Adding Coverage to Your Code

# Sample flow of developing a coverage model

0 DUT Specification

0 Developing a Verification Plan

@ Using e coverage constructs

@ Using SystemVerilog coverage constructs

oG

N (HORRECT

DUT Specification
Instruction format:

15 14 12 11 10 9 8 7 0
mode opcode trg src data

mode
opcode IMMEDIATE (0x0) REGISTER (ox1)

ADD (0x0) (src) + data -> (trg) (src) + (trg) -> (trg)

AND (ox1) (src) & data -> (trg) (src) & (trg) -> (trg)

OR (%2 (src) | data -> (trg) (src) | (trg) -> (trg)

NOT (0x3) ~(src) -> (trg)

LD (x4 mem[data] -> (trg) mem[(src)] -> (trg)

ST (ox5) data -> mem[(trg)] (src) -> mem[(trg)]l

There are 4 registers, any of which can be used as the source (src) or target (trg)
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Developing a Verification Plan

“Black Box” Analysis

Examining the instruction set specification suggests we should:
1. Verify all opcodes and modes
2. Include interesting values for immediate data:

a “edge values”: minimum and maximum

3. Test all valid mode/opcode combinations

“Grey Box” Analysis
Looking at the CPU implementation indicates we should:
1. Assure an instruction in the pipeline never “interferes” with the next one

2. Assure the target register of each instruction is updated before being
used as the source register of a subsequent instruction

(Now write coverage code and measure progress towards these verification goals )

(FORRECT




Adding Coverage to e Code

@ Stimulus and Coverage

# Demonstrate per_instance coverage

@ Stimulus Independent Coverage
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Coverage on Stimulus Struct

(FORRECT

type e_opcode:[ ADD, AND, OR, NOT, LD, ST ] (bits:3);
e e mode :[ IMMEDIATE, REGISTER 1 (bits:1);
e e_reg [ REGO, REG1l, REG2, REG3 1 (bits:2);

typ
typ
str

uct Instruction {
opcode : e_opcode;

mode : e_mode;

src I e_reg; trg: e_reg;

data : byte;

keep opcode == NOT => mode != IMMEDIATE;

mode
opcode IMMEDIATE  (0x0) REGISTER (ox1)

ADD (0x0) (src) + data -> (trg) (src) + (trg) -> (trg)
AND (ox1) (src) & data -> (trg) (src) & (trg) -> (trg)
OR (@ (src) | data -> (trg) (sro) | (trg) -> (trg)
NOT (0x3) ~(src) -> (trg)
LD  (ox4) mem[data] -> (trg) mem[(src)] -> (trg)
ST  (oxs) data -> mem[(trg)] (src) -> mem[(trg)]
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Coverage on Stimulus Struct

type e_opcode:[ ADD, AND, OR, NOT, LD, ST ] (bits:3);
type e_mode :[ IMMEDIATE, REGISTER 1 (bits:1);
type e_reg :[ REGO, REG1l, REG2, REG3 1 (bits:2);
struct Instruction {

opcode : e_opcode;

mode : e_mode;

S P EUEYS s ErEgE <C0ver group embedded in stimulus struct>
data : byte;

keep opcode == NOT => mode != IMMEDIATE;

event cover_instr;
cover cover_instr is {
!tem TpEEeler A.1 Verify all opcodes and modes
item mode;
item data using when=(mode==IMMEDIATE), ranges={
range([0], "EDGEO™); range([255], "EDGE255™);
range([1..254],
}:

//We"1l1 add more coverage constructs in the next slide

MIRRLER) A.2 Include interesting values for immediate data

(FORRECT
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Instrumenting Per the Test Plan

(Collect measurements per the verification plan JEtsltEEs S E

20 Hits from 1 test

Lo Caae] Bl metrucion. cover_netr

|Hirs

_ MMEDIATE 1 5 L —— 7
struct Instruction { REGETER 1 P =
IMNEDIATE 1 1 L — |
- - PECETIR 1 1 T — |
H H IMMEDIATE a a I @
cover cover_instr is { . : il

@ 758l 0 noT RFCETRR 1 k3 1 ]

cross opcode,mode using . oo
ignore=(opcode == NOT A.3 Test all valid mode/opcode combinations

&% mode == IMMEDIATE);

transition opcode using name=every_other;

B.1 Assure an instruction in the pipeline never “interferes” with the next one

e O] [ teeran N * xxa

} - e ] B session suan of test Ly
’ }_o: B session end_of e

0 (5] Bl metrsction. cover.instr
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Testbench Architecture

unit I_gen {
getinstr(callerld: string): Instruction is undefined;
}:
unit I_gen_Ola like I_gen {
getinstr(callerld: string)s
gen result;

Instruction is only {

extend sys {
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bus : out simp

—part of uint(bits:
clk : in event_port Ti5—#astance; Sys
stream_gen: 1_gen_0Ola is instances N,
bfm : Fetch_bfm is instance; |_gen stream_gen getinstrQ
keep bfm.bus == read_only(bus);
keep bfm.clk == read_only(clk); Fetch bfm bfm
run() is also { “CPU 1
start bfm.startUp(""CPU_1",stream_gen,10) -
}: o
bus
keep bus.hdl_path() == "bus"; YVvYy
keep clk.hdl_path() == "clk";
keep clk.edge() == rise; e
}:

Coverage In a Unit

“j()li]{ ECT

esign

unit Fetch_bfm {

N/

S 2 auie Simbl%_‘psrt of uint(bits:16); ( Use coverage throughout testbench

Iprevious: Instrustion; !curr: Instruction;
event op_history; B.2 Assure the target register of each instruction is updated

item prev_opcode: e_opcode = previous.opcode using
when=¢€curr.src == previous.trg);

¥
startUp(name: string, stream_genx>_l_gen, count: uint) @clk$ is {

cover op_history is { before being used as the source register of a subsequent instruction

for n from 0 to (count-1) {

curr = stream_gen.getlnstr(name); Sys
drive(curr); getinstr()
emit curr.cover_instr; | |_gen stream_gen
it (n>0) {emit op_history;};
previous = deep_copy(curn X Fetch_bfm bfm
}; . . "CPU—]'" jcurr
3}; ( Trigger coverage recording drive(curr
clk : in event_port; |
drive(i: Instruction) @clk$ is { bus
//DRIVE i ONTO THE DUT FETCH INTERFACE
}: Cpu dut
}; //Fetch_bfm Just executed prev
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Struct Coverage

Thousands of Instruction stimulus objects may be
created and randomized on each simulation run

struct Instruction {
—— cover cover_instr is {
opcode : e_opcode;

Cowerage 1- Speeman Elit

File View Tools Options Help

= mode : e_mode;
2> 5 &8s 0 F = 8| - ’
Fead Wite Clear | Refresh | All Holes Full | Source | Cross | Config | Rank Lok | Close B
Location: [ormraninaruction cover_insriopcode ’
O] [ Gweran 4
[y B session. sram.ot.vest L7
10 ] B sesson enc_o_ses
1 & 1
=P 1 z 1
& every.omer =
i [CEEF] B Fecch_bim op_rissory :m- Ell- ::T ; ; ; =
@[] [ w 1 4 1 =
@ el [ 57 1 4 1k 3
B oeoue [& [Toae 1 [Comains: & Buckeors [ Resty

< All cover instances (objects) of the struct contribute to common coverage data >
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Stimulus Values and Coverage

JCiE e B ol Affect the distribution of stimulus values to

T i} ) increase the odds of hitting your coverage goals
cover op_history is {

item prev_opcode: e_opcode = previous.opcode using

when=(curr.src == previous.trg);
unit 1_gen_Ola like 1_gen; >33% chance source register will
'i: Instruction; equal previous target register

src_equal_trg: bool;
|keep soft src_equal_trg == select {2: FALSE; 1: TRUE;};
Iprev_trg: e_reg;

getinstr(callerld: string): Instruction is only {
prev_trg = i.trg;
gen src_equal_trg;

it (src_equal_trg) {

gen keeping {.src == prev_trg;};

} else { gen i; };

return i;
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Controlling Stimulus for Coverage

unit 1_gen_02 like I_gen {
1i: Instruction; !il: Instruction; !i2: Instruction;
getinstr(callerld: string): Instruction is only {
// There would be value in coordinating the instruction (streams)
// sent to CPU_1 and CPU_2 to hit interesting LD/ST dependency cases.
// We could write code here to create those cases and cover points
case (callerld) {

"CPU_1": {gen il keeping {...}; 1 = il1;}; //return instruction for CPU_1
"CPU_2": {gen 12 keeping {--.}; 1 = 12;}; //return instruction for CPU_2
3 ; . - . .
return i; C Effective stimulus is required to achieve coverage goals )
3
extend sys { |_gen stream_gen [&X15TO

busl: out simple_port of uint(bits:16) is insl
bus2: out simple_port of uint(bits:16) is ins

clk : in event_port is instance; 'f:e;ghl— Fetch_bfm bfm2
stream_gen: I_gen_02 1is instance; — | “cpU 2"

bfml: Fetch_bfm is instance; -

bfm2: Fetch_bfm is instance; bus1

run() is also { bus2

start bfml.startUp("'CPU_1", stream _gen, 10)
start bfm2.startUp(*'CPU_2", stream_gen, 10) Cpu cf Cpu cpu2

} C What coverage should be added? )
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Per Instance Coverage

B 59 overall =
type e_cpu: [CPU_1, CPU_2]; i @] B session.start_of_test
@[] B session.end_of_test

T : . .
- =G o7z | B Instruction. cover_instr
CPU_]. + CPU_2 [@ opcode Grade Namne
- B mode
struct Instruction { %cpu,num [@ Lo [] -

) (NG
cpu_num: e_cpu; ] cata @ O [ Anp
— — @) cross__opcode__mode

oo L LoTuss] [#] every other @ I or
O BH instruction. cover _instr{cpu_nurn==CFU_1) ° LI not

e 1w

( CPU 1 — b mocle @[] [ 57

cover cover_instr is { | [] everv, other

- - BH Instruction. cover _instricpu_nurm==CPU_2)
item opcode; | oo M opeode
@ cross__apcode__mode -
[#] every_other

item mode; Ly T e
. CPU_2 B
Fetch_bfim. op_histary

e
|item cpu_num using per_instance; |,\

= 1=

@) cross__opeode__mode

}: C Track coverage results separately based on the instance )

unit 1_gen_02 like I_gen {

case (callerld) {
"CPU_1": {gen i1l keeping {.cpu_num == callerld.as_a(e_cpu); ...




Stimulus-Independent Coverage

extend sys {
bfml: Fetch_bfm
bfm2: Fetch_bfm
monl: Fetch_mon
mon2: Fetch_mon

is
is
is
is

covinst: Coverage is

run() is also {

monl.startUp(*'CPU_1", covinst);
mon2.startUp("'CPU_2", covinst);

instance;
instance;
instance;
instance;
instance;

;

ORRECT

es1gns

Clmproved, more portable approach shown)

}: C Add coverage at required hierarchy levels in the testbench )
Top
Fetch_mon monl f&e
> ]
Coverage Fetchl
e ) Fetch2 RTL
Fetch_mon mon2 e
= - WEN
:::ﬂ bﬁ;I_.1'1r_____________
bus2
Data [ Cpu e i —L——
Checker i FCpu cpu2
04—| NN

{
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Adding Coverage to SystemVerilog Code

@ Stimulus and Coverage

# Demonstrate per_instance coverage

@ Stimulus Independent Coverage

{F(Jlimat:l'
- es1ens
Coverage on Stimulus Class
package InstrCPU;
typedef enum bit [2:0] { ADD, AND, OR, NOT, LD, ST } e_opcode;
typedef enum bit { IMMEDIATE, REGISTER } e_mode;
typedef enum bit [1:0] { REGO, REG1l, REG2, REG3 } e_reg;
class Instruction;
rand e_opcode opcode;
rand e_mode mode;
rand e_reg src, trg;
rand bit [7:0] data;
constraint valid_op { opcode == NOT -> mode != IMMEDIATE; }
mode
opcode IMMEDIATE  (0x0) REGISTER (ox1)
ADD  (0x0) (src) + data -> (trg) (src) + (trg) -> (trg)
AND (ox1) (src) & data -> (trg) (src) & (trg) -> (trg)
OR (@ (src) | data -> (trg) (src) | (trg) -> (trg)
NOT (0x3) ~(src) -> (trg)
LD (x4 mem[data] -> (trg) mem[(src)] -> (trg)
ST  (ox5) data -> mem[(trg)] (src) -> mem[(trg)]

endclass : Instruction
endpackage




Coverage on Stimulus Class
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C covergroup embedded in stimulus class >

covergroup cover_instr;
coverpoint opcode;
coverpoint mode;
coverpoint data iff (mode==IMMEDIATE) {

A.1 Verify all opcodes and modes

bins middle = {[1:254]};
3

... //We’ll add more coverage constructs in the next slide

2T GEEEE ] = 1[0, 25002 A.2 Include interesting values for immediate data

endgroup

function new(); — "/< create covergroup instance >

[cover_instr =
endfunction

1 v A
(JORRECT
Instrumenting Per the Test Plan
package InstrCPU; v Hame Coweeage  [Goal | of Goal |3t
= AreahCPUWinsfruction
-aw o TYPE foar instr LIRE % 100 LINEY =
e . nitr-opode 100.0% 100 ALCTL ]
Collect measurements per the verification plan  Ju noa |
/initr-gata 333% 100 ELEL O s
~ = @l CVP cowves_instr avery_nthar TRi% wh TN [ .|
class Instruction; =) o CROSS cover_inir-ecross__0e 000% 00 (T ]
W] Eén <autn[ADO] AUl [BMMEDIATR] 2 1 mooy (I
soo B] bin «auto[AND]auto[MMECIATES  § 1 spaow (I
= - B Bin <autn]ORLsuitlMMEDIATE]> 2 1 FTL N ]
covergroup cover_instr; Bl b -autolLOLwssIMMEDIATE]: 4 1 ooy (I

cross opcode,mode { A.3 Test all valid mode/opcode combinations

ignore_bins irrelevant = binsof(opcode) intersect {NOT}

3

&& binsof(mode) intersect {IMMEDIATE};

every_other: coverpoint opcode {
bins opTrans[] = ([ADD:ST] => [ADD:ST1);

}_ B.1 Assure an instruction in the pipeline never “interferes” with the next one __|
endgrou analysls ————— i —————————————
g p | Name Coverage Goal % of Goal |Status

= &l AnstrCPLnstnicson

function Instruction copy(); = ol TYPE covir_inslr 1% 100 1%

~ CVP cover_insir.opcode 100.0% 100 100.0%

copy = new this; VP cover_insir.mods 100.0% 100 100.0%
endfunction o

endclass : Instruction g ! 200.0%

z 1 Z00.0%

endpackage 1 1 1000%,
n 1 s

VI




Testbench Architecture

import InstrCPU::*;
class I_gen;

virtual function Instruction getinstr(string callerld); endfunction
endclass

class I_gen_01 extends 1_gen;
Instruction i = new;

virtual function Instruction ge

1T (i.randomize()) return i;

str(string callerld);

(ORE
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endfunction
endclass Top
Na
) getinstr()
module Top; I_gen stream_gen

logic clk; logic [15:0] bus;

1_gen_01 stream _gen = new;

Fetch_bfm bfm(clk, bus);

Cpu dut(clk, bus);

initial bfm_startUp(‘'CPU_1",stream_gen,20);
endmodule

Fetch_bfm bfm
“CPU_1"

module Cpu(input clk, [15:0] bus);—-_____ﬁ____‘
| Cpu dut

endmodule

Coverage In a Module

modulle Fetch_bfm(input clk, output [15:0] bus);

{fORE

1% =
P |

Instruction cukg, prev; ( Use coverage throughout testbench )

covergroup op_histoky;
coverpoint prev.opcade iff (curr.src == prev.trg);

for (int n=0; n<count; n++) be

TN _ ___ B.2 Assure the target register of each instruction is updated
op_history cg = new; before being used as the source register of a subsequent instruction
task startUp(string name, I_genSstream_gen,| int count);

curr = stream_gen.getlnstr(name)y Top
drive(curr);
curr.cover_instr.sample(Q); || getinstr()
- n ream n
if (n>0) cg.sample(); | CET SIEE D
prev = curr.copy(Q); N
end ™~ Fetch_bfm bfm
andiEEk ( Trigger coverage recording ) “CPU_1 S
drive(curr
task drive(lnstruction i);
//DRIVE 1 ONTO THE DUT FETCH INTERFACE [
endtask
endmodule : Fetch_bfm Cpu dut

Just executed prev
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Class and Module Coverage

Thousands of Instruction stimulus objects may be
created and randomized on each simulation run

# Each class implicitly has a class Instruction;
. covergroup
covergroup variable ——>
# A module covergroup variable function new;
must be declared

Gaal

¥| Manh
= o AnswCFUANsuction

Coviragn

=&l TYPE cover_imir T3% 104 Tiz%
+ o CVP cover_insir:opcode 1000% 100 1000%
=l CVP cover_instr.mode 1000% 100 1000%
8 CVP cover_instr:data 333% 100 333% | —
o 8 CVP cover_instreery_otnie am 108 s ]
=l CROSS cover_instr #cross__Oe 90.9% 100 90.9% I |
=8 Mop/bin
o :'m- op_history 55TL 100 e ] task Stal"tUp( .- .) ;
= CVF op_history #coverpont_0e 667 % 109 B6.T% |
) i sutofDO] 1 ] 00% (N //for loop
AND) ‘ X o [e— //get curr” Instruction
" 1 1 ook drive(curr);
P : ! anow E— curr.cover_instr.sample(Q;
: if (n>0) cg.sample(Q);
C All covergroup instances (objects) of the class contribute to common coverage data )
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Stimulus Values and Coverage

el FEEEn oo )7 Affect the distribution of stimulus values to

T i increase the odds of hitting your coverage goals
covergroup op_history;

coverpoint prev.opcode iff (curr.src == prev.trg);
endgroup
class 1_gen_Ola extends 1_gen; >33% chance source register will
Instruction I = new; equal previous target register

rand bit src_equal_trg, ok;
|constraint cl {src_equal_trg dist {0 := 2, 1 := 1};}
e_reg prev_trg;

virtual function Instruction getlnstr(string callerld);
prev_trg = i.trg;
ok = randomize(src_equal_trg);

it (src_equal_trg)

ok = i.randomize() with {i.src == prev_trg;};
else ok = i.randomize();
return i;
endfunction

endclass
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Controlling Stimulus for Coverage

class 1_gen_02 extends 1_gen;
Instruction il=new, i2=new;
virtual function Instruction getlnstr(string callerlid);
// There would be value in coordinating the instruction (streams)
// sent to CPU_1 and CPU_2 to hit interesting LD/ST dependency cases.
// We could write code here to create those cases and cover points
case (callerld)

"“"CPU_1": ... //randomize an instruction for CPU_1
"CPU_2": ... //randomize an instruction for CPU_2
endcase - - - - -
endfunction < Effective stimulus is required to achieve coverage goals )
endclass
. tinst
EElE UElg I_gen stream_gen (& *t"0
logic clk; logic [15:0] busl, bus2;
1_gen_02 stream_gen = new; e 1
Fetch_bfm bfml(clk, busl), bfm2(clk, bus2); “CcpU 177 Fetch_bfm bfm2
Cpu cpul(clk, busl), cpu2(clk, bus2); ~ | “cPu_2"
initial fork
bfml.startUp("'CPU_1", stream_gen, 20); bus1
bfm2.startUp(*'CPU_2'", stream_gen, 20); bus2
JoRn Cpu cf
endmodule
C What coverage should be added? > Cpu cpu2
ol
(FORRECT
esi1gns
Per Instance Coverage
package InstrCPU; ¥|Mame A|Coverage|Status |

=4 AnstrCPUAnstruction

o /-4 T7PE cover_insir Ticn I |
CPU_]- + CPU_2 jj CROSS cover_instr#cross__D# 90.9% [
ir-j CYP cover_instridata 33.3% [
ip o CVP cover_instrievery_other 417% [
class Instruction; 8l CVP cover_instr:mode 100.0% [
+ gl CVWP cover instriopcode 100.0% [T |
== ;p &l INST VinsirCPUzInstruction::cover_instr 63.6% [
[+ CVP apoode 1000% [ |
CPU—l +-8l CVP made 1000% [ |
+-8l CVP data as%
¢ [x-Hl CVP every_other 222% [ I
s}l CROSS #cross__O# 636% [ |
[=F & IN5T Winstre P Instruction-cover_instrez 61 1% 11
ol CVP opcode 833% I |
. - CWP mode 100.0% (I
covergroup cover_lnstr; hdl CVP data 333%
coverpo int opcode : _+_;‘ CVP every_othet 25.0% [
- +--8 CROSS #cross__O# 636% [ .|
coverpoint mode; =8 Tropzemm
& TYPE op_history 16.7% [
i Top2/imz
- I

= = L=k
| option.per_instance=1; =l T¥PE op_history 33.3%
endgroup

( Track coverage results separately based on the instance )

endclass : Instruction
endpackage




Stimulus-Independent

module Top;
Fetch_intfc intfcl(clk),
Fetch_bfm  bfmi(intfcl),

Cpu cpul(intfcl),
Fetch_mon monl = new(intfcl),
Coverage covinst = new;
initial fork

Clmproved, more portable approach shown)

monl.startUp(*'CPU_1", covinst);
mon2.startUp(*'CPU_2", covinst);
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Coverage

intfc2(clk);
bfm2(intfc2);
cpu2(intfc2);

mon2 = new(intfc2);

endmodule

C Add coverage at required hierarchy levels in the testbench )

Top
Fetch_mon monl [e
< ]
Coverage Fetchl
object Fetch2 RTL
Fetch_mon mon2 e
- - WEN
ﬁ bus1
bus2
Data [ T G —mmw ] 000
Checker P FCPU cpu2
NN




