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Two Mechanisms of Power Dissipation

* In previous lectures,
we've seen two distinct
mechanisms causing
power to be dissipated:

— Dynamic - switching.
— Static - subthreshold.

* Important to note that
both mechanisms benefit
more than linearly from
reduced Vpp,.

Pleak (NW)
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VDD (V)

P o Simulated, P, extrapolated from 1.2 V.
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Common Low-Power Circuit Techniques

 Body biasing
o Multi-V;

o Multi-Vpp

« DVFS
 Clock gating
« Power gating

 But beside the above techniques, designers always strive
to make systems power efficient at all levels, e.g., by

— minimizing switched capacitance.
— balancing IC technology used and performance needs.

Energy-Aware Computing: Low-Power Circuit Techniques, 2017 Page 3



Best Design Practice for Power Reductions

o Priority on P, (P, requires more invasive solutions).

o Consider Py, =faC Vyy?. Broadly,
implementation decisions to reduce P, via ...

— fand V,p are system wide and need to be
negotiated early on in a project.

— the switched capacitance (aC) can be handled
at later implementation stages, at RTL and gate level
(slide 18 previous lecture).
 Approximate computing:
Inspired by SNR-guided DSP implementation,
adjust data precision to application needs.

Energy-Aware Computing: Low-Power Circuit Techniques, 2017 Page 4



Technology Flavors

 Select adequate IC technology.

— Main question: How powerful need the transistors be
In terms of current delivery |,y ? Powerful = power dissipating!

 Different flavors:
— Low power (LP) with higher V-s.

— High performance (in our case, GP) with lower Vs and
more aggressive design rules.

» Each flavor has got different V; options:
— Low V; (LVT), Standard V; (SVT), High V; (HVT).
— LP_LVT: 0.40-0.49 V.
— GP_LVT: 0.25-0.36 V (slide 27 of my previous lecture).
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Technologies via CMP — our IC Broker
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A Smorgasbord of IC Options

Low PowER DESIGN SUPPORT

Front- end design Voitage ]
' Mu]tl Vith frequency scaling
thesi
Lowleakage W8  power s Clock »
[ . . - . | — PIOTESS gating gating
Core Devices i 1/0 Devices MS/RF Devices ; i
i e e L e Bodyb1as Back- enddeﬂg'n
SP_RVt1.0V(11V) 18V1/0 . 80% : 80% |

SP_LVt 1.OV(1.IV)

Source: UMC

» Technology options
+

EDA tool support

SP_HVt1.0V(1.Iv)

SP_SHVt 1.0V(1.1V)

LL_RVt 1.2v

LL_LVt 1.2v

LL_HVt 1.2V

LP_RVt 1.2V

LP LVt 1.2V Source: UMC

Different low-power
technigues supported.
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The MOSFET Body Terminal

e The MOSFET actually has
four terminals, not three
(gate, drain and source).

. Thefourthis called body. [P

. -V
Inlg,, oc €77, V¢ d.epends Substrate
on MOSFET terminal | Source: USC
voltages: |

AV /2q8 N,

= (208 T Vsg— 20p) Body electrode

Energy-Aware Computing: Low-Power Circuit Techniques, 2017 Page 8



Low-Power Technique 1: Body Biasing

* |nan NMOSFET,
V- decreases with T
an increasing
body voltage (V). ] 1

— For FinFETSs from previous lecture,
back biasing does not work well.

— For Fully Depleted-Silicon on Insulator
(FD-SQI), thin BOX (buried oxide)
allows for back bias control. =
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Reverse and Forward Body Biasing

| 15ﬂnm CMDS technnlngy

- -Freq ueJhc '-'E'ﬂ_}iﬂfaﬁ:;_;;{_j}fj?:f_;
* Reverse body biasing (RBB): oo fow ntﬂ"-"mﬂh
Vg <0V (NMOSFET) i v
= V; increases.

—> |leakage decreases.

+ Forward body biasing (FBB):  1os 1 1o5s 115 122
Vg >0V (NMOSFET) Normalized Frequency, . apg02
= V; decreases.
= higher speed.

Normalized Leakage
o = NN W A& M 5

.'..-' o
e
..-..:.__.__ _. ’ : __-.a_-_ g -_.I . Lyt
1

 Remember variations?

 Body bias allows for tuning
at fab: Performance and
power binning...
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Fully Depleted-Silicon on Insulator (FD-SOI)

Limited body

bias capability , I I _
; ’ UComplex channel
architecture Bulk Dewce FD-SOI Dayice
The fully depleted 5 t istor at 20 nm is significantly simpler than even a§implified
rersion of I bulk M nsistor,
\_ Heavily Doped Wells

+ FD-SOl and FinFET;  BOX
the main alternatives for
scaled CMOS:

— FD-SOI mainly for low power;
good body bias control.

Source: STM — FINFET mainly for high speed,;
limited leakage control.
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Delay Distribution of Logic

target target
L] W
£ delay £ delay
8 8
2 /\ ‘ =
3+ -
t(path) t,(path)

Source: LPDE'09/Ch 4

* Logic paths exhibit different delays.

« Critical paths must satisfy clock rate constraint =
Implementation must ensure gates are fast enough.

 But what about the fast paths ... can their
intrinsic speed be converted to power reductions?
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Low-Power Technique 2: Multi-V

i @—p;%:\%?f i
/ N\ Source: LPDE'09/Ch 4
High V4 Low Vi

» Assign slow transistors to fast paths (makes these slower) =
use transistors with high V; =
P ok IS reduced (but P, more or less unchanged).
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Match V to Performance Need

{Vi.V,} { Vi, Vo, V5 } {V,V,, Vo, Vp }
1.0
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| | | | | | | | | | | 1 | 1 | 1 | 1 | | 1 1 | | | | | | | | | | |
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Vi (V) v, (V) v, (V)

o First order delay oc 1/Vp, and Py, oc Vpp?:

— Reduce Vp for circuits that are not timing critical =
both P, and P,.,, are reduced.

— Optimal number of V, levels? Consider infrastructure

overheads like voltage generation.
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Low-Power Technique 3: Multi-V,

clock gen.

D : V ppy circuit
D : V gpL circuit

[Ref: ¥. Shimazaki, ISSCC'03] sumb (long loop-back bus)

Dual- Vpp ALU example from LPDE'09/Ch 4

Energy-Aware Computing: Low-Power Circuit Techniques, 2017 Page 15



System-on-Chips (SoCs) with Several Vs

Steadily improving on-chip voltage converters.

Number of Voltage Domains 100
100%
95 O 2017
. A
2 % P ¥ A 2016
To%
2 85 6 X 2015
5 A A
© 80 X
50% T, <
x 75 X o LDO
£ 70 o SCVR
265%
65 o LCVR
60
0% - 0 1 10 100 1,000 10,000 100,000
2008

Current Density (mA/mm?)

2011 M = T5B
Meadian Voltage Domains Currant Design = 3

Source: IEEE SOLID-STATE CIRCUITS MAGAZINE
Source: Synopsys
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SoC Implementation Challenges

o Multiple VS
— makes implementation and verification more complex.
— requires different voltages; how are they generated?

— requires voltage-level conversions between domains,
which creates an overhead.

 What about synchronization and timing
between blocks?
— Domains may have different clock rates.
— Domains may have varying clock rates.
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Planning Supply Voltages

* Overall, use minimal Vy to limit power dissipation.
— High performance = low V.
— Low standby power = high V.

 To simplify integration, logic and memory should operate
under the same V. However, logic and memory have
very different Vyp - V5 tradeoffs:

— Unused SRAM portions are leaking =
ought to use high V; + low V to reduce standby power
(otherwise very significant in huge memories).

— However, due to read disturb and write failures,
high V; + low Vp spells big problems for SRAM cells.

Energy-Aware Computing: Low-Power Circuit Techniques, 2017 Page 18



Low-Power Technique 4. DVFS

 Timing slack can be
CLoCKE™& = [=iEmmmem used for power
' reductions:
Dynamic Voltage and
Frequency Scaling
(DVES).

i A A SRR LA !l!
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Supply

128V 176V 1.28V Read more in CATPE'08/Ch 3
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Faster DVFS State Transitions
INTEL® SPEED SHIFT TECHNOLOGY

Speed Shift Frequency transitions
Frequency (GHz) vs Time (ms)
Representative task with and without Speed Shift Technology

25

2
Speed Shift At W e et e B !
1.5 —
1
05 *

a
o 20 40 Speed shifftask finish 80
Speedshift Enabled @ Speedshift disabled

Task completion ~50% faster with Speed Shift Technology.

Reach maximum frequency in 35ms

 Conventional DVFS: Predefined performance states,
controlled by OS = slow transitions.

 Intel's Speed Shift succeeded Speed Step in 2015:
CPU handles transitions (faster); OS to relinquish (some) control.

— Main gain is performance, not so much power dissipation.
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Circuit Adaptation for DVFS

clk
\
target target :
_.f:f delay _.Ef delay < Log'lc_f age D;ih _ _M\;in £l > L2
g 8 L BN " Error_L
© ‘ S =
+* +
J Ly| Shadow A/D ﬂ;’—l
latch
tp(path) tp(path) —_| Razor FF ’ GComparator
Error
clk_delayed ——

* Aggressive Vpp, reduction would cause timing violations

and, thus, computation errors.
e Solution: Implement a feedback system that regulates

speed, in the process also handling variations.
Read more in CATPE’08/Ch 3.5
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Example on Variations

Clock arrival times are hard to synchronize.
Such static variations are handled as a side effect.

. | -
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""" = Source: POWER'11
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Detection of Timing Failures

 High clock rates or extremely compute-intensive code can
expose timing Issues.

Typical Workload Power Virus
s 2 = = = 2
== I e =
FE:*";% == 1Ea== FEE;"‘:‘_—Z? ==
£y e
= - le==s == o
f:F‘— = I%E -3 __m= -
=r e - =
i I==2e =
St S | cafgiee —om
S=50 IS cSHE=ss
' RS | 5= 5’5:% »
instroe[25]] 1-1GHZz 1.2GHz 1.1GHz
a) b) c)

B TD with Errors —— TD without Errors
Source: ARM'11

Energy-Aware Computing: Low-Power Circuit Techniques, 2017 Page 23



Clock Tree Design

Source: ST
Microelectronics
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Low-Power Technique 5: Clock Gating

Without clock gating
30.6 mW

With clock gating

| Register File 8.5 mW
Enable

Clk_

M M | L
0 5 10 15 20 25
Logic Module Power [mW]
| 90% of FFs clock-gated.

&l 806Kb SRAM

70% power reduction by clock
gating alone.

[Raf: M. Ohashi, ISSCC'02] i@ |EEE 2002

Source; LPDE'09/Ch 8
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Recap: Low-Power Techniques

* Body biasing v
o Multi-V, v
o Multi-Vyp v
 DVFS v
* Clock gating v

« Power gating
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Low-Power Technique 6: Power Gating

Power switch

Virtuallsupply rail

Logic
circuit
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Power Gating of Execution Unit

Power-gated
controlling bits

| Power Domain - PD_default) | | (in NISA extended insts.) |

|m—— ————————Aap—— o ——— )
|
TOP MODULE (default

VDD =T~ _
dﬁ—w-nu-al;nn-ﬂﬂ—--—-(—ﬁ 'f‘f.‘——" PMOS power switch
MULTIPLIER | Isolated
(in mult. Power Domain — PD_mult) cells
¥ v
oo ||oa
R — L —— T

PC LS ALU RF
['y AR Y%

L Y ¥ L L
LL LL
Se|| @ Swll| @ e i
m o m o o o o

'y '

Y ¥ Y Y Y Y r Y Y

Switchbox-based interconnect

L_____l______lL_________-_J
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Power Gating after Place&Route

* Need IC cell library
support to implement
power gating:

— Level shifters, isolation
level shifters, isolation cells,
always-on buffers and
Inverters, retention cells,
and power switches.

« EDA tool must support
transition control:

— Trade off between rush
current and wake-up time.
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Power Gating Impacts Area Significantly

PMOS Switches STVDD (true)
+ Filler Cells $S
Switch Control D (virtual)
Cel ~__—>VSS (SWGND, VVSS)
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ldentify Multiply Activity

1319 00000000AE424000000340101880 -
1320 000000FO400000000000039003E0 -
1321 0000000000000000000000029000 -
1322 OECOO000000800000002000F8000 -
1323 000C00040000C000000005800000 -
1324 0000000AA0000000000003900040 -
1325 0000000000000000000080004000 -
1326GBBGBBEGBEdﬂBﬁBBﬁBBEBBBBBBﬁl -

1337 00000000AE424000000340101880 -
1338 000000FO400000000000039003E0 -

000057
000058

[PCGetPC, PCJumpSA 13,RegRead?2 ...
[LSWrite LSW 4 Alu Rslt ...

00eO13
000014
000015
POEO16
000059
000060

clolololowy
000058

[RegReadl R5,RegRead2 R4]
[MultRegWrite,Mult Regbank_ Out2 ...
[PCIJumpDA Regbank Outl,LSRead LSW_4
LSWrite LSW 4 Ls Read Mult LSW.,..
[PCImm (Just 2),RegRead2 R16]
[PCImm (Just 2),RegReadl R17,ALUOpc

FEEREE

[PCGetPC, PCJumpSA 13,RegRead2 RG ...
[LSWrite LSW 4 Alu Rslt,,.

1339 0000000000000000000000029000 -
1340 0OECOO000000800000002000F8000 -
1341 0o0Co0040000C0000000B5800000 -
1342 0000000AA0000000000003900040 -

1343 0000000000000000000080004000 -
1344 000000000E400000000080088001 -

000013
P0eO14
000015
000016

[RegReadl R5,RegRead2 R4]
[MultRegWrite,Mult Regbank Out2...
[PCJumpDA Regbank_Outl,LSRead LSW_4
[LSWrite LSW 4 Ls Read Mult LSW...

00059
000060
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Limited Mult Utilization Allows for Savings

Benchmark: EEMBC Autocorrelation

1] |1U,EIDIJ,DI]EI,EIEIIJTS |2EI,EIDI:I,DIJEI,I]EIDTS |3EI,EIEII:IJEII]EI,IJEIEITS |4 0,000,000,0007 |5EI,EIIJIJ,IZII:IEI,I:IIJEII'S

T
\  Limited multiply activity, early in application =
multiplier can be power gated since it becomes idle.
 Trade off: Static power reductions during idle vs
power overhead for power gating.

Benchmark EEMBC FFT

100,000,000,000%% 200,000,000,000f3

300,000,000,000f% 00,000,000,000f3

™~

More extensive multiply activity.
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Low-Power Options — Pros and Cons

Source: Cadence
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Power Reductions in Design Flow

Algorithm

Architecture

RTL

Gate
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Power savings

* Early design decisions
yield higher power
reductions than late
decisions.

— Decisions based on
holistic view even better.

— Co-optimization across
levels is complex; depends
on EDA tool support.

o System architects should
be aware of what low-
power techniques exist.
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Missed Opportunities?

Top 5 Reasons for Power Consumption Waste

%

- Missed Global Clock Gating Opportunities
H#2 - Inefficient Design Implementation

#3 - Inefficient Design Architecture

#4 - Poor Local Register Enable Conditions
- Lack of a Power Gating Design Strategy

Apache Design Solutions (July 2011)

 Low-power techniques clearly exist. But how do
we make use of them in complex systems?

 Designer's competence + IP/cell infrastructure + EDA tools.
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Industry View on Low-Power Techniques

Low Power Techniques Used Across Market Applications

Interpret as: 17% of respondents having “Fersonal Computing & Peripherals® as
primary application use “Low Vdd Standby” low power design technigue.

S00%

uther
_
450% - u Back-biasing/Well-biasing
A00% = Low Vdd Standby
3509, = State retention
u Library Variables (e.g., multi-
300% channel length libraries)
= Lower Vdd operation
250%
u MTCMOS/Power gating
200%
= Dynamic Voltage/Frequency
150% Scaling (DVFS)
® Mult-voltage domains
100%
= Multi-Comer, Multi-Mode
(MCMM) optim zation
S0% - . o=
= Multi-V't leakage optimization
0% - ) P i . i ] mClock gating / CTS
Data Center &  Personal Computing Dagital Home Mabile Mulimedia Autormotive Other
Metworking and Peripherals
N =277 * Percentages equal =100% because multiple answers accepted

Source: Synopsys, Inc. Global User Survey, 2011
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Conclusion

 Reducing circuit power dissipation is done by using
best design practices and by employing
a few well known low-power techniques.

 Support from EDA (CAD) tools and IC technology
(cell libraries) is essential to handle low-power
design in an efficient manner.

 Common to all techniques is that reducing Vpp
Is effective for reducing power.
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