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Preface

The purpose of this document is to provide background information for those individuals who will be
participating in the U.S. Department of Energy, Office of Energy Efficiency and Renewable Energy, Advanced
Manufacturing Office Workshop on Manufacturing and Integration Challenges for Analog and Neuromorphic
Computing on August 11-13, 2021. This is the third workshop in the AMO Series on Semiconductor R&D for
Energy Efficiency. The second workshop was on April 21-23, 2021 and was focused on ultra energy efficient
semiconductor devices and its enabling manufacturing and metrology technologies. The first workshop was on
January 25-26, 2021 and was focused on Integrated Sensor Systems (workshop report). Like the previous
read-ahead documents, this brief document is structured to match the upcoming agenda. Please try to review
the relevant sections prior to each day of workshop.


https://www.energy.gov/eere/amo/articles/amo-semiconductor-workshop-integrated-sensor-systems-report

Workshop on Manufacturing and Integration Challenges for Analog and Neuromorphic Computing
Read-Ahead Document

Table of Contents

1= = o i
BLIE= T 0 L= o 0 = 3 iii
1 WOrkshop OVErvieW aNnd PUFPOSE ......cccevcieerrverrrrererrssersseessssssssssessssessssessssssssssessassssssessssssssnsessasessssssssnssssnses 1
1.1 Advanced ManufacCturing OffiCE ......cuiicrireeeeeceee e eree e s e e s e e e e e s e e e s ne e s nneean 1
1.2 WOTIKSNOP PUIMPOSE ... eetiriieiee i scccrriie e e s s seccassrere e e s s se s ansseee e s s e ses s sasseeseessesesssssseeeesssessssnsnneeesssssnsnnnnnns 1
1.3 WOIKSNOP MOTIVATION ..uuririieieiiiciiiirriiee e s seciisrere e s s s sessssrereessesesnssreseessesesssssseesesssesassnsnnesessseensnnnnns 2
2 ANAIOE HArdWArE ........coiceiceerceessierseesseesseesseesseesseessnessnesseesse e s e s sn e s sne s e e sne s smesmesn e s smesnessnesnesnessnensnnnnnssnnnsnns 4
2.1 Analog Hardware for COmMmMUNICAtIONS ......ueiiieiiiieiciieie e s e e e e s e e s s sas e e s e ne e e e ane e e s e anneas 4
2.2 ANAl0g HardWare fOr SENSOIS .....ccueiiieereeeeereeersereeeresssseessseesseeessseesseeesseesaneeessseesaneessnsessaneessssnesane 6
3 Neuromorphic Architecture and DEVICES.......ccccvrrveerrrrrmerrrrererrrrerersssnseersssnssesssssesesssnsesssssnessessanssssssnsenes 7
3.1 Brain-inspired Computing ArChitECIUIES .....uiiiiiiiiiicceerccre e s 8
3.2 NEUIrOMOIPNIC DEVICES...iicuteiiieittieieirteereist e ss st e e s s e e s e s e e e s s s e e e s s s sae e s s e sae e s s e ssee e s e ssneesensnneesenannens 8
L 00T T 11710 o 9



Workshop on Manufacturing and Integration Challenges for Analog and Neuromorphic Computing
Read-Ahead Document

1 Workshop Overview and Purpose
1.1 Advanced Manufacturing Office

The U.S. Department of Energy (DOE) Advanced Manufacturing Office (AMO) collaborates with
manufacturers, small businesses, national laboratories, universities, and other stakeholders to catalyze research,
development, and adoption of energy-related advanced manufacturing technologies and practices to drive U.S.
energy productivity and economic competitiveness! as part of the Departmental priorities to combat the
climate crisis, create clean energy jobs, and promote energy justice.? AMO uses a matrix approach to
managing its research, development, demonstration and deployment (RDD&D) portfolio funded at $396
million in fiscal year (FY) 2021. AMO supports research and development (R&D) projects, R&D consortia,
and technical partnerships with national laboratories, companies (for-profit and not-for-profit), state and local
governments, and universities through competitive, merit-reviewed funding opportunities designed to
investigate new manufacturing technologies. This holistic top-down and bottom-up systems approach
identifies national needs, while leveraging AMO’s fundamental and applied science foundations in materials,
processes, energy systems, and the manufacturing enterprise to shape an AMO portfolio with the highest
potential for impact.

1.2 Workshop Purpose

On August 111" — 13™ AMO, with co-sponsors DOE Office of Science and the Semiconductor Research
Corporation (SRC), will host the third workshop in its ongoing series focused on topics related to
semiconductor RDD&D. This workshop will focus on identifying opportunities to improve device integration
and manufacturing capabilities for advanced analog devices for sensors and communication and neuromorphic
devices that have the potential to increase the energy efficiency of microelectronic systems. Semiconductor
industry products are critical to all manufacturing sectors, and greatly improving the energy efficiency of these
products will provide lasting benefits for manufacturing, in both reducing environmental impact and increasing
international competitiveness. AMO aims to collect stakeholder input to further expand its portfolio related to
semiconductor RDD&D to significantly reduce energy consumption of semiconductor products.

Over the course of three days, attendees will explore and discuss analog and neuromorphic devices and their
manufacturing and integration challenges through three topics:

1. Applications for analog and neuromorphic computing
2. Advanced analog hardware for sensing and communication
3. Neuromorphic hardware

The information gathered at this workshop will inform AMQ’s future R&D portfolio investments; provide
perspectives on trends, drivers, and challenges for analog and neuromorphic devices; and help AMO and its
stakeholder community understand the opportunities on the horizon. For each topic, the workshop will include
a panel discussion and a facilitated breakout session. The panel discussions will consist of academic, national
laboratory and industry subject matter experts to discuss applications and challenges in the topic areas. The
facilitated breakout sessions will be used to further explore and refine the ideas presented in the panel
discussions.

1 U.S. Department of Energy, “Advanced Manufacturing Office,” energy.gov.
https://www.energy.gov/eere/amo/advanced-manufacturing-office [accessed 2021].

2 U.S. Secretary of Energy Jennifer Granholm, “Deploying the Clean Energy Revolution,” U.S. Department of Energy,
February 25, 2021. https://www.energy.gov/articles/deploying-clean-energy-revolution.
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1.3 Workshop Motivation

Since 2010, semiconductor energy use has doubled every 3 years. By 2030, semiconductors could consume
nearly 20% of planetary energy production, Figure 1.2 Innovation in semiconductor device and architecture
energy efficiency is essential not just for the economy, but also to address the climate crisis. In particular,
advances in modeling, simulation, artificial intelligence, machine learning, and other analysis and discovery
techniques are driving innovations in manufacturing processes and approaches, reducing energy consumption,
and limiting GHG emissions. While digital computing and storage approaches underpin the success of nearly
every modern industry, significant efficiency drawbacks to these approaches are emerging in some important
applications. To permit continued U.S. participation and manufacturing growth in these application areas, the
underlying microelectronic systems need to continue to improve as well.
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Figure 1. At current growth rates for computational energy use, the “Market Dynamics Limit” will be reached
by 2035, limiting the world’s computing capacity and economic growth. Alternatively, prioritizing ultra-energy-
efficiency in semiconductor products can achieve a trajectory in which computing/economic growth and
energy use are decoupled.

Workshop 2 focused on RDD&D challenges and opportunities in the development of ultra-energy-efficient
devices and how the higher operational efficiency of these devices can drastically reduce the energy
consumption of microelectronic systems. However, to increase energy efficiency by several orders of
magnitude to avoid the “market dynamics limit,” alternative computing paradigms, such as analog and
neuromorphic computing, must be leveraged. Hence, this workshop will focus on non-traditional
computational approaches that leverage the analog domain and neuromorphic devices and architectures that
promise an alternative pathway to significantly reduce computational energy use.

Though analog computing has a long history, new system opportunities exist. Communication and sensing are
two applications where advanced analog hardware can drastically improve energy efficiency of
microelectronic systems. Due to their significant energy penalty, the need for reducing data generation and
data transmission of integrated sensor systems were two of the major conclusions of the first workshop. In
addition, analog devices that utilize novel materials or architectures (such as neuromorphic) have been shown

3 The Semiconductor Research Corporation (SRC) and the Semiconductor Industry Association (SIA), “The Decadal
Plan for Semiconductors. Chapter 5: New Compute Trajectories for Energy-Efficient Computing.” January 25, 2021.
https://www.src.org/about/decadal-plan/
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to provide significant energy and performance improvements in certain applications, compared with digital
devices. Performing computation on analog signals (e.g., sensor input and RF* signals) in the analog domain
(before conversion to digital memory) maintains signal fidelity and in many cases can optimize computing
efficiency in ways digital computation can’t. Similarly, analog signal processing can greatly improve the
bandwidth and efficiency of wireless communication.

Neuromorphic computing has emerged as a major driver of machine-learning (ML) capabilities, including
advanced process optimization, object recognition, and speech recognition due to the massive improvements in
speed and efficiency. Advanced devices for neuromorphic computing offer a hardware solution to the
limitations and inefficiencies of software and conventional digital CMOS-based neuromorphic methodologies.
Neuromorphic hardware has shown promise to drastically reduce the computational energy use and data
generation compared with conventional approaches.

Separate from the growing computational energy use crisis, the recent shortage in semiconductor products that
has disproportionately affected multiple supply chains — in particular, the auto-industry — has prompted
increased government scrutiny of semiconductor manufacturing and its supply chain. The U.S. Congress
included language in its FY21 National Defense Authorization Act (NDAA) authorizing significant activities
to increase domestic semiconductor manufacturing by authorizing federal R&D and supply chain procurement.
In March, the President’s “skinny budget” for FY22 called for the establishment of a Manufacturing USA
institute for semiconductor manufacturing, operated by NIST. More recently the Senate passed S.1260 United
States Innovation and Competition Act of 2021, that establishes a Directorate for Technology and Innovation
at the NSF to strengthen U.S. leadership in critical technologies, including semiconductors, and authorizes
specific funding amounts for the activities included in the FY21 NDAA .5 The House Science, Space and
Technology Committee also recently reported out legislation to authorize semiconductor and other R&D at
NSF, DOE, NIST and other agencies.

Federal investment in joint R&D for semiconductors could accelerate our transition toward a sustainable path
that avoids planetary energy impacts, while revitalizing a key domestic industry that offers high-paying jobs.
AMO seeks advice on how the federal government might best partner with domestic industry in identifying
R&D needs to drive commercialization for advanced analog devices for sensors and communication and
neuromorphic devices. By partnering with U.S. industry to further develop these technologies, AMO hopes to
increase the competitiveness of domestic device and chip manufacturing, spur domestic job creation in this
growing field, and combat the climate crisis by flattening the curve of semiconductor energy consumption
across all sectors that use semiconductors by 2030.

4 Radio frequency (RF) refers to electromagnetic waves in the frequency or band of frequencies in the range
100MHz to THz, suitable for use in telecommunications.

5> United States Innovation and Competition Act of 2021, S.1260, 117t Congress. (2021).
https://www.congress.gov/bill/117th-congress/senate-bill/1260
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2 Analog Hardware

Analog hardware constitutes a wide range of technologies that process
continuously variable signals of many shapes and sizes, as opposed to
digital electronics that process on two levels, 1°s and 0’s. According to Optoelectronics,
the Congressional Research Service, analog devices account for roughly discretes, 20%
13% or $54 billion of the global semiconductor market, Figure 2.6

Analog hardware has a wide breadth of applications areas and is used in
all areas where semiconductor products are required, Figure 3. This
workshop will focus on two specific application areas: physical world
interfaces (i.e., sensors) and communication.

Figure 3: The domains in which analog electronics are
used (SRC 2021)
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signals. Although the human body receives and processes
all external inputs in the analog domain, the electronic
systems that make up the huge majority of infrastructure
today requires these signals be converted to digital
information for processing/computation, and downstream
decision-making. Therefore, our “digital society” has
increasingly relied on analog electronics primarily as the
medium to perceive and interact with the external world.
Advances in analog electronics can not only provide next
generation capabilities for sensors but also reduce the
energy requirements for these operating systems.

As our post-pandemic economy rapidly digitizes, communication technologies to securely and efficiently
transmit the explosive growth in data have become a huge bottleneck. To alleviate this, higher frequencies are
being utilized (e.g., 5G) and advanced analog electronics will certainly play a central role in pushing new
devices towards THz regions. The transition to 5G and beyond (and the likely quadrupling of base station
energy use), coupled with the aforementioned semiconductor energy consumption crisis, requires new
technologies that maximize system-spectral efficiency and minimize energy consumption.”

2.1 Analog Hardware for Communications

Manufacturers are generating significantly larger amounts of data to monitor and control their processes as part
of an overall trend causing a “data deluge.” As the twin trends of wireless communication and cloud
computing accelerate, the usable spectrum must expand. As manufacturers look to further increase plant
connectivity, maintaining communication fidelity while transmitting larger amounts of data will be critical for

6 Platzer, M., Sargent, J., Sutter, Karen. (2020). Semiconductors: U.S. Industry, Global Competition, and Federal
Policy. Congressional Research Service. https://crsreports.congress.gov/product/pdf/R/R46581

7 The Semiconductor Research Corporation (SRC) and the Semiconductor Industry Association (SIA). (2021) The
Decadal Plan for Semiconductors. Chapter 3: New Trajectories for Communication.

https://www.src.org/about/decadal-plan/
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robust plant operations. Novel ways to transmit data, efficiently and without loss, whether through intelligent
edge nodes, higher frequency regimes, or advanced device technology, are needed to meet the growing
demand for data consumption.®

This session will feature an industry perspective on the future of communication technology as well as experts
developing advanced communications devices utilizing novel materials and structures. Guiding questions to
consider before the workshop include the following:

o How are the limitations of spectrum likely to affect wireless communication in the near and/or far-
term?

e What are the most promising analog devices or approaches for energy-efficient, next-generation
communications technology?

e What are the primary challenges hindering the widespread deployment of advanced analog devices for
communications?

Highlighted below are three areas of opportunity for the development of analog hardware for communication

mmWave technology: Electromagnetic waves in the medium-high frequency range of 24GHz to 300 GHz are
described by their wavelengths, which in this case fall in the millimeter (mm) range. As communication
technology developers look beyond 5G frequencies due to the explosion of data from loT devices, the
millimeter wave regime offers one of the most promising paths to increase the available bandwidth for wireless
data transmission. Bands in this range are just beginning to be used and thus have the potential for large
bandwidths and high data rates that allow for larger wireless network capacity. High rates of propagation loss
and signal blockage in this frequency range are two of the largest challenges in deploying mmWave
technology. To overcome these challenges, beam-forming, beam-tracking, and beam-steering technology will
be critical to enable high capacity and high-efficiency mmWave networks.®° Eventually, however, this new
portion of the spectrum also will be used up.

THz regime: Electromagnetic waves in the superhigh 300 GHz to 3THz frequency range are denoted as THz
waves. Researchers have been exploring THz regime technologies for quite some time. The higher frequency
allows for greater spatial multiplexing and parallel channels.!* In addition, implementation of THz technology
boasts high bandwidth (100-1000 MHz) with currently unused, wide channels allowing for higher data-rates,
higher system capacity, and reduced latency. One of the primary challenges in deploying THz communication
is atmospheric attenuation, especially absorption by water vapor. While atmospheric attenuation might be
overcome with increased wave powers'? this is not viable because of IoT devices’ wireless communication and
network connectivity requirements and their limited energy storage. On the device level, CMOS technology is
reaching its scaling limit, making THz regime technology difficult to implement. Wide bandgap

8 The Semiconductor Research Corporation (SRC) and the Semiconductor Industry Association (SIA) (2021). The
Decadal Plan for Semiconductors. Chapter 1: New Trajectories for Analog Electronics.
https://www.src.org/about/decadal-plan/

9 Chen, W. C. (2020). 5G mmWAVE Technology Design Challenges and Development Trends. 2020 International
Symposium on VLS| Design, Automation and Test (VLSI-DAT). Published. https://doi.org/10.1109/vlsi-
dat49148.2020.9196316

10 The Emergence of 5G mmWave. (n.d.). Accton Technology. Retrieved July 26, 2021, from
https://www.accton.com/Technology-Brief/the-emergence-of-5g-mmwave/

11 The Semiconductor Research Corporation (SRC) and the Semiconductor Industry Association (SIA), “The Decadal
Plan for Semiconductors. Chapter 1: New Trajectories for Analog Electronics.” January 25, 2021.
https://www.src.org/about/decadal-plan/

12 O’Hara, J. F., Ekin, S., Choi, W., & Song, |. (2019). A Perspective on Terahertz Next-Generation Wireless
Communications. Technologies, 7(2), 43. https://doi.org/10.3390/technologies7020043
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semiconductors, with their higher breakdown fields, frequencies, and thermal properties, are increasingly being
investigated for these applications.

Materials for high frequency RF devices: Gallium arsenide MMICs and silicon germanium-based devices
have been used for many RF systems for decades. With the increasing need for higher power density, higher
frequency (mmWave, THz), and smaller size, compound semiconductors and non-traditional materials are
being considered for next generation communications technology. In particular, GaN has received much
attention for its higher output power, operating temperature and voltage ideal for technologies that operate at
higher frequency. GaN-based devices boast faster switching speeds, higher thermal conductivity, and lower
on-resistance which translates to improved energy efficiency over conventional devices. However, challenges
associated with impurities and other defects in GaN crystal growth hampers its manufacturability and wider
deployment. Carbon nanotubes offer an alternative solution to traditional semiconducting materials. CNTs
excel in electromagnetically noisy environments due to its 1D geometry which allows for inherent linearity and
high dynamic range. CNT’s theoretical performance metrics of carrier mobility and saturation velocity allow
for much lower power RF systems. As with GaN, material purity presents the largest barrier to
commercialization, but with CNTs, however, additional challenges include purifying semiconducting CNTs
from metallic CNTs and aligning them.

The growing deployment of 10T devices requires they have improved spectral efficiency and allow dynamic
spectral management. In the past decade, there has been increased R&D in tunable, chip-scale and/or
integrated RF devices that meet these requirements?3, especially tunable filters and tunable antennas. Tunable
devices typically rely on voltage changes to adjust their operating frequency, allowing for a wide range of
operating frequency bands for a single device that can respond to dynamic environments. Device-level
tunability often requires non-traditional materials and structures such as multiferroics, metamaterials, and
complex dielectric materials that may present significant contamination and scale-up challenges during
manufacturing. Furthermore, characterization and modeling of these novel devices is necessary to fully realize
their application and effectiveness.4

2.2 Analog Hardware for Sensors

As society moves towards an ever “smarter” society, the number of sensors has exploded. Manufacturers and
researchers, in particular, are increasingly relying on a larger pool of sensors to monitor, communicate, and
control their processes. From AMO’s first workshop, it was clear that key applications of sensor technology in
manufacturing and research include in-situ monitoring and control of manufacturing processes, human
workflow detection for warehouse and shipping facilities, real-time material property measurements, and
particle accelerator detectors.

As the number of sensors exponentially increases, the conventional approach of transmitting all the data off-
node for processing and sending back of commands for action from a central controller will become
unsustainable. The urgent need to quickly and efficiently generate actionable information from the growing
data deluge was a key conclusion from the first workshop on Integrated Sensors Systems for Manufacturing
Applications. Data reduction of >100,000x is one of the goals of SRC’s Decadal Plan for Semiconductors.

13 Hagerstrom, A. M., Lu, X., Dawley, N. M., Nair, H. P., Mateu, J., Horansky, R. D., Little, C. A. E., Booth, J. C, Long,
C. )., Schlom, D. G., & Orloff, N. D. (2018). Sub-Nanosecond Tuning of Microwave Resonators Fabricated on
Ruddlesden—Popper Dielectric Thin Films. Advanced Materials Technologies, 3(8), 1800090.
https://doi.org/10.1002/admt.201800090

¥ Muller, A., Ziolkowski, R. W., Kim, J., Blokhina, E., Dragoman, M., & Bozzi, M. (2018). Special Section Proposal
Tunable Devices for Modern Communications: Materials, Integration, Modeling, and Applications. IEEE Access, 6,
42368-42372. https://doi.org/10.1109/access.2018.2855259
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Such advances in analog hardware can drastically reduce data transmission load and improve system energy
efficiency.

This session will feature two technical talks from academia and industry that focus on the development of
advanced analog hardware and processing approaches for sensors. Some guiding questions to consider before
the workshop include the following:

o What are the most promising approaches to reduce the energy consumption of sensor systems?

o Inwhat ways can analog devices or approaches improve sensor operations (e.g., sensing capabilities,
speed of data transformation/analysis, efficiency of operation)?

e What are the primary challenges hindering the deployment of advanced analog devices for sensor
applications?

Highlighted below are just two areas of opportunity for the development of analog hardware for sensors.

Sensor fusion: Sensor fusion combines multiple types of data from different sensors monitoring a single
environment or process. Advantages of deploying sensor fusion approaches include increased spatial and
temporal coverage, reduced uncertainty, robustness against interference, and increased resolution. A primary
challenge of sensor fusion is the required increase in computation.’® Sensor fusion through software
implementations in the cloud produces significant data transmission loads, computational burden, and energy
consumption that hardware approaches using MEMS and re-configurable hardware would avoid. Advanced
analog hardware leverages analog signal processing at the sensor node to reduce data generation and
computation in the cloud, increase processing speed, and ultimately reduce energy consumption.

Analog signal processing: Processing incoming signals, before digitization by analog-to-digital converters
(ADC), can drastically reduce the computational load by identifying unnecessary data that can be discarded.
By placing an analog signal processor before the ADC, only relevant and actionable data can be digitized and
transmitted for further processing. Less data reduces energy consumption, size, and cost of the sensor node. In
one example, a 100x reduction in data digitization and processing was observed.'® Noise, linearity,
programmability, and flexibility are just some of the challenges to overcome to develop advanced analog
signal processors that improve energy efficiency of the sensor system.

3 Neuromorphic Architecture and Devices

Significant improvements in rapid analysis of massive amounts of data have been made in recent years by a
group of computing approaches known as machine learning. A subset of those approaches, based on the
function of neurons accepting input signals and propagating them to other neurons has proven to be most
effective at applications such as object recognition and process optimization that are particularly useful to
manufacturing operations. While neuromorphic computing approaches have been revolutionary for data
analysis, the hardware on which they have been operating takes far too much processing time and energy. This
is because the hardware being used now is optimized for classic Von-Neumann (i.e., serial) computing
approaches, whereas neuromorphic computing approaches are massively parallel.

An interim solution for ML users is to leverage existing parallel computing hardware designs such as graphics
processing units (GPU) and field-programmable gate arrays (FPGA) to get around traditional hardware limits
on energy efficiency and speed. Experts recognize, however, that new devices that are specifically designed for

15 Elmenreich, W. (2002). An Introduction to Sensor Fusion. Institut fur Technishe Informatik Vienna University of
Technology, Austria.

16 Rumberg, B. (2016). Analog Processing Improves Battery Life and Sensor Intelligence In the loT. Fierce
Electronics. https://www.fierceelectronics.com/components/analog-processing-improves-battery-life-and-sensor-

intelligence-iot
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neuromorphic computing approaches would provide many more orders of magnitude improvements in energy
efficiency and speed over even GPU and FPGA approaches.

Furthermore, while the term “neuromorphic” refers to the operation of neurons in the human brain, the actual
operation of today’s neuromorphic computing approaches in silicon is still far from how experts now
understand the brain to operate. In particular, today’s so-called neuromorphic computing still uses orders of
magnitude more energy per operation than the human brain. Our recent improved understanding of how the
brain works — at many levels — suggests many more methods for storing and processing data (particularly
sensory data) in extremely energy efficient ways. Some of those ways are likely adaptable to silicon systems
and can provide a roadmap for realizing additional gains in performance and efficiency farther in the future.

This workshop seeks input on the current state of the art for neuromorphic computing, both in new hardware
innovations optimized for this class of computing architectures and in new, more efficient computing concepts
adapted from our understanding of how the brain operates. We have divided this topic into two targeted
sessions: one focused on brain-inspired computing architectures and one focused on neuromorphic devices.

3.1 Brain-inspired Computing Architectures

The brain requires only 12 Watts to perform complex tasks that take silicon-based computers thousands and up
to a million times more energy to perform or cannot perform at all. While neuromorphic computing approaches
and circuit designs have unlocked some of these efficiency gains, the way neurons in the brain operate is still
vastly more energy efficient and different. These differences include a) the number of connections between
individual switching devices — a neuron has tens of thousands whereas a transistor only has two and b) the
storage of data — memory is stored in a separate location in silicon from where processing is done, whereas
neurons in many areas of the brain perform both computation and storage functions. Not every detail of how
the brain operates needs to be mimicked in silicon, however, there are likely more aspects of neural function
that electronics developers can leverage to realize additional gains in energy efficiency. This session will
feature a dialogue between experts at the nexus of neuroscience and computer science on where we can
continue to expand what is meant by neuromorphic computing in hardware and software to realize even more
gains in efficiency and performance. Some guiding questions to consider before the workshop include the
following:

e How can a deeper understanding of the brain inform hardware implementations to mimic brain
function?

e How can biological concepts like neuroplasticity and self-organization inform hardware or software
implementations of brain-inspired computing approaches?

e What are key differentiators that can help guide researchers in determining which aspects of
brain/neural function would be beneficial to mimic in silicon?

3.2 Neuromorphic Devices

As mentioned previously, researchers are realizing orders of magnitude efficiency and processing speed
improvements in neuromorphic approaches by parallelizing and further adapting hardware. These innovations
and adaptations to date are occurring at larger sub-system and block levels. The basic devices that make up the
systems are still the same CMOS transistors combined in von-Neumann-based structures. Building hardware
where the individual devices and their connections to each other are optimized for neuromorphic computing
can result in even more orders of magnitude improvements in operational efficiency. Developing these
neuromorphic devices are ongoing avenues of research and multiple candidate technologies exist at the lab-
scale. These candidate technologies are wide ranging in how much they diverge from existing, commercially
available technologies and each has its own barriers to scaling up and integrating with traditional systems. It is
highly unlikely that neuromorphic devices will ever completely replace CMOS, Von-Neumann-Based
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architectures, but neuromorphic-optimized hardware can be complementary to them, providing extreme
improvements in computational power and efficiency in certain functions such as manufacturing operations.

This session will feature a panel composed of experts presenting information on a few types of microelectronic
devices optimized for efficient neuromorphic computing approaches and sharing their perspectives on the
future of neuromorphic hardware. Some guiding questions to consider before the workshop include the
following:

e What impact can neuromorphic or similar non-Von-Neuman devices have on energy efficiency, and in
which applications?

e What manufacturing innovations are needed to advance neuromorphic hardware/devices?

o Are there specific figures-of-merit that are critical or will become critical to evaluating neuromorphic
systems and what are they?

Highlighted below are three areas of opportunity for the development of neuromorphic devices:

In-memory computing: One area of innovation is adapting existing CMOS devices to be more optimized for
neuromorphic computing approaches. This approach differs from specialized neuromorphic chips available in
systems today in that it aims to use the same device technology (e.g., random access memory) to store data and
perform logic operations. This would allow IC designers to optimize the hardware for highly parallel, spiking
operations by having logic devices and memory devices mixed in the same chip, eliminating significant data
transfer operations that are a requirement of Von-Neumann-based hardware today. A major strength of this
approach is that the manufacturing infrastructure is already mature and therefore successful developments can
be rapidly scaled up and commercialized.

Photonic neuromorphic circuits: Major drawbacks to current CMOS-based systems are the rigidity and
limited number of connections between individual devices (i.e., transistors) and the inherent energy loss in
moving electrons to perform computations. Photonics, using light instead of electric charge as the data signal
in processing, provides significant advantages over CMOS in both these areas. A rapidly growing field uses
photonic circuits as the hardware basis in developing neuromorphic systems. Additionally, certain aspects of
photonic circuits that are at odds with Von-Neumann approaches are well aligned with the highly parallel
nature of neuromorphic computing. Photonic neuromorphic circuits are showing significant promise in
application areas with extreme speed, efficiency, and bandwidth requirements.

Reversible-logic circuits: In aiming to achieve the physical limits of energy efficiency, devices that operate in
a reversible way are the most efficient, avoiding the minimum energy loss of switching that Landauer’s
principle stipulates. Reversible computing comes with its own requirements in the logic and algorithmic
approaches, which match well with the highly parallel nature of neuromorphic computing. Though this method
of hardware operation is significantly different from today’s computing architectures, examining the existing
barriers to manufacturing and integration can help provide the supporting work to pave the way for
commercialization in the long-term.

4 Conclusion

The explosion of 10T devices that utilize semiconductor products and the slowing rate of improvements in
energy efficiency, due to the end of transistor scaling, has culminated in an unsustainable path of energy
consumption for electronic products. A significant expansion in research efforts for “beyond-Moore” devices
has been observed to preserve the conventional, digital approach to computation. However, analog and
neuromorphic computing provide alternative approaches that may drastically reduce energy consumption of
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semiconductor devices and systems, much more so than is possible by digital computation alone.'” Significant
acceleration in development and scale-up is needed to deploy these technologies in a reasonable timescale.

Analog devices for communications is perhaps the most mature of the three technical areas of the workshop.
However, the increasing crowding of the usable spectrum and the challenges associated with the transmission
of higher frequency signals present significant challenges for advancement. Sensor systems can also benefit
from advances in analog hardware by eliminating unnecessary data before digitization through analog signal
processing. In addition, sensor developers can leverage understanding of the human sensory system to design
more efficient sensor systems. Finally, brain-inspired computational approaches, still in early development,
present the greatest opportunity in reducing computational energy use. By foregoing conventional computing
approaches, brain-inspired computing can provide similar computational performance at a fraction of the
energy.

Robust advancement in all three technical areas must overcome a number of challenges before widespread
deployment. Throughout the workshop, we will identify and discuss these challenges as well as discuss the
necessary research and development pathways to overcome these challenges. We also expect cross-cutting
issues such as private-public partnerships, access to state-of-the-art facilities, and workforce training to emerge
throughout the discussions. This workshop is a key part of AMO’s ongoing process of listening,
understanding, and prioritizing the needs of the greater semiconductor community.

We invite you to bring your perspective on these and other questions during the upcoming workshop.

17 The Semiconductor Research Corporation (SRC) and the Semiconductor Industry Association (SIA), “The Decadal
Plan for Semiconductors. Chapter 5: New Compute Trajectories for Energy-Efficient Computing.” January 25, 2021.
https://www.src.org/about/decadal-plan/
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