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ABSTRACT

Field programmable gate arrays (FPGisplement arbitrary logic at the cost of
transistor utilizaton. They can provide a cesffective alternative to custorapplication specific
integrated circuits (ASICahhile decreasing tim&o-market. For highly parallelized applications,
they can outperform general purpose CPUs while still retaining the ability to dynamically update
functionality in the field Additionally, hey are a highly lucrative muttillion dolar industry and
are fast permeating product field3his workfirst presents a standard practice FPGA &neh
discusseshree key challenges that face the FPGA commumigditionally,it suggests several

methods by which these challenges may be overcome

The first key challengeis the high energy requirements of most FPGlAdustry has
focusedprimarily on increasing performance at the cost of energy efficiency; thus, most FPGAs
are unable to be used in mobile and embedded systémnis. is countered byhe development
and implementationof a subthreshold FPGA, whidk the first of its kind and allows for ultra
low power operation.The secondobstacle is the complex nature of FPGA design, which is
addressed with the development of an automated FPGAyageneration toqgl capable of
generating an arbitrarily sized logic arraye final challenge relates todHifficulties associated
with regularly porting designs to new procetschnology nodesThis is addressed via the
construction of a technology agistic simulation environment. Ultimately, thesthree
contributions have already shawarying degrees of success in aiding FPGA designers in their

continued development of these unique devices.
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MOTIVATION

Field programmable gate arrays (FPG#s)generally used as cesffective, rapid time
to-market alternative to application specific integrated circuits (ASIG&)wever, their high
energy requirements prevent them from beimgacticalin mobile and embedded computing
systems, such as wireless sensor reo&ince the summer of 2007 a twoember team(Joseph
Ryan and Kyle Ringgenberg) headed by Professor Bentbau@alt the University of Virginia
has been working to develop an uklaw power FPGA with minimal performandegradation
CKS ¢2N)] LINBaSyGdSR KSNBAY Aa O2YLRAaSR LINA Y NAft

group.

Many mobile systems (e.g. tglhones, biometric monitorsand gaming peripherals)
must be designed to strike a balance between cost and battery life. Anlotraoower FPGA
could shrink the costs associated with producing custom ASICs for many of these devices while
still providingcomparable battery life. Likewise, such an FPGA could take the place of less
energy efficient processors, allowing for devices with extended battery life that are still capable
of receiving updates in the fielth short, the commercial implementation ohailtra-low power
FPGA could potentially increase battery life and decrease development costs of a wide range of

both commercial and consumer products.

INTRODUCTION TO PRRAMMABLE LOGIC

PROGRAMMABLE ARRAYGILC

Prior to the introduction of programmable &y logicdevices(PAls), circuit designers
had few methods available to develogigital logic It was commonplace to use standard logic

devices (independent gatemultiplexers, flipflops, etc) which were cumbersome and difficult
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to scale into complex fgical functionsA limited number of programmable logic devices existed,
but they suffered from slow operation, high costs, and weak reliabilitys changed in 1978

when Monolithic Memories produced their first commercially available PAL dgtice

Architecturally, PALs are composed of two components. The first is a programmable
read-only memory (PROM) that serves as routing fabric for the input signals. All inputs and their
complements are selectively connected ttee second PAL component. This block consists of

banks of AND gateshich feeda globalOR gateresulting ina sumof-products implementation.
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FIGURHE ¢ SIMPLIFIEBROGRAMMABLE ARRAGIC RCHITECTER

Following theimmediate success othe Monolith Memories PAL device, number of
other manufacturers began developing programmable logic chips. However, due to the high
costs and precious nature of ahip transistors these devices remained limited toabic
combinational logic operations (e.g. stofiproducts, productof-sums) with hardwired
interconnect between logic functionsn 1984 Ross Freeman took a risk on his observation that,

AT a22NBQa d[itlwoulddecyghie AMfgasibie to sacrificehe number of utilized
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transistorsin exchange for interconnediexibility. One year later his new compan¥ilinx

released the firsfield FPGAo market.[2].

FIELD PROGRAMMABLATE ARRAY

Sinceits conception in the 1980s, FPGAs have grown tremendously in complexity and
ubiquitousness. The original Xilinx FPGA contained a mere 64 logic blocks and under 10,000 total
transistors.[3]. In contrast,variants ofthe XilinxVirtex-6 family, released in 2009;ontain over
750,000 logic blocksvith up to 1,200 I/O pins[4]. Furthermore, most modern FPGAS contain
dedicated computation blocks for higdpeed digital signal processing (DSP). These rfaoge

multipliers and barrel shifters to PCle interfaces and CPUs.

By 2010 the FPGA market is expected to surpass $2.7 billion. These devices aie found
innumerable systems from bioinformatics to speech recognition, from ASIC prototyping to radio
astroromy. While the maximum internal clockrequency of most FPGAs is limitel 100s of
MHz the inherent parallelism supplied by the FPGA architecture allows theattt@s high
performance coprocessors for general purpose CPBE Meanwhile their dynamically
reprogrammable nature allows for featurgbug9 to be added (fixed) after deployment.
Furthermore, their highly amortized nemecurring engieering costs make FPGAs a €ost

effective aternative to custom ASICs

Figure 2 illustrates the performancegdefined as throughput) vs. flexibility and the
energy efficiency vs. flexibiligesign space of FPGAs, CRinsg, custom ASICAs shown, AEs
yield the highest performancand efficiencyRdzS (2 GKS RSAAIYSN&EQ | 0Af
optimality. However, they achieve this at the cost of lowered flexibildpce an ASIC has been
manufactured, it is essentially impossible to modify iteadamental behaviorFurthermore,

ASIC fabrication is costly and relatively lengthy. MeanwlillJs provide high flexibility since
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they are able to dynamically execute awglid instruction that passes through their pipeline.
This flexibilityis limited only to the available arithmetic logic unit (ALU) elements and the
supported instruction setThe tradeoff for this flexibility isower performance compared to
ASICs Additionally, most general purpose CPUs exhibit large energy requiremeRGAs
typicallysit between ASICs and CPUs with respect to flexibilitgyare regularly useds a cost
effect alternative to fabricating a custom ASIC. This drastically reducesrenorring
engineering costs as well as provides the flexibility to update implemehtgit when
necessary This flexibilitygenerallycomes at the cost of performance. FPGAs typically have
maximum clock cycles on the order of 10s to 100s of MHz (compared to the GHz speed of CPUs).
[6] This means that, for highlserial applications (e.gprotocol stack) CPUs will generally
perform better than FPGAdHowever, throughput is a function of clock speed as well as
operations per cyle. Thus, for highly parallelizakdgplications (e.g.: vector calculations) FPGAs

canyield higher performance than CPU®g].

»

Performance
Parallelism

Energy Efficiency

»
Flexibility Flexibility

FIGURR ¢ PERFORMANGED ENERGY EFFICNEXE. FLEXIBILITY RFERCS, CPUS, AND RBG

It is quite evident that FPGAs are powerful devices #ratable to implement arbitrary
logic at the cost of transistor utilization. They can provide a-effsctive alternative to custom

ASICs while decreasing tisteemarket. For highly parallelized apgations, they can outperform
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general purpose CPUs while still retaining the ability to dynamically update functionality in the
field. Finally, they are a highly lucrative meillion dollar industry and are fast permeating
product fields.FPGAs are npthowever, without challengeseveral of which will be addressed

in the next section.

FPGA CHALLENGES

The primary characteristic that makes FPGAs such extensible devices is the sacrifice of
transistor utilization for increased flexibilitAll challenges presented herein can be traced back
to this design decisiomAdditionally, these challenges aggacerbatedy thefact that the FPGA
community tends to beclosedsource. Major manufactures such as Xilinx and Altera are
reluctant to releasearchitectural designs.There are several academic institutions that have
provided excellent resourcesuch aghe University of Toronto, but many architectural details
must still be extrapolated from product white pages and usage manuals. Therdigeyork
will first present a survey of standaiatactice FPGA design. This serves to provide the necessary

architectural background information needés the three key contributionshat follow.

For the past 20 years, the FPGA community has been focusedrjbyi on increasing
performance As a resultenergy efficiency has sufferéa the point where, irthe Virtex6 white
LI LISNE - AfAYE A& |jd2iSR Fa aleAy3day althe nn Iyl
LINA Y NB T O 2 NJ [g].Lolisideting the laigs hudnbeil df Bidl drabsistors, static
power from leakage is a major contributor to the overall power consumption of modern FPGAs.
This consumption is generally large enough to prohibém from being used in mob#& and
embedded computing (e.g. sensor nodasdistributed computing networksMethods to limit
power consumption have become an important element in academic resgainih work

contributes to the field of knowledge vihe implementation of the first suthreshold FPGA.
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primary contributions.

As previously articulated, modern FPGAs are complicated devices composed of
thousands of hsic logic units tens of thousands of configuration biteynd millions of
transistors.Managing designs of this sizespecially with the small teantgpical in academia,
requires a great deal of forethought as well as dedicated computer aided design {@AD
Thesecondmajor contribution of this work is the development of an FPGA generator, which is
capable of constructing aarbitrarily sizedFPGA array (both layout and schematic) given its
subcell designslin this way the designer can remain focusad his circuits and architecture

without having to be distracted by assembliting larger array structures.

One finalchallenge that faces not only FPGA designieus all circuit designerss the
perpetual miniaturization 002 NRA Yy 3 {2 With h@wWNBdrinlogy hode® being
developed roughly every 18 months, designs must regularliydreslatedbetweennodes This
process is labor intensive, especially in academia where resources such as time and manpower
are quite constraired. Furthermore, circug may behave in drastically different wayden
ported from one technology to anothefMhusly, thethird and final contribution of this work is
the development of a process independent simulation infrastructure that is capable of
simulating arbitrary desigs across arbitrary process development kits (PDKsYhis way,
circuits can be developed not only for the current, stafehe art technology, but for upcoming

technology nodes as well.

CONTRIBUTION OVERNIE

Asmentionedin the previous section, the avk presented herein strives to accomplish

three key goals in canbuting to the FPGA community. However, before these goals can be
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discussed, onemust be introduced tostandard practice FPGA architectureOnce this
background information has been establed, the following three contributions can be

discussed:

e First this work presents a sdifireshold FPGAImplemented in a commercial 90nm
process This is the first of its kind, resulting irtra-low power operation,allowing

FPGAs to permeate markeitherwise inaccessible due to energy constraints.

e Second this work outlines the developmerdf an FPGA generation CAD tool, which
helps with rapid and automated FPGA array generatidimis simplifies the design
process and allows for smalleamsto devdop the complex structures that comprise

FPGA design.

e Finally, a technology agnostic simulation environmentrisated which allowstest
circuits to be analyzedt arbitrary technology nodes. This tool simplifies the creation of

future-proof designs and klws for the rapid porting of designs between nodes.

STANDARPRACTICE FPGA ARCREIMERE

The primary focus of th&PGA architecture ® be able to implement arbitrary logic
alongsidea highly flexible interconnect scheme. The topmost componentsidieconfigurable
logic blocks, switch blocks, and connection blodHse programmable logic is stored in static
random access memory (SRARDNfiguration bitcells which are programmed upon initial
powerup via extraFPGA hardwareThe following outline a bast FPGA implementation

according to standard practicstarting with the lowest level and moving up hierarchically.
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SRAMCONFIGURATIONTCELLS

All configurations within the FPGA are stored as SRaéwfigurationbitcells (configBits
or CBit3whichdrive dther buffers (as is the case with the LUTS) or gates (all other configuration
locations).These bitcells are localized within the FPGA fabric itself, so traditional read methods
(e.g. bitline droopdriven sense amplifiers) are unnecessary. Instead, dataebe tapped directly
out of the feedback inverters so long as sufficient care is taken to not drive ciraekinto the
bitcell, which could potentially flip the stored daféraditionally a @ransistor (6T) SRAM cell is
used, as pictured ifrigure3, where the bit lines and word lines areuted throughout the

entirety of the FISA array, touching the sporadicatiiaced bitcells where necessarff].

There has been work done investigating alternative memory designs, specifically
grouping large banks of SRAM cells together and thaning routing fabric out to the required
bitcell locations. While this technigue may reduceearoverhead, it has been shown to be
detrimental to energy efficiencyf10]. The following chapter introducethe use of aT bitcell

that is able to increase density without affecting FPGA runtime energy efficiency or

performarce.
Word
Line ~
Bit —Q Q— Bit
Line — Line
I N | o 1 L

FIGURB ¢ TYPICALT6SRAM BITCELL
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LOOKIP TABLES

FPGAs make use of lookup tables (LUTSs) as their primary programmable logic structure
As depicted irFigure5, an LUT is composed of numerous bitceWsich, via buffers, feed into a
multiplexer. The inputs to the transmissiegate mux aredriven by locally inverted select
signalsThusly, a uniqueobjical value, Q, is generated feverypermutation on the select lines.
Until recently, industry has typically uséour input LUTs (LUT4) whichuebeen shown to
provide near optimal logic utilization.However, beginning with the Virtex family, Xilinxhas
started implementing six input LUTs toaccommodatethe modern trend toward wide data

paths.[3].

FPGAnultiplexers are generally implemented as arrays of transmission gageshown
in Figure4. This design is used in lieu of fully driven gates to reduce area overhead. Muxes
account for a large portion of the overall logic block design, so saving even just a couple of gates

each surs to a rather drastic overall area savings.

no nl ni5

FIGURE ¢ TRANSMISSIOGGBATEMULTIPLEXBRIPLEMENTATIOM6X1)
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16x1 Multiplexor

FIGUREK ¢ LOOKUP TABIE INPUT)

BASIQ.OGIC ELEMENTS

The nexthierarchicallevel up from the LUT is thigasic logic element (BLB)his cell
allows FPGAs to implement both combinational and sequential logic, according the value of the
configBit driving the select pin of the 2x1 programmablexnit is important to note that, due
the directmannero @ g KA OK (GKS O2y¥A3. Ada | NB ol RéX |
mux needs only 1 configBit to set its stafthis is accomplished by tapping out bgtrand Q
from the associated bitcefind running the values to the appropria¢@able andenable of the

two transmission gates of theultiplexer.
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FIGURB ¢ BASIC LOGIC ELEMENTNPUT)

LOGIC CLUSTERS

In FPGA jargon, clusteg refers to the number of BLEs that are contained within each
configurable logic blocksmall clustering typically allows for increased utilization whereas large
clustering can potentially minimize the number of times signals must leavéotie blockand
enter the channel.lt is generally accepted that the vast majority of an F&Génergy
consumption comes from the interconnect. Therefore, smaller clustering is desirable when area
efficiencyis the primary metric of interest, whereas larger clusterisglesirable when energy
efficiency is of greater importanceClustering of 4 BLEs is a reasonable estimate of most
commercially available FPGAdthough some targeted for lowgrower operation cluster as

highly as 16 BLEH4 1].

A0 Al A2 A3 BO B1 B2 B3 cocilcz2cs3 DO D1 D2 D3
—CLK— BLE4 —CLK— BLE4 —CLK—| BLE4 —CLK— BLE4
\ \ \ \
Qa Qb Qc Qd

FIGURH ¢ LOGIC BJSTER4X4)
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CONFIGURABLE LOGILOEBKS

The configurable logic block (CLB) is the topmost programmable logicltevalrpose
is to route inputs and outputs of the logic clustereach other as well as to the blotdvel 1/0
pins.This interconnectivity is most easily understood via an example. It has been shown that, for
near optimal logic utilization (98%), a CLB should have 2N+2 jmyghutse N is the cluster size.
[9]. Thus, for the 4x4 logic cluster described above, the CLB should contain 10 inputs and 4
outputs. These 14/0 signals along witha logical 1 and VDD and VSE)r testing purposes,
are fed into the inputs of an array sfxteen16x1 programmable muxe3heoutputs of these
16 muxes aredd into the 16 inputs of the logic clustéFherefore, any of the 10 inputs to the
CLB can be routed to any of the 16 inputs of the logic cluster. Likewise, any of the 4 outputs of

the logic cluster can be routed back into the inputs of any of tBLEs.

When symbolically and physically encapseda the CLB 1/O is typically chronologically
patterned around the block as Figure9. This is done in order to have both inputs and outputs

available from all 4 dicctions hereby referredtoas N, E, S, & W.
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CLK
|
—D0— —DO—| —n0—|
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T e o eee DT ] s M0 BLE Qb
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FIGURB ¢ CONFIGURABLE LOGILOBK4X4)c ARCHITECTURE
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FIGURB ¢ CONFIGURABLE LOGILO@GK4X4)c TOP LEME

CONNECTION BLOCKS

The connection blocks of an FPGA serve as the interface between the CLBs and the
interconnect.Each of the 1/O signals of the CLB are routed through an N/2 programmable mux,
where N is the number of channels in the interconnda.comply witlthe defaultfunctionality

of the open source place and route tool VPR, it is advisable to alternate dhmymeections for
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each input or output signal as illustrated figure10. Only connecting to half of the channel
wires decreases the load capacitance of each CLBsitfal, which can growjuite large
considering channekidths in excess of 100 wires are regularly udeat. illustration purposes,

the channel is fixed to 36 wires,manageable yet still reasonably routable number.
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FIGURHEO ¢ CONNECTION BLO@KNPUT)

SWITCH BLOCKS

The switch blocksnake FPGAsinique compared tmther programmable logic devices.
Each switch block is composed of groups of switch points, one for each wire connection that is
desired.A switch point is a @vay programmable connection as shownFigurell. Any of the

four wire directions can be connected to any one or more of the others viatdte buffers.
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Since there are programmabletri-state buffers per switch buffer (for ddlirectionality) six
switch buffers per switch poingnd assuming all-tength wires (discussed in the next section) N
switch points per switch block, where N is again the number of wires in the interconnect,
clear that the number of transistors in a switch block grows quite rapkety.example, the 4

wire switch block ifFigurel2is composed of ((8+12)x6)x4)=480 transistors.

S

FIGURE1 ¢ SWITCH POINAND SWITCBUFFER

NO N1 N2 N3

w3 ‘ E3
w2 E2
w1 El
wo EO

SO S1 S2 S3

FIGURE2 ¢ SWITCH BLOGK INPUT)

TOP LEVEL ARCHITERH U

As stated in the beginning of this chapter, the 4epel FPGA fabric is composed of

three pieces: CLBs, connection blocks, and switolkb. Figure 13 depicts the structure by
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which these components are tied togethém.this examplehere are 2x2 CLBH#jus, this FPGK&
referred to as a 2x2 arrafNote: thereis always 1 more row/column of switch blocks than the
array size, which is based time number of CLBsAnotheridiosyncrasy is the concept of wire
lengths, which was alluded to previousyenerally, everinterconnect wire does not connect

to a switch point at every switch block. Instead, each wire stretches W segments before being

connected. This decreases the numbeswitch points per switch block as showrFigurel4.

Switch Block Switch Block

Switch Block

Connection Block Connection Block

il

Connection Block
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Switch Block e Switch Block

Switch Block

Connection Block Connection Block

Connection Block
Q
[
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300|g UONOBUUOD
Connection Block
o]
o
@
3909 UOIBULOD

I

590|g UOIIBULOD 909 uondBULD

Switch Block Switch Block

Switch Block

FIGURE3 ¢ STANDARD PRACTICEARRRAY2X2)
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wi El
WO EO

SO S1 S2 S3 S4 S5 S6 S7 SO0 S1 S2 S3 S4 S5 S6 S7
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This concludes théescription of a standargractice FPGA. All architectural decisions
are based ompublic documentation from the primary FPGA manufactures as wallragnber of
details that have been developed in academlde next chapter will outline a number of

changesnade to this default desigduringthe implementation of a sutthreshold FPGA.

SUB THRESHOLD FRMRLEMENTATION

Due to thequadraticrelationship between active energy arstipplyvoltage (VDD)as
expressed in the first half ahe equation belowVDDis a very effective variable for decreasing
energy consumptionHHowever, as VDD moséelow the threshold voltage (Ytleakage energy
will eventually dominate active energyhe point where active energy and leakage energy cross

is referred to as the mimum energy operating poinf12].

=Vbpp

Erotal = CepfVip + WesrLppKCyVipe Wen

Erotat = Eactive + ELeakage
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Aspreviouslystated, thefirst major goal of this work is to describe the implementation
of an ultralow power FPGAThis was accomplished by making several changes to the standard
practice FPGA which allow it to operate in the sli@eshold region, thereby decreasing active

energy andby extension, total energy.

DESIGN MODIFICATIONS

The first design decision that deviates from the previously described standard practice
FPGA is the use of a 5 transistor (5T) SRAM bifta]l. Another member of the FPGAam
showed, via ghaustive simulationthat the 5T bitcell can reliably be written with the use of
both an overcharged wordline and extra delay holding the value of the biflihe. data stored
in the configBits of an FPGake only written during the progmmming phase, which generally
occurs during power uplhis implies that write delagnd energyare inconsequentiato general
operation. Therefore the extra delay accrued by programming the 5T bitcell compared to the 6T
bitcell is a fair tradeoff for the ga in area resulting from Ifewer transistor as well as the

decrease in capacitance resulting from 1 fewer biine

Word

Line
Bit J‘
7Lineﬂ,

FIGURRS5 ¢ 5T SRAM BITCELL

The second change to the standard practice FPGA issthefuhighVt transistosin all

bitcells. High Vt devices decrease the amount of leakage current, effectlealgring the
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minimum energy operating poinfl4]. This is a common technique amomgemory designers

and it translates effectively to FPGA design.

The final design change used to accommodatethuéshold operation is the strategic
placement of 2 additional buffers in the BLE pafhe first is placed between thézand 4"
stages of tke LUT multiplexer. This combats the signal degradation that occurs after traveling
through several stages of transmission gates. The second is placed at the end of the BLE, just
before the signal is routed back into the large multiplexors that make ugatje clusterThis
counteracts the fanout that the signal must endure before being routed to its final location.

Another member of the FPGA team verified these locations via exhaustive simulation.

SIMULATION DATA

The subthreshold FPGAas beersimulatedin a commercial 90 nm technology process.
In order to obtain energy and delay data, all bitcells were initialized to 0 and the appropriate
cells were set to 1 to program an inverter chain into the JlbB.autho® contribution has been
focused on the CLBp the following simulation data will ignore the interconneomponent of
the FPGAIt is important to note that, while the interconnect generally accounts for the majority
of FPGA energy consumption, the CLB efficiency is aegligible component. Ftirermore, as

clustering sizes increase, the CLB encapsulates more of the total energy and delay of an FPGA.

Figurel6illustratesthe total energy consumption of the CLB when each of the four BLEs
is programmed to invert its input signal. Thephindicates thatthe total energy consumption
of the CLB is dominated by active energy. Additignéhe minimum energy operatingoint lies
within the functional region of the suthreshold FPGAT his point occurs at roughly3 mV and

represents aotal energy consumption of 2f3, nearly 13 times less energy than the FPGA draws
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at full inversion (1.2 V)However, energy is only one ofégltwo major metrics of interest; the

effect that subthreshold operation has on delay (i.e.: performance) must also be accounted for.
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FIGUREG6 ¢ ENERGY CONSUMPTIONSWBYTCLB

Figurel7 shows the energy vs. delay plot for this ghibeshold CLB To generatethis
plot, VDD has been swept from 1.2 V to 0.3 V (well within the\4ulkegime) by100 mV
increments.The steep drop in energy on theft-hand side of the plot indicates that lowering
VDD has a strong effect on energy, but does not immediately affect d&idyll inversion, the
delay through this CLiB 1.38 nS whiléhe energy expenditure is 300.A relatively minor (10%)
decrease in delay, resulting from lowering VDD to 525 mV, yields a dcam8k decrease in
energy (40fJ). Thusly, subihreshold operation holds a great deal of potential in drastically

reducing energy consumption while mininmigithe negative effect on performance.
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FIGURE7 ¢ ENERGY VS. DELAY BOBRVTCLB

PHYSICAL DESIGN

The previously described stbreshold FPGA has been physically implemented in the
same 90 nm commercial process that the above simulations were completed in. Additionally, a
second, far more radical design has been implemented on the same piece of. diltiesecond
architecture, howeverhas primarily been designed byfelow member of the FPGA team, iso

will not be discussed within the context of this work.

The layout that follows has been verified for functionality and sent to the manufacturing
foundry. However, due to unforeseen circumstances, the chip willbeofabricatedfor several
months. Nevertheless, this layout is unlikely to chaagdis a good indication of FPGA physical

design.
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BASIC LOGIC ELEMENTS

This BLE is organized around the &énfigBits that make up the programmable logic

aspect ofthe FPGAThis layout differs slightly from the s design described previously in
that the two additional buffers have been moved to the secomdre radicatlesign,FPGA only.

This is the soleigcrepancy between this layout and the original design described above.

FIGURHES8 ¢ BASIC LOGIC ELEMENRYOUT
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FIGURE9 ¢ BASIC LOGIC ELEMENLOORPLAN
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CONFIGURABLE LOBLOCKS

The final CLB area is split evenly between the 4 BLEs and the 16 connection muxes.

FIGURERO ¢ CONFIGURABLE LOGLOGBK, LAYOUT
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FIGURER1 ¢ CONFIGURABLE LOGLOGK, FLOORPLAN



