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The last two decades have seeany exciting examples of tiny robdtem a
few cn? to less tharone cnd. Although individually limited, a large group of these
robotshas the potential to work cooperatively and accomplish comples. tagko
examplesrom naturethat exhibitthis type of cooperationare ant and bee colonies.
They have he potential to assist iapplications likesearch and rescuejilitary
scouting, infrastructure and equipment monitoring, Aaamufacture and possibly
medicine.

Most of these applicationsrequirethe high level ofautonomythat hasbeen
demonstratedy large robotic platforms,such as théRobot and Honda ASIMO.
However, vihen robot size shrinks down, current approatheshieve the necessary
functiors are no longer validThis work focused orhallenges associated withe

electronics and fabrication. Waaddressd three major technical hurdlegherent to



current approached) difficulty of compact integration2) need for reatime and
powerefficient computations 3) unavailability of commercial tiny actuators and
motion mechanisms The aim of this work was to provide enabling hardware
technologiego achieve autonom tiny robots

We proposd a decentralizedapplicationspecific integrated circti(ASIC)
where each component is responsible for its own operation and autonomy to the
greatest extent possible. Th&SIC consists of electronics module®r the
fundamental functions required to fulfill the desired autonoastuation,control
power suply, and sensingThe actuators and mechanisomild potentiallybe post
fabricated on the ASIC directlirhis design makes for a modular architecture.

The following componentsvere shown to work in physical implementations
or simulations: 1) tunablemotion controllerfor ultraow frequency actuatigre) a
nonvolatile memory and programmirgrcuit to achieve automatic and oftime
programming; 3 high-voltage circuit withthe highest reported breakdown voltage
in standard 0.2m CMOS 4) thermal actuats fabricated using CMOS compatible
process 5 a low-power mixedsignal computational architecture forobotic
dynamics simulator6) a frequencypoost techniqudo achieve low jitter in ring
oscillators These contributionsvill be generally enabling foother systemswith

strict size and power constrairsisch as wireless sensor nades
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Chapter lintroduction

1.1 ResearciMotivationand Purpose

It is hard to comprehensively define what a robot tseylappear in darge
variety of forms andhave become closely linked to our daily liv&obots araow
widely used in production lirssfor assemblingautomobilesand electronics devices
[1]. They can also be found in applications like homearte (iRobot), military
tasks[2], mining[3], andentertainmenf4]. Recently, they have been used to replace
human workers in warehousg5], facilitate complex surgery6], and provide
healthcarg7].

As the technology progresses, electronics and mechanical components can be
made smaller and more powerflihis enables gople to build smallerobots. There
have beemany exciting examples tify robos (from a few cm in volume tomuch
less thanone cmi) in the last two decad¢g$-27]. Tiny robots lave advantages of
being small, stalthy, and disposable. Although they amnglividually simple and
limited, a large group of these robots, commonly called a swarnthbgsotential to
work cooperatively and accomplish complex tatbled are far beyond their individual
capability Two goad examples in nature asntand beecolonies Tiny robotshave
the potential to bable tooperate irsmallandhazardous spaces that are not reachable
by humans and large machin€e applicatiommight beto searcHor survivors and
collect data in a dastersite which is exposed téire, radiation, or fatal poisor9].

Tiny robots have the potentialto perform operations with minimathangeto the



environment and avoid further damage, for example a rescue operagionristable
infrastructure or a space full of inflammable gasThey are also suitable for
applications like military scouting, infrastcture and equipment monitorif@8],
micro-assembly{28], nanehandling, and possibly medicing8, 29} In conclusion,
we believe tiny robotswill redefine some existing applications and broaden many
others

Most of the applications mentioned above require autonomy of the tiny robots.
Autonomy of robotsvas definedas the integration of sensing, actuation, power, and
control ona single chassiby Churaman19] or a micresystemby Fukuda[30].
Although robotic autonomy is tagslependent, generally speaking there are a few
requirements that are more importaht Autonomous robots sense the environment
acquireand extractnformation that is useful to completiee designedasks;2) They
possestocal control(or computational powetd make decisiagirelated to their tasks
and not to destroy themselveand the mission;3) They should have reasonable
mobility to maneuver around by being able to matea speedof one half body
lengh per secon@BLPS), 4) Thefirst threeactionscan be performetbr an extended
period that is a few times longer than thasks require 5) Most importantly, the
robots have to operatedependentlywith no or limited human assistangaoviding
instructons or energy for example

Some robot platforms already demonstragethigh level of autonomy for
example iRobotHondaASIMO [31], HRR3 [32], and Sony AIBQO. However,they
areusuallymuchlarge thanmany cm?®. When robot size shrinks down ofewcm?

and below current approaches are ranger valid.Existing tiny robots daot meet



all of these requirements awoaly present limited autonomy. Therefotee purpose
of this researclis to provide enabling hardware technologies tiny robotswith a
focus on theelectronics module (control and computation)fabrication of tiny
mechanismandintegration of these components achievea high levelof autonomy

and bridge théechnologygapbetween large autonomous robatslitiny ones.

1.2 Literature Survey

1.2.1 Existing Tiny Robots

In this work,we ae interested ininy robots witha volume ofa fewcm? and
below. In the following we summarizen the following several representative tiny
robots that were contributed by other researcharsthe literature Table 1.1
summarizedmportant features that are related to robotic autondmwprder b get
more insight of the bottleneck to shrink the sifeautonomougobots, we include
some robotsvith a volume of many chthatarelarger than the interested size. The
robots are orded in descendingyolume andinherentfunctionality to some degree
The volumepresentechere is not the exact volume of the robots but the space the
robots wll occupy while they operat&ome of the volumes were approximated if not
providedby the autha. Theserobots will be briefly introducedhe first paragraph
will introduce some important features of each rokbile the second paragrapill
focus onthe electronics design amioving mechanismMost of these projects
integrated the electronics mads on a printed circuit board (PCB) whideme other
approaches weralso pursuedA variety of actuators and moving mechanisms were

fabricated for the tiny robots.



Table1l.1 Summary of ImportarfFeature®f Existing Robotgredindicates where the robots fail to meet ¢femerarequirements)

Size i Abs. Speed, Motion Independent | Power, i
Robot Actuation , Comm. | Sensor Duration
(cn?) BLPS Mechanism Control(type) | Spec.
_ 1 cm/s, ) _ _ Y (Swarm,| Battery,
Kilobot 23.33 | Motor Stick-slip IR Distance 3-24 hr
0.33 Local) 160 mAh
. . | 3cmls, _ Battery, _
HAMR? 14.1 | Piezoelectric Walking None None N 2 min
0.625 8 mAh
3 cm/s, _ Battery, _
RoACH 11.25 | SMA Walking IR None N (Externa) 9 min
1 20 mAh,
, 4 cmls, , o N  (External | Battery,
Alice 7.93 | Motor Wheel IR, radio | Proximity 10 hr
2 Local) 69 mAh
, . . 10.4 mm/s, ) , N  (External | Inductive
MiCRoN 4.32 | Piezoelectric Stick-slip IR AFM b
0.03 Local) ~5V
) ) Jump 8cm, , ) Capacitor, _
Jumpingdpot | 0.112 | Chemical Jumping None Optical Y (Local) 8 min
11 BL 6V
) . 10.207 mm/s, _ . _ IR, _ N  (External | Solar,
[-SWARM | 0.064 | Piezoelectric Stick-slip _ Distance b
0.05 optical Local) 1.4 mW
) 6 mm/s, _ i Wire,
WalkingS | 0.038 | Thermal Walking Wire None N (Externa) b
0.43 >1W
. . |0, _ Solar,
Siliconbot | 0.017 | Electrostatic Walking None None Y (Local) b
0 100eW




Kilobot (23.33cn¥), Rubenstein Harvard University [8, 33]

Kilobot (shown inFigurel.1) is sized 3.3 cm in height and 3 cm in diameter.
This robot was designed to testlleotive algorithm on hundreds or thousands of
robots and was aimed for mass production and collective operations. Kilobot has part
cost of $14 and takes only 5 minutes to assemble by R&edauthors claimed that i
can be collectively programmed, powe@n, and charged and allows a single user to
operate a large swarm eadi].

Kilobot features aronboard microcontrollereC) to perform computations
and control its behavioilhe robot has two sealed coin shape vibration motors. The
vibration is converted to a forward force based twksslip principle. Due to the low
efficiency of thismoving mechanispthe maximum speed pnly 1 cm/s, 0.33 BLPS.
Moreover, the robot can only move on smooth surface. The control signals for the
motors are generated by tlB€ using pulse width modulatiorit is also able to
communicate with neighbors and overhead control station via an edfrdR)
transceiver The robot can estimate the distarimetween itself andeighbors by
measuring incoming IR light during communicatifigne robot isequippedwith a 3.4
V, 160 mAhrechargeabldithium-ion battery which can power the robot to remain

active for 324 hours.
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Figurel.1 Components on Kilobot: A) Vibration motor, B) Battery, C) Supporting
legs, D)Infrared transceiver, E) RGB LED, F) Charging tab, andLiGht sensoi8].
Figure taken directly from the referen&g.
HAMR 2 (14.1 cn¥), Baisch, Harvard University [9]

The third generation Harvard Ambulatory MicroRobot (HARIR Figure
1.2 is a 1.7g ambulatory hexapod rolwgth a size of4.7 x 2.0 x 1.5 cn?. This work
focused on developing light-weight walking platform to study the dynamics of
small scale locomotion and to improve design and fabrication tpobsi

HAMR? does not have any sensor odesigned intelligencéout has the
potential to include themA ramped square wave is used as the driving signal for the
actuators and is generated by filtering a binary output frone@eHAMR? has 9
piezoelectric etuators with actuation voltage of 200 V to control the lift and swing of
the six legs. The 200 V bias is produced by an inductor boost converter from a 3.7 V,
8 mAh, 330 mg lithium polymer battery. However, this robot is not capable of turning.
The battey can only power the robot to walk for 2 minutes at an optimal actuation

frequency of 20 Hz when the average speed is 3 cm/s (0.625 BLPS).
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Figure1.2. HAMR?® on a US one cent co[®]. Battery, electronics components, and
actuators are on both sides of the PEBure taken directly from the referen&.
ROACH (11.25 cnd), Hoover, U. C. Berkeley{10]

ROACH is another hexapod robot sizedx®.5 x 1.5 cnt and weigls 2.4 g
(shown in Figure 1.3). The skeleton of the robot was fabricated using smart
composite microstructures process.

ROACH chose bape memory alloy (SMA)s it actuator. SMA ione type
of thermal actuator requiring3.6 V and 60 mA for actuation. A standard boost
converter is responsible for providing the high voltage supply for the SMA. Two
actuators are respectively driven by two channels of 19 KHz basisé width
modulationsignal generated by €C to achieve alternating tripod gait and some
degree of turning. The maximum speed is 3 cmBLRS. The onboard battery is a
3.6 V, 20 mAh lithium polymer battery which accounts for 847 mg, over one third of

the total weight of the robot. Continuous wation at 3 Hz resulted in a maximal
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running time over 9 minutes which indicated an average power consumption of 0.48
W. The robot can communicate with the station using infrared data association (IrDA)

protocol for gait change. Sensors were not implengeoitethis platform.

Figure 1.3. ROACH with a U.S. quarteias scalgf10]. The robot has a skeleton
fabricated using a micro process and electronics on th&igyre taken directly from
the referencglO].
Alice (7.93 cn¥), Caprari, EPFL [11-14]

Alice has many variants across several years: Alice 97, Alice 98, Alice 99,
Alice 2002, AliceAllTerrain, LAMAlice, and more. However, the details of each
version have not albeen reported. The information used here is mostly from an
implementation reported in 20Q13]. The developmenbf Alice sought a modular
solution to make the rot®more accessible to different applications. Mgplyg and
playo modules were implemented to enhance the functionality of the base module. Its

size is 2.1x 2.1 x 1.8 cnt with a weight of 5 g.
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The motion ofAlice [13] is provided by two wheels driven by 2 watch motors.
Each of the watch motors consumes 1.5 mW. The control signal for the motors is
from thee C. Maximum speed of Alice is 40 mm/s, 2 BLPS. Obstacle avoidamde
wall following wereimplemented on theC. The batteries last for 10 hours under an
averageoverall power consumption of -40 mW. Alice is equipped with four
proximity sensors which cape used for local communicatioA.radio transceiver is
also available onboard for long distance communicafidne robot is powered by

three button batteries, each of which is 1.5 V and 23 mAh.

/
/

Figure 1.4. (Left) Alice in basic configuratiorj13]. Figure taken directly from the
reference[13]. (right) Alice 2002 with ANT extension which includes one large
battery, a 128 pixels linear camera, 2 proximity sexsand 1 long distance sensor
[14]. Figure taken directlyrom the referencgl4].
MIiCRoN (4.32 cn¥), European Union Project[15-17]

MiCRoN was designed to handle tasks like cellular manipulation and nano

manipulation with an integratedtomic force microscop@AFM) tip. The size of this

robot is 1.2x 1.2x 3.0 cn? (Figure1.5).



MICRoN has someelectronics modules implemented using an application
specificintegrateccircuit (ASIC) appoach.Three types of programmable waveforms
are generated by the control ASIC and then amplifietigh voltage(20 V) by two
amplification ASICs to drive the piezactuators.Piezoelectric actuatiomprovides
locomotion of the robot and positioning ofeti®FM tip. A maximum speed of 0.4
mm/s (0.03 BLPS) was achieved. The power for this robot is provided by a power
floor through inductive coupling. The robots are wirelessly powered by a voltage
supply of 3.56 V. However, this power floor also limits theovking range of the
robots.The robots communicate with the station to acquire instructions and send back
information via IrDA protocol.

IR communication ) Targets for Micromanipulation
module Electronics positioning system tool

L AaN AR

e S s

Power pack Supporting Locomotion Arm actuator Flexible PCB
(battery or coil) structure module for interconnection

Figure 1.5. Three pictures showing the structure of MiCRoN. The pofla®r is
shown under the robot in the rightmost pict{8é]. Figure taken directly from the
referencqd34].

Jumping Microrobot (0.112 cnf), Churaman, University of Maryland [18, 19]

JumpingMicrorobotis a robot that is able to jump. The chassis is made of

Loctite 35251t is sized 0.4< 0.7 x 0.4 cn¥ and weigls 300 mg.
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JumpingMicrorobot has sensing, control, actuation and power integrated onto
one chassis. A circuit was desigdto follow a simple behavior: sense a change in
light intensity and response with a jumfs. special chemical actuatiomnergetic
nanoporous silicans used on this robot. Tlehemicalrequires 150 mA for 100 us to
ignite. The power of this robot is from two capacitors (10 andR2which are pre
charged to 6 VThe robot was demonstrated jtanp 8 cm height. However, the

current design can only offer one timetuation

Figurel.6. JumpingMicrorobot with integrated components onto its polymer chassis
using low melting temperature all¢39]. Solder wires are used to charge the onboard
capacitorsFigure taken directly from the referend®].
|-SWARM (0.064 cnd), European Union Project[20-23, 28]

The size and weight of-$SWARM are 0.4x 0.4 x 0.4 cn? and 70 mg,

respectivelyThe components are integrated on a flexible PCB which is then folded to

the configuratiorshown inFigurel.7.
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The authos for FSWARM pursued an ASIC approach to minimize the size of
the robot.A system on chip (SoC) was implemented for the required control and
computation of the roboThe local communication between neighboring robots is via
IR while communication fromhie station tdherobots is via on/off of light source
Since this robot doasot have any notvolatile memory, it has to be programnied
about 50 minutesverytime after starup. Fortunately, the programming can be done
collectively. A vibration coract sensor on the robot can detect objectsont of the
robot Piezoelectric actuators are used to provide motion of the robot. The driving
signal is a 3.6 V square waveform divided from a high frequency signal from the SoC.
The robot can move forwaiat a speed of 0.207 mmMB.Q5BLPS) but is not able to
turn. The robots have to work in a controlled area whicllusninated by a high
intensity light. Under this condition the solar cells can generate 1.5 mW to power the

robot.

Figurel.7. I-SWARM picturetaken directly from the refereng2l]. 1) Solar cells, 2)
IR module, 3) SoC ASIC, 4) Capacitors, 5) Locomotion unit, 6) Vibrating contact
sensor, and 7) Flexible PCB.
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Walking Silicon (0.0375 cmi), Ebefors,Royal Institute of Technology[24-26]

The goal of this project was to fabricate a miovbot that is capable of
conveying large loads compared to the robot weight. One interesting feature of this
robot is that it can be used uges down to more rapidly convey heavier loat@lkis
robot is sized 1.4 0.7 x 0.05 cni and weighted 80 mg. The robot can carry a
maximum of 2500 mg as shownkingure1.8.

This robot does notdve any onboard electronics. Thentol signal is
provided externally from wires'he robot has a silicon chip as its substrateelVe
legs with polyimide joint were fabricated dhe silicon substrateThe legs are
thermally actuatedThe maximum speed 6mm/s (0.43 BLPS) was achievedrunde
actuation signal of a 18 V, 100 Hz, square wave, a power consumption of 1.1 W, and
a loadwhich s four times the robot weight. The robot is tethered using bond wires to

acquire power andontrolsignal.

Figure 1.8. Walking silicon robotcarries a load. Power and control signal are
provided externally through theobd wires[26]. A matchon the rightis usedto
indicate the sizeFigure taken dectly from the referend@6].
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Silicon Robot(0.017 cnd), Hollar, U. C. Berkeley[27]

The main goal of this project was to fabricate an untethered walking-micro
robot. The weight of this robot is 10 mg and its size is 8.85 x 0.05 cnd.

The authos pursueda threechip solution to fulfill robotic functions of
powering, control, and actuatiaas shown inFigure 1.9. The control chip outputs
digital control signal for the legs based on a clock signal. The cbaignal is then
converted to 50 V by thieigh voltagebuffer. Solar cellsvere fabricated on the same
chip as the buffers. The 90 solar cell array generates 50 V and 100 uW to power the
robot. The high voltage buffer and solar cells require a speciapireckss and is not
compatible with the digital control chip. Therefore, multiple chips are needed.
Electrostatic actuation of two legs with different length makes the robot crawl but

only one of the tested robots walked for the first 250 cymhes silicaon surface

Tape Over

Digital Solar Cells High Voltage  protors

e R B \/ 2

8.5 mm

Figurel.9. Silicon Robot with three chips with all major components indicated in the
picture[27]. Figure taken directly from the referen@g].
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1.2.2 State ofthe Art: Tiny Robots

Some importanteatureswere summarized inrable1.1. Among theerobots
we haveintroducedin the last section, only Kilobot and Alice achieve a high level of
autonomy. Although they asignificantly larger tharil cn?, they still donot meet all
thegenerarequirements we havdentified Kilobot has inefficient andnpredicable
actuation; it can only move at one third BLRS precise control of the movement
dependson feedback from other robots. Alice relies on external instructions to
perform tasks and manual change of the battéoiegsmain poweredased on this
review, it is clear that there remains a significathnology gap between the large
autonomous robots and the tiny robassshown irFigure1.10. This technology gap

will be introduced in the next section.

Tiny robots
MiCRoN

\ - I-SWARM
Honda ASIMO iRobot Roomba

¥ 9 A '\;IJ_UmP"I‘OQt Walking
S 3 icrorobo 0
Sony AIBO Kilobot HAMR Silicon

Figure1.10. Some representative robots ordered by size showing the technology gap
between autonomous robots and tiny robdigures taken directly from the
references.
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1.3 Discussion of Challengem Electronics andlotion Mechanisms

Most of these introducedrobots were assembled using commercial -tifie-
shelf (COTS) componentfor electronicsmodulesand mechanismsThis popular
approach in the robotics commundifers short design timélexible integration fast
manufacturingturnaround time, and low costor prototyping The electronics
modules onKilobot, HAMR?, RoACH, Alice, Jumping Microrobot, and part of
MiCRoN areall COTS. Whenthe robot size scales down to a few éhand below,
size and power constrambecome strict.Multiple COTS componentshat are
required toprovide complex functionality for the robot are no longer affordable in
terms of sizeAlso, COTS componentdo not usually offer the bestperformance
They mighthave redundant devices tonsume extra powear beoverdesigned to
enhance robustness and flexibiliynder such scenaspCOTS components become
unfeasibleto meet all our requirementsith limited volume and power COTS
mechanisms that can apply to tiny robots and produce reasonable motion are not
avalable at this scalél herefore, they have to lspeciallyfabricated.

Kilobot, HAMR®, RoACH, Alice, and 4SWARM utilize a €C for all the
requiredcomputationsThe computations might includrit arenot limited tocontrol
of all the other components, processing of sensor data, handling communications,
generating actuation control signal, and making decisionsin our experiene
processing sensor data to estimate distanceTdniSP430 (a 16 i €) needed to
be carefully optimized so that it could run in real tif886]. Thereforethe 8biteCs
that areusedfor computation in small robotdue totheir low power featurare not

computationallypowerful enoughand not energgfficient enoughto handle all the
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computationswhile meeing tight power budget Thus, theeCs have to operate
intensely ae high clock rate and remain active for most of the time. Whght result
in malfunctions likeexceeding the power budgatcausing delagin response

Anotherchallengeas therequirement of separat®mplementasmetaloxide-
semiconductor (CMOSghips or PC boards for integration of HV devicktany
actuatorsthat are suitable for tiny robotsrequire high operating voltag® attain
reasonable motion-$WARM compromisd onhigh voltageelectronicsand can only
move at an extremely slow speed (0.05 BLR&ny sensors that can be integrated
on CMOS chips benefirom having a HV bias. SinceHV devices are usually not
compatible with standard CMOS technologighe necessity ofhigh voltage
electronicsfabricated on a separate chip or boprdventscompactintegration.For
example MiCRoN and Silicon Robot have ASICghat werefabricated using a
specializechigh voltageprocessandare separated from the control ASIQgerating
at normal voltage

To sum up,when the robots size shrinks down, current approaches are no
longer valid. V¢ haveintroducedthree distincproblems thahinder the development
of autonomous tiny robstWe have describethree problematic approaches that are
widely used in implementation ofurrent robots:1) usage of COTS electronics
components and mechanisms; 2) centralized computatiomsgely a lav-e n C; 3}
separate chip or board for higbltage devices. Wéherefore have identifiethree
major challenges that need to be addressedhtrealization ofautonomous tiny
robots: 1) compact integratipr2) realtime and powekefficient processing;3)

unavailability of COTSiny motionmechanisms.
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In order to overcome these challengss, have to seek other solutiofstst,
alternate electronics modulasd motion mechanism®ther than COTS components
has to be adopted to meet the strict size awep requirements. Second, dependence
on and loading o£Cs have to be decreasedaithievereattime and poweefficient
processing Third, high voltagedevices are desired toe integrated wittother low

voltage electronics on the sawctap.

1.4 ProposedApproachto Implement Tiny Walking Robots

The proposedappoach seeks to provide enabling technologifs the
electronics module anehotion mechanisndesign for fully autonomous tiny robots.
To overcome or mitigate ththree challengessummarizedin the last section we
propose adecentralizedingle-ASIC platform whereeach componeris responsible
for its own operation and autonomy to the greatest exiessible Many of the
components can be custom designed and fabricated to meet specific specifications
and requirementsThe comparison for COTS and fdlstom implementation
approachfor electronics desigare summarized iffable 1.2. Full-custom generally
provides much better performanseich as smaller sizes, less overhead, higher
robustness, antbwer cost for masgroductionbut requires more design effort and

highercost more for prototyping stage.
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Table1l.2 Comparison of COTS and futlustom implementation approach for
electronics desigrNumbers given here were estimated basegeneral cases.

Approach COTS Full-custam

3 ——
Large than 10 mm® due to individual Can be asrsall as a single die< mn?

packages

Additional functionsot required Designed to meet specific requirements
More flexible and easier Difficult althoughfewercomponents
Severalweeks Severaimonths

1 month > 3 monthsand rely on the foundry

Low due tointegration ofmore components High

Low for prototyping (several dollars pel Low for mass productior{< 1 dollar per
part) part)

The platform consists of all thelectronics modulesvith HV circuits and can
be integrated with other required componentso the sizeis minimized Four
fundamental functional componentagtuation, control (or compuation), power
supply, andsensing are included tofulfill the generalautonomy requirements for
tiny robots.Note that these functional components are not completely exclusive from
one anotherFor example actuation and sensing might involve some cotigmga
power supply and actuation might involve some conti©Other specialized
components such as communications can also be incliithedsystem may need
central processing for coordination but this would argue against the use of central
processing for amponent specific function3he platform serveas the body of the
robot; he actuators andhotion mechanisms will be pog$abricated on the ASIC
directly. Walking is not as efficient assingwheek but is potentially more adaptable
to different kinds ofterrains. This design makes for a modular architecturbis

system is an improved implementation inspired Wslking Silicon [24-26] and
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Silicon Robot[27]. Silicon Robot adoptedmultiple-chip integration to fabricate
micro-robotswith onboard controlThe functions for the three chips are:ACMOS
chip to provide control signato the actuators; 2)\ solarcell and highvoltage chip

to harvest energy and to drive the actuator# 8ilicon chip withactuators. Walking
Silicon was the first demonstrati of walkingat chip scale However, the control is
provided through wires. Our design seeks a single chip platform with multiple
functionalities and could potentially be a minimusime implementation for micro
robots.

Anillustration of the final form § shown inFigure1.11.1't i s call ed a #
chipo. The |l egged chip idea was first pro
(NSF) funding proposahatwas later awarded (award # 0931878). The proposal was
submitted by four fadty membersat the University of Maryland, College Park: Dr.

Nuno Martins (ECBDept, PI), Dr. Pamela Abshire (ECEept, co-Pl), Dr. Elisabeth

Smela (MEDept, co-Pl), and Dr. Sarah Bergbreiter (MEept, co-Pl).

I—:—,_}:

A

(i
o O

Figurel.11. Legged chip consistsf a single unpackaged ASI@hé rectangles with
paterng with mechanisms (blue color) fabricated directly on top of the CMOS. The
moving mechanism in this figure is walking with legs. Dashed lines represents t
communications network between the robots.
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One implementatiorfor the electronicswould naturally bea full-custom
single ASIC systengdemonstrated iffigure1.12). De s i g nC coufd take teas of
engineers to spend a few years to finisha commercial implementation theC
could becustomdesigned or addressed by purchasing intellectual propertyrgiR)

a vendor Many opensourcearchitectures are also availalduch a®©penCore$36].

There are already some mature technologies to fabricate sensors on chip including
temperaturg37, 38] and image(light) [39, 40. Some others can be integrateal

chip without too much effort, for example pressi4dd, 42] and gas[43, 44]
Technologies formergy storaglike capacitors and battes can also be integrated on

chip [45, 46] An intermediate option is an ASIC includimgost componentghat
require specialized computations to achieve or accelerate the function, for example
signal processing, ctmol, and power electronics. At the same time COTS
components can still be used for thésectionsthat require extra design effofithis
implementation retains most advantages from single ASIC implemenlikegogood

performance and flexible integratiarhile greatly reducing design efforts.
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Figure 1.12 One possible implementation of theoposed platform diagram
including coordination andour major functions required for autonomous robot
control power supply, sensing, and actuation. The black function blackshe
major focus of thighesis HV device implemented in this work can be applied to
functionalblockslabeled HV Other light grey blocks werautside the scagpof this
researchExtended dshed line indicatethat some options of thee function blocks
can bemplementednthe same chip.

How our propose@pproaches overcome the challenggdsbe addressedn
order, in the following paragraphsTo achieve comact integrationand high
performance a full-custom ASICplatform presentsmany advantagesver COTS
components Full-custom circuits can be designed to match specific demands and
havebetter size and power performance compared to COTS compaviantshave
greaer overhead Therefore, fast and powefficient processg as well as compact
integration can be achievethtegration of multiple functions on afASIC greatly

reducesthe difficulties to assemble the rohdt also reduceshe noise and power

leakage introduced by wire bonds or PCB routing usedhifemtegration of multiple
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componentsA smaller number of connectionbetween components also has the
potential to increase robustness and reliability of the robots.

HV devices compatible with standaCMOS processs are essential fothe
integration of HV circuitsin a singlechip. These HV circuits appear in the driver
block and possibly in the power electronics block. Although there are commercially
available HV procegswhich haveboth HV and lowvoltage circuits fabricated on
the same chip, these processes are usually optimized for HV devices and degrade the
performance of low voltage circuifg7]. Since HV circuits only occupy a small
portion of thewhole system it is preferable to build HV circuits usirg standard
CMOS process instead of using a specialized HV pro@ésis.this compatibility, the
size of the robots can be shrunktifigr.

To easethe high demand®n €C asdescribedn the secondhallenge each
componentof the decentralized systernas its own function specifimixed-signal
circuits to share the loadAs a result, realime processing can be accomplished by
this paralleland custorrdesign approach.Previous designs converted the analog
signal from sensors or antennas iataligital signal at the frorénd and rely on
digital circuits(mostly €C) to handle most of theomputationsWe propose téeep
as much computation and processing in the analog idoasapossible becauysa
mostcaseswvhen the processing can be performed in analog domaalog circuits
beat the digital circuits byt leastone order of magnitude terms ofarea and power
to perform the same ta$#8]. The €C in this system i®only responsible for simple
computation anatoordinationof othercomponats and can stay indw power idle

mode or sleep mode for mosttbetime.
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Tiny mechanisms and actuators will bestomfabricatedto deal with the
unavailability of COTs components at this scale. The mechamnisinise fabricated
on the ASIC platform diectly; this configurationhas the potential tachieve the
minimum size of therobots. The actuators need to have enough force and
displacement They can be fabricated using@ microelectromechanical systems
(MEMS) process. The process has to be carefidsighed so that the ASIC is not
physically damaged or characteristically altered durpastfabrication of the
actuators. The operating condition of the actuators must be compatible with the ASIC,

for example current density, voltage, and temperature.

1.5 Organization

Underthe proposeglatform this dissertation focused dhe partsthat have
beenseldomaddressed in the robotics research. Our research was dividesixinto
parts eachpartis critical to the success of the decentralized ASl&form and is
summarized as followd-irst, we describailtralow-frequencyactuationcontrol signal
generation that is useful for actuation and control. Second, we describe
programmability and analog storage of mixetgnal circuis that are useful for
actuation andcontrol. Third, we describeCMOS compatibleHV devices for driver
and power electronicthat are useful foractuation and power. Fouth, we describe
tiny actuatorsthat are useful foractuation. Fifth, we describe low-power
computationthat is useful forcontrol and potentially forsensing Finally, we
describea clock generatdior dynamic power managemett is useful focontrol
and coordinationThe first four parts werategrated angresented as an actuation

system.
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This work is presented isix chapers. Each chapter describes one pathe
platform mentioned in the last paragrapfhe work underlyingtis dissertatiorhas
been reported ia few publications.In all papersexceptthe 2013 SPIE papel am
the first author,and | designed and perford all the experimentd)r. Pamela
Abshire is the sole eauthor and served dke editor of the final manuscript in
addition to providing guidance for the experimental and theoretical investigations. A
summary of the chapters is as follows:

Chapter 2 desibes the design of the actuation signal generator and its
optimization. The contents were published in Proceeding®0t® IEEE Midwest
Symposum on Circuits and Stems[49]. The first version ofactuation signal
generatowas initiated as a final project in a mixed signal VLSI design datse
University of Marylandinstructed by Dr. Abshire) by undergraduate students Robert
Bailey, Benjamin Chang, Angel Diaz, and Daniel Sher. Bhn Turnercontinued
the circuit design and submittélde first versionof design for fabricationHowever,
the chip was not able to achieve the low frequency we desired. Part of the pad frame
layout dawn by Mr. Turnerwas reused for all thdater unpackaged chip design
None of the circuits in the first version were reused.

Chapter 3 discusses noplatile storage and programmirigr mixedsignal
circuits. We used the actuation signal generator as anpdxairhiscircuit design
and simulation resultappeared in Proceedings 2012 IEEE Midwest Sympaam
on Circuits and SystenjS0]. The measurement results and the experiments showing
the controller driving the actuators in Chapfes being prepared fosubmssionto

IEEE Transactions on Circuits and Systems II.
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Chapter 4 provides the design and optimizatdiV N-Type MetatOxide-
Semiconductor (NMOS) in a standard CMOS process as well as its characterization.
This chapter feates an article published 2013 IEEE Sensors Journgdbl] and
another article published in Proceedings of 2012 IEEE Sensors Confés&hder.

Marc Dandin assisted owriting a testingequipmenicontrol progam in Matlab fora
Keithley source measurement unit (SMU)

Chapter5 discusses the design, optimization, and fabrication of the tiny
mechanismsMs. Deepa Sritharahelped on some of the fabriaati process and did
all of polydimethylsiloxane(PDMS) curing for packing. Dr.Bavani Balakrisnan
desigred an initial fabrication procedure and some masks for photolithografdry.
choice of SU8 as one layer of the thermal actuators remaurethangedn the final
process. Her Matlab programwhich supports mukiayer actuator simulationyas
used for optimization of the actuators. Dr. Elisabeth Smela, Dr. Pamela Abhdkire,
Sritharan and | had regular meetings to discuss the fabrication so part oéshgnd
was a group effortl did mostof the optimization, fabrication, and testinghe
experiments showing the controller driving the actuators in this chapter and the
measurement results in Chapteris3 being prepared for submission to IEEE
Transaction®n Circuits and Systems II

Chapter 6 presents alow-power computatiom approach for designed
intelligence We used odometry as an implementation example. This odometry circuit
was published in Proceedings of 2013 SPIE8[A3). Mr. Michael Kuhlman is the
first author of the paper, defined the probjetesigned the prelimary mixedsignal

circuits and did the error analysible initiated this circuit as his final project in a
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graduate circuit class instructed by Dr. Horiuchitla University of Maryland.l
modified the circuit architecturenproved the performandesped@lly reduced error

to an acceptable leyelimplemented a digital counterpart for comparison, and did
data analysigo understand the experiments. Dr. Abshire did the final editing and
provided suggestianfor the experiment. Aimproved sine shaper cintuvas also
presented which was later published in Proceedings of 2014 New Circuit and Systems
Conferencg53].

Chapter 7 discusss a lowjitter osallator similar to the actuation signal
generator. This circuit provides a clock signal antiibitsa tradeoff between clock
quality and power; it is suitable for dynamic system management for a power
constrained system like ours. This work wascepted dr publication inIEEE
Transactions oWery Large Scale Integratiddystemsn February 2016 [54].

Chapter8 concludes this dissertati@amd discusses future directions

1.6 Contributions

Chapter 2:

A Utilized a frequency divisiortechniqueto achieve ultralow frequenayscillation
withoutimpractically large chip area.

A Developeda designapproactfor the ultralow frequency motion controlley guide
design choicgto optimizearea, power, and phase s@iThe choices are guided
by a simulatiorbased capacitance modkét elucidates the constraintsamongthe
underlying design peameters Different performance metrics cab be selectively

weighted in the optimization tmeet specifications.
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Chapter 3:

A Desgned andmplementeda programmabldloating-gate phaséocked loop The
circuit is able to store the frequency information +vofatilely and can be
programmed automaticall{this design is the first demonstration incorporating a
floating gatestructurein a phasdocked loop.

A Integratedthe floating-gate phaséocked loop controller on a legged robot to
demonstrate leg control.

Chapter 4:

A Demonstrated the highest reported breakdown voliagt V, 10 V higher than
the previous 30 \51]) for NMOS transistorsn a standard 0.5m CMOS process
without modifying any standard masks

A Identified the breakdown mechanisnfer the devices testedjateinduced drain
leakagebreakdowrand avalanche breakdown

A Compareddraincentered and souraentered circular structurder HV NMOS
transigors directly on the same chip, showing that the optimal structure is-drain
centered

Chapter 5:

A Demonstratedhe utility of a cantilever simulation tool to optimize the blocking
force and bending angle of thermal actuatdle actuators were capablelifting
three times the weight of the robot. Fowampatible materialfor the sacrificial
and electrode laysduringfabricaton of the actuators.

A Demonstrated leg control on the thermal actuators with control signals prdwided

the actuation contradk chip.

28



Chapter 6:

A Developeda mixedsignal computational architecture fadometrythat achieved
60x and 330x energy efficiencies compared doi gi t al ASI C and
Implementationsrespectivel\j48].

A Developeda design methodologyfor sine shapers to achievarbitrary input
voltage range and its mapping to angles

Chapter 7:

A Proposeda frequencyboost jitter reductiontechniquefor ring oscillators and
achieved thebest phase noisdigure of meritat one operatingréquency and
competitive performance at other frequencies coegavith other eported
designs[54]. This figure of merit is a commonly used metric to compaEsESss
oscillators operating at diffené setting and fabricated using different

technologies.
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Chapter 2Ultralow Frequency ActuatiorControl for Legged
Chip

2.1 Control Signal for Roba¥otion

Researcherdiave used binspired control like central pattern generator
(CPG)[55-57] to generate complicated ga@PG has multiple coupled processes that
produce rhythmic outputs even without actuator or sensory feedback. However, CPG
iIs unnecessaryor tiny robots that cannot perform complicated g&dr tiny robots,
motion control often relies on a periodic signab drive actuatorsfor example
Kilobot, HAMR3, RoACH, MiCRoN, +SWARM, Walking Robot, and Silicon Robot
The signal is usuallp square wave with tunabieequency and duty cycle to control
motion of the rbot. Frequencies of thperiodical signal raregfrom less tharl Hz to
several KHzdepending on the mechanical response of the actuaigged robot
(HAMR?, RoACH, Walking Silicon, and Silicon Robptusel two phasedperiodic
signal to achieve alternagngait by dividing the legs into two group&igure 2.1
illustratesthe use of two phasedquarewave signals tocontrol leg actuation in a
legged chip,a robot that uses a CMOS chip as its substrate and -glectre
mechanical wstans (MEMS) actuators as its legbhis ciliary moving mechanism

wasshown in multiple work$58-60].

" Most of the naterial in this chapter asoriginally published aé T.-H. Lee and P. A. Abshire, "Design methodology for a
low-frequency currenstarved voltageontrolled oscillator with a frequency divider,” in PrdEEE International Midwest
Symposium on Circuits drSystems (MWSCA2D12, pp. 646490© 2012IEEE.
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Figure2.1. Gait illustration ad associated-4tate signals (A, B, C, and [§8-60].
Actuators and control signals are divided into two groups (I and II).

Physical characteristic®f micro-scale actuatorssuch as resistance and
capacitanceare not expected to be well controlled, sowill be hard to set a
predeterminedactuation frequency for efficient motion control. In addition, it is
highly desirable for theontrol signalto be adptable to different kinds of actuators
and systems, and teelable to compensate for fabrication toleraremed assembly
variations betweenindividual robots Therefore, the output frequency has to be
tunableovera wide rangef frequencie¢0.1 Hz to 10 Hz)

The first version of this two phased control generatas initiated as &nal
project in a mixed signal VLSI design clasghe University of Marylandinstructed
by Dr. Abshire)by undergraduate students Robert Bailey, Benjamin Chang, Angel
Diaz, and Daniel SheMr. John Turnercontinued the circuit desigand submitted
the first versiorof designfor fabrication However, thechip was not able to achieve

the low frequency we desireBartof the padirame layout dawn by Mr. Turnerhas
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been reused for all the unpackaged chip design Nenee of the circilis in the first

version were reused.

2.2 Design of Control Signal Generator

2.2.1 Architecture forLow-FrequencyOscillator

We chose voltagecontrolled oscillators (VCOs)as the corecircuit to
implement the squamave signal generator with programmable frequentereas
most design efforts are directed toward high frequency oscillators, low frequency
oscillators (<1Hz to several Hz) present unique design challenges and have many
interesting applications includingot only motion control for tiny robots but also
biomedical, biologica[61, 62] geophysical, audio, contrf3].

CMOS oscillators can easily go up to hundreds of MHz or @4z 65]
Therefore,means are required to bridge this frequegap betweerihe CMOS and
theactuation frequencylhe most straightforward way to implement a low frequency
oscillator is by scaling up the size of components in the oscillator. However,
increasing the component sipaly decreases the frequency lineadyd leads to
impractical design parameter3his can be explained using an example af
relaxation oscillatorwhich hasa current sourcdo either charg or discharg a
capacitor.The current direction is controlled by a controller with two thresholds.
Whenthe capacitor is being charged and its voltage reaches the upper threshold, the
controller switches the current direction and vice versa. This yieldsaagle
waveform bouncing between two thresholds. One setting to achieve 1 Hz oscillation

is to have aapacitor of 1 nF, a current source of 2 nA, and a triangle swing of 1 volt.
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A 1 nF capacitor implemented with a pgdgly capacitor would occupy more than 1
mn¥ chip area which is impractical. A current source of 2 nA is at thermal noise
current level ad we lost linear control at this scale of current. Therefore, linear scale
does not work for our application.effe we introduag a frequency divider (FD) in
order to achieve low frequency operation. By cascading multiple dbyideso (DB2)
circuits the fequency decreases exponentially for a linear increase in area. However,
frequency dividers increase the total power consumption and intredwadditional
paramete(frequency divisionpnd tradeoffs into the design proceBse architecture

of the contrbsignal generator is shown kFigure2.2. The function of the D fliglop

(DFF) at the output of FDvill be discussed in more detailssection2.2.3.
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Figure2.2. Block diagram of thdow frequencyoscillatorwhich consists of a VCO
and a FD Oscillation frequency of VCO isscand asiredoscillator outpufrequengy
is fo.

2.2.2 Current Starved VCO Design

In comparison with other VCOs such as -tabk osdiators and source

coupled oscillators, curreistarved (CS) VCO$CSVCOs)exhibit the widest tuning
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rangewhich is favorable for our applicaticand at the same time achieve a practical
balance among area, power, and phase rasseeported by Hsiebt al [66] and
Miyazaki et al.[67]. Therefore, this work focuses on the optimizatiora&SVCO
based square wave signal generator with programmable frequency

This design implementedn N-stage CSVCOshown in Figure 2.3. Two
inverters not shown in the figure weredad to the output to sharpen thdges of
output signal The output inverters are important especially wkien frequency is
slow. The VCO gain was linearizedith a large resistor R D Kq). Since the
desired frequency is low,@urrent divider stageMs and M, was added to reduce the
currentlcsimirrored to the CS invegrs (CS$) by makingthe W/L ratio of Mz smaller
than Mv. The feedback capacit@ was included to enhance the effective capacitance
of the inverter. Although the capacitance per areavailable capacitors are usually
several times smaller than that of gate oxide which the transistors can provide, some
other effects take place and makeuseful Oscillation frequency in this structure
mainly depends oftsi(controlled by \W), numbe of CSI stagedN, and size of CSl,
Wip/Lip and Win/Lin. Moreover, we will letWin=Wip=Lip=Lin=W and this will be

explained insection2.3,
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Figure2.3. CSVCO with a linearizingesistor R, one current divider stage &hd
Mas, and one feedback capacitor with capacitabice

2.2.3Frequency DivideDesign

The FD circuits were implemented by cascadWigstages of DBZircuits
which yields an internal oscillation frequencyfef=2VA. DB2 was implemented by
connectingQ’ output of a FF to its D input and making CLK input an@ output as
the input and output of the DB2 respectivalfiis configuration can be seenkigure
2.4. The output port, Q, changssate when a positive edge is coming in the clock
input port. Therefore, the output stays constant for a whole input clock cycle and,

then, changes state at the next cycle. The frequency division by 2 is achieved hence.

36



— D Q )»
D
—> Q

Figure2.4. Configuration of the DFF based DB2 circuit.

Two kinds of implementations of B were introduced: transmissigate and
dynamicas show inFigure2.5 (a) and (b) The dynamicdDFF has a few advantages
over the transmission gateFB. Dynamic OFF has 11 transistors/ less than
transmissiorgateDFF, and, thuspccupiedess areand has less leakage currehe
total capacitance of internal switching nodes for dynamieF Ds les than
transmission gate DFFand, thus, consumes less dynamic powdthough the
dynamic DFFshows both lower area arower power consumption, it only works
when input signal changes often enoumgtause its function relies on temporary
charge storagenicapacitance and could bestroyedoy leakageIn our simulation,
dynamic DB2 (DDB2) works for input frequency higher thakHz. Moreover, we
set the output frequencys, to be 1 Hz, a simulation determinedptimal actuation
frequency foithe MEMS legsthat will be used as iRigure2.1. Under this condition,
DDB2 was only used for the firstM-10) stages whemM is larger than ten or

otherwise all stages would bansmission gatBB2 (TGDB?2).
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Figure2.5. (a) Transmission gate base®D The inverter for clock inversion is not
shown. (b) True single phaseydamic OFF.
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The function of the DFF at the outpwgeg Figure 2.2) is to eliminate the
timing error introduced by the DB2 circuits. The timing jitter of the CSVCO for each
cycle can be considered as a random varighleWithout this DFF the timing jitter
at the oscillator output is the sum of multiple random variablegii+ M iz
assuming random variables are stationatyereqd: is the timing jitter ofeachDB2.
However, with the DFF the output would only changéhatrising edge afhe signal
generated by the CSVCO. The timing error consequently only depends on the

CSVCOand becomegi.
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2.3 Oscillator Optimization

Simulation of oscillators is usually commationally intensive and slo\68-
70]. The simulatiortakes several cycles for the oscillator to achieve steady state and
it will require another tens of cycles to get statistical result like frequency and phase
noise. It also requires fine timing sterfe hundredth of the a#lation period to
capture the details of the huge transient. Therefbiie,desirable to accomplish as
much of the design as possible in an analytical or roalsetd frameworkMost
studies on optimization of oscillator®r example Leund71] and Abidi[72], have
focused oneducing timing jitter or phase noide. generation of control sigrafor
tiny robots, timing jitter or phase noise of the signal is not as critical as area and
power constrainbecause the frequency stability is not strictly importiliotvever, it
would still be a benefit to consider the phase noise to prevent unstable actuation from
happeningWe propose a design methodology which considees and poweas
well asphase noiseA model for effective capacitance of a CSVCO was developed to
serve as a liige between the design parameters and these metrics when VCO current
and frequency are predetermined.

In ourcasethe desireautput frequencys 1 Hz. Icsiwas choseto be290 nA
so that the bias current only consumesAL with a 3.3 V supplyMoreover, br best
tuning range Vin should be in the middle of the line’iCO gain region(~1.2 V).
Then, the current bias of CSVCO {Mo M4 and the resistor) was designed
accordingly.

Fromsection2.2, there are fouremainingdesignparameter&N, M, W, andC:.

If performance metrics, area, power, and phase noise, can each be directly related to
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the four design parameters and the combination (product for example) of the metrics
forms a cost function, it becomesfaur-dimensioml optimizationproblem.SinceN

and M are integers and have a practical range, it is actually aditwensional
optimization problem given ond and M combination; we find optimaW and Cs
givenN andM and then find the best sainongall possibleN andM combinations.
However,W andCs cannot be chosen arbitrariggvenN, M, and an output frequency

fo. They have to follow a relationshgo that the output frequency is as desirede W
propose asimple andaccurate model for effective capacitance of a CSM@@h

can be usetb avoidexhaustivesimulaton. The model relate€: to W and eliminates

one dimension for the problem whilproviding a goodapproximation of the
oscillation frequencyGiven N and M, the optimization becomes a edamensioml
search oveYV usng approximations of area, power, and phase noise that only depend

on these design parameters.

2.3.1 Effective Capacitance Model and Frequency Estimation

The oscillation frequencisc of a CSVCO without the feedback capacitor can

be approximated asiggested by Bakef73]

I
f — "CsSlI .. 2 1
ose Ajd Co:eff ( )

where Ceff is the sum of theeffective capacitanceat the output of each CSand is
given by

Ceff = N % C&vilp Llp Wn+|'m) (22)
whereN is the number of CSI stages a@ox is gate oxide capacitance per unit area.

Fromthis analysiswe infer thatthe function of Mk and Ms is to provide capacitance,
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and thus, these transistors were designed to be sguodrie same size minimize
area(Win=Wp=L ip=L1n=W). BecausédcsiandVudq are fixed, we focused agstimating
Cett In Order to better approximatfose We modekd Cett as the weighted sum of

capacitance contributed biyetransistorsand the feedback capacitor

Cet (NNW, G )= K(W @g( NW KW ¢ (2.3

where Ki(W) and Kz(W) are regression parameteiScsi (N,W) is the effective

capacitance contributed by the transistors
Cest(NNW) =[N B GO W O] (2.4
whereC. is theload capacitane ofthe CS/CO, input capacitance of an inverter in

this case

To determineKi and Kz, we first usd transientsimulations with different
combinations oN, W, andCs to find fosc Then,C_ is calculatedas|cs/Vadosc For
some ginulationsCs was set to zero ari¢h was extractedrom Equation2.3 by

K,(NW)= G / Go(NW. (2.5)
Minimum regressiorerror ofEquation2.5 was obtained for

0.258v* 9.357WO 6.8

K = - - .
(W) 0.490V? 0.0897WO 10::

(2.6)

The worst case erras 0.3%and theN dependence was taken away becaddisgtays
relatively constantwhile varying N. The regression result ishownin Figure 2.6.

Next, K2 was extractedfrom Equation2.3 againby replacingKi with Equation2.6

andgetsimulaed C_, with nonzerdCr as

K,(NW,G)=(Gy -K(W @ (NW/ G 2.7)
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For largeW, Kz is dominated by the residual error if. Thus, K, values werdeld

fixed once Equation 2.7 times C is less than 0.%%6 of Kiy(W)ACcs. Minimum
regressiorerrorof K2 was given by

0.00273W° 408.63M0 36W 228+

K = . .
(W) 28.33* 485.88W0 366.26

(2.8)

The N and Cr dependences weralsoremoved for simplicity while enough accuracy
can still be maintainedlhe resuing K2(W) is shown inFigure 2.7, and the percent
errorin Cetf (N,W,Cr) compared to simulate@ess is shown inFigure 2.8. Errors are
less than 10% for most cases. Large ersoarise forsmall W ( < 1 5anct m)
particularly forlarge Cr (red dashed line withight-pointing triangles, solid orange
lines with leftpointing triangles, antllack dashed line with solid circles) subset of

configuration spacerhere optimal resudtrarely occurfor our ecifications.

K 1(VI0 approximation

0.64

; L e N=3
Pl a = N=B

o6,
o8l N\
" 058

056 %

0.54

0.52 - -
10 W of Sl (um)'°

Figure2.6. Kiregressiorextracted from simulationssing Equation 2.%ith zeroCs
andN of 3, 5, and 9ersus differenWW. N dependencés negligible Dots are data
points andall lines except the red onare connecting lines. Red dashed line is a plot
of Equation 2.6.
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K2(W) approximation
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Figure2.7. Kz regression extracted from simulatiamsing Equation 2.With nonzero

Cr and N of 5 and 9versus differen W. N and Cr dependenceare ignoredwhile
enough accuracis still maintained.Dots are data points and all lines except the red
one are connecting lines. Red dashed line is a plot of EquaBion 2.
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Figure 2.8. Error of our Cert model versus differentW compared to simulated
effective capacitanc®ots are data points and all lines connecting lines.
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Note that Ki(W) is less than onethis occurs becausé&quation 2.2
overestimates the effective capacitaressuning that the transistors remain in
saturationduring the entire operatiotlowever, the transistors can operate in triode
region or even turn oféind, thus, provide much less capacitan®gtually ntype
metaloxide-semiconductor (NMOS) almost turns df while p-type metaloxide-
semiconducto(PMOS in the same CSk on, and vice versa. All these effects result
in thatK1 is close to halfK2(W) is somewhatarger than onas a result ofi) Miller
effectacrosscapacitorCs; and 2)sharing ofCs by the first and last CSI WhenW is
small K2 increass with W because the raib-rail voltagerange is not fully utilized
by the CSVCO and voltage swing of the CSINV increased\as

Finding K1(W) andK2(W) allows us to predict the oscillation frequency lohse
on Equation 2. AndEquation 2.3More importantly this model describes analytically
the relationship betweeWw and C: (Equation 2.3)given fo, N, andM. It converts the

optimization into one dimension and makes the optimization become possible.

2.3.2 Area Aproximation

The aea of CSVCO and FLIxircuits wereapproximatedising extractedlata
from layout desigrby taking advantage of the regularity of the oscillator structure
The total area is

Ax=N @5 A, C# G, A: (2.9)
whereAcsi is area of a single CSBov is the area of the resistor, transistors aid
Mas, and two output inverters of the CSVCO)yp is the capacitance per unit area of
the polypoly capacitor, and\rp is area of the frequency divider. gffirst three terms
represent thearea of the CSVCO The area of a single CSI stage Assi =
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(2W+Wov)AW+Lov) where Wov and Lov are the width and length overhead for
routing and substrate contactss well asMiz and M4 as shown illustrated ifigure
2.9. This area approximation for CSVCO is accurate because the circuit topology is

regular.The FD area is

_EM P\ eom if M ¢10

=7 . (2.10
10 s, ™M 10) Al else

Ao

where Ateps2 and Aopsz are the areas of a TB2 and a DDB2 respectivelythe
condition ofM was determined as the discussioséction2.2.3.Area of Mi and M
wasnot considered becausigey occupy a smallfraction of the total areand arenot

needed irall low-frequency CSVCOs.

N - POly

Active

Figure2.9. Area approximation oi CSINV. The total width (vertical direction) and
length orizontal direction) of the layout are approximatelyW2Wov and L+Lov
respectively.
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2.3.3Power Approximabn

The average dynamic power dissipated by all CSI&iflcs [73]. The
average power of the CSVC®g¢sico, is assumed to b2Audlcsi (including current
of M3 and Ms but notM1 and M) plusthe power of inverters at the CSVCautput
PL. The power ofaDB2 circuit was fit to the simulated poweith a 3.3 V supplyby
linear regression. Power of TGDB2 and DDB2¢ps2 andPops2, became11fin+L12
and L2&in+L22 respectively, wherén is the input frequency of the DB2 circsiind
L1, L1z, L21, andLzz, are 8.74€13, 7.39el1, 4.70el3, and 3.264.0 respectivelyThe
result is shown irFigure 2.10. For Prcpsz, the regression result is slightly off at low

frequency input but it is at 18level and care ignoredThe power ofthefrequency

divider Pep is
éL.2f k.) -+ (Lx MO L) +
T(Lll 0 12)" - 2( 11]:. O Mg)-lL 12)0 |f M ¢10
PFD - I—11 Q - ) 0 12 (211)

i

=i . ) ;
~ L, @2"t 2 £ O M+ 10) L O +
Ji ZlQ ) o) ( ) 22 |f M >10
|

L,@" 2) 010+, O

PL was calculated usinghe same regressiomethod and it becomes 2.64e

13&in+2.39e12.
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Power approximation
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Figure2.10. Power approximation for TGDB2 and DDBPhe simulation of DDB2
started from an input frequency of 1 KHz.

Finally the power of the whole circuift, is given by
I:zot :VVCOR QZSVCO I:]-L PIEIE (212)
whereWcoris a correctin factor to account for powether thardynamic power, for

example power consumed by leakage and shiantit current.Underthe assumption

that dynamic power dissipates 80% of the tdloris 1.25

2.3.4Phase Noiséodel

In this work we assunaethat the primarynoise source is flicker noise {1/
noise) andiming noise in the CSVCO dominates. We adépb i dnodelsof phase
noise model for an invertdrased ring oscillatdi72]. The power spedt densityis
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wheref is the frequency offseg¢n andep are electron and hole mobilitgnd K and

(2.13)

(ED~CD

Kir are empirical coefficiestfor flicker noise in NMOS and PMOShe first term
(the square brackets3 constantf we are looking at a specific and the second term
includes alldepenénce on desgn parametersBecause phase noise is typically

expressed in units of digs optimization metricNwot, is given by

(2.14)

Jo:of

ax ¢ - Mpin é ax
N, —10Iog£—l“\”| GM-Muin) =

whereNwvax and Wwax are the largest possible number fbandW respectively, and
Mwin is the smallest possible number figr. These factors are used to mdke:

positive at anyime.

2.3.5DesignFlow

The optimaldesignparametersan befound by minimizing the product of

area, power, and nois&PNP,

APNRW, W, W)= & & 8 (2.15)
where Wa, Wk, and Wi are weighting factors for area, power, and phase noise
respectively.Figure 2.11 illustrates the desigflow. Parallelogram, rectangle, and
diamond blocksndicatesetting parameters, operations (simulation and calculation),

and making decisiarespectively.
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Figure2.11. Designflow for the CSVCO

The design constraimand process paramesearespecifiedin Step 1. Step 2
obtains regression parameters based on simulationgasdlitapproximatethe area
of individual components from layout or desigriarsperience. The weighting factors

are adjusted in Step 3. In Step 4 we select a pess#tlofN andM (Ni andM;i) where
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optimal W for each combinationWort(Ni, Mi)) is found using a Matlab function,
fminbnd, andthe upper and lower bounds are set to cover all physically po¥dible
Corresponding ptimal Cr was found using Equation 2.From all these solutions
optimal APNP (APNPRop1) and Awt are found and the optimal desigrarameterare
recorded. Step 5 compares the with the area constrain Avax. If Awt exceedghe
constrain, theprocesgeturns to Step 3 and puts more emphasiarea (increasé/a

or decreas®V or Wh or both). Thenthe candidate design is simulatedobtainthe
output frequencyfgsin), power Psim), andphasenoise (sim). Since there is error in
the model for effective capacitance, Step 7 checks whethefo ghefalls in an
acceptable range. If it doest pass, the process returns to Step 2, adds the simulation
result to regression data, and refines the regressaatel parameters. Step 8 checks
whether power or phase noise frahe simulation exceedshe constrain. If either

one doesot pass, the process returns to Step 3.

2.3.6 OptimizationResults

Severaldesign examples for a 0ggn CMOS technology with a 33 power
supply are presented Table 2.1. We selectedo andlcsito be 1Hz and290 nA,
respectivelyas described abové&he effect of changing one weighting factor can be
seen by considering thrabstinct cases where the other two weighting factors are
kept constanttor examplechanging the importance afea, power, and phase noise
can be observed formatain columrs [2,4,9, [2,6,7, and[1,2,3, respectivelyto
improve the corresponding metri accordingly. The APNR5,14) versus W for
Wa=Wk=Wnh=1 is shown inFigure 2.12 (the second data column irable 2.1); the

APNR?5,13) versudV for Wa = 1, Wp = 1, WN = 2 is shown irFigure2.13 (the third
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data column inTable2.1). Two types ofAPNP functions were encountereBigure
2.12 illustratesa convex function over valitV spaceand the optimal point is at the
minimum of APNP. Figure 2.13 APNP illustratesa monotonic functiorwherethe
optimal point is at the boundary of thmange ofvalid W. The valid W ranges are
different for these two examples becauseNhparameters are differenthe APNPs
over a possible set &f andM for two case areshown inFigure2.14 andFigure2.15.
Each data point in these two figures is an optimal poi®RifIRNi, Mi). The optimal
design parameted, M, W, Cr andperformance metricleot, Piot, Niot for Figure2.14
can be also found ithe second data columnTable2.1.

Table2.1 Design Scenario

Column # 1 2 3 4 5 6 7

Weighting | Wa 1 1 1 0 0.5

Factors — myp 1 (1 |1 |1 10 |55
Wn 0 1 2 1

Design N 5 5 5 5 5 5 5

Parameters 15 |14 |13 |0 13 |13 |12

Wi(e m 2.8 |887 |17.71|1631 |17.71|11.24| 15.01
Ct (pF) 0.9% |0.8 |0.012|0.87 [0.012/1.% |4.05
Performance Awt( €3n | 1.5e4| 1.6e4| 1.9e4| 2.7e7| 1.9e4| 1.8e4| 2.1e4
Pot( € W)| 241 | 2.393| 2.383| 2.370| 2.383| 2.383| 2.377
Ntot 152.9| 136.8| 124.8| 7.2 | 124.8| 128.7| 120.2
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Figure2.12. APNP(5,14) for Wa=Wr=W\=1. Green circlandicates the optimal point.
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Figure2.13. APNP (5,13) for Wa = 1, We = 1, WN = 2. Green circle indicates the
optimal point.
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Figure2.14. APNPover (Ni,Mi) for Wa=Wr=Wn=1. White spaces indicate that there

is no valid solutionThe output frequency cannot be achieved by the parameters in
the top white space. Th& requirement for the bottom white space is smaller than
physical limitations for the CMOS press we use.
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Figure2.15. APNPover (\i,Mi) for Wa = 2, We = 1.5, W\ = 1. White spaces indicate
that there is no valid solution because the output frequency cannot be achieved by the
parameters in the tophite space.
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2.4 Duty Cycle Controand Phase Shift

After the square wave is generated, two phasedtrol signal can be
generated usingimpledigital combinational logic circuitSignals with different duty
cycle and phase shift can be generat@td combination of square waves from DB2
stagesA few examples are demonstratedFigure 2.16. This approach can be used
to generate other types of signal. Triangle and sawtooth waves can also be generated

without too much effort.

A _| | f
B of
c | LI LI ©L_I ] 4f

Y

18 l—l A-B-C
dut])j (:ycle—,—| AB(© D)
16 ,—I B-
overlap

Ooverlap ABC

14 ,—l ,7 A-B
duty cycle

U8 ]  A® O
overlap

0 overlap, AB

Figure2.16. Generation of control signals of 1/8 duty cycle with zero or 1/16 overlap
and 1/4 duty cycle with zero or 1/8 overlaphe generation utilizes digital
combination of fousquare waves with frequencies of f, 2f, 4f, and 8f.

2.5 Experiment and Results

We implementedand tested a CSVCOrigure 2.3) whose design parameters
are summarized ifable2.2. The CSVCO is followed by frequency divider with 14
DB2. The measured output frequency versus inmitage under 3.3 V supply is

shown inFigure2.17. An oscillation frequency of 100 KHz corresponds to 6.1 Hz at
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the output of the frequency divider. In oak the outputfrequencyof the frequency
divider is linear ranging from 0.1 Hz t@2 Hz which well covers the actuation
frequency we desired for the MEMS actuators. The lineandies the tuning easier

and improves the programming accuracy as we vattuBs in Chapter 3.

Table2.2 Summary of the CSVCO design parameters. The parameters for transistors
areW/L with unit ofa(0.35em)

N M Ci R M1 | M2 M3, M4, MI1, MI4 Mi2, MI3

5 |14 |2.04pF|100K q|6/2 |60/10 | 10/10 8/8

x10° Measured output frequency v.s. input voltage

2.5

0 0.5 1 1.5 2 2.5 3
V.. V)

Figure 2.17. Measured outputrequencyof the CSVCOversus input voltage. Red
line is an approximated straigime.
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2.6 Discussion

2.6.1 ModelbasedOptimization

Oscillator simulation is usually time consuming. Moreover, we can only find a
feasible set of design parameters because relying on simulation to find optimum
design parameters is sometimes impossible. Withithefanalytical or modebased
optimization, we can find optimum design parameters in a more timing efficient
manner. This gives us a good starting point for simulation. Changes of the parameters
are needed during the simulation stage because using dompdel to describe a
complicated system usually introducésaccuracies In our case the optimal
parameters rarely fall in the highinaccuratearea so only minor changes of
parameters are required during simulation. The optimization flow we proposed all
the designers to adjust the emphasis of different performance metrics and to meet
specifications when the requirements vary. We have presented a few examples to
demonstrate the effects of changing the weighting factors.

Most importantly the initial shulations have to be done only once for one
process technology. Themmet regression parameters can be reused for the same
technology assuming the run to run variations are not signifiSamall variations can
be overcome during tuning the design paramsedéter findng the optimal parameters
using the optimization flowA good coverage of thdesign parameters have to be
selected angimulated to get initial regression parameters. After thiatulations
done during design will add to the model and furtiedine the regression parameters.

When the number of samples increase, the model becomes more accurate.
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2.6.2 Power Supply Rejection

We propose one possible method to reduce power supply rejection of the
oscillator.Power supply voltage on tiny robots tenddltctuate because the wireless
power source is not stable and theabwp power electronics doot have as good
performance as larger scale ones. From Equation 2.1 we found that the output
frequencyfosg is proportional to the inverse ®d if Icsiand Cetf are constant. Our
goal is to make the derivative &fsc to Vada zero so that the output frequency is

independent of power supply voltage. This is done by

I dl .. N .
d(\%) csl (ydd Cc;e)ff Ic'5| Ceffo
do Len_ Vg 29 (2.16)
- 2 . . .
dvdd Vi (I:Eff

Here, weassumeCett doesnot depend onVad. Then, by letting the numerator of

Equation 2.16 become zero, we have

d(@) = % (2.17)
dd dd
CSI current can be solved by
leg = b, \Q, (2.18

wherebs is a constant. Since we also néeslto be proportional to ¥ for the VCO
to work, the current can be designed as
leg =6, D, V& (2.19
wherebz is a constant. In this case we need a voltage multiplier to perform Equation
2.19 and replace the current conversion stageguare2.3 (M1, M2, and the resistor).
The problem of implementing Equation 2.19 sttt most multiplier circuits

have limited linear region and would not function with one irggNdd¢. One circuit
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topology using multiple inputranslinearelements (MITEs) works for extended input
range as shown iRigure2.18[74, 75] Using this topology can also help increase the
linear range for M. When all the transistors operate in saturation region, the output
current can be expressed as

2K

=1 outl ou '(=rn+—2)2

V, VaV; Vor (2.20)

out

whereK is the transconductance paramete¥ilandVs are connected tdad and VIN
respectively whileV2 and Va4 are both connected to ground, the output current

becomes what we need as Equation 2.19.

I outl \l' ~l' I out2

Vi Vi FV FVa
7% 7 FVs V.,
Vel Ve Fv CFv,

Figure2.18. Wide input linear range MITE based voltage multipfiet].

Although the current doe®ot depend on/g, it has to be carefully designed in

order to keep the transistors in sation. Since

_YotV, M (2.22)
9 m+2 '
and V2, V4 are both 0 V, this condition has to be satisfied:
V, 2 m?”wh. (2.22)

If m is set to be onéyg has to be larger than three times the threshold voltage.
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Chapter 3Memory andProgrammingi FloatingGate Phase
Locked Loop

3.1 Introduction

In order to have autonomous operationsinecessary to have the ability to
locally store command sequ&sc and parameterOtherwise, initialization when
powering up for a huge swarm of robots would time-consumingor even
impossible all robots have to be programmed through some means before they can
perform the tasksAt the same time, programming the mmy device to store the
right information is sometimes an issue. In this chapter we usertugsdiscussed
in Chapter 2 as a target of information storage and programming.

The control signal generator discussedimapter 2 depersdon adjustinghe
input voltage to producé¢he right output frequencywhich yields high actuation
efficiency. In order to achieve autonomous operatioieally we would like all the
circuits tofunctionwithout external inputs (with the exception of powapply). This
requires that the system has the ability to determine the right input voltage and store it
locally. One possible waio store the voltages by physically changing devices like
potentiometer.However, this method requires extra desioghich cannot be
integraed on chip Another way is to have a digitéd-analog converter (DAC) and

hard wire its input pins tthe power supply.This method is not appropriate because

" The circuit design and simulation resiritthis chapter were originally published &J.-H. Lee and P. A. Abshire, "An
ultra-low frequency ring oscillator with programmable tracking using a pluecked loop," in ProclEEE International Midwest
Symposium on Circuits and Systems (MWSC2MEP, pp. 17200 © 2012IEEE. The measurement results and the experiments
showing the controller driving the actuators in Chapter 5 are in preparation for subnisiEE Transactions on Circuits and
Systems Il.
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extra pins are required and hard wiresdificult to alterafterwardsVolatile storage

iIS nd a good option because initializaticat startupis impractical andtime-
consuming particularly fora large swarm of robot&ue to the lack of nonvolatile in
I-SWARM robot, the optical programming process would take more than 45 minutes
[23]. One promising approach is floating gatemorieswhich can be directly
integrated on chigFloating gate is similar to the flash memauyd is widely used for

Electrically Erasable Programmable R&adly Memory(EEPROM)[76-78].

3.2 Floating Gate Phasé¢ocked LoopFGPLL)

Programmingthe frequency involvesbserving the output, analyzing the data,
and applying the right contraignal This can be accomplished manually but here
automaticprogrammingwas implemented in order to simplify operation amka
minimal number of external connectioi3uring programming, bias voltages aad
reference signal are applied to the system and the oscillator adjusts to the desired
frequency automaticall based on these inputs. After programming, the oscillator
continueso generag the periodic signal athe programmed frequenagquiringonly
power connections.

The systenis essentially &£SVCO circuitplaced in the feedback loop of a
phaselocked loop (PLL) with a FD at the outputComponentsanclude a phase
frequency detector (PFD), an injection and tunneling programming ciisidifTUN),

a VCO, and twdivide-by (DB) circuits (DBN and DBN) as shown irFigure 3.1.
There arghree maingoals ofthis design: 1o generate a square wave output with

programmablérequencyfo; 2) to functionin normal operation modeith no external
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biases or controls; 3p programthe outputfrequencyfo once andetain thestored

valueeven dter the power supply is removed.

GriM VingVrunVa Ver

fire = (N1/ Ny)- f? Up ? ? ? ? fvao = Na-fo
e D o

VFG 0
INJY TUN VQO DBN; > Out

A\ A 4
h 4
\ 4

VVCOD VV(D

(N2/ Np) 'for Down

A

DBN,

Figure 3.1. Systemdiagramwith six input pins. Desired frequency is showah
important nodes

In normal operatiomode, no external biasesearequired to generate the
square wave output. Butomatic programming mogda reference periodic signal Ref
and four biases must be supplidthe digital control signaCtrIM is by default high
to ensure that no extra connection is needechammal opeation and manual
programming modesNhen CtrIM is low, the system is imutomatic programming
mode; the PLLdrivesthe oscillation frequency tmatchthe frequency of Ref. In
manual programmingnode Vins or Vrun is applied manually to adjust the frequency
based on the observed output frequency.

The primary innovationn comparson to conventional PLLs is in replacing
the charge pump bgn INJ/TUN programming circuitlt is the first implementation
combing a floating gate and PLIunneling and injection nokanisms replace the
charging and discharging funct®rfor the nonvolatile storage mechanisirhe

oscillation signal is dowsconverted to low frequencies byfrequency divider.
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3.2.1 Circuit Description
PhaseFrequency Detector(PFD)

The PFD was implemented thi two additional OR gatest the output as in
Figure 3.2. One input of both OR gates is CtrIM. When it is low, which represents
automatic programmingnode, the two OR gates pass the outputs@add anormal
PFD. When CtrIM is hgh, Up and Down are always high. diifficient voltage is
applied to Wi or Vrun (see INJ/TUN programming circijtinjedion or tunneling
beginsand programming iperformedmanually. Otherwisewhenneither Mns nor

V1uN is biasedthe system remains mormal operatiomode.

5 Qarim D_ Up

11D
Rei—> §
Waoo—> g
1—D
° ommD_ Down

Figure 3.2. PFD with CtrIM contral Two OR gates at the output allow CtrIM to
control the PFD operation.

Voltage-Controlled Oscillator (VCO)

A five-stage (N=5) CSVCO was implemented in this design ($agure 2.3).
Detailed descriptions abotiis circuit can be found irsection2.2.2. for the best
locking rangeand stability of the PLLthe stored voltag®rc should produce the
correct output frequendy the middle of the lineaw¥ CO gain region which is 1.20 V

(same for best tuning rangandcorresponds witlhcsi ~290 nA.
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Divided-By (DB) Circuit

Design of the DB circuits is explained in detailsection2.2.3. DBN is the
FD circuit while DBN: doesnot have a DFF at the outputhe numbers of DB2
stages of the two DB circuits are

N, g2 = log, N, (3.1
N, pgo = log, N, (3.2

respectively, wher®&ls andN: are divisors of the DB circuits and are both a power of
two. DBN: is notstrictly necessary in this desigmowever, one stage of DB2 is used

to ensure that the dutyycle of the feedback signal is close to fifigrcent.

Injection and Tunneling Programming Circuit (INJ/TUN)

Impactionized hot electron jection and FowleNordheim tunneling are
usedto control the floating gate potentialAs shown inFigure 2.3, high Vkc reflecs
low fvco. Thus, injectioncontrolled by Upis used to decreaser&/and increase the
VCO frequency while tunnelingcontrolled byDown) has the opposite effect. The
programming circuit ishownin Figure3.3 (a). A unity gain buffer isused to buffer

VrG since we are not able to monitorddirectly.
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= ()
Figure 3.3. INJ/TUN programming circuit with examples of signal chanda$
Original design with HV devices. Left half controls tunneling while right half
controls injection. (b) Inverter with supply voltage different frdm
Fowler-Nordheim tunnelings usedto increase the floating gapotential A
high potentialdifference between thexide junction of Mu twists the energy band
and maks the effective barrier lower. As a restlie electronfiave higher chance to

to tunnel from the floating gateode through the gate oxide, to thMOSFET body

The tunneling currentylbn, used in the simulation was given [3@, 80]

V
ITUN_I WMtl I-Mtﬁxpé’e : (3-3)

=V, Ve
where b is a preexponential currentymu and Lvwu are width and length of W
regectively, f is a device parameter depending on the oxide thickness, aisdhé
voltage at nodé.

Impactionized hot electron jection is usedto decreasehe floating gate
potential Holes in the channel of Mis accelerated by the large field sad by high
source to drain potential difference. Some holes carrying high energy collide with the

semiconductor latticand generatelectronhole pairs. The ionized electrogst high
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energy and arpromoted tahe conduction bandThey, thenare expeidthe field at

the drain and are attracted by the relatively high potential at the floating gate node.
Electronscarrying morethan 3.1eV of kinetic energy capotentially overcome the
barrier between the silicon and the oxide and inject into the ftpgtte nodeThe

injection current, ks, was modeled g39]

o

a

a
| ,=a,l expee 2 +q(V, V (3.4
INJ 1 se ? (VFG _ VINJ _83)2 a4( B INJ)

where kis the source current of transistor M/ is the voltage atadeB, andU, U,
s are fitting parametergh equals to one and is used for unit consistency.

To activate tunneling we apply a high voltage acrosshbiyl passing Yun to
nodeA when Down is high, antlocking Virun when Downreturns low. As depicted
in Figure 3.3, a pulseon Down resets the signals Dowand HV_Down Then, a
transmission gate (TG) passesulN to A. The pull down transistor M quickly
removes positive charges Ato prevent residual tunneling when Down returns low.
To block Vrun, HV_Down has to be at leastt¥n minus one threshold voltage to
guarantee that the PMOStime TG does not turn on and leakdd to A. Since \fun
is higher than the breakdown voltage of normmatal oxidei semiconductor field
effect transista (MOSFET9, HV devices must be introduced. To induce injection
Miz2 must be condughg current and have sufficiensourcedrain and gatelrain
voltage differences. As a resilting is setto a negative voltage.

During programming, large voltage differencesAandB cause offset at the
floating gate through capacitive coupling. In order to compensate the oftsein@

Cci were added to the desig8l]. Each timeA or B is pulled high, compensat
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capacitors are swihed in the oppositdirection The capacitances ofcCand i
were designed so that the offset would be minimal whens/at 1.20 VandVcr and
Vci are at the default voltag&id.

As described above, HV devices are necessary for tunneling but some
technologies donot provide this option directlyAn HV NMOS which can be
fabricated in standard CMOS proceswill be discussed in th€hapterd. HV PMOS
cannot be implemented without control additionalmask layers or doping density
[47, 82] To implementthis design in standard CMO&&chnology an alternative
design is presented Figure3.4. Three diodeconneceéd PMOS in series are used as
a large resistor. Since (s more than ten tims stronger than the dioe®nnected
PMOS, nodeA can be pulled to a low voltage to stop tunneling. Terge voltage
difference between Wn and A is distributed across thradentical PMOS. When
Down is high,A is charged bythe series PMOS devices. Thpgimary drawback is

that charginghodeA is slower thanthe original design.

Vics

i M1
i
D‘rl_ll ﬂl |UI |—|_|

Ilis
o
EA

Ver

Up

J‘|_Down

Va

Figure3.4. Alternativetunneling circuitwith no HV PMOS Large voltage difference
across Wun and node A is distributedacross three PMO®n the leftto avoid
breakdown.
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3.3 Experiment and Results

3.3.1 SimulationResults

The PLL was simulatedising BSIM3.3modelsin a commercially available
0.5em 2P3M CMOS technologyusing 3.3 V supplyln our applicationthe target
output frequencyfo is 1 Hz. SinceNi,ps2and Nzps2 were chosen to bé4 and 1
respectively, the period diiie Ref signal was 112s. Ideally, the output period ahe
VCO wouldbe 56 €s andfo would be 1.09 Hz. In order to set the output period to 56
es while ke is 1.20 V, W and Ci were designed to be 28m and 2.04 pF
respectively.

Transient Bnulation results starting from different initial VFc are
demonstrated ifrigure 3.5. Figure 3.5 (a) starts from a voltage close to the desired
voltage 1.2 V. The mean voltage & expectedL.20 V andthevoltage swing in Yc
is 0.2 %. The average, standard deviation, and maximum éritog output period of
VCO are 56.0Cs, 0.13¢s, 0.49¢s respectively.The duty cycle is 50.6 %The
correspondingoutput frequency is 1.09 HAssuming the FDs ided (divide the
frequency perfectlyvithout introducingnoisé the data therorrespondso a standard
deviation 0f18.14ppm and maximum frequency error 068.36 ppm at the system
output. Figure 3.5 (b) andFigure 3.5 (c) show \tc and the output periodettling to

their locked stateafterstaring at initial voltages of 1.8 \and 0.8 V respectively.
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VFG and output period of VCO

56.2
56.1
56.0
55.9
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(a) Initial ¥ =1.2V
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® 603
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(b) Initial V. . = 1.8V
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1175 54
1.150 Poriod 152
1.125 eriod -
1.100 < 50
1.075 lag
1.050 ‘ ‘ ‘
0.5 0.6 0.7 0.8 0.9 1
(¢) Initial ¥ = 0.8V
Time (s)

Figure 3.5. Simulation results showingr¥ (black solid line) and output period
(green square)rc has been pogirocessed to remove spikes introduced by voltage
coupling from progamming Data points with absolute change rate greater than 100
mV/s were set to equal to the previous data point.

3.3.2 Measurement Results

A complete motion control signal generator was fabricatecommercially
available 0.5 em 2PRBM CMOS technology. Two veasions were sent out for
fabrication: one packagdd a standard DIP40 package and one withapiackage.
The unpackaged chips (s€&ure 5.1) were intendedto potentially integrate with

micromachimd actuators. The only differees are the pad frame and the drivers
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designed to dvie the actuators in the unpackagéips.The system diagram is shown

in Figure3.6. All results presented here were measured under 3.3 V supply vdtage.
measurementesult for output frequency versus reference frequergygiven in
Figure3.7. For some cases, one mechanism is much stronger than the other one so the
output frequencys reluctant to tune to one direction. The line with circle markers
(VTtun of 12 V and Wy of -2 V) has weak tunneling so the output frequency cannot
be programmed to lower frequencies. On the other hand, the line with star markers
(Vtun of 15 V and s of -1 V) has weak injection so the output frequency cannot be
programme to higher frequenciess discussed in Chaptert2e output frequency of

the oscillator plus thdrequency dividerwell covers the actuation frequency we
desired for the MEMS actuatorBigure 3.7 shows thgtunder proper bias@ this
frequency rang€0.01 Hz to 2 Hz) can be fully utilized and programmed into the
controller.This figurealsoindicates thatheresponse of the circuit can be changed by
changing the tunneling and injection voltaggpecially thdinear control rgion (also

reflects the lockingrequencyrange)

arim \/|NJVTUNV(] VCT Vctrll Vctrl2

fref = (N/M)f? Up????v fvoo =N, fo??

DRIVER D out1
o i
"| INY TUN —{ VOO || DBN |»{ DO'PS
(N/ 'V')f Down 'L.] bRVER L1 out2
Vyoop DM Voo

Figure 3.6. System diagram of the fabricated chip. DRIVER is to supply large
current to the actuators.
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Output frequency vs. Input frequency for FGPLL

101 CoLLLLiLiln f
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Figure 3.7. Measured output frequengy-axis) versus input frequencgx-axis) at
different tunneling and injection voltage. In the experiment; &d \ci were set to
zerovolt.

The power consumptiaifor the chip during prgramming and during normal
operation wer@alsomeasured. Howevethese measuremerdsly estimate the power
because there are other testing structures on the same chip and they are all connected
to the same power and ground. Although the biases and thmlsoto the other
testing structures were floag during testing, they might still consume current, at
least through leakage. The power reported h&® an overestimation, asassumed
that the other testing structures did not consume power. The pogsgsurements
during automatic programming (CtrIM = 0) withrdk = 14 V and Wi = -4 V were
315 eW, 356 ¢wWlenpragnachmidgz.:fo 098Mz, 4.9 Hz, and 7.4 Hz,
respectively ioput frequency equals to 8 KHz, 40 KHz, and 60 KHz, respecjively
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The power measurements during normal operation (CtrIM = 1) with ¥nd Mna
floating were2 8 4 ¢ W a& Wd w3idk frogrammed to 1.01 Hz and 9.8 Hz,
respectively. It showed that most power was consumed by the oscdladothe
frequency divider whilée he programming circuit only con:
We defined locking as the error of the output frequency is less than 5 %
compared to the ideal result. Then, the locknmeguencyrange for each combination
of tunneling and injection voltage can be foussl shown inFigure 3.8. Here, the
numbers are the locking range of the oscillator but not the output frequency for the
purpose of more easily determining the range; these frequencies were calculated from
the output frequency tobtain the frequency of the oscillator by multiplying it by 2
(14 DB2 stages). Therefore, 100 KHz lockifrgquencyrange for the oscillator
translates to 6.1 Hz locking range at the outpiiis result points out that higher
tunneling and injection volge (more negative) should be used in order to achieve
higher locking rangeWe have identified five biasing conditions that yield the best
locking range. Biasing for balanced injection and tunneling is also importas ;0¥

16 V and Wy of 4 V do not rsult in the best range.

71



Locking range for different VTUN and VIN J

*» O
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Figure 3.8. Locking frequencyrange measured at different tunneling and injection
voltages. In the figure circle, star, square, and cross stand for a locking range larger
than 100KHz, between 80 KHz and 100 KHz, between 60 KHz and 80 KHz, and less
than 60 KHz, respectively.

After extensivetestingof these chipsve observed thain some chipghat
have been tested more intensivelthe ability for the floating gate to retain the
programmed statdegraded. We hypothesized that this was due t@t¢bamulated
damagecaused by prolonged injection and tunneling curremtiesilicon oxide of
Mtl and Mi2 Eigure3.3), respectivelywhichreducel the effective barriers. Thus the
charge on the floating gate hashigher chance for leakagend becomesnore

sensitive to the environmeniVe also observed that the potential on the floating gate

node could decrease due to spikaatroduced when the chips weresuddety
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connected to the power suppRhese spikemight acciderdlly activate injectiorand

decrease the floating gate potential

3.3.3LeggedRobot Platform

We integrated ouFGPLL chip on a legged robot platfors shown irFigure
3.9. The platform wasnodified from Tamiya Walking Elephant (item# 70034)
further validate its applicability for leg controlThe wood work was done in the
IREAP mechanical shop assisted by Mr. Nolan Ballelmi COTS motors(Tamiya
Mini Motor Low-Speed Geaxx item# 70189)used in the platform feature compact
size and provide enough torque to drive the whole rdtdiridge was introduced to
enable two way control of the legs because the FGPLL was designed for actuators
that only have one way actuation. Thatractuators recover based on passive cooling
to bring down the temperaturhe leg control is shown iRigure 3.10. The control is
the same as the signal shownFigure 2.1 with two square signals hang overlap.
This verifies that the chips can be programmed to a desired frequency and generate

the desired control.

CH1
- H-Bridge ;
FGPLL ON Semi
] LB1838M
H-Bridge
CH2

Figure3.9. Diagram of éectronics design of theontrol PCB for walking robot Our
custom designed chip, FGPLL, controls twebkdge to drive two motors which
drive the legs. The two {dridges are in a single commercially available chip
provided byON Semiconductoand model number is LB1838M
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Figure 3.10. Four photos demonstrate leg control of the robbg pair of legs on the

left is controlled by Control 1 and the other pair is controlled by Control 2. Photo 1
has two controls at low level (actuegonot being actuated or motor not running).
Photo 2 has Control 1 high so the pair of legs on the left swing to the left. Photo 3 has
both controls high so the left pair of legs rensaanthe previous position while the

right pair of leg swing to the rig. Photo 4 has Control 1 low and Control 2 high. The
left pair of leggeturns back to the original position while the other pair remains at the
previous position. After that, legs return to the position as in photo 1.
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Chapter 4High-\oltage NType MetalOxide-Semiconductor

4.1 High-VoltageUsage in Tiny Bbots

In our FGPLL design the HVYNMOS is used to assist programming of the
floating gate structurd. n gener al , to activate tunnel i ng
we used requires a voltage higher than the breakdeitage of regular transistors
(~12 V). Our goal was to extend the breakdown voltage to at least 20 V to activate
tunneling whileretaining asafety marginThe usageof the high voltage devicds
not limited to only this application. It can be genaralsed for any circuits which
require biases higher than the nominal voltage of the technology. For example, tiny
scale electrostatic actuators and thermal actuators use high driving voltages (~20 V)
[83-85]. HV de\ces also benefit sensor performaf@@89] and operating randgé@0,

91].

In the previouschapterwe showed that pultdown and pultup logic can be
implemented with one typof HV MOSFET. HV diodes can also be implemented
with the one of thetechniquesan extended control gases reported by Dandiet al.

[92]. With this set of devices a complete logic can be implemented to fullfdleht

requirements in the robotic applications.

" Most of the materiaih this chapter wsoriginally published ag T.-H. Lee and P. A. Abshire, "40 volt NMOS in a 0.5 mm
standard CMOS process," in Pré€EE Sensors Conferenc2012, pp. 4.0 © 2012IEEE a n dT.-Hi Lee and P. A. Abshire,
"Design and characterization of higbltage NMOS structures in a 0.5 mm standard CMOS procEsSE Sensors Journal
vol. 13, no. 8, pp. 2908913, 2013 © 2013IEEE.
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4.2 Introductionto HV Devices

Over the past 60 years, feature scaling @MOS technologies has
aggressively reduced transistor sizes, with many benefits including reduced cost,
reduced power, and increasgusd[93]. These advances are inherently accompanied
by technical challenges such as reduced operating voltages and reduced breakdown
voltages of the devices, with emating voltages of ~V¥ for recent generations of
CMOS technology93]. This voltage limitation introduces incompatibility with many
sensing and actuation applicatsowhich require high voltages, for example medical
instruments, aircraft and automobile electronics, and electric motors. Furthermore,
when even modest voltages cannot be achieved in standard CMOS and require the
use of specialized technologies, the opyaties for dense system integration are
severely restricted and overall system costs increase. Therefdrelevices in a
standard CMOS process are generally enabling for many kinds of integrated sensor
and actuator systemf83-92, 94, 95] Moreover, HV devices are essentidb
implementfloating gate programmings discussed in the previous chapter

Sensors such as avalanche photodiodes, spigiton avalanche diodes
(SPADs) [92], photoconductor$94], and PIN diodeg95] often require high bias
voltages. Many actuators also require high voltages, and in some cases the utilization
of high voltage devices makes it possible to implement enhanced fundijosiath
as selftest[83, 84] Electrostatic actuators and thermal actuators use control voltages
of ~20 V [83-85]. In many cases, higher operating voltages allow better sensor
performance86-89] or extended operating range for the sensing de\y@@s91]

Additionally, in many sysims the availability of high voltage devices allows more
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flexibility in the design process and provides the opportunity to achieve more

sophisticated control, alleviating some design constraints and enhancing performance.
In this chapter we introduce thiesign and optimizatioof four differentHV

NMOS structuresincluding 1) rectangular structures, 2) dragntered circular

structures, 3) soureeentered circular structures with an internal body contact, and 4)

sourcecentered circular structures withadaternal body contact. To the best of our

knowledge, this is the first direct comparison between the observed characteristics of

drain-centered and sour@entered structures on the same chip.

4.3 Background

Although there are many CMOS technologies withcpes specialization for
high voltage devices, there are many occasions in which it is desirable to implement
high voltage devices in standard CMOS technologies that are not optimized for such
functionality. Low voltage devices comprise the vast majoritynobt chip designs,
and process technology specializations for high voltage devices would degrade the
performance of those low voltage devices. In addition, most designerst éave
access to the foundry to control the fabrication steps, for examplaldiggaor
changing doping layers and modifying masks. Therefore, in Wik we only
consider high voltage MOSFETabricatedin commercially available singheell
CMOS technologies. Implementation of these devices often includes introducing a
lightly doped drain area to separate the channel and the drain diffusion areas, and
extending the poly layer over the intervening field ox{dié, 96] This technique is
similar to the implementation of a laterally doubifused MOS (LDMOS)[97].

There are relatively few approaches that increase the MOSFET breakdown voltage
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which are fully compatible with standard CMOS processes. Santos et al. provide a
good summary of these techniquéa8, 99] including the introduction of lightly
doped drain drift regions with and without source drift regions, -fielg technique
[100], and gateshifted lightly-doped drairj101].

In a process witout ptype welk, it is straightforward to implement ldV
NMOS by utilizing the Nwell implant as the buffer region. This usually requires
deliberate violation of design rules in the physical layout. Implementationtdf a
PMOS in such Nwell processes,dwever, requires additional implants and masks to
achieve similar characteristics to itstype counterpar{82]. Fortunately, many
control logc or interfacing circuits can be implemented with only one type of-high
voltage transistor under acceptable performance degrad@a®iph02] Therefore, this
work focuses on the design and optimization of a higllage NMOS. The following
sections offer comparisons between different highage NMOS structures, discuss

the design considerations, and provide characterization results.

4.4 Device Design and Optimization

To understand how different physical structurefecfthe performance of
high-voltage NMOS devices, we implemented four different structures across three
fabrication runs using theame CMOS process. While breakdown voltage is an
important characteristic for a higloltage NMOS, currendriving capabiliy and
specific ONresistance are sometimes equally important. In order to explore the
design tradeoffs, optimize these characteristics, and achieve a practical balance
between these parameters, we implemented these structures using a wide range of

dimensims.
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The rectangular structungas reported by Ballan and Declensgshown in
Figure 4.1 [47]. Lg1, Lg2, Lga, and Lan stand for channel length, field poly length,
distance from poly edge to" mrain, and distance between drain andvéll edge,
respectively. The shared drain structure increases area efficiem®e techniques
were used in thisvork to effectively suppresavalanche and surface breakdown
mechanisms. Firsthe Nwell region serves as a lightly doped buffer region to reduce
the electric field and to increase the avalanche breakdown voltage at the drain. The

relationship between electric field and doping comicdion is expressed by
pa £ ggp n -D) (4.1)
e

whereE is the electric fieldUis the permittivity,q is the charge of an electron, and

is the charge density. The local charge density can be expressed as the sum of the free
hole concentratiorp, the free electron concentration n, and the ionized impurity
concentratiorD. In compaison with the electron concentration of an inverted channel,
the free electron concentration ofweéll is much lower. Therefore, the electric field
increases more slowly in this region. Secand third an extended poly aralregion

of field oxide are introduced between the drain terminal and the channel. The field
oxide region blocks the highly conductive silicide layer which is normally deposited
on the active region in order to lower the resistance of the drain and the source. The
silicide might createa direct path from the drain to the gate and cause undesired
effects, and the field oxide reduces the risk of such efiectsuggested by Ouyang
[103]. Additionally, relatively low voltage at the field poly gate compared to the high
voltage Nwell area will cause the depletion region of the junction diode between the

N-well and the psubstrate to expand further on theside due to charge
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compensatin. This results in less crowded electric field lines at the surface under the
field gate and increases surface breakdown voliége Although fidd suppression

works using a standard gate, edge breakdown can occur when the gate is close to the
surface. Therefore it is more effective for the gate to be graded from gate oxide up to
field oxide in order to prevent avalanche breakdown occurring adutiace under

the gate edge[104]. An illustration of the corresponding breakdowns and

equipotential lines after introducing these three techniques are shéigure4.2.

o N-well
| Brain ] Active +
[ Polm| [ N-select
- - m m [ Poy
: : : Metal1
- - - [ Contact
u P u Poly
e 4 h | [ contact
. Cross sectio
< — >
......................... I e
n'l'
o

P-substrate

Figure 4.1. Layout and cross sectiahviews of the rectangular (R) HV NMOS
device structureThe p” region arisesrom channelstop and threshold voltage adjust
implants[47].
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Extended poly Field poly

Breakdown
N-well © Drain

Channel

ﬁﬁl
ﬁ

Equipotential lines

Figure 4.2. Three illustrations show the possible breakdown locations using
equipotential lines as suggestey F. Contiand M. Conti[104]. The denser the lines,
the stronger the file.l€ft) After introducing the lighthdoped drainthe densest
equipotential lines occur in the interface between the drain andh#émael.(middle)
The equipotential lines can be altered by introducing an extended poly (can also be a
metal layer) with relatively negative potential to the drain. The densest lines occur
near the end of the extended pofsight) The abrupt end of the texded poly is
smoothened by having a field polihis structure is almost free of breakdown.

The rectangular layout illustrated iRigure 4.1 has edges which might
introduce edge breakdown and reduce the device performBd@el05] Therefore,
we also implemented circular structures to eliminate edge effect as illustrated in
Figure4.3. Lq, Lo, Lbs, Ls, andLsg are the diameter of the central drain, the dianafter
the internal body contacts, the distance from body contacts to source, the source size,
and the distance from source to gate. Structure C1 is-ceailered while C2 has
internal body contacts surrounded by the source in the center. C3 has a source
certered structure with the internal body contacts removed. For these four structures,
majority (inner) and minority (outer) carrier guard rings (GRs) (Sgare 4.4) that
surround the core area of the devices were used to redeigeatasitic effects and

isolate the highvoltage devices from regular devices. Only two of the structures, R

and C2, are shown iRigure4.4 because the GR dimensiong andLngr affect their
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breakdown performance, while GRs hdiie effect on the breakdown performance

of C1.

Layout

[ ]N-well

Active +

N-select
Active +

P-select

[ IMetalt

m = Contact

Cross view

S
Or 2

Figure 4.3. Layout and cross sectianviews of two circular higkvoltage NMOS
structures A drain-centered circular (Cl3tructureis on theleft; a saurcecentered
circular structurewith internal body contact (C2) is on thght. The ®urcecentered
circularstructurewithout internal body contact (C3) is not illustrated.

Majority GR

Figure4.4. R and C2 structes with GRsLngr is distance from Nvell edge to the
inner GR. C3 is again similar to C2 without the inter body contact.
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In implementation 1 (I1) there are sixteen combinationdofand Lga to
explore the dimensional influences on device performdncehe circular device the
combinations are split between C1 and C2 comfiions as summarized irable4.1.
In implementation 2 (12) twentpine C1 devices with different combinationsl@b
andLga were fabricated as summaezin Table4.1. Implementation 3 (13) has only
one C2 and one C3 devicewltpko f 5. 07 Bgoefm lan/dd € m. Ot her pe
were chosen as followdgiwas set to be 3.15 em to meet
length requirement.an andLngef or t he R structures were boi
which is given by the punethrough conditio and design rulgg7]. However, in C2
and C3, they were set to 1.05 em and 1.75

layout rulesLg, Lb, Lbs, Ls, andLsyjwer e chosen to be 7.7 em, 6.

and 0.7 ¢&m, respectively. The channel wi dt
to be 28 em while that for the circular de
W,=p @, 2, 2L L) (4.2)
W, =p @, 2k, 2% 2Lg L,) (4.3)
Wo=p @, 2t, Ly (4.4)

where We1, Wez,and Wes are the effective widths for C1, C2, and C3 devices
respectively. TheW/L ratio for circular structurexannot be chosen arbitrarily.
Fortunately, this issue can be partially resolved using atrack structure (i.e.,

extended in one dimensionJable 4.2 lists the area of each structure with and

without GR.
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Table4.1 Summary of Devices Implemented for Optimization. Structure in I1;
Structure in 12: not implemented. (all units igm)

Lg2\ Lgd 0.70 1.05 1.40 1.75 2.10
2.275 -- - C1 - Cl - Cl - Cl
2.975 - C1 - C1 - C1 - C1 - C1
3.675 - C1 R,C1.C1 R,C2; C1 R,C2; C1 R,C1; C1
4.375 - C1 R,C2,C1 R,C1; C1 R,C1; C1 R,C2; C1
5.075 - C1 R,C1.C1 R,C1; C1 R,C2; C1 R,C2; C1
5.775 - C1 R,C2: R,C2; C1 R,C1: R,C1; C1
6.475 -;- -, C1 -;- -, C1 -;-

Table4.2 Device Size with Different Structures (All unitsém)

Device Area

R (WI2+4.9) x (2Lg1+2L g2+ 2L go+7)

R (GR) (WI2+20.3)x (2Lg1+2Lg2+2L gi+26.6)
C1 “(WI2" +Lgy/2+3.5¥

C1 (GR) "(WI2" +Lgy/2+11.55%
C2 "(WI2" +Lgy/2+ Lg2+Lga+3.15¥

C2 (GR) "(WI2 +Lgy/2+ LgztLgat+12.25F
C3 "(WI2" +Lgy/2+ Lg2+Lga+3.15%

C3 GR) “(WI2 +Lgy/2+ LgotLgat12.25¥

4 5 Measurement Results

The highvoltage NMOS was fabricatad ON Semiconductor C5 & N-

well CMOS technologyvith three metal layers and nominal operating voltagg\of

Photamicrograpls of devices from 11 are shown inFigure 4.5. Two Keithley 2400

sourcemeasureunits were used focharacterization One wasused tobias the

transistor gate; the other ob&ased thalrain voltage and measuardrain current at

thesame tne.A Matlab program wassaed to interface with th&ourcemeasurainits

and to collect data; this program was based on a program written by [RrDisiadlin.

Two sets ofexperimendl conditions are specified imable 4.3, wherei andj are

indexesof drain voltageVd, and gate voltage/y, respectively. We usthe notation
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X:y:z to represent start voltageincremental voltage : end voltage. dit cases body

and source voltages were set to be zero.
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(d)

(€)

Figure 4.5. Photamicrograpls of the fabrated devices. (apverview of 11 chip,

comprising 32 R, C1, and C2 devicdb) Rectangular devicesThe metal wire
connected to the top left device was damaged due to elégtedion. (c) Circular
devices. ¢) Closeup view of the rectangular structures) Closeup view of the C1
(left) and C2 (right) structures.

Table4.3 Testing Conditions (All Units in Volts)

Test\ Va (i) Vg (j)
1 0:0.1:8, 9:1:29, 29.1:0.1:50, 51:1:70 0:1:5
2 5:5:25 0:0.1:8

4.5.1 Breakdown Voltage
The breakdown voltage for a single device at a specific gate to source voltage
was defined as the drain to source voltage where the maximum slope iVthe |

charateristic occurg92]. This was determined from measured data according to
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Va (K =(V(K Ai(k B)/2, (4.5
SR =l (k B) 4,(K)/ (V(k I VieR), (4.6)

Veon =Vdi(akrg max@g, ), (4.7)

wheren represents different gate to source voltages. First, the center voltages between
two adjacent drain voltages were found usiguation4.5. Next, the instantaneous
derivative was computed usirfgguation4.6. Finally, the breakdown voltage was
found usingEquation4.7. The computations were performed on data obtained under
conditions specified by Test 1. An example waveform from Test 1 for ¢achuse

is illustrated inFigure4.6 1 4.8 The flat lines for C2 and C3 reflect the compliance
level of the source measure unit. The different curves in each plot arg; fanging

from 0 to 5 V in increments of \, arrangedrom bottom to top.

15 | (a) Ilﬂormalizeld .ld VS, 'uflds forR inI " |

1, (mA)

5

. \
. -

ey x

o B M

‘.-|-|-|-:|-|-|-|-IE-|- W : :
- - L ] 1

0 10 20 30 40 50 60 70

Figure4.6. Measured-V characteristic of Rstructure.The current is normalized by
theW/L ratio. The measured device hago f 3. 6 7o m la.rlDd € m
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{b}) Normalized Id VS, Vds forClinl1

1.5

I, (mA)

0 10 20 30 40 50 60 70

Figure4.7. Measured-V characteristic oC1 structureThe current is normalized by
theW/L ratio. The measured device hago f 3. 6 7o m la.rfDd € m

15 | {c) I?lormalizeld ld Vs, Vqs forC2inl3

1, (mA)

: -
-I-I-I-I—I" :

’I-I-I-IE-I-l

0 10 20 30 40 50 60 70

Figure4.8. Measured FV characteristic o2 structureThe current is normalized by
theW/L ratio. The measured device hago f 5. 0 7 5dod m la.wdb € m
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{d) INormaIized .ld Vs, 'ulfds forC3inl3

1.5 !

I, (mA)

0.5/

T aILy | | |

0 10 20 30 40 50 60 70
v, (V)

Figure4.9. MeasuredV characteristic o3 structure Thecurrent is normalized by
theW/L ratio. The measured devicehago f 5. 0 7 5do0d m lawd ¢ m.

The computed breakdown voltages forddd 12 are shown inFigure 4.10.
Breakdown voltages were found to be the highest fort@ittsires with all observed
breakdown voltages above 40 V in comparison with 12.5 V for a regular transistor in
2. C2 and C3 exhibited lower breakdown voltages thandther two structures.
Table4.4 provides a detailed compaoisof the OFF breakdown voltage (when gate
to source voltage is equal to zero) for devices in 11 with different structures and
geometryTable4.5 summarizes the OFF breakdown voltage for devices fabricated in
2. The results showhat there are no consistent trends betwegrandLgd and the
resulting breakdown voltage. Details of the breakdown behavior will be discussed in
section 4.6. In I3 C2 and C3 have similar OFF breakdown voltage of 38 V. In
previously reported work using similar techniqueghout controlling the doping
profile, breakdown voltages were <30[82, 103] The breakdown voltage achieved
here was much higher than our goal of 20 V. There amyrbenefits associated with

this higher breakdown voltage ase discussed in the second paragraph of Sedtian
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Furthermore, theself-regulatedbreakdownbehaviorsin R (Figure 4.6) and C1
(Figure4.7) structures were not conventionally consideredbasakdowrd in which
current increases dramatically after the onset of breakdovaontrast tahe current
behaviorshownin Figure4.8 andFigure4.9 which is clearly indicative of breakdown

In onereliability experimentwe randomly selected one device from both R and C1
structures biasedthe devices at &us of 60 V for more than 10 hours, and did not
observe damage @urrentdegradatiorof the devicesTherefore, we can potentially
operate R and C1 devices beyahe breakdown voltages we reportdd. another
reliability test to intentionally damage the deviog increasingVas, the metal wire
connected to the top lefedice inFigure4.5 (b) failed at Vus larger than 85 \ue to

electromigration before the device was damaged

Breakdown voltages of all devices in 1&I2

30 ! ! ! !
2 45 i it
] ot
8 N
5 .
E 4 e 4
S TEs=ag
§ : : : : N
E 35 Y et BN Rectangular. .................... .................... ...... %;\\\ ....... -
— & - Circular1 | : \i\
—* — Circular2 : \g\*
30 i i i i
0 1 2 3 4 5
v, . (V)
os

Figure4.10. Breakdown voltages for circular anéictangulastructuesin 11 and 12
TheCl1 structure achievethe highest breakdown voltages.
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Table4.4 Summary of OFF Breakdown Vobes (V) for 11. Rectangular Structure;
Circular Structure (Shaded Value Is from C2).

Lg2\ Lga(e 1.05 1.40 1.75 2.10
3.675 40.9;41.3 40.137.8 40.337.4 40.0;40.9
4.375 40.787.0 40.9;40.7 40.3405 40.437.7
5.075 40.8;40.6 40.840.6 41.087.1 39.237.1
5.775 40.837.2 40.837.0 40.740.5 40.9;40.4

Table4.5 Summary of OFF Breakdown Voltage (V) / Specific ®dsistancenq -
cm?) of Devices in 12.

Lg2\ Lgd 0.70 1.05 1.40 1.75 2.10
2.275 - 41.4/3.3 42.2/3.0 41.6/3.0 41.8/3.1
2.975 41.6/3.1 41.5/3.2 41.5/3.3 41.7/3.4 41.0/35
3.675 41.3/33 41.1/3.4 41.2/]3.5 41.1/3.6 40.3/3.6
4.375 41.4/3.4 41.0/35 41.0/3.7 40.6/3.9 40.7/4.0
5.075 40.8/3.8 40.8/3.9 40.6/3.9 40.3/4.1 40.5/4.2
5.775 40.6/4.0 - 40.7/4.2 - 40.5/4.4
6.475 - 39.5/4.6 - 40.0/4.5 -

4.5.2 Specific ONResistance

The ONresistance wa measured at a gate to source voltap® V and a
drain to source voltage of 0.1 V. The area of each device was calculated according to
the equations ifable4.2. The specific ONesistance is defined as the @&sistance
multiplied by the device area. The specific @#¢istance for devices from I1 is listed
in Table 4.6. These results indicate that R and C2 have an average specHic ON
resi st anc em2pwhiledhe 6pscifier@esistance of C1 18 . 7 8-cm,q
which is 20% lower than the previous two. In comparison, the specificeSistance
ofaregulart r ansi st or -cimnThd r@sults also idicate thatspecific-ON
resistance increases with baif» andLqd. These correlations areufitrated clearly in
the measurements for C1 devices from 12 as shovigure4.11. This figure shows
that, with the exception of one data point, when one of the paranhgiensdLgd is

91



fixed, increasing the other one causesnanease in the resistance. This makes sense
because in either case (fix eitleg or Lga and increase the other) the length of the

high resistance Nvell is increased and, thus, the overall resistamoeeases.

Moreover, the resistance remains reldsiveonstant when the sum &f2 and Lgd

remains fixed. For 13 the specific GNesi st ances for C2 -and C3

cm2 respectively.

Table4.6 Summary of Specific ONResistanceniq -cn?) for I11. Rectagular
Structure; Circular Structure (Shaded Value Is from C2).

Lg2\Lga(e M 1.05 1.40 1.75 2.10
3.675 3.5;3.7 494.4 4.64.1 4.8;3.7
4.375 3.84.0 4.0:3.4 4.8:3.6 5.14.5
5.075 4.3;3.6 4.5:3.6 4.64.9 5.05.1
5.775 5.15.0 4.95.2 5.1;4.3 5.2:4.3

Specific ON-Resistance vs. ng
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Figure4.11. Measured specific OiXesistance for C1 devices in 12. The devices on
the same curve have the sajgeas indicated in the legend.
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4.5.3 Transconductance

The transconductance is defined as thevdévie of drain current with respect
to gate to source voltage and was calculated onatdidéénedunder Test2 conditions
An examplel-V characteristic fronTest2 for each structure is illustrated Fgure
4.12. The transcondifan@ was normalized to a square transistor (width equals to
length) and is shown ifrigure 4.13. The trend of the curve is consistent with
previously publishedesuls by Ouyang[103] and Bazigod106]. The datareveals
that the C1 devices not only have the highest breakdown voltages but also about twice
the transconductance as the tawyular devicesWe believe this is because the
circular structures are more efficient on conducting current compared to square
structures.Compared tahe transconductance of a standard square transistor in 12
with drain to source voltage of 3 V as shoinrthe thick dashed line ifFigure4.13,

the high voltage devices have comparabléquarance.
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Figure 4.12. Measured 4V characteristic forstructures as labeled’he current is
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Normalized transconductance vs. Vgs for all structures
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Figure 4.13. Transconductance calculated from the data showfigore 4.12 for
strucures as labeled in plot§he thick dashed line is the transconductance of a
standardiransistor ata drain to source voltage of 3. Drain to source voltages of
othertracesare as the legend Figure4.12.

4.5.4 Modeling and Extraetd Parameters

Measurement data frol® and Cldevices withLg2 of 3.675em and Lgd of
1.05em werefit to model equations and used to extract relevant device parameters.
The data was inspectecarefully, and only data fromtransistos operatingin

saturatiorwere used in the fits. The saturation regime was estinbgtadsumig that

95



the threshold voltage is less than 1.5 V. These selected data were then used for

regression of the saturation current equation

K W V.-V, W
Id :7HT(\/QS 'Vt)E(l __'dv_gt) (48)

A
We assumed the current dasst follow the squardaw equation andhat it

follows a poweflaw with exponenk instead.Table4.7 shows the égressiorresults

for parameters of all four device structures. In general the error is low, and the

parameters are physicallygpisible and consistent with other estimation techniques.

When the Early voltagewvas calculatedlirectly from the flat regiorshownas the

middle section of the curves Figure4.6 1 4.8, the result was more than 300but

for the regression results it is ~100When thethreshold voltagevas calculated

directly from the dat@n Figure4.13, it wasin the range of 0.6 V to 0.7 V. This result

is moreconsistent withthe expected value. The higbltage dewies should have the

same threshold voltage level as standard transistors because their channel regions

remain similar.

Table4.7 Summary of RegressidResultsfor High Voltage NMOSStructures

Parameters R Cl C2 C3

# of Points 180 180 180 180

Kn (EAV?) 127 251 249 216
Vi (V) 1.097 1.147 1.127 1.080
Va (V) 100.38 132.47 121.15 32.34
E 1.230 1.104 1.147 1.151
Error (%) 3.78 3.34 3.40 12.97

4.5.5Yield

Five chips were fabricated and tested for each implementation, for a total of

315 test structuresver 15 test chips whose results are reported in dhagpter

96



During testing, failure in some of the devices was obserVable 4.8 showsthe
number of functional devices in chip 11, for a total of 3 failures overall out of 160
structures tested. In addition, there were no failures out of 145 structures tested for 12
and 10 for 13. This gives an overall yield of 99%. The observed failures exhibited a
pattern of failing to turn on properly when a large gate voltage was applieg. tBa
failures were all from the same chip, we believe they were caused by process

variations on this particular chip.

Table4.8 Yield for DevicesTested in Chip I1Rectangular Structure; Circular
Structue (Shaded Value Is from C2)

Lg2\Lgd( € M 1.05 1.40 1.75 2.10
3.675 5;5 4;5 5;5 5;5
4.375 5;4 5;4 5;5 5;95
5.075 5;5 5;95 5;5 5;95
5.775 5;5 5;5 5;5 5;5

4.6 Discussion

This chapterreports implementation resslfor a family of high-voltage
NMOS devices Two tediniques were utilized to suppress the avalanche and surface
breakdown in the transistoN-well and field oxide buffer regions in the drain
Majority and minority carrier guard rings were introdud@dminimize parasitic
effects and isolate the devices.t#&tal of 63 separatelevicesin four configurations
were fabricated irthree different runs od 0.&m standard 5V CMOS technology
with a variety of geometries. Measurement ressittowed that circular structure
with a central drainhas the highest breakdown voltage as well as the highest

transconductance which is comparable to standard transistibrs game run. Other
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parameterf the devices including threshold voltage and Early voltage were also
characterized

The rectangular and dragentered circular structures exhibit higher
breakdown performance than the sowreatered circular structure. &\hypothesize
that the rectangular and drasentered circular structures undergo breakdown
according to a gatmduced drain leakagéGIDL) mechanism, while the source
centered circular structwlsexhibit punchthrough and/or avalanck&DL breakdown
meclanism wagarely observed irhigh voltage transistonssing similar high voltage
techniques.One distinct feature of the R and C1 devices is the -seffulating
breakdown behavior (séggure4.6 - Figure4.7): the current doesot grow fast after
breakdown but insteadaturates To investigate the breakdown behavior, we
estimatedhe body currenby measuring the drain currefor [1 and 13with source
floating. The measurement results show that the loi@ak is dominated by the body
current; examples for C1 and C2 are giverFigure 4.14. Moreover,section4.5.1
showed thatg2 andLgd have little effect on the breakdown voltages. These together
imply that the breakdown is noglated to the channel region or thewll region
defined bylLg2 and Lga. For C2 and C3, the breakdown is most likely caused by
punchthroughandbr avalanche breakdowmccurringin the reversedbiased junction
locaied at the outer regular Mell sidewall ¢ the lightly doped drain (in contrast to
the inner Nwell sidewall interfacing with the channel). Westimate that the
punchthrough voltage for this junction is 31.5 V usiag abrupt junction
approximation. This voltage agreagproximately withour obsevations. The doping

concentrations used in the calculation were extraoyefitting parameters of apice
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model; the substrate andwell concentrations 0.18&m under the surface were found

to be 1.78< 10'® cn® and 1.85x 10 cnv respectively. On the other haritle drain
centered circular structucesnot have a regular Nvell sidewal| and the regular N

well sidewall ofthe rectangular structufapperand lower edge of the-Well region)

is better protected using largegn and Lngr. The trend of the body curremt these
structures matasthe GIDL observed ifil07, 108]althoughover adifferentrange

of voltages. We believe thquantitativedifferencebetween prior GIDL results and
this work aredue to thedissimilarity between the structures studied. Therefore, we
attribute breakdowmn these two structures to batmband tunnelingpccuring in the
N-well regon under the gate. We also hypothesize that the regulaelNsidewall is
weaker than the one interfacing with the channel and the bottom plate. Therefore,
avalanche breakdowwccursfor the sourcecentered circular structurégfore GIDL

is observedIf the Lan (N-well edge to the contact edge) for these two structures can
be extended, the breakdown voltage might be impréveeduse punchthrough would
occur at larger drain voltagéiowever,the sourcecentered circular structures still
have largearea ompared to the draicentered structure.

Although the techniques used in thwsork for implementing high voltage
NMOS devices are not novel to this wovke report the highest known breakdown
voltages that have been achieved using these techniques. Aaldijtichis work
provides the first direct comparison between di@Entered and souraentered
circular devices fabricated in the same technolo§y. uncommonbreakdown
mechanism, GIDL, was identified in the rectangular and eramtered structures.

Drain-centered circular devices exhibit breakdown voltages of 40V or higher in all
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instances, and rectangular devices exhibit similar breakdown voltages
significantly lower transconductancehey can both operate at a drain voltage beyond
the breakdown Jitage for hours withoutisual damageto devices ordegractionin
output currentSourcecentered circular devices exhibited lower breakdown voltages
than draiacentered circular or rectangular structurkkhough we hypothesize that
the breakdown voltagcan be improved by extending the distainoe outer Nwell
edge to contact edgdrain-centered circular devices are more efficient than the other
devices in terms of area usayfée conclude that draioentered circular devices with
N-well and field oxde buffer regions are the best option for achieving high voltage

NMOS devices in a standard CMOS technology.

MNet current and body current for C1 and C2 structures

200 T T o 20
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Figure4.14. MeasuredV characteristic of C1 (left) and C2 (right). Dashed curves
and solid arves are net current and body current respectively.
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Chapter 5PostFabrication of Actuators on CMOS CHkip

5.1 Motion Mechanisms and Actuators at Tiny Scale

At centimeterscales, motion mechanisms for robota&n be assemblagsing
COTS componentsvheeled11-14] and legged10] motion mechanisms caisobe
fabricatedwithout extraordinaryeffort. However at tiny scade COTS mechanisms
are not availablg109]. They have to be custom designed dalbricated.Some
possible locomotion principles include pmping, walking, stick-slip movement
motion throughasymmetric fricton forces, andnch worm movement[58]. The
Jumping Microrobot used jumping as tleeomotionprinciple and the corresponding
actuation is chemical proputs. Although jumping is an efficient mechaniga8,
19], it is currentlyuncontrollableat this scaleDesign ofreusablechemical actuations
is difficult and currently camot be achieved bythe Jumping Microrobgthowever,
multiple actuators could potentially be integradedsuggested by Churaman e{E8,
19]. Thel-SWARM moves byusinga stick-slip movement and utilizegiezoelectric
actuation.The gick-slip movementprinciple requires complicated control to achieve
manageable movemeftt]. The Walking Silicon ard Silicon Robot botrmove by
walking. The actuations are thermal, and electrostatic, respectiMeyever, the
Silicon Robotfailed after250 cycles[27]. Moreover, electrostatic actuators require a
high bias voltagéhundedsof Volts) to produce reasonable displacemi@ahsof %

of the actuator length)his in turn requirea specialized CMOS process for the chip

" The experiments showing the controller dniyithe actuators in this chapter and the measurement results in Chapter 3 are in
preparation for submission to IEEE Transactions on Circuits andiByst.
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to sustain that high voltage and is against our desire for compact integfétgoHRV
devices with compachtegration we described in Chapter 4 could only operate at 60
V (beyondthe breakdown voltage)The Walking Silicon featured thermal actuators
and moved at a reasonable speed (0.43 BLPS). These existing tiny robagd thtadw
walking principleis promisirg for locomotion

Walking principle has an advantage thdéte whole motion mechanism can
consist of onlythe actuatorsvithout other partsTherefore, the design and fabrication
will be easier due teewernumber of mechanical componenighich also achiees a
smaller size.This work chose hermal actuatorbecause thepffer a high forceof
hundr ewhghisréguired to lift the robotsand produce practical displacement
of tensof % of the actuator lengtf110, 111]. The advantage of usirthe thermal
actuators is thathis technology is relatively mature. However, thermal actuators
consume large currerg which are requiredto create the desired temperature
difference(threeorders of magnitude higher than thewer consumed by the CMOS
circuits) these current requirements are impractical stintg robots have limited
power sourceThe actuator design will have to be optimizedreduce the power
consumptionso that it can be useful in tiny robot applicatioAswork combining
thermal and electrostat@ctuators was reported by Suh et al. to generate the high
force and displacement by using thermal actuation and transition to theoloar
electrostatic actuation to hold the actuasarthat the power can beduced while the

actuators are holdintpeir positiond112, 113]
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5.2 ActuatorDesign

There are two main types of thermal actuatdtsermal bimorphs (or
multimorphs) and homogenous actuatdiklO]. Thermal bimorphs consist of two
overlapping materials that have different coefficients of thermal expansion (CTES).
When temperature increas¢éhe mismatch of expansion between these two materials
producesout-of-plane displacement. Homogeneous actuators consist of a single
material withwell-designed structure$wo possible structurearetwo parallel arms
[110] and bucklebeam or chevrornll4, 115] Displacemenibf the paallel arms
structure is caused by the temperature difference between two parallel but connected
arms that have different widththe wide arm hasa lower temperature than the
narrow arm when currens$ applied The displacement is on the same plane as the
film. Buckle-beam structure has two hetdhead beams thareat an initial angle.
When the beams are heated and expand, the connected part moves fibrigard.
difficult to convert he inplane actuation generated from the homogeneous actuators
to out-of-plane motionlt is also difficult tousethe inplane actuation olegs. On the
other handthermal bimorphslemonstrategtraightforward integration andut-of-
plane actuationWe would like the actuators to be straight (perpendicular to the
substrate)in order to maximizedisplacement at a given bending anglertical
actuators cannot be micfabricated.

We usel an electrodedirectly as one of the structural lagemwhich thus
reduca thenumber ofrequired layers antthe process complexity comparéa having

an additional metal layer as a heater sandwiched by two other [a§ér$13, 116]
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However, the electrodmaterialhas to benert since it is exposed tetchantsduring
fabrication andnoisturein air during being heated inormal operation

The tiny actuators were fabricated using ME&Shniquesn the Maryland
Nanocenter FabLab #te University of Maryland Since the actuatorseredesigned
to be postfabricated on the CMOS ASIC directly, the prece®edd to be CMOS
compatible which means that the CMOS chips must not be physically damaged or
have their characteristis altered during podiabrication of the actuators. Any
processing stepased in the fabrication should not damage the CMOS chips; the
processing temperature should not exceed the allowed temperature for the CMOS
chips(such as melting temperatures of materials used on the .cbyos)g actuation
the temperaturef the CMOSshould not exceed the typical operation temperature

range-55~ 125°C [117].

5.2.1 Actuator and ASIC Calesign

The design of the actuatnecessitates overall planning for both the ASIC
and the actuators so that the integration of theseneterogeneousomponents an
be made possible. In order to perform the wallsequencégait) shown inFigure
2.1, there need to be four rows of legs (each row might have more than one leg).
These hermal actuators require large current to pasthrough the metal layer
(electrode) and accordingly generate heat to raise the temperature. This current was
estimated to be 100 mA to produce enough displacement and force. This current is a
largeload for the CMOS chipespecially if there are multiple actuatdhsit need to
be actuated simultaneously (two rows ofdeged to be actuated simultaneously).

Therefore, we configured the actuators in series so that theydgharsame current
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source and id not risk exceeding the maximum currehét interconnectianof the
CMOS chipscan carry.The maximum current depends on specific desigresfound
that our chips could safely source a current up(® @A. Exceeding this current
level will result in destructiof the circuits most likelythroughelectromigratio of
metal wires or viassimilar to whatwe observed during testing the HV devices
(discussed in Sectioh5.1).

The layout of the chip is shown Figure5.1. The approximate pad positions
and spacdeft at the periphegr(pad frame design) were decided by the whole Antbot
team. This design reuseudrt of pad frame draw by Mr. John Turner for the first
version of the chip. Two groups of control siggehn beproducedas outputs ghads
Al andB1. An electrical connection from1 (or B1) to A2 (or B2) is created by one
row of legs (not showing here). Two A2 (BB) pads are internally connected. Pads
A2 (or B2) and A3 (orB3) are connected by another row of legs. Given this
configuration only two outdusignals are required and the net current can be reduced

becausenultiple legsshare the sameontrol (currensourcsg.
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Figure5.1. Chip photomicrograph showirtge layout of he ASIC. The center is the
actuation signal generator circuitfijhe lright rectangles and squares #reexposed
metal layer, elsewhere is covered by passivation matdied. tvo rectangles on
either end ar&ddandGndpad, respectivelylhe rectangledabeled withA andB are
designed to be connected to leglse guares are testing and programming pads.

5.2.2 Surface Materials of CMOS Chip

It is highly desired to understand the surface materials of the CMOS chip so
that the fabrication proceduresan bedesigned to be compatibleThe surface
materials were given by the foundry as listedTable 5.1. This information was
verified with an elemental analysis technique caléegrgy dispersivespectrometry
(EDS) It excites the samplevith high energy particles and measures the emission
spectrum where each element has unique set of peaks and can be identified
accordingly. The analysisas performed ithe Maryland Nanocenter AimLab &be
University of Maryland assisted ldyian Pablo Hrtado PadillaFigure5.2 andFigure
5.3 show the elemental analysis of the exposed metal and passivation layer,

respectively. They agree with the information provided by the foundry.
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Table5.1 Surfacematerials of the CMOS@hip fromtop tobottom

Passivation 500nm silicon nitride

1200nm plasmaenhancedetraethylorthosilicate
Exposed Metal | 25nm TiN ARC

675nm AlCuws

10nm Ti

80-100nm TiN

30Nnm Ti

cps/eV

14 ]

12

Figure 5.2. EDS analysis of the exposed met@ihe elementgprovided by the
foundry (Table5.1) are highlighted which aral, Ti, Si, Cu,andN. In the yaxis cps
is count per second.
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Figure 5.3. EDS analysis of the passivation lay@he elements provided by the
foundry (Table5.1) are highlighted with areSi, N, and O.

5.2.3 Optimization for Bending Force and Radius

The actuators need to have enough force and displacement to move the robot
[113]. Therefore, actuation force and displacement are both important factors in the
actuator designThe thermal actuatorsiere optimized usinga Matlab program
developed by Dr. Balakrisnaat al. [118]. Curvature and blocking force were
calcul ated by specifying devi cfeeachglayermet r i e s
One thing to note here is that the program assumes all layers are yumifuain is
different from our structurelfe electrode does not cover the whole leg).
We would like to maximize the leg lengfim the x direction)ecausdonger
legs poduce larger displacement farfixed strainor bending angleThe maximum
allowed leglengthbm t he | ayout of FgureSl)cThesgpect s 480 ¢
ratio of the legshouldbe larger than 1.3 to ensure that the actuators curve along the
longer edge$119]. Given that the leigh of t he | egs are 480 & m,

width is 370 em and the corresponding num|
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three configurations with 2, 3, and 4 legs per row; their leg widdre375, 250, and
180 & m, respectivel y.
The QMOS chips receiveérom the foundry were 3mm1.5mmx3 00 , e m
which yieldsa calculatedve i g ht q &ssuinglthe cheépgs a uniform silicon
object and weight of the legs is negligible. To overdesign théoleg by a factor of
ten the desired net force from thegke actuated simultaneoustyrouldbe3 0 8 ¢ N.
The minimum bending anglevas choserto be30° (assuming the leg cursento a
perfect arof a circlg.
The material properties and actuator geometry used in the simulation are
summarized inrable5.2. Device geometry was based on the configuration of 3 legs
per row; 6 out ofthe 12 legs are actuated simultaneoudife CTE of SU8 was
provided by the manufactutef he r eported Yo#8mggéfromddul us of
7 GPa[120-122]. This resuk from different measuring techniques, processing
conditions, and thicknessof the SU8 [120]. One measurement resuleported by
Kristof et al. matched our application an8U-8 thickness rangeTheir average
Youngo6s w28 GRHu24]. ThePoi ssonds ratio was repor
[123]. We used a three laysimulationmode in the Matlab prograno optimize the
actuator; the three layengere Au, Cr, and SUB. The drainin each layer isef xCTE
where & is the temperature difference before and during actuationaNdearily

chosethe temperature difference to be Q0
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Table5.2 Actuator simulation conditions for 3 legs per row

Layers \ | Length| Width . CTE Young s Poisson
Thickness modulus :
Property [(e m | (e M (ppm/K) (GPa) ratio
Gold 480 250 1007 1000nm | 14.2 79 0.4
Chromum | 480 250 100 nm 4.9 279 0.21
SuU-8 480 250 17 10e m 52 2.3 0.26

The simulated net forcand bending anglér 6 legsare listed inTable 5.3
andTable5.4, respectively. Grey shaded cells indicthiekness combinations that do
notmeet he r equi r e me n?.Pdramdtér8meetiNg both requirerBedts
are highlightedThe cell marked with atar indicates our final design choideorce is
moreimportantthan bending because walking slowly igtbethan not being able to
walk. Therefore, we chose the parameters that produce the highest force among the

valid candidates.

Table53 Si mul at ed net fGray.csgecification ndd meetehgs ( € N)
both force and bending specifications meet. Star: final choice.

SU8 (¢
\Gol d

1 25 | 22 | 18 | 15 | 11 7 4 0 -4 -8

9 | 94 | 92 | 90 | 88 | 86 | 85 | 83 | 81 | 79

203 | 203 | 204 | 204 | 205 | 205 | 205 | 206 | 206 | 207
340 | 345 | 349 | 353 | 357 | 360 | 363 | 366 | 369 | 372
503 | 515 | 525 | 534* | 542 | 549 | 556 | 562 | 568 | 574
689 | 710 | 728 | 743 | 757 | 769 | 780 | 791 | 801 | 811
894 | 928 | 955 | 979 | 999 | 1018| 1035| 1051| 1065| 1079
1116| 1165| 1205| 1239| 1268| 1294| 1318| 1339| 1360| 1379
1353| 1420| 1475| 1520| 1560| 1595| 1627| 1656| 1682 | 1707
1604| 1691| 1763| 1822| 1874| 1920| 1960| 1998| 2032| 2064

010203040506 0708|09]| 10

Ol N|OO|O|DIWDN

IR
o
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Table5.4 Simulated bending angle for legs (degré&ajey: specification not meet.
Yellow: both force and bending specifications meet. Staal fthoice.

Sgifl J Y01/02|03|04|05|/06[07]|08|09]10
1 137 90 | 54 | 30 | 16 8 3 0 -2 -3
2 83 | 74 | 64 | 54 | 46 | 38 | 31 | 26 | 21 | 17
3 56 | 53 | 49 | 46 | 42 | 39 | 35 | 32 | 29 | 26
4 42 | 41 | 39 | 37 | 35 | 33 | 32 | 30 | 28 | 26
5 34 | 33 | 32 | 31*| 29 | 28 | 27 | 26 | 25 | 24
6 28 | 27 | 26 | 26 | 25 | 24 | 24 | 23 | 22 | 22
7 24 | 23 | 23 | 22 | 22 | 21 | 21 | 20 | 20 | 20
8 20| 20 | 20 | 19 | 19 | 19 | 19 | 18 | 18 | 18
9 18 | 18 | 17 | 17 | 17 | 17 | 17 | 16 | 16 | 16
10 16 | 16 | 16 | 15 | 15 | 15 | 15 | 15 | 15 | 15

5.3 Fabrication Procedures

Dr. Bavani Balakrisnandesigned initial fabrication procedures and some
masks for phtwlithography. Her initial design did not include metal protection
(fabricationstep 1). She intendetd usesilicon oxideand coppelas the sacrificial
layer tep 2) and the electrode (step 4), respectively. For the otherdaybe
actuator (step 3)she chose S48 instead ofpolyimide which is also a popular
material for thermal actuato[112, 113] becauseof concern thatthe polyimide
would be damaged dtigh temperatuie SU-8 remained in the final processis.
Deepa Sritharan helpedth the fabrication proces®r. Elisabeth Smela, Dr. Pamela
Abshire,Ms. Deepa Srithargrand | had regular meetings to discuss the fabrication so
the design was a group effort. | did most of #eriments to test and verif

different ideas of materialphotolithographyecipes, and fabrication steps
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We experimentedvith using different materials for some of the steps
summarized inTable 5.5. This summarylists the materials used in the fakaton
procedureshat we tried experimentallyit the same timéwo different mask designs
wereused in the fabricatiorDiscussion of the material selection and the difference
betweenthe two maskss given inAppendix Al. The fabrication procedures for the
actuatorsare summarized irFigure 5.4; the procedures were for fabricating the
actuators in the center of a quarter 40 wa
chips are discussed Appendix B There are five main step$) deposit and pattern
the protection layer for thexposedCMOS aluminum pad<?) deposit and pattera
sacrificial layer,3) deposit and patterieg layer 1(SU-8), 4) deposit and patterieg
layer 2 (electrode), an8) releasethe legs so they can benBroblemsthat we
encountered in the fabrication are discussedAppendix A The layout of the
unprocessed chips shown inFigure5.1.

Table5.5 Description ofMaterialsUsed inDifferent FabricationSequences

Process Step Protection | Sacrificial | Leglayerl | Leg layer 2
Dr. Balakrisnad design | N.A. SIO. SU-8 Cu
Process 1 Cr/Au SiOz SU-8 Cu
Process 2 Cr/Au Al SU-8 Cu
Process 3 Cr/Au Cu SU-8 Al

Process 4 Cr/Au Al SU-8 Cr/Au
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Figure5.4. Fabrication procedures on the chip. On the left is the @@ssonviews
of the devices; on the right is the top view or maFkikgures on the left column were
not drawn to scalélhe rectangular outlines on the right are 3 mm x 1.5 Tima.top
row shows the schematic athip received from the foundry
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Step 1:Exposed Mtal Protection

The exposed metgladson the chips mighbe damagedbecause the pads
consist ofmostly aluminum which does not withstand most etchartisrefore, we
addeda metallayerwith low reactivity to cover the exposed pduig still maintain its
conductivity We chose Cr/Aubecause Auis inert and we are familiar with
techniques foprocessing itThis step is not requirefdr processing o barequarter
wafer. However, theprocessing done in this step will result in pattern tet
emulate thgoads of the CMOS chip.

1.1: Cr/Au deposition

Deposit a thin adhesidiayer of chromium (10 nm) and then gold (100 rioy)
sputteringusingan AJA Sputtering unitSputter depositiorywhich isnon-directional
was chosento make sure the Cr/Au coweat the side walls of the exposed padss
shown in step df Figure5.4. The sputter deposition is not required for processing on
the quarter wafer, instead thermal evaporation deposition can be used.

1.2: Pattern 1813 photoresist

Dehydratethe chip by baking at 11% on a hotplatdor 10 minutes. Apply
positive photoresist Shipley 181@ing a pipetteSpinfor 40 seconds at 4000 RPM.
Bake at 95C on a hotplatéor 1 minute. Rehydrate for 1 minud room temperature
at a relative humidyt of 60% Align mask1. A Karl SussMJB-3 mask alignewas
used for all the photolithography stedsxpose for 7.5 secondat 8 mW/cm.
Develop for 75 seconds. Ringdth deiionized (DI) waterand drywith a nitrogen air

gun Hard bake at 11% on a hotphtefor 2 minutes.
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1.3: Pattern Cr/Au
Put the sample ifiransenesold Etchant TFA to etclthe exposedyold. Rinse
with DI water and dry with nitrogerPut the sample ifranseneChromium 1020
Etchant tothe chromium.Rinse with D water and dry with nitrgen. Both etching
times were determined byisual examinationby bare eydor uniform color of the

paterns.

Step 2: Sacrificial Layer

A sacrificial layer was used for releasing thiegs later.The selection of
aluminum is discussed iAppendix Al. One thing to note here is thdte 1813
photoresist was not removed after patterning the chromium/gold in step 1. The
photoresist acted asphysicalisolationlayer for the first layer gold and the second
layer aluminum. The isol@min is desired because aluminum and gold fam
aluminumgold intermetallicalloy [124]. We have observed thahi$ intermetallic
alloy is less reactive to the aluminum etchant (etch rate is lower than pure aluminum)
and sometimes cannot be fully removed with the aluminum etchant. This issue
introducesirreproducibility in the fabricationprocess such as etching timéor
aluminum thealuminumshould be avoided.

2.1: Al deposition

Deposit 1 e m odMetemlToermalrEvaporatmit 18K /sec

Thermal evaporation deposition was used because this layer does chab rmeeer

any side walls and its deposition rates are generally higher than sputtering.
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2.2: Pattern 1813 photoresist
Follow the same proceduressiepl.2 but use mask.2
2.3: Pattern Al
Put the sample ifransenéAluminum Etchanti Type Ain a beakeon a50
°C hotplateand stirevery 20 second®r 5 minutesEtching at 50C is suggested by
the manufacturer. Rinse with DI veatand dry with nitrogen
2.4: Remove 1813
Put the sample ilan acetone bath andse anultrasonic agitation system to
strip off the 1813 from both step 1 and step 2. dddarch Jupiter Ill O2 plasma
systemto strip the 1813 (50 W)Examine the sample for residual 1813 under the
microscope.These two methods might have to be repeated winéil 1813 is

completely removed.

Step 3Leg Layer 1 (St8)

We usecdhegative photoresi§U-8 asthe structural layeof the leg. SU8 was
depositedon top of thewhole samplepartly over the sacrificial layer and partly on
the wafer surface The portion on thesacrificial layer will befree to bend after
fabrication the portionon thewafer surface willanchor the legs to theafer. Wet
etch via holegnot shown in Figure 5.4yere desined to accelerate the reledse
increasingthe area of the sacrificial layer exposed to the etchant tov dster

undercuttingWe usedMicroChemSU-8 2005photoresist for it®  ilm thickness.
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3.1: Pattern SkB photoresist
Apply SU-8 with a pipette We followed the recipes suggested by the

datasheet provided by MicroChem except using a lower exposure dose, a gradient
temperature profile for pogtxposure bake, and a longe&vdlopmentSpin profile is
as follows Spin at 500 RPM for 10 seconds with acceleration of 100 RPM/sec
followed spin at 3000 RPM for 30 seconds with acceleration of 300 RPM/sec. Bake
at 95°C on a hotplatfor 2 minutes.Align mask 3. Expose for 11 secosdht 8
mW/cn¥, which isslightly less than the dose suggested by the manufacfdi05
mWi/cn?for 35 & m t hBake&t 608Csos a hotplatdor 1 minute at 95 °C for
3 minutes, and at 60C for 1 minute(the manufacturer suggested takat 95 °C for
2-3 minute$. We experimentedvith gradient temperature profiles for both soft bake
and postexposure bake and fouridat this gradientin temperature profileisedin
postexposure bake helpetb improve the adhesion of Sk8 to the sacrificial
aluminum layerand the wafer surfac&Vhile it was suggestedhat soft bake is more
critical to SU8 adhsion [125], our result differed. B®gressive temperature is
typically usedfor soft bakng [126]. Develop for 3 minutes with MicroChem SJ
Developer(the manufacturer suggested 1 minbi# we found longer time was
neededto remove the unexposed SBJcompletely. Rinse with sopropyl acohol
(IPA) andthen DI water. Dryusing nitrogen An additional step ofidescund to
remove residual photoresist svtaometimes required aftdevelopmentDescum was
done by usinghe March dipiter 1l O2 plasma systenvith aradio frequency power

of 20W and oxygerpressuref 5 mTorrfor 10 seconds.
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Step 4: Leg Layer 2 (Electrode)

We again chose Cr/Au for the electrode becatise not reactivewith Al
etchant.The maskpattern for this Iger not only includsthe shapes of the electrode
but alsothe sameexact shapes for the metal protection layer (Sgare5.4 step 4.

The latter was for protecting the gold depositestepl.
4.1: Deposit Cr/Au

Deposit an abdesive layer of chromium (200 nm) and then gold (430 nm)
using sputteringThe reason for sputtering is to make sure the Cr/Au is continuous
over the stepintroduced by the sacrificial layer and the-8lhs shown in step df
Figure5.4.

4.2: PatternAZ 9260photoresist

Dehydrate thejuarter wafeby baking at 115C on a hotplatdéor 10 minutes.
Apply the viscougositive photoresisAZ 9260using a small beakgpouring close to
the sampleSpin at 2000 RPM for one minute witim acceleration of 10&RPM/sec.
Use Qtips soaked wittpropylene glycol monomethyl ether acet®@&MEA (main
ingredient of MicroChem S48 Developer) to remove the edge bead of the sample.
Use Qtips soaked with water toemove the PGMEA (because we obsehit
changingthe color of the developer)Bake at 110C on a hotplatdor 3 minutes.
Rehydrate for 60 minutest room temperature at a relative humidity of 6@%gn
mask 4 Expose for 1.2 minutest 8 mW/cm. Develop for 11 minutes using AZ400K
mixed with water 1:4in volume Rinse with DI water and dry with nitrogeDescum
was done by usinghe March Jupiter Ill O2 plasma systewith radio frequency

power of 20W and oxygempressuref 5 mTorr for 10 seconds.
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4.3: Pattern Cr/Au
Use the same procedsias stefl.3.
4.4: RemoveAZ 9260
Put the sample in acetone bathh anultrasonic agitation system to strip off
the AZ 9260 photoresist. Uséhe March Jupiter 11l O2 plasma systeim strip theAZ
9260 (100 W). These two methods might have to be repeatgil AZ 9260 is
completely removedespecially in the wet etch via lesisincethe area of the 9260

photoresist exposedd the developeinside these holds limited.

Step 5: Releasing
5.1: Etch sacrificial layer
Etch sample with Al etchant mixed withater 1:1in volumeat 50°C. This
step might take up to 20 houi®he reasothatit took such a long time to release the
legswas because the etching relies on the etchant angdabg sacrificiallayer only
from the side (undercutyVith the aid of weetch via, the sacrificial layestill has to

be etched horizontally for 50 ¢&m.

5.4 Fabrication and Testing Results

We fabricated actuators on a dummy a r twafer. Deviges on twayjuarter
wafers were tested on a probe statibme lesistance othe electrodes forming top of
27 rows of €gs was measured: average, median, and standard deviation of the
resistancevere28.91q, 20.80q, and 27.8%y, respectively. Actuators were actuated
by connecting a power supply to probesich touched the electrodeBop and side

views of the actuatarbefore and during actuation are showrrigure5.5 andFigure
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5.6, respectively All the horizonté rectangular metal pads shownthe photos are

4 00 & mThevactation current was set to a valuseltw the maximum allowed
current for the actuators $eatthe actuatorsverenot damageavhile still creating a
large enough bendinthat could be observed. Most actuatonsere damaged above
100 mA as show in Figure 5.7. This 100 mA is lower than the current that the
controllerchip can supply sdamagng to the CMOS chipsvas not a concertrrom

the dashed lines iRigure 5.6 we measured the bending angle at the tip to be 32°
This anglewas observedrom anoblique perspectiveandso, theoretically, the actual
bending angle ishigher when observedorizontally. This angle meets our
specification of 30%and should provide enough displacement when the devices are
ready to be flipped to walkVe attribuedthe difference between the simulation (31°)
and the measuremetd two settings in the simulation that do not reflect the real
experiment. First,the simulation assumes thevo leg layers are uniforty
overlapping but the electrode layer only overlapart of the SkB layer.Second we
assumed the temperature difference caused by actuation i€ ,M0Bich might be off

from the difference irthe real experiment
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(b)

Figure5.5. (a) Top view of actuars before actuation. (b) Top view of actuators
during actuation at 90 mA.he electrode on the anchor part of the legs is gold color

as expected. However, the electrode on the releasing part of the legs is dark because
that part of the legs is not flah@ does not reflect light back vertically.

Figure5.6. There are two images in each photo. Th&dm oneis reflection of the
actuators o the flatmirror substrateWhite dashed linesdicatethe edge of the legs.

(a) Side view of actuators before actuation. (b) Side view of actuators during
actuation at 90 mAThe lower white dashed line is a copy from the top figure for

reference.
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Figure 5.7. The fourth leg was already completely damaged by passing a too large
current in a test before the photo was taken. The top three legsitalsteformed
due to passing a large curr@m@a differen experiment

We also performed a loading test of the actuators. Bare silicon chips that are
the same size as our CMOS chip were used as loads. Side views of the actuators

lifting three silicon chips before and during actuation are showkfigare5.8. This

experiment shows that the actuators can provide enough force to lift the CMOS chip.

probe tip actuator

Figure 5.8. (left) Side view of actuators before actuationglft) Side view of
actuators during actuation at 85 mW/hite dashed lines indicatthe edge of the
loading chip and show a change of angle.

We alsoconnectedhe FGPLL controllerchip (see Chapter 3p the actuators

to test if the CMOS chip can contrdilet actuators properly. We firssed photoresist
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1813 toglue a FGPLL chip to aorner of the cavity oa DIP40 packageThe chip
was placed at the corner to reduce tequired wire length. Then, pads thatere
required for this experiment wevdre-bondel to the pads on the packages shown
in Figure5.9. The pads wired ouwvere power, ground, two control outputs for the
actuators, and two control inputs for the output mdde large padtadtwo wires
to increase reliabilityrad reduce connection resistank@&an PenskiyMicro Robotics
Lab atthe University of Maryland)provided trainingon a wire bonder(Westbond
74768 and did all the wire bondind/Ve used 1 mil diameter aluminum wifer
bonding The pupose of packaging thchipwas for easier handling of the chip and

connections to other devices.

Figure5.9. Padson the CMOS chip are wifeonded to pads on the package (not
shown in the photo)The wired pads are (countemtkwise from top) first control
output, power, two control signa to adjustthe outputduty cycle andcontrol signal
overlap, and second control output. Ground pad wasvelssbondedbut it is not
shownin the photoOn the lmttom left corner is the epd photoresisplue (use as a
glue)overflow to the top of the chip.

In order to connect the chip to the legse needed to determine the supply
voltage. There was an issue associated with the determination of the supply voltage.

The issue washat the spply voltage to the controllechip determines the output
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current to the actuatorand also modulates the output frequendgpwever, both
output current and the output frequemmsed to be set to a desired vallieerefore,

we hadoto first test the outputurrent of the controller at different supply voltages. We
found that the output curremtas most appropriaténot to damage the actuators but
large enough to providsignificant actuationat 3.6 + 0.1 V supply. We then
programmed the controller chip (ihe package) to 1 Hz on the probe statising a

3.6 V supply. Lastly, the chip was connected to the actuators through the probe
station and to the power supply to test the actuation contna.dlfferentmodes of
control signal driving the actuatorgere tested. The first control mot@d25% duty

cycle and 12.5% overlapetween two control signals and is showrFigure 5.10.

The second control modead 25% duty cycle without overlapetween two control
signals and is shown irigure5.11. Sincethe two control signals kdeno overlapthe

two rows of legswere not actuated simultaneouslyhese two experiments again
verified the controller chip can be programmed to a desired frequency and can

provide sgnals for leg control.
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Figure5.10. Fourphotos demonstrate leg controltbé controller chip. White dashed
lines represent the leading edges of the legs at their relaxiegasttelp identify if
the legs are actuated. The control sighatl 25% duty cycle and 12.5% overlap
betweenthe two control signalsThe control signal for the left row of legsas
leading the other signal. The first photo has two control signals aelet and the
actuatorswverenot actuated. The second photal tiae control signal for the left row
of legs high and the left leggere actuated.The third photo héiboth contras high.
The left legs remaid at previous position and right leggere actuaed. The fourth
photo ha the control for the left legs low and the control for the right legs high. The
left legs returned to the relaa position and the right legsere actuated. After that,
all thelegs returedto theoriginal position as irthephotol.
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Figure5.11. Three photos demonstrate leg control of controller dWpite dashed
lines represent the leading edges of the &gdkeir relaxing statand help identify if

the legs are actuatedhe control signalhad 25% duty cycle andzero overlap
betweenthe two control signalsThe control signaffor the left row of legswas
leading the other signarhe first photo hd two control signals at low leveind the
actuatorsverenot actuated. The second photal liae control signalfor the left row

of legshigh and the left legaere actuated. The third photo thahe control for the

left legs low and the control for the right legs high. The left legs returned to the
relaxing position and the right legsere actuatedAfter that, all the legs returedto

the position as ithe photo 1.

Comparing thebending of the actuators driven by the controller chip
(experiments offFigure 5.10 and Figure 5.11) with that driven bythe controlled
current source (experiments similarRigure5.5), we estimated the output current of
the controller chip delivered tne row ofthe actuators to be 80 mA. Givdre 3.6V
supplyvoltage the actuation power for one row thie legs is 288 mWAssuminga
constant current of 80 mA during actuatitime maximuminstant poweror the chip
is 576 mWwhen the controls have overlapd 288 m\Wwvhenthe controlshave no
overlap. Tke average power would have to account for the duty cycle of the control
signals for exampler2 mWfor 12.5%and144 mW for 25% duty cycleespectively
The voltage drop across one rowtlé legs estimated using median resistance 20.80
q for the legsis 1.66 V(80 mA x 20.80q). This voltageindicates that the voltage
drop across the drivers on the chip is 1.94TNerefore,n order to drive two rows of

legs in series the supply voltage has to be 5.26 V (1.94 V + 2x1.66 V) assuming the
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driver needs the sanie94 Vto function. This supply voltage is still within the safe
operating voltag€7-8 V) for the chipsHowever, it shows thahe resistance of the
legs has to be well controlled in a rarapeording to the controller desiggy that the
output current of the chigs large enough to generate reasonable actuation while not

too large to damage the legs.
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Chapter 61.ow PowerComputation for Robat Control

6.1 Motion PlanningUsing Randomized Receding Horizon Control

For robots toautonomouslycomplete the tasksthat they are assigned, they
must haveanadequate level afontrol This controlis normally based on performing
designed computationsnd algorithmsThere are manyobotic functions that can
potentially be implemented likdeduction,planning, perception,learning, motion,
andcreativity[127]. Not all of them are possibla necessaryo be implemented on a
tiny robotc platform which hasstrict size and poweconstraints.Therefore, more
efficient algorithms and implementation methods rauired to achieve theesired
level of autonomyThere are a feunctionsthat are more essential thére others,
for example motior(localization, mapping, or planningnd perceptionh@zardous
gasor defectgetection) Amongthemwe especiallyconsider motion planning as one
of the most importantraits because the tiny robotaust imoved to somespecific
locationsto perform their tasks

Motion planning of tiny robots usually involsea multivariable nonlinear
dynamic systemconstraints on the inputs and the outputs, and online processing.
Receding horizon control (RHC) or model predictive conit@8] is able to handle
changsin system parameters and constraints as wdleasasily applied to large and
multivariable process [129, 130] It is also highly adaptable to changing
environmentg131]. These advantagesake it apromisingcontrol method for tiny

robots.
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RHC is an iterative control strategy minimizing a cost functmrer finite
time horizon. At timestep k the current state is observed aadfinite horizon
optimization problem fromk to k + N (N is number of steps) is solvedhe
computation of this problem requires a behavior model for the system dynamics to
predict the new system state caused by changes in the @wputthe first step of the
solution for control inputs is executebhen, the horizon advances one stef t01.
Again, the state is observed and the optimization is computed yielding a new solution

whose first step is executed. The repetitive operation isrshiokigure6.1.

Optimization over a finite horizon

attime k

attime k+1

attime k+2

Inputs applied
to the system

Figure 6.1. Demonstration ofRHC operation. Only the first control step is
implementedSource: Eduardo Arvelo and Nuno Martins, UMD

More detailed formulation is as follow&31]. The system behavior can be
described as
X = F(X,U,) (6.2
whereXk is the system state vector at stiepJk is the control vector at stek, andf is

the model to predict next system state.and Uk are subject to constraints, and
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U, respectively.A control sequenceJ, =[U,,,---,U,, ] is computed.After the
system states have been predidw stepsX, =[X,,, -+, X, ], the cosfunctionis

given by
Cy(k) = a_ a( Xgi» Ug) (6.2)

whereCn (K) is the accumulate cqgfis the cost at a specific stefxi andUg; are the
i-th next predicted state and computed control atkstep

For a system with complex dynamics, solving the finite horizon optimization
in reattime is impossible oimpractical Many method$iave bendevelopedo solve
this issue bubnly few of them can be handled/la stateof the art eC [132, 133]
Randomized RHC (RRE) has been proposday Tanner and Piovesan offer an
attractive tradeoff between performance and computation t[d®4]. Instead of

trying to find an optimal control, ijeneratesnultiple control sequenceandidates

U} and picks the best among them
. N . .

U, = argujmlni'a;l 9(X, Ug) (6.3)
wherej represents theth candidatesAlthough therandomizedsearch approach can
only find a feasible solutin, the stability requirement came satisfiedby adding an
extra constraint to the cost functifir85].

A hardware architecture has been reported to perform RRRH& differential
drive robotby Kuhlman et al. [131]. Based on this architecture wkevelopeda
modified systemarchitecture as shown Figure6.2. The @ntrol generator maps the

random sampleR generated byandom number generatdRNIG) to useful control
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commandsA system dynamics simulator computes future states basesbrarol

candidateU] thatsatisfiesthe constrairg U, and observed current state Predicted
statesX] and control candidaté)) are used to compute cost angtdrmine the

suboptimal controld, . The ystem observer provides observatiortref current state

Xk. A sensor is responsible for providing constraints according to environmental

changes.

Sl u ST "-eoo
i Random (| System X ,Uki X & C (k)Y
« Number 1| Dynamics : Checker
| Generator | | Simulator X, TR
Leeeq=——- g=mmsmmetes
1 R ...JUi = system !
i Control (Ui U, U, Observer |
i Generator i | Checker | i & Sensor i

Figure6.2. System architecture for RRHThe Hock with solid linesis thefocus of
this research.

Analyzing the functional blocks inthe RRHC systemthe system dynamics
simulatoris the most complex and requsréhe highest computational powewe
implemented tis circuit which will be discussed in the following sectiofiie circuit
utilizes a mixed-signal approach to meet strict size and power constraints for tiny
robots. In our point of view succestl implementdon of this example is
representative enough to show thesuitability of mixedsignal circuit for

demonstratinglesignedntelligent behavior of a tiny robot.
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6.2 Implementation Exampl&ystem Dynamics Simulao©Odometry

6.2.1 Introduction

The odometry circuitvas originally developed biyir. Michael Kuhlmanwho
defined the problem, designed the preliminary migiphal circuits, angerformed
the error analysisHe initiated this circuit as his final project in a graduate circuit
class instructed by DrTimothy Horiuchi at the University of Maryland.l later
modified the circuit architecture, improved the performaspecificallyreducedhe
error to an acceptable leyelmplemented a digital counterpart for comparison, and
performeddata analysiso understandhe experiments.

Odometry isa methodology thatises robot motionsto estimatehe change in
positionand orientationAutonomous operation generally requires local modeling of
system dynamics, since many consthtegies require knowledge of the systtate
and direct reatime sensing of position is not always possitile to size and power
constraints.RRHC requirs many predi ctions of the robot
executing a given command sequeheeauseahe quality ofthe solutiondepends on
the number ofcandidates tested heoretically, the more candidates evaluated the
more likely the solution is close to the optimal ofEgital implementation of
odometry 8ing either general purpose or specific circisteelatively large, power
hungry, ad slow. To alleviate thishallenge we propodea mixedsignal architecture
implementing an odometry function that maps motor commamndstimated changes

in position using a kinematic model.

" Most of the material in this sectiomas originally published agi M. J. Kuhlman, T-H. Lee, andP. A. Abshire, "Mixed
signal odometry for mobile robotics," froc. SPIE8725, Microand Nanotechnology Sensors, Systems, and Applications V
20130© SPIE.
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6.2.2 System Overview

The odometry circuiis designed to support otrol of a differentiatdrive
robotasshown inFigure6.3. The system state vect®ris (x(t), y(t), d(t)) and control
vectorU is (v(t), ¥ (t)) or (Ur(t), u.(t)) which are linearly related assuming a kinematic
model. The output and input relationship is defined by nonlinear differential

equationf thekinematic model

ex(t) o v(§cosg ()
gg_/(t) H v@sing(t) . (6.4)
by euw

cQ

As RRHC has piecewise constant contngK), ¥ (k)), the discretizedclosedform

solution can be found

ex(k+1) &gy (Singe+D) -sin gk)) *(k)
gy(k+1) send (cogg k) cosgk ) y k). (6.5)
gr(k+1) B g wK)T + ¢K)

whereT is the step size.

Figure 6.3. Robot state spacey,d) and control spacév, ¥) (or (UruL)). X, V:
position in Euclidean space&f bearing of the roboty: robot velocity; w: robot
angular véocity; ur, uL: control commands to right and left actuator respectividlis
figure wasmodified fromMr. Kuhima n 6 s [48]i gur e
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We designed a mixesignal circuit directly implementingequation6.4. In
comparison withEquation6.5, it has muctiewer computations and doe®t need a
divider thatis relativelydifficult in circuit implementationThe computation requires
three integrators, one cosine function, one sine function, and two multipliers. Signal

flow and configuration of these componentssrewn in Figure6.4.

V(D)

X051,
R O x(t)

sin —@ﬂ el

Figure6.4. Block diagramof componentEomputingEquation6.4. This figure was
modified fromMr. Kuhlmard diagram[48]. Blocks withtheU sy mb ol ar e i nt ec

6.2.3 State Control fod(t) Integration

Due tothe limited dynamic range oftate variables in a real circuihe
representation af(t) needs to bearefully considered~ord(t) we define-2 to 2 ‘as
mapping linearly to the rangé V to 3 V where two complete periods can avoid
discontinuitiesat the boundariegvir. Kuhlmard sriginal design usetivo modulus
circuits to bring the voltage af(t) back to 2 V (Oradiar) when itexceed alefined
range in either direction. However, sudden raising or dropping of voltage caused
strongvoltagecoupling toadjacennodes and resultad significant error. Instead, we

designedan integratorwith two states whose system diagrein Figure6.5.
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Pulse
Generator

{ Opc
State
Toggle
v

S

Figure6.5. System diagram of the integrator and statehine The statanadine
consiss of two comparators, a pulse generator, and a state toggle circuit.

The wo states of operatioare summarized ifTable6.1. In stateS = Q both
switches (controlled by state) flip to the left ardsl sourced to capacitorsCHere we
assume that the robot can only rotate in one direction. Therefasealways greater
than or equal to zero andi¥ monotonically increasing and decreasing in s$ate0
andstate S = lrespectively. In stat®& =1, both switches flip to the right and is
drained from capacitor £In this state, a mapping is requiredccamputethe correct
d; the mapping is done by flipg the differential outputurrentof the multiplier
circuit (seeTable6.1).

Table6.1 St at es o f :aogkedéanslated foomdyN: thiéger)

State Desired mapping sine cosine
S=0 d = 2N + d06 |sind = sijcosd =
S=1 d = -ZANR’ sindindod cos dsdadq
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The state machine works as follows. The integrated voltage dompared to
two thresholds using comparators. Whencvosses a threshold ¥ or Vmay), the
output of the corresponding comparab@comesigh. This rising signal is fed into a
pulse generating circuit, converting the rising signal into a pulse. The rising edge of
the pulse toggkethe state as shown anexample wavefan in Figure6.6.

Example waveform of state control

v - _--- """ _--— == gom m
dd I! h L i - 7] '\',
1 - Il‘ - ‘!l — | — 9
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i! Ill i! I! i! i! |-|-|OPG
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time (us)

Figure6.6. Examplewaveform of state controlx remainsconstant an&¥« increases
or decreases linearly.

6.2.4 Sine and Cosine Function Circuits
The sne function circuit perform$ = Is  sin(Vd) wherelo is the differential

output current|s is aamplitudeconstant, andu is the input voltage. A sine fation

has a series expansion using hyperbolic tang&6{
L PX o s \
bsin—)° lim g ( 1) tanhk ka (6.6)
a m & m

where U and b are constants. A tanh function can be ob@iirea CMOS circuit

having a differential pair operate weak inversion region and the output current is
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lgr =g tanh( ¥, V,,)). (6.7)
We definedJin Equation6.6 asal2. For the input range to be 1 to\3 x andm were

designed to be{Vu - 2) and2 respectively Then,Equation6.6 can beaewrittenas

é(- ) tanh( ¥, - (2 g))) bsin{’—%z'—z)) sin(2vp.  (68)

Compared tdequation6.7, we haveVii as our input voltag¥q« andalsoViz as 1, 1.5,
2, 25 and 3 (k =-2-1,0,1,2)for each differential pair respectivelfhe circuit
design is based on a reported implementatprriedand EnZ137] with two major
modifications. First, théiasing voltages were generated by a resistive voltage divider.
Second, source degeneration was used in each differential pair to increase linear range.
Thesemodifications were made by Mr. Kuhémand remained in the final design.

The final desigrof the sineshapingcircuit is shown inFigure6.7. Simulation
results using a BSIM3.3 modef a commercially availabl®.5 em 2RBM CMOS
technologyin PSPICEare shown inFigure6.8. The calculated mean and root mean
squareof the absoluterror compared to an idesine wave are 80 nA and 5.29 nA

respectively.

vab dev.
L)

Figure 6.7. Five differential pairs performingquation6.8. A resistive network
provides the biase$.hi s fi gure was modi fi[48d from Mr.
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Result for sine shaping circuit

300
2000 e

00 f Nioof

out (nA)
o

Al
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-200

-300 i i i
0
v, (V)

Figure 6.8. Simulation results of the sine functiasircuit. Blue trace is the
differentid output of the circuit and black dashed traces are outputs of individual
differential pairs.

The cosine function circuits can be designed similarly with a phasefthitt

sine function.We definedm, x and Uto be 3, a&Vq i 1.75) andal2 respectively,

yielding

5_ (- 1)* tanh( v, -(1.75; ) Bsin2M, 1:75)) &os(¥ 4. (6.9

6.2.5 Multiplier Circuitsandx, y Integrators

The multipliercircuit designis implemented using four quadrant translinear
Gilbert cellas shown inFigure 6.9 [138]. The choice of using Gilbert cell as the
multiplier was made by Mr. Kuhlmarhe differential current output - |- equals

U S Isif all NMOSs operatén weak inversion regioand second order effects

like channel length modulation are ignor&tde definedS as2 Iv/Is soSris a ratio
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and normallytakes valuebetweenl andl. S is proportional tahe speed(t) (or Iv)
andU is proportional to the dput of trigonometricfunction circuits. We tok Vs in
Figure6.9to be 0.75 V whiclwas optimized through simulations to match the source
voltages of those NMOSs with their gatmnnected together.

One modification was made the output stage of the multiplier on the sine
path to accommodate tliferent operations of thevo state contrelsummarized in
Table6.1. The output stages of both multipliers are showhigure6.10. Figure6.10
(a) is the output stage for the cosine path. Cascode PMOS and NMOS currerst mirror
are used to reduce the mismatch when duplicating the cur@riigure6.10 (b) the
current injectednto the capacitor ik - |- or |- - |+ dependinghe state S equabgto O
or 1, respectively the figure showthe status when S=Four unily gain buffes are
used tominimize the error due to state change. The error is causeldoge sharing
between nde O andeither Q or . For instance, when S=1, O is connected (0 O
and their voltages are equas shown irFigure6.10 (b). However, if the unit gain
buffer doesnot exist, voltage at ©depends on the andl- current soures on that
branch and can ba few voltsdifferent from the voltage at O. When the state S
changsto 0, O is disconnected frompz@nd connected to:OThe voltage difference
between O and QOwill change the voltage at O instantly and causes eflae.unty
gain buffer equalizes tirevoltages while they are not connectedVhen state S
changes, only minimum charge sharinguld occur. The unity gain buffer is biased
at a current that is low to save power bulaigier than the difference between any

possble I+ andl- so it is still capable of controlling the voltage.
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Figure6.9. Circuit topolay of Gilbert multiplier cell.S» is proportional to/(t) andU
is proportional to the output dfigonometricfunctioncircuits
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Figure6.10. (a) Output stage of one multiplier producing differentiatput current
on the cosine path{b) Output stage of the other multiplfer the sine patiwhen S=1
Faded current sources are disconnected at this contrbbl8. NMOS and one
capacitor represent the integrator.

142



6.2.6 Digital Application Specific Integtad Circuit Implementation

To perform comprehensive comparisons between different types of
implementations, we also designedligital ASIC which computes the closed form
odometry solutions irEquation 6.5. The number of bits for inputs, outputnd
intemal nodes were chosen based on the requirements of dynamic range and precision
for this applicationy, ¥, x, y, andd are 8, 8, 12, 12, and 8 bits respectively. The sine
and cosine functions are generated usirigokup table which contains the siaed
cosinevalues from 0 to /2 (64 elementdor eachin this case). The other values are
calculated by exploiting the symmetry of these functions. Since the requirement for
operation time is not strict hereardware sharingechniquewas applied to reduce
area and hopefully the leakage powgs a result, the computations Hguation6.5
can be carried out in two clock cycles with only one multiplier. The desam
implemented in Verilog HDL. Synthesis was done by Cadence Encounter RTL
Compil er u sPi3M tgchndlog$. Tre mepoted area is 0.70 fvand the
highest speed is 61.8 MHz. These values could be improvied gystem had access
to readonly memory (ROM) to implement the lookup table instead of using

combinationalogic circuits.

6.2.7 Simulation Resu

We simulated the circuising BSIM3.3 modebf a commercially available
0.5em 2RBM CMOS technologyin PSPICE.Three dffferent types ofvelocity and
angular velocityconditionswere testedSpeedv(t) is controlledby lower differential
input current inthe multiplier (seeFigure 6.9) where we defingd S as2 IJls.

Angular velocity¥(t) is controlled byly in the d integrator (sed-igure 6.5). The
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origin of Euclidean spacgx, y) = (0,0) is defined as (2.5 V, 2.5 ¥ihd thed(t) range
of[-2 " &1V, 3V].

The first simulaton is constantv andzero+¥. In this simulation the robot is
supposed to move linearly with time in one directieuifection in this case because
initial d is zero radian). The result is shownHigure 6.11 demonstratinghat the
travel distance iBnearly proportional to the velocityl his shows that the integrator is
working nearly perfectly with zero angl&he ®cond simulation has both constant
non-zero velocity and angular velocity. The robot shoudiéally circle at condant
radius. The resudtare shown inFigure 6.121 6.14. In the last simulation we used
zerolv and zerd~. Ideally V4, Vx, andVy shouldstay constant but we found that after
2 ms onlyVq stays unchangedx, andVy drifted -58.1 mV and 0.3 m\fespectively.

One thing to note here is that the capacitor used in the simulation waslidaal.
physical implemetation capacitors would have finite resistance and introduce
leakageThis leakage will depend on the materials and the structures of the capacitors.

A few issues still needed to be resolved and investigated including drifting
and spikes in the figure$he spikes were due to theggles ofstate S. Quiclstate
change is necessary to reduce eduoe tothe state ambiguity during transition.
Unfortunately, this quick transition couples to other nodes in the circuit and causes
problems.The errors also camfrom the nordeal sine/cosineshapingcircuits and
integrators. An improved sine function circuit will be discussed in the next section.
One norrideality of the integratonis imperfect current mirrors. When we copy the
currents from the multipliers thé current sources in the integratansl from the left

NMOS branch to the right NMOS brancéecond order effects like channel length
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modulationmake the copy imperfect. The other Adeality is the undesired current
injection from the unitygain buffers In upperright half of Figure6.10 (b), while the
I- is charging nod® (O2 connects to Q)he second unity gaibuffer from the right
although its input tied to its outputill sinks or sources some current from node O
andintroduces error.

Although he simulation results shown Figure6.12, Figure6.13, andFigure
6.14 seem inaccuratehis simuléion condition might not be practical and might not
be used in a real casé.the warping factor is set to 90each simulation represents
400 seconds in real tim&his might be much longer than requiréfdthe robots can
occasionally acquire their owaccurate position through communicating with a base
station or onboard sensors, the positions can be updated, say, every 5 seconds. In that
case, between each update we are only looking a small portion of the circles in the
figures and the errors do notcanulate asirastically

Transient simulation forlw =0nAand0=0

4.5 ‘ f f 7
_Iv=50"A 3 3 ‘ 1.84
_Iv=100nA

Y |—r1=150na| -~ 1.82
——1 =200 nA
;’S: IV 250nA : : 117
§ 3.5 v
S 0.78
3 I ¢ B P ™ ol
0.39
2,5 = ‘
0 10 20 30 40 50

time (ps)

Figure6.11. Simulation results fax andy with zerol+ and five constant. Numbers
on the right indicate differences between the initial and final point.
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Simulated trajectory for Iv = 250 nA and Iw =20 nA
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X

0 . ;
-08 06 -04

Figure 6.12. Simulated trajectory fok, and I+ of 250 nA and 20 nA respectively.
Simulation startst initial position(0,0). Green circles mark every §8.

Simulated trajectory for IV = 250 nA and I(D =60 nA

Figure 6.13. Simulated trajectory foilv and I+ of 250 nA and 60 nA respectively.
Simulation starts at initial position (0,0). Green circles mark evegs50
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Simulated trajectory for IV =150 nA and Im =20 nA

0 1 1
-0.5 -0.25 0.25 0.5

x of

Figure 6.14. Simulated trajectory fotv ard Ix of 150 nA and20 nA respectively.
Simulation starts at initial position (0,0). Green circles mark eveps50

We examinedthe power consumption of the analog circuit for each circuit
componentThe static current for each component in odometry is listdchiie 6.2.
The dynamic current that occurs whbie state changedepends greatly on operation
and is not included her&Vve compare thiswith the power required to compute
Equation6.5 using a digital microcontroller and a custom designgdaliASIC. We
assume that computations are implemented on a microcontroller comparable to the Tl
MSP430 with a hardware multiplier. Equation 6.5 requires 1 division, 3
multiplications, 6 additions and 4 trigonometric functionsApproximating the
trigonometric  functions with piecewise linear functions accounts for one
multiplication, one addition, andne condition checking for eithesine or cosine
function Thesecomputationssum upto 1 division, 7 multiplications, 10 additions
and 4 conditioncheckingoperatiors. We assume thaall the operatios take 100
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clock cycles ignoring memory access costs. The energy requiredetéorm the
computation is independent of the clock, but assumingel®0/ M @imilar to Tl
MSP430) Voo = 3V and a 32 MHzlock, the equations of motion can be solved in

3.2e s ¢ o n Dakofeneqgy The power comparison is summarized able6.3.

Table6.2 Static current draw by each componinthe odometry circuit

Component N elements Current (A)
Gilbert multiplier 2 2¢,38¢
sinefunction 1 1.2¢
cosinefunction 1 l4e

state contradér 1 10¢e

Total 5 184¢
Power at 5V 92eW

Table6.3 Power comparison between different implementations and design settings

Implementation Design setting Energy / operation (nJ)
Mixed-signal Warp 10* 9.2
10° 0.92
10° 0.092
Digital ASIC Clock rate (MH) |1 5.42
10 14.8
eC (TIMSP430) |Power ( € 4100 30 (estimation)
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6.3 Improved Sine Shaper

6.3.1 Introduction

The sineshaper we have discussed in sectth@.4 was experimentally
optimized without using a systematic approadtiowever, we have founthat its
accuracygreatly affects the overall performance of the odometry cifEigure6.12 -

Figure 6.14) and its input range is limited (only a few hundred mWis finding
motivated us to developsystematic approach to better design the sine shaper so that
its accuracy can be improved and its input range can be selected arbitrarily.

Sine shaping circuits are important building blocks for many applications.
Their uses can be divided into two magategories. First, they are often used to map
an angular input signal to a corresponding sine output. The applications include
analog computatiofd8, 139]and numerically controlled oscillators (NGQused in
basdéand communications systeifigl0]. Second, they are used with a triangle wave
or modulated signal input in order to generate a sine wave output in applications like
function generator$l41], phasdocked loops, direct digital frequency synthesizer
(DDFS)[142], radio frequency phased arfdy 3], and orchip tesing [144].

There are many previous works implementing sine shaping circuits using
digital and aalog approaches. The most popular digital techniques are: lookup table,
lookup table plus interpolation, coordinate rotation digital computer (CORDIC)
algorithm, and infinite impulse response fil{@45]. These approaches suffer from

low accuracy, large power consumption, and large chip area. On the other hand

" The material in this sectionagoriginally published agi T.-H. Lee and P. A. Abshire, "Accus wide range analog sine
shaping circuits," in ProdEEE International New Circuits and Systems Conference (NEWQAS$4, pp. 2852880 © 2014
IEEE.
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analog sine shaping circuits usually offer better tradeoffs among power, area, and
accuracyf48, 142]

In analog circuits there is no component whose transfer function is naturally a
perfect sine function. Fortutedy, some techniques have been proposed to
approximate a sine function so that it can be implemented in both complementary
metaloxide-semiconductor (CMOS) and bipolar junction transistor (BJT)
technologiesFourtechniques that produce nearly perfectragpnations are: 1) The
polynomial approximation si®f & x(1-x2)/(1+x?) is implemented using the translinear
principle by having metabxide-semiconductor fieleéffect transistors (MOSFETS)
operatng in weak inversion region or by using BJTH42, 146] However, this
approximation is only valid for input ranges within half acycle ( 5" ~0. 57 )
cannot be extended easily; &)sine functionis approximated byhe first few terms
of its Taylor series expansidh41, 147] The largest input range achieved with this
technigue was half a cycle, the same as the first techn®)ju&; sine functionis
approximated bysing the sum of alternating sign hyperbolic tangent func{d®s
136, 137] 4) A sine function isapproximaéd by sum of paraboliglly spaced
exponential function§139]. The last twotechniqus are implemented with BJTs or
MOSFETSs operating in weak inversion. Thafer an easy extension of inpangular
range andare preferred in some applications because the exagleis sometime
more important than just the moduksgle

To achieve arbitrary input scaling (i.e., arbitrary voltage rangeaagalar
range)requires some additional consideratio®®me implementations are able to

achieve arbitrary inpugngularrange using théhird approach, but the input voltage is
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fixed to 300 mVper cycle [136, 137] This results in incompatibility with other
circuits and difficulties in system design. An input range of one palicycle was
demonstrate in [48] but no systematic approach or analysis was givea design
guide. The fourth technique is able to achieve arbitrary input scflidg]. However,

this differential inpti design is impractical because it requires a negative copy of the
input voltage and a negative power suppiythis work we adapted techniquésr
linearizing differential pairsin orderto realize arbitrary input scaling and highly
accurate sine shapinghich is a novel contributionWe also pesenéd detailed
analysison accuracy and efficiencyrurthermore, we generalized this approach to

providea designmethodology.

6.3.2 Sine Approximation with Hypertangent

The sine function circuit in this paper issangle-ended inputdifferential
outputdesign. It producesneoutput currentthatspr opor t i o V&, Whereo si n( 2
Vqis the input voltage representing the tinformation The input voltag&/4 ranging
from Vo-V:r to VotV: is defined to represenD . RS A O tubn§ vhereN is
assumed to be a positive integer for simplicity. As a result, the input voltage ranges
oV erNcgles A
A. Sum of alternating sign hyperbolic tangent functions

Gilbert first introduced an approximation of the sine function ugiegsum of
alternating sign hyperbolic tangent functions iBH circuit implementatioj136] as
Equation 6.6.A general circuit architecture that implements this approximation is
shown in Figure 6.15 [48] where the transconductance ampl8igiTCAs) are

numbered froni M to M and the net output currehit= (lo+ - lo-) is expressed as
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I, = g (" IQ/q V- mV;) (6.10

m= -M
wherelr is the differential output curreritinction of the TCA. Hyperbolic tangnt
functionality can be obtained from a CMOS differential pair opegah the weak
inversion regior{48, 137] If the TCA is a simple differential pair witmput p-type
metaloxide-semiconductor (PMOS) where its body is connected to iisceoto

eliminate body effecFigure6.18 (a) without two resistors)the output current is

. Ak
I, V)=1g @nhgg‘ZU_TV‘ (6.11)
wherels is the bias current of thECA, s is gate coupling coefficient)r is thermal
voltage, andVi is the differentiainput voltage. Then, substitutirifquation6.11 into
Equation6.10 and definingx and U in Equation6.6 to be a&Vq\Vo)/2Ut and a/4Ut

respectively, we have

Lo py sing2 a, V) (6.12)

IB
where do is the amplitude of the sine function. Thalid input angular range is

determined by. This sine approximation is valid withM complete cycles
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Figure 6.15. A generaked circuit architectureof Figure 6.7 to implement sine
approximation usingum of alternating sign hyperbolic tangenin the figureM is
assumed to be adinteger If M is even, the output polarity neesbeinverted.A
resistive network provides voltage references.
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e NE3
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V,
Figure 6.16. lllustration of sine approximation using five hyperbolic tangent

functions(M=2) and related parameters. All currents are normalizeg ©he solid
line is sum of hyperbolic tangent functions (dashed lines).
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B. Accuracy for approximation and range limitation

An illustration of the approximation is shown kgure 6.16. Neighboring
TCAs have output current crossing &t with input voltage shifted byc from their
center voltageVs =2Vc is the difference of center voltages between adjacent TICAs.
is apparent thab is an important factor affecting the accuracy of the approximation
and taking values from O to 1. Uiting relative errors to evaluate accuracy causes
problems when the sine reference approaches zero. Therefore, we chose coefficient of
determination 1®) to quantify the approximation quality. The evaluation was
performed over one complete cycle. For ebclwe found the correspondirig and
calculatedr? (seeFigure6.17 for the trace wittR of zero) Forr? computationM is
assumed to be one unless otherwise specified. Makitagger than one would only
affectr?for smallb put in this case the approximation is inaccurate and would not be
used anyway. In our observatiom? has to be larger than 0.999 so that there is no
noticeable deviation between the approximation and the refefdfecget 0.9998 as
our criterion for high ecuracy purpose This greatly limits the ability to cover an
arbitrary input voltage rang¥®. is the voltage range for 0.25 turasdcan be found

by solvinglT1(Vc) = bAs

o}

V. = 2‘; arctanh (6.13

whereUr is 25.8 mV and is assumed to be &.The result isshown inFigure6.17.
r? does not reach 0.9998 whs0. We conclude that araple differential paifTCA

cannot achieve arbitrary input scaling.
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Figure6.17. Calculated accuracsf (top) andVc (bottom) as functions df over the
range 0.6 to 0.97:2 exceeds 0.999 for a large rangf b values when the source
degeneration resistétis larger.

6.3.3 Resistive Source Degeneration

Because a simple differential pair offers limited input voltage range, source
degenerabn resistorgR) are introducedn the differential pairg¢Figure6.18(a)). The

output current function ahis TCA becomes
I,V) =14 fénh% V. RI,®) . (6.19)
¢V
IT2 here was solved numerically for a possible sati@ind is not exactly a hyperbolic
tangen function Is is selected carefully so that the PMOS does not operate in strong

inversionregion even if all the bias curreritows in one side of théefCA. In this

analysisls was set to 200 nAAfter lo is obtainedrom Equation6.10, r2 is calculated.
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For specific R and b, the resultingVc can be foundiy solving lt2(Vc)/ls = b using
Equation6.14

V,=2U, @rctanhp )/ k+ H.CR. (6.15)
Bothr2 andVc are shown irFigure6.17. Therangeof Vc wherer? is larger than 0.999
is very limited.To achieve larg&/c, the required resistancesuld beimpractically

large.

() (b)

Figure6.18. (a) TCA with source degersion. (b) TCA with a tunable gain buffer.

6.3.4 Transconductance Attenuation

In order to realize an arbitrary input voltage scaling, we use a anadiified
from a designthat was originally proposed to increase the linearity of &,
shown inFigure6.18 (b) [148]. A voltage buffer with gaii is inserted between the
input and the PMOS gate$he value forA is chosen based on the input range
requirements and is less than one for most cases. Thet cutpent of thisTCA is

solved from
. ak . ] . .
l+5(V) =1g @nhaii ) AVOA-) R LA)C (6.16)
¢ T
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If we set A+ 1 R=RAnd compardcquation6.16 with Equation6.14, we find that
IT3(Vi)=IT2(AA). This meansthat Equation6.16 is a scaled version dEquation6.14
on the input voltagexis From Equation6.15 gain A can be designed to achieve
arbitraryVc by

A= - Ve —. (6.17)
U, Quctanhp )/ k + H,CR

Fromr? calculation based oBquation6.10 andEquation6.14, havingR between 100
Kq to 250 Kq yields highb WeadaseRtobg200 ver a \
K g In this caseb can be chosen from&L to 0.2 for r? larger than 0.99® (see the
top figure inFigure6.17). In conclusion, source degeneratiorusedto shapdo into
a nealy perfect sine function while transconductance attenuatiasedto achieve
arbitrary input scaling.
Current efficiencyd of the circuit is defined as the ratio of maximum output
current to the sum of all bias currefit86]

h,  ,2b-1

o]

= (6.18)
2M+1 2M 4

where do approximatelyequals to(2b-1) for large b. Since A+ 1 R is/Aixed, |13
functions for different A and R are scaled versios of the same curveersusV..
Therefore, they all have the same approxinmagiocuracy and efficienat a fixedb.
Instrumentation amplifier architecture was udedimplementthe variable
gain voltage buffer as shown kigure6.19. Thiscircuit isolates the negative terminal
with a unity gain voltage Wffer to increase its input impedanse it hardly loads the
TCA circuit and drawsnegligibleinput current; TCAonly has litter bias current and

is sensitive to the input impedance of the buff#ithout this isolatiorR2 has to be
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chosen impractically tgeto serve the same purpostriable gain can be enabled by

using variable resistoend its output voltageo is

V=A® ). (6.19)
AR, =
Vp1 Vv, L
V.— AR, —Vo

WSAMP

Figure 6.19. Architecture for the instrumentation amplifier. Widering amplifiers
were used for both amplifiers inside the instrumentation amplifier.

In order to achieve arbitrary input scaling the T@#edgo have a wide input
common moderange To accommodate this requiremenidesswing amplifier
(WSAMP) [73] (as shown inFigure 6.20) is used for the two amplifiers in the
instrumentation amplifierThe technique to increase inpommon mode range is to
use complementary input stages in parallelie drawback for this circuit is that the
gain is not constanbver different input common modésain at tansitionamong
having single input stage on and both input stages on is naitlsnitowever, this
effect can be minimized by making the conduction parametétee input transistors
the sameby adjusting the MOSFET size according to mobility of both types of

MOSFET. A compensation capacitor was added to stabilize the amplifier.
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Figure6.20. Architecture for the WSAMP

6.3.5 Design Procedure

The design procedure is summarized able6.4. First the input specification
(Vo, Vi, andN) is determinedNext the size of the input PMOS amglare chosen to
ensure operation in weak inversion and, possibly, to meet speed requeimtet
circuit. Parameted can be determined from simulation or measurement results. Then,
Ve, Vs, andM (seeFigure6.16 for the relationship betwedvt andN) are found at step
3. Step 4 computelss for a set of possible values Bf and, then, picks aR value
which yields acceptable area and a wide randevdierer? is close to on¢hereafter
defined adl). There are two tradeoffs for the selectiorRofThe first tradeoff is area
to 0 width and accuracy (compare the curves Matbf 100 Kg and 200 Kj in the
top figure of Figure 6.17). Normally the widera is, the higher tolerance to design
variations the circuit has. The second one is area to efficiency: accordiggation
6.19, valid b should be as high as possible to achieve high efficiency but it requires

largeR (see the top figure iRigure6.17). At step 5b is selected fronu, preferably
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close to the middle ai for better error tolerance. At the last stes determined by

Equation6.17 andR = R/(A+1).

Table6.4 Summary éDesign Procedure

Step Design
1 Determine system specificatiMa, Vr, andN
Determine size of the input PMOIB, anda
Ve =W /N, Vs= 2V, M = ceiling(\/2)
Pick Rwhich yields a wide range of 0, for high accuracy
Chooséb from the midde of G
Find A using (9) andR'= R/((A+1)

O U1~ WD

6.3.6 ImplementatiorResults

The circuit was simulatednd fabricatedt si ng commerci ally aval

3M2P CMOS technologyThe chip photomicrograptvith the functional blockss

shown inFigure 6.21. We provide snulation results for two design examplasd

measurement result fothe first example Design parameters and results are
summarized imable6.5. In the simulatiorVag, I8 andR were set t® V, 200 nAand

200 Kq r e s pneR werer setl ty approximated valugsthe simulation

assuming we dmot have precise control of these componefitse overall results

agree with ouranalysisvery well. However,Is cannot be measured directly in our

design ad so cannot the individual current function of the TCA. (Thereforep and

d are difficult to determine so these valaesnot provided.
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Figure6.21. Chip photomicrographThe chip has three identical TCAs and one is
highlighted in the image. Each TCA has two instrumentation amplifi&y és
highlighted. EachA has two WSAMP as highlighted.

Table6.5 Summary of Design Paramees

Parameters\ Design 1 Design 2
Design Ideal | Simulation | Measurement Ideal | Simulation
Vo / Vi Vel Vs (V) 25/1/1/2 3/0.8/0.2/0.4
N/M 1/1 42
b 0.9 0.8827 N.A. 0.9 0.8979
A 0.1626 0.17 0.17 0.8131 0.82
R (Kq) 172.0 150 156 110.3 100
r2 1.0000{ 0.9993 0.98 1.0000f 0.9994
d 0.2667| 0.2493 N.A. 0.16 0.1626

In the implementation we have fixed resistors instead of variable resistors. We

choseR: of 16 Kq, R2 of 48 Kq, andA of 0.17. All the NMOSs in WSAMP have the
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same size of €m/3.5em; all PMOSs have the same size ofe2id/3.5em. In the
simulation he resigte dividers providing voltage biasewere replaced with diode
connected PMOSghile in the real chip the three biases where provmgdide form
threepins Current biasesn the TCAwere implemented using current mirravéh

one external bias voltagBoth examples demonstrated nearly perfect sine functions
and the DC simulation shown in Figure6.22. Measurement of design 1 also showed
a nearly perfectr? value of 0.98. This circuit has not been integrated with the

odometry circuit so noverall performance can be reported yet.

Approximation and Reference for Example 1

~O
ko] 0.5 B
(]
N
s O
£
S .05 | == Approximation
4 . .
rionn Sine Reference
4 i i i
1.5 2 25 3 3.5
v, (V)

Approximation and Reference for Example 2

Normalized /

2.2 24 2.6 2.8 3 3.2 34 3.6 3.8
vV, (V)

Figure6.22. Simulation output showing nearly perfect sine function within defined
input range.

We also simulatecand testeddesign 1functioning as a triangléo-sine
converter (TSC)Total harmonic distortion (THD) and spuriefree dynamic range

(SFDR) were used to evaluate the quality of dngputsine waveformBecause the
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quality of the signal depends heavily on the match between deweesan Monte
Carlo simulation 6the TSC for 1000 run® investigate the influences of smatch
between devicesabricated onthe same run The simulation conditions are
summarized inTable 6.6. Because mismatch model from the foundry was not
available, hree parametehat we considered most representatissge chose to vary
statisticallyin the simulation: threshold voltage of the MOSET, size of the MOSFET,
and resistanc&hreshold voltage and size were chosen because most mismatch of the
MOSFETSs can translate to these two parametdrs.variations were assumedie
normal distribution with zero mean and standard deviation as specifiebla6.6.
Simulation results showed thahet average, standard deviation, maximum, and
minimum SFDR at 1 KHz aré1.3, 2.76;56.88, and43.93 dBc repectively; those
metrics of THD at 1 KHz are 0.40, 0.08, 0.68, and 0.25réspectively.The
distribution of SFDR and THD is ifrigure 6.23. In the physical layout special
attention vas paid on the matahg between devices. Tecigues like common
centroid andnterdigitizedstructuresverewidely used (se€igure6.21).

Table6.6 Monte Carlo Simulation Conditions for the TSC

Parameters Nominal | Distribution | Standard Deviatior]
NMOS threshold voltage 597 mV Normal 10 mVv
PMOS threshold voltage 915 mV Normal 10 mVv

MOSFETwidth depends Normal 2nm
MOSFET length depends Normal 2nm
Resistance depends Normal 3%
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Monte Carlo simulatigsnofor 1000 runs

250
200 12000
150} | 150

100} 1100f g

Number of runs

50( 50

‘ 0
0.8 1 -60 -55 -50 -45 -40

0
02 04 06
THD (%) SFDR (dBc)

Figure 6.23. Monte Carlo snulation for design 1. A total of 1000 runs was
performed. Figures show the distribution of THD and SFDR.

Table 6.7 summarizes the comparisons with previous workssinusoidal
waveform generatorResults show that our design produces nearly perfect sine
waveform at a wide frequency range and requires the least pdeehelieve the
deviation of measurement results from simulatias due to the mismatch between
devices was severer than we have sehénsimulation.The lowest operatiniud is
limited by the input requirement which sets the BrfasMVs (seeFigure 6.15). We
experimentedwith several different combinations &b and Vi for N and M both
equal to one. We founchat the circuit can always generate nearly perfect sine
waveform as long agadd is not lowerthan 1.8 V and greater th&+MVs by 200 mV
in the simulationIn the measurement we tested with 1.43 V supply and still obtained

nearly perfect sine wave.
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Table6.7 Comparisons of Sinusoidal Waveform Generator

Ref [149]7 [150]° [142]° Simulation Measurement
Processgm) 0.35 0.18 0.35 SiGe 0.5 0.5
CMOS CMOS BICMOS CMOS CMOS
Area €m?) 3.8x10 n.a. 2.7x10 ¢ N.A. 6.2x10°
Power €W) n.a. > 409 2.3x10 25.1 115.6
SFDR (dBc) | na. | -54.3@125|-45.7 @2.49G <_'§§?é‘fé§§ <<3%@5Pé52§}<
<511 | 0.22@125 <0.37@0.110K | <1.2@1-5K
[0)
THD (%@H2) | G 21m | 1.18@2.5M n-a. 1.61@100K 2.15@20K

& Not a TSC desigr? Simulation;® Only TSC partd Estimation
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Chapter 7Dynamic Clock Scaling

Many computations can be performed withixedsignal circuitsbut they
cannot completely replace digital circuits. Interfacing between different
computational blockscoordination of the systenand digital component® many
casesrequire a clocksignal Clock generation ands distribution can potentially
consumethe largestportion of he total power consumptionf a system especially
when the clock speed is higfiherefore, a low power clock generation is highly
desired.This design was inspireduring the experiments dhe CSVCO circuit (see
Chapter 2, square signal can be a clock $)jgmee observed that the performance
exhibited a tradeoff betweenitter and power consumptionThis tradeoff enables

dynamic power management that is highly desired for a power constrained system.

7.1 Introduction

VCOs arefundamental building blocks for mamwery-largescale integration
(VLSI) systems and are widely used in many timing applicat{d0s 151, 152]
Currentstarved ring oscillators (ROs) are popular as they afferasonable balance
betweenarea, powerandphase noise, in addition ttavingthe widest tuning range
[66, 67] In comparison with other popular VCO architectures, such asG@rank
oscillator, the compact design and easy integration of ROs make ebeecially
attractive in monolithic VLSI systen{453]. Moreover, these benefits of ROs scale

with technology, making them even more attractive in advanced technolb§#s

" Most of the material in this section wasceptedor p u b | i cTaH. Lee and R. A. Abshire Ftequencyboostjitter
reduction forvoltagecontrolled ring oscillators" IEEE Transactions on Very Large Scale Integration (VLSI) Syétems$ n
February, 20169 2016IEEE.
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However, ROs are generally considered to have poor phase noise and jitter
performance that affect system performance adversely. This paper presents a jitter
reduction technique to allow more VLSI systems to utilize ROs, which in turn should
provide bette performance for monolithic systems.

Most existing techniques to reduce jitter and phase noise in ROs involve
putting ROs in a phadecked loop (PLL) and relying on the PLL to correct and
confine timing and phase error. These techniques focus on mingntbe ring
oscillator induced noise in the loop but not on reducing intrinsic noise. A slew rate
balancing circuit equalizes the rising and falling slew rate of the oscillator and, thus,
improves the symmetry of the output wavefagmthat the wgonverte flicker (1/f)
noise is minimized153]. A dual control VCO and a"order PLL were used to
stabilize VCO gain over process variations and frequency shifts, which in turn
maintained the PLL bandwidth to improvétgr performancg155]. Similarly the
dual control techniqgue was used to minimize VCO gain and maximize loop
bandwidth to reduce jitter while maintaining a wittequency rangg65, 156]
However, use of a PLL requires a reference signal which may not be available in all
systems. There are other techniques that do not require a PLL but can potentially be
incorporated with &LL to further improve jitter performance. One such method is a
phasealigning technique that realigns the output to a clean reference periodically so
that the jitter does not accumulate over a long pefid¥]. Another approach
maximizing the output amplitude of the oscillator was found useful to improve phase
noise and suppress noise currfr@8]. A similar study showed that fast r&i-rail

switching reduces phase noigéb9]. Jitter can also be reduced by minimizing the
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number of active devices so as to minimize noise so(it6&€3. Supply regulation is
also important for ROs because syppbise modulates directly into ROs and induces
timing error [156, 161, 162] Design parameters can be optimized to reduce the
intrinsic noiseinduced jitter by understanding their governing relation§h#yy 163,
164},

Thiswork describes a novel frequenbpost technique to reduce jitter in ROs.
Following the last set of techniques above, we have observed that both thermal noise
and flicker noisanduced jitters are inverselproportional to oscillation frequency
[72, 164] The fundamentatoncept of this technique is that boosting the oscillation
frequency achieves low jitter in conjunction with a frequency divider (FD) that
adjusts he RO output to the desired output frequency. An oscillator followed by a FD
is widely used but rarely are they designed as one unit and their overall performance
reported. The FD has to be carefully designed to add minimal jitter to ensure the
overall jitter performance is better than that of a comparablefregencyboosted
design. Expected performance has been confirmed using theoretical d@&ly$64]
and verified with measurement results.

This chapteris arganized as fdows. Section7.2 explains the theoretical basis
of the frequencypoost technique and its mechanism of jitter reduction as well as the
effect of frequency division on jitter. Secti@n3 describes the prototypsrcuit and
discusses frequency sensitivity in its bias generation. Seclidn presents
measurement results of frequency sensitivity, jitter, power, and a pamner
frequencynormalized jitter figue-of-merit (FOM). In Sectior?.5 we discuss design

guidance based on the measurement results and the jitter model, how technology
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influences the performance of curretérved ROs, and applications of this technique.
The maincontributions of this work are the novel frequeitmost jitter reduction
technique, its theoretical and experimental verification, an improved jitter model for
the currentstarved RO, and presentation of the direct relationship between oscillation
frequerty and jitter for ROs. For the purposes of lowering jitter and raising FOM, this
technique can be applied to any oscillator whose dominant jitter variance is inversely
proportional to oscillation frequency raised to a power greater than one and two,

respetvely.

7.2 FrequencyBoostTechnique

7.2.1Jitter in ROs
We briefly s umma[r2 fargitterfabdi ptasedmoisermoridge |
oscillators and introduce the theory underlyihg frequencyboosttechnique The

oscillation frequencyoscin @ ROcan be estimated §49, 72]

R N VR (7.1)
2NG, N \Q, Cf

whereN is the number of inverter stages in the R the mean delay for one stage,
linv is the controlled current in invertergswis the peak to peak swing amplitude in
the RO, andCertis the effective loading capacitance for each inverter. This equation is
valid under the assumption that the swing is centered within the rails and that currents
remain at constartnv during both charging and discharging. Assumifagy and Cet
depend only weakly ohny, linv is approximately linearly proportional fec

For thermal noisénduced jitter, the timing delay uncertainty in one inverter

stageddaw is

169



1

Jgu == f3 IO (7.2)

whereiw(t) is thermal noise current. This integral can be converted into a convolution
of iw(t) and a rectangular unit window of width The power spectral density (PSD)
of Jaw can be found accordingly, then the variancel@f can be found usinghe

WienerKhinchine theorem as

3.2 S, (D %¥ (7.3)

INV
whereS,,(f) andS,(f) are the PSDs aluw andiw(t), respectively. The period jitter of
the ROJw is the summation of R independenddw. The thermal noise current PSD of
a transistor is proportional to its transconductaggewhich is proportional to the
square root of the transistor current. From this short derivation above, the effect of
frequencyboost can be summarized. First, gmsing the oscillation frequency
linearly decreases the width of the integration windwas in Equation7.1.
Therefore, less noise is accumulated over a shorter integration period as can be seen
from Equation7.2. This is also reflected in Equatioh3. Second, increasing the
oscillation frequency (equivalent to increasing current in the RO) increases the signal
to noise ratio of the current as can be seen from the term after the second equal sign in
Equation7.3 because the PSB)(f) only has a squar®ot current dependence. The
term introduces an inverse dependence (g term a square root dependence, and
the linv term an inverse square dependence on the oscillation frequency. As a result,
the variance of thermal noiseduced jitter is propdional to the oscillation
frequency to the2.5" power. Phase noise can be inferred from jitter noisefand

Lw(f) = w-fosé/f? [72]. Note that we have neglected jitter contribution from KTC
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thermal noise which will later be shown to be negligible compared to the thermal
noise current.

Flicker noiseinduced jitte is derived differently because integral similar to
Equation7.3 cannot be integrated analytically. An alternative method is to find the
frequency sensitivity to noise sources, and then, phase noiseLffpirom the

frequency sensitivity according to

ki2
41

L (F)=—3%S, (1) (7.4)

whereki(f) is the frequency sensitivity and is equalfd&/(2Nlinv) and S(f) is the

PSD of flicker noise currend(t) in one inverter in the RO. The net phase nBiS® is
simply the summation of all individual phase noise PSDs because they are
uncorrelated S(f) is found using an empirical flicker noise model and is linearly
proportional to current (equivalent to oscillation frequency). The variance of flicker
noiseinduced period jitteds is found from the relationship of jitter and phase noise

for flicker noise suggested by Liu and McN¢ilb4, 165]

3
JZ2 =251, (f ):—4 : (7.5)

The Li(f) term introduces a linear dependence andfékderm an inverse quartic
dependence on the oscillation frequency. As a result, variance of flicker noise
induced jitter is proportional to oscillation frequency to B¢ power.

In summary, hevariances of period jitter due to thermal nois&and flicker
noise J in a voltagecontrolled RO are derived from a jitter model for a simple

inverter RO a$72, 164]
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e (7.6)

Ji=—1 (7.7)

wheredw anddwz are combinations of frequency independent terms reflefing

design geometry, Boltzmann constamimperature, thermal noise coefficients, and
technology parametersf is also a frequency independent term reflecting design
geometry, flicker noise coefficients, and technology parameters. These two equations
are simplified versions in order to focus dmetfrequency dependencBetailed
derivations and equationll be given later From Equationg.6 and7.7, increasing

foscdecreases jitter when other design parameters are held fixed.

7.2.2 Jitter in FDs

When the oscillation frequency is boosted,FD is required to adjust the RO
output to the desired output frequency. However, this frequency division has a
negative effect on overall jitter performance. In order to estimate the period jitter, we
consider the period uncertainty for two adjacent rising edgdwifrequency signal.

The effect of frequency division is that instead of two adjacent rising edges, we
consider two rising edges that are farther away. If the frequency is divid&dvioy

have to account for period jitters ovArcycles. Treating periogitter as a random
variable, this is equivalent to summationfindependent and identically distributed
random variables. Therefore, if the jitter variance at the oscillator outges?isthe

jitter variance at the FD output Jsu? = A-José, Whichwas observed in Mycle jitter

measurementd.65, 166]
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7.2.3Jitter in RO plus FD

The effect of total jitter performance of the RO and the FD after division by a

factor of Ais summarized as:

(7.8)

where kut is the desired output frequency and eqdialéA. It is clear that the higher
the frequency divisiod (the higher the oscillation frequentyo), the better the jitter

performance.

7.2.4 Detdled Derivationsfor Jitter

The thermal and flicker noisaeduced jitter variances in a RO consisting of

simple inverters are, respectivgih2, 164]

2 _ B é 1
Chr o eI (7.9

o 25 AmKy  AKe

r 7.10
8NIINV Cfozsc(; LZN LZP ( )

whereksi s Bol t z ma A is absolute temetatarent is the current of the
inverters,Vt is threshold voltage of MOSFET (assumwgs thesame for NMOS and
PMOS). Parameters, €N, Ky, andLn are thermal noise coefficient, carrier mobility,
flicker noise coefficient, and channel length for NMQ§; ep, Kip, andLp are for
PMOS.on andoe depend on the operation region and are geneedtbntto be 2/3 for
saturation region and 1 for linear regiétn andKse are empirically chosen to be 10
24 [72]. For aRO consisting ofcurrentstarved invertershe jitter model has to be

modified. The transconductange is different for the two types of ROs. For simple
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invertersgm = 2linv/(Vop-Vi) whereas for cuentstarved invertergm = (2bnlcs)®®

wherebn is the transconductance parameter of NMOS trandidfofsee Fig. 2) and

lcsi iIs the average currestarved inverter current (the same for charging and
discharging). The other difference is that we inctudee noise contributions from

M1 and M4 (but ignoredM5 for simplicity), and still assume that noise from all

transistors are uncorrelated. These modifications do not change the shape of noise

PSDs or the frequency sensitivity used in the derivation8i¢&er noise. Moreover,

the assumption of widsense stationary process for thermal noise still holds.
Therefore, the derivations used in Abidi 6s
thermal noise current and flicker noise current in the NMOSsistors are

respectively

S, (N=4kTo 2k (f & +/ &) (7.12)

2l k
CSInj\I ngEL % (7.12)
fLy C b

S, (D=
where subscrip€Sstands for currendtarved transistorandb. = LncdLn. PSDs for

the PMOSs (charging phase) can be found using the same method. The resulting jitter

variances are

o 2K T é‘\/ by + \ Q,cs 1
J2=_8 g Gy +9 ~+— (7.13)
ICSI Cf oscé;a \/ 2| Csl V DD
o O K

8NIINV C 02'ch i & L2N sz
In the derivation we have assumed equal transconductance parameters for both types

of corresponding MOSFET®N = be, andbn,cs = br.cs) which is reasonable because
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most designs would impose this condition by adjustiveydevice sizes in order to
make the threshold voltage of the RO equalde/2 and minimize phase noise.

Next, we replacdcsi with other design parameters so that the frequency
dependence in the jitter model can be isolated. Accortbndgequation7.1 the

effective capacitance is

|
Cop =S (7.15)
T VN R

assumingvsw= Vpop. On the other hand, assuming the effective capacitance is mainly

contributed by the gate capacitance that
Ceff = bCij(WP LP +\NN Lr\) (7'16)

where bc depends on the operating region of the MOSFETS of inteCestjs oxide
capacitance per area, amip is the channel width for PMOS. Here we have
considered the GCSINV as a simjeerter with onlyM2 andM3 (seeFigure 7.2).

The previous stage contributes no capacitance assuming the conducting MOSFET is
in saturation and the complementary MOSFET is off. Then, the effective capacitance
only depends on theext stagebc is 1 for MOSFETS in linear and coff region and

is 2/3 for saturation regiofil67]. In this wok we have treatefbc as a constant
assuming the operation does not vary dramatically across ROs. Furthermore we
assume.p = Ly and due to the matched transconductance param@eéteisvj/(\We/Lp)

= ko'/kn' where kp' and kn' are process transconductance foM@S and NMOS,

respectively. Equatioid.16then becomes

Ca = beiCy Ly / (7.17)
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whered = kn'/kp'+landbc’ is bc Ww/Ln, which is also a constant assuming that

Wn/Ln is the same for all ROs. Froeguations7.15and7.17 we have obtained

leq = bJC , LE, K N, (7.18)

Then,substituting Equatiofd.18 into Equation/.13we have
J2=02 +2, (7.19

k by +./ ‘
_\/E BT(\/_N+ Q,cs)( ng"' P). (7.20)

Ju = .
f25(bCiCoxL?N NDDN)

osc

—2kBTOSC(bCJC A )l (7.21)

whereJwi” is jitter contributed by thermal noise current from the gistors andwz

is jitter contributed by KTC thermal noise. Substituting Equafid® into Equation

7.14 we have

a 1
2554+ 72 Gm +’3K fP

¢ A (7.22)
8.I:oscN L4 (bcicox MDD)

3=

If we take into account the effects of FD as discussegkction7.2.2(with A = 2V)

and replace variables with fundamental process parameters and design parameters, we

have
65
3= bV AP g 6 Ll g +) (7.29
(;”E

o -1
L a (0] _
vaz:bszéa% 1 54,17 (7.24)
g -
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° -1
a (0] }
32 = 3ae—£ £ oLLI( AR i) (7.25)

where b1, b2, and bs are parameters that do not vary with technology and can be

expressed as

b \/EkT g 65é‘WN -85é \A4\| WNCS gl 152 1-51 F 2.4 726
= - « s N + y . . t W~ .
1 B C E-';E'qg LN LN,CS 9 out ( )
° -1
_ g 3OV O w2
b, =2T g CZEIT oN 27K, (7.27)
chv =
25 AW, 68 1 ©
b="g & e o +; ¥ 27E] (7:28)
¢chv ¢ AL =+

7.3 Circuit Descrigion

The circuit consists of a currestarved VCO followed by a FD as shown in
Figure 7.1. The oscillator structure is a singtaded currenstarved RO with nine
stages of gated currestarved inverters (GCSINVs) which can leeonfigured to 3,

5, and 7 stages. The frequency divider has a cascade of 7-lbywiRi€DB2) circuits.
The output can be selected from the oscillator or any of the DB2 circuits. The
resulting output frequency is the frequency of the oscillator dividetivbyto the

power of the number of DB2 stages, 0 to 7.
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Figure7.1. System diagram of the currestiarved ring oscillatort¢p) and frequency
divider (bottom). Switches are intraced as shown to enable reconfigurability. Three
sequential inverters on the left sharpen the signal edge of the oscillator to ensure that
the divideby-2 (DB2) circuit works properly. A rgampling Dflip-flop (DFF) is

used at the output to minimize thiégr introduced byheFD.

7.3.1 CurrentStarvedRing Oscillator

A. Gated CurrentStarved Inverters

The ring oscillator consistof nine stages of curresstarved inverters. Each
inverter has an NMOS switch to ground at the bottom to turn it on or off as shown in
Figure7.2 (a). Unused components are disabled to ensure theypttinsume power

and contribute additional noise to the rest of the circuit.

Voo

VDD

Wecs

Lecs R

Wi pr
M2 —— Vin _I

In Out 1ICS|
a1
[ I Vp,
w %W

Voo [[M4

Lnes

Vv
EN 4 [TM5 wide bo

= (@)

Figure7.2. (a) GCSINV has an NMOS to ground to enable this stAfe.indicates

the width over length for thigansistes. (b)Schematic of theircuit thatgenerates the
bias voltage fothe GCSINVs. The two dummy transisaat the bottom with their
gate connected tdbp are used to match the gated inverters. The body of PMOSs are
tied toVoo and NMOSs to ground.
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B. Bias Generation

In this design we usa PMOS input transistofor converting control input
voltage to currenfsee Figure 7.2 (b)). A sourcedegenerated resistor is used to
increase the linearity of the input voltagectmntrol current. PMOS has the potential
to achiee lower frequency sensitivity to power supply voltagempared to NMOS

The converted current is

e 1 Y 1 9
=4/, + X _4 IR (7.29)
lesi é bR AR (B’ /‘;‘/

whereVx is defined asvooi Vinl Vip, Vip is the threshold voltage of the input PMOS,

andbr is the transconductance parameter of the input PMO&itimg Equatiory.29
into Equation7.1 we obtain the oscillation frequencyhdfrequencysensitivity to

supply voltages defined a$ = ((osd O/op)/foscand can be expressed as

a
ae7+1 (}a’%/X

sw
Do */_e
sw?/x"'l%R ""/E

TH

(7.30)

--QD: Ot ;U

whereUis defined as 2/bpR+1/(BpR)? and Ui is defined as \dswdVoo. In Equation
7.29 we have neglected the dependencé oo Voo due to body effect for simplicity.

For most cases the oscillator switches rail to rail @imas, Vsw equalsVop.
Following the method above the frequency sensitivity to supply voltage using an
NMOS input transistoSy is i 1/Mop. Comparing the absolute values of these two
sensitivities S is lower thanSy whenVin is less thaVoo/2i Vip andabsoluteS, is the

lowed whenVin is zero volt. Thus, the frequency sensitivity can be improved by using
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a PMOS as an input transistor. The frequelnagst technique benefits from this
improved frequency sensitivity because it tends to make the oscillation frequency
higher whichis equivalent to a higher current and a lowerusing a PMOS input.
Therefore, the oscillators will mostly operate in a low sensitivity region using the
frequencyboost technique. If jitter is found from frequency sensitivity using the jitter
derivationfor flicker noise, this lower frequency sensitivity to supply translates to
lower jitter due to supply noise. All the derivations above assumedVihas a
groundreferenced control. If a supphgferenced controM shifts withVop) is used,

the freqiency sensitivities found for the two different input transistors are opposite to

what we derived.

7.3.2 Frequency Dividers

The DB2 circuit is atransmission gate based DFF with its inverted output
connected to its D input and using CLK and Q as input and brgppectively. The
DFF has an NMOS switch to ground to enable it. The FD yields the output frequency
Fout = 2MAos, WhereM is the number of DB2 stages. At the end of the FD is-a re
synchronizing DFF. It rsamples the divided signal based on the oscillator signal to

minimize the jitter contribution of the dividgl68].

7.3.3 Control Generatoand Switching Circuit

The controlgenerationcircuit usesdigital logic gates.Control signals are

generated based on two contrdlsandM. N has two bits and controls the number of

180



stages used in the R® has three bits and controlsethumber of DB2 stages used

in the FD. As a result the circuit has a total of 32 modes with the number of inverter
stages and the number of DB2 stages varying. The mapping belNyddn and
internal signals is listed ihablesTable7.1 and7.2 respectively.

Table7.1 Control Generation for Voltag€ontrolled Ring Oscillator
N Sii-4 ENn2-4

3 1000 000
5 0100 100
7 0010 110
9 0001 111

Table7.2 Control Generation for Frequency Divider

M So Sn ENm1-7

0 1 0000000 000m@O00

1 0 1000000 10000

2 0 0100000 1100000
3 0 0010000 1110000
4 0 0001000 1111000
5 0 0000100 1111100
6 0 00000D 1111110
7 0 0000001 1111111

Switches are used to reconfigure the circuit based on the control signal. The 7
1 switch has seven-1 switches, each controlled by one bitSf In combination
with the power gating technique, this approach ensures that unnecesganngwi

does not occur and unused components doesn

7.4 Measurement Results

The circuit was fabricatedusing a commercially available.2em 2P3M

CMOS technology The nominal operating voltage is 5X chip photo is shown in
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Figure 7.3. The active area is 0.15 mnThe jitter was measured as the difference
between ideal transition time and the observed 50% tramsitiee using a Tektronix
MSO04034B oscilloscope. The phase noise was measured using an HP 4396B

spectrum analyzer.
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ffer| | o |

RN T [ -4

Figure7.3. Chip photomicrograph

7.4.1Frequency vs. M

We measured the output frequency asiiaction ofVin for several modes at 5
V supply as shown irFigure 7.4. The upper four traces are output frequencies
measured from the RO output without frequency division. The lower four traces are
output frequencies measured afseven DB2 stages which results in a division by
128. Generally the output frequency is linearly proportionaditdrom 0 V up to 3.2
V. After thatit is no longer linear because the nonlinear terms in Equéti@nstart

to dominate.
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Figure 7.4. Measurement results of the output frequencyVas. with all four N
control and twaM control.

7.4.2 FrequencySensitivity to Supply Voltage

We measured output frequencies directly from the RO under supply voltages
of 4.5, 5, and 5.5 VFigure 7.5 shows the observeflequency sensitivity to supply
voltage as compared tothe expected values from Equati@n30. TheoryP1l was
calculated by assumingsw equalsVop. TheoryP2 assumeéswis less tlan Voo by
0.5V anduis 1.1. TheoryN is calculated based on the assumption of an NMOS input
transistor. Tie overall measurement agrees with theory very wellNFor3 and low
Vin, the data matches with TheoryP2 better because under such conditions the
oscillator has very h frequency and does not swing rail to rail. As expected from
Equation7.3Q the lowestS is 3.5% which was measured whidr= 3 andVin = 0 V.
Moreover,S < SswhenVin <Vopo/2iVpd 1. 5 V. However[l56,a r egul

161, 162]is still required for systems with strict requirements for power supply noise.
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Frequency sensitivity vs. Vin
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Figure7.5. Observed frequency sensitivity compared to theoretical analysis.

The decreased oscillatiamplitude would have a negative effect on the phase
noise due to decreased carrier power. This happens when the ring size is small and
current (equivalent to frequency) is high. This equivalent effect can be observed from
our jitter model, Equation3.23 and 7.24, which has inverse relationship Yp.
However, using this design as a specific example the amplitude starts to decrease
from Vob (5 V) whenVin is less than 1.8 V and = 3 (see curve with blue circles in
Figure7.5). When the current reaches the high&st £ 0 V), the amplitude becomes
4.5 V (decreases 10%) as predicted by TheoryP2. However, Vithehanges from
1.8 Vto 0V, the oscillation frequency increases by more than two times and it allows
a frequency divisio by at least two. The overall effect is that the shrinkage of

amplitude is negligible.
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7.4.3 Jitter

A. Measurement Results

We measured jitten units of psat different output frequencieé total of 99
data points across 28 modes was collected. No data wéeetedlfor modes (5,6),
(5,7), (7,6), and (7,7) (modes are represented with the format,i))( Data for
selected modes shownin Figure 7.6 (data points represented by markers). Due to
the limitation of testing equipment thewvest jitter points (indicated by solid markers)
experienced flooring as discussed Appendix D Therefore, the circuit has the
potenti al to achieve even | ower jitter
highest fregency for some modes so we have extended the curve based on the slope
of the data in order to estimate the performance. All modes halop@ betweenrl
and-1.5 whichagrees with Equationg6 and7.7. The average slope 1%.26 which
indicates that thehermal noise of transistors in the inverter (Equatib20
dominates the jitter.

Jitter for different modes vs. Fout

L ——N=3
N=5

Al><l<>no?

Jitter (ps)
=

Figure7.6. Jitter for selected modes as a function of output frequency. The mode is
represented by a combination of lirtgle and markers.
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B. Model Verification

To veify the modified jitter model in Equations2Q 7.21, and7.22 we have
plotted jitter for four modes alongside their theoretical valudsgare7.7. The four
modes are respectively (@3, (5,0), (7,0), and (9,0). These modes were selected
because the oscillator output goes directly to the circuit output without frequency

division so we can eliminate any uncertainty introduced by the FD.
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Figure 7.7. Jitter for four modes with theoretical model with fitted thermal noise
coefficients plotted alongside measured data.

We observe that the jitter is dominated by the thermal noise of Equafion
as suggested by th#.26 slope irFigure7.6. The flicker noise corner (defined as the
output frequency where flicker and thermal nersguced jitters are equal) is 7 KHz
with SPICE process parametgté9] andLn=1 eWR/Ln=1,bc=1,N=9,b =3,
Wncdlncs= 5, so at lower frequencies we expect the 1/f noise of Equa@@to be

dominant.
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We have also observed that this model underestimates the jitter if we take the
thermal noise coefficients)v and or, to be 2/3 (assuming the MOSFETs are in
saturation). This underestimation of thermal noise has been reported in the literature
and results from short channel effects in the MOSEED, 171]as well as excess
noise éects[170, 172] We additionally attribute this underestimation to a couple of
factors. First, we assumed that the conducting MOSFET in the previous stage remains
in saturation but it would be in the linear regimn some part of the transient. The
thermal noise coefficient for the linear region is 1 instead of 2/3. Second, we have
considered the GCSINVs as simple inverters in the derivation while we have also
accounted for noise contributions froml and M4. However, M1, M4, and M5
contribute resistance to the sourcedvidfandM3, and previous work has suggested
that the source/drain resistance has a significant effect on thermal noise and can
enhance the thermal noise by a factor ffA)]. In addition, we overestimate the gate
capaciance by assuming the MOSFETS in the next stage remain in the linear or cut
off region and negled¥ll, M4, andM5 in the GCSINVs. 1M1 and M4 contribute
capacitance to the sources M2 and M3 respectively, this reduces the effective
capacitance. This leado an overestimation @t and, in turn, an underestimation of

thermal noise.

7.4.4 Power

Measured pwer casumptionfor selected modes as a function of output
frequency is shown ifrigure 7.8. For most cases the power increases as the output
frequency increas. This is due to increasing internal frequency causing more power

consumption for most components. However, when the internal frequency is so low
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that the switching is slow, the inverters conduct shmduit current during switching

and consume a larganount of power.

Power for different modes vs. Fout

10 'ff;f N

N

Power (UW)
)

10

Figure7.8. Power for selected modes as a function of output frequency. The mode is
represented by a combination of line style and markers.

7.4.5 Jitter, Power and FOM

A. MeasuremenResultdor Fixed Output Frequencies

We measured power and jitter for all modes at three fxgdutfrequencies:
200 KHz, 1 MHz, and 5 MHz (sdeigure 7.9). At each mode we have adjusted the
input voltage so the output frequency matchez desired value. There are no data
points for a few modes because under those modes the circuit cannot reach the
desired output frequency. Data points on the same curve corresponds to modes with
the sameN (the same number of inverter stages) and, fromteefright, adjacent

points represent different values Bf starting from zero. Therefore, the internal
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oscillator frequency increases by a factor of two from the left to the next point

starting from the set frequency. For most cases the power increabesnasnber of

DB2 stages increases. However, when the internal frequency is low, the inverters

conduct shortircuit current. This phenomenon can be seen for the lowest number of

DB2 stages

at 200

KHz ;

t he

power

tfloesnodt

clearly demonstrate that the jitter can be reduced by using the fregoeosty

technique at the cost of power.
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Figure7.9. Jitter and power for three fixed output frequencies.
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To further compare theverall performance of the oscillator under different

conditions, we used a FOM that is definedcis 173176]

FOM=%

5
F, P

out

(7.31)

whereJ? is the RMS jitter at the output ang is the total power. FOM is usually in

units of dB and higher FOM represents better performance. The FOM is shown in
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Figure 7.10. In all cases, higheN and M are favored with a preference for higher
internal oscillation frequency over larger rings, i.e. higieis better than higher N.
As seen inTable7.7 below, FOM is usually higher foN(M+1) than N+2M) in the
reported implementation. This further demonstrates that teguéncyboost

technique not only reduces jitter but improves overall performance of the RO.

FOM at fixed F
out

- =—©—200KHz
co 0 =—g=—=1 MHz
‘ 5 MHz
M=01234567]01234567|01234567|01234567
N= 3 5 7 9
Mode

Figure7.10. FOM for three fixed output frequencies.

B. MeasuremeniResultgor FixedVin

We measured the jittend power forN = 3 andM = 0-7 with Vin fixed. The
results are shown iRigure7.11. This experiment investigates how the FD affects the
overall performance because the RO signal should remain the sami¥ anithVin
fixed. From he left to the next pointM increases by 1 and the output frequency
decreases by a factor of two. As the number of DB2 stages increases, the jitter
increases exponentially because the accumulation period increases as discussed in

Section7.2 (Jou? = A-José While A = 2\). The period jitter theoretically increases by a
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factor of 2-M (1.41M) which agrees with the factor of 1'54ound from the data of
Figure 7.11 and one other similar set of data with = 9 (we discarded jitter

measurements that might have experience flooring).

Jitter (ps)

Jitter (ps)

Jitter (ps)

i i i i 800
@3 G4 G5 @6 @7

Mode

5e1 *‘
G0 @61 G2
Figure7.11. Jitter and power for fixed input voltage.

The resampling DFF consumes the most power in the FD section andipower
proportional to operating frequency. This results in a huge increase of power at the
second mode because the DFF is disabled in the first mode. From kedégoM
= 7 the power decreases because the operating frequency of the DFF decreases as the
number of DB2 stages increases.

C. FOM Measurement Results

A total of 99 data points across 28 modes were collected. FoM\=lected
modesas a function obutput frequenciess shown inFigure 7.12. The same trend
was found as fohie FOM at fixed output frequencyigherN andM are favored with

a priority for M. Modes with nine inverters outperform other modes until they reach
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the maximum output frequency. From low to high frequency the best mode changes

fromM =7 toM = 0.

FOM for different modes vs. F ’
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Figure 7.12. FOM for selected modes as a function of output frequency. The mode is
represented by a combination of line style and markers.

7.4.6 Phase Noise

We have measurguhase noise undéwo modes:(3,0) at 25 MHz and 9,2) at
1 MHz. The measurements are sinaw Figure7.13. Mode (3,0) has a phase noise of
-108.1 dBc/Hz at 1 MHz offset; this corresponds to 31.5 ps RMS jitter assuming that
the phase noise is dominated by thermal ngi&¢ The measured RMS jitter was 54
ps but this measurement exeiced equipment flooring and the predicted real jitter
as inAppendix Dwas 30 ps which agrees with the phase noise converted jitter. Mode
(9,2) has a phase noise df12.6 dBc/Hz at 100 KHz offset. Its converted jitter is

2354 ps which agrees with the jitter measurement of 229 ps.
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Figure 7.13. Phase noise measured at two conditions. Traces are average of 16
measurements.

7.4.7 Performance Summary and Comparison

Performance of thislesign (at two operating conditions) is compared with
other reported works for timing signal generationTable 7.3. The two reported
performances are under modes (3,0) (25 MHz) &8) (1 MHz), respectively. FOM
defined in Eqation 7.31 is used for comparison. Among these designs, the
frequencyboost design achieves one of the lowest jitter in Ul as well as highest FOM
for the second conditionThis is a substantial improvement knowing that these
designs have been well studigad optimized for decadeso further understand how
lowering supply voltage affects the performance, we measured performance of the
frequencyboost design under a 3 V supply. One operating conditiM{j(= (3,0)

andVin = 0 V) yielded an outpufrequeny of 19 MHz. The power consumption and

jitter were 186e W (62 €A) and 66 ps, respectivel vy,

168.1 dB.
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Table7.3 Comparison of Reported Works

Yu Chen Hoppner Cheng Sebastiano William Lasanen This woik
[177] [178] [176] [64] [179] [155] [152]
Technology 90 nm 0.18 65 nm 90 nm 65 nm 0.18 0. 35 ¢ 0.5 em
Approach Digital Mixed-signal
Design DCO PVT ADDB ADPLL ADPLL MRO PVT RO PLL RO VT RO
Supply (V) 1.0 1.8 1.2 0.5 1.2 1.8 15 5
Area (mnf) 0.04 0.09 0.0078 0.02 0.11 0.16 0.077 0.15
Frequency | 1Mi20M | 250M-625M | 83Mi 4000M | 96Mi 720M 100K 100Mi 200Ki 150M <0.1 25.6M
(Hz) 500M
Power 650 8400 2700 570 41 24300 105 @5MH? 817 @25MHz
@5MHz @250MHZ @2GHz @720MHz @100KHz 297 @1MH?
RMS Jitter | 240/1.2e3 | 5.19/1.3e3 | 54/1.1e2 | 13.3/9.6e3 | 52000/5.28 | 4/1.08e3 1000/5e3 | 54/ 1.4e3 @25MHz
(ps) / (UD) @5MHz @250MHz @2CHz @720MHz @100KHz @270MHZ @5MHZ 229/ 2.3e4 @1MHz
Voltage <2 NA NA NA 15 NA <0.28 3.5
accuracy @5MHz, @100KHz, @5MHz, 1.2 @25MHz,
(%/V) 0.91.1Vw 1.051.39V 3V 4.5 5.5V
FOM (dB) 157.3 162.5 158.0 161.4 139.6 159.8 152.8 162.3 @25MHz
@5MHz @250MHz @2GHz @720MHz @100KHz @270MHz @5MHz 168.1 @1MHz

DCO: digitally controlled oscillator; PVT: process, voltage, temperature compensation; ADB: all digital deskew buffer; ADPLL:

digital PLL; MRO: mobility-referenced oscillator; VT: voltage and temperature compensation
a: estimated from paper; b: has duty cycle correction function; c: accumulated jitter; d: hap startiit and sensing function; e:

results from better samples; f: éxding the power of the driver
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7.5 Discussion

7.5.1Improvement of the New Jitter Model

The new jitter model (Equations231 7.28 improves upon the prior model
(Equations7.9 and 7.10. In the old model the design parameters cannot be varied
arbitrarily; pararetersliny, L, Vob, andfosc have a relationship similar to the current
starved RO as in Equatiahl8which introduces constraints among these parameters.
The new model introduces an approximation of effective loading capacitance for the
inverters in theRO and imposes this as a constraint to determine the relationship
among these parameters. Paraméter is then replaced with the other three
parameters. Thus, the design parameters in the new model can be varied arbitrarily
unless the correspondinigsi is physically impossible to achieve. This yields a more
intuitive and straightforward model. As a result, the model is a functids0¥oo,
noise coefficients, design geometty, (M, Ln), and constants. The model predicts

jitter accurately over thenéire operating range of the circuiigure7.7).

7.5.2 Design Guidance for Curre@tarved RO Design

The exploration of design space allows us to draw some conclusions and offer
design guidance for currestarved ROsFigure 7.6 and Figure 7.7 suggest that, to
minimize jitter without power constrains, higher valuesNadndM corresponding to
more inverter stages and DB2 stages (hidghgrare generally better at a fixed output
frequency. However, in that case the maximum output frequency is strictly limited.
This is consistent with the jitter model (Equatiah371 7.28. The model suggests

that in order to minimize jitter at a fixed output frequency, we need to have INgher
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M, Vob, Wi/Ln, and L, but lower Wi,cdLncs (this noise source vanishes when

Wi, cdLnes = 0). Equation?.26 (the dominant jitter contribution term) suggests that,

as long as the desired output frequency can be achieved, the circuit should be
configured to tk highestN and M with a priority for M given the stronger
dependence oM thanN. Table 7.4 summarizes th& and M values that minimize

jitter from measurements at different output frequencies. We also use Eqguaton

to predi¢ which (N,M) combinations minimize jitter as a function of frequency

(l abell ed ATheoryo). The measured opti mal
regression in the log domain to approximate the data for each mode (average slope
was used for modes witbnly one data point) at specific frequencies. The order
matches the theoretical model. The model also predicts some modes as optimal which
were not found in the measurements; these modes are generally associated with lower
N or M values. We attribute thimismatch to not having enough data points for some
modes so the regression models used to determine the optimal modes are not precise.
For fixed output frequencie§&igure7.9), we summarize the tradeoffs betwééand

M in Table7.6: to minimize jitter, biggeN and M are better; increasingl by 1 is

better tharN by 2; increasingN by 4 is better thai by 1; increasingv by 2 is better

thanN by 6.
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Table7.4 Design Scenario for Minimum Jitter

Fout (HZ) OptimalN OptimalM Theory
FoO 6 0 K 9 7 1
60K < utO 12 9 6 4
120K <hutO 19 3 7 6
190K < huitO 2 4 9 5 8
240K < hitO 2 8 7 5 9
280K < hutO 38 3 6 10
380K < huitO 4 8 9 4 12
480K< FouO 57 7 4 13
570K < bitO 7 7 3 5 14
770K < RO 96 9 3 16
960K < huitO 1 7 3 17
1.IM< RO 1. 5 3 19
1.6M<huO 2. 7 2 21
23M<huO 4. 7 1 25
45M < huitO 7. 9 0 28
7.7M<khutO 8. 7 0 29
8IM<huiO 0N 5 0 31
13.0M<RkuO 2 E 3 0 32

Missing modes (order (N,M)): 11 (5,5), 15 (5,4), 18 (3,4), 20 (9,2), 22 (3,3), 23 (5,2),
24 (9,1), 26 (3,2), 27 (5,1), 30 (3,1)
Modes without data poin{®rder (N,M)): 2 (7,7), 3 (5,7), 5 (7,6), 7 (5,6)

Table7.5 Design Guidance for Minimum Jitter at Fixegl
Valid cases at dut

Guidance 200KHz 1MHz 5 MHz
JIN+2,M) < I(N,M) 18/18 10/11 414
JN,M+1) < I(N,M) 21/21 12/12 313

JNM+1) < I(N+2,M) 15/16 9/10 213
7 M) < I(3M+1) 6/6 3/4 11
JNM+2) < J(N+6M) 5/5 313 0/1

When power is also an important design consideration, the FOM is a more
relevant performance metric. To maximize FOM, more inverter stages are generally
beneficial but the optimal number of DBfages will depend on the output frequency
as shown irFigure 7.12. The model suggests that in order to maximize FOM at a

fixed output frequency, we need to incredgeM, andL while lowering Vop. This
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agrees with the guidancerfoumber of inverter stages and number of DB2 stages
suggested by our measurements. The optihand M for maximum FOM from
measurements at different output frequencies are summarizédbie 7.6. The
optimal values were deterngd by using second degree polynomial regression in the
log domain to approximate the data for each mode and estimating the optimal mode at
specific frequencies. For FOMs at fixed output frequenciégufe 7.10), we
summarize théradeoffs betweeN andM in Table7.7. In general the design choices
follow those suggested by minimizing jitter. However, the priorityModecreases as

the output frequency increases. We attribute this to the power of rthat deing
dominated by the FD such that adding an additional DB2 increases the power more
than it decreases the jitter.

Table7.6 Design Scenario favlaximumFOM

Fout(HZ) OptN OptM

FotO 6 0 K 9 7
60K<FoutO 12 9 6
120K <FoutO 24 9 5
240K <FoutO 48 9 4
480K <FoutO 96 9 3
960K <FouitO 1 7 3
1.IM <FoutO 2. 7 2
2.3M <FouitO 4 . 7 1
45M <FoutO 7. 9 0
7.7M <FoitO 8. 7 0
8IM<FoitO 25 3 0

Table7.7 Design Guidance for Maximum FOM at Fixegli
Valid cases at dut

Guidance 200 KHz 1MHz 5 MHz
FOM(N+2M) > FOM(N,M) 18/18  10/11 414
FOM(N,M+1) > FOM(N,M) 21/21  12/12 2/3

FOM(N,M+1) > FOM(N+2,M) 12/16 4110 13
FOM (N+4,M) > FOM(N,M+1) 1011 6/7 212

FOM(N,M) is the FOM for modeN,M)
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7.5.3 Technology Dependence

To investigate how technology affescthe overall performance of the
oscillator, we derive the theoretical FOM as defined in EqualiGh. Here we
assumed thabtal power consumption is dominated by the RO. RO power is taken to

be 2 lcsi Vbp (where the 2 accounts for the current bias generation and RO), and,

thus,

1

FOM = - - .
(Jv2v+ sz) B 19 Voo

(7.32)

Substitutingequations 7.187.19 and7.231 7.28into Equation 7.32ve have

FOM=g + 4+ L+ 41 0 (7.33)
dFom,, Fom,, Fom, ¢ '
FOM,, = bV 2° n1° 4L, ( g +)d (7.34)
’71)
FOM,, = b, (7.35)
22,2 -1
FOM, = bVoo 3 ( Ky + ) (7.36)

whereFOMw1 and FOM.2 are contributed by thermal noise, F©Oisl contributed by
flicker noise, ands, bs, andbs are parameters that do not vary with technology and

can be expressed as

-1
0}

b,=2"k'T Y b f §/7 —N.CS 8\/ Ft (7.37)
NCS =

b =22k T * (7.39)
44 M
6 - _é 2 o} N 2 I:out ' (739)
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The power of auxiliary circuits like the PLL or FD was not considered. The three
contributions to FOM (Equation&34 7.35 and7.36) and FOM (Equatior7.33 are
listed in Table 7.8. The process parameters used here were from SPICE models
released by the foundfyL69]. In the calculation we assume that both thermal and
flicker noise coefficients are constant across technologies.
To understand more precisely the effects of technology scaling, variations in
noise coefficients need to be considered. Studies haverdgrated that thermal
noise coefficientspy and op, are relatively insensitive to technoloffy70, 180]but
increase for short channel devidé30]. However, the coefficients increase by less
than 2x from channel lengths of 500 nm to 40 [A70], by less than 1.5x from 240
nm to 100 nm(172], and |l ess than 20[®81].fOnteotheZr e m t o
hand, flicker noise coefficientm and K, are insensitive to channel length but
depend on technology. However, they vagysls t han 50% across 0. 3E
and 0. 18 ¢ n{180].d\oisesaalesdirgearlg with these noise coefficients so
they dondét si gni f i TablevB.lAghoughttha begeéits df incge t r e n d
advanced technologies are modestTible 7.8, there is greater opportunity for
frequency boosting and associated FOM improvement due to higher transition
frequencies. One additional DB2 stage brings a 1.anB3 dB increase to FGM
and FOM, respectively. Therefore, avbelievethat thefrequencyboost technique
will offer additional benefits when implemented in madvancedtechnologies.
While the experimental validation has been carried out with aveliationg channel
technology, the benefits are expected to be even greater when this technique is used

in smaller feature size technologies.
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Table7.8 FOM for Different Technologies
Technologynm) FOMw1 FOMw2z FOMs FOM

500 1670 197.8 1789 166.7
350 1669 197.8 1806 166.7
180 1660 197.8 1811 165.8
90 163.8 197.8 1781 163.7
65 1639 197.8 1794 163.7

Parametezused in the calculatioiy = 2 x minimum feature siz&W/Ln=1,bc =1,
fosc=10e6N=3,on=2p=2/3,Kin=Kip = 124, b= 3, WncdLncs=5
* Technology for this work

7.5.4 Applicationsof FrequencyBoost Technique

The frequencyboost technique generally applies to standalone ROs or ROs
incorporated into PLLs. Hoewver, when incorporated in a PLL special attention
should be paid to the overall PLL stability performance because frequency division is
equivalent to scaling the VCO gain; loop characteristics should be adjusted
accordingly to optimize stability. For thaurposes of lowering thermal and flicker
noiseinduced jitter in standalone ROs, this technique is valid for ROs meeting these
two conditions: 1) Maximum oscillation frequency is higher than the targeted output
frequency so there is room to allow frequerdiyision; 2) The dominant jitter
variance is inversely proportional to the oscillation frequency raised to a power
greater than one. The benefit of this technique is greater if the frequency dependence
is stronger. For the purpose of achieving better FB&Ifirst condition still holds
while the second condition becomes stricter. The dominant jitter variance should be
inversely proportional to the oscillation frequency raised to a power greater than two
under the assumption that power scales linearly @gttllation frequency.

This techniquealso presentsn opportunity to tradeoff between power and
jitter performane. It can be potentially used for dynamic clock scaling in dynamic
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systemmanagement to achieve modest jitter with low power and high efficien

lower jitter with increased power and reduced efficiency, in analogy to dynamic
voltage frequency scaling (DVFS) in VLSI systefi82]. DVFS adjusts supply
voltage and operating frequency to tradeoff performance and power while this design
can potentially adjusts clock quality to tradeoff performance @owler; when the
system requirements are relaxed, a lower quality clock can be used to save power and

vice versa.

202



Chapter 8Conclusionand Future Work

8.1 Conclusion

In this dissertation we developeénabling hardware technologiebat
represent progres®wards achieving autonomous tiny robotérom a few cm in
volume tomuch less thawne cri). The work focused othe design oElectronics
and motion mechanisms Stateof-the-art robots were reviewed arahalyzed we
came to the conclusion thatirrent approachdsr large robots camt achievea high
level of autonomy at tiny scaleTechnical problems of current approeshvere
identified: excessive use oftommercial offthe-shelf electronics modules and
mechanismscentralized processing, artle use ofmultiple chips or boards for
integration of highvoltage devices. These result in technical hurdles at tinysscale
compact integration, fast processing, atite unavailability of COTS motion
mechanisms. In order to address sthaechnical problems and difficulsge we
proposed a decentralizesingle applicationspecific integrated circuit (ASIC)The
electronics unitsoffer actuation,control power supply, and sensirfgnctions in
parallel. Locomotion is provided by pefstbricated actuators (and mechanisms) on
the AISC. This modular architecturean adapt to different combinations of functions
according to the task

We presented a circuit architecture that is able to generate two phased square
signalswith tunable frequencyjor actuation control. Digital logic m@uits were used

to generate different duty cycles and overlap between two controls. This technique
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canbe appliedo thegenerabn of other types of control signals. Ultralow frequency

of the control signalwas achieved bythe introduction of a frequencylivider.
Furthermore, w presented a design methodold®sed on an analytical and model
based framework; the goal was to minimize the weighted product of area, power, and
frequencyerror. A simulationbasedmnodelof effective capacitancef the circuitwas
developedto enable this optimizationThis modellinks these three performance
metrics to design parameters and akstuce the dimensioality of the optimization
problem. The optimization flowproducesa solution that minimizes theeighted
product @d meets design constresif any. Design exampkeweregivenfor a 0.&m

CMOS technology with 3.¥ supply.

Programmability is important for rolotto adapt to changesn the
environment or task3 he aility to store information or command sequences is also
important for autonomous robots. Otherwise, an initializationgsired every time
the robots are powered up. We uskd &ctuation signal generator asexsampleof
frequencystorage and programminghis was enabled by incorpoirag the actuation
signal generator into a floatingate phaséocked loop. This programminloop was
able to automatically operate with only one frequency reference and pop@es
Furthermore the informationremainedstored even after power offMleasurement
results showed that the circuit worked as expected. The programming range at
different biases was characterized. The equivalent programming resolution was 6 bits
compared to 4 bits for statd-the-art solid state memory. Moreover, this chip was

integrated on &ggedrobot to demonstrate gait control.
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Tiny robots need higholtage deicesto drive tiny actuators and to program
floating gates as in our case. We haveporedimplementation resudtfor a family of
high-voltage n-type metaloxide-semiconductordevices N-well and field oxide
buffer regions in the drain were introducedstgppresshe avalanche and surface
breakdowneffects A total of 63 separatedevicesin four configurationswere
fabricated inthree different runs oh 0.5em standard 5V CMOS technolog¥his
work reportsthe highest known breakdown voltages that havenbachieved in
similar technology and provides the first direct comparison between-ckatered
and sourceentered circular devices fabricated in the same techndibegsurement
resuls showed thaa circularstructure with a central drahras the higést breakdown
voltage as well as the highest transconductance which is comparable to standard
transistors in the same run. Othesrametersof the devices including threshold
voltage and Early voltage were aldwaracterized

We described the fabricatiome@ optimization of thermal actuators using
complementary metalxidesemiconductor (CMOS) compatible procedures. The
actuators and the ASIC chip have to be designed jointly to rehkaategration of
these heterogeneous systems. The actuators were i@ptinto produce forces and
bending angles that are necessary to lift the ASIC chiptaquioduce reasonable
displacement. The implementation results showed that the actuators were able to bend
properly and lift three times the weight of the CMOS chip. pitotyping actuators
fabricated on a dummy wafeould potentially be ported to a CMOS chim the

future Challenges and design guidance for this effort are discusggapandix C
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Many computations are performed fdifferent robotic functionalitiesvhere
fast and energy efficienprocessing withminimum delay is required. We used
odometry as an example to demonstrate the feasibiliysiof mixed-signal circuis
in this applicationDetailed analysiand simulation residtof the dynamics simulator
suggestd that mixedsignal implementation can dramatically reduce power
consumption at an acceptable loss in precisfaiditionally, detailed analysisnd
design guidelinesfor a sine shaping circuit were presentedTranscondatance
attenuatiorand resistive source degeneration were applied to achieve arbitrary input
voltage rangewith high accuracy. The design procedure and analysis were verified
with two examples in simulatioand one example in measurement

Jitter greatly #ects the timing margin and overall performancd a
computational systenfA frequencyboost technique to reduce jittelas proposedA
reconfigurable oscillatoeircuit was implemented anchn be used for dynamic power
and performance magementwhich is highly desirable in a resourcenstrained
systemWhile this techniquavasdeveloped and demonstrated fairay oscillator it
can apply to any oscillator whose jitter scales inversely with oscillation frequency.
Jitter reduction was verified by measarent results for chip fabricatéedn a 0. 5 & m
CMOS process This designachieved the best phase noise figure of merit at one
operating frequency and competitive performance at other frequencies compared with
other reported designs. This figure of merimisommonly used metric to compare
across oscillators operating at different settings and fabricated using different
technologies.The performance advantages are expected to readily extend to more

advancd technologies.
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Tiny robots have a lot of potentiahdare expected to redefiremd broaden
many applicationsAlthough current tiny robots re still far behind their natal
counterpar, ants and beeshese gapsdentify the lack ofexisting platformsand
indicatefuture directiondor tiny robot reseah. This dissertatiordemonstrated that
robotic functions can be implemented under strict size and power cotsstfesn
discussed in Chapter 1, there are fomaor function componentdor an autonomous
tiny robot. We contributed substantially to actuatend controbndalso addressed
power, sensing, and the integration of these compon&hisse results help to
advance a step towarthe implementation oAutonomous tiny robotandwill help

to eventually realize the tiny robadtisat are comparable todbogical systems

8.2 Future Work

There are a few research tracks that can be extdratadhis work to achieve
an autonomous tiny robot: 1) development a system on chip (SoC) ASIC that can
fulfill the electronics requirements for the robta perform simpd tasks 2)
integration of MEMS actuators with CMOS chj8) wireless power supply with an
onboardenergy unit

To complete th&soC,more function components will have to be integrated
the CMOS chipThis is similar to the main processialip in our snart phones and
computers which shows that current technology is capable of integrating multiple
sophsticated functions on chiffemperaturg¢37, 38]and imagd39, 40]sersors can
also be integrated on chip whigessurd4l1, 42] and gagq43, 44] sensors can be

integrated on top of the chip. In the latter case the weight of the sensordbdg b
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so they do not overload the legs. The position of the sensor has to be carefully
designed so that it does not affect the function and the fabrication adtthetors

A straightforward method to integrate MEMS devices with CMOS dies is to
do wder level processing112, 113] ordeing a whole CMOS wafer or a large
portion of it and fabricang the MEMS devices on this large substrate using the
fabrication procedure discussed in Sectd® One minor change to the procedures is
that the wafer should be diced before releasing as we discus&pgdendix A.8that
releasing should be the last processing.dtépvever, ordering ahole or alarger
area of CMOS wafer is costljmore than $10000 for a waferfabricatedwith a
relatively old CMOS technologyDne other methothat Appendix Bsuggesteds to
increase the die size and save enough buffer regithre periphergo there is enough
space to pedrm edge bead removal either by handsg Qtips or by a machine.
Another method is to adopt a tvebip solution: one CMOS chip and one MEMS chip.
The MEMS devices are still fabricated the same w@a large substrate but, again,
diced before releasin@he two chips can be different dimensions. Then the two chips
are glued together on both of their back sides as showigune8.1. There ara few
potential ways for creatinglectrical connections. They can be made of patterne
metal layers but it will be challenging to pattern all faces of the stacked chips
especially the narrow side faces. Any sorts of conductive materials that can be applied
with precise control of amount and positions might also work, for example
conductivepaste or soldehroughsilicon via (TSV) is a technique to create vertical
electrical connections passing through the whole chip and has recently become

popular for 3D IC packagingl83]. Instead of creating wrapound connections,
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through holes are created on the chips and then filled with metal to create vertical
connections. The holes can be created on two chips separately and then align the chip
to glue them or the chips can be glued first and then creatggthimles once. It will
require more investigations to determine which order produces a higher yield. One
concern for the twahip solution is that the weight increases. Fortunately, this can be

solved by thinning one or both chips down to decrease tightvei

Figure 8.1. One implementation of the twchip solution for the legged chip. The
CMOS chip and the MEMS chip are aligned and glued together. Control signal is
applied throgh wraparoundelectrical connectia(yellow) from the top face of the
CMOS chip to the device side of the MEMS chip. Blue legs are for demonstration
purpose. Releasing might have to be done after staking and creating connections.

It seems to be a pracéil and reasonable powerisggategyto have an external
wirelesspower source at the station win onboard energy unit that is large enough
to sustain the robots for a few times longer than the mission red@@en board
energy units can bbatteries,accumulatorssupercapacitorssprings,sola cells, or
fuel cells[13] that can be integrated on a CMOS chip or are small enough for the

robot to carry
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