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Ambipolar nanofabrics

e At nanoscale, only regular fabrics are viable
for systematic variability (e.g. OPC) and for
self-assembly

e Still random variability — need device-level
tuning and system-level reconfigurability

e Multi-gate devices can offer this level of
flexibility

e Ambipolar double gate devices in regular
nanofabrics could offer a means to solve
many problems at the same time

e This work: based on CNT fabric

e Techniques also applicable to SINW, GNR ...
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Nanograin architecture

e Layer of aligned
semiconducting
CNTs

e CMOS-type
iInterconnect
layers

e Fine-grain
reconfigurable
cells

e Fixed intra-matrix
Interconnect

e Reconfigurable
iInter-matrix

Interconnect
/jﬂ!, Institut des Nanotechnologies de Lyon UMR CNRS 5270
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Device and model data

M. H. Ben Jamaa et al, ECS Transactions, 34 (1) Parameters DG PTM 16nm LP
1005-1010 (2011) CNFET
Drain access channel length 50nm 0
Active area Source access channel length 50nm 0
h H Metal 1 Inner channel 20nm 16nm
#] CNT Width 50nm 56nm(n-type)/80nm(p-type)
Back-Gate Chirality (n,m) (11, 0) -
Nb of nanotubes 12 -
Front-Gate
DG-CNTFET . Diameter of 1 nanotube 0.86nm -
- ! tOp vView Supply voltage 0.9V 0.9V
DGCNTFET -—— - Is (HA) DGCNTFET - = = PTM 16
Tos (MA) (1,,/1,4=33pA/597pA) (Ion/f: ;!31::53,,,\) Log(Tos) os tH (1,,/1o=26.3uA/696pA) (10"/10ﬁ=26.1::;4.2pA) Log(Ios)
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I,s/Vegs characteristics of the n-branch
(VBG-VS = +V = +0-QV)
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I,s/Vegs characteristics of the p-bralgtF:Fh
(VBG-VS = -V = -O-QV)
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Agenda

e Compact ambipolar logic
— TTS structure primitive

— Double-Gate static logic: principle and evaluation

— Double-Gate dynamic logic: principle and
evaluation

e Reconfigurable logic gates
- Am-ICDGFET transmission gate primitive
— x-function logic cell synthesis methodology
— Performance comparison

e Conclusion
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Compact ambipolar logic o

e Basic idea: use Am- out
ICDGFET deviceto  “™ g~ ™ °
replace two ol = m—
transistors in series . ;. Y
(TTS) structures s

e critical for path Y=ot
resistance and gate woz o,
capacitance <
optimization, with o Vaam oV
consequent impact ™ |‘°V S (R
on delay, power and S = 1] |~

area ] J‘I_m, i

@‘ Institut des Nanotechnologies de Lyon UMR CNRS 5270 FED’13, EPFL (CH) http://inl.cnrs.fr
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Static Logic structures

<:| 2n transistors

2n-(m+p) transistors |$

Pull-down :

inl

o

Institut des Nanotechnologies de Lyon UMR CNRS 5270

e N = fan-in

®* M

: nNo. NTTS

e P: no. PTTS

FED’13, EPFL (CH)
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Example: XOR

e Applicable to any complementary static logic
gate containing TTS structures

o efficient with complex gates (XOR/XNOR,
MUXs...)

—l—+V
APLB A NB
Yl INL
XOR
A
Al B A |NB

D! Institut des Nanotechnologies de Lyon UMR CNRS 5270 FED’13, EPFL (CH) http://inl.cnrs. fr




Example: 2:1 and 4:1 MUX

MUX4:1

@‘ Institut des Nanotechnologies de Lyon UMR CNRS 5270 FED’13, EPFL (CH) http://inl.cnrs.fr



Dynamic Logic structures: 3 approaches

+V 1. merge clocked
v  footer transistor into

Clk

+V
CIk nanos — function path
——
+ VA_|
3. combine
+ VB_| both
approaches
4 VC_|
|
|
2. merge TTS
structures inside
function path
n ' Institut des Nanotechnologies de Lyon UMR CNRS 5270 FED’13, EPFL (CH) http://inl.cnrs.fr




Examples

+V +V
Clk
Clk
|—ov | I_ov
out
out

In_||_ A_I_l_ll_B

INV NOR 2

Clk -~ (Ax CAD)VB) - ((A AB)V(CAD))AE
1. - _Clk IAl—ov 3.
n+1 transistors NAND4 )
XNOR A n+1-m transistors

XOR 2 2. NAND4
n+2-m transistors
@! Institut des Nanotechnologies de Lyon UMR CNRS 5270 FED’13, EPFL (CH) http://inl.cnrs.fr




Performance Comparison

60 1
55
50 A
45 1
40 -
35 A
30 A
25
20 -~
15 A
10 -+
5

0

1,1 L7 1.9

51

—— .|

P (uW)

57,3

TD (ps)

0O SiSL
@ CSL
B DGSL

12,3 14

s

PDP (al) Area (10°. nm?)

1.7X power consumption

0.4X time delay

- 0.7X PDP

- 0.5X area
. r
/i\_ﬂ! Institut des Nanotechnologies de Lyon UMR CNRS 5270
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fC|k= 1GHZ
t.=t=20ps
C =Civa

SiSL: 16nm conventional
static logic

CSL: CNT conventional
static logic

DGSL: CNT DG static logic

Figures
averaged over:

XOR
XNOR
2:1 MUX
4:1 MUX
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Reconfigurable logic gates

=0

e Basic idea: configure T
switching properties of ~ [T
logic networks with back —— BG
gate voltages A—T $|‘

e Requires transmission !
gates to propagate logic ~ Do_/

levels with no degradation s
and for a wide range of
data and control voltage
combinations

e Also requires gate
synthesis methodology for
tunable functionality

D’13, EPFL (CH) http://inl.cnrs. fr




Reconfigurable logic cell CNT-DRZ7T

““““““ ===V 4|,
| j I I _T_ d
! ] ' Voga  Vbge  Vigc Y
.EV1—E 'PC/HR ! . . 9 —
| _1 | : l YI +V +V +V A+B
:—lE gl_: I E : +V +V -V A+B
A Vea Ves TIHTB 7 Vici +V V4V A.B
I l - | @ 41.5nm —_
, :_1 c | | 4 10-9A +v [ s A+B
:Pc1 E EV, TR 1/1=108 -V +V 4V A.B
A S S -V +V -V A+B
e boolean data inputs A and B (Ic_>gic level -V -V +V AB
$t V..=0V and V4=1V) + circuit output Ry Ry Ry 2B
e four-phase non-overlapping clock +V . +V A
signals +V 0 -V A
- two pre-charge inputs PC,, PC, 0 +V +V B
- two evaluation inputs EV,, EV, 0 +V -\ B
. control inpgts ybgA, Viger Vpgc to | 0 0 0 1
configure circuit to 1 of 14 functions 5 0 v 0

(back-gate bias -1V / p-type and +1V /
n-type) I. O'Connor et al., IEEE TCAS, 2007
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Am-BDD design technique

1. Define output functions

l

2. Map their BDDs in a
common Am-BDD

¢

3. Label every edge connecting
two different nodes

4. Trace the configuration table
and identify correlations

¢

5. Pass-transistor logic circuit
implementation

F1=~(A+B+C)

F2=+(A.B.C)

F

F,=— (A+B+C)

+V

F,= (A.B.C)

V/2

+V

C

=g

C

==
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16-function (complete operator set)

n ' Institut des Nanotechnologies de Lyon UMR CNRS 5270

TABLEII. 16-FUNCTIONS CONFIGURATION TABLE
a|lb|lc|d|e|f|g|h|i]|]j|k|] F
0100 -VIo]|o|=VIo|VIo0o o]V 4 p
o (+vlo|ofv]o|o]|o]|o|-V|+V|o0| 44PB
o|lv|o|o|+v|lofo|o|o|Vv]|+v]oO :1 +B
0[O0 Vi o Vo | VIo0o o+ 4 .E
O [*V| 0 |-V 00|00 -VI0|0 |V j +E,
0 L0 00 V]Oo|=VI0 |0 | -VIsV]o0| p ’:1
v|io|lo|lo|lo|]o|o|lo|o]|o]|]o0o]|oO T
olo|lo|o|o|lo|o]|+v]|]o|o]|o]|oO L
ofofojo|+vio|V|o]|o0o|-V|+V|o0| 4B
o|v|of+v]olo oo fv]|o|o|+V] T g
o|l+vlo|o|o|lo|wv]|o|o|o]|]o]|oO 4
o|lv|fo|lo|o|lof=v|]o|o|o]|]o]|oO ]
olo|=v|jo|o|lofo|o|v|o]|o|+v| 5
o|loflo|ofof|+v|/o|o|o|Vv]|+v]| o0 g
olo|lo|v|=v|lo|o]|o|V|Vv|[+v]|=+V A—(-BB
0o |o|+v|V]O0o |00 |V|IV|+VI+V| 4PB

12 configuration signals!

FED’13, EPFL (CH)
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12-function

e Tune the functionality

e Remove T, 1, B, !B

V2|0V [V2[+V |0V |V2|V2|+V | 15
+V (V2| 0V |V/2|V/2{0V [+V | V2| 43

OV | V2| +V |V2|V2|0V |+V |V/2| 13

VR2[+V V2|0V |0V |[V2|V2|+V | 43
+V |0V |V2[V2| 0V |V2|V2|+V | 4B

V2(V/2|0V [+V V2|0V | +V |[V/2]| BeZ

VI2|V2|+V |0V V2|0V |+V | V2| 4B

oV [+V|V2|V2|ov (V2| Vv2|+V| T2

+V V2| V2|0V | V/2|V/2|V/2IV/2| 4

OV |V2(V/2|+V |V/2|V2|V/I2|V2| T
V20V | +V V2|0V [0V |+V | +V | 4&B

V2[+V |0V V2|0V |0V |+V |+V | 4&B

/iﬂ! Institut des Nanotechnologies de Lyon UMR CNRS 5270 FED’13, EPFL (CH) http://inl.cnrs.fr




6-function

e Strip down to NAND, NOR, INV, BUF

n l Institut des Nanotechnologies de Lyon UMR CNRS 5270

FED’13, EPFL (CH)
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b d g |1 | F
V210V | +V |0V | +V | 4+B
V2{+V |0V [0V | +V | 4eB
+V |0V V2|0V |+V | 4+B
OV | +V | V2|0V | +V | 4eB
+V (V2| 0V |V/2|V/2 A
OV | V2| +V [V/2|V/2 A




Performance comparison

1200 1 oo 16F-AmBDD vs 2-

1000°- = a1erameop LUT:
800 B 12F-AmBDD . ) ]
600 - 560 o 6E-AmEDD 1X functionality
400 1 «1.6X PDP
i 58 70 49 23 47| 43 « 2X area

200 - "
. H == . )
TD (ps) PDP (aJ) e 2.8X COI‘IfIg

w
N

o
? T4 oiE S Sy Sy Ny Ny Hg
g _I.I... pmyn iy .-.l:..l:...l:..

70 1 = wtemuxat o GF-AmMBDD vs 2-LUT:
60 - @ 16F-AmBDD - -

50 - w0 o 12F-AmBDD ° O-4X funCtlonallty
40 | s = B 5F-AmBDD .

ol 1 0.3X PDP

20 1 c o - 0.6X area

10 - e Tk 4 N -

. i = e — ot — « 1.3x config

AREA (10°.nm?) # Functions # config.signals
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Conclusion and perspectives

= Compact logic gates:

= Merge TTS structures in function path (+footer)
using back gate

= Fewer transistors : 2n-(m+p) or n+2-m

= Improved time delay : low V-, low branch
resistance

» Increased power consumption : low V,,

= Reconfigurable logic gates
= Am-BDD logic synthesis method
= Full 16F functionality has worse PDP and area
= Better results achieved for basic 6F cell

= Towards synthesis flows for reduced
functionality cells and static interconnect
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