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Administrative

e | ast Lecture

* Finish Week 6’s material (the RFSoC stuff) by
-riday please.

* Then projects (we’ll be having meetings)

10/22/24 6.5965 Fall 2024



Left off In last lecture...

load

* Wrote a skid buffer
and then were trying
to test it with a
variety of inputs,

* But also get a sense
of how well we were
testing it

In/S
data* }—— data*
valid Skid Buffer P valid
ready J— ready
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Cocotb Coverage

e Cocotb variant Librar

e Provides some
structure and trackin
for coverage

10/23/24

€« > cC

23 cocotb-coverage.readthedocs.io,

cocotb_coverage 1.0 documentation » Introduction
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Introduction

Functional Coverage in SystemVerilog

In Syst unit is a It contains several bins and each bin may contain
several values. Every coverpoint is associated with a variable or signal. At sampling event, the coverpoint vari-
able value is oompared with each deﬁned bin. If there is a match, then the number of hits of the particular bin is

C are in Jps, which are specmc class-like structures. A single cover-
group may have several instances and each instance may collect p requires
sampling, which may be defined as a logic event (e.g. a positive clock edge). Sampling may also be called im-
plicitly in the testbench procedural code by invoking a sample() method of the covergroup instance. A bin may be
also defined as an ignore_bins, which means its match does not increase a coverage count, or an illegal_bins,
which results in error when hit during the test execution.

Another g in Sy ilog is a cross. It automatically generates a Cartesian product of bins
from several coverpoints. It is a useful feature simplifying the functional coverage generation. As it may be diffi-
cult or unnecessary to cover all the cross-bins, some of them may be excluded from the analysis. This is possible
using the binsof ... intersect syntax.

The most imp of the Sy ilog functional features are:

« straightforward bins matching criteria — only satisfied by equality or inclusion relation;

+ bins may be only constants or transitions (possibly wildcard);

« flat coverage structure — cover groups cannot contain other cover groups, which would correspond better to
a verification plan scheme;

« not possible to get the detailed coverage information in real time (e.g. when a specific bin was hit).

Functional Coverage with cocotb-coverage

The general for the of the features are as follows:

« functional coverage structure should better match a real verification plan;

« its syntax should be more flexible, but a ion between and
maintained;

« features for analysing the coverage during test execution should be added or extended;

« coverage primitives should be able to monitor testbench objects at a higher level of abstraction.

code should be




CoverPoint and
CoverCross
and Cover...
Group/Section

SC = coverage_section {
CoverPoint{"top.st.state",
xf=lamnbda s, ns: s,

bins=["EMPTY", 'BUSY',

3,
CoverPoint{"top.st .next state",
xf=lambda s, ns: ns,

bins=['EMPTY", 'BUSY',

2.

CoverCross{''top.st.state.cross",

items=["top.st.state",

?
3

"FULL"]

"FULL"]

"top.st.next_state"],

* We started to classify existence into various bins
of coverage. Each dimension was called a

Coverpoint

* We started to lump them together.

* We at first looked at how well we were testing the
FSM portion of the skid buffer and its state

transitions

10/23/24
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flow

Results " )

* The FSM was in all of @

Its states pretty — flush
regularly during the
test

top : {cocotb_coverage.coverage.CoverItem object at Bx1829911eB>, coverage=13, size=15
top.st : <{cocotb_coverage.coverage.CoverItem object at Bx18213d3cB>, coverage=13, size=15
top.st.next_state : <{cocotb_coverage.coverage.CoverPoint object at Bx182991398>, coverage=3, size=3

BIN EMPTY : 212

BIN BUSY : 152

BIN FULL : 387

top.st.state : <cocotb_coverage.coverage.CoverPoint object at Bx18213d398>, coverage=12, size=12

BIN EMPTY : 212

BIN BUSYH : 152

BIN FULL : 387

top.st.state.cross : {cocotb_coverage.coverage.CoverCross object at 8x18213d368>, coverage=7, size=9
BIN ('EMPTY', 'EMPTY') : 165
BIN ('EMPTY', 'BUSY') : u4?
BIN ('EMPTY', 'FULL') : @
BIN ('BUSH', 'EMPTY') : 4?
BIN ('BUSY', 'BUSY') : 183
BIN ('BUSY', 'FULL')} : 2
BIN ('FULL', 'EMPTY') : 8
BIN ('FULL', 'BUSY') : 2
BIN ('FULL', 'FULL'} : 385

test_a passed
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Doesn’t exist

flow

Re S u '-tS Makes sense load fill

,l
4
I

* The FSM was in all of

its states pretty / \ flush

regularly during the - S
test

l
7
1)
1
l' !
! / Makes sense
)
1
I

4
top.st.state.cross : <cocotb _Fuver'age.cuuer‘age.EDUEFEFDS§,'6bjEEt at Bx18213d368>, coverage=7, size=9

BIN ('EMPTY', 'EMPTY') : 165 7
BIN C'EMPTY', 'BUSY') : u? el
BIN C'EMPTY', 'FULL') : @) ———_______ .-~ -

BIN ('BUSY', 'EMPTY') : ¥

BIN {'BUSY', 'BUSY') : 163

BIN ('BUSY', 'FULL') : 21

BIN ('FULL', 'EMPTY') : B

BIN ('FULL', 'BUSY'D) : 2

BIN ('FULL', 'FULL') : 385
test_a passed
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If you know things shouldn’t happen

ignore_bins

-~
-
-

SC = coverage_section (

CoverPoint{"top.st.state", ;
xf=lanbda s, ns: s, 7
bins=['EMPTY"', 'BUSY', 'FULL']
), :

CoverPoint("top.st.next state", ]
xf=lambda s, ns: ns, 5

bins=['EMPTY", 'BUSY',
)J
CoverCross{"top.st.state.cross",
itens=["top.st.state", "top.st.npxt_state"],
ign bins=[{'FULL", "ENPTY "), ('EMPTY', "FULL'313

"FULL"]
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Can now target 100% coverage

* [f you can prove through some nice
mechanism or another which bins .
should be reachable and which are false
or unachievable, then you can view your A \
coverage more as a milestone )

\
\
\
\
top.st : <cocotb_coverage.coverage.CoverIten object at Bx185f2a26B8>, coverage=13, size=13

top.st.next_state : <{cocotb_coverage.coverage.CoverPoint object at Bx1868855d8>, coverage=3, size=3
BIN EMPTY : 9365

\
\
\
\
\
\
BIN BUSY : 387 !
BIN FULL : 328 1
top.st.state : <{cocotb_coverage.coverage.CoverPoint object at Bx185f2a238>, coverage=18, size=18 :
BIN EMPTY : 9365 H
BIM BUSY : 387 }
BIN FULL : 328
top.st.state.cross :

¥
: {cocotb_coverage.coverage.CoverCross object at 8x186885698>,| coverage=7, size=7¢
BIN ('EMPTY', 'EMPTY') : 9343

BIN ('EMPTY', 'BUSY') : 22
BIN ('BUSY', 'EMPTY') : 22
BIN ('BUSY', 'BUSY') : 247
BIN ('BUSY', 'FULL') : 38
BIN ('FULL', 'BUSY') : 38
BIN ('FULL', 'FULL') : 298

Different tests but still you can see we got 100% coverage

10/23/24 6.5965 Fall 2024



Further Pushing on this System

This simple FSM description...glossed over
the potential complexity of the
Implementation: 3 states, each connected to

2 signals (valid/ready) per interface, for a total
of 16 possible transitions out of each state, or
48 possible state transitions total.

In/S ~Ui oa i
data* b » data*
valid Skid Buffer P valid
ready fj— ready

10/23/24 6.5965 Fall 2024 10




So let’s do state and input

* Come up with STS

covergroup (State and

Signals)

| want to look at the

different states of my
module as well as its

exposure to different
signal combinations
on both SO0 and MO0

side

10/23/24

STS = coverage_section(
CoverPoint("top.st_sig.state",

xf=lanbda state,sig:

state,

bins=["'EMPTY", 'BUSY', 'FULL"']

)

CoverPoint{"top.st_sig.sHBA_tvalid"”,

xf=lanbda state,sig:

bins=[True, False]

>

sig.get{'sAB_tvalid'),

CoverPoint("top.st_sig.sBB@_tready",

xf=lanbda state,sig:

bins=[True, Falsel]

2

sig.get{'sHA_tready'),

CoverPoint("top.st_sig.mB@_tvalid",

xf=lanbda state,sig:

bins=[True, False]

2

sig.get{'nBB_tvalid'),

CoverPoint{"top.st_sig.mBA_tready",

xf=lanbda state,sig:
bins=[True, False]
2,
CoverCross{"top.st_sig.cross",
items=[ "top.st_sig.
"top.st_sig.
"top.st_sig.
"top.st_sig.
"top.st_sig.

6.5965 Fall 2024

sig.get{'nBA_tready'),

state",

sAA_tvalid",
sAB_tready",
nBBd_ tvalid",
nBA_tready"]

11



Just Start Throwing Stuff at it...

* Depart for a | o s o, o>

moment and JUSt Elz;?nal.ualue = randon.randint{B,Z2xxsize-1)

start using random signal.value = 0

numbers to set

values on these for x in renge(1088):

four lines and see auait FallingEdge{dut.sBB_axis_aclk)
rando_assign{dut .sBd_axis twvalid,1)

What patterns rando_assign{dut.sBB axis tlast,1)

eme rge rando_assign{dut .sBd_axis tdata,32)

rando_assign{dut.mBB@_axis tready.1)

10/23/24 6.5965 Fall 2024 12



Resulting Waveform

C_MO00_AXIS_TDATA_WIDTH 00000020
C_S00_AXIS_TDATA WIDTH 00000020
data_buffer_wren

data_out_wren

il

flow

flush

insert

load

remove

mO00_axis_aclk

mO00_axis_aresetn

mO00_axis_tdata [31:0]

mO00_axis_tlast

mO00_axis_tvalid

mO00_axis_tready

mO00_axis_tstrb [3:0]

s00_axis_aclk

s00_axis_aresetn

s00_axis_tdata [31:0] 1290549872
s00_axis_tvalid

s00_axis_tready

state [31:0]

s00_axis_tlast

s00_axis_tstrb [3:0]

tdata_buffer [31:0] . 2616880794
tlast_buffer

tstrb_buffer [3:0]

unload

use_buffered_data
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top.st_sig : <{cocotb_coverage.coverage.CoverIten object at 8x186ce9b4B>, coverage=23, size=59
top.st_sig.cross : <cocotb_coverage.coverage.CoverCross object at Bx186cea2BB>, coverage=12, size=48
> Irue, lrue, [rue, lruej : 8

BIN ('EMPTY', True, True, True, False) : @
BIN ('EMPTY', True, True, False, True) : 178
BIN ('EMPTY', True, True, False, False) : 541
BIN ('EMPTY', True, False, True, True) : 8
° It d BIN C'EMPTY’, True, False, True, False) : B
OeS Seel I I to BIN ('EMPTY', True, False, False, True) : @
BIN ('EMPTY', True, False, False, False) : B
BIN ('EMPTY', False, True, True, True) : @
BIN ('EMPTY', False, True, True, False) : B
ave SOI I Ie BIN ('EMPTY', False, True, False, True) : 854
BIN ('EMPTY', False, True, False, False) : 1645
€6 99 BIN ('EMPTY', False, False, True, True) : @
Ove ra e Of th e BIN ('EMPTY', False, False, True, False) : 8
C BIN ('EMPTY', False, False, False, True) : 8
BIN ('EMPTY', False, False, False, False) : 8
L3 BIN ('BUSY', True, True, True, True) : 233
I n ut S a Ce BIN ('BUSY', True, True, True, False) : 761
BIN ('BUSY', True, True, False, True) : @
BIN ('BUSY', True, True, False, False) : 8
BIN ('BUSY', True, False, True, True) : B
BIN ('BUSY', True, False, True, False) : 8
[ ) but hOW m u C h Of BIN ('BUSY', True, False, False, True) : @
BIN ('BUSY', True, False, False, False) : B
BIN ('BUSY', False, True, True, True) : 719
° BIMN ('BUSY'. False, True, True, False) : 2335
th at IS re leva nt O r BIN ('BUSY', False, True, False, True) : 8
BIN ('BUSY', False, True, False, False) : B
BIN ('BUSY', False, False, True, True) : 8
BIN ('BUSY', False, False, True, False) : 8
n Ot re eva nt. BIN ('BUSY', False, False, False, True) : @
BIMN ('BUSY'. False, False, False, False) : B
BIN ('FULL', True, True, True, True) : 8
BIN ('FULL', True, True, True, False) : B
BIN ('FULL', True, True, False, True) : B
BIN ('FULL', True, True, False, False) : 8
BIN ('FULL', True, False, True, True) : 198
BIM ('FULL', True, False, True, False) : 563
BIN ('FULL', True, False, False, True) : 8
BIN ('FULL', True, False, False, False) : B
BIN ('FULL', False, True, True, True) : B
BIN ('FULL', False, True, True, False) : 8
BIN ('FULL', False, True, False, True) : 8
BIN {'FULL', False, True, False, False) : 8
BIN ('FULL', False, False, True, True) : 571
BIM ('FULL', False, False, True, False) : 1711
BIN ('FULL', False, False, False, True) : 8
BIN ('FULL', False, False, False, False) : 8
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At the naive level...

* Yes there are 48 possible state transitions and
things, but as Jordan confidently pointed out on
Monday, the state controls some of these
signals, so that seems maybe a little excessive.

In/S ~Ui '
data* b » data*
valid Skid Buffer P valid
ready fj— ready

10/23/24 6.5965 Fall 2024 15




Change the Crosses

5T5 = coverage_section{
CoverPoint("top.st_sig.state",
xf=lanbda state,sig: state,

* There’s likely no reason e R T

CoverPoint{"top.st sig.sBA_tvalid",

(at least at thiS pOint) to xf=lanbda state,sig: sig.get{'sBB tvalid')},

bins=[True, False]

have the signals on both  cuerointcrton =t sig 2 treaa.

xf=lanbda state,sig: sig.get{'sHA tready'),

sides mixed together in bins=[True, Folse]

J

CoverPoint("top.st sig.mBB_tvalid",
One la rge Coverage CrOSS xf=lanbda state,sig: sig.get{'nB8 tvalid'},
bins=[True, False]
),
CoverPoint{"top.st_sig.mBB_tready",
xf=lanbda state,sig: sig.get{'nB8_tready'),
bins=[True, False]
.,
CoverCross("top.st_sig.scross",
itens=[ "top.st sig.state",
"top.st_sig.sB@_tvalid",
"top.st_sig.sBB_tready']

J.
Only cross the state and EDvEFErDSS("sz'StES.i.%'manSS.-.' -
] > itens= op.st_sig.state",
values at each interface “top.st_sig.n@@_tvalid",
"top.st_sig.mB@_tready"]
J

J
10/23/24 6.5965 Fall 2024 16



Result

Slave Cross:

(STATE, VALID, READY)

top.st sig.scross @ <cocotb_coverage.coverage.CoverCross object at B8x183275818>, coverage=6, size=12

BIN
BIN
BIN
BIN
BIN
BIN
BIN
BIN
BIN
BIN
BIN
BIN

C'EMPTY', True, True) : 11
{'"EMPTY', True, False) : B
{'EMPTY', False, True) : 711
{'EMPTY', False, False) : B
{'BUSY', True, True) : 183
{'BUSH', True, False) : @
{'BUSY', False, True) : 35
('BUSH', False, False) : B
{'FULL', True, True) : B
{'FULL', True, False) : 129
{'FULL', False, True) : B
{'FULL', False, False) : 12

Master Cross: (STATE, VALID, READY)

top.st_sig.mcross : {cocotb_coverage.coverage.CoverCross object at Bx183276358>, coverage=6, size=12

BIN ('EMPTY', True, True) : 8

BIN ('EMPTY', True, False) : @
BIN {'EMPTY', False, True) : 485
BIN ('EMPTY', False, False) : 237
BIN ('BUSY', True, True) : 67

BIN ('BUSY', True, False) : 71
BIN ('BUSY', False, True) : @

BIN ('BUSY', False, False) : B
BIN ('FULL', True, True) : 47

BIN ('FULL', True, False) : 94
BIN ('FULL', False, True) : 8

BIN ('FULL', False, False) : 8

TUr £O07 £ V. 000  Tauw zuL« 7



flow

load fill

Look at our design ‘\

e Some of these cross
values should not be

achieved :

* sO0_axis_tready
never 0 in EMPTY

* mO0O0_axis_tvalid
never O in FULL

10/23/24

unload flush

I aluays ff @{posedge sBB_axis_aclk) begin
if {(~sBB axis_aresetn}begin
sBB_axis_tready <= 1:
state <= EMPTY:
mAA_axis_tvalid <= B;
end else begin
case (state)
EMPTY: begin
state <= load? BUSY :ENMPTY;
nBB_axis_tvalid <= Lload?1 :8;
sBB_axis_tready <= 1;

end
BUSY: begin
state <= unload?7ENPTY: il L7FULL
sBA_axis_tready <= unload?1 fill7a@
mAA_axis_tvalid <= unload?8 Fill71
end
FULL: begin
state <= flush? BUSY :FULL;

sHA_axis_tready <= flush? 1 : B;
mlAA_axis_tvalid <= 1;

end

default: begin
state <= ENMPTY;

end

endcase
end
end

6.5965 Fall 2024
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Result

Slave Cross: (STATE, VALID, READY)

top.st sig.scross @ <cocotb_coverage.coverage.CoverCross object at B8x183275818>, coverage=6, size=12

Legit/Might Occur®  s00_axis_tready never 0 in EMPTY

mOO0 _axis_tvalid never 0 in FULL
Should Not Occur:®©

$4BIN ('ENPTY', True, True) : 11
©BIN ('EMPTY', True, False) : @
BIN ('EMPTY', False, True) : 711
g?BIH {'EMPTY', False, False) : @
$4BIN ('BUSY', True, True) : 183
(4BIN ('BUSY', True, False) : @
BIN {'BUSY', False, True) : 35
$4BIN ('BUSY', False, False) : @
BIN ('FULL', True, True) : 8
BIN ('FULL', True, False) : 129
BIN ('FULL', False, True) : @
1l BIN ('FULL', False, False) : 12
wif
Master Cross: (STATE, VALID, READY)

top.st_sig.mcross : {cocotb_coverage.coverage.CoverCross object at Bx183276358>, coverage=6, size=12
BIN ('EMPTY', True, True) : 8
BIN ('EMPTY', True, False) : @
BIN ('EMPTY', False, True) : uB5
BIN ('EMPTY', False, False) : 237
BIN ('BUSY’,
BIN ('BUSY',
BIN ('BUSY’,
BIN ('BUSY’,
BIN {'FULL',
BIN ('FULL",
BIN ('FULL",
BIN ('FULL",

TUr £O07 £

True, True) : 67
True, False) : 71
False, True) : @
False, False) : B
True, True) : 47
True, False) : 94
False, True) : @
False, False) : B

V. 000  Tauw zuL« LR



load

flow

fill

Look at our design ‘\

e Some of these cross
values should not be
achieved:

* sO0_axis_tready never 0O
when was EMPTY

* mO0O0_axis_tvalid never 0O
when was FULL

10/23/24

unload
I aluways_ff @{posedge sBB_

flush

axis_aclk) begin

if {(~sBB axis_aresetn}begin
sBB_axis_tready <= 1:

state <= EHMPTY:

mAA_axis_tvalid <= B;

end else begin
case (state)

EMPTY: begin
state <=
nBB_axis_twvalid
sBB_axis_tready

end

BUSY: begin
state <=
sBA_axis_tready
nBA_axis_tvalid

end

FULL: begin
state <=
sHA_axis_tready
nAA_axis_tvalid

end

default: begin
state <= ENMPTY:

end

endcase
end
end

6.5965 Fall 2024

load? BUSY :EHPTY;
<= load?1 :B;

unload?EMPTY: fil L7FULL
<= unload?1 fill7a
<= unload?8 Fill?1

flush? BUSY :FULL;
<= flush? 1 M

:BUSY;
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Should these be Legit/Might Occur:4
achievable?

Slave Cross: (OLD_STATE, VALID, READY)

top.st_sig.scross : <{cocotb_coverage.coverage.CoverCross object at 8x185555818>, coverage=18, size=12

BIN ('EMPTY',

© BIN ('EMPTY'
BIN ('EMPTY"
© BIN ('EMPTY'

Should Not Occur:©

True, True) : 15

, True, False) : B

, False, True) : 815

, False, False) : 8 .

True, True) : 23 If I was previously EMPTY

&2 BIN ('BUSY’,

V4 BIN {'BUSY', True, False) : 29 ,

§4 BIN ('BUSY', False, True) : 18 there’s no way READY would
(4 BIN {'BUSY', False, False) : 4

4 BIN ('FULL', True, True) : 29 be 0 now

04 BIN ('FULL', True, False) : 53

04 BIN ('FULL', False, True) : &

4 BIN ('FULL', False, False) : 11

Master Cross:

(OLD_STATE, VALID, READY)

top.st_sig.mcross : <{cocotb_coverage.coverage.CoverCross object at B8x185556358>, coverage=18, size=12

BIN ('EMPTY',
(4BIN ('EMPTY',
2 BIN ('EMPTY’,
4 BIN ('EMPTY',

W4 BIN ('BUSY',
W4 BIN ('BUSY',
BIM ('BUSY",
W4 BIN ('BUSY’,
M BIN ('FULL',
¥ BN C'FULL’,
© BIN ('FULL',
© BIN ('FULL',

True, True) : 7
True, False) : 1
False, True) : 7ud
False, False) : 82
True, True) : 28

True, Fal : U6 .
frue, Fatse) = 4 If | was previously FULL there’s

False, False) : 5 no way VALID would be 0 now
True, True) : 48

True, False) : 57
False, True) : B
False, False) : B

TU7r £907 £

V. 000 T auwzuc«
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CoverCross{"top.st_sig.scross",
items=[ "top.st sig.state",

I nore th 0se oy ot ot 200 tvelid",
o000 "top.st_sig.sB@_tready"].
ign_bins = [{'ENPTY', True, False), ('EMPTY', False, False}]
),
CoverCross{"top.st_sig.mcross",
items=[ "top.st_sig.state",
"top.st_sig.mBB_tvalid",
“top.st_sig.nB@_tready"].
ign_bins = [{'FULL', False, True), {'FULL', False, False}]
)

* Run again: >

top.st_sig.mcross : <{cocotb_coverage.coverage.CoverCross object at 8x1838ca358>, coverage=18, size=18
BIN ('EMPTY', True, True) : 5
BIN ('EMPTY', True, False) : 4
BIN ('EMPTY', False, True)} : 413
BIN ('EMPTY', False, False) : 3u5
BIN ('BUSY', True, True) : 34
BIN {'BUSY', True, False) : 69

i o 1015, Tests are doing
100% of coverage

BIN ('FULL', True, True) : 53
BIN ('FULL', True, False) : 69
top.st_sig.sBB_tready : <{cocotb_coverage.coverage.CoverPoint object at Bx1838ca268>, coverage=2, size=2
BIN True : 879
BIN False : 122 nOW
top.st_sig.sHB_tvalid : <{cocotb_coverage.coverage.CoverPoint object at Bx1838c9c98>, coverage=2, si
BIN True : 1895
BIN False : 886
top.st_sig.scross : <{cocotb_coverage.coverage.CoverCross object at Bx1838ca2fB>, coverage=18, size=18
BIN ('EMPTY', True, True) : 18
BIN ('EMPTY', False, True) : 749
BIN ('BUSY', True, True) : 34
BIN ('BUSY', True, False) : 4@
BIN {'BUSY', False, True) : 32
BIN ('BUSY', False, False) : 6
BIN ('FULL', True, True) : u8
BIN ('FULL', True, False) : 63
BIN ('FULL', False, True) : 6
BIN ('FULL', False, False) : 13
top.st_sig.state : <{cocotb_coverage.coverage.CoverPoint object at Bx1838c9bu4B>, coverage=3, size=3
BIN EHPTY : 767
BIN BUSY : 112
BIN FULL : 122

test_a passed
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Another Big Issue

* AXl is about more than just the value at any point
In time.

* As pointed out in class on Monday, AXl as a
protocol has rules and those are rules are
iInherently stateful.

* Just throwing random values at the busses with
no regard for history/meaning could be wrong:
* Givingitillegal values
* Wasting cycles testing stuff that shouldn’t be tested

10/23/24 6.5965 Fall 2024 23



Generalized Transaction

* All Channel Interactions follow same high-level
structure

* Data is handed off IF AND ONLY IF VALID and
READY are high on the rising edge of the clock

* If that happens, both parties must realize that
data transfer has happened

Keep in mind this
could be 64 parallel

wires of 1’s and 0’s of A 5

info or 8 bytes for ek L [ L I L T 1 1
example... INFORMATION \ A

Orit could be VALID f \

something else READY F— \

Figure A3-4 VALID with READY handshake

10/23/24 https://fpga.mit.edu/6205/F24 24



VALID then READY

* Valid can be high first
* Then ready can show up later
* Only when both are high is data exchanged

Data transferred on this edge

D
T1 T2 T/
ACLK[ | ]
INFORMATION X X
VALID /i \\
READY i \\

Figure A3-2 VALID before READY handshake
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READY then VALID

* Ready can be high first
* Then Valid can show up later
* Only when both are high is data exchanged

Data transferred on this edge

D
T1 T2 T/

ACLK| | |
INFORMATION X )
VALID I \
READY /i \

Figure A3-3 READY before VALID handshake
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READY WITH VALID

* Ready and Valid come high at the same time
* Totally allowed
* Data is exchanged on that clock edge

Data transferred on this edge

D
T1 T/
ACLK| |
INFORMATION A A
VALID [7 \5
READY [] \5

Figure A3-4 VALID with READY handshake
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IMPORTANT

* the VALID signal of the AXl interface sending
Information must not be dependent on the
READY signal of the AXI interface receiving that
Information

* an AXl interface that is receiving information may wait
until it detects a VALID signal before it asserts its
corresponding READY signal.

* [n other words READY can depend on VALID, but not
the other way around.

* Once VALID is asserted, it cannot be deasserted
until READY has also been asserted for at least
one cycle
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In/S Out/M

datg* =——p{" }—— data*

valid =——>! Skid Buffer > valid

ready < ¢ ready
\_ J

6.5965 Fall 2024
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Standard Testing Framework

Monitor

(input) [~==== Scoreboard

Monitor
(output)

Sequencer Driver
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Our Current Testing Framework

Monitor
(input)

Monitor
(output)

Driver

Quasi-
Driver

async def set ready{dut, vall:
auait FallingEdge{dut.sBB axis aclk>)
dut.mBB _axis tready = val
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cocotb. test{)
async def test _a{dut):
""'cocotb test for averager controller

Right n OW. ® « tester = SBTester{dut)

tester.start()

cocotb.start_soon{Clock{dut.sBA axis aclk, 18, units="ns").start(})
cocotb.start_soon{state_monitor{dut))
cocotb.start_soon(sts_monitor{dut))

auait set_ready(dut,1)

o Ki n d j u St fu d gi ng auait reset{dut.sBB axis aclk., dut.sBB axis aresetn.2,8)
the ready Signal’ feed the driver:

for i in range(58):

data = {'type’':'single’, “contents":{"data": random.randint{1,255),"last™:
bUt rea u‘y We tester. input_driver.append{data)
ShOUld try tO data = {"type':'burst’', "contents":{"data": np.array{list{range{188333}}

tester. input_driver.append{data)

m O re i nte lli ge ntly auait ClockCycles{dut.sBB axis aclk, 58)

. . auait set_ready{dut,d)
probe this th|ng auait ClockCycles(dut.sBB_axis_aclk, 388)
auait set_ready{dut,1)
auait ClockCycles{dut.sBB_axis_aclk, 18)
auait set_ready{dut,d)
auait ClockCycles{dut.sBB _axis_aclk, 18)
auait set_ready({dut,1)
auait ClockCycles{dut.sBB _axis_aclk, 388)

- PIPSPES N I |
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Our Current Testing Framework

Monitor

(input) [~===- Scoreboard

for x in range{18888):
auait FallingEdge{dut.sHB axis_aclk)
rando_assign{dut.sB@_axis_tvalid,1)
rando_assign{dut .sB8_axis_tlast,1)
rando_assign{dut.sBB_axis_tdata,32)
rando_assign{dut .nB8_axis_tready,1)

Monitor
(output)

Quasi-
Driver

def rando_assign{signal, size):
if randon.randon{}>8.5:
signal .value = randon.randint{f,2xxsize-1) m» = -
else:
signal .value = H

Quasi-
Driver
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What we’d really like is something
to coordinate

10/23/24 6.5965 Fall 2024
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Improved
Testing
Framework

Monitor

(input) [~=~~~ Scoreboard

Monitor
(output)

Driver
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Protocol Tree

Write

/\ Wait untilvﬁ\

single

10/23/24

AXIS Bus

Don t Write

burst

6.5965 Fall 2024

Slave

/\,ﬁ

Read Don’t’ Read

Immediate
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So let’s maybe rewrite our Driver

 Driver can now be for a Master or a Slave

class ARISOrive
def _init_
self. signa
BusDriver.
self.clock
self.type =
if self.typ
self.bus.
self.bus.
self.bus.
self.bus.
else:
self.bus.

10/23/24

r{BusDriver):
self, dut, name, clk,type="H"}:

ls = ['axis _tvalid', 'axis tready', 'axis tlast’',

_init__{(self, dut, name, clk)
= clk

type
e=="HM":
axis_tdata.value = B
axis_tstrb.value = B
axis_tlast.value = B

axis_tvalid.value = H

axis_tready.value = H

6.5965 Fall 2024

'axis_tdata’,

‘axis_tstrb']
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Add an output_driver to our Tester
class

class SBTester:

Checker of a Skid Buffer instance
Args
dut entity: handle to an instance of skid buffer

def

__init__{self, dut_entity: SimHandleBase, debug=False):

self.dut = dut_entity

self.log = logging.getlLogger{"cocotb.tb")

self.log.setlevel {(logging .DEBUG)

self.input_mon = AXISMonitor{self.dut, 'sBB’',self.dut.sBB axis aclk, callback=self.model)
self.output_mon = AXISMonitor{self.dut, 'nBB',self.dut.sBB_axis_aclk)

salf.input_driver = AKISDriver{self.dut, 'sB8’',self.dut.sBB_axis_aclk, type="H")
self.output_driver = AKISDriver(self.dut, 'nB8',self.dut.sBB_axis_aclk, type='5")

self. checker = None

self.calcs sent = B

self.expected output = []

self.scoreboard = Scoreboard(self.dut,fail_immediately=False)
self.scoreboard.add_interface{self.output_mon, self.expected output)
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Now feed in random, legal
transactions to both the valid and
readv side

Ccocotb. tes
async def test_a{dut):

10/23/24

tester
tester

cocotb.
.start_soon{state_monitor{dut))
.start_soon{sts_monitor{dut))
.start_soon{os_monitor{dut))

cocotb
cocotb
cocotb

cocotb test for averager controller

= SBTester{dut)

.start(!

start_soon{Clock{dut.sBA _axis_aclk, 18, units="ns").start(})

auait reset{dut.sBB_axis_aclk, dut.sBB_axis_aresetn,2,B8)

for i in range{188):
utype = 'urite' if random.randon{)<8.5 else 'no_urite’
duration = random.randint{8,1688)

tlast

= randon.randon{)>8.5

length = randon.randint{1,18)

data

= [randon.randint{B,65535) for i in range{length}]

u_data = {'type':utype, "duration':duration, "contents":{"data": data},"tlast":tlast}
tester. input_driver.append{u_data)

for i in range{186883:
rtype = ‘read’ if randon.randon{}<B.5 else 'no_read’
immediate = random.randon{}<8.5
duration = randon.randint{8,2)
wait_duration = randon.randint{8,3)
r_data = {'type':rtype, "innediate": immediate, "wait duration':wait_duration, "duration":duration}
tester.output_driver.append{r_data)

data =
tester

{'type':'read'., "immediate": True, "wait_duration":8, "duration":588} 1

.output_driver.append{data)

V. 000  Tauw zuzL«
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Make a New “higher level” Cover
section

05 = coverage_section(
CoverPoint("top.os.sBB@ tvalid",
xf=lanbda sig: sig.get('sBA tvalid'),

o ThIS one WIU_ traCk bins=['V:8->8",'V:8->1",'V:1->8",'V:1->1"]
).
CyCle—tO—CyCle CoverPoint{("top.os.sAA tready",
.. xf=lanbda sig: sig.get{'sBB tready').
transitions of the bins=['R:8->8", 'R:8->1",'R:1->8", 'R:1->1"1
).
I CoverPoint{"top.os.nB@ tvalid",
Valld and ready xf=lanbda sig: sig.get{'nB8 tvalid'),
: bins=['V:8->8",'V:8->1",'V:1->8", 'V:1->1"]
signhals on both ports O
CoverPoint{"top.os.nBB_tready",
° NO reason to xf=lanbda sig: sig.get('n@8 tready'),

bins=['R:8->8', 'R:8->1",'R:1->8",'R:1->1"]

combine the two——, _ . ....co;

top.os.s_cross",

po rtS Fea lly. . .th ere ,S items=[ "top.os.sBB_tvalid",

"top.os.sBB_tready"]

N Ot h i N g da b o) Ut th e Euuer[russ("i;p .0s.n_cross",
”/,,/”/”' items=[ "top.os.mBB_tvalid",
Spec anyways

"top.os.nBB_tready"]
J

2
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async def os_monitor{dut):
read_only = ReadOnly()

M a ke S u O rt falling_edge = FallingEdge(dut.sB@ axis_aclk)
p p rising_edge = RisingEdge{dut.sBB_axis_aclk}
auait read_only
olds = get_rv{dut)

[ ]
functions e
auait falling_edge

auait read_only
neus = get_rv{dut)

sig = {}
¢ TraCk and La bel. for i in ['sBB_tvalid', 'sB8_tready', 'nB8_tvalid', 'mBB_tready']:

if 'v' in i:

tranSitionS Of all Eé;?[i] = "J: "+match{olds[il.neus[il)}
1 siglil = 'R:"+match{olds[il,neus[i])

four Slgnals Over os_sanpling function{sig)

time olds = neus

def match{old,neu):

outstr = "'
if old:
outstr+="1"
else:
outstr+="8"
outstr += '->'
if neu:
def get_rv(dut): outstr+="1"
return {'sBB_tvalid':dut.sBB_axis_tvalid.value, else:
'sBd_tready’:dut.sBB _axis_tready.value, outstr+='8"'
'mAA_tvalid':dut.nBB _axis_tvalid.value, return outstr

'mBB_tready’:dut.mBB_axis_tready.value}

10/23/24 6.5965 Fall 2024 41



Run it

> » Ml — © S
C_MOO_AXIS_TDATA_WIDTH
C_SO0_AXIS_TDATA_WIDTH

data_buffer_wren
data_out_wren
fill

flow

flush

insert

load

unload
use_buffered_data
remove
mO00_axis_aclk

mO0O0_axis_aresetn

mO00_axis_tdata [31:0] .. 0 1. ¥ 44714

mO00_axis_tlast

mO00_axis_tvalid

mOO0_axis_tready

mO00_axis_tstrb [3:0]

s00_axis_aclk

s00_axis_aresetn

s00_axis_tdata [31:0] ... | 25653 .. 1 L. N 44714
s00_axis_tvalid

s00_axis_tready

state [31:0]

s00_axis_tlast

s00_axis_tstrb [3:0]

tdata_buffer [31:0] ..\ 38049 49...
tlast_buffer

tstrb_buffer [3:0]
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Run it and you get...

top.os.s_cross : <cocotb_coverage.coverage.CoverCross object at 8x1868863b8>, coverage=18, size=16

BIN ('v:B->8', 'R:@8->8') : 18
BIN ('V:8->8', 'R:8->1') : 3
BIN ('V:8->8', 'R:1->8') : @
BIN ('V:8->8', 'R:1->1') : 9372
BIN ('V:8->1', 'R:8->8') : @
BIN ('V:B->1', 'R:8->1') : @
BIN ('V:8->1', 'R:1->8') : @
BIN ('v:B->1', 'R:1->1') : 22
BIN ('V:1->8', 'R:8->8') : @
BIN ('V:1->8', 'R:8->1') : @
BIN ('V:1->8', 'R:1->8') : 3
BIN ('V:1->8', 'R:1->1') : 19
BIN ('V:1->1', 'R:8->8') : 280
BIN ('V:1->1', 'R:8->1') : 35
BIN ('V:1->1', 'R:1->8') : 35
BIN ('V:1->1", 'R:1->1') : 222

top.os.m_cross : <{cocotb_coverage.coverage.CoverCross object at Bx186886718>, coverage=12, size=16

BIN ('v:8->8', 'R:@8->8') : 558
BIN ('v:8->8', 'R:B->1') : 1
BIN ('v:8->8', 'R:1->8') : 1
BIN ('v:8->8', 'R:1->1') : 8792
BIN ('v:8->1', 'R:8->8') : 3
BIN ('v:8->1', 'R:8->1') : @
BIN ('v:8->1', 'R:1->8') : @
BIN ('v:8->1', 'R:1->1') : 19
BIN ('V:1->8', 'R:8->8') : @
BIN ('V:1->8', 'R:8->1') : @
BIN ('V:1->8', 'R:1->8') : 2
BIN ('V:1->8', 'R:1->1') : 28
BIN ('V:1->1', 'R:@8->8') : 316
BIN ('V:1->1', 'R:8->1') : u@
BIN ('V:1->1', 'R:1->8') : 37
BIN ('V:1->1', 'R:1->1') : 220
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Let’s Consider Slave Side

Legit/Might OCCUI‘: top.os.s cross : <cocotb_coverage.cove

2 BIN ('V:8->8', 'R:8->8') : 18

, 4 BIN ('v:B8->8', 'R:8->1') : 3

Should Not Occur:® @ BIN ('V:8->8", 'R:1->8') : @
4 BIN {('Vv:8->8', 'R:1->1') : 9372

2BIHN {('V:B8->1', 'R:8->8') : B

2 BIN {('V:8->1', 'R:8->1') : 8

2 BIN ('V:B8->1', 'R:1->8') : @

2 BIN {'V:B8->1', 'R:1->1') : 22

© BIN ('V:1->8', 'R:8->8') : B

Both these are ® BIN ('V:1->8', 'R:8->1') : B

. . 2 BIN {('V:1->8', 'R:1->8') : 3

situations where §BIN ('V:1->8', 'R:1->1') : 19
the Valid is de- @ BIN ('V:1->1', 'R:8->8') : 288

asserting before a 2 BIN ('V:1->1", 'R:8->1') : 35

handshake 2 BIN ('VU:1->1", 'R:1->8"') : 35
2 BIN ('V:1->1"', 'R:1->1') : 222

occurred
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So what should we be concerned
about?

Legit/Might OCCUI‘: top.os.s cross : <cocotb_coverage.cove
4 BIN ('V:B8->8', 'R:8->8') : 18
. 4 BIN ('v:B8->8', 'R:8->1') : 3
Should Not Occur:® € BIN ('V:8->8", 'R:1->8"') : 8 1!
4 BIN ('V:8->8', 'R:1->1') : 9372
@ BIN ('v:B->1', 'R:8->8') : 8 !!
4 BIN ('V:B->1', 'R:8->1') : a1l
2 BIN ('V:8->1", 'R:1->8'> : 8 11
4 BIN ('V:B->1", 'R:1->1") : 22
© BIN ('V:1->8', 'R:8->8') : B
© BIN ('V:1->8', 'R:8->1') : B
4 BIN ('V:1->8', 'R:1->8"') : 3
4 BIN ('V:1->8"', 'R:1->1") : 19
2 BIN ('V:1->1", 'R:8->8') : 280
4 BIH ('V:1->1", 'R:8->1') : 35
2 BIN ('VU:1->1", 'R:1->8"') : 35
2 BIN ('V:1->1", 'R:1->1") : 222

» FJ (] — -
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Similarly on Master Side:

. . . top.os.n _cross : <cocotb coverage.cove
Legit/Might Ocour:4 BIN ('v:@->@', 'R:8->8') : 550
. 4 BIN {'Vv:8->8', 'R:8->1"') : 1
Should Not Occur:®  BIN ('v:@8->8', 'R:1->8') : 1
BIN ('V:8->8', 'R:1->1') : 8792
BIMN ('V:8->1', 'R:8->8') : 3
€ BIN ('v:8->1', 'R:8->1') : all
2 BIN ('v:B->1", 'R:1->8') : B!l
4 BIH ('v:8->1', 'R:1->1') : 19
© BIN ('V:1->A', 'R:8->8"') : &
© BIN ('V:1->B', 'R:B8->1') : B
4 BIN ('V:1->8', 'R:1->8') : 2
. @ BIN ('V:1->8', 'R:1->1') : 28
This is actually pretty BIN ('V:1->1', 'R:@8->8') : 316
reassuring since our DUT BIN {'V:1->1"', 'R:8->1') : u@
would be the device that BIN ('V:1->1", 'R:1->8') : 37
would actually be causing BIN ('V:1->1", 'R:1->1%) : 228

these violations
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So probably more read

toggling in our testbench

Conclusions?

would be good to be honest.
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