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TUESDAY SESSION: FPAAS & 130NM OPEN-SOURCE CELLS
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* 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/R81V01KZch4 -

* J. Hasler, FPAA Enabling Physical Computing, https://youtu.be/IGzinnykZIw e s
FPAA on-line Workshop: http://hasler.ece.gatech.edu/FPA AWorkshop/index.html - =y
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Action Potential from HH Neuron

=+ Okika: https://okikadevices.com
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130nm Standard Cell

https://gitlab.com/um-ece/ftl-lab/hilas/designs/mpw?2
https://gitlab.com/um-ece/ftl-lab/hilas/designs/alice.git

Synthesis tools: ASHES (1.5), https://github.com/a-folabi/ashes



https://youtu.be/IGzinnykZIw
http://hasler.ece.gatech.edu/FPAAWorkshop/index.html
https://youtu.be/2lsz9gi8Oz8
https://youtu.be/rpSdb88ubfk
https://www.youtube.com/watch?v=8SVdhztVroc

EXISTING SOC FPAA EXPERIMENTAL SETUP

FPAA Tools
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ANALOG PROGRAMMABILITY 2 FLOATING-GATE (FG) CIRCUITS

Floating Gate Circuit Capacitor Options Vv S
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Program FG charge once and holds for part lifetime Input Voltage (V)

(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)




LARGE SCALE FIELD PROGRAMMABLE ANALOG ARRAYS (FPAA)
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SoC FPAA.: :
: : : Switches =
350nm CMOS Partial List of Demonstrated FPAA Algorithms FG crossbar

Vector-Matrix Multiplication (VMM)  Analog Computing (e.g. ODE, Ax=Db) Embedded machine learning

Acoustic and Bio sensor processing Neural interfacing and processing Acoustic Inference and training “Switches are not
Optimal Path Planning Neural architectures Compressed Sensing Reconstruction Dead Weight”
Delay lines and linear phase filters Spatiotemporal Beamforming IC security / Noise Generators (2007)



FPAA ROUTING - COMPUTATION
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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



PROG HOPF BIFURCATION CIRCUIT (FPAA
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FPAA Acoustic Classification
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FPAA Hopfield Networks | a
SOC FPAA J— j j j j
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GT FG PROGRAMMING HISTORY

1997 - 1999
Vad
|
Ammeter
Voltage
Source
Vs
e [:
\_ FG IC
Voltage
Source
Voltage
Source
GPIB
Computer
Running
MATLAB
Code

Direct Programming

1999-2001
e N\
wn Vdd wn Vdd FGIC
L
4| }l% o o o 4| }l( {
[ ] [ ]
[ ] [ ]
[ ] [ ] g
=R
Vdd Vad | &
tun tun ]
L N 2
analog mux
\_
Vv gate
g add drain \Y d
1 add
Ammeter ___[___ ':::::_____::“Relays
DAC |
PIC
DAC PC uP DAC
board
RS232
Computer
Running
MATLAB
Code

2002-2007
| FG IC
gate drain V.V
add add g Vd
Ammeter
T
- Current
Relays || Measure
PC
DACs board
— FPGA Board
Large
FPGA SRAM
Memory
Ethernet
Computer
Running
MATLAB
Code

Indirect Programming

2008-2013
4 FGIC
FG Core Address
Ve o D
I I measure :
DAC| |DA
l €| g&apc |
|
! I
| |
| Prog Module |
U YY Y
Generic L
Testboard| DACs for ARM7
Testing nricrocontroller
USB
( & Power)

Optional Corputer
(i.e. MATLAB) for testing,
some programming control

2014-

FG IC )

FG Core

& AD!

MSP430
open core

Signal DACs/ADCs

Memory &

~/

) A—

Serial
to USB

Power
Handling

Optional
PC Board

USB

( & Power)




GT FG PROGRAMMING ARCHITECTURES oV Charge | | e
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FG SELECTIVITY IN 2D ARRAY

Isolation of single FG Device
in a 2D array

Source Current
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DIRECT VS. INDIRECT PROGRAMMING

FG: Indirect Programming
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FPAA TOOL FRAMEWORK
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NEXT GENERATION ANALOG TOOLS & TARGETING FPAAS &

PROGRAMMABLE ANALOG STANDARD CELLS

Analog & Mixed-Signal

Standard Cells
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[CAS I, Hasler, et. al, 2024]
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130NM STD CELL TEST STRUCTURE
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efabless “Caravan” analog project harness shared shared -~
Block ins analo digital .
. These pads on the top have P g £
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2 Multiplexer FG Array cell
(TgatedSingle01) (swcdx 1BiasCell)
® ® ® o 6]
° ° Multiple TA Blocks -
(and other two-input cells) ad —D i
® ° ® ° FG Array cell L
(swcdx2cellOverlap)
\A Signal
: Core TA Multiplexer .
Signal L ; - piexe Signal
Multiplexer y FG gdl:, (}ll FG Bias o S:f\t:llv[‘m) | (TgatedSingle01) = Multiplexer
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SKYWATER 130NM DEVICE DETAILS

1.8V NFET 1.8V PFET Junction Diode Breakdown

N+ breakdown ~ 10.7-11.5V
v— "— P+ breakdown ~ 10.2-12V

e l HV N+ breakdown ~12-12.5V

HV P+ breakdown ~11.2-12V

Deep N-well

P-substrate

(sky130 fd pr nfet 01v8)

P-substrate

(sky130 fd pr pfet 01v8) Conductor Sheet Resistances
Nwell connection ~ 550-1350€)/square
N+ connection ~ 100-133Q/square
P+ connection ~ 166-233Q/square

5/10.5V PFET Poly gate~ 40-55Q/square (typical)

Thick Insulator for FG retention

5/10.5V NFET

- Li connection ~ 10-15€/square

P M1 connection ~ 0.1-0.15Q/square

: I M2 connection ~ 0.1-0.15Q/square
M3 connection ~ 0.04-0.05€)/square

M4 connection ~ 0.04-0.05€)/square
MS5 connection ~ 0.02-0.035€/square

PSG Poly

N- N-
N+ NMOS Vt adjust implants N+
P-well

Deep N-well

N-well

Deep N-well

P-substrate
P-substrate

(sky130_fd pr nfet_g5v0d10vS) (sky130_fd_pr__pfet_g5v0d10v5)

Device details: https://skywater-pdk.readthedocs.io/en/latest/rules/device-details.html



CORE SKYWATER LAYER MAP
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| A 0.075 LINTK=73 | |
LINT K=7.3 + [ ] A li |
0.4299 | ticon | ! + 10X K=3.9 Y
PSGK=3.9 0.6099 SPNIT K=7.5
0.9361 + + field poly e polysilicon
03262 FOX K=39 gate
T L awell k diffusion ) J
—» e—— 00431
—>{ «—— 0.006

+‘ y

0.09

1.26

0.845

B
|

¢ 0.36

¢ 0.36
1

0.1

M5 (plate 1) M5 (plate 2) M5 (plate 1)
ILD-4
2A55 L/ CAPILD
M4 (plate 2) M4 (plate 1)
ILD-3
- | CAPILD
LAPM /
M3 (plate 1)

MIM capacitor (nwell)

2.2fF/um?
(sky130 fd pr model cap mim)




130NM TRANSISTOR CURVES & PARAMETERS

Va Vs Ve Var Vi Vi 1.8 : ; : : ,
saturation
Lor Small, 400mV |
Med, 500mV I =1575nA
I,=663InA ' —_——
14
B
=
8 12r 4
g X = 2 - Small, 300mV
sy ‘ N Large, 400mV I, =122nA
Té ik lsmi 87 13nA Med, 400mV |
- g I, =4 81nA
%: % 7 i
. 7 %/ Z 0.8 .
| V,~L12v
o,sl 0=0.022 1
/6 =45
ohmi
0.4 . ‘ ! ‘ ‘ s \
0 0.2 0.4 0.6 0.8 1 12 1.4 1.6
SmallThreeFET Drain Voltage
(a) (b)
1mA T T T T T T T 1mA T T T
k=0729 Vro=0461V.Kk=15mA
I, = 1.49pA — V=0.625V, Kk=0.94mA
100uAE 0 ' 100uA ]
V.4=0.722V, Kk=0.058mA k=0.651
10uAF I,=0.197pA
10uA E
1uAE
= luAp
g 0.6 & 0.4
2 100nAf ] §
j=) — L)
O < = 100nAEF = A\
= g g < N\
[} | A i g \
& 10nA = g g
g 8 0.4 = *E
S & O lonAk o
InA} 3 4 5 02
n 8 3
2 S
Large 02 AL &
100pAE < 4 =t
5 E
= O
10pAE ol 100pA £ ]
=36 08 1 12 14 16 06—02 04 06 08 1 Large
lpA I ! ! ! ! ! ! 1()pA 1 I ! I ! !
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ANALOG STANDARD CELLS & FG PROGRAMMABILITY

Sy1 Vi, Sel \ A% \Y Sel, V... S, . .
1 EI{GL u : . jj %Z_I "1 Tight FG arrays are essential everywhere
i [ Ik v, SWC 4x2 cell sets the pitch
IS - il | —— PY
1, [, o T i iy B
FG IF I FG
i L I | - L 1l v,
Ty === ¢ SR Ay B B ™
FG WF 4;7 FG
[ 'l 1 A _
1 ==C o ﬁ TLC| ] Sws 5
FGF ) i —lFG i S 100 A_ fumne Vad
© nAE \Y E
: W Iy
unnelin, <
pFETs  Input MOS Capacitor MgS Ca}l)a(gtor Input MOS Capacitor  pFETs % |
-~ -~ > -~ % 10nAg GND Vg E
A 2]
2 |
= InAf .
______ > :\ceff—o.zz K =022
B Tunnel

0.1nAf

o """».;EE R 2 R o A i | ]
Sel, A% Vv \" «» Sel 0 . 1 1.5 2 . 3
1 > tun 2
X ’ ‘ . ’ FG Gate Voltage (V)
MOS Cap Well Spacing MOS Cap Well Spacing




FG CHARACTERIZATION STRUCTURE

 pFET |

L |
| Cap?ciior | Vd(‘i ’ Yaa i
I |
\Y \% -V vV V | E |
tun c3 ! cl c 2 | |
T T | L T Amplifier | —V_ | ] Vg Vao | |
—T— _W | T —(F— Vl out | L ‘ :
e e s S IR | ‘ |
I |
\ s | _V !
Tviunz — | I : ull
I |
Ve | Ve /4 | Vl# V2 |
I |
|
| Vs i |
I | |
+ o
| |
1 MOS Capacitor | 2 Overlap Capacitor | GND GND GND |
| =
|

Pam—— O —

Tunneling 2 MOS Capacitor 2 Overlap Capacitor Large Capacitor Single High-V TA
MOS Capacitor



FG CHARACTERIZATION STRUCTURE

v 1 Vig
sweep ‘ + Vout
C L -
select C fixed
Large 25

Capacitor Vied

C
— Amplifier |V

[
[
[
[

;’_I }
[

tun2 \ |
VC4 : ch /

\
[
[ L X
[ e
\
[
\
[
|

Large Cap

out Average Constant Gain = 0.72

s
il
}f
3
Output Voltage, V_ . (V)

Gain

1
0 0.5 1 1.5 2 2.5 3

1 MOS Capacitor | 2 Overlap Capacitor“ _ Tnjection

- pFET Input Sweep Voltlage, A"

V)

sweep (

Pam—— O —

Tunneling 2 MOS Capacitor 2 Overlap Capacitor Large Capacitor Single High-V TA
MOS Capacitor



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

FG Gate Cell M Rest of TA BV
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