure 3.2 exhibits that PDP and number of LUT inputs are linearly proportional with a low slope
which validates the STT-MTJ LUT scalability. This capability led to the proposition of a 4-input
adaptive STT-MTJ LUT (A-LUT), as shown in Figure 3.3, which is compatible with the Altera’s

adaptive LUT structure [145].

Figure 3.1: A 4-input STT-MTJ LUT functional diagram [3].

Table 3.1: Performance comparison for 4-input NAND operation [3].

Features [144] [78] PT based STT-LUT TG based STT-LUT
NO. of MTJs 32 36 17 17
NO. of MOSs 154 74 59 112
Delay (p9 88 81 94 83
Active Powef) ( W) 13.40 7.58 4.30 4.27
PDP fps W) 1179.2 613.98 404.20 354.41
Standby Power 0 0 0 0
PDP  [144] — 48% 65.7% 70%
Improvement  [78] — — 34% 42%

(y) Worst case delay, switching delay is not included.
( ) Average power dissipation, switching power is not included.
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Figure 3.2: PDP growth of STT-MTJ LUT in terms of input widths [3].

Table 3.2: Con guration speci cations and MTJ usage for 2-input to 4-input LUT organization [3].
S21 S22 S23 S24 S31 S32 S4 RS2 RS3 RS4  bitstream MTJs  Description

mode0 1 0 0 0 0 0 0 1 0 0 10'h204 0-3  2-input LUT
model O 1 0 0 0 0 0 1 0 0 10'hi104 4-7  2-input LUT
mode2 O 0 1 0 0 0 0 1 0 0 10h84 8-11  2-input LUT
mode3 O 0 0 1 0 0 0 1 0 0 10h44 12-15  2-input LUT
mode4 O 0 0 0 1 0 0 0 1 0 10h22 0-7  3-input LUT
mode5 O 0 0 0 0 1 0 0 1 0 10hi12 8-15  3-input LUT
mode6 O 0 0 0 0 0 1 0 0 1 10'h9 0-15  4-input LUT

3.1.1 Adaptive STT-MTJ LUT Circuit

The proposed 4-input A-LUT could be con gured to operate as different LUTs in seven indepen-
dent modes: four 2-input STT-MTJ LUTS, two 3-input STT-MTJ LUTSs, and one 4-input STT-MTJ
LUT. Output of each con guration is individually connected to SA through a mode selector which
includes PTs to choose between different operational modes, described in Table 3.2. For example,
bitstream = 10%104con gures A-LUT to operate as a 2-input STT-MTJ LUT based on the logic
function stored in MTJ4 to MTJ7.
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Figure 3.3: The circuit view of A-LUT schematic. [3].

The reference tree of an-input STT-LUT could be implemented by TGs and a reference

MTJ in series con guration, which provides a resistance equaRgeerencetree = N:Rtc +

Rp referencemts - Thus, different number of LUT inputs, only affects the number of TGs which
must be utilized in reference tree, and modi cation to the dimensions of the reference tree MTJ is
not required to keep the optimized sensing behavior of SA. Hence, the A-LUT reference tree in-
cludes three different branches in parallel con guration that are serially connected to a single MTJ.
As shown in Figure 3.3, each of the branches contains two, three, and four TGs which are used for
2-input, 3-input, and 4-input A-LUT con gurations, respectively. Figure 3.4 shows the layout of
the A-LUT which occupies acellarea®85m  1575m in 90nm process. A ve metal layer

design is depicted. The MTJ cell has a vertical structure which could be readily integrated at the
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backend process of CMOS fabrication.

The proposed A-LUT circuit is examined using SPICE simulation in 90nm technology. Figure 3.5
elaborates the functionality of the proposed A-LUT for a 4-input NAND operation when ABCD=
“1111” and ABCD= “0000” inputs are applied, respectively. The former set of inputs selects
MTJ 15 which has a parallel con guration that denotes logic “0”, while the latter input selects
MTJO with anti-parallel con guration representing logic “1”. Herein, mode selector's bitstream is

equal tol0th9, which selects the sixth mode, i.e. A-LUT fuctioning as 4-input STT-MTJ LUT.

Figure 3.4: A135m  1575m 4-input A-LUT layout [3].
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Table 3.3: PDP values for STT-MTJ LUT and A-LUT desidps W) [3].

Boolean 8-input STT-MTJ LUT 8-input A-LUT
Function Power Delay
Power Delay PDP
nputs P W) W) 9 s W)
5:934 13814
2 819.72 3.826 70.51 269.8
3 819.72 4.260 83 353.58
4 819.72 4.734 94.92 449.35
5 819.72 5.138 107.05 549.98
6 819.72 5.571 120.98 673.97
7 819.72 5960 134 798.64
8 819.72 6.307 146.84 926.1

Herein, a comprehensive PDP analysis is performed to evaluate the performance of A-LUT. There-
fore, an 8-input A-LUT and 8-input STT-MTJ LUT are examined to implement 2-input to 8-input
Boolean logic functions. The PDP results are extracted for a worst case NAND operation utilizing
1.2V nominal voltage (VDD) and 1GHz circuit clock (CLK) frequency. As listed in Table 3.3,
ann-input A-LUT PDP is smaller than-input STT-MTJ LUT PDP, when performing 2-input to

(n-1)input Boolean functions.
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Figure 3.5: Transient response of A-LUT for 4-input NAND operation for ABCD= “1111" (top), and
ABCD= “0000" (middle) [3].

Despite the mentioned advantages of conventional STT-MTJ devices, their main challenge is rel-
atively high delay and power consumption for write operation. Moreover, two-terminal MTJ de-
vices can experience occasional read/write disturbances due to sharing a common path for read
and write operations. Recently, 3-terminal spin Hall effect (SHE)-based MTJ has been introduced
as an alternative for conventional 2-terminal MTJs. SHE-MTJ provides separate paths for read and
write operations, while expending signi cantly less switching energy [133, 13]. In next section,
we develop a nonvolatile LUT circuit using SHE-MTJ devices, and provide a detailed comparison
between the SHE-MTJ-based LUT (SHE-LUT) and 2-terminal MTJ-based LUTSs including the

recon guration energy consumption and delay.
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3.2 Spin Hall Effect (SHE)-Magnetic Tunnel Junction (MTJ)-based LUT Circuits

In this section, a non-volatile LUT circuit is developed based on the SHE-MTJ devices. SHE-
LUT structure includes two main parts: write circuit and read circuit. Designing the read and
write circuits requires considering important details which can signi cantly in uence the energy

consumption and delay of the LUT circuit.

Herein, we have utilized SHE-MTJ device as a storage element in the LUT circuit as shown in
Figure 3.6. In general, data is stored in resistive memory cells in form of different resistance
levels, e.g. high resistance state stands for logic 1 and vice versa. Therefore, a sense ampli er
(SA) is required to distinguish the resistive state of the memory cell. In [141], Zhao et al. studied
various SAs which could be leveraged for sensing the magnetic con guration of the MTJs. They
have proposed a Pre-Charge Sense Ampli er (PCSA) consisting of seven MOS transistors and a

reference MTJ, which could provide a low power and high speed read operation.

Figure 3.6 shows the PCSA circuit which includes four PMOS transistors connected to the VDD,
two NMOS transistors which connects the PMOS transistors to the select trees and data stor-
age cells, and one NMOS transistor which connects the circuit to ground (GND). Moreover, a
TG-based reference tree including four TGs in series con guration is utilized in our designs to
compensate for the select tree resistance. Reference MTJ dimensions are designed in a manner
such that its resistance value in parallel con guration is between low resistRpgg, and high

resistanceRyign , of the SHE-based MTJ cells as shown in Figure 3.7.
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Figure 3.6: The circuit level design of the proposed SHE-LUT [2].

Figure 3.7: SHE-MTJ read and write path equivalent resistances [2].
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Sensing with PCSA requires two operating phases which could be performed in a single clock
(CLK) period: pre-charge phasanddischarge phaseDuring the pre-charge phase, CLK signal is
equal to zero, therefore MPO and MP3 transistors, shown in Figure 3.6, are ON and the drains of the
MNO (OUT) and the MN1 (OUT") transistors are charged to VDD. In the discharge phase, CLK is
equal to VDD and all the PMOS transistors are OFF. Consequently, the voltage source (VDD) is
disconnected from the circuit and the pre-charged nodes, i.e. OUT and OUT", begins to discharge.
The discharge speed in each of the branches of the PCSA is different due to the difference between
the resistances of the resistive storage elements, and the reference SHE-MTJ. For example, assume
that SHE-MTJO with AP con guration is the storage element that is being sensed. Since it has
higher resistance than the reference MTJ, the branch connected to it discharges slower than the
reference SHE-MTJ branch, thus the voltage drops faster in OUT' node. Since OUT' is connected
to the gate of the MP1 transistor, the voltage drop results in a voltage difference between source
and gate of the MP1 transistors that is higher than threshold voltage. Consequently, MP1 will be
ON and the OUT node which is connected to gate of the MP2 transistor will be charged to VDD.
This causes the MP2 transistor to remain OFF, and as the result OUT' node will be completely

discharged to GND.

In practice, an external synchronizer circuit can be utilized to ensure that the input signals are
synchronous to the local clock signal of the SA, as shown in Figure 3.8. The synchronizer circuit
for an n-input LUT include® ip- ops that samples the inputs at each clock cycle. The pre-charge
state of the SA should be suf ciently long to meet the required setup and hold times of the ip ops
to avoid metastability. The probability of synchronization failure caused by staying of a ip- op

in the metastable state exponentially decreases with time [146].
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In this work, we have utilized a TG in the SHE-MTJ write circuit, as shown in Figure 3.9 (a). TGs
are composed of one NMOS and one PMOS transistor, and characterized by their near optimal full-
swing switching behavior [108]. TG-based write circuit provides a symmetric switching behavior,
i.e. the generated write current amplitude for P to AP switching equals the current amplitude
produced for switching from AP to P state. Moreover, TGs are capable of producing a current
amplitude larger than the switching critical currents of both 2-terminal MTJ and SHE-MTJ devices,
which are listed in Table 2.1. The produced current amplitude is suf ciently large to ensure the

complete switching of the MTJ devices utilized herein.

Figure 3.9 (b) shows the TG-based write circuit layout view. To address the feasibility of integrat-
ing SHE-MTJ with TGs, the three-dimensional (3D) cross-sectional view is provided in Figure 3.9
(c), which depicts the SHE-MTJ integration at the back-end process of CMOS fabrication. The
required current for switching the SHE-MTJ passes through the heavy metal structure, which is
built in the second metal layer. The MTJ stack is integrated between the second and forth metal
layers, and occupies the space for the third via and metal layer as well as the fourth via. Although,
TG-based designs necessitate the availability of both CLK and inverse CLK signals, it is common

and reasonable to assume access to both signal conditions within typical integrated circuits.

Figure 3.8: Schematic of 4-input SHE-based MTJ-LUT along with an external synchronizer circuit [2].
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Figure 3.9: (a) Proposed Transmission Gate-based Write Circuits. (b) TG-based write circuit layout view.
(c) Three-dimensional (3D) cross-sectional schematic of SHE-MTJ integration at the back-end process of
TG fabrication [2].

3.2.1 Fracturable 6-input SHE-MTJ LUT design

The proposed 4-input SHE-LUT circuit can be readily extended to LUT designs with greater
number of inputs. Most of the modern FPGAs utilize fracturable 6-input LUTs in their design
[147, 148]. These LUTs have six independent inputs and two separated outputs. The fracturable
6-input LUT can implement any six-input Boolean functions, as well as two ve-input Boolean
functions with common inputs [148]. Herein, we have designed a fracturable 6-input LUT using
SHE-MTJ devices, in which two PCSAs and two reference trees are utilized to ensure the indepen-
dence of the outputs. Five NMOS transistors and two select signals, i.e. S5 and S6, are added to
the LUT circuit to control the 5-input and 6-input operation modes of the SHE-based fracturable
LUT. The structure of the proposed 6-input SHE-based fracturable LUT is shown in Figure 3.10.

It provides signi cantly higher functional exibility at the expense of slightly more area and power

consumption.
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Figure 3.10: The structure of the 6-input SHE-based fracturable LUT [2].

3.2.2 SHE-MTJ LUT Simulation Results

Figure 3.11 exhibits the functionality of the proposed SHE-LUT in the read phase for a 4-input
NAND logic operation. The rst set of inputs applied is ABCD= 1111, which selects SHE-MTJ15
with P con guration that denotes logic 0. While, the latter input ABCD=0000 selects SHE-MTJO
with AP con guration representing logic 1. Table 3.4 provides the SHE-LUT power and delay
analysis for various input widths, as well as a comparison with a 2-terminal MTJ-based LUT
previously proposed by the authors in [3]. Results show the SHE-LUT improvement in terms of
power-delay product (PDP), ranging from 1.2% to 6.15%. Simulation results are obtained using

SPICE circuit simulator in 90nm CMOS technology model [149].
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Figure 3.11: Transient response for 4-input NAND operation implemented by SHE-MTJ LUT for ABCD=
“1111” (middle), and ABCD= “0000" (top) [2].

Herein, we have provided a comprehensive comparison between the read performances of our
proposed 4-input SHE-LUT circuit, and previous performance-ef cient 4-input MTJ-LUT designs
introduced in [144, 78, 3]. Delay and power consumption for read operations are extracted for input
values precipitating worst case condition for a NAND operation utilizing 1.2V nominal voltage
(VDD) and 1GHz circuit clock (CLK) frequency. The obtained results are summarized in Table
3.5. SHE-MTJ LUT provides high speed and low energy read operation with improved PDP values

listed in the bottom row of Table 3.5.
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Table 3.4: Performance Comparison of Proposed SHE-MTJ LUT [2] versus 2-terminal MTJ-based LUT [3]

for Various Input Widths [2].

PDP = Power vV ) Delay(s)

LNG‘;“I?]?)L‘:; - MTJLUT MTJ state = 0 I LUT MTJ state = 1 -
LUT [3] SHE-MTJLUT Improv. LUT [3] SHE-MTJLUT Improv.

2 33 67 317 66  504% 328 55 315 54 5.7%

3 374 79 36 80 252% 37 64 354 63  5.82%

2 43 94 401 946 6.15% 41 73 396 72 2.7%

5 454 108 44 110  1.2% 449 82 436 81  4.07%

6 492 123 478 124 2.05% 486 92 474 91 3.53%

Table 3.5: Performance Comparison for the Read Operation of 4-input MTJ-LUTSs [2].

Features [144]  [78] [3] SHE-MTJLUT [2]
# of MTJs 32 36 17 17

# of MOSs 154 74 112 109
Delay (os) 88 81 94 94.6
Power (W ) 13.4  7.58 4.3 4.01

PDP (Wtimesps) 1179.2 613.98 404.2 379.34

PDP Improvement 67.8% 38.2% 6.15% -

We have also examined the recon guration operation of SHE-MTJ LUT and conventional 2-

terminal MTJ-based LUTSs, which involves write operation to switch the state of the MTJs. The

STT and SHE switching behaviors are modeled using the relations provided in Chapter 2. Ta-

ble 4.9 provides a comparison between the recon guration operation of a 4-input SHE-LUT and

a conventional MTJ-LUT. A 4-input MTJ-LUT includes sixteen MTJs having their magnetiza-

tion directions aligned in a single recon guration operation. As listed in Table 3.6, the proposed

SHE-LUT provided at least 20% PDP improvement compared to 2-terminal MTJ LUTS.
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Table 3.6: Performance comparison for the Recon guration Operation of 4-input MTJ-LUTS Involving 16
MTJs [2].

Features STT-MTJ LUT SHE-MTJ LUT
Delay 9 Pto AP 52.8 31.68
y Apto P 53.92 31.36
P to AP 116 1.44
Power (W) AP to P 0.89 1.45
Pto AP 3.83 2.85
POPOs mW)  piop 3.3 2.84
Average PDPr{s mW) 3.565 2.845
Average PDP Improvement 20.1% -

To investigate the effect of MTJ scaling on the performance of the MTJ-based LUTs, a compre-
hensive comparison between a 4-input SHE-MTJ LUT and a 4-input STT-MTJ LUT is provided
herein. Figure 3.12 (a) shows the obtained results for the read operation of LUTs including the PDP
values for sensing both P and AP states. The performance of the SHE-MTJ LUT and STT-MTJ
LUT are comparable for the read operation, while there is a signi cant difference for the recon g-
uration operation, as shown in Figure 3.12 (b). The obtained results exhibit the superiority of the
SHE-LUT in term of PDP for different MTJ dimensions. Moreover, LUTs with smaller MTJs have
lower PDP values for both read and recon guration operations. In read operation, this is mainly
achieved due to the increase in the resistance of MTJs by decreasing its dimensions. Since the
supply voltage is xed, higher resistance of MTJs results in lower read current, and consequently
lower power consumption. For write operation, although a decrease in the produced write current
leads to lower power consumption, it can also results in higher switching delay. This decrease in
the switching speed is compensated by the signi cant decrease in the required switching critical
currents. Eventually, smaller MTJ dimensions results in higher switching speed, as well as lower

switching power, as shown in Figure 3.12 (b).
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Figure 3.12: The effect of MTJ scaling on SHE-MTJ LUT and STT-MTJ LUT performances. (a) Read
operation, and (b) recon guration operation [2].

3.2.3 SHE-MTJ based fracturable LUT Simulation Results

As mentioned, 6-input SHE-MTJ based fracturable LUT circuit can operate in two different modes:
5-input and 6-input. In 5-input mode, the fracturable LUT can simultaneously implement two
different ve-input Boolean functions, as long as they share common inputs. Figure 3.13 shows
the functionality of the proposed 6-input SHE-LUT while operating in 5-input mode. The truth
table of a 5-input NAND logic operation is stored in the least signi cant 32 bits of the LUT circuit,
while the most signi cant 32-bits implement a 5-input AND Boolean function. The applied input
is ABCDEF=X11111, which selects SHE-MTJ63 and SHE-MTJ31 with AP and P con gurations,
respectively. Table 3.7 lists the power consumption and delay of the 6-input fracturable LUT read
operation for different operating modes in worst case condition. The recon guration operation in

fracturable LUT is similar to that of the regular LUTS.
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Figure 3.13: Transient response for fracturable 6-input SHE-LUT. 5-input NAND operation for ABCDEF=
X11111 (middle), and 5-input AND operation for ABCDEF= X11111 (top) [2].

Table 3.7: Performance comparison for the read operation of the 6-input SHE-MTJ based fracturable LUT

[2].

Features Delayps) Power (W )
5-input Regular 110 4.4
Fracturable 125 9.55
6-input Regular 124 4.78
Fracturable 152 5.85
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3.3 Advances in Clocking Schemes for MTJ-based LUTs

Clocking limitations may have a signi cant effect on the performance of an MTJ-LUT. The ob-
tained results extracted in previous section are related to isolated read and recon guration opera-
tions. Since each of the LUT operations have different clocking limitations, more comprehensive
clocking and signaling mechanisms are sought to control these operations in an MTJ-LUT. In this
section, we have investigated two potential clocking schemes supporting both read and recon g-
uration operations for SHE-LUT. First, we consider the use of a single clock signal for both read
and write operations. Figure 3.14 shows the control signals, e.g. READ/Write enable signals, as
well as the 250MHz clock signal which is utilized for both read and write operations. The clock
frequency has been designed to ensure the complete switching of a single SHE-MTJ device. As
it was illustrated in previous section, the required time for switching the state of a SHE-MTJ cell
is signi cantly greater than the time needed for read operation. Thus, if a single clock signal is
utilized for both operations, its period must be long enough to ensure a complete recon guration
operation. Although using a single clock reduces the complexity of the design, it incurs an exces-
sive delay in the read operation, which is the predominant operation by several orders of magnitude
in recon gurable fabrics. The clock frequency can be increased by amplifying the write current
to reduce the MTJ switching delay. Enlarging the transistors' widths in the write circuit increases
the amplitude of the produced write current. Table 3.8 lists the maximum possible operating clock
frequencies for SHE-LUT, based on the different dimensions chosen for the transistors in the write
circuit. As listed in Table 3.8, increasing the operating clock frequency is achieved at the expense

of higher power consumption for recon guration operations.
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Table 3.8: SHE-MTJ LUT operating clock frequencies based on different dimensions for transistors used in
the write circuit [2].

Width/90nm Ratio
NMOS=1X NMOS=2X NMOS=4X
PMOS=2X PMOS=4X PMOS=8X

Features

. PtoAP  150.7 265.4 415.8

Current Amplitude @ ) AP to P 151 272 443.8
— PloAP  1.08 1.05 0.65
Switching Delay (s) APtoP  1.96 1.02 0.6
Maximum CLK Frequency (MHz) 250 450 750

. PtoAP  90.43 159.2 2495

Recon guration Power W) o\ 0p 9068 163.2 266.3

Figure 3.15 shows the second approach investigated herein for controlling the functionality of a
SHE-LUT circuit, in which two distinct clock signals are utilized for read and write operations. The
use of separate clock signal for read operations avoids the excessive delay existed in the previous
clocking method caused by being restricted to the write clock frequency. In this approach, the
clock frequency for read operation is limited to the sensing delay of the read circuit. For instance,
the sensing delay for a 4-input SHE-LUT is approximately equal to 100 picoseconds. Therefore,
the clock frequency for read operation can be designed up to 5GHz assuming the 50% duty cycle.
Figure 3.15 shows the control signals required for a 4-input SHE-LUT design, in which the clock
frequencies for recon guration and read operations are equal to 250 MHz and 1GHz, respectively.
This signi cant increase has been made possible by using a differentiated read clock rate that
can substantially boost FPGA throughput, due to the prevalence of LUT read operations while

performing logic functions.
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Figure 3.14: SHE-MTJ based LUT functionality using a single clock for both read and recon guration
operations requiring 16ns termination time [2].
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Figure 3.15: SHE-MTJ based LUT functionality using distinct clock signals for read and recon guration
operations achieving 10ns termination time [2].
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3.4 Radiation-hardened Spin Hall Effect (SHE)-Magnetic Random Access Memory (MRAM)
based LUT

Radiation-induced soft errors in nanometer-scale electronic circuits are of increasing concern in
mission-critical space-based [150], high altitude [151], and terrestrial applications [152]. For in-
stance, space missions which take place in a harsh environment in terms of cosmic radiation par-
ticles, temperature, and electromagnetic disturbances have grappled with radiation-induced upsets
for many decades of continued device technology scaling [153]. As device dimensions are reduced,
the critical charge required to induce a logic state upset causing a soft error has decreased, which
is due to a number of compounding physical phenomena. These include the cumulative impact
of aggressive voltage scaling which reduces the voltage headroom available to mask errors, and
the continued miniaturization of deeply-scaled CMOS-based computing technology [154]. Appli-
cations which are especially susceptible due to factors of the mission criticality, the number and
density of sensitive devices, and the environmental exposures they endure are autonomous systems
utilizing high capacity ne-grained con gurable components, such as Field Programming Gate

Arrays (FPGAs) [31].

SRAM-based FPGAs, like all CMOS-based fabrics, are susceptible to radiation-induced transient
soft faults such as single event upsets (SEUs), which primarily affect SRAM-based storage cells
[87]. Thus, research into the design of suitable placements with improved soft error immunity and
energy pro les is urgently sought using a number of feasible physical devices including RRAM
[80] and MRAM [2, 75]. This trend has been motivated by aggressive CMOS technology scaling
in digital circuits has resulted in signi cant increase in transient fault rates, as well as timing
violations due to process variation (PV) that consequently reduces the performance and reliability
of the emerging very large scale integrated (VLSI) circuits. For instance, the probability of single

upsets, and more realistically, multiple upsets, is projected to increase several fold at sea-level for
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sub-10nm technology nodes [90, 91]. By the extensions to sub-10nm regimes, error resiliency
has become a major challenge for microelectronics industry, particularly mission critical systems,
e.g. space and terrestrial applications. The ability of FPGAs to correctly execute the complicated
tasks in harsh environments signi cantly relies on their fault-handling and radiation hardening

techniques, such as the design approach proposed in this section.

Leveraging magnetic random access memories (MRAMS) as storage elements within LUT circuits
has the potential to signi cantly increases their radiation immunity due to the radiation hardness
characteristic of spin-based devices. However, the access and sensing circuitry for MRAM still
requires transistors, and thus is still susceptible to radiation-induced faults. Therefore, circuit-level
innovations are sought to achieve immunity to radiation-induced transient faults such as SEUs and
double node upsets (DNUSs). In recent years, various radiation hardening techniques are investi-
gated to develop SEU-tolerant MRAM-based LUTs [56, 88]. In particular, in [89] authors have
proposed a single-event double-node upset tolerant MRAM-based LUT, which provides multiple
upset resiliency at the cost of increased read energy and area consumption with baseline ef cacy.
In this work, we develop a nonvolatile MRAM-based LUT using SHE-MTJ devices, which can

tolerate DNUs with improved area, delay, and power consumption.

3.4.1 Fundamentals and modeling of radiation effect on hybrid CMOS/spin based circuits

Among the natural sources of , and radioactivity only alpha particles are able to incur tran-
sient errors in hybrid CMOS/spin-based circuits due to their high energy [155]. Alpha patrticles are
able to deposit a charge along their track when striking a sensitive node of a circuit. The charge
will be transported into the device and collected in the sensitive region [156]. A transient fault is

generated if the injected charg®; ) exceeds the critical charg®¢) of the sensitive node. The
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Qc can be realized by a capacitance and a conduction component as shown below:

Qc = CnVop +IpTE (3.2)

whereCy is the equivalent capacitance of the struck nod®D is the power supplylp is the
maximum drain conduction current afd is the ipping time of the cell. The computation of
Te requires a 3D device simulation, therefore to simplify the circuit simulation the conduction

component of the 3.2 is normally ignored that leads to an insigni cant under-estimation [157, 158].

Various approaches are proposed to model the radiation-induced transient fault such as Freeman
[159] or diffusion collection [160] models. Herein, we have utilized a double exponential current
source to model the radiation effect, which is the most commonly used approach in the literature
[161]. The current sources are connected to do sensitive nodes of the circuit, which inject current
to the nodes when radiation particles are supposedly strike. The injected current pulse is given
by 3.3, in which ; and | are falling time and rising time of the exponentials which are typically
150ps and 50ps, respectively. Moreov@y,; values range from -200fC to 200fC which relies on

the particle energy as well as its linear energy transfer [162, 163]. The sign Qfhelepends

on the type of the struck MOS transistor, in particular a strike in the drain of an NMOS transistor
incurs a negative spike, and vice versa. Figure 3.16 depicts the injected current pulses for various

Qinj values, which are generated by hypothetical particles striking at t=0.

Qinj

f r

(1) = (eFr etr) (3.3)
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Figure 3.16: Transient current pulses induced by the particles striking at t=0 wi@ijhevalues ranging
from -200 fC to +200 fC [4].

3.5 Design and analysis of the proposed radiation-hardened MRAM-based LUT

Contrary to conventional SRAM cells, SHE-MRAM devices are characterized by their radiation
hardness, since in MRAM cells the spin direction of electrons are leveraged to store data instead
of the electron charges. The electric charges induced by the alpha patrticles striking the MRAM
devices do not in uence the spin direction of the electrons. However, the CMOS-based circuitry in
hybrid CMOS/Spin circuits is still susceptible to radiation-induced transients. As investigated in
[164], the radiation-sensitive nodes of a CMOS-based circuit are the surroundings of the reverse-
biased drain junction of a transistor biased in the OFF state. Therefore, although the SHE-MRAM
devices are immune to radiation during stand-by mode, their write circuit could be in uenced by

the striking particles. This leads to injecting a current to the write terminals of the SHE-MRAM,
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which normally cannot change their magnetic state due to the short duration of the injected current
pulses. To exhibit the transient behavior of the SHE-MRAM devices in presence of the radiation-
induced current pulses we have utilized the SHE-MRAM model developed by Camsari et al. in

[12]. Figure 3.17 shows the response of the SHE-MRAM devices to the injected current pulses.

As shown in Figure 3.17, radiation does not have a signi cant effect on the LUT write operation.
Thus, in this work we have focused on the effect of radiation on the LUT read operation. During
the pre-charge operation of the PCSA, its transistors are biased in the ON state and will not be
impacted by the radiation particles. While, in the discharge phase, OUT and OUT' nodes are the
surroundings of reverse-biased junctions of NMOS or PMOS transistors that are biased in OFF

states. Hence, OUT and OUT" are the sensitive nodes during the read operation of the LUT circuit.

Figure 3.17: Transient response of the SHE-MRAM devices to the current pulses induced by the particles
striking att = 1ns. (a) Switching from AP to P state with ti@,; values ranging from zero t6200fC ,

(b) switching from P to AP state with th@;, values ranging from 200fC to zero. None of the injected
current pulses can completely switch the state of the SHE-MRAM, since they have relatively short duration
that is normally less than the switching duration required for completely changing the magnetic direction of
the SHE-MRAM free layer [4].
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Figure 3.18 shows the behavior of the LUT circuit depicted in gure 3.6 in presence of SEUs. Al-
though the MRAM cells are resilient toward SEUs, the conventional MRAM-based LUT structure

is still susceptible to the charges injected by the radiation particles.

Figure 3.18: Transient response of the SHE-MRAM based LUT circuit to the current pulses induced by the
particles striking at the discharge phase of the PCSA witlQlhe values ranging from 20fC to +20fC .

As depicted, the ability of the circuit to recover from the SEU relies on the amount of the injected charge,
as well as the critical charge of the circud€). If the Qi,j exceeds th€c the sensed data cannot be
recovered and error occurs [4].
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Herein we build upon the previous radiation hardening techniques [56, 88, 89, 55] to develop a
protected SHE-MRAM based LUT which can tolerate multiple node upsets. Our proposed ap-
proach is based on two hardening techniques: (1) leveraging feedback transistors to discharge the
electric charges injected to the sensitive nodes through struck particles, and (2) increasing the crit-
ical charge (QC) of the sensitive nodes by increasing their equivalent capacitances while balancing

tradeoffs of a corresponding increase in switching delay.

The structure of our proposed radiation-hardened 2-input SHE-MRAM LUT circuit is shown in
Figure 3.19, in which the write circuitry is not shown for simplicity. The hardening circuitry in-
cludes two TGs, and four NMOS transistors which are responsible for discharging the electric
charge induced by the radiation particles striking the OUT and OUT' nodes. However, the uti-
lization of this feedback transistors introduces two new sensitive nodes to the LUT circuit, i.e. nl
and n2, as shown in Figure 6. Herein, the radiation-tolerance of n1 and n2 nodes are increased by
enlarging theQ¢ through increasing the equivalent capacitances of the nodes, which are linearly
proportional to the width of the transistors connected to each node. The behavior of the proposed
design in presence of SEUs and DNUs is shown in Figure 3.20 and Figure 8, respectively. The
simulation is performed in the condition that the LUT storage cell is in P state, therefore the OUT

and OUT' logic values are “0” and “1”, respectively, and sensitive nodes are OUT, OUT', and n2.
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