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 Advanced Technologies on Digital Circuits
— Performance Metrics for Digital Circuits
— Impact of Advanced Technologies

Reading:

 multiple research articles (reference list at the end of this
lecture)

* B. Nikolic, EE 241 course materials, UC Berkeley




Complementary Logic Gates

Inverter Chains Other Combinational Logic Gates

1

Intrinsic Delay 7, :E(tpHL_i_tpLH) CVpp

Load capacitance includes:
. 2leee o Cy
(I « (effective) fanout cap.s

—_X: /'/r " > CGG

112

pa
v/ \ / > Cfringe
! \y . C

0 d -t wire

 T14is reduced by increasing I and reducing load
capacitance C.
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Energy & Delay of Digital Circuits

approximated model for the data path:
(this may not be the latency-optimized design,
but the energy-optimized one.)

L:tzh i_ _VS‘D_ . N L:t;:h
TS TS o
5 L -

tyeray = LD - F - CVppl(2lg)

K
1 9'
K
a g
(V8
ki
=

F : effective Fanout
per stage

 a: Activity Factor

Egqn* Eeak=a LD - F- CVpp?2 + LD - F - I Viptyeay
=a-LD-F- CVyp2[ 1+ (LD-F12a) | (leeellore) ]
Courtesy of E. Alon (UC Berkeley)
11/17/2013
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Activity Factor Calculation

Energy Delivery Path Energy consumed E.=C, +V.2en
during 0—1 at Output: during N cycles: N L "DD 01
Voo Eg_1=C Vip lo_,4— humber of 0—1 transitions in N cycles
, |
. E . N 2
I _ N f _ 051
pvos | i Er :%CngD Pavg = lewf — Mm 1\7 -C, -V, - f
A —ag [ NETWORK| Y~ _ _ -
: " g, = lim o=t
AN.— “’E_.r:fr i C; E~— lC V2 01 — Nesor
NMOS | / \T ¢ =5V
NETWORK |y P =t C, AV §
-
] Truth Table
Example: A 2-input NOR Gate Assume
A B Out Paci=1/2
0 1 0
B ] ) ) Then
Po 1 = Pout=0 X Pout=1
1 1 0

o =3/4 x 1/4 =3/16
Courtesy of B. Nikolic (UC Berkeley)
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Short-Circuit Energy

CMOS Vpp
inverter: S Impact of V,, on CMOS
short-circuit enerqy

v D V v T v T v T v T v T v i
N D our i ]
S 2, ~\M\‘~m_‘
GND —- < 10 3
\"In .‘E
— " 2
—i : o —=—Esc
i | g .
N | /' g oL |—e—Etot _:
- PN R 5
L me & 22 nm TriGate Transistors
{HE LV, =07V
: " -7

2 1 2 1 2 1 2 1 2 1 2
010 015 020 025 030 035 0.40
Threshold Voltage (V)

« Short circuit energy can be mitigated
H.J.M. Veendrick, JSSC (1984) by adjusting |Vyp| + [V1n| > Vpp
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Energy vs. Delay Plots

Log(l,) Energy  Obviously, there exists the

V=V ! inherent trade-off between energy
and delay (1 / performance) in
logic circuits:

tyeray = LD - F - CVppl(2lee)

| >Delay  Egyn* Ejeaqx = LD - F- CVpp2 +
“off” “on” LD ) F ) IOFFVDDtdeIay
(sub-threshold) (above-threshold) L. Wei, TED (2011)

 Optimizations needed for:
> Voo
> lons lorr OF Ion/lope ?
» Transistor sizing
> Logic structure (LD, a, F)
» System architecture

11/17/2013 Nuo Xu EE 290D, Fall 2013 6



Optimal Vypand I5\/loee

10° ——————— ———
- analytical solution
R o °'
210 :: ’#‘ pooiTiInIIvIIioIT
5] SRV . )
E v : o
£10_3; Gt o
@ ; —
= [ M I
) v
§104r """" vl g .
c ; AT SRR TR 05 v ' 15
b E S - —
| TTT O N B g
1074 .- E ool o.ppp-ag-p-mTA
=57 - :
-6
10 1 1
0 0.5 1.5 2

1
Vop (V)

Derive E vs. V,, at a fixed tyelay

Total energy of a logic chain:
E = Edyn + Eleak — adeFC‘/cizd + LdFIoﬂ“/cldtdelay

Derive E vs. Vjp, to find the minimum E:

—pBp 2 —pF
OE KT LD-F-CV kT
=2a-LD-F-CVpp +2LD-F-CVppe "0 —————P2 o™q

—4a
- Vpp,opt =M kT/q <2 — lambertW(LD F e2)>

* Note that the optimal V, occurs at
MOSFET sub-threshold region.

B.H. Calhoun, JSSC (2005)

Pick Vpp, V1 to minimize energy for

jl'ull I L:)'f:‘ SYE_'i'f'! - -(, 4a Me\'p Sott 1 S”“)) .
T- = "V ag 5. embertWi 5r,m s © = given performance (1/delay)
= —Z ambertw (- il .(;2) ~ 200740 — Assuming work function (V) can
1 d f ’

The E,,/E,..x under optimum /lo\/loge:
Edyn o a 21011 o

Freax  YLaF Iog

11/17/2013

3

2

~ 4.04 (for a MOSFET)

Nuo Xu

be freely tuned
* Result: optimal Ig\/lger < LD - F/ a

H. Kam, TED (2012)
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Application Oriented Energy

Optimization

a: Activity factor

a: Carrier saturation index U
n: Subthreshold swing parameter

r- Thermal voltage
n: DIBL coefficient
&: Active time ratio

\ nUyr
e
Loy o<

[ |, (147 )Vpp—Vim

|

]((l +1 )VDD — Vg )a

|2 7 b
P o< bIONI'DD + jrDEFI’M:'

7\
Dynamic Leakage
power power

Do, /ION
— Simplified energy model —
E=P-D
s 2
< Vpp (‘;:JFIDEF/IDN)
Ge<a
11/17/12013

(VDD <Viy ]

—

Vop > Vi )

"’ nVpp—Vig |
n L'. T
I oFF

e & 2
o o o
—

[ Logi
_ ~la ~

¥

o
D

ot
o N

Normalized energy

" Memory .
/ (a~0.001)/ -

c
0.2) i

;VDpt {memory}'_

o

opt

. L .
(logic) Voo (V)

04 06 038

H. Fuketa, IEDM (2012)

Nuo Xu

EE 290D, Fall 2013

-
o

Energy (a.u.)

Energy (a.u.)

N W R O

—

0

n=1.5
- n=0.1

Vy,=0.2V
4

2

VTH—O 3-0. ev

0

- N L9 F LN
O

o

02 04 0.6 08 1.0
Voo (V)
(a) Logic (a ~ 0.2)

V=0.4-0.6V |

i

0.2 04 06 08 1.0

VDD (V)

(b) Memory (a ~ 0.001)



Energy vs. Delay Optimizations:
To Probe Further

Designs

Downsizing transistors (¥ C,)
Reducing clock frequency (v £.,)

> lowers the performance
Reducing activity factor

» requires logic restructuring
Pareto Curve of minimum E vs. D

10

Ld=10, a=0.1, FO=1,
oV,=20mV, V,,,,=0.1V,, "™

—

o
L
w

Technology
Increasing threshold (T V;,)

Lowering the supply voltage (¥ V;p)
> Lowers the performance
 Improving electrostatics + mobility
 Reducing parasites

(I) Better driving
Energy | capability (Device C)
S

Baseline

(Device A)
\

—

o
L
(=2}

Energy per switch (J)

11/17/2013

Vddﬂﬂﬂ‘i :0.95‘/
V,"om =0.8V
i / V"™ =0.65V
V™ =0.5V

V, o =0.2V

r32nm Si
MOSFET

10" 10" 10™ 107 10° 10" 10°
Delay (sec)
Nuo Xu

R\
Vo™ =0.35V

.
(Device B)

(Il) Steeper on/off
(Device D)

EE 290D, Fall 2013

> Delay
L. Wei, TED (2011)



Power Gating Techniques

Dynamic Vm Tuning Sleep Transistors

/EQUIVALENT CIRCUITS "\

vaa ¥ T
m.e Sleep = 1
'C{ U ' Low Vi
:|_

= Virtual Rail

Logic Ron (Ground)
_l Steep | [ High V7 —— B. Calhoun
B Sleep=0 ’
1 ooter = JSSC (2004)
liea “cutoff”
Vo Vir 0 i i
. &
Dual Vi, Shared N-well 800
Y _ e 1.16GHz :
o 1 Vopu | § m u : — 700 Vo =14V -4~ Single-supply
V.. I B = Energy:-25.3% | |- Shared well
T gl =l : © 0l Delay :+2.8% (Vppy=1-8V)
1 o1 12 02 "-E 1 1- 5} - 1.: 2
W00 | Vpp =12V
= (1= DDL™ - : .
T 300  Energy:-33.3% Y. Shimazaki,
] ] Ves o— |t Delay :+8.3% JSSC (2004)
Vss : : NN — M
Vippi Cireuit Vg, circuit Vppy circuit  Vpp, circuit 06 08 10 12 14 16

Tevere [NS]
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Micro-Architectural Design

Reference
A — | >
B — _ ] Energy
— Perf. o« f_,, Elop ~ 1 unit 4 Low V,, High Vy,
Pipeline I
- I
A I =
B > — //wl
T Perf. « f,,, Elop ~ 0.5 unit ="— =  parallelism
Parallelism > Pert.
S—  Parallelism allow transistors

operate at slower speed while
maintains the same throughput
per frequency.

vy
e

Perf. « f_,, E/lop ~ 0.5 unit

i

11/17/2013 Nuo Xu EE 290D, Fall 2013 11



Digital Circuit Design Trade-offs

9. M power 9.
Il target
1.5]
frequency
1 probability 1
0.5
0 , | Balance | ,
small Iarge powor & low high
Transistor size frequency Low-Vt usage
15 with
variation
1 tolerance
)
0.5 W frequency
0 . ‘ Il target 0
large small frequency less more
Logic depth probability # uArch critical paths

S. Borkar, VLSI-T short course (2007)

11/17/2013 Nuo Xu EE 290D, Fall 2013 12



Relative

0.001

0.0001

0.1 &

0.01

Impact of Technology Scaling

Ol —~10°} wm _" .
Ga{tg\?l%lay 10k O ] g L .\\
? O D/P E ‘\
e NG S = "
(CV?) i —~ ® o P //n = 1000 u
:>E Y o C 12} \\1
loFr 1 8 1 “«n. Ly ¢ 8 600 Q N
Lyunc /// g a0 ‘ lSI\n
O 200
loare Source: Intel o o,
E E E E %IE %IEIEIEIE‘EIEIEIE 10 — 100 o ST
S 2 2RBAB8 &2 88BBEY Y VT Technology Node (nm) Technology Node (nm)
3 — 3
q — Original 7 | In a power-limited technology:
= N\, Switching- Smaller 5 ; = ' P . . 9y
& | \ Limtea T Higher v, >  Parasites reduction seems
D N —-— Smaller ¢; > .
o \ 2 the most important among
2 1 I all solutions (i.e. SS|, u1)
£ p Leakage- ] E | « Vpp scaling will be helpful
, Limited - = i . .
= ~RE e < | only for devices with good
o ST { 3 N electrostatics.
% T % | V,,= 0.7V, ideal electi -]
03 . 05—~ tpp7 00V, ideal electr. A. Khakifirooz, IEDM (2008)
10° 10° 10°* ' 10° 10°
Power Density (W/cm?) Power Density (W/cm2)
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Impact of Variability

* Device variability hurts in two ways
1. Reduces effective I (delay set by worst-case)
2. Increase effective I (leaky devices dominate)
> Forces increase in nominal Ig\/loee and Vppin -+

Energy vs. Delay plots under RDF Logic Vppmin_VS- logic depth
3¢ 3NAND chain 4NAND chain
N-MOSFET DD | D)
:;2 ‘ o < N stages > < N stages >
< Uniform WlLeﬁ—50128nm 250 : - . - .
= I Q. Doping a =0.01 Lo o0
< F =4 200 + o "gm® .
o [ ° u A
E 1F S m ¥ LA -
» | w/RW £ 150 L A «*t 1
S S L ]
Q f= *
o = L 2
> , S 100 ¢ . <
g  HP Devices >
u‘—: » BERRET 50 @ - INV A :2NAND | 4
09 1 2 3
200p 400p 600p 800p 1n JJIn(N/2)
Delay (Sec) 2 10° 102 10° 10

Number of stages (N)
11/17/2013 Nuo Xu EE 290D, Fall 2013 H. Fuketa, IEDM (2012) 14



Advancement of

UTBB FD-SOIl @ 28 nm

Vdd (V) | Speed Gain
0.6 84%
0.7 62%
0.8 49%
0.9 38%

1 32%
11 29%
27%

[y
=]

1.2V

1.0v

0.8v

Istat (nA/stage)

=O~BULK
-B-FDSOI

0 20 40 60
Delay (ps/stage)

N. Planes, VLSI (2012)

TriGate @ 22 nm 3o
&
@
@
® 20
@
o
E“ 15
[i7]
a
10
K. Kuhn, IEDM (2012)
11/17/2013

25

ol
9]

Load Capacitance (a.u.)
=9

3.5

+ FDSOI
B BULK

ahgn

10

12 14 16 18
Delay (pA/stage)

1000

|
10 100
loffn+loffp @ 0.7V (nA/pum)
Nuo Xu EE 290D, Fall 2013

Thin-Body MOSFETs

Benefits of thin-body

MOSFETs:

» Improved Ilo\/loge from
higher mobility and
better electrostatics

» Improved variability

However, parasites

reduction are still

challenging.

» SOl substrate will be
extremely helpful in
this regime

15



Bulk vs. SOI FinFETs: Inverter
Benchmark

(a) 1-B-08 T — st (b) 7.£.05 { [ PowyisioNRVT) i K B
oP O - | © Planar n=16 i
O ¥ | A SOIFIinFET T
- - N 6.E-051 | . Bulk FInFET ol
_ 1.E-06 o E LS : i
= c Ty i H H
g ? dang = . & SEO05 ¢ . finVUL n=12 .'-.IE
] =8 : S B 20/35..50nm i
I.E-07 A e n— 3 4E05| FinFET RC
L ] c 1 i mm gate
3 Pstat — 0 e I : = finas/o
3 ", " g mmgate ® 3.E05+ o
o CIfin&S/D .~ [ Lg~40nm
1.E-08 SR R o R e i 'y
U ABFF VDD=1.0V  VDD=1.0V B g
1.E-D9 t . | Tttt
20 24 28 32 36 8 10 12 14 16 18 20

Inverter delay[ps/stage] Inverter delay/stage [ps]

T. Chiarella, SSE (2010)

« SOI FinFET fits better for low-power corner while bulk FinFET for the

high-performance one.
« A balanced P/N design will benefit for bulk FinFET further.

11/17/2013 Nuo Xu EE 290D, Fall 2013 16
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