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AbstractWe present Literacy in Technology (LIT), a low pover,
low cost audio processor for information disseminabn among
illiterate people groups in developing regions. Th&65K gate, 8
million transistor, 23mm? ARM Cortex MO processor uses a
novel memory hierarchy consisting of an on chip 128 true
LRU cache and off-chip NAND Flash. LIT reduces iniial
acquisition cost through a high-level of integratia that results in
a low board-level component count. In addition, italso reduces
recurring cost through design decisions that lowerenergy
consumption. LIT's multiple power operational modes and
power management schemes are specifically desigrfed efficient
operation on Carbon Zinc batteries. These are comnmmdy found
in developing regions and allow LIT to be priced a& point that is
viable for illiterate people groups in developing egions.

. INTRODUCTION

Studies have shown that providing
developing regions can greatly aid their liveliheodby
teaching them about health, agriculture and edowcatihe
well-known One Laptop per Child (OLPC) initiativereed to
address this by connecting populations in devetppégions
to the internet [1]. However, this does not addré3%so
(824M) of the global population who are illiterd®y (Fig. 1)
and among the poorest in the world. This indictttas there is
a serious need for work to be done in order to @mb
illiteracy. Several other programs have been d@eglsuch as
“Speaking Books” from Books of Hope which is affakde
but is limited to 5-10 minutes of data which canheteasily
updated [3]. Global Recording’s Saber's data camujdated
but only through a computer and does not have #-ibui
microphone. Furthermore, it is priced at a poidt5$65) that
is not affordable by the end users [4].

40 1 900q
© 35 8502
] ‘E —~
2 30 1 800 & §
5 ~E
5 25 750§ s
5 20 1 7002
s =
5159 650
= 10 ' . ' + 600

1970 1980 1990 2000 2010
Year

Fig. 1. Worldwide Literacy Rate: Percentage ofeliate people is decreasing,
but total illiterate population is remaining comngta

The Talking Book (Fig. 2), developed by Literacyidge,
is a computer with an audio and tactile interfae [Psing

information to

only buttons, users navigate through menus to acces
information and interact with the device. The devirompts
the user through spoken instructions which areliad to the
region. In January 2009, a pilot study was underaln a
remote village, Ving Ving, Ghana, where 77% of tdult
population had never attended school [6]. Ving \&ng
population survives on subsistence agriculture aad no
running electricity. In the pilot study, Talking Bks were
handed out to ~20% of Ving Ving's population andreve
loaded with agricultural information such as instions about
fertilizers, soil preparation, planting and livestohandling.
Healthcare practices, educational material, ancigérstories
that had a focus on culture and tradition were alsluded.

Fig 2. $25 Talking Book developed by Literacy Bedg

The results of the pilot study, collected in Jagu210,
showed an increase in crop production by an avebggé8%
when compared to non-users decrease of 5%. 758 afders
sold their surplus of crop, and the income frompgheduction
was used for health insurance, school fees, home
improvements (new roofs), and further investmentgheir
agriculture (seeds, livestock).

Another Talking Book use scenario is health prastid-or
example, nurses in busy rural clinics can recorélthe
messages to teach patients about hygiene, infaet ead
disease prevention. Treatment specific informatecam be
reviewed at a later time at patients’ pace and diso
disseminated from a single user that comes baak fiioe
clinic to the entire village. For educational pusps, Talking
Books can be used to read back to children, a teggnactice
that is common in developed nations, but impossille
illiterate parents.

Given the success of Talking Book’s pilot studyg, d¢hief
obstacle to widely distributing it is to make itomomically
viable. Its current cost of $25-35 is not affordalily end
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users. In contrast, radios typically cost $10 wisienple
cellphones cost $20. This indicates that the ergtsusan
afford a device in the $10 — 20 range. The chietriloutor to
the current cost of the Talking Books is its 152thé-shelf
components (Fig. 3). The immediate problem is thatsheer
number of off-the-shelf components carries sigaifiic cost
themselves. Purchasing such a large variety of ooepts
from different vendors results in every componeatihg
some profit margin associated with it. However,réhalso
exist a number of indirect costs associated wiehrthmber of
components that are not obvious but are in factremo
significant. First, it increases the PCB size, piek and place
cost, the probability of failure, and the testimmplexity. For
instance, the larger device count of the curremtogerequires

a PCB area of 120mm X 120mm and a 4 layer board,

compared to a single layer board of 70mm X 100mrsize
for the proposed device. While the final deviceestf the
proposed audio computer will eventually dependhendesign
of the casing, the preliminary board design is 2xaker, and
has fewer layers, thereby reducing PCB cost by ntbas
80%. Its size can be further reduced as we optintiwe
component placement and board routing, which widl b
addressed concurrently with the final casing’s giesFinally,
the current design’s high number of components aféects
the size of the plastic housing and shipping ciostsrred due
to its bulk are increased significantly and alledity translate
to a more expensive device. Furthermore, the cuiralking
Book’s high energy consumption requires two D b
which impacts its size as well and, again, leada tstlier
device and a form factor that cannot be transpoeteily by
the end user in his/her pocket.

Fig 3. Talking Book's PCB and 152 off-the-shelf quonents

To bridge the cost gap, we developed an SOC wihiighs
the heart of an audio computer for information elisBation
among illiterate people groups and has a curramtiyapped
market size of $10B [7]. Using only buttons, thediau
computer allows users to navigate through menusaaodss
information which is played back through a speakérhe
audio computer’s information can be updated eitheough

an on-board FM chip that the SOC communicates with,
through a microphone that is connected to an op-8RiC, or

through peer-to-peer distribution via its neardieadio link.

Using a tactile and audio feedback user-interftoe user can
configure and operate the device, in a similar Wet made
the Talking Book’s pilot study a success.

As previously mentioned, the chief obstacle
disseminating these devices in an economicallylgiatanner
is the low purchasing power of the end users tipically
subsist on $1-2/day. Hence we aim for a total de\dost
between $10-15, which means all the electroniaduding
PCB, speakers, microphone, radio, buttons, etct mausain
below $6.

to

Il. Proposed Solution
A. Overview

The Literacy Information Technology (LIT) chip (Fig),
tackles cost in a number of ways. A novel memory
architecture with 128kB 4-way True LRU cache that i
directly backed by NAND Flash and removes the néxd
costly DRAM or NOR Flash commonly found in micro-
controllers and processors is used. In additioft, ihtegrates
all analog components on-chip, including microphone
amplifier and biasing circuit, ADC, class-D ampiifi 4
LDOs, 2 voltage references, and 2 step-up conwertdrhe
total number of chips in the system is reducedriy 8 (The
LIT chip, the NAND Flash chip, and a radio chipgysg cost
and PCB size, which in turn reduces the plastic lzanatlling
costs (the previously mentioned indirect costs)tred final
device. For remaining components, we have madeguesi
choices that reduce cost. For instance, the pepedo
information transfer is achieved through a coilt tisadirectly
traced on the PCB for a near-field inductive linde ftlose
range communication between devices instead ofyctB
connectors/wires. Also, 10 CDCs were integratecthup- to
allow push-membrane buttons, which incur signiftcamst, to
be replaced with capacitive sensors, also tracextttly on the
PCB. The resulting 9X reduction in components diyec
reduces both direct and indirect costs.

While most of LIT’s cost reduction was achievedotigh
a reduction of components and substitutions abtaed level,
we also made a number of design decisions thatrexivthe
cost of the passive devices. For example, instéagsiog a
Step-Up Boost Converter with an expensive indudimr
voltage boosting, we developed a new variable dtpac
charge pump which cut the cost by 3X by using cheap
capacitors.

LIT lowers the recurring cost by consuming lessrgnpe
(~3X less) when compared to the current Talking Boo
(~300mW). Lowering active and sleep energy consionpt
are important goals for LIT since this reduces ¢hd users’
recurring costs. Lowering both active and sleeprggnevas
designed for a targeted application, and so, manil®'s
design choices were made with lowering energy compsion
in mind. Clock gating, power gating, and clock sp&ening,
depending on workload and module activity are safew
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Fig. 4. System Level Diagram Showing On-Chip Congis and On-Board Components

configurable and work in unison to lower energy sumption
across the board. LIT’s integrated lower energyscomption
and low component count allows it to be operateth wivo
AA batteries for up to two years in Deep Sleep madeich
improves its form factor to a point that makes dreneasily
transported by the end users and lowers the regucgsts of
purchasing new batteries for the device.

Finally, a side effect of the effort to reduce thenber of
components also results in a more robust devicplaRieg
the Talking Book’s USB dongle (Fig. 3) with the Iclair peer-
to-peer transfer reduces the number of physicah quarts,
and the capacitive sensors on the board results longer
lifetime of the buttons since push-button membrangis
deteriorate with use. While robustness may notbéae a
concern as cost, Talking Book’s pilot study showleat end
users disassembled the device and left it in thel/rain
indicating that end users may not be as careful thi¢ device
as typical users that are more accustomed to efectr
technology.

These cost reduction methods produces low component

count and minimal board routing (Fig 4), resultinga small
PCB area footprint making it affordable by the erseérs. The
final cost of the system ($7.5), shown in Tablerkets the
target goal of ~$10. The cost breakdown is showheChip,
Board, and System levels. We can see that the lonber of
components in the BOM is a result of our cost réidac
methods. Below, we discuss each of the key compenen
the LIT chip in more detail.

B. Memory Hierarchy

LIT was implemented
3.57mmX6.46mm (23.06m™M has 8 million transistors,
265K gates, with an expected cost < $1 in moderakemes
(Fig. 4). LIT's memory hierarchy is designed to @eenodate
the need for large code space (up to 16MB) whilmiahting

the need for expensive and power hungry NOR Flash o

DRAM common in micro-controllers and processorsdode

in 0.18um CMOS, measures



storage. An indirect cost impact of this decisisthat LIT has guarantee that fault handling code is never evjctdse we
a reduction in the number of pins which reducetintggime  would not have any way to fill the cache upon asmis
as well as packaging costs. LIT implemented a |42fkB 4- A consequence of the pinned region is that we msst
way true LRU on-chip cache (48% of die area) diydeacked true LRU since pseudo LRU cannot provide a fallbadéress
by an off-chip NAND Flash (Fig. 5). The size of tbache is to evict if the returned LRU-way is in the pinnesjion. If the
required to reduce the latency times between thdlDA&lash  returned LRU-way is in the pinned region, we neadkriow
and LIT which is not fast enough to support fetghin what is the second least recently used address asder to
instructions directly. Despite the cache consumrme than evict it, and pseudo LRU does not provide this.udéseLRU
11mnt of area, the additional area only increases e#’ d only provides the least recently used address atiiny else,
cost by $0.25, which is still a significant coswvadtage when hence the need for True LRU. If the second leastnity used
compared to NOR Flash /DRAM, which usually costs $1 address is also in the pinned region, we need eavkmhat the
third least recently used address is which true LRtvides

Component Name | Cost as well.
Chip Cache Controller
Speaker Inductor $0.0245 S1ZB [ gData Bank 15
Speaker Cap $0.0090 . [T
Linear Regulator Cap $0.0107 Deabias Data Bank 1 ,n |
Step-Up Converter Cap (Type 1) X4 $0.0027 Claile DeepSleep = Data Bank 0 pit b—
Step-Up Converter Cap (Type 2) X2 $0.0246 Execution [ Data[31:0] — 2048X32b1t 4
Chip Area $0.3220 512X32bit ' SIS
Chip Package $0.2700 6TSRAM
Total Chip COStBoard $0.6635 445 TogBar
Chip $0.6635 samrz ARM | [ _45 Tag Bank 2
Cortex MO L | ] | Tag Bank} -lt T
Speaker $0.7783 DeepSleep Tag Bank 0_pit [—
Headphone Jack $0.0232 o L 312X5bit
Microphone $0.0935 Tag[4:0] IR L
PCB $1.0000 (est.) el | NAND E
NAND Flash $2.0000 .| Flash =
Radio $1.0395 528X32bit| - ller| AMBA LRU Bank 3
: Gt AHB [LRU Bank 2
Total Board Cost $5.5980 | _ Bus LRU Bank 1 bit I—
System Off Chip 1.8V /3.2V DeepSleep H LRU Bank%“blt i_
Board $55980 2Gbit NAND Flash . 512X36bit /[_
Casing $1.0000(est.) 8bit Parallel J LRU[5:0] —1 6TSRAM
Test & Assemble $1.0000 (est.) Fig. 5. Memory System Diagram
Total System Cost $7.5980

Table 1. LIT’s bill of materials. Note that fraatial cent costs come from the An(.)ther Consequence. of back_lng the CaChe. V\.”th NAND
high volume pricing of components Flash is that we cannot simply write back upon &wicfrom
the cache since programs that cause cache thrasluotyl
LIT uses NAND Flash instead of MicroSD that hasWear out the NAND Flash very quickly. Because a$,thhe
overhead in terms of power, access latencies, andt m cache uses an explicit data write back architecitrere we
importantly, cost. The MicroSD card accounted fa¥3of the ~ Only write back data when we absolutely need taimett.
cost of the Talking Book’s bill of materials. A aat of using Hence, modifiable data is also stored in the pinsection.
NAND Flash is that we now need to implement our dash ~ This way, if important data needs to be evictedivene
Translation Layer (FTL) in software. However, bynuhng knows when it is evicted and whether it needs tonbieten
cache misses with Soﬂware, we maintain Compaybwnh back or whether it C?.n be discarded if it is uneseed )
the software FTL, flexibility in prefetching dataand ~ Upon LIT powering up, a 512B boot ROM automatically
performance through non_b|ocking cache misses. fills the cache with the software miss handler &ld. in the
The cache has a Conﬁgurab|e pinned section thaxeplts pinned section ensuring that they will be availatole future
the lower portion of the address space from beivigted  Operations. LIT takes ~1s to come out of boot agxdapm the
which is used for the OS and FTL. This is achiebgdaving required operations to put LIT at a point where tiser can
each cache access checked against the addresigitol Start interfacing with it. The long boot time is edtio our
determine where it resides. Upon a miss, the caeises a Making LIT more robust from a process variatiomdfzoint.
precise fault which alerts the core and executete do the LIT initializes all its timing configurations to ¢h slowest
fault handler that then loads data from NAND Flasto the  POssible points to account for process variatiord &lT is

cache. The pinned section is required since we rteed SPed up through configurations stored in the NANISF.
This allows LIT to be more flexible and robust. éftboot,



code is then executed out of the cache and missdsaadled
as previously described.

After some idle time when software has determirteat t
the device is not in use, LIT enters Deep Sleepenbdorder
to exit Deep Sleep mode and re-enter Active modlE stores
a piece of code, the event validity checker, in mgnthat is
executed occasionally and when a button is pre§3ezievent
validity checker serves two purposes. First, itused to
validate the requests from the capacitive sensaitsite use as
the tactile interface since false positives coultkevthe core
unnecessarily, waste energy, and produce unwargiealvior.
Second, it is used to track changes of the capacgénsors
and reconfigure its thresholds as temperature, grackd
noise, and variation will result in its value drify slowly over
time, which could, again, result in false positivesd
unwanted behavior.

In Deep Sleep mode, LIT has two options for mainitey
the event validity checker in memory. The eventidial
checker can be stored
(DeepSleep Code Execution Fig. 5). In this casé&, power
gates the entire cache and saves the most
Alternatively, we can store the event validity cker in
subsections of the cache that is purposely leftkawi& we
require more complicated code that is unable tofthe 2kB
of SRAM. In this option, we are capable of mainitagna
variable amount of memory awake during Deep Sleepan
with a granularity of 8kB.

Upon the event validity checker verifying an evethg
cache refill routine that is already in the boot M@ill be
executed and LIT will re-enter Active mode. If tlewent
validity checker determines that the event is aefglositive
and therefore invalid, LIT will simply goes back feep
Sleep mode.

Boot ROM NAND Flash
/ Fill Load/Store Miss
(Software Handled)
| Cache
No Misses\_7T~

DeepSleep
L A
Powergate All Banks: Powergate Some Banks:
2kBSRAM Event Cache Event
Validity Checker Validity Checker

Valid Event: Exit Decp Sleep
{Cache Refill Routine)

T,
Tnvalid Invalid
Event Event

Fig. 6. Memory operation from loading from bootsmhandling during
Active mode, and Deep Sleep mode cache power gafitigns or using 2kB
SRAM where event validity checker code is stored.

The cache draws an additional, silicon measured, ihu
Deep Sleep if 8kB of memory is left awake and 7.20All
128kB is left awake (Table 2). The disproportiopatigher
current draw of having the first 8kB left awakedige to the
need for all LRU & Tag banks to be left awake dgribeep
Sleep mode to ensure that we know what data isl.vBlch
additional 8kB of memory left awake during Deepeplenode
results in an additional 0.4uA in current draw. SThidicates
that the LRU & Tag banks draw a total of 0.6uA. kavthe

ability to control the amount of memory left awalaring

Deep Sleep mode allows software to be more flexibterms
of the complexity of their event validity check&oftware has
control over just how much code is needed and diustthe
number of data banks to be power gated in ordeotsume
as little energy as possible in sleep mode.

Deep Sleep Cache Additional Total Deep Sleep
Memory Awake Current Current
0kB 0 17.0uA
8kB 1.0uA 18.0uA
16kB 1.4uA 18.4uA
32kB 2.2uA 19.2uA
64kB 3.9uA 20.9uA
128kB 7.2uA 24.2uA

enerdy

Table 2. Silicon Measured memory current during8kep mode

C. Power Operational Modes

in a dedicated 2kB of SRAM

LIT was designed to have 3 operational modes: A&ctiv
ode, Standby mode, and Deep Sleep mode in ordedtwe
energy consumption. It was designed to maximizetitife
when powered by Carbon Zinc batteries,
developing regions due to their superiority overkaline
batteries in terms of longer shelf life and lowequaisition
cost. Carbon Zinc batteries tend to degrade sloover a
larger voltage range unlike Alkaline batteries vbhicave a
steep cutoff voltage at 2.2V (Fig. 7). In order d¢atract
maximum energy, it is critical to extract energynr the
battery over the entire voltage degradation rafdgerefore,
we use low drop out regulators and a two phaseladgn
scheme: 1) At high battery voltages, LIT's LDOsulege the
battery to the 1.8V core supply with a low drop otil40mV;
2) Below 1.9V (ie: 0.85V per battery), we by-pake tDOs
and directly connect the battery reducing our diiteattery
voltage to 1.7V. This is achieved through monitgrithe
battery voltage with the on-chip ADC. Software will
periodically use the ADC to check the battery vgdtato
determine if it should directly connect to the batt This
allows us to extract 76% of total charge vs. 46%taifl
charge at 2.2V thereby extending the lifetime of ttevice
and lowering recurring cost.

3 l LDO Direct, ,  Cut-Off
Regulated ~ “TBattery™
< I I
e f | 22V
o b eadl-=¥ R R s
5 27 | 1.7V
A = Y
> _ __ . Typical
i Voltage (V) | % Extraction Alkaline
E 1 2.20 46.15
2.00 64.15
1.80 74.13 Carbon Zinc
0 1.70 76.94
0 50 100 150 200 250 300
Time (Minutes)

Fig. 7. Measurements of Ghana's Carbon Zinc bestemd typical Alkaline
battery. By extending operational voltage from 2ta\1.7V, 30% more
energy is extracted.

prevalent in
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Fig. 9. System Power Diagram: The NAND Flash CdlerdO can be powered by either the Variable Ced@gmp or the Dirty LDO depending whether a 3.2V
or 1.8V NAND Flash is used. We accomplish this bgrecting the Variable Charge Pump or Dirty LDQhe PAD Dirty VDD

D. Power Management with its a Hybrid Switch Cap Network (Section F)hile
In total, LIT has 4 LDOs (Fig 9) with their assoigid powering the 1.8V NAND Flash uses LIT's 3rd LDOgth

VREFs and IREFs (Fig. 10). The LDOSs' various modes Dirty LDO. The Dirty LDO is similarly controlled bythe

Wakeup Interrupt Controller (Section G), where #&nche
cqntrolled by the \_/\_/akeup Interrupt Control!er (S@ctQ). enabled or disabled depending on whether we haterret
Since LIT is sensitive to energy consumption, LI&shits

Active mode and Deep Sleep mode each have their OWcomponents that require 1.8V such as the NAND Ftdsp.
. cep PN e Iqaving this flexibility lets LIT to be sensitive tonarket
dedicated LDO which results in more efficient energ latility for its d denci |
consumption. During Active mode, the Active LDO i volatility for its dependencies on external compuse
- ' allowing us have the ability to choose the lowestt @oint.
enabled, allowing LIT to draw more current and eone

more energy for its workload (MW range). Howevehew LIT uses a 32KHz crystal on the board to tune theli&®

i X ; chip and to keep real time using an on-chip tinidis timer
LIT switches to Deep Sleep mode, LIT's energy comstion .allows LIT to “Tivo” content from the Radio chippsthat

decreases by ~1000X (uW range), so the Active LBO i P '
. content distributers can broadcast firmware upd#tesugh
Fhoewig rgeat\(/ect)dlt:ng t?'ﬁigi\igwssleiﬁr I‘,{E%éﬁzi;g\/g;ggl FM RDS at predetermined times. Additionally, useas set
g€ gy predefined times to wake LIT up and automaticatgard

zlunsctginthaes Eief]pa iljr?gml‘ggwlzsn:ﬁ;e Aig:/i:eflg@gu]t)r:emn new content from the radio that can be listenddt&r. This is
9 P important to our users since government agencieslyfr

gls:p é‘l[;g I?nggztlnsgrlﬁly :;?/t:aleriodduennt%ebcxstic::tﬁgé) distribute content on national radios so that usars record
P P ' 9 ' and review the information later at their own pdoeorder to

enable(_j, overpowering the Deep Sleep LDO. Thism;llior power the 32KHz 830nW on board crystal, LIT'4DO, the
an easier handoff d_urmg SV\."tCh'ng between Active ﬁ)_eep Crystal LDO (Fig. 10), constantly regulates its3/9supply.
ilsc?gs rg(l)lgsvss‘ uHSa\t/(')n%C(:“eg\;gaﬁdhLeDr?e? forefh(l:-:-einaﬁg The Crystal LDO is also constantly enabled sinesWakeup
N 9 9y . Interrupt Controller's clock operates in the 32KHinck
maintain a low Deep Sleep. mpde energy consumphian t domain and must always be available. Three of LIIDOs,
pro\IZIIEIj'(’esS rLrl1$elranotro iii?:rrshm lrléetl:?:é us to have an oardo the Active, Deep Sleep and Dirty LDOs use the tiage
y y red ; regulation described in Sectionwhere we directly connect
NAND Flash chip, and while NAND Flash is cheapearth the battery to the Core’s 1.8V when the batteryitage
other solutions (Section B), LIT is flexible in thais capable drops below 1.9V, but the C'rystal LDO is unaffectdthe
gfz(i?rﬂrxwgc'a:tlg‘ghv‘gm e'?ﬁé io%s\gt:\tl)ﬁ\ilt\maﬁ?s]:lg jirg].pisa battery bypass since its power supply comes froenQGbre
irﬁ ortant because vF\)/hiIe the ESV l\)l/AND Flash chi 1.8V supply instead of the battery. This allows ltbThave a
P o . Pmore energy efficient Crystal LDO since it has aclmnamaller
consumes lower energy resulting in a lower recgrdaost _for input voltage range when compared to the battelpge.
the end user when _compared o the .3'2\/ NAND Flz_isb,c LIT has a few components on-chip that require &/3.2
the NAND Flash chip market is volatile, and canutes a power supply such as LIT’s Pads’ Dirty VDD, for -affip
1‘8\/. NAND Flash_ chip whose initial cost Is too erpe, communication, and the Capacitance-to-Digital-Coters,
making LIT gnfea5|ble. In order to provide a sauiio POWET™ " that both operate at 3.2V. In order to supply ti®/3LIT has
two alternatives, LIT can power the 3.2V NAND Flaship an on-chip Voltage Doubler (Fig. 10) that is simifaderived



from the Core 1.8V like the Crystal LDO. The Voléag
Doubler is also required to stay alive during D&gep mode
in order to power the CDC that monitors the PCBclou
sensors, thus, we need to pay attention to its ggner
consumption. The Voltage Doubler has a configuraiibek
speed that can either take the Core Clock speeduhs.in the
MHz range during Active mode, or can switch oveitsoown
internal clock generator that operates in the 160KHz
range, for example during Deep Sleep mode or ifethe not
much off-chip communication. This allows the Vokag
Doubler to operate in an energy efficient manned aelp
achieve low energy consumption during Deep Sleegano

Fig. 8. IO Pad Break for Board Voltage ConfiguraBals

Unlike most general purpose processors, LIT's LIxDs
on-chip thereby reducing the total number of exern
components which lowers our cost. However, our ahaif
having on-chip LDOs limits our flexibility in voltge selection
for our 10 since we cannot configure 1O pads torafe at
particular voltage through software for communigatiwith
the 1.8V or 3.2V NAND Flash, for example. We overne
this by allowing the 10 voltage to be configuredtlta board
level (Fig. 9). For example, if we have a 1.8V NANAash
chip, we will connect the output of the Dirty LDO LIT’s 10

" Active & Dirty IREF
::"o Decp Sleep

- Active & Dirty VREF
::“o Deep Sleep

Sleep & Crystal VREF

pads’ Dirty VDD. We accomplish this by having a dkein
the 10 pads in LIT (Fig. 8).

E. Power-On-Reset Brown-Out-Detector

In traditional systems, when the battery voltagepdr
below the system’s operating voltage, standard P&@we
Resets/Brown-Out-Detectors (POR/BOD) will asseseteo
avoid incorrect operation and memory corruptionwdweer,
Carbon Zinc batteries’ present a unique challengethis
respect in that the voltage of the battery wilrtstaeeping up
after reset is asserted due to significantly lassent being
drawn and the self-healing properties of this bgtthemistry.
This increased voltage will then reach a voltageenehthe
POR/BOD de-asserts reset and enables the chip thus
consuming more current thereby driving the voltdge
again. This phenomenon (Fig. 11) leads to an asicifi that
will continuously turn the device on and off nehe tend life
of the battery due to the strong self-healing prope of
Carbon Zinc batteries, which is clearly unwantedawéor and
can result in NAND Flash corruption resulting is$oof data.

In order to circumvent this oscillation, we designa
1.7uA POR/BOD with a lock-off feature (Fig. 12). the
event of the battery voltage dropping below the BOW-
threshold (1.7V), the device locks off, until theltage drops
significantly further below 1.2V, resetting the ko€.e, when
changing batteries). At this point, if the battevgltage
exceeds 1.7V, the device is allowed to be turnedagain.
This results in a more robust device that is lesseaptible to
data corruption.

Block Silicon Measured Estimated
Linearity (mV/V) Current
T T Active LDO 221 54uA
m o5
3% z Dirty LDO 257 S4ua
Sleep LDO 142 3.1uA
Crystal LDO 71 3. uA
Doubler 400 2.390A ~ 100uA

"

> Dirty LDO

="

1.8V NAND Flash | | F £ __ltl
1.8V SPI . _E||—'°< Ir Dc - :
1.8V 5xLEDs ST S| Bl o|oped e e F ) * 100uF
g § 8 || Doubler [ id VDD DOUB | l
=LA vmid = = : :
zl 8| & LosoT 650° :
al&l= Nonoverlap. L ‘J pF Iv[‘ : :
cluck N-DD”DOU < PADS
Wakeup l}' : &
Inierrupt Core CDC

32KHz Crystal

Fig. 10. LIT’s power diagram showing LDOs, and tipcvoltage Doub

ler with their associated VREFs BRigFs and silicon measured output.



Upon battery insertion, the supply voltage is lemough
such that both the High and Low Comparators’ owgpare
low, making the outputs of theland 3 FlipFlop in the
“Lock-Off” be 1 and O respectively. This asserts JEHn
keeping LIT in reset. When the battery voltage siségher
than 1.7V, both the High and Low Comparators’ otgpu
become high and latches th& EZlip Flop from an unknown
state to 1 from the output of th& Elip Flop. Simultaneously,
the 3° Flip Flop's Reset is deasserted by the High and Lo
Comparators’ output becoming high, and tt& Rlip Flop's
output sets the"3Flip Flop to a 1 thus asserting “RESETn” to
a 1. This releases reset on LIT allowing it to tstatrching its
first instruction. The deassertion of “RESETn” tdl aasserts
the £'and 2° Flip Flop’s Rn thus setting their outputs to 0.

Fig. 11. Carbon Zinc Batteries self healing proper

When the battery voltage drops below 1.7V, The High

Comparator's output becomes low, asserting tffe Flip
Flop’s Rn, thus making RESETn 0, resetting LITtHa event
that the battery’'s voltage creeps past 1.7V as riest
previously, The High Comparator’s output becomeghhi
again, but RESETn can never be deasserted bechase
outputs of the and 29 Flip Flops in the “Lock-Off" are 0,
uneable to assert S on thé Blip Flop. This overcomes the
oscillation due to the self healing properties @frlidn Zinc
batteries.

In the event that the battery voltage drops bel®@¥1(ie:
battery removal) and goes past 1.7V again, (ietebat
insertion), the process repeats.

F. Hybrid Switch Cap Network

Finally, LIT has a second voltage booster to pouthier
chips on the board, such as a 3.2V NAND Flash amnd
radio chip. To ensure an output voltage within 312V spec
over a wide range of battery voltages (3.2V — 1,7ipst
systems opt to use a DC-DC boost converter. Whiliadard
inductive boost-converter would have sufficed tcodtothe
voltage from the battery to the levels that we mequLIT
avoids the expense of inductors by creating a nedurid
Switched Capacitor based boost converter topoldgg. cost
of a single inductor alone is ~$0.38, compared ltotre
capacitors’ cost ~$0.03, that our hybrid Switcheab&itor

Network (SCN) boost converter uses, and is theeethie
more economical choice.

Comparator High VREF
Batt High Batt Low
4.9MQ i i K
5.2MQ 6.IME2 I 1 X8
Comparzator Low — =
= o
— (@)
2.6MQ 1y
+ 3 =
7.4MQ V o
gz
L =
Delay Generator r<ID
Rn 4} [~
D
WIS
S
= =
< + T
1x3 Y ﬂ &
Battery _§ v E
Delay Ctrl[1:0] 2 B

Fig. 12. On-chip 1.7uA POR/BOD with "lock-off" f@arbon-Zinc
batteries

Switched Capacitor Networks are the cheaper cleiee
they only contain capacitors, but they are onlyatde of
having a fixed conversion ratio. In order to oveneo this
fimitation and provide an output range of 3.2V oeewide
range of battery input voltages, we created a Siepn SCN
which provides fractional voltages in the range26%o, 33%,
50%, 66%, 75%, 100% of battery voltage (Table 8} ased
a Step Up SCN whose output voltage is determinedhby
output of the Step Down SCN + Battery Voltage.

25% | 33% | 50% | 66% | 75% | 100%
ckl 1 1 1 1 1 On
ck2 2 2 2 2 2 On
ck3 2 On On On 1 On
ck4 2 2 On 1 1 On
ck5 1 1 Off 2 2 Off
ck6 1 1 Off 2 2 Off
ck7 2 2 On 1 1 On
ck8 2 2 On 1 1 On
ck9 2 2 2 2 2 On

ck10 1 1 1 1 1 Off
ckll| On Off On Off On On

Table 3. Configurations for Step Down SCN to achifractional voltages



The Step Down SCN achieves its fractional voltagfethe
battery voltage input through configurations of #&itches
(Fig. 13) (Table 3). This combination of fractionadltages
from the Step Down SCN output that is fed into 8tep Up
SCN that is further boosted by the battery voltagsures that
LIT can maintain a 10% range of 3.2V (Fig. 14).tRarmore,
our Hybrid Switch Capacitor Network can be bypassed
output the battery voltage and can be power gatbénw
unused to save energy.

Fig. 13.Variable Step-Up Converter using set-down/-up SCNs.

Fig. 14. Measured Output is shown to stay withifbldf 3.2 across 3.3V -
1.7V battery voltage range.

G. Wakeup Interrupt Controller

LIT needs some way of coordinating all its openadio
modes (Active, Standby, Deep Sleep), managing theep
supplies, (LDOs, Direct Battery Connect), poweriggtthe
cache and clock generation, and monitoring of teeSleep

event triggers while consuming as little energy passible
since it would be required even during Deep Sleaplan
Thus, we created the Wakeup Interrupt ControllerlGW
which achieves all the above.

Fig. 15. Wakeup-Interrupt Controller State Diagram

The WIC has a low gate count to minimize energy
consumption, uses only 294 gates, 103 of which Fig-
Flops. 32 of those Flip-Flops, which maintain stajgerate on
the 32KHz clock domain, ensuring that it consumexy Vittle
energy during Deep Sleep operations while the offigr-
Flops, used to store configuration bits, have iteclkc
generation disabled.

During Active mode, while LIT is in operation, tihetive
LDO is operating as described in Section D. Wheftwsoe
detects that the Battery Voltage has drooped taottwough
the on-chip ADC, software informs the WIC and th&Qmwill
inform the LDOs to directly connect the Core Vobtatmp the
Battery. The WIC also controls whether the Dirty QOs
enabled or not and also power gates Active & DifpO and
their associated VREFs and IREFs during Deep Steamge.

The WIC is also in charge of controlling the powating
of the cache and the clock enabling. The diffecarche power
gating configurations are set as configuration iritthe WIC
during Active mode and the WIC will power gate thatire
cache or leave subsections alive as describedcitin8eB.

Lastly, the WIC monitors the events triggers durideep
Sleep mode, such as the touch interface (CDCs)QGiut,
or the 32KHz Timer. During Active mode, the CDC
Controller and GPIOs operate on the active CoreclClo
domain (MHz), but during Deep Sleep mode, they are
switched over to the 32KHz clock domain in orderatmw
the WIC to disable the clock generator and consless
energy. Since the WIC operates on the 32KHz clamkain,
the initial cost of having an operational clockamortized
amongst modules that are left awake in Deep Slemfem

The WIC also has a wakeup protocol when emergiom fr
Deep Sleep. Since many of our modules are powezdgat
during Deep Sleep, immediately enabling all our oied
would result in a voltage droop that may lead talafimed
behavior. Our wakeup protocol results in more robbsit
slower wake up time where we first enable the ActhDO,
wait for a configurable number of 32KHz clock cysldéhen
enable the clock thus giving the Active LDO ampieet to be
operational. We also only restore power to the eaafter a
32KHz clock cycle and wake up the Cortex-MO another
32KHz clock cycle after waking the Cortex-MO. Tleissures
that we do not have undefined behavior due to taghm
current being drawn simultaneously.



Fig. 16. Silicon Measured Current Draw for Activeae with Operational Blocks and Sleep Mode at vexriBrequencies

H. Results 32KHz Timer, or GPIO will wake up the Cortex MO &m
event and draws a measured 17uA (32KHz WakeTimer
LIT’s workload can vary greatly depending on itags, Monitoring) to 27uA (All Event Monitoring) that rets in ~2
so we can alter its clock frequency, power gateckdo years of Deep Sleep lifetime.
depending on usage, and therefore, energy consumpti

through software to be at an energy efficient pdont its Deep Sleep Event Monitors| Measured System Current
current workload during Active mode. For exampiguidio is 32KHz Timer 17uA

only being played or recorded, LIT can fill the audbuffer 32KHz Timer & GPIO 22UA
completely and then slow down the core clock whilelio is 32KHz Timer & GPIO &

being played. The other side of the coin is when tdquires 10XCDC 27uA

all its processing power at 64MHz. End users haued time Table 4. Deep Sleep mode current draw with evertitming options
shifting of the information to be useful by havirthe selected

information read back at a faster/slower speed éip.h

However, this requires use of the synchronized lapeadd We conclude our results with LIT's silicon measuste

method (SOLA) which requires a high amount of pesimg  frequency vs. Voltage and silicon measured core
power which LIT achieves with its 64MHz clock speed GOPS/WATT (Fig. 17), Shmoo Plot (Fig. 18), die roigraph
Thanks to LIT’s workload aware variable clock fregay and  (Fig. 19), and design parameters and measuredse3uable
ability to power gate blocks, LIT draws a measutattent of ~ 5) shown below.
17.4mA with only the Cortex MO running at 4MHz and
50.8mA at 64MHz (Fig. 16).
Since LIT’'s operation relies on user input thatldoange
in the seconds, LIT has an operational mode betwextive
and Deep Sleep mode: Standby mode. In Standby ntoee,
Cortex MO is clock-gated and the main system cisckowed
until an event occurs, and draws a measured 15.3nhA.
Standby mode allows for lower energy consumptiotwben
the user doing something and the software decitiinghut
down.
In Deep Sleep Mode, the clock generator is halted,
Active LDO, potentially the cache, and unused bfocke

power gated. The (WIC) which monitors the CDC colhgr, Fig. 17. Silicon Measured Maximum Core Clock Frampyevs. Voltage
& Silicon Measured Core GOPS/Watt
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Fig. 19. Die Micrograph

Fig. 18. Shmoo Plot

Near Field BER < 10°
Inductive Coil 660kbps at 6.5cm
Active Power 91mw
Standby Power 27mW

Deep Sleep Power 30.6uW
Operating Voltage Range 3.3v-1.7V
Sleep Lifetime ~2 years

(Carbon Zinc)

Table 5. Design Parameters and Silicon MeasuredIiRes
I1l. CONCLUSION

LIT provides a complete and robust power solutiontfie
entire system with a single Carbon Zinc batteryutnwith a
wide operating voltage range, slow voltage degiadatand

avoiding oscillating voltages near its end life, inyegrating

the 4 LDOs, Voltage Doubler, Voltage Booster, and

POR/BOD with lock-off on a single die. It does nmefjuire

additional off chip components thereby reducing emsl area,

fulfilling our design requirements.

LIT's low energy consumption through multiple power
operational modes and power system designed tooiexpl

Carbon Zinc batteries for efficient operation, rlosgemory

hierarchy that reduces chip count and supportsibkripower

gated banks, coupled with a high level of integratbf analog

components results in a low board-level componenint
allows us to provide a low cost, affordable soltir the
dissemination of information to illiterate peopleogps in
developing regions.

Technology 180nm
Area 23.06mm
Performance 64MHz
# Transistors 8Million
# Gates 265K
Cache 128kB
True LRU
Cache Area 46%
Electronics Cost <$6
Chip Cost <$1
ADC 40Ksample/s
8 DC Input 3mw
4 AC Input 10bit
1 MIC Input 8.9ENOB
25.6SNDR
Touch Sensor 3 sample/s
CDCx10 0.72mw
13ENOB
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