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ABSTRACT

Thecheckerconstruct is a nevieaturedefined in IEEE 1802009 it

is intended to facilitate the definition and usage of libraries of
assertiongnd to delineate verification code from RTh this paper,

we describeour experience in usincheckerdor the evaluation of a
cache controller designThe gal was to evaluate how easy it is to
define and then utilize the checkers in a variety of configurations.
Checkers were defined tinclude static concurrent assertions,
proceduralconcurrentassertionsimmediateand deferred immediate
assertions. The checkers were thestantiated statically and
procedurally in the design module. We also experimented with
where the checksrare defined andhow formal arguments were
used. Simulation was used to confirm our results, with both pass and
fail assertion results expected.

We start with a brief description of the design in evaluation and the
verification environment, including a list of the chexkéhat were
defined. We then provide an overview of some of the key aspects of
the testing, including 1) how static and procedural assertions inside a
checker are treated when the checker is instantiated statmall
procedurally in the desigr2) use ofdeferred assedns to prevent
transient errors3) argument passingand 4) configuration checks
(e.g, elaboration time checks)These are all areas where the 2009
release of the standard professes to have improved usabfiéitthen
show the checker diinitions and instantiations and discuss our
personal experiences in the use of checkers.

Categories and Subject Descriptors
IEEE 18002009 SystemVerilogheckers and assertions

General Terms
Verification.

Keywords

IEEE 18002009, checker, Sysw@/erilog Assertions, verification.
deferred immediate assertion, concurrent assertion, sisartion
procedurahssertio, static checker instantiation, procedural checker
instantiation.

1. INTRODUCTION

The checkerconstruct provides an encapsulatiof all assertiorand
coveragerelated code for use in RTLbehavioraldesigns and in
verification environmentsin this paper, we share our experience in
creating checkers for the verification of a cache controller design.
Section 2defines the designnd verification environment, including

an overview of the checkers that were creaBsttion 3provides an
overview of the important concepts that were the focus of our
analysis. These are the features that distinguish checkers from their
predecessor made-based libraries. Section 4shows the checkers

that were created. FinalJlyBection 5summarizes our impressions
after creating and using checkers to evaluate our desighe
presentation andhe SystemVerilogcode used onthis project are
available fo download.”

2.0DESIGN AND
VERIFICATION ENVIRO NMENT

This section defineshe cache controller model and the key
requirements that will be tested. The design requirements were
intended to be very simplistic so as not to overly complicate the
andysis. The verification strategy, including the overview of
checkers to be defined, is also described.

2.1 Cache Controller Model

Many systems have a cache for storage of temporary data that is
likely to be used again. The advantage of the cache isatlats is
typically much faster than accessing that data in main memwory
external memory via a netwarl cache controller is usdd access

its internal cache and to control what data is contained in the cache.
An address/data pair and entry statudi¢//invalid) is referred to as

a cache lineThe cache is implemented usittgeecache memaes

to emulate the cacheentries these consist ofcache_entry
cache_mem_addandcache_mem_dataTo quickly determine that

an entry is valid (i.e., théexists" functior), a large 1bit wide
memory (cache_valigl with depth identical to the main mery is
used. Figure 2.11 represents an overview of the cache memory
model.
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Figure 2.1-1 Cache Memory Overview

Cachereadswill either result in a hiti(e.,, cache_exid, the desired
addressed data was found in the cache) miss (i.e., the desired
addressed data is not available in the cachehissis defined in the
model as the invert afache_exists When amissoccurs,the cache



controller will retrie\e the data from main memory and then add the
data to the cache.

For a read or a write transactiofithie cache is fuland the cache
does not contain the datthe oldest address/data in the cache is
replaced. The oldest address/data algorithm for thesign uses a
first-in first-out (FIFO) to implement the oldest address/data
replacement because it is simpl&@he addresses are stored in a
FIFO. Address/data in the cache is replaced by popping the oldest
address from the FIFO, and adding the new dathaddress to the
cacheand theaddress to the FIFO

The cache controller also controls what data is written to the cache
memory. Data written by the user is always copied to the cache and
to the main memory, i.e., a writerough cache. When data isitten

to the cache, the cache is checked to see if there already exists data in
the cache at that address. If so, the data is updated. If not, a new
cache line is added, i.e., the data is added to the cache and the
associated address is added to the FIFO

The cache controller has a user interface and a main memory
interface, as shown in Figu&1-2. The cache memory is internal.
The user interface consists of the following signals:

Signal Function
data_vid | If 1 6 kthénrd_datato user interfaces valid
busy Instructs user interface to stop sendiegvread / writes
rd Read commanfiom user interfacelf 1 6 thén read
wr Write commandrom user interfacelf 1 6 khén write
addr Addressrom user interface
rd data | Read @tato user intedice from cache or main memon
wr_data | Data to write from user interface to main memory
clk System clock
rst_n System reset

The main memory interface consists of the following signals:

Signd Function
mem_rd Read commantb main memory | f  1réad |
mem_wr Write commando mainmemory | f 16b
mem_addr Addresgo main memory
mem_rd_data| Read memory data from main memory
mem_wr_data| Write data tomain memory
User Main
interface Memory
datavid .|  Cache Controller Interface
busy <« rd
Control mem_|
Logic mem_wr
d — mem_addr
wr —> Man
mem_rd_data MEMORY
addr
+ mem_wr dae
rd data « Cache cache_exists
Memory cache data
wr_data mejp
ck —
rst_n —>

Figure 2.1-2 Cache Controller Overview

2.2 High level Requirements

This section provides a summary of the requirements. It does not
necessarily define all the needed properties, nor does it define the
implementation, as that could be a risk if the requirements impose an
implementation.

General requirements:

1. Main memory The rmain memory is slow, and requireso8 more
cycles to read or to writeThe size and latency of th@ain memory
are parameterized. The data is latched on the falling edge of the
write signal and is driven on the rising edge of the reathsig

2. Cache The @ache accesses are very fast, minimally 1 clock cycle.
The @che size is parameterizéthis cache is arite-through cache
thusthe write to memory always proceed€ache lines are either
updated or created on writeBhey are alsareated on cache read
misses.

3. Userinterfacewrite: If a write fromtheuser interface occurs, then
the write must be forwarded to main memory and to the cadhe.
there is awrite cachehit, meaning thaa cacheentry already exists
then thecachedine must be updatebecause we are doing a write
addition, a wite through tathe main memorymust also occurUser
interface writesare always one cycle, and the cache controller is
responsible for the timing to the main memory. That timing is
minimum of three rising clock edgekut could be more cycles as
defined by a parameter; this latendlpas time to update the main
memory. SeeFigure 2.21 for the timing of a user interface write.

4. Cache full If the cache $ full and a new value ost be written
into the cache, then the oldest entry mhesteplaced

5. User interface read, data in cachia read from the user interface

is requested and the data is in the cache, then on the next rising edge
of the clock,data_vldwill be asseed, and the data wibe supplied

to the user interfacen therd_databus Figure 2.22 demonstrates

the timing for a readequeswith dataalready in the ache.

6. User interface read, data not in cachié:a read from the user
interface is requésd and the data is NOT in the cache, then on the
next rising edge of the clock data will be fetched from the main
memory At the last cycle of the data fetch from the main memory
the main memory data &ored into the cache, aiglavailable to the
user(withd at a _ v | )d SeeHigute 2.23 for the timing of a
main memory read witta cache missassuming a main memory
access time of 3 cycles

7. User interface busyThe cache controller shall assetiwsysignal
to the user interface to instruct b stop sending read or write
commands.
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Figure 2.2-1 User Interface Write
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2.3 Cache Controller Architecture
The architectureof the cache contrl@r consists offive main

elements, as shown below.

cache_mem

A cache memorinstantiation

LRU_fifo

Instantiation of aFIFO emulating the
least reusable algorithm

filling_cache_invalidates

Provides controls to theRU_fifo and
the cache memory (e.g., invalidate,

push, pop)

main_mem_valid

Controls the main memory

Conditional

Select data itend_data

Figure2.3represents a high level view of the model implementation.
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Figure 2.3 Cache Controller Architecture

2.3 Verification Environment

A simple testbench was written to provide stimulus to the design
under test. Synopsss  YrovRled early access to a simulator that
supports many of the new features in the 2009 release of the
standard. A thorough evaluation of checkers should ideally iaclud
formal analysis as well, but the availability of tools is still limited at
this time.

Since the purpose of the cache controller design is evaluating the
new checker constructwe wanted torely completely on the
assertions in the checkers to verify tthesign. The checkers to be
developedshall perform the following types of functions:

User writes This checker checks thahe main memory and the
cache are updated for every user wrjtét also checks thathe
minimum access requirements areet Since the memory is
parameterized, elaboration time checks are used to confirm that the
parameter value has integrity.

User reads: This checker checks that wherreadmiss occurs, the
data is fetched frorthe main memoryit is thenprovided back to the
user, andthe read datés added to the cacheThedata_vldsignal is
asserted rising clocks after thed signal is assertedvheren is the
main memory access timérhe checkeralsochecks that when a hit
(mis9 occurs the proper data is returned he user andhat the
main memory is not accessed. Twa_vldsignal is asserted on the
next rising edge of thelk.

Cacheinvalidate Whenthe cache is full and more data needs to be
added this checkerchecks that the oldesaddresss invalidated ad
then overwritten.

Data integrity. This checker checks that reads and writes to the
various memories do not colligend that control and data signals are
never X or Z values.

In addition to the verification checks, cover statements will be added
to the checkers.

3.0 CHECKER CONCEPTS @

The 2009 release of the standard professes to have improved the
usability of assertion libraries with theheckerconstruct. In this
section, we describe what we believe are the key features that
distinguish checks from their predecessor modidased libraries.
These features form the criteria for our evaluation.

Checkersgroup relatd assertions coverage and supporting code

into individual verificationunits. Theyare designed to be ablelie
placed anywher in the code; thusthey can be placed in close
proximity to the code that is being evaluated. Checkers can contain
static or procedural assertions, and they can be instantiated statically
or procedurally. It is important to understand these classifitaiio

order to understand how the assertions in the checker will operate.

Another new feature of the standard, not specific to checkers but
allowed in checkers, are deferred immediate assertions. Deferred
assertions help to prevent transient errors. Argnt passing and
elaboration time configuration checks make the use of libraries
simpler and moreeusable



3.1 Classification of Checker Assertiors

Understanding how assertions in a checker are processed requires the
understanding of theiclassificdions. Assertion statements inside a
checker are classified as follows, aréshown in Figures.1:

1) Static concurrent assertiogn Those are concurrent assertion
statemergthat gpearoutside procedural code

2) Procedural concurrent assersonA procedural concurrent
assertion is one that is in a procedural block, sucahaays, initial

or finalprocedure

3) Immediate assertian The immediate and deferred immediate
assertion statement®st thatan expressiorholds The test is
performed whe the statement is executed in the procedural.code

checker chk(...); Static
ap_static: assert property(...); concurrent
assertion

always @ (clk) begin:c_al
ap_procl: assert property(...);
ap_immd1; assert(..);
end:c_al

Procedural
concurrent
assertion

final begin: c_final

ap_immd2: assert(...); h

end: c_final

Immediate
assertion

endchecker : chk

Figure 3.1 Classification of checkersassertion statements

3.2 Classification of checker Instances

A checker can then be instantiated in various usitsh as modules
interfaces or program3hey can be instancesltsideof procedural
statements (i.ealways initial or final blocks), and are callestatic
checkerinstances Checkers can also be instangeside procedural
statemers, and are called procedural checkerinstance. As
previously stated, thsignificance of this classification comes into
play because it impacts how assertioleined inthe checkers er
processed by SystemVerilogFigure 3.2 demonstrates the
classification of checker iretces.

Checker
Instantiation

module m(...);
Static

checker
instance

Procedural
if(enb) begin : m_ifl ¥ T checker
- e ok
chkc _a,m H Sl instance
end :m_ifl
end:m_al

shown in Figure3.2.1 Notice that in this case, the code of the
checker is directly instanced in the modufea manner similar to an
instantiation of a module.

Emulation of static checker

module m(...); instance

// chkchkif..);

ap_static: assert property(...);

Static
concurrent
assertion

always @ (clk) begin:c_al
ap_procl: assert property(...);
ap_immd1l: assert(...);
end:c_al

Procedural

concurrent
assertion

final begin: c_final
ap_immd2: assert(...);
end: c_final

Final

procedure

endmodule :m

Figure 3.2.1 Emulation of Static checker instanceg(chkl) in a
module
3.2.2 Procedural checker Instantiation
If a checker is instantiated in a module proceduralhgn the

checkerdéds behavior depends on t|
checker includes: procedural concurrent assertions or static
concurrent assertions. The rules are as follows:

Checkerb6s static concurrent as ¢

procedural code ina module

If a modulé grocedural code instantiates a checker that includes
static concurrent assertions, then thesaic concurrent assertions
behave as if they were insertigdine at the point of insertion of the
checker Thus, the checkeéstaiticconcurrent assertions are affected
by the conditions i mploayéitdalfinali t hi
statements.For example, the static concurrent assertions within the
checker will be impacted by ahor caseconditions of thealways
procedire in the module that instantiates the checker.

Checker procedural concurrent and immediate assertions ignore
procedural code ina module

[1] Procedural concurrent assertion statements in a checker shall be
treated just like other procedural asserticgtatements Thus, a
procedural concurrent assertion in a checker behaves as a standalone
procedural concurrent assertion, and does not inherit aspects of its
enclosing checkeThes thhesdlaernt d a1t |
concurrent assertions behave ahéyt were directly inserted within

the module, as procedure statements, and are not sensitive to the
procedural code in the module in which the checker is instantiated.
However, the checkerés procedur
their procedural defitions. For example:

endmodule : m

Figure 3.2 Classification of checkers instances

checkerchk_test(..);
always@ posedgeclkl)
aplassert property
@ posedgelk?) req |=> @ (posedge clk3) ack);
endchecker chk_test

3.2.1 Static checker Instantiation

Checker static instances behavas instantiated code in module.
When a checker is instantiated as a static checker insthod its

code behaves as if it were instantiated dire€tlyin-block) in the
module after the proper argument associations are made. That code
includes the static concurrenassertions and the procedural
concurrent assertionsUsing the checker s in Figure3.1, the
equivalent emulation of the static checker instance in a module is

In the above procedural concurrent assertion, regardless ofhgow
checker is instantiatedipl must first wait for theclocking event
(posedge clkl)before putting the assertion into the procedural
assertion queu€rhe assertion is insensitive to any conditiénof
casg under which that checker is instantiatedy(ein a module,
always@ posedgeclk)if(condition) chk_tekk_test (1é) ;



Figure3.2.21 highlights a checker declaration that includes a static
concurrent assertion amskveralprocedural concurrent assertion
That checker is instantiated as agedural checkdnstancewithin a
module

The equivalent emulation of the procedural checker instance in a
module is shown in Figur8.2.2-2. Notice that in this case, the
checkerés pr oc edu rsaie directynicstancede n t
(i.e., inblock) in the module in a manner similar to module

instantiati on. However, t he
|l ocated at the point of (e, merti on
checker chk(...); Static
ap_static: assert property(...); ﬂ
assertion

always @ (clk) begin:c_al
ap_procl: assert property(...);
ap_immd1: assert(...);
end:c_al

Procedural
concurrent
assertion

final begin : c_final

ap_immd2: assert(...); @.—

end: c_final

Immediate
assertion

endchecker : chk

module m(...);

always @ (posedge clk) begin: m_al

Procedural
checker
instance

if(enb) begin : m_ifl

chk chk2(...);

end :m_ifl
end:m_al

endmodule :m

Figure 3.2.2-1 Procedural checker instancen a module

module m(...);

always @ (posedge clk) begin: m_al

if(enb) begin : m_ifl
ap_static: assert property(...); ——=—ry{

Static concurrent
assertion goes here

JL

end :m_ifl
end:m_al
Procedural
always @ (posedge clk) begin: c_al concurrent assertion
ap_proc: assert property(...); goes here

ap_immd1: assert(...);
end:c_al

final begin: c_final
ap_immd2: assert(...);
end : c_final

Final procedure
goes here

Figure 3.2.2-2 Emulation of procedural checker instancen
module

endmodule :m

¢ h ey

3.3 Deferred Assertions

Deferred assertions are not unique to chegkieosvever,because
they are new to the standard atitky enable the creationfo
combinatorial library elements that were previously not possible.
Deferred assertions delay the reporting of failures to later in the time
step after transitioning signals have settled, and all but the last failure
areafilstesreg ?u%. i'I'hoisnavoids unnecassnoise in simulation reports.

For example, suppose we have an immediate assertion that checks

Knerfi dhdwr styhal hré feverb@attle af tfeRdme fine.S € T ¢
of the " ch st

eckeros 1 n ance

checkercache_integrity

é

/I read and write cannot both be active

never_rd_wr: asset0 ( not(rd && wr))
$erro( " Si mul t aneous read and write

é

endcheckercache_integrity

If back to back reads and writeere legalit is possible that the read

write signals wi-k| i#fd &r0sliot.i o nB efcr
assetr i on reporting is delayed, t h
report. In effect, each transition flushes the previous transition so

that only the stable ending value is actually evaluated.

3.4 Passing Formal Arguments

Some significant advantages existthe way formal arguments are
passed to checkers versus modulEEE 18002009 SystemVerilog:
Assertiorbased Checker Librari€s™® described this in detalil.
Unlike modules, the new checker construct allows for passing
arguments like properties, sences, and events. Also, defaults can
be assigned to any port, including configuration parameters that are
passed as part of the port list.

Inferred  value system functions $inferred_clock and
$inferred_disableexist that can be used to set the defaallie of a
clock or a reset. The inferred value is derived from the context in
which the checker is instantiated. The inferred cloateisvedfrom
procedural code first, then from a default clock specification. The
inferred disable is derived from awmelefault disable iftonstruct if
itexists,ot her wi se the inferred value
While passing formal arguments has been simplified, it is also
possible to take advantage of the checker construct without having to
define any port list. Signals in a aker that are not local and not a
formal parameter will resolve to the signal in the scope in which the
checker is declared. So if you define the checker in the module in
which it is used, it can be instantiated without formal arguments.
However,as of th dateno commercials simulator seems to support
nested declarations

3.5 Configuration Checks

Configuration checks are not specificdioeckers versus modules but

it is new to the standard and is especially useful for library elements.
A configuration check can exist anywhere that is outside aof
procedural code. For example:

checkercache_integrity
/I check that user did override the default
if (mem_size == 0)
$erro("User must configure the memory to
a valid size. The defaultvalué 060 n ot
é
endchecker : cache_integrity

|l egal 0) ;




These types of configuration checks are identified by procedural
code outsideof the alwaysblock. They are checked at elaboration
time so that configuration errors are flagged early on, before
simulation een starts.

4.0 CHECKERS AND DESIGN EXPERIENCE

4.1 CheckerExperience!”

The ports andnticipatedlocal signals of theache controllewere
first declared. Because the requirements were loosely defied
needed further clarificationthe designertarted to translate some of
the requirements into assertions defied single checker The use

of checkers allowedeparating assertions and supporting verification
logic from thecontroller design This is a very important feature of
the checkers.

These assertianclarifiedenough details to start the conteoimodel.

This proces®f assertion writing and design expansieas iterated a
few times untilthesinglechecker becamso complex, and harder to
follow. That single checker encompassednelats dealing with
READS, WRITES and CACHE accesse$t became obvious that a
split of the single checker into smaller checkers, each addressing a
specific functional targets not only a better organizatidrut alsois
easier to follow and maintairiThose checkers include the following:

Checker Function

chk_immd. Inline assertions instantiated procedurally
chk_rd_cntrl. Read miss/hit, instantiated statically
chk_rd_wr_cntlr RD/WR miscellaneousinstantiated statically
chk_wr_cntrl. Write through and cache, instantiated statically
chk_reset. Reset,instantiated statically

chk_fifo LRU Fifo assertions,instantiated statically

chk_invalidate Cache invalidates, instantiated procedurally

1. The chk_rd_cntrl checker addresses the verification thwi
assertions of the read transactions. Those transactions include
the read from cache on a hit, the read from main memory on a
miss, and the invalidation of the oldest cache entry when the
cache is full. The chk rd_cntrl checker also includes the
validation of a cache new entry upon a miss with the verification
of the timing specifications for the read from a user interface and
the read of the main memory.

2. The chk_wr_cntrl checker addresses the verification with
assertions of the writgransactions. Thosetransactionsnclude
the write tothe cache ad the main memory, and thpossible
invalidation and rewrite of the cache entries, per the
requirements The chk_wr_cntrl checker also includes the
verification of the timing specifications for the wrifeom the
main memory.

3. The chk_rd_wr_cntlraddresss the verification & items that
incorporatethe read and write controls, and thdmes notreally
belong to either of the other checkerBor example, there is a
need to verify that there is never a gltaneous read andrite
into the memory. Another example is the verification that data
written to the main memory at a specific address is correctly read
later from that same address, regardless if that data was cached or
not.

4. Thechk_invalidateverifiesthat upon a cacherite and the cache
is not full, the cache line is filled. Figure 41lis the declaration
of thechk_invalidate. Figure 4.12 is an example of the checker

instantiated procedurally

5. The chk_fifo represents a move of the assertiomsvipusly

written into the FIFO model into a checker.

importcache cfl_pkg:*; &

checker chk_invalidate( -
logic [0: 2**MAIN_MEM_ADDRESS_WIDTH-1] cache_valid,
logic [MAIN_MEM_ADDRESS_WIDTH-1:0]
[0 (CACHE_SIZE-1)] cache_mem_addr,
logic [CACHE _SIZE-1:0] cache_entry,
logic [MAIN_MEM_ADDRESS_WIDTH-1:0] addr2invalidate,
logic found_existing_entry,
logic clk, rst_n);
timeunit 1ns; timeprecision 100ps;
if (CACHE_SIZE > 1024) $error("cache size is too large");
default clocking default_clk @ (posedge clk); endclocking ]_
default disable iff Irst_n;

Formal
argument

Elaboration
time check

Defaults

function logic check_cache_entry4MT(); -
automatic logic success =0; // If==1then it was not invalidated
automaticint i;
for (i=0; i <= CACHE_SIZE -1; i++) begin : for1
if(cache_entry[i]==1 && cache_mem_addr{i] == addr2invalidate) begin : if 1
success = 1; // found cache line
break;
end : if_1
end : forl
if (success) check_cache_entry4MT =0; // was not invalidated
else check_cache_entrydMT =1; // was invalidated
endfunction : check_cache_entry4MT

Function -
Must
returna
single
value

Function
used here

ap_invalidate : assert property( // Static assertion
## cache_valid[addr2invalidate] ==0 &8 check_cache_entrydMT());

Tobe
instantiated
procedurally

ap_nothing2invalidate: assert property (found_existing_entry)
else Serror("nothing to invalidate");

endchecker: chk_invalidate

Figure 4.1-1 Declaration of thechk_invalidate

always @ (posedge clk) begin : cache_mem_handling
automatic logic success, found_existing_entry,found_empty _line;
automaticint i, j, found_index;
success =0; found_existing_entry=0;
found_index=0; found_empty_line=0;
if (invalidate) begin : if1
cache_valid[addr2invalidate]<=1'h0;
for (int j=0; je= CACHE_SIZE-1; j=j#1) begin : for1
if(c_acll ¢_entry[il==18&& cache_mem_addr(j] == addr2invalidate) begin :if2

~

(ﬁund_existing_entry:ﬂ?l;

ap_invalidate : assert property( // Sialic assertion

##1 cache valid[addrZinvalidate] ==0 && check cache entrydWT();
ap_nothingZinvalidate: assert property @und_ex\stmg_eﬂlwb

else Serror("nothing to invalidate"); -
endchecker : chk_invalidate

-

)
fouRd-imdexsj— = = =~ -
success=1;
if (found_existing_entry) cache_entry[j] <=1'h0; /I empty line
break;
end: if2

. 1 4
lchk_invalidate chk_invalidate_1(.*); /#checks for invalidates &
efdTifT

Figure 4.1-2 Example of a checker instantiated procedurally

This splitting of the original common one checker imultiple
checkers each targtedto a specific aspect of the design, helped in
further understanding the design, and facilitated the codintpeof



RTL. The deignerthenused severamacs editor imes to display

the design and the checkers respectifélyHaving separate
checkes, each addressing a specific aspect of the asserttios/s

the designer to freely add supporting code withmihgconcerred
about interferace or confusion with the RTLSupporting code
consisted of items such as signal declarations, generation of
registered signaldunction declarationsgand the declaration difielet
statements

As the design was being refined, more assertions were added into the
checkersand additional checkers were adde@he checkers were
staticallyand procedurallynstantiaéd into the cache controllefs

the requirements were beinfurther reviewed along with the
assertions, several other issues were brought up. In particular:

- The lack ofchip select as most memory interfaces have such a
signal.

- Thereal purpose athebusysignal

Those comments were addressed with eldlmordaime checks, the
letconstructs, and thessumeassertiorstatement. Specifically:

Lack of chip select The design represents a partition of the whole
subsystem. The rd/wr signals are inpts, and chip selectcq is
outside the DU. It is the responsibility of the external logic to
enablethe rd/wr signalsbased on some external chip selecfo
clarify this point, we added the lfowing IEEE 18062009
statemerd to thechk_rd_wr_cntlr chk

letcs = rd || wr; // demonstrates the equivalency of this signal
always@ fposedgeclk)mp_no_simultaneous_rdassume propertfy
not(rd && wr));

Role of the busysignal:

Therole of thebusysignalis to put the burden of stopping read/write
transactions when the main memory is being accessed. Since this
stopping actioris outside the boundaries of the DUT, assume
property is used to clarifits intent. That assume statement was
added into thechk_rd_wr_cntlr chichecker:

always@ posedgeclk)mp_busy_no_rd_assume property
busy-p Ird && !wr);

As key sets of assertions within the checkers were written, RTL code
was then defined. The review process of the checkers with the code
brought up errors in the code. For exampleeviewer questioad

why the pushwas not in the RTL on a caclmiss Tha assertion
waslater replace in thehk_rd_cntrichecker with:

generated random transactions. The simulation helped in debugging
errors in both the design and the checkers. However, even errors in
the checkers helped the designer in further understanding the
intended operations of the targeted machine.

4.2 Debugging the Design

We experienced tool issues in that not all tools currently support the
checker constructas it is part of IEEE 1862009 that was just
approved in late December 200Because oftte tight schedule, one
designer used QuestaSim to start the debug process; however, that
tool does not yet support the checkenstruct Thus the debugging
process relied on assertions added directly into the various modules
instead of using checkerstantiations These were later converted

to checkers in the VCS environment and the results compared.

Some of the most helpful assertions were the immediate assertions
injected directly into procedures at various locasowithin the
conditional if staements. For example, in the cache memory
module:

if (invalidate) begin : ifl
é
ap_nothing2invalidate:
asser{found_existing_engfge$errof'nothing to invalidate");

if (wr_cache) begin : wr_cache_updates
é
ap_no_cache_line_foundtetwr
assertfound_empty_line || found_existingeksetry)
$errof"attempt to write a cache line into non existent sftioe%t",

A better methodologshat we adopted with the checkers is to create
a checker that handles immediate assestithat are instantiated
procedurally This would allow consistency in code style, and the
capability to add additional coverage or assertions if needed with
little modifications to the RTLWe thus wrote the following checker
that includes a static coneant assertion The checker can be
instantiated wherever immediate assertions are needed. Note that an
immediate assertion in a checker behaves as a pratedsertion
because it has an impliedways_comlassociated with it. Thus, if a
checker hasmimediate assertions, they will be instantiatedlock,
regardless of how the checker is instantiated (statically or
procedurally). An immediatestatic assertioris neededto enable
inline behavior.

always @ (posedge clkap _fifo_push_on_misssert property
rd && miss |=> push);

The review process alsbrought up the point that an FSM with a
fixed set of states was used to count the main memory access time.
The FSM was replaced wittegarate read and a write cycle timers
(rd_cycle_timewr_cycle_tin)eto allow for the parameterization of
the main memry access timéor reads and writes The chk_imm
checker (discussed later on) was used inline ircttudne_controller

to verify that the proper conditions of the timer were correct upon a
read.

if(rd && mis®egin: rd_from_main
chk_immd chk_immdl cycle_timer_not_zérobhecker instantiatio
.the_what(rd_cycle_timer==0),
.msg("wr signal when memory counter !=0"),
.clk(clk));
é

As partitions of the RTL design and the checkers were completed
and integraad, the design was verified using a simple testbench that

checkerchk_immit(gicthe_whastringmsgjogic clk);
// static concurrent assertion
ap_test_nowssert properfy@ posedgeclk) the_what)se
$erro("msg, the_what=%podt the_wha%time);
endchecker chk_immd
It
/I cache_controller
always@ posedgeclk)begin: main_mem_accesses
é
else begin: elsel_mt4wr// find an empty line
é
chk_immdhk_immd_no_cache(linghecker instantiation
.the_what(found_empty||lifoeind_existing_entry),
.msg("L111 attertpptvrite a cache line inteexistenspace"),
.clk(clk)g

end: elsel_mt4wr
end: wr_cache_updates
end: cache_mem_handling




As design errors were corrected, the test reewyi reached a point Il Corrected code, after assertion pointed to region of the error:
where the design appeato work correctly. However, to ensure always@ (posedgeclk)begin: rd_data_output
that data written into the memoiyg correctly read, the following if (rd && misegin: rd_miss_data_from_mem
assertion was written. data_from_mem <= 1'b1;
end:rd_miss_data_from_mem
sequence|_wr_wr; elseif (rd && cache_exisesyin: rd_hit
intv_addr; data_from_mem <= 1'b0;
@ posedgelk) ($rose(wr), v_addr=ad(it)$ wr && addr==v_addf; end: rd_hit
endsequenceq_wr_wr end: rd_data_output
propertyp_wr_rd; assignrd_data = data_from_mem && data_vld ? mem_rd_data
intv_addr, v_data; /' If miss, return memory data
disableiff(q_wr_wiriggereq cache_data; // cache[addrif hit, return cache data

($roséwr), v_addr=addr, v_data=wr_data) |

##{1:$] rd && addr==v_addr ##[1:3] rd_data==v_data; Once this correction was done, tliesign seemed to be fully
endproperty p wr_rd functional. Since we worked as a team, we needed to verify the
always@ posedgeclkpp_wr_rdassert propertgp_wr_rd); model with the checkers and the remaining assertions. The model

was then transferred ta test facility where we had access to
After a review, it was determined that the abcassertion is Synopsys VCS and simulation with tbleeckers.

incorrect even thoughat first glance it seems tgust ignore two
write transactiogto the same addresdt actually igroresafter the 5.0 CHECKER IMPRESSIONS
first write, all writes to the same addrebscause of théisable iff
condition Thus, even though the model worked with no violations,
this poorly written assertion gave a false sense of security. The point:
ASSERTIONS NEED TO BE WELL EXAM INED AND
BLESSED FOR ACCURACY. Having all the assertions
collocated in_checkershelp in the review process of assertions
The above assertion was correctritten as:

The use of the checker provided several benefits during the design

and verification of the cache controller. The following lists the set of

observations

1. Benefits The most beneficial se of the checkers that they
provide a clear demarcatiometween the RTL design and the
verification code.

property p_wr_rd: Correct a. The code within the RTL is reduced in size because the
intv addr v data: assertion verification code (assertions and supporting code) is
first_match(($rose(wr),v_addr=addr,v_data=wr_data)##1 separatelyencapsulated In the cache controller model, we
I(wr && addr==v_addr)[*1:3]##1 rd && addr==v_addr) |-> experierced a 75% ratio of assertion lines of code (LOC) to
_##[1:MEM_CYCLES]rd_data;=v_data; DUT lines of code. However, when the assertions are
endproperty: p_wr_rd embedded in checkers, the ratid checker instantiation
always @ (posedgeclk) LOC to DUT LOC was less than 3%. These statistics are
ap_wr_rd: assertproperty(p_wr_rd); shown below.
Checkers
That assertion also led the need ofanother related assertion to Loc 330
verify thatif datais written tothe main memorythenthe data read ‘ézi::twrgse 3;
from the main memoryat that addresshould not changeThe Declarzﬁo':‘srty 7
assertion takes into account that the memory model can be peaked. e TS 10
propertyp_wr_rd_memory; DuT
intv_addr, v_data; Loc 440
first_match@rosdwr), v_addr=addr, v_data=wr_data) ##1 Loc: checker/DUT e
Hwr && addr::r\;lg?g dggi{gdjﬁﬁ' _rgv&cgdagg_dc:w_addr) | Checker instances/DUT < 3%

endproperty p_wr_rd_memory . . .
always@ posedgelkiap wr_rd_memonssert property b. There is @ concern bout interference or confusidoetween
- - = p_wr_rd_memory); the verification code anthe RTL This separation relieves

concerns that verification code can be synthesized
inadvertently Of course, there are other ways to prevent the
synthesis of code, such as the use of pesgrut the use of
checkers is muchblearerand less error prone.

Those two assertiorfselped in thedetecion of the sourcef errors
whenthe ap_wr_rdssertion failed at different time slots. The issue
was the code that selected the source of data to the user interface
from either the cache or from the main memory. Below is copy of

the erroneous code and the corrected code. c. The checkeprovides an manized and structured solution

that is anenable to building smlato medium verification

I/ Erroneous code: units.

/lassignrd_data = miss? mem_rd_daté miss, return memotg da
1 cache_data; // If Imiss, return cache data
Il

2. Instantiation impact: Checkers can be instantiated statically
procedurally within RTL. This allows the insertions of checkers
in locations within the RTL where they make more sense.
Checkers allow for the definition of static or procedural
concurrent assertion#f. a checker is instantiated procedurally,







