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ANALOG COMPUTING IMPLEMENTATIONS SEEM EXTREMELY DIFFICULT

Analog Implementations Seem Hard Current Capabilities &

OJO)

Programmability? —

Field Programmable
Configurability? (Writing a program) ——> Analog Arrays (FPAAs)
Build on multiple levels? ey ANALOG Abstmctlon

Design Tools m——eed) FPA A targeting & | I

IC synthesis
Not enough computational examples
Noise and noise accumulation > Analog Numerical Analysis
Put elements together to compute? > Analog Architectures

i (Lived Experience) Developing Capabilities @ ®
Device mismatch > , Floating-Gate
(FG) on CMOS

Computability theory? > Compute over Reals,
Physical Computing, ¥ Turing



FPAA TOOL FRAMEWORK
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ANALOG & MIXED-SIGNAL SYNTHESIS

Cadence

Build | > 8ds
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# of
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DIGITAL SYNTHESIS 2 ANALOG SYNTHESIS
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NEXT GENERATION ANALOG TOOLS & TARGETING FPAAS &

PROGRAMMABLE ANALOG STANDARD CELLS
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ANALOG PROGRAMMABILITY 2 FLOATING-GATE (FG) CIRCUITS

Floating Gate Circuit Capacitor Options Vv S
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(i.e. 10 year lifetime = 10-100uV) Floating-Gate (FG) circuit techniques enables

Programmed to 14bit accuracy: e.g. 60uV on 1V supply direct solution for mismatch (Vry) (Standard CMOS)




MOSFET TRANSISTORS ON AN IC Skywater 130nm nFET Data
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FLOATING-GATE (FG) CIRCUITS
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the circuit dynamics elements on silicon ICs



1. Subthreshold, near-threshold
MOSFET design?

2. Why is op-amp design centra
to IC design curriculum?

3. Filter design: Focus only on
Gm-C Techniques?

Three questions
to cross towards
system analog
education future

SoC FPAAIC
BIEE
[l
\-/ Junior Level
Analog Circuits
towards System
Level Design
Cloud Comm A ught
(e.g. remote into
(@M‘_\ setup)
-

A%a% %% %%

ISCAS 2018
, * Prog. FG biasing
IC deSIgn * FG TA inputs
transformed by » GmC, SubVy Design
programmability (HO bank of passives)

* Configurable Design

Transconductance-C design

Advantages:

1. Highest bandwidth ™™ — Vut

for given energy a.c.
2. Lowest Noise gnd E— O

for given I,

GND
V., GND
ad L Issues:
Lias| Mb @ 1. Setting Parameters
FG ° (bias, cascodes)

2. Linearity /

Vﬁ% Ml M2 %Vz

Distortion\

Needs Programmability &
Linearity &
Offset compensation

FG programmability

GND N

|

out

FG cap inputs = prog linear range

Abstract Analog Circuits

Prog accuracy not by feedback

9

Transistor Centric Design

Subthreshold Centric Design >

Few (to 0) passives
other than capacitors
Wide tuning range,
low-power / energy



PROGRAMMABILITY = SIGNAL PROCESSING Banks of Programmable

(Transconductance-Capacitor) Filters
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FG ARRAY - COMPUTE IN MEMORY
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Digital Computation

Compute in Memory (2001)
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ANALOG ABSTRACTION




ABSTRACTION IS ESSENTIAL FOR ANALOG SYSTEM DESIGN
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ANALOG STANDARD CELLS & FG PROGRAMMABILITY
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ANALOG STANDARD CELLS & FG PROGRAMMABILITY
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PROGRAMMABLE ANALOG STANDARD CELLS
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Std Cell libraries fabricated in 350nm,
180nm ,130nm, 65nm, 28nm, 16nm CMOS

130NM STANDARD CELL LIBRARY

Analog Cells: capacitorArray01
.. X TA2Cell noFG 13 1 1
S, V.. Sel, v, v v Sel, Vo S, Cell Type Variations Name Width o '
"|V_ mtl____l_—L ’,{V . L gﬁ}j A== ! 1l v Transconductance 2 TA, FG bias, no FG inputs TA2Cell_NoFG 17.92pym ,ﬂnﬁﬂm,
FG I 4} FG Amplifiers (TA) 2 TA, FG bias, FG inputs (V, large) TA2Cell_1FG 28.09um
[ [ J . 1 Vg 2 TA, FG bias, FG inputs (V, small) TA2Cell_1FG_Strong  28.10um
L === r{k \4'}7 J==L1 ] S 2 TA, signal bias, no FG inputs TA2SignalBiasCell 8.45um
FG H, 4“ FG Capacitors Selectable 16 unit cap capacitorArray0O1 36.70pum
f [ 1 I Vo Two separate unit caps capacitorSize04 5.78um
1y ==L ’—{k ‘4'}7 J3===1 Stz 2 unit cap capacitorSize03 5.79pm
Fa H* #I £G 4 unit cap capacitorSize01 10.42ym 1
l— it 1 —l Vas 8 unit cap capacitorSize02 7.97pum ’; %
L ==L r{k ﬁ T2 ] %% Winner Take-Al 4 WTA stages WTA4Stage01 14.07um ; i
£o H7 4! - (WTA) :
l— L Vai g 1 Va Ratioed Transistor 5 bit transistor module DACS5bit01 16.58 um
Tunneling M DAC Modules
PFETs = [nput MOS Capacitor  MOS Capacitor  Input MOS Capacitor pFETS Transmission Gates 4 Single Throw T-gates Tgate4Single01 4.76pum
‘ ’ ‘ ‘ ’ 4 Double Throw T-gates Tgate4Double01 7.08pum
4 T-gate for prog select (Vy;) drainSelectO1 5.42pm
:?5 Transistors 3 nFETs + 3 pFETs (W/L~x1) Trans4small 2.80 pm
::LL (nFET + pFET) 2 nFETs + 2 pFETs (W/L=10) Trans2med 3.53pm
¥ 1 nFETs (W/L~100) nFETLarge 437um ——
1 pFETs (W/La100) pFETLarge 4.64pm DAC5bit01
Sel, Vv, un Ve le—» Sel FG Cells: . ,
M(iS Cap Well Spacing MOS Cap Well Spacing S0 Type Variations Name dh
Crossbar Cell (Same C1) 4x2 Cell swcdx2cell 20.12pm
4x1 Bias swc4x1BiasCell 10.11pm
4x1 cell swcdx1cell 10.08 um :l:%:l-b
FG Gate cell (Same Cr) 2 x 1 FG Biases FGBias2xlcell 11.53um ||/ =L
2 x1 FG Transistors FGtrans2x1cell 11.52pym % i
2 x1 FG Trans, small input C  FGBiasWeakGate2x2cell  11.53pm
FG Characterization cell Tun, pFET (inj), Capacitors FGcharacterization01 29.95pum




TRANSCONDUCTANCE AMPLIFIERS (TA)

FG TA block

Pitch and Width Matched to swcdx2cell
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130NM STANDARD CELL TEST STRUCTURE

le VI V: out 4‘ le
D D FG Array cell D D
(swcdx2cell) Vai il
; Y \Y R
M Si;‘:’“l‘il g B | 52 Core TA ML]IIlPlcxcr
b u lp LXSI‘ E3 ” Cllxexiit Vmll Vd4 (Tgate4Single01)
(Tgate4Single01) % 5 FG Bias Sienal
N - VdJ \/ﬁ E __‘:-’ (l“(}Bi‘l\’\lccll) (DualTACore01) l?nd
2 2= e Multiplexer FG Array cell
(Tgate4Single01) (swecdx 1BiasCell)
© [ ] [ ] o ©
Multiple TA Blocks
. o * (and other two-input cells) ® ﬂ ¢
® L o o FG Array cell ®
(swcdx2cellOverlap)
Vi G Signal
- ore TA Multiplexe ,

Signal - prael Signal
e | FG Gate Cell FG Bias Circuit (Tgate4Single01) = o
MLI][IP]LXLF Vv, (FGtrans2x lcell) (FGBias2x Icell) (DualTACore01) \Y - 2 Mulnplcxcr
(Tgate4Single01) 2 et S out = (Tgate4Single(1)

2 FG Array cell
& (swcdx2cell)
oo o D‘ V“'" D 4 ) =
L (Y I T r 11
ecoder Sea ,
(3 locations) : Address : DAC _{ Gatel & Gatel & D_ v — Gatel & V, V, Gatel &
— Gate Select 1 Gate Select 2 - bias  Gate Select 1 Gate Select 2

Measure cells with minimum number of pins with minimal risk / measurement complexity



SKYWATER 130NM CMOS PROCESS

= mprj (| mprj | mprj 1] mprj || mprj mprj || mprj || mprj mprj
= io23] |[io221 |[ior21] |ioi20] |fioriay || vssio || iof18] ||ioi71 |fior16] || vssat || io[15]
_mprj
io[24] mprj
io[14]
veed2
veed1
N vddio o
\ 0 io[13]
N\ 2
@ \\ . vssa.
N \§ B _\ vddat
N 'm[gg]
- io mpr]
} § io[12]
R mprj
A\ i0[26] ! - =
2% User project space mprj flash2 io1 | These pins can be
io[11] used for a user

mprj project that has its
io[27] own flash memory.

_mprj 7 They can be
io[10] flash2i00 |, cessed with the

‘mprj "pass-thru" mode
io[28] mor] of the housekeeping
B d SPI for flash
- io[9] flashalack (re)programming.
¢ mprj
&“&\X\x io[29] X The user may
Al mpij flash2 csb | repurpose these for
Ay io[8] general-purpose I/0.

mprj —
i0[30] - —_

mprj .

io[7] L)
mprj
io[31]

vddat
vdda2

vssdi
vssd2

vssal

__ These pads on the top have o5 _
been repuposed for analog : e (e

mprj
io[gisl] a dedicated function
mprj on startup, but can

io[5] eI be programmed to
mprj any use by the user
io[34] - . — for the user project.
anagement So! !
SR 9 iof4] SC All connections are

to the FTDI chip and

user prOJeCt ‘ i?[gg] mpr [s::ﬁ\udwbiéw%eéeed

io[3] csB disconnected from

goes hege ! mei |- _ far e user
(10mm%) 1 - Same old GPIO for the rest . T

“mprj -

i0[37] mprj
o] SDO
io[1]

vddio
fofo] JTAG
10|

veed

flash || flash || flash || flash

— Same O|d RISC-V managmen1 vssa |[Jresetb ||clock vssd csb ok i00 ol gpio ||vssio ||vdda
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INVITED
PAPER

Want to read more

J. Hasler, "Large-Scale Field-Programmable
Analog Arrays," Proceedings of IEEE, 2020.

on FPAAs?

Large-Scaie

Field-Programmable

Analog Arrays

By JENNIFER HASLER ™, Senior Member IEEE

ABSTRACT | Large-scale field-programmable analog array
(FPAA) devices could enable ubiquitous analog or mixed-signal
low-power sensor to processing devices similar to the ubiqui-
tous implementation of the existing field-programmable gate
array (FPGA) devices. Design tools enable high-level synthesis
to gate/transistor design targeting today’s FPGA devices and
the opportunity for analog or mixed-signal applications with
FPAA devices. This discussion will illustrate the FPAA concepts
and FPAA history. The development of FPAAs enables the
development of multiple potential metrics, and these metrics
illustrate future FPAA device directions. The system-on-chip
(SoC) FPAA devices illustrate the IC capabilities, computa-
tion, tools, and resulting hardware infrastructure. SoC FPAA
device generation has enabled analog computing with levels
of abstraction for application design.

KEYWORDS | Analog-digital integrated circuits, analog inte-
grated circuits, CMOS integrated circuits, field-programmable

analog arrays (FPAAs), field-programmable gate arrays
(EDAc)

lution [1] enabled further separation of roles to address
the increasing complexity resulting from Moore’s law
scaling [2]-[4]. Digital microprocessors (uP) are ubiqui-
tous from embedded applications to general-purpose (GP)
computing. Programmability enables changing parame-
ters or coefficients in a particular algorithm. Changing the
stored matrix of weights for a vector-matrix multiplication
(VMM) is an example of programmability. Configurability
enables changing the data flow, topology, as well as the
order or operations. Changing the program for an uP is an
example of configurability. Field-programmable gate array
(FPGA) devices, programmable and configurable gate-level
digital devices, enabled digital designers’ design capabili-
ties from gate- to system-level designs. FPGAs are ubiq-
uitous digital computing devices found everywhere over
the last two decades, arising from their initial conception
(1980) and commercialization (mid-1980s) [5].
Modifying the parameters or control flow requires sig-
nificant changes, such as soldering new components

35



ADDITIONAL RESOURCES

@®
\X/ * J. Hasler, FPAA: History, Development, Classification: https://youtu.be/21sz9g180z8
* J. Hasler, Future of FPAA opportunities: https://youtu.be/rpSdb88ubfk
* J. Hasler & A. Natarajan, Intro Open-Source FPAA Toolset: https://www.youtube.com/8SVdhztVroc
» J. Hasler, Historical FG Perspective, https://youtu.be/R81V0O1KZch4
@ * J. Hasler, FPAA Enabling Physical Computing, https://youtu.be/IGzinnykZIw

| | FPAA on-line Workshop: http://hasler.ece.gatech.edu/FPA AWorkshop/index.html



https://youtu.be/2lsz9gi8Oz8
https://youtu.be/rpSdb88ubfk
https://www.youtube.com/watch?v=8SVdhztVroc
https://youtu.be/IGzinnykZIw
http://hasler.ece.gatech.edu/FPAAWorkshop/index.html
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Further questions
are definitely
welcome and
appreciated.
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