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ABSTRACT

Power management on chips has become a critical dgs factor.
Designers reduce dynamic and leakage power consungt of
mobile and wireless devices by employing various dkeniques
during the design implementation phase. The powerithension
to design closure presents significant new challeag besides the
usual concerns over design functionality, performace, and die
size. All designs at 65nm and beyond will utilizeechniques such
as state retention flops, multiple voltage and powedomains,
MTCMOS switch and DVFS. These techniques increaseedign
complexity and elevate the risk of an implementatio mistake.
For example, the use of multiple voltage domains cgiires that
signals crossing the voltage domain boundaries bevel-shifted
appropriately. The use of power domains in power-sesitive
designs requires that certain signals be isolatecbrectly under
the power-down condition. The presence of multipleoltage and
power domains leads to complex power and ground cogctivity
issues on the chip that need to be checked. The ED#ols for
implementing and verifying these techniques are dtievolving.
Implementation mistakes caught by late-stage powerand
ground rail-aware simulations that take the desigrback to the
synthesis stage, can cost months. With the flow grosed in this
paper, such bugs can be expeditiously identified @rresolved.
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I. INTRODUCTION

Power management has become critical in the desfgn

wireless and handheld devices. Power consumed ¢lyipa
significantly influences its packaging and
determinant of the cooling requirement for largecelbonic
systems. Reduced talk time on cellular phones hegat
impacts both consumers and wireless service prside

This section describes the prevailing low powemiaology,
source of power dissipation in a CMOS design amdesaays
to mitigate the power loss. A CMOS design consupteger
during Functional, Idle, Power-down and Test mo@esing

the functional mode, the chip runs at the targetedp

performing its primary function. In the Idle moderuns at
reduced voltage or frequency and performs an alaisel/set
of activities. In the Idle mode, often there is adtivity in
parts of the chip. In the Power-down mode, cerssiected
logic blocks are switched off. Operation of the lpawer chip
in test mode also presents unique challenges. Hixapehe
power rating of the chip during the manufacturiasting can

damage the gate oxide and potentially destroy thig. c

Similarly, powering on or off several IP blocks

is a ke)9i

simultaneously on an SOC can cause a current surge.

The total power dissipated in a CMOS device isstima of
dynamic and leakage power. The two componentshef t
dynamic power are: transient short circuit powed arternal
capacitance charge-discharge power. The fundamental
equation to represent the dynamic power is:

denamic =A CLVddzf

where A is the switching activity factorVyq is the supply
voltage, C, is the load capacitance that is charged or
discharged antlis the clock frequency.

Leakage power is the static power that is disstpahering
Functional, Idle and Power-down modes. The lealzyeer
is a function of design and device parameters.

Pleakage:f (Vdd, Vi, W/L)

One of the most effective ways to minimize dynapuouver is

to scale down the voltage, since power has a qtiadra
dependence on voltage. However, lowering the supgtage
increases the propagation delay, reduces the peafare of
the chip and worsens susceptibility to noise. Itiser of
additional pipeline stages may be required to na&inthe
esign bandwidth. Using low/, cells to meet aggressive
timing goals exacerbates the leakage power probBstow
65nm sub-threshold current and gate oxide leakagesrtt
contribute significantly to the overall power. Singoltage
scaling alone is no longer adequate to manage power
dissipation of a chip, designers resort to PowetinGaand
multiple supply multiple voltage MSMV) techniques to
minimize leakage power.

The best way to reduce power is to shut it off cletgby.
During Power Gating the power to a module or a cell can be
turned off or on. This is accomplished by using tidul
threshold CMOS NITCMOS) switches that connect the
external power or ground rail to the local powergoound
rail. A high threshold (i.e. low leakage) sleepntsistor
connects the power or ground mesh of the low tholdshe.
faster transistor logic blocks to the external poareground
mesh. Depending upon the requirements, a desigrasr m
choose a header or a footer MTCMOS cell. In a @ars
grained configuration, the MTCMOS switch can bedute
turn off an entire power domain. A power domairaigroup

of logic that shares the same power net. In adiaéned
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configuration, the MTCMOS switches can be placesida
cells and can be distributed throughout the design.

flip-flops in the CPU and peripheral domain are SRps,
which save design state during the power down mali¢he

The addition of MTCMOS cells makes the design morlew power control signals (e.g. power-down and &tioh
susceptible to wake up latency, ground bounce amd acontrol) are buffered using Always-On (AON) buffeltswas

congestion. To expedite the wake up sequence opaer
gated logic, the state values of the logic bloclkrmpto being

shut down are stored in State Retention Power Gati

(SRPG) cells. An SRPG cell is a special type of D flippf
whose master latch runs on a switchable power adlave
latch runs on a continuous power. Special circigtrgbles an
SRPG cell to retain the state of the system pddhé power

shut off and restores the prior state after a payesequence.

The state of the system could also be stored atngbwed

from an external memory. Such a design would addaex

latency to the wake up sequence.

A low power multiple supply voltage design (MSV)nceither
be multiple supply single voltage (MSSV) or mulé@upply
multiple voltage (MSMV). In an MSSV design all dfe logic
blocks have the same voltage but independent supjbdy In
an MSMV design different blocks operate at différeoltage
levels. Two logic blocks that have the same supplyage
magnitude are said to be in same voltage domairthi
paper two logic blocks that have the same voltagiees
could be in different power domains if they do share the
same power net.

The rest of the paper will describe the followir&gction I
summarizes the architecture of the design thatemphted
the aforementioned techniques. Section Il disesisemmon
errors that occur in such an implementation and howther
flow can catch them. Section IV describes a few eeeors
caught by this flow, and Section V outlines the pgcdor
future work.

II. ARCHITECTUREOFTHEDESIGN
This low power design consists of two main powemdms —

absolutely critical for success of this design &wéall of the
foregoing features implemented correctly. A singistake in

jmplementing the power domains or the control sigiat

managed them could have been fatal to the design.

. . . PD « SIpg_cpu_pg L
Bl mm: Always On Bufs
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. COMMONIMPLEMENTATION ERRORSN LOW
POWERFLOWS

Both MSMV and Power Gating techniques reduce dyoami
and leakage power at the expense of added design an

verification complexity. The MSMV flow requires éh
insertion of level shifters in a design. The Powzating

technique necessitates adding MTCMOS switches, SPRG

cells, isolation cells and Always-On logic in thestgn. The
resultant design poses new verification challenged is
prone to some of the common implementation ertoas are
described later in this paper. RTL languages laskpower

a CPU domain and a peripheral domain, both opeyaiin COnstructs and unless explicitly instantiated do swpport

0.9V. These domains are further embedded in an SOEW Power structures.

operating at 1.1V. The level shifters are insemadall the
signals crossing from the 0.9V domain to the 1.1vhdin.

Formal verification of thegical
functions of the power controller at the RTL levalhile
useful, is by no means complete. Low power fumetiiby is

Both CPU and peripheral domains can be switched diPnsidered complete only after the design has pizared and
independently. The MTCMOS switches are placed at tfjouted. Gate level simulation is time prohibitivedadoes not

boundary, in the SOC domain. The level shifterdusethe
design also have built-in isolation which isolates outputs
going to the SOC domain. The valid shut down maudes

1) Both CPU and peripheral domains are off
2) CPU domain is off but the peripheral domainris o

provide sufficient verification coverage. Here aoene of the
common implementation errors that occur in a lowgro
design:

1) Level Shifter Cells

A level shifter in an MSMV design transports a sigfrom

one voltage level to another. The output of theslleshifter

These low power modes require isolation cells ag¢ tHould be higher or lower than its input voltageissihg level

boundary crossing between the CPU and peripherakao

shifters, redundant level shifters, level shiftesth incorrect

There is no need to isolate signal crossings frdma tdirection or power connectivity are some of the omm

peripheral to the CPU domain as there is no modehich
the peripheral domain is off and the CPU domaiorisThe

verification errors seen in an MSMV design.
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* ARMIARM11 is the registered trademark of ARM Lid “physical” Verilog netlist (i.e. gate level Verilogetlist with
power and ground connectivity) was checked afterddsign
2) SRPG Cells was placed & routed. The following are key représeéve

An SRPG cell saves the state of the design prishtt down errors found during the different phases of thégefiow.
and restores the state of the design after thewgakequence. : : .

Some of the hard to detect implementation mistakesving A. Logical netlist errors:
SRPG cells are: a power pin of a state retainiageslatch
connected to a switched power supply, a retentignag 1. Error 1&2:

coming from a domain whose power can be turned aoff, ) ) )

retention instance control pin with the wrong pitfaor a N this example the synthesis tool inserted anaebiffer
retention cell control pin unconnected to a useeciied _befort_a an isolation cell. This causes an errotfermissing
control signal. While the preceding list of potahtérrors is isolation cell at the CPU domain boundary and arognror
by no means exhaustive, any one of them could cthese for the top level buffer input coming from a shaih
system to lose state and malfunction. Structunatking of domain without isolation logic.

SRPG cells alone is not sufficient. Using formalifieation,

the functionality of SRPG cells needs to be vatlifié&or CPU dmn. |Error2 PER dmn.
example, property checking can conclusively probat t l 1S9

whenever the retention signal is asserted or derdass the | A ﬁD—

local clock to the SRPG cell is disabled. This k@xupower Extra

dissipation and ensures the correct sleep and wake Error 1

sequence of the SRPG cells.
3) Isolation Cells Error Messages
Floating input on a CMOS device can simultaneotigiyg on

both the PMOS and NMOS transistor stacks. The tiagul
short circuit current can potentially destroy thevide.

Therefore any signal that originates in the shutddemain

and drives a logic gate in the powered on domairstrbe

properly isolated. Some of the common errors geelesigns
with Power Gating are: missing isolation cells, uredant
isolation cells, invalid isolation cell type, wromgplation cell

location and isolation cells with wrong isolatioont¢rol or

floating outputs.

As in the case of SRPG cells, structural checkifighe

ISO7: Missing isolation cell

Severity: Error Occurrence: 6

Missing isolation cell at ‘arm11p_per_domain/...E&H
ISO1_ENO_nex_aipsa_rdata_32_ 1 7/U310 OR/A' (domain
VDD_PER_ISO ) from 'arm11p_cpu_domain/arml1lp_
cpu_core/ahb_nex top/U19239/Z' (domain VDD_CPU )

ISO7: Missing isolation cell

Severity: Error

Missing isolation cell at 'arm11p_per_domain/.../
. ; . ) ; . GTECH_ISO1 _ENO_nex_aipsa_rdata_32 1 6/BFX_HS65 *
isolation logic while necessary, is not suffici@atguarantee BFX4/A' (domain VDD_PER_ISO ) from ‘arm11p_cpu_

the__cor_rect low power behaviqr of the design. I:drma&omain/armllp_cpu_core/ahb_nex_top/U19237/Z' (domai
verification should be used to verify that the powentroller VDD_CPU)

in the design is generating the correct isolatigmal. This
static verification technique does not require ter to write

o . 2. Error 3:
test vectors or explicit assertions.

In this example one of the flops in the shut dowmédin was

In addition to the common errors described in thecgding synthesized as a non SRPG flop

sections, the verification methodology must chemkcorrect
power and ground pin connections for power switched
Always-On cells. The verification flow must ensuhat only 5161 M PER dmn.
AON cells are placed in the path of the retentiond a

isolation signal. IRLL

Error 3

IV. ACTUAL ERRORS-OUNDBY THISFLOW
Error Message

The Conformal Low Power product from Cadence Design
Systems, Inc. was used to verify the correctnes®ielt stagé RETRULE1.4: Instance not mapped to retention cell

pf th_e implementation flow, including synthe_sis, ansc ‘arm11p_per domain/armllp_per modules/* term spl re
Insertion, place_ & route (P.&R)’ CI.OC.k tree syntlgasnd high  U$1' is not a retention instance (retention rul®GRrule2)
fanout synthesis, and during optimization at déferphases

of the design flow. This approach detected bugs$y eard 3. Error 4:
prevented costly late stage ECO changes. A gatt \karilog
netlist was used for checks at the Synthesis st#ge.
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In this example one of the outputs going from teepgheral Error 7
domain to the SOC domain was missing a level shifte
. VDD_CPU
PER dmn s
' — VDD
V=0.9 _:D—— SoC
V=1.1
Error 4 Error Messages:

E M . . .
rror Message PDM4d: Power pin of a library cell is not connectedh

power net
Power pin 'vdd' of instance 'arm11_cpu_domain/T@P12
(module HS65_* BFX40 ) is not connected to a pomedr

Missing level shifter at ‘arm11p_Ivl_shift/arml1lghift
wrapper/Ishift_per_domain/Ishift_Ih_ipsa wdata_ ZAXBH
D65_* BFX36/A' (domain VDD_LSHIFT3, voltage 1.1V)
from
‘arm11p_per_domain/armllp per test/armllp_per_\&rapp
U6281/Z' (domain VDD_PER, voltage 0.9V)

6. Error 8:

In this example one of the cells was placed atdpdevel
and thus did not belong to any power domain. Téssiited

in a level shifter being connected to a cell withatear power
B. Physical netlist errors: domain on one side.

4. Error5 & 6:

In this example the P&R tool connected the logithia CPU
domain to L1 memory array supply (1.1V). This calseo
types of errors. - one for the wrong power conmacéind

another one for a 0.9V cell being connected talth¥ Error 8
supply without a level shifter. ]
Error 5 Error 6
l ‘ @ Error Messages:
VDDC_HI
vbb_cp LSH1.1: Input connected to an incorrect voltage

<|:l>__cpu domain Severity: Error ~ Occurrence: 93

Pin 'A" of "arm11p_Ivi_shift/.../level_shifter' (molkdu
HS65 * LS L2HIHX31) is connected to Mixed Power

:D

) Domain
Error.Me_sg_ages: lati I Expected voltage domain is 0.9V
ISOT: M|_ssmg Isolation ce Pin driver is ‘arm11_cpu_domain/.../TOP1812/Z*
Severity: Error Occurrence: 6 - =
Missing isolation cell at ‘arm11 cpu_domain/ 7 Error 9:

...ITOP2188/A’' (power domain VDDC_HI ) Driver is
‘arm1l_cpu_domain/.../U15827/Z' (power domain /vddj cp This example shows that the retention latch of RGRop

) was connected to a switched supply instead of arayd-On
. ly VDDC.
Missing level shifter at ‘arm11_cpu_domain/.../TOP2/8 suppYy
(domain VDDC_HI, voltage 1.1V) from Error 9
‘arml1l_cpu_domain/ .../U15827/Z' (domain /vdd_cpu, vbDC
voltage 0.9V) VDD_ARRAY
1
5. Error 7: | VDD_CPU
In this example one of the buffers added duringnogation
stage was not connected to the power rails. > SRPG Flop

Error Messages:

RET1: State retention cell retention power can B& @hen
normal power is ON
Severity: Error Occurrence: 1
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Instance:
armll cpu_domain/.../_dc_mem_q_pip_r reg 8
(HS65_* SDFPRQNX4 SRPG)

8. Error 10:

In this example one of the cells was placed atttipelevel
and thus did not belong to any power domain.

Error 10

>
[ ]

Error Messages:

PDM1: Power domain of the instance is unknown
Severity: Error Occurrence: 2
Instance name: arm11_cpu_domain/.../TOP1812
Module name: HS65 * OR2X4

9. Error 11:

Switched power supply was connected to one of tifferts on
the path of the power down control signal for arlPSRcell.
This control signal can never shut down so it wgeeeted to
be powered with Always-On buffers only.

vDDC VDD

SRPG

Srpg_cpu_pgrst

Error 11

Error Messages:

AONL1: Power pin of always-on instance can be offlevis
load is on

Severity: Error

Instance: arm11_cpu_domain/../ARM11P_ALWAYS_
ON_NET__G1B1I1_16ASTttcNet30413 (HS65_* IVX40_
VDDC)
Power pin vddc is connected to power switch ‘e’

V. FUTUREWORK

no longer be considered golden and cannot be cadpar
the final design netlist.

Common Power Format (CPF) provides support fodedign
and technology related power intent information ke
captured in a single ASCII text file that can beedis
throughout the RTL to GDSII flow including simulati,
formal verification, synthesis, test, physical ieplentation
and sign off analysis.
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The advanced power management techniques described

earlier in this paper cannot be easily implemerttetthe RTL
level. In general, the notion of power switcheylaton
logic, SRPG cells, and Level shifters does not teixisthe
RTL domain. These low power structures are addethéo
design during Synthesis and Place & Route. Thasites a
chasm in the design and implementation flow sinté& Ban
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