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ABSTRACT

With the widespread adoption of advanced low podesign and
implementation techniques in SoC designs, the ofléow power
verification has been more critical than ever. Awbed low power
design techniques, such as power gating, stateti@te multi-vDD
etc, require significant revisions of the verifict methodologies,
library infrastructure, advanced CAD tool supponbhda serious
engineering efforts to tackle the huge complexity both
implementation and verification.

In this paper, the principle of low power verificat is first introduced.
Low power verification is defined as the basic peab of verifying

whether the low power intent is defined and impleted correctly.
Based on the low power intent in Unified Power FarrlUPF), the
paper emphasizes the interaction of the low powtebate in library,

UPF low power intent, design and implementationesp@nd the EDA
tools in low power verification. The paper highlighan extensive
checklist for successful low power verification WitUPF, including
checks for the library attribute, UPF power inteloty power static
verification and dynamic verification.

This paper will share our experience of low powerification with the

Synopsys® MV-Tools for a complex low power desigiith about 30

power domains, complex power-state machines aedtieh schemes.
Besides some common problems addressed by the volthige low

power verification flows using MV-Tools, some sp#qgdroblems will

also be addressed, such as the legacy RTL codes wtaection cells
was inserted directly to RTL codes, multi-rail seind the complex
power states in the design. The paper emphasizdoth power

verification challenges faced for complex low powagsigns, and
illustrates how the MV-Tools help to solve thesaldnges.

We conclude with how UPF based voltage aware statit dynamic
verification methodology for low power designs dalp save lot of
verification effort, silicon debug time and ensuiest pass silicon
success.

Categoriesand Subject Descriptors
B.7.2[Design Aids]: Verification

General Terms
Experimentation, Verification

Keywords

Low Power, Verification, UPF.

1. INTRODUCTION

Low power is one of the most important design rastiin current
Silicon-On-Chip (SoC) designs. The importance of tbw power
design not only comes from the objective of extagdhe battery life
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of mobile devices, but also is motivated by packegst, electricity
bills, circuit reliability and environment issues.

To meet the budget of low power metric in SoC desigis common

that one SoC design employs a couple of complexgower design

techniques, from the traditional clock gating t@ thdvanced power
gating and multi-VDD design techniques, from theide level up to

architecture and system level [1]. The applicatibthese complex low
power techniques not only increase implementatiomptexity, but

also put significant challenges for verificatiod.[2

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

UPF is documented. Section 2 describes the veiiitachallenges
from the advanced low power design techniquesi@estexplains the
principles of low power verification with UPF. Sext 4 shares our
experience of conducting low power verification lwitUPF 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 tategories from
the verification perspective, based on whethertdtlnique involves
any voltage control. Traditional low power desigetniques such as
clock gating, multi-threshold logic and other logiccell optimization
technigues have no influence on the power netwdrkhe design,
while advanced low power design techniques, suchmaki-VDD,
power gating w/o state retention, voltage scaligD-standby and etc,
tightly influence the power network of design. Altlgh the influence
of the traditional low power design techniques enfication is trivial,
the advanced low power design techniques which hwedovoltage
control introduce significant verification challezrsy

First, the power gating design dramatically incesathe verification
complexity. The verification complexity is signifintly increased by
the addition of new problems of verifying isolatistrategy, power
gating control strategy, state retention implemigota AON signal

buffers and etc. Moreover, the problem of verifythg power gating
control unit is huge when the number of power gatiomains is big,
due the exponential increase of the possible pastees and state
transitions.

Second, to resolve a signal value in multi-VDD amdtage scaling
designs, the supply voltage values of its driveppbu net must be
considered.

Third, there is no Verilog syntax to express theaspt of voltage
control. The development of UPF provides a possitdg to define
power intent without changing the golden RTL design

Finally, significant update of the whole verifiaai infrastructure,
including the library and CAD tools, is requiredadd the power net
information and to make CAD tools to be voltage mwva



3. THE PRINCIPLE OF LOW POWER
VERIFICATION WITH UPF

Low power verification with UPF, the process ofifygng whether the
low power intent is defined and implemented cotyecinvolves
several steps. UPF flow compatibility check of &ibyr is the first step
in the verification flow. After finishing UPF filehe first step to start is
UPF quality check, to make sure that the UPF pamtent is defined
correctly and insistently, with respect to the goidlesign RTL codes
or netlist. After the UPF power intent is qualifieiatic verification is
the best choice to make sure that design is impiéedein the way
matching the UPF power intent, and there is no igecture error.
Finally, dynamic verification must be performedctver all the power
states, state transitions, and any errors whictdaoot be checked by
the previous step.

3.1Library Check

Low power verification flow with UPF needs strongpport from
library attributes related to power/ground suppig usage attribute of
the pin and etc. Liberty standard 2007.12 [3] defim complete set of
library attributes, which are enough for low powerification flow.
However, in practice, the library providers onlydgzhrts of the liberty
attributes defined in the liberty standards. Thanefit is important to
check whether necessary library attributes haven tsmirled to the
library infrastructure before starting the low pawerification, or else,
it might take a lot of time to debug the design Bogally find the
source of the problem comes from a missing atteifutibrary.

The first mandatory attribute in the library is thg_pin attribute.
Table 1 listed the mandatory attributes.

Table 1 PG Pin Requirementsin Liberty Files

Library

Level gﬁ:i;iveel Pin Level Attribute

Attribute
Pg_type
voltage_name
related_power_pin

voltage_map | pg_pin input_signal_level_low

- — input_signal_level_high

output_signal_level_low
otput_signal_level_high
always_on

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

Some important notes for library check are:

1. Although in theory, power_down_function attributese not
needed for all the multi-voltage cells in the statérification and
dynamic verification flow, it is recommended to atiés attribute
in all the multi-voltage cell library for the lowogver 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 pippof 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 would help in port/pin basedtipaning in
UPF and thereby successful and easiy verificatibmaolti-rail
cells and hard-macros where each pin could operatedifferent

voltage.

Table 2 Liberty Attributesto M odel M ulti-Voltage Cells

Cell Leve . :
Cell Type Attributes Pin Level Attribute
. is_isolation_cell isolation_cell_enable_pin
Isolation : . . : -
valid_location isolation_cell_data_pin
is_level_shifter
Level :ﬁVﬁ![_?/f(l)llf;taerEty&i EIevel_shifter_enable_pin
Shifter put_ ge_rang level_shifter_data_pin
output_voltage_range
valid_location
retention_pin
Retention | retention_cell power_gating_pin
nextstate_type
switch_function
. pg_function
Switch swnch_cell__type switch_pin
user_function_class .
- - power_down_function
always_on
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 avilide 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, therefteeel shifter
policy can be omitted. However, if level shifterlipg is defined,
it must conform to the power state table definition

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

5. All the reference to the design object, i.e. inseanames, module
name, signal hierarchy and names, must confornhéodesign
database.

6. All the reference to the library object, such as RS,
multi-voltage cell name and etc., must conform le Dbject
names and object attributes in the library.

Besides the above general checks, there are soewksclspecific to
certain design styles. For example, instead of cim@n of power
switches, two chains of power switch cells are ursadother-daughter
type power switch design flow. In this case, theohetion type of the
virtual supply definition must be defined as thegflal type.

Although one UPF file could be perfectly correct@aualing to the
syntax and design database related check, thedfackrtain syntax
support in some EDA tools makes the UPF unusatdeadse the UPF
file is supposed to used both in the implementatiod verification
flow, it is important to make a UPF command andaypsupport table,



which contains the commands and options which appated by all
the EDA tools needed in the design flow of a prigedhe UPF file
qualification process must take this check intcact.

3.3 Low Power Static Verification

The aim of the low power static verification isdioeck the architecture
error related with low power design, and violatievith respect to the
library attribute usage and the UPF specification.

One of major requirements in the power gating degghat a spatial
crossing must be in an electrically safe statdldtnae [2]. Corrupted
signals from a power down domain must be proteboyeolation cells
if the corrupted signals drive some active logics@ne power states.
Table 3 shows the verification check list for idgma 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 QN
ISO_4
- block
Isolation cell data input pin is driven by an
ISO_5
— 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
1SO 10 Isola'.ulon _ cell type mismatch with UPF
- specification
1SO 11 Isolaltllon _ cell name mismatch with URF
- specification

Except 1SO_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 imetgaiion 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 higloltage
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 speatfon and
library attribute
6. Level shifter location mismatch between the desam 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 an isolation cell and a level shifter is sfiedito protect the
same wire and their location specification is taeme 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 aboeaaio and only
in this scenario. Naturally, enable level shiftaherit most checks
from both isolation cells and level shifters, whiskil not be listed
here to avoid overlap.

To enable fasting state restoring after power ef@ntion cells are used
for some or all registers in power gating domaifise checks are
retention cell are listed as the following:
1. Redundant retention cells other than the retemida defined in
UPF specifications
2. Mismatch between retention cell name used in tlsggdeand the
UPF specification
3. Retention cell control (save/restore) signal shoodsne from
always-on logics
4. Retention cell control signal (save/restore) id tiea constant

Always-on check is one of the most critical che@lispower gating
design. A bug related with always on can make ssrtmubles for the
chip operation. Although doubles of scenarios camiade for always
on checks, two rules can be summarized as follows:

1. Signals with always on requirement should be natupded
unless the destination logics are power off.

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

In the above principles, signals with always onurement can be
divided into two categories: one is the cell pifirted with always on
attribute in library; the other category includdee tsignals which
should be treated as always on in the design, asictock, reset signal
and etc. Note that, by default, all the pins ofahmays-on cell have
always-on attribute.

Power switches can be grouped to cut off supply neta power
domain. Checks on the power switches are summaazéollows:
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 offelbsi when a
buffer is needed between power switch cells
5. Power switch control signal is connected incorseetith 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 techmsicomplicate
this issue significantly, which increases the numbkthe possible
power supply net and makes the difference of redl artual supply
nets. Special attention must be paid to the PG exiivity of 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 cellsd etc.
3. The PG connection of power switch cells should eesthe UPF
specification and library pin “direction” attribute
4. Multi-rail cells and Hard-Macros.

The check points listed above is targeted to cagemuch as possible
the bug scenarios appears in the general powerggatid multi-VDD
designs. However, real designs and specific dedigws could
introduce additional bugs which are not covereaher

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



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

Simply speaking, the goal of dynamic verificatianto find any bugs
uncovered by the low power static verification std@ achieve a
successful low power dynamic verification, both altage aware
simulator and a detailed low power verificationrpla mandatory.

A voltage aware simulator resolves the logic valwith the
consideration of voltage influence. Essentially, valtage aware
simulator provides the following benefits:
1.When a block is power down, all the outputs of¢bebinational
elements and sequential elements in this power dbleck
should be forced to be ‘X’ value before power upeTX-injection
mechanism enables us to catch bug of the un-peatgobwer
domain crossovers. In the waveform, X value wilpegr in the
un-protected crossover. In simulation, abnormalabihr of the
logics driven by the un-protected crossover willdbserved soon
after the driving power domain is power down.
2.The simulator implements retention functions actwdo the
control signals specified power intent specificatio
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 exercisebtlgg is the most
important step. The first part in the verificatiplan is that if the power
aware simulation behavior is working as specifigd*F and power
control signal values. For example:
1.The values of the logics in a power gating domainstmbe
checked whether they are corrupted as expected wirepower
domain sleep enable signal is asserted.
2.The process of power up of a power gating domairstnine

checked carefully after the sleep enable signdeigsserted, i.e.

whether the power down starts at a proper poweée sféer power
up. Most power gating domain uses Power-On-Res&RJP
techniques, therefore, registers should be reseiediately after
the sleep enable signal is de-asserted.

3.The isolation output clamp value must be checkesainaty UPF
specification for each isolation policy, especiathpre than one
isolation policy are defined for one power domaind there are
some power domain interfaces exempt from the igolatolicy.

4.The retention behavior could be very complex, aratyv
significantly with cell types and library vendorEhe save and
restore behavior of some retention library depemuslock and
reset signals. A detailed study of the retentionef@rm must be
conducted to check if the retention model workexsected with
respect to the waveform provided by the librarydan

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

6.Memory and Hard-Macro power gating behavior mustphel
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 endegyption
could incur problems for X-injection process in powaware
simulation, depending on in what form of encryptiba 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 verification plan should covee 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 turnecafter system
boot-up is finished, i.e. the SoC starts with tHeoa state.
However, there are indeed some SoC designs resoiine or all
of the power gating modules to be at OFF state #ftesystem is
boot-up. The related sleep enable signals, isolaimable signals
and other power gating control related signals nlesthecked
just after the system boot-up is finished to makee ghat the
system boot-up correctly.

2.The sequence order and polarity of the sleep ersapeal(s) and
isolation control signal(s) for each power gatirayréiin must be
checked. Simply speaking, isolation enable signa$ o be
asserted earlier than sleep enable signal is aedsentd has to be
de-asserted later than sleep enable signal is stgtad. In real
SoC designs, multiple sleep enable signals (eghenataughter
type power switch control signals) and multiplelasion enable
signals (eg. for high clamp value and low clampieaiwill make
the scenario complicated.

3. The sequence order and polarity of retention relatentrol
signals. The sequence relationship between sat@kesignal,
the isolation control signal and sleep enable digeuld be
check first, as shown in Figure 1 using an exam@eeform of
dual control signal retention cell [2]. Beside thise condition of
save and restore edge must be checked with redpethe
guidelines in the library specification. Note thathough reset
signal is not shown in Figure 1, reset signal stiooé kept
inactive at the save and restore edge. Furtherrsoree specific
design flows put further constraints on save amstbre condition
than that specified in library.
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Figure 1. Dual Signal Retention

4.The relationship between power gating control digraad low
power state control signals of IPs must be chec8edhe IPs and
bus protocols require that the IP must be in aifipestate before
going to power down state.

5. The relationship between clock gating and poweinganay need
to be checked according to design guide. Some wmleffogvs
requires clock gating signal to be asserted dutiegoower down
period, to reduce the clock tree power. But thinds mandatory
because there is no functional error when the clsakot gated
for power down scenario.

6. The relationship between clock gating control ateehdby control
signal must be checked.



Besides the above sequence checks for each powieg gtomain,
sequence checks must be done for control signaiseka different
power gating domains, with respect to specific Sdé€sign flow
document.

The final part of verification plan should covertpower state and
state transitions. First, design must be verifeediork well as expected
in all the power states and all the possible legaisitions between
power states. Second, all the power control relaggisters must be
verified to be in a proper state with respect te fower state and
power state transitions. Therefore, the verificagidan should not only
cover the start and end states of state transitiohalso the internal
state requirements (eg. power control FSM) foresti@nsitions.

Given the regularity of power control sequence,ed&m based
verification should be used in conjunction with mplang based
verification methodology, to provide a predictatdad measurable
verification flow. Essentially, all the power cooltrsequence and
power state transition related checks can be cdvbse assertions.
Beside that, all the always-on related check andepaip states check
can be checked by assertions.

4. THE PRACTICE OF LOW POWER
VERIFICATION WITH UPF

4.1 Test Case Introduction

Alivel

Alive2

ARM Core

Figure 2. Power domainsin the design

The design testcase has very stringent power mmeint under
different operation modes to extend the batteryratmn life. For the
design used in the evaluation, the design sizbasie40 million gates,
with several 10s of IPs. It employs multi-VDD, pawgating

[MTCMOS headers and footers], complex state retentind DVFS

based power management techniques to meet aggregsiwer

budgets. In all, there are 30 different power dearpaAmong these 30
power domains, 8 are power gating domains conttdilg software

registers, 1 hard-macro IP has power gating schientbe IP, and

several memory components are power gating memories

One notable low power architecture of the evalualesign is that not
only some IPs are power gated, but also the topgrienodule is
power gated, as illustrated in Figure 2. Most pogeging domains for
IPs are controlled independently by software regsstWhen the top
power domain is power gated, all the other pow¢ingadomains are
power gated except one special power domain. Samempdomains

including top power domain have state retentiorabdjpy that can be
controlled by software registers.

Significant verification challenges are posed bghsa complex low
power design

1. Power intent in UPF: capturing the power intentdatesign with
30 power domain is a very challenging task. With FUP
specification running to over 2000 lines, the fikatrification
challenge is to check for consistency and correstnef the
specification itself.

2.Legacy design codes: The design takes quite legadgs for
power gating blocks, in which isolation cells haheen inserted.
This puts a significant deviation from the standdRF Flow.

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

4. Power state space: The number of possible powr istembers is
huge for a 30 power domain design. In our desiga,number of
the legal power states goes up to more than 400€h @& big
number of power states make the power state coeesabdig
challenge.

5. Custom retention: The design use both clock deperated clock
independent type retention cells in the designtHésmore, the
design flow requires complex restore behavior modéich
depends on restore control signal, clock signalresdt signal.

4.2 Low Power Verification Flow with MV-Tools
Low power verification should be performed in thrstates, that is,
RTL stage, pre-layout netlist stage and Post-laymitist stage. As
shown in Figure 3, At each stage, MV-Tools needsat a
multi-voltage database (MVDB) with the inputs ok database (eg.
Verilog codes), UPF file and library, then the MVRBN be used by
MVRC for low power static verification and MVSIM fdow power
dynamic verification. The MVDB generation processnprises of two
steps: multi-voltage compilation with MVCMP, and Itwoltage
elaboration with MVDBGEN.

I Libraries

DesignFiIesl I UPF |
I

| MVCMP |

A

| MVDBGEN |

v v

| MVRC | | MVSIM |

Figure3MVDB generation

Although simple at both pre-layout and post-laymetlist stages,
preparing design file at RTL stage for MVDB geninatflow requires
some efforts for a large SoC design, due to vditalof IP providers:
1. Separate Verilog codes from VHDL codes
2.Bypass compilation file list: some hard-macro medbhving
behavior codes may create difficulty for multi-age
compilation. Some encrypted modules (dependinghernwtay of
compilation) may also need to bypass the multiagst
compilation step.



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

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

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

4.3.1 MVRC Flow Setup

MVRC can be seamless integrated in all the thregest in the
standard UPF flow, including RTL stage, pre-layaate netlist,
post-layout netlist. MVRC provides a set of TCL cuoaends to
perform different kind of static checks for eachag#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 theiglebased on the
cell and pin level attributes of their liberty .dlescriptions. If liberty
does not have correct attributes then a cell mapfilim can be used to
override or append attributes and description boinfbrmation, which
is called LIBMAP flow. As shown in Figure 4, theitialization file
(archpro.ini) was used to direct MV tools, abou torrect location of
such cell mapping file.

1
set_isolation_cell -cell ISO_AND \

-enable {b L} \

-data a \

-function ANC
tcbn6Slpwce0d20d72_ces pg.o

[dvv]
search_path = ./Inpu
link library = tcbn6s

tchn6Slp

tebn6Slpweld20d? cecs pg.db
tchnéSlpwe_ces_pg.db

libmap file path = /remote/archpro/libmap.map

Figure4MVRC 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 thiet werification

procedure in library infrastructure team.

4.3.2 MVRC Check Summary

MVRC offered rich variety of checks that allowedhgarehensive
verification of both UPF quality and design databakhe checks could
be divided in two main categoriecritique flow andintent flow. In
critique flow, the power intent infrastructure (power domai
definitions, isolation & level shifter strategies ¢ are checked against
power state table as a reference. These checlefahecould validate
UPF power intent alone. Thietent flow on the other hand, verifies the
design structure against complete UPF.

Structural checks verify protection logic againstM@r State Table in
UPF. These checks cover scenarios such as missieglundant cells,
incorrecttype of cell, incorrect location (i.e. power domaimcorrect
isolation polarity and isolation-enable rails anddrrect type of level
shifting used(by verifying the “standard main radttribute). For

retention registers, MVRC verified the reachabildl the retention
control specified in the UPF against the actuatalién the design.

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

Once a PG netlist and UPF” (generated by P&R tanish as ICC)
became available, MVRC was used to perform poweunapl
connectivity checks based on power partitions diesdrin UPF”. It
could further check PG connectivity of level shifteisolation cells
and power switches and further validate UPF coreplehgainst the
netlist.

4.3.3 User Experience

The overall user experience for MVRC was very positThe 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 Secti®2. Some bugs found
by MVRC in the UPF qualification for the testcassigin are:

« Missing isolation policy

* Redundant isolation policy

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

» Missing level shifter policy

« Signall/instance name defined in UPF, but not erighe design

database

One notable point is that MVRC does not strictlyeadk the UPF
support table of Synopsys Eclypse platform. Wh&iPé& file contains
some command options which are not supported bygbeSompiler
(DC), MVRC do not warn on this.

MVRC found out many significant bugs in the tes&cakesign, 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 donfainnd to be
un-connected in the netlist.

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

« Missing ‘no-isolation’ policies on the output of NBOFF’ 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
Wakeup \ N~ AON
Interupt L

Figure 5. Corruption of Wakeup signal

The results of rule checks are in output in fornplafin-text, tabulated
reports. Although the reports themselves may barcknough to



understand, traversing between a given error/wgrimrthe text report
and the design or UPF is tedious and inconvenianther, for a large
design with complex power intent, the length ofiregke text file was
too long making the usability more cumbersome.

Based on our feedback, Synopsys R&D has enhanaedetiorting
structure in next release (version 2009.12 betasd) of the tool. In
particular, GUl-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 tedbng with
non-standard power management schemes had sexetations:

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

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

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

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

The limitations described above prompted the adaptf more

sophisticated, standard and scalable low power fication
methodology.

4.32MVSIM Flow Setup

The design was verified at block level using poaeare test benches.

There were two flavors of such verification envinments maintained
throughout the verification efforts.

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 withintiegisfunctional
verification environment, regardless of testbenahglage and the
choice of simulators.

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

1. Check the original simulation works correctly: altigh this looks
straightforward, it is very important especially am-going
project.

2.Run low power database elaboration, but run plaimkstions
without low power simulation options (called TRANSRENT
mode in MVSIM) on the low power database to chédké low
power elaboration process is perfect

3.Run low power simulation in PROTECTED mode or
ACCURATE MODE, depending on the design databasgesfgn
database is golden RTL codes without multi-voltagdls, low
power simulation should be run in the PROTECTED encthe
ACCURATE MODE is mainly used for gate-level simidats,
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 defigred in Section 4.1)
are addressed by MVSIM [5] 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 respés
specification in UPF. This is a non-standard URmvflbecause
some IPs have inserted protection cells and sonmet.dbhe
designers wanted to run simulations by virtuallyngdating
protection cells only where they are not placed.reHe
PROTECTED mode of MVSIM simulation helped.

In PROTECTED mode, MVSIM would associate UPF pridbec

policies only for the crossovers for which protentigates are
NOT present at RTL stage. It respects already iegigirotection

gates. Recognition of instantiated special cellshsas isolation,
level shifter, always on etc are in fact done atDBGEN stage.
MVDBGEN reads liberty .db cell level and pin levattributes

and recognizes special cells and associates theim WiPF

policies correctly.

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

3. Hierarchical Power State Tables: Hierarchical (BSared wild
cards in supply port states helped to make thel lstgte
specification of such complex chip compact and absel

4.Continuous assignment is the power down domain:th@no
particular helpful feature was to mark certain sigpaths as
always-on at RTL. Such signals even if passingufhoshutdown
domain would not be corrupted by MVSIM. There hasrbcases
where some behavioral continuous assign statenaeatased on
control signal paths such as resets, isolation lesalsave, and
restore signals and clocks when they traverse gtralifferent
power domains.

5. Custom Retention: Tool was enhanced to attribufereént types
of retention policies to different sets of registeEnhancements
were made to apply clock low and clock free retamtschemes
used in the testcase design.



4.4.4 User Experience
The power aware simulation behavior provided by NMS®an help
engineers to easily detect many problems relatéu tve power gating
design [5,6,7,8]. The design issues caught by MVStsh be
categorized into following 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 seggror that reset is
asserted after the de-assert the sleep enabld,sigmere the register
output Q has corrupted value “x” for the perioceathe power supply
is given back and before the reset signal is asbert

Reset should have been asserted here

= Group1

St1->8t0

0 toiso St1
-

b DUT st st

L bDUT.ck st

#-nbDUTIinp[31:0] 300 0000

0 topso

% 0 h.DUToUp[31:0]  xxxx xxxx

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 rasmn. Figure 8

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

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

flop

- GroupG
0 Voroff
Ocken
g
rersl
_ﬂ\@_reshm
-+ CLRFF
0 dalg oulT0)
+ 0 fd_poingrf2 0]
+ [ stalue_cnf]3:0)
-  wr_pointer(20]

Figure 8. Failed Control Sequence for Custom Retention

Another issue with the power gating design is figaa corruption in
power gating domain. One common error is that sameays on

signals are corrupted because some normal buffemsultiplexers
with switched supply net are used when routinghi@ power gating
domain. These errors are usually serious desigrs, bwgich could
cause functional errors at the power down modehWlie power
aware simulators like MVSIM, these bugs can betified easily by
the X-injection mechanism.

MVSIM corruption mechanism again helps us to finggb related
isolation cells, such as incorrect isolation engbbdarity, incorrect
protection cell type and etc. Besides catching ido¢ation enable
polarity problem with waveform, MVSIM generate wamg message
in the log files as follows:

MVSIM] WARNING 5514: Output of Isolation cell th.dut.nl48 for Isolation
Policy gprs iso_in is '0'. Expected value = 'l1l’' at time = 256 ps.

MVSIM also has the capability of detecting the case¢he missing
level shifter, and the input of signal runs out thput_voltage_range
of level shifter (Figure 9), which is very helpftor verifying the

multi-VDD and voltage scaling design.

Real Voltage value ramp
4DVE - TopLeve

B Flo St Vew Sinusier Sianl Scops Trece Wincen Felp

Corruption when voltage value
is outside inferred LS range

|

Supply_on.supply_on

spply_on value

Figure 9. Level Shifter Corruption when Voltage Change

The desired features missing in MVSIM are verificatplanning and
sequence assertion automation. Verification plagoia design with
large PST is a complex task to which we could firadsatisfactory
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 veatfim confidence
and debugging capability.

5. CONCLUSIONS
In this paper, both the principle and the practfethe low power
verification with UPF has been studied in details.

The paper highlights an extensive checklist forcessful low power
verification, including the library attribute, UR&w power intent, the
checking rules for low power static verificationdamow to perform the
dynamic verification.

The experiences of low power UPF verification usiky-Tools are
documented. The steps to setup the verificatiow famd how the
MV-Tools help uncover low power bugs are explained.
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