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h A CONFLUENCE OF application requirements

and physics leads us to types of chips to design.

A new generation of ultralow-power (ULP) chips

will build upon research over the past several de-

cades but these techniques, once considered

niche, will rise to the top of the agenda for many

organizations.

Microprocessors pay attention to power con-

sumption for two reasons: thermal design power

(TDP) and overall current drain. The microproces-

sor market is driven by high levels of functionality

and integration; power and thermal are nuisances.

In contrast, the motivation for ULP as a key opera-

tional characteristic comes from IoT and related

applications. These types of systems are severely

limited by the amount of power available. They

must also meet very low cost points. IoT is driven

by very low costs to create a trillion-sensor market.

Since the market is very sensitive to total installed

cost, not just the cost of silicon, the cost of the

power supply and the cost of wiring become im-

portant factors in the design.

Low cost takes on a different spin in the mod-

ern era. Low cost was traditionally driven by vi-

sions of chip shrinks in subsequent generations. In

the classic Moore’s Law era, technology nodes re-

sulted in lower cost per transistor. However, many

experts and observers agree [5]–[7] that this trend

no longer continues. The 28-nm node is widely be-

lieved to represent the historically lowest cost per

transistor. Cost per transistor can be described by a

simple formula

cost per transistor

¼ðcost per waferÞ=ðnumber of transistors per waferÞ:
A multitude of physical phenomena have caused

the complexity of complementary metal–oxide–

semiconductor (CMOS) processes to increase over

the past several decades, resulting in higher wafer

processing costs. Below 28 nm, the cost of a proc-

essed wafer increases enough to offset the density

increases given by feature shrinks. I like to think of

this phenomenon as peak silicon, similar to predic-

tions of a period of maximum petroleum produc-

tion (peak oil) or maximum television production

(peak TV).

The long-standing motivation for all the fields

surrounding VLSI—computer architecture, circuit

design, computer-aided design (CAD)—has been

to take advantage of ever-shrinking transistor costs

to create ever-more-complex chips. That drive is

encapsulated in the very name very large scale in-

tegration. Peak silicon changes that. While there

may be reasons to build very large chips for cer-

tain applications, we can no longer rely on de-

creasing cost per transistor to enable a mass

market for what was once an esoteric design. We

must instead focus on chips that make economic

sense for known, existing technologies.

ULP use cases
Internet of Things (IoT) is a marketing term

that has been applied to many different use

cases. Some of the initial applications are really
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Internet-of-Thing, not Internet-of-Things. Connecting

a device to the Internet and providing a smart-

phone app for control has its uses but is a relatively

straightforward application of embedded comput-

ing. And while some of these applications require

low-power devices, many add Internet connections

to wall-powered devices, making power consump-

tion less of an issue.

ULP comes to play in applications that combine

distributed sensing, computing, and perhaps actua-

tion. Adding more sensors and actuators to a large

physical system gives much finer grained control

over the plant. Putting sensors and actuators near

their physical devices reduces delay and improves

closed-loop characteristics. To achieve this fine

level of granularity requires removing the sensor

and actuator nodes away from the comfort of a

tethered, powered environment. For example, jet

engine manufacturers are moving from centralized

control using full-authority digital engine control-

lers (FADECs) to distributed control [19]. They do

so for many of the same reasons that earlier moti-

vated car manufacturers did to introduce digital

engine control: lower fuel consumption, lower

emissions, and lower maintenance costs. Given the

extremely harsh conditions inside a jet engine, dis-

tributed control is a powerful motivation for un-

tethered nodes that do not rely on either external

power or wired communication.

We can identify two major types of use cases

for IoT systems: periodic and event driven.

Periodic sampling and actuation systems make

use of more traditional signal processing and con-

trol applications. Local computation can be used

to close fast loops. Cloud computation is used to

fuse data from multiple sensors. Fusing happens at

slower rates but provides mode control that is not

possible using only local information. Vehicles

make extensive use of periodic sampling and actu-

ation, although they also make use of the event-

driven model.

Event-driven systems detect and operate on dis-

crete changes. Local computation in this case is

used to detect and process events. Local processing

reduces power consumption for data processing as

well as communication. As with periodic systems,

cloud computation fuses data from multiple sensors

to provide global, long-term control of the system.

One example of an event-driven system is a smart

home analysis system we are developing for the

long-term care of people with special needs [18].

Sensors around the house capture a variety of infor-

mation on particular activities: walking through a

door, using a faucet, turning on a TV. Local process-

ing can be used over the short term, such as issuing

an alert if someone needs help. Algorithms running

in the cloud can process the sensor information to

create a long-term view of the activity of the resi-

dents that can be used to help caregivers optimize

the care of each of the residents.

What do these use cases tell us? A key metric

for ULP is system energy per sample: the total sys-

tem energy for a sample, including data acquisi-

tion, computation, and communication. This

metric depends on system architecture and is en-

abled by device characteristics. System architec-

ture partitions functionality across the network; a

poor system partitioning cannot be corrected by

clever node design. However, node designs must

be able to deliver the required mix of functionality

and operational characteristics.

One common characteristic of many IoT appli-

cations that is not so obvious from use case analy-

sis is the need for low cost of ownership. Many of

these systems will never be built if their cost is too

high. Cost considerations take into account not

just the components, but also installation and oper-

ation. Wireless, self-powered sensors and actuators

substantially reduce the cost of system installation.

Installing a wired connection in a U.S. building typ-

ically costs about $100 per drop. Eliminating power

and network wires allows nodes to be placed

much more cheaply.

Technology
A variety of technology factors play into the de-

sign of ULP devices. Wafer manufacturing is part of

the picture, but packing also plays an important

role. Which combination of technologies is the ulti-

mate winner for ULP devices will be determined in

large part by cost.

Two different device structures have been pro-

posed to reduce leakage in the microprocessor

space. FinFETs have been widely adopted for ad-

vanced nodes. The vertical structure of the finFET

helps the gate to better control the channel charge.

An alternative approach is FD-SOI, which uses a

planar structure but with a buried insulator. Manu-

facturers have not yet decided to update 28-nm

processes for these new devices.
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Nonvolatile storage is a critical component

technology for ULP nodes. Devices that frequently

sleep need to be able to store state without burn-

ing power to do so. Flash is widely available on

many standard processes. New devices, such as re-

sistive RAM, may provide new capabilities and a

different set of tradeoffs to system architects.

The IoT device must include not just logic but

also analog plus MEMS devices for sensing and ac-

tuation, communication antennas, and power man-

agement. Interposers are one way to provide the

mix of technologies required and at a reasonable

cost. Interposers made of any of several substrates

can provide a cheap, small, and light way to com-

bine several chips from diverse technologies and

even multiple manufacturers. Interposer-based inte-

gration is often known as 2.5-D. In the short term, it

allows system houses to build cost-effective nodes.

In the long term, 2.5-D may be the best long-term

approach as well.

Circuits
ULP system designers must simultaneously

pursue two strategies: reducing the power con-

sumption of circuits, and gathering and manag-

ing power.

Near-threshold logic and subthreshold logic are

well-established methods to reduce CMOS power

consumption. As logic levels move closer to the

transistor thresholds, errors start to increase. Errors

are introduced by larger delays caused by lower

operating points of the transistors; as the delays of

critical paths exceed the clock period, the logic

produces wrong answers. Kim et al. [4] gave an er-

ror model for subthreshold logic and showed that

misexercising these critical paths depends not only

on the current inputs to the logic but also the pre-

vious inputs. The prior inputs to the logic deter-

mine the state of the nodes; a slow path creates

problems only if the new inputs require that node

to change.

Adiabatic logic has been studied for several

decades as an alternative to static CMOS for low-

power operation [1], [3]. Adiabatic logic is

inspired by the reversibility of physical phenome-

non, which leads to asymptotically low energy per

operation. The study of reversibility as a means to

minimize the energy required for computation

goes back to the earliest days of computer science

[13]. Adiabatic logic has several drawbacks,

notably its high overhead. It requires complemen-

tary signals. Reversible computation also requires

more complex structures; Benioff, for example, de-

signed a reversible Turing machine that is consid-

erably more complex than the classical version

[17]. Reversibility adds significant area overhead.

Circuit considerations also mean that in some

cases traditional CMOS provides lower total energy

consumption than does adiabatic logic. However,

the relatively low data rates of many IoT applica-

tions makes a natural fit with adiabatic logic. And

adiabatic logic also provides reduced susceptance

to side channel attacks on cryptography, as demon-

strated by a University of Michigan team [3].

Paradiso and Starner surveyed the state of

energy scavenging a decade ago [8]. Since then,

energy scavenging has entered the mainstream in

both frivolous applications such as self-lighting

shoes as well as serious applications such as medi-

cal electronics. Implementing energy harvesting

requires not only efficient transducers but also

power supplies that can convert harvested energy

into the voltage levels required for circuit opera-

tion [20].

Image sensors provide one interesting case of

energy scavenging. We can use the same image

sensor to scavenge energy from light and to cap-

ture images. While scavenging does not provide

enough energy to run at 30 frames/s, the sensor

can run on the order of 1 frame/s, which is fast en-

ough for many applications. For example, Hanson

and Sylvester [9] designed a 128 � 128 pixel sen-

sor that operates over power supply voltages of

0.45–0.7 V with energy consumption of 140 nJ per

frame at 8.5 frames/s. Tang et al. [10] describe an

energy-harvesting CMOS image sensor with an

energy-harvesting mode that can harvest 80 nA at

350 lux and 9.7 �A at 3500 lux and consumes

10 �W at 10 frames/s; one frame can be processed

using 200 ms of energy harvesting.

Architectures
Node architectures are the interface between

IoT systems and VLSI. ULP device architectures

are, like systems-on-chips, heterogeneous. But the

mix of technologies used for ULP is decidedly dif-

ferent from the SoC case.

Analog/digital codesign is an intriguing ap-

proach for sensing and actuating nodes. The tradi-

tional limitations of analog computation are its
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lack of flexibility and its limited dynamic range.

Flexibility is not an issue when algorithms are well

defined. And limited dynamic range can be coun-

tered by tighter control loops. However, to make

best use of analog processing, we need to develop

improved techniques to codesign analog and digi-

tal components. Imaging is one area in which cer-

tain types of processing are well suited to analog

computation. Liu et al. [11] designed a CMOS im-

age sensor that performs motion tracking using 1-D

Gaussian filters to smooth the image to generate

row and column events. Dubois et al. [12] de-

signed a CMOS image sensor for high-speed gradi-

ent analysis using an analog multiplier; the analog

circuit output could be used to implement the

Sobel operator and Laplacian.

How much CPU does an ULP device need? A

back-to-the-future approach for onboard computa-

tion has some appeal, particularly for devices that

push signal processing onto analog units. Early mi-

croprocessors were very small: the 6502 required

3510 transistors, and the Z80 was built from 8500

transistors. These microprocessors did not provide

sophisticated memory management units, floating-

point computation, or other features to which sys-

tem designers have become accustomed. But keep

in mind that they were used to build what were at

the time state-of-the-art systems.

Nonvolatile state is critical for the operation of

ULP nodes. The device must be able to restart itself

with knowledge of its previous state. Both reading

and writing must have reasonable energy costs.

Depending on the characteristics of the device,

state may need to be copied from the nonvolatile

devices to traditional CMOS volatile storage.

Security must be baked into many systems and

IoT is a poster child for the need for modern

security-driven architectures. However, security

must be delivered at appropriate costs in both energy

and area. AES is widely used for encryption.

Hamalainen et al. [16] developed an AES imple-

mentation with low area and energy consumption.

SIMON is a block cypher algorithm designed by the

National Security Agency (NSA) for low-area, light-

weight applications. Aysu et al. [15] built a very

area-efficient implementation of SIMON. The adia-

batic encryption unit mentioned above also offers

intriguing results for power consumption.

Nodes must be able to communicate with

other nodes and with the clouds. Much of this

communication will be conducted indirectly to

minimize energy costs. A hub structure links ULP

nodes to hubs that provide more computational

and communication capabilities. Hubs can enable

communication between local nodes or to and

from the cloud. Bluetooth low energy (BLE) is a

very carefully engineered standard for low-power

communication. Its widespread adoption is a mea-

sure of the success with which it solves key prob-

lems in low-rate, low-power communication.

ULTRALOW POWER VLSI systems are exploding

from niche applications to the mainstream thanks

to the popularity of the IoT as an application para-

digm. ULP devices represent a shift in focus from

highly integrated devices to right-sized devices.

Building a new generation of ULP devices will

require the development of some new design

technologies as well as the exploitation of many

mature techniques. h
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