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ABSTRACT

With the widespread adoption of advanced low podesign and
implementation techniques in SoC designs, the ofldow power
verification has been more critical than ever. Awhed low power
design techniques, such as power gating, statati@ie multi-vVDD
etc, require significant revisions of the verificst methodologies,
library infrastructure, advanced CAD tool supporida serious
engineering efforts to tackle the huge complexity both
implementation and verification.

In this paper, the principle of low power verificat is explained in
detail. Based on the low power intent in the Unifieower Format
(UPF), this paper emphasizes the interaction ofdhepower attribute
in design and implementation codes, and EDA tonldoiv power
verification. The paper highlights an extensiveadttiist for conducting
successful low power verification with UPF, inclodi checks for
library, UPF power intent, low power static veréton and dynamic
verification.

This paper will share our experience of low powetification with the

Synopsys® MV-Tools for a complex low power desigith about 30
power domains, complex power-state machines aedtieh schemes.
Besides the common problems addressed in the waliige low

power verification flows, some special problems verifying the

testcase design will also be addressed, such dedhey RTL codes
where protection cells has been inserted, multicails and the
complex power states in the design. The paper esigggthe low
power verification challenges faced for complex Ipewer designs,
and illustrates how the MV-Tools help to solve theballenges.

We conclude with how the UPF based voltage awaaticsand
dynamic verification methodology for low power dgss can help save
a lot of verification effort, silicon debug time drensure first pass
silicon success.
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1. INTRODUCTION

Power consumption is one of the most important gesnetrics in

current Silicon-On-Chip (SoC) designs. The impactarof the low

power design not only comes from the objective wrfereding the

battery life of mobile devices, but also is motadtby package cost,
electricity bills, circuit reliability and environemt issues.
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To meet the budget of low power metric in SoC dgsigis common

that one SoC design employs a couple of complexgower design
techniques, from traditional clock gating to adweshpower gating and
multi-VDD design techniques, from the device leuplto architecture
and system level [1]. The application of these dempow power

techniques not only increase implementation conifylexout also

creates significant challenges for verification. [2]

In this paper, the principle and practice of lowveo verification with

UPF is documented. Section 2 describes the vefiitachallenges
from advanced low power design techniques. Se@i@xplains the
principles of low power verification with UPF. Sixt 4 shares our
experience of conducting low power verification lwitJPF using

Synopsys MV-Tools. Section 5 concludes the paper.

2. THE VERIFICATION PERSPECTIVE OF
LOW POWER DESIGN

Low power design techniques can be divided into ¢ategories from
the verification perspective, based on whethert#olnique involves
any voltage control. Traditional low power desigthniques such as
clock gating, multi-threshold logic and other logiccell optimization
techniques have no influence on the power netwdrkhe design,
while advanced low power design techniques, suctmabi-VDD,
power gating, voltage scaling, VDD-standby etchhignfluence the
power network of design. Although the influencetod traditional low
power design techniques on verification is trivedyvanced low power
design techniques which involve voltage contrairaduce significant
verification challenges.

First, the power gating design dramatically incesathe verification

complexity. The verification complexity is signifiotly increased by
the addition of new problems of verifying isolatiatrategy, power
gating control strategy, state retention implemiota AON signal

buffers, etc. Moreover, the problem of verifyingetipower gating

control unit is huge when the number of power gatlomains is big,

due to the exponential increase of the possibleepmtates and state
transitions.

Second, multi-VDD and voltage scaling designs negusignal
resolution at voltage domain interfaces to take shpply voltage
values of related driven supply nets into account.

Third, verifying voltage control related low powdesign technigues
demands the power intent to be in a separate gmmh, separated
from the golden design intent.

Finally, the seamless low power verification floequires significant
updates of the whole verification infrastructurects as adding the
related low power attributes in the library, entingaCAD tools aware
of the influence of voltage control on logic sintida, and making
seamless integration flow with the original vefiion environment.



3. THE PRINCIPLE OF LOW POWER
VERIFICATION WITH UPF

Low power verification with UPF, i.e. the procedserifying whether
the low power intent is defined and implementedrexdty, involves
several steps. UPF flow compatibility check of &ibyr is the first step
in the verification flow. After finishing UPF filethe first step to start is
UPF quality check, to make sure that the UPF pomtent is defined
correctly and consistently, with respect to thedgaldesign RTL codes
or netlist. After the UPF power intent is qualifiesatic verification is
the best choice to make sure that the design itemgnted in a way
matching the UPF power intent, and there is no iacture error.
Finally, dynamic verification must be performeddueck all the bugs
which are not covered by the previous steps, ssahrars related with
power control sequences, power states, state ticarssetc.

3.1 Library Check

Low power verification flow with UPF needs strongpport from
library attributes related to power/ground suppbnd the usage
attribute of the low power control related pins.béity standard
2007.12 [3] defines a complete set of library htites, which are
enough for low power verification flow. However, practice, the
library providers only add parts of the libertyrdttites defined in the
liberty standards. Therefore, it is important teckhwhether necessary
library attributes have been added to the librafyastructure before
starting the low power verification, or else, itght take a lot of time
to debug the design but finally find that the seuo€ a problem comes
from a missing or wrong attribute in library.

The first mandatory attribute in the library is tpg_pin attribute.
Table 1 lists the mandatory attributes [5].

Table 1 PG Pin Requirementsin Liberty Files

Library Level | Cell Level . .

Attribute Attribute | " Level Attribute
pg_type
voltage_name
related_power_pin

voltage_map pg_pin input_signal_level_low

- — input_signal_level_high

output_signal_level_low
output_signal_level_high
always_on

In addition to the PG pin information, other libraattributes are
required for multi-voltage cells, such as isolati®ils, level shifters,
retention cells, switch cells and always-on cefisidentify the type of
the cell, the usage of the pin and their multi-agét behavior. These
mandatory attributes are defined in Table 2.

Some important notes for library check are:

1. Although strictly speaking, power_down_functionristites are
not needed for all the multi-voltage cells in thatis verification
and dynamic verification flow, it is recommended add this
attribute for all the output pins of the multi-vade cell libraries
for the low power equivalence check flow.

2. The “std_cell_main_rail” attribute is needed foreomf the
primary_power type PG pins of the level shifteisel

3. The “direction” attribute is mandatory for the pmrpf power
switch cells. The value of the “direction” attrileus output for the
virtual supply net, and input for the reset of B@ pins

4. The liberty  attributes  of  related_power_pin  and
related_ground_pin will be used for port/pin bagedtition in
UPF, which is required for verifying multi-rail del and
hard-macros where each pin could operate on aelifferoltage.

Table 2 Liberty Attributesto Model Multi-Voltage Cells

Cell Leve . .
Cél Type Attributes Pin Level Attribute
. is_isolation_cell isolation_cell_enable_pin
Isolation . . -
isolation_cell_data_pin
. . level_shifter_enable_pin
is_level_shifter . -
— —~ level_shifter_data_pin
Level level_shifter_type |.
. . input_voltage_range
Shifter input_voltage_range
gutput_voltage_range
output_voltage_range .
Ihput_signal_level
retention_pin
Retention | retention_cell power_gating_pin
nextstate_type
switch_cell_type . .
dc_current swﬂ;:h_ftl'mctlon
Switch related_switch_pin pg._t uhnc lon
related_pg_pin S\lN'; S—p(;?]
related_internal_pg_gw YS_ .
in ower_down_function
Always-on |always_on always_on

3.2 UPF Qualification

As an executable power specification, the UPF pamtent file needs
strict qualification process before usage, to awmitime consuming
revision in the later implementation and verifiocatiflow.

Besides common UPF command syntax checks [4], thedatory
checks to qualify a UPF file, in our opinion, are:

1. All the states listed in the add_port_state commandt be used
at least once in power state table.

2. Isolation policy must be the mandatory and suffitieondition of
the power state table.

3. In most cases, level shifter policy can be autoradlyi inferred by
the CAD tools from the power state table, thereftaeeel shifter
policy can be omitted. However, if level shifterlipp is defined,
it must conform to the power state table definition

4. The UPF object name should not overlap with thagtesbject
name in the same scope

5. All reference to design objects, i.e. instance rmm@dule name,
signal hierarchy and names, must conform to thigdetatabase.

6. All references to library objects, such as PG pmalti-voltage
cell name etc., must conform to the object names alnject
attributes in the library.

Besides the above general checks, there are soemischpecific to
certain design styles. For example, instead of dma&in of power
switches, two chains of power switch cells are usadother-daughter
type power switch design flow. In this case, theohetion type of the
virtual supply definition must be defined as thegtial type.

Although one UPF file could be perfectly correctaaling to the
syntax and design database related check, theofackrtain syntax
support in some EDA tools makes the UPF unusatdease the UPF
file is supposed to be used in both in the impleatgon and
verification flow, it is important to make a UPFrnmand and option
support table, which contains the commands andweptivhich are



supported by all the EDA tools needed in the deiigm of a projects.
The UPF file qualification process must take thisak into account.

3.3 Low Power Static Verification

The aim of the low power static verification isdieeck for architecture
errors related to low power design, and violatianth respect to the
library attribute usage and the UPF specification.

One of major requirements in a power gating desgthat a spatial
crossing must be in an electrically safe statdldtnae [2]. Corrupted
signals from a power down domain must be protebjeidolation cells
if the corrupted signals drive some active logicate power states.
Table 3 shows the verification check list for igmla cells.

Table 3 Isolation Cell Check List

No Description

ISO 1 Missing isolation cell

ISO_2 Redundant isolation cell

ISO_3 Normal isolation cell locate in OFF block

Always-on isolation cells are located in the ON

ISO_4
- block

ISO 5 Isolation cell data input pin is driven by an
— always-on constant.

ISO_6 Isolation cell output is floating.

ISO_7 Isolation control signal has wrong polarity

ISO_8 Isolation control signal is tied to a constan

1SO 9 Isolation control signal corrupted when the
- destination domain is ON

ISO 10 Isola’_u_on _ cell type mismatch with UPF
— specification

1SO 11 Isola_tl_on _ cell name mismatch with URF
- specification

Except ISO_4, the checks shown in Table 3 are, ale\e, severe
errors which require mandatory revision of the gesiSO_4 is not
mandatory to fix, but recommended because of implaation cost of
always-on isolation cells.

To protect the spatial crossing in multi-VDD desitgvel shifters are
needed. The check points for level shifter celés ar
1. Missing level shifter cell from low voltage to higbltage
2. Missing level shifter cell from high voltage to lowltage
3. Incorrect level shifter cell type
4. Input Voltage is different between the UPF spealfn and
library attribute
5. Output Voltage is different between the UPF speaffon and
library attribute
6. Level shifter location mismatch between the desagm the
library attribute.
Note that the high to low type level shifters ameded mainly for
accurate timing analysis purpose, therefore, théck is recommended
to be an optional check.

When both isolation and level shifter cells arecsfied to protect the
same wire and their location specification is thene power domain,
an enable level shifter should be used insteachefisolation cell and
one level shifters. It is recommended that thi$ c@nbination should
be checked, which should only happen in the aboeeaio and only

in this scenario. Naturally, enable level shiftahérit most checks
from both isolation cells and level shifters, whiafil not be listed
here to avoid overlap.

To enable fast state restoration after power upnt®n cells are used
for some or all registers in power gating domaifike checks for
retention cell are listed as the following:
1. Redundant retention cells other than the retemite defined in
UPF specifications
2. Mismatch between retention cell name used in tlsgdeand the
UPF specification
3. Retention cell control (save/restore) signal shoodsne from
always-on logic
4. Retention cell control signal (save/restore) id tie a constant

Always-on check is one of the most critical che@iks power gating

design. A bug related with always on can make asrtooubles for the
chip operation. Although doubles of specific scemmcan be made for
always on checks, two general rules can be sumethesg follows:

1. Signals with always on requirement should not berugted
unless the destination logic is powered off.

2. Always on cells should be used only when necessamy, its
input(s) should not be corrupted when the alwaysdhitself is
still power on.

In the above principles, signals with always onuiement can be
divided into two categories: one is the cell pifirkd with always on
attribute in library; the other category includde tsignals which
should be treated as always on in the design, asiciock, reset signal
etc. Note that, by default, all the pins of an ajsran cell have
always-on attribute.

Power switches can be grouped to cut off supply rieta power
domain. Checks on the power switches are summaaizéallows:
1. Incorrect power switch type (header/footer)
2. Power switch name mismatch with UPF specification
3. Power switch control signal should come from alwaggath
4. Power switch control signal should use always offebsi when a
buffer is needed between power switch cells
5. Power switch control signal is connected incorgeutith respect
to UPF specification

Beside the above logic rule checks, physical rhkeck is mandatory to
ensure that each cell is connected to the correatep and ground
supply net. The multi-VDD and power gating techmisiicomplicate
this issue significantly by increasing the numbkthe possible power
supply net and making the difference of real antual supply nets.
Special attention must be paid to the PG connégtofi the following
cells:
1. Standard cells in a power gating domain: to chéckal supply
net and virtual supply net are connected correctly
2. Multi-Voltage cells, especially always on isolatioglls, always
on buffer/inverter, level shifters, retention cedts.
3. The PG connection of power switch cells should eesphe UPF
specification and library pin “direction” attribute
4. Multi-rail cells and Hard-Macros.

The checkpoints listed above are targeted to casenuch as possible
the bug scenarios that appear in the general paying and
multi-VDD designs. However, real designs and speclésign flows
could introduce additional bugs which are not cederere.

3.4 Low Power Dynamic Verification
Although static verification techniques are powkrdind exhaustive,
the bugs which could be found by low power stagcification are



limited in scope, because power management is tEbem dynamic
process.

Simply speaking, the goal of dynamic verificatientd find any bugs
uncovered by the low power static verification stdjp achieve a
successful low power dynamic verification, both altage aware
simulator and a detailed low power verificationrplae mandatory.

A voltage aware simulator resolves the logic valugh the
consideration of voltage influence. Essentially, valtage aware
simulator provides the following benefits:
1.When a block is powered down, all the outputs o€ th
combinational elements and sequential elementlisnpowered
down block should be forced to be ‘X' value befgewer up.
The X-injection mechanism enables us to catch bingshe
un-protected power domain crossovers. In the wanefX value
will appear in the un-protected crossover. In satioh, abnormal
behavior of the logics driven by the un-protectemssover will be
observed soon after the driving power domain isgradown.
2.The simulator implements retention functions acoaydto the
control signals specified in the power intent sfieation.
3.Logic resolution should take the accompanied veltaglue into
consideration for a multi-vDD design

To uncover a bug in simulation, verification plamgii.e., defining the
possible scenario and test vectors to exercisebtltg is the most
important step. The first part in the verificatignhan is to check
whether the power aware simulation behavior worksspecified by
UPF and power control signal values. For example:

1. The values of the logic in a power gating domairsinioe checked
whether they are corrupted as expected when thepdamain
sleep enable signal is asserted.

2.The process of power up of a power gating domairstnine
checked carefully after the sleep enable signdkeisisserted, i.e.
whether the power down starts at a proper powee sféer power
up. Most power gating domain uses Power-On-Res@RjP
techniques, therefore, registers should be reseietliately after
the sleep enable signal is de-asserted.

3. The isolation output clamping value must be chedgainst UPF
specification for each isolation policy, especiallien more than
one isolation policies are defined for a power diomand there
are some power domain interfaces exempt from tbéatien
policy.

4.The retention behavior could be very complex, aratyv
significantly with cell types and library vendorhe save and
restore behavior of some retention libraries depardclock and
reset signals. A detailed study of the retentionef@m must be
conducted to check if the retention model workexqsected with
respect to the waveform provided by the libraryd@n

5. All the always-on signals, multi-voltage cell casitsignals and
wakeup signals must be checked in detail to avoydumexpected
corruptions. Although the always-on checks can deedby the
low power static verification step, the frequenside update and
ECO could easily introduce this kind of errors, ggivthat low
power static verification is not complete or nopoged due to
mistakes by static verification engineers.

6.Memory and Hard-Macro power gating behavior mustplhel
special attention when they are put in a powerngatiomain.
Hard-macro simulation models could contain some afiein
codes, such as initial statement, which could hawexpected
behavior in power aware simulation.

7.The behavior of power gating components which arthe form
of the encrypted codes should be checked. The eadgyption
could incur problems for X-injection process in mowaware

simulation, depending on in what form of encrypttha codes are
encrypted.

8.The behavior of power gating components in VDHLgaage

must be checked, because the power aware simutagrhave
limited mix-language support for power aware sirtiaka

The second part of the verification plan shouldezahe possible low
power control sequence bugs as follows:
1. The polarity of control signals after system bopt-ln most SoC

designs, all the power gating blocks are turnedafter system

boot-up is finished, i.e. the SoC starts with tHeoa state.

However, there are indeed some SoC designs respiine or all

of the power gating modules to be at OFF state #ftesystem is
boot-up. The related sleep enable signals, isolaitable signals
and other power gating control related signals niestthecked
just after the system boot-up process is finisloechéke sure that
the system boot-up correctly.

.The sequence order and polarity of the sleep ersipteal(s) and

isolation control signal(s) for each power gatirgnain must be
checked. Simply speaking, isolation enable sigtage to be
asserted earlier than sleep enable signal is edsemd has to be
de-asserted later than sleep enable signal is stgted. In real
SoC designs, multiple sleep enable signals (eghenataughter
type power switch control signals) and multiplelason enable
signals (eg. for high clamp value and low clampueawill make

the scenario complicated.

3. The sequence order and polarity of retention relatentrol

signals must be checked. The sequence relationsbigeen

save/restore signal, the isolation control sigma aleep enable
signal should be checked first. Figure 1 shows aamgple

waveform of dual control signal retention cell [Beside this, the
condition of save and restore edge must be cheekbdrespect

to the guidelines in the library specification. Ndhat although
reset signal is not shown in Figure 1, reset sighauld be kept
inactive at the save and restore edge. Furtherrsorege specific
design flows put further constraints on save arstbre condition
than that specified in library.
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Figure 1. Dual Signal Retention

4.The relationship between power gating control digraand low

power state control signals of IP must be checlsedne I1Ps and
bus protocols require that the IP must be in aiipetate before
going to power down state.

5. The relationship between clock gating and poweinganay need

to be checked according to design guide. Some mleffigvs

require clock gating signal to be asserted durirgggower down
period, to reduce the clock tree power. But thiads mandatory
because there is no functional error when the clsakot gated
for power down scenario.



6. The relationship between clock gating control atashdby control
signal must be checked.
Besides the above sequence checks for each powieg gtomain,
sequence checks must be done for control signaigeba different
power gating domains, with respect to specific Soé€sign flow
document.

The final part of the verification plan should covlee power state and
state transitions. First, the design must be \egtifo work as expected
in all the power states and for all the possib{gleransitions between
power states. Second, all the registers relatgawer control must be
verified to be in a proper state with respect te gower state and
power state transitions. Therefore, the verifiaagddan should not only
cover the start and end states of state transjtlmntsalso the internal
state requirements (eg. power control FSM) foresti@nsitions.

Given the regularity of the power control sequeressertion based
verification should be used in conjunction with mping based
verification methodology, to provide a predictatded measurable
verification flow. Essentially, all the power cooltrsequence and
power state transition related checks can be cdvese assertions.
Beside that, all the always-on related checks awaep up states check
can be done by assertions.

4. THE PRACTICE OF LOW POWER
VERIFICATION WITH UPF

4.1 Test Case Introduction

Alive2

Alivel

ARM Core

Figure 2 Power domainsin the design

The design testcase has very stringent power m@gemt under
different operation modes to extend the batteryratpm life. For the
design used in the evaluation, the design sizbasita40 million gates,
with several 10s of IPs. It employs multi-VDD, pawgating

[MTCMOS headers and footers], complex state redargind Dynamic
Voltage and Frequency Scaling (DVFS) based powenag@ment
techniques to meet aggressive power budgets. Asrsivo Figure 2,
there are 30 different power domains. Among thé&p®ver domains,
8 are power gating domains controlled by softwaegisters, 1
hard-macro IP has power gating scheme in the I sameral memory
components are power gating memories.

One notable low power architecture of the evaluaesign is that not
only some IPs are power gated, but also the tojgmeanodule is
power gated. Most power gating domains for IPs emetrolled
independently by software registers. When the towgy domain is

power gated, all the other power gating domains poeer gated
except one special power domain. Some power doniadhsding top
power domain have state retention capability tlaat lse controlled by
software registers.

Significant verification challenges are posed bghsa complex low
power design

1. Power intent in UPF: capturing the power intentdadesign with
30 power domains is a very challenging task. WitfPFU
specification running to over 2000 lines, the fikgrification
challenge is to check for consistency and correstnef the
specification itself.

2.Legacy design codes: The design uses legacy cadeofwer
gating blocks, in which isolation cells have beaeserted. This
puts a significant deviation from the standard Wdw.

3. Multi-rail cells: A multi-rail cell has more thame power supply.
As these cells can not be partitioned to a spepiiwer domain,
special care must be taken for these cells.

4. Power state space: The number of possible power istembers is
huge for a 30 power domain design. In our desiga,number of
legal power states numbers more than 4000. Suatge humber
of power states make the power state coverage ehhaitenge.

5. Custom retention: The design use both clock deperated clock
independent type retention cells in the designthHesmore, the
design flow requires complex restore behavioral emdwhich
depends on relationships among restore controtkcémd reset
signals.

4.2 Low Power Verification Flow with MV-Tools
Low power verification should be performed in thrgtages, that is,
RTL stage, pre-layout netlist stage and Post-laywmttist stage. As
shown in Figure 3, at each stage, MV-Tools creataudti-voltage
database (MVDB) with the inputs of design databésg Verilog
codes), UPF file and library, then the MVDB canused by MVRC
for low power static verification and MVSIM for lowower dynamic
verification [5]. The MVDB generation process coisps of two
steps: multi-voltage compilation with MVCMP, and Itinwoltage
elaboration with MVDBGEN.

|Design Filesl I UPF | I Libraries

| |
v

[ wmvewe |

A

| wmvoBeen |

v v

| MVRC | | MVSIM |

Figure 3M VDB generation

Although simple at both pre-layout and post-laymetlist stages,
preparing design file at RTL stage for MVDB genimnatflow requires
some efforts for a large SoC design, due to vditgloif IP providers:
1. Separate Verilog codes from VHDL code
2.Bypass compilation file list: some hard-macro medbhving
behavior codes may make multi-voltage compilatiafficdlt.



Some encrypted modules (depending on the way opitation)
may also need to bypass the multi-voltage compitasitep.

To ease the effort of the preparing the bypass datign file list,

MV-Tools provides two environment variables. Thee fiist can be
specified with wildcard support in one environmerdriable, or
directory names can be specified where all thes fite the directory
will bypass the multi-voltage compilation step.

4.3 Low Power Static Verification
MVRC® was used for static rule check on design dduBF.
Specifically, tool version 2009.06 was used [5].

4.3.1 MVRC Flow Setup

MVRC can be seamlessly integrated in all the thstges in the
standard UPF flow, including RTL stage, pre-laygate netlist, and
post-layout netlist. MVRC provides a set of TCL coaends to
perform different kind of static checks for eachg#t in the UPF flow.
A Makefile template is provided with the tool redeafor easy
customization and setup. The MVRC tool setup flaveasy and
flexible according to our usage experience.

Generally, MVRC recognizes special cells in theigtebased on the
cell and pin level attributes of their liberty .dlescriptions. If liberty
does not have correct attributes then a cell mapfiim can be used to
override or append attributes and description oinfbrmation, which
is called LIBMAP flow. As shown in Figure 4, theitialization file
(archpro.ini) was used to direct MV tools, abowg torrect location of
such cell mapping file.

1
set_isolation_cell -cell ISO_AND \

-enable {b L} \

-data a \

-function ANC
tcbn65lpweld20d72_ces_pg.o

[dvv]
search_path = ../Inpu
link library = tcbhn6s

tebn6Slp

tcbn65Slpweld90d? ccs pg.db
tcbn6Slpwe _ces_pg.db

libmap_file path = /remote/archpro/libmap.map

Figure4 MVRC LIBMAP flow

The LIBMAP flow is very helpful when a library doest have all the
necessary attributes listed in Section 3.1, andifsignt delay is
expected to add the missing attributes due to thet verification
procedure in library infrastructure team.

4.3.2 MVRC Check Summary

MVRC offers a rich variety of checks that allowedngprehensive
verification of both UPF quality and the designatetse. The checks
could be divided in two main categoriesritique flow andintent flow.
In critiqgue flow, the power intent infrastructure (power domai
definitions, isolation & level shifter strategiek ¢ is checked against
power state table as a reference. These checlefdheicould validate
UPF power intent alone. Thetent flow on the other hand, verifies the
design structure against complete UPF.

Structural checks verify protection logic agairet Power State Table
in UPF. These checks cover scenarios such as missimedundant
cells, incorrect type of cell, incorrect locatione( power domain),

incorrect isolation polarity and isolation-enabdéls and incorrect type
of level shifting used(by verifying the “standardhim rail” attribute).

For retention registers, MVRC verified the reaclipbof the retention

control specified in the UPF against the actuaiaign the design.

Architecture checks verify that isolation contraldapower switch
control signals are generated from the correct dem@hey also
perform island-ordering checks on important sigraish as Clock,
Scan, Reset and other rails that are requirechtairealways ON.

Once a PG netlist and the UPF file generated by R&d®s, such as
ICC, become available, MVRC was used to perform gregvound
connectivity checks based on power partitions dlesdrin UPF. It
could further check PG connectivity of level shifteisolation cells
and power switches and further validate UPF completgainst the
netlist.

4.3.3 User Experience

The overall user experience for MVRC was very pesitThe Quality
of Results increased confidence in the design awdep intent. The
compile and run time performance was also satisfact

MVRC shows excellent quality to qualify a UPF filelVRC could
find almost all the critical bugs listed in Secti8r2. Some bugs found
by MVRC in the UPF qualification for the testcassign are:

» Missing isolation policy

» Redundant isolation policy

» Power port state not defined, but used in powee $&ble

» Missing level shifter policy

 Signal/instance name defined in UPF, but does rist & the

design database

One notable point is that MVRC does not strictlyedk the UPF
support table of the Synopsys Eclypse platform. WheUPF file
contains some command options which are not suggdiy Design
Compiler (DC), MVRC does not create a warning mgsesa

MVRC discovered many significant bugs in the testcdesign, and
shows the quality of sign-off tools. Some of bugsrfd by MVRC are
listed here:

* Not Reachable of retention controls: the contrghals for some
retention registers in one particular power domfaund to be
un-connected in the netlist.

» For some instances of dual rail isolation cells always ON cells,
the back-up and primary power rails were shorted.

» Missing ‘no-isolation’ policies on the output of \DOFF’ power
domain.

« Island Order checks — Normal buffers were foundeoinserted
(instead of always ON cells) for isolation enablgnals and
wakeup signals, which was illustrated in Figure 5.

Wakeup signal is

corrupted Power OFF
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AON

Wakeup
Interupt

[N~
L~

Figure 5. Corruption of Wakeup signal



The results of rule checks are output in the foflain-text, tabulated
reports. Although the reports themselves may barcknough to
understand, traversing between a given error/wgrimirthe text report
and the design or UPF is tedious and inconventamnthermore, for a
large design with complex power intent, the lengftfa single text file
was too long, making the usability more cumbersome.

Based on our feedback, Synopsys R&D has enhanaedeftorting

structure in next release (version 2009.12 betasal) of the tool. In
particular, GUI-based tabbed browsing of reportd agper-linking

between a given error in the report and the soofegror in the netlist
alleviate the usability issues to great extent.

4.4MVSIM

4.4.1 The Legacy Simulation Flow

For verification of dynamic power, the legacy tesivironments in
Samsung used in-house X-injection tools. This teddng with
non-standard power management schemes had senetatibns:

1. Voltage as binary value: Treating voltage as “readfiable that
could ramp-up or ramp-down was lacking in the homen tools.
This prevented engineers from accurately verifyimg switching
activity during voltage ramps.

2. Non-scalable methodology: The design was very lafpe power
architecture was also complex. The legacy methodédaot be
scaled to handle this combination of scope and texitp.

3. Power-on Reset: Verifying power-on reset was ingurcriteria
of the low power verification setup. The legacy heet could not
test this scenario.

4. Unplanned or Unsafe state transitions: The designtwhrough
several power and logic states. Therefore, alititdetect unsafe
or unplanned states was another important conditii the
legacy tools could not meet.

The limitations described above prompted the adaptf a more
sophisticated, standard and scalable low power fication
methodology.

4,42 MVSIM Flow Setup
The design was verified at block level using poaare test benches.
There were three flavors of such verification eorinents maintained
throughout the verification effort:

1. OpenVera + NC-Verilog (3-step)

2. Specman ‘e’ + NC-Verilog (3-step)

3. OpenVera + VCS

Compile UPF and RTL using MVCMP

!

Generate MV Database using MVDBGEN

A 4

Compilation and elaboration of RTL
Compilation, linking of OpenVera/ Specaman testbgnch

A 4

Run simulation with MVSIM loaded as VPI library

Figure 6. MVSIM Integration with HVL Based Testbench

The MVSIM integration flow is illustrated in Figuré. MVSIM
allowed a seamless and easy integration with alkttisting functional

verification environments of the testcase desigagardless of
testbench language and the choice of simulators.

According to our experience, the general flow ttugea low power
simulation is as follows:

1. Check that the original simulation works correcéjthough this
looks straightforward, it is very important, es@dlgi for an
on-going project.

2.Elaborate multi-voltage database MVDB, but run datians
without low power simulation options (called TRANSRENT
mode in MVSIM) on MVDB to check if the low power
elaboration process is perfect

3.Run low power simulation in PROTECTED mode or
ACCURATE MODE, depending on the design databasdesfgn
database is golden RTL codes without multi-voltagéls, low
power simulation should be run in the PROTECTED encthe
ACCURATE MODE is mainly used for gate-level simidars,
where multi-voltage cells have been inserted.

4.In cases of any abnormal behavior happen, check dower
related information in the log file and the powentrol signals
and signal corruptions in the waveform to locate source of
problem. Revise the design files or UPF specifizatio correct
the problems.

4.4.3 Addressing the Challengesin the Test Case

Design with MVSIM
The verification challenges of the testcase defligted in Section 4.1)
are addressed by MVSIM as follows:

1.Protection Gates at RTL level: As the testcase gdedias
protection gates that are already placed at RTlgestahe
challenge was to accurately verify them with respéc
specification in UPF. This is a non-standard URmvflbecause
some IPs have inserted protection cells and sonmét.dthe
designers wanted to run simulations by virtuallyngdating
protection cells only where they are not placed. this case, the
PROTECTED mode of MVSIM simulation helped. In
PROTECTED mode, MVSIM would associate UPF protectio
policies only for the crossovers for which protentigates are
NOT present at RTL stage. It respects already iagigirotection
gates.

2.Handling of Multi-rail Macros: For multi rail macsp explicit
connect_supply_net commands are written in UPFotder the
power network to the macro ports. MVDBGEN recoggeizay
cell with more than one pg_pin as a multi rail neacOnce
MVDBGEN marks a cell as multi rail macro, MVSIM do@ot
corrupt its internals. Multi voltage semantics suh shutdown
corruption are applied only to the logical portattare related to
power ports where voltage events take place.

3. Hierarchical Power State Tables (PST): Hierarchie&8T and
wild cards in supply port states helped to make lduyal state
specification of such a complex chip compact ardable.

4.Continuous assignment is the power down domain:theno
particular helpful feature was to mark certain sigpaths as
always-on at RTL. Such signals, even if passingugh the
shutdown domain, would not be corrupted by MVSIMieh is
particularly useful to model the always on consiginals, such as
resets, isolation enables, save, and restore signal clocks when
they traverse through different power domains.

5. Custom Retention: Tool was enhanced to attribuferént types
of retention policies to different sets of registeEnhancements
were made to apply clock dependent and clock inoidgre
retention schemes used in the testcase design.

4.4.4 User Experience



The power aware simulation behavior provided by MM &an help
engineers to easily detect many problems relaté tve power gating,
multi-VDD design [6,7,8,9]. The design issues caumhMVSIM for
the power gating design can be categorized intoviahg groups:

1. Power gating control sequence

2. Signal Corruption in Power Gating domains

3. Protection cell related

One of the important design specifications in oower gating design

is the power on reset, i.e, sequential elementsbeareset when the
reset signal is actively asserted at edge of tlveepsupply is given.

Therefore, it is very important that the reset ssested before sleep
signal is de-asserted. Figure 7 shows a reset seguerror: reset is
asserted after the deassertion of the sleep ersidphal, where the
register output Q has a corrupted value “x” for period after the

power supply is given back and before the resetasig asserted.

Sl RN

CLK

RESET L
ISO_EN _
PSO ]

REG_IN 00 X 05
REG_OUT 00

Figure 7. Power On Reset Assertion Sequence

With custom retention of type clock low retentighere is an extra
dependency on clock polarity for a successful rasitin. Figure 8

illustrates that the restoration operation wassugtessful as the clock
was gated to wrong polarity [1] when the save_restwignal was

de-asserted for restoration. The clock should Heeen gated to ‘0’ at
save_restore negative edge for successful operafidhe retention

flop.

PSO [ 1

CLK_EN

ek  _LI U LML L]
RESET |

RETN -

Figure 8. Failed Control Sequence for Custom Retention

Another issue with the power gating design is flgea corruption in
the power gating domain. One common error is tbatesalways on
signals are corrupted because some normal bufiersutiplexers
with switched supply net are used when routinghia power gating
domain. These errors are usually serious desigrs,bwhich could
cause functional errors at the power down modehWe power
aware simulators like MVSIM, these bugs can betifled easily by
the X-injection mechanism.

MVSIM corruption mechanism again helps us to fisdlation cells
related bugs, such as incorrect isolation enablaripg incorrect
protection cell type etc. Besides catching theaisoh enable polarity
problem with waveform, MVSIM generates warning naggs in the
log files as follows:

[MVSIM]WARNING5514:Outputoflsolationcell
tb.dut.n148forlsolation policygprs_iso_in
is'0’.Expectedvalue="1"attime=256ps.

MVSIM also has the capability of detecting the casg¢he missing
level shifter, and the input of signal runs out thput_voltage_range
of level shifter, which is very helpful for verifyg the multi-vDD and
voltage scaling design. Figure 9 shows how thel Isivifter output was
corrupted when the input is the out of range spetifn the liberty
attribute input_voltage_range of the level shifter.

vour s 7o XX o e e X Xea X X X s

LS_IN 0A X A5
VOLT_D 1.08
LS_OuT 0A X X X A5

Figure 9. Level Shifter Corruption when Voltage Change

The desired features missing in MVSIM are verifiwatplanning and
sequence assertion automation. Verification plamoiha design with
large PST is a complex task to which we could fived satisfactory
solution. An automated way of capturing the plagnintent (that
adequately describes high level power state tiansit, and verifying
that the entire intended verification plan was edieovered will be a
great value addition to the tool and low power figation
methodology. Further, automated generation of powentrol
sequence assertion will greatly improve the veatfan confidence
and debugging capability.

5. CONCLUSIONS
In this paper, both the principle and the practiéethe low power
verification with UPF have been studied in detail.

The paper highlights an extensive checklist forcessful low power
verification with UPF, including checks for the fdsy attribute, UPF
power intent, low power static verification and dymc verification.
The paper shares our experiences of low power Wification using
MV-Tools. The procedure to setup the verificatidowf and how the
MV-Tools help uncover low power bugs are explained.

In conclusion, UPF based low power static and dyoararification
methodology helps save verification efforts, redsitieon debug time
and ensure first pass silicon success.
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