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module DLatch_DFF(clk,a,dlatch,dff); module test_Dlatch_DFF;
Input clk,a; reg clk,a;
output dlatch,dff; initial begin
reg dlatch,dff; a=1’b0; clk=1"b0; #10 a=1"b0;
always @(clk or a) #5 a=1’bl;#20 a=1’b0;
if(clk) dlatch <= a; #3 a=1bl;#7 a=1b0;
always @ (posedge clk) #2 a=1"bl;#10 Sstop;
dff <=g; end
endmodule always #10 clk = ~clk;

= DLatch_DFF n1(clk, a, dlatch, dff);

Jtest_Dlatch DFF/dk +o Dat
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FSM 141+ systemverilogSZ 3

module traffic(clk,Reset, Ta, Tb,La,Lb); M AEL
input clk,Reset,Ta, Th; iy 1¢+P:[j% U\JTiR)FjEéﬁ%

P Resel 18,10, TR “timescale 1ns/10ps
output[1:0] La,Lb; module test_traffic;
parameter S0=2"b00,S1=2"b01,S2=2"b10,S3=2"b11; reg clk,Reset, Ta, Th;
reg[1:0]  current_state,next_state,La,Lb; wire[1:0] La,Lb;

initial begin

always ff @(posedge clk or posedge Reset
yo_ff @(posedg POSEE ) clk = 1'b1; Reset=1'b0;

If(Reset) current_state <= SO; #1 Reset = 1'b1; #7 Reset = 1'b0; end

else current_state <= next_state; initial begin
always_comb Ta=1b1;Th=1'b0;
case(current_state) always_comb #10 Ta=1'b1;Th=1'b1;
SO: if(Ta) next state = SO; case(current_state) #5 Ta=1b0;Tb=1b1;
else next_state = S1; SO: begin La = 2°b00; Lb =2’b10; end #15 Ta = 1'b1;Tb=1'00;

. o e Lo b0l Lh— a0 eng 715 TA= 1DOTb=10;
S1: next_state = S2; S1: begin La=2"b01; Lb = 0; en #10 S$stop; end

S2: if(Tb) next_state = S2; S2:begin La=2"b10; Lb=2’b00;end  glways #2.5 clk = ~clk:
else next_state = S3; S3:beginLa=2bl11;Lb=2"b01;end  traffic nl(clk, Reset, Ta,Th,La,Lb);
S3: next_state = SO; endcase endmodule

4 ftest_traffic/dk Mo Data-
#  Jtest_traffic/Reset o Data-

endcase endmodule hG oot
4 ftest_traffic/Tb Mo Data-
4 Jtest wrafficnifnextstate | MeDats= Do | |  Joi  jio | 3 Joo [ Jo1 o |
# " Jtest wafficnifcurrent state | MoDats=" Do | | [  jor  Jio [ J31  Joo [ jo1 |
4 ftest_trafficiLa oDt o0 | [ [ 1 0 mo [ [ip o joo T pr
4 Jtest_trafficlb Mebata= | 0 | [ [ [ o | Jor  jgo | [ ]
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Current State  Next State Current State Output

S1 S2 S1 0
S2 SO 52 0
IR H R R AR i 2 i tH 2 ) ARG A R 2
One-Hot Encoding Binary Encoding
$> $1 So §1 So
SO 0 0 1 0 0
S1 0 1 0 0 1

S2 1 0 0 1 0




Next State

Current State Next Stat
S1 So S S AM
0 0 0 1 0 0 1 0 1 0
0 1 1 0 0 1 0 1 0 0
1 0 0 0 1 0 0 0 0 1
. \ . S = ESO N N I —
WEHIFBATRFER: § 55, R FHFAT R RIE A 2T
1= 0
S{r} = Sz

Current
0 0 1 1

SO 1 0 0 1 SO 1

= g 0 1 0 S1 0 0 1

52 0 $ 0 1 O
1 0 0
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Reset
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Current State Output
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S0 : S5 State Encoding
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Moore & MealyHJsystemverilog=Z I

module snail_moore(clk,Reset,A,S,Y);
input clk,Reset,A,;
output[1:0] S;
output Y,
parameter S0=2'b00,51=2'001,S2=2'b10;
reg[1:0]  current_state,next_state;
reg Y;
wire[1:0] S;
always_ff @(posedge clk or posedge Reset)
if(Reset) current_state <= SO;
else current_state <= next_state;
always_comb //@(current_state or A)

case(current_state)

SO: if(A) next_state = SO;
else next_ state = S1;
S1:if(A) next_state = S2;
else next_state = S1;

Moore

S2: if(A) next_state = SO;
else next_state = S1,
default: next_state = SO;
endcase
always_comb //@(current_state)
case(current_state)
S0: Y = 1'b0;
S1:Y =1'b0;
S2:Y =1'bl;
default: Y = 1'b0;
endcase
assign S = current_state;
endmodule




Moore & MealyHJsystemverilog=Z I

module snail_mealy(clk,Reset,A,S,Y);
input clk,Reset,A,;
output[1:0] S;
output Y,
parameter S0=1'b0,S1=1'b1;
reg current_state,next_state;
reg Y;
wire[1:0] S;
always_ff @(posedge clk or posedge Reset)
if(Reset) current_state <= SO;
else current_state <= next_state;
always_comb //@(current_state or A)

case(current_state)

SO: if(A) begin next_state = SO; Y = 1'b0; end
else begin next_state = S1;Y = 1'b0; end
S1:if(A) begin next_state = SO; Y = 1'b1; end
else begin next_state = S1;Y = 1'b0; end

Mealy

default: next_state = SO;
endcase
assign S = {1'b0,current_state};
Y1,
/lalways_ff @(posedge clk or posedge Reset)
/I if(Reset) Y1 <= 1'b0;
Il else Y1<=Y;
endmodule

Ilreg




Moore & MealyHJsystemverilog=Z I

i N Yoy L

ralg?jislzatlsstl_r?rgﬁ?s {lj\lﬂ T’fﬂ;ﬁﬁ% always #2.5 clk = ~clk;

reg clk,Reset,A; always @(posedge clk or posedge

reg[9:0] data; Re_set)

wire[1:0] S1,S2; if(Reset)

wire  Y1,Y2; data = data;

initial begin else
Reset=1'b0; #1 Reset = 1'b1; clk = data = {data[8:0],data[9]};

1'b1; assign A = data[9];
#6 Reset = 1'b0; end

initial begin snail_moore nl(clk,Reset,A,S1,Y1);
data =10'b01_0011 0111; snail_mealy n2(clk,Reset,A,S2,Y2);
#60 $stop; end endmodule
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o R ARAERS BT R AFEEIED:;
o HIED WIAERFFRIASE 5

. E%E’J%éﬁt I 0 AN B [5] Bsf 213K BT A /Y
Dffith 5 %% ﬁfﬁ— "m%% (clock skew)
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o FENLIIH]: tygp,, = B0 BRI HodfE 52 /i OR 15 A2 5E HO I [H]
(i.e. not changing)

o DRTFRFIE]: t, g = BV T 2R J5 20 75 Z 4k L2 R FF A E 1Y
[ [H]

o fLAERITE]: t, = @S ARKFRS (Al G7E—H, N A REFR
7\?4ﬁ%§ﬁ@ HTJ‘ I‘E—IJ AI‘_EL;'\;FD (ta = tsetlfp + thold)

CLK ,{
|
|
: | !
I G R A
H—N<—>i
i tsetup Ithold i

t

a
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o FERBIEIR: t, = NP ERI 2 I R Qi H A B 4 o
INJE PRFEAS € BB 8] (i.e., to stop changing)
(Propagation clock after q)

o H/MNEIR: t,, = RPN B B QiR S T AR B A A ]

(i.e., start changing)  (Contanimnation clock after q)

|
| |

Q




o IR F oL N DAL 0SB LA 1

MR CRESEI (At SRR T )
o HETIHL, B\ TR

— atleast t before the clock edge

setup

— at least until t, 4 after the clock edge
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CLK CLK
| a2 |
(a) R1 R?2
< Te v
CLK \ )
T TR i
|

D2 | RO

(b)




o MEFZR1UEILH 51245 D7 28R2 1 B NIEIR
o FITFAEETR2AVA N AL ZRAE IS BV Z Tt o, I TRIAG RE

o (t ALE B R AEIR)

CLK CLK
I

QL 1 ¥
D2 | XK
| ‘

SR ST [ 295K / B KAE IR A

(pcq Setup) Hj‘}? ﬂi%ﬁ

CLK \ y tpd =
‘ |
‘ |
|
|
|
>




PRASF I ] 29

o MEFFESRLE T H A 124 3 B A7 23 R2 A e /DN EIR
o FFFAELRR2VFM AN DAAEN ST 2 J5 2 /0t T

[B] PR IFAS E
CLK
¢ ]D2 %
R2
| | Thotd <
tcd >
QL T XXX
B /MEIRZ) R

CLK J \ ,ll/_
|
|
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/NG ISP EL G T B S ST TRDRT ERASF IS TR 29 AR T D 4% 22 TR) 2H 5 32 48 ) e K SE IR AN
B/MEIR . i KIEIR 2 32 i) T H s B R BRIl 51248

CLK cik  Timing Characteristics
V1A teeg =30PpS
>— theg =50Ps
VB I_ toetup = 60 PS
] thoa =70 PS
N4 = XY @
JYIE J 1] = { ty =35ps
st =25 ps
<D Y _Y 8_ cd P




I T T T
0 50 100 150 200 250  t(ps)
] ]

(a)

t,q =3 X35 ps =105 ps |
t.,=25ps f Pa—

! rselupi
Setup time constraint (REREKIE) Hold time constraint (E/NIEIRERIE)
T.2 (50 + 105 + 60) ps = 215 ps teegt ted > thold ?

f.=1/T_=4.65 GHz (30 + 25) ps > 70 ps ? No!




155 7 77 AT 2

Add buffers to the short paths: Timing Characteristics
CLK CLK teg =30ps
YA tpcq =50 ps

setup =60 PS
IY|B thog = 70 ps
%%x (O]
i C_% Ny, sl g[t, =35ps
iy E’_ ty =25ps
D | ;@—r N
L | —
t,q =3 X35 ps =105 ps
t.;=2%x25ps=>50ps
Setup time constraint: Hold time constraint:
> (50 + 105 + 60) ps = 215 ps teeq * tea ™ thotd °

fe=1/T.=4.65 GHz (30 + 50) ps > 70 ps ? Yes!
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o BTN A RAE[F— B A RIA A S s 1Y
o R, AR I GER
o ¥ FHBINE T

detay CLK bl sk, M
TP wAe, B 8PR]RE
R aNA.
St F- (R T SR 3,
TP wAe, B 8PR]RE
23




o mINEML, CLK2 is earlier than CLK1

CLKl CLK2
Q1( D2
L
R1 T R2
la \C 7}
CLK1
i -
CLK2/ }I/ \ )I/ }I/
Q1 X:XXX%H B : |
| | ( ! I
D2 D YOO, . |
: o
> > PGP
pcq pd setup “skew

XTSI AR, T I
fW#e, B BhaT Be S A 2k .




* |In the worst case, CLK2 is later than CLK1

CL|K1 CL|K2
Q1 ¢ D2
\ ) TR () SR, B T A
R1 R2 WFs, BFPPR] e a2k,
I I
CLK1/ { \ / {
cLk2// /¥ \ T
I I
T OO
Q | | th >




o MEESAHE, WIMRERE, UGS T HEZ

6] CFLARIN TR P9 40 A\ 03 T ge A2 2 280

o fili X 2S: two stable states (1 and 0) and one
metastable state (& —/ XA BN
TERS Z AIEAFAE — AR

metastable

stable stable
@ @



o FRIEIAANTEES (user interfaces, systems with

different clocks interacting, etc.)

—

® =]

125 H] B #5: make the probability of failure (the output

Q still being metastable) low; FTA ) F 2 NES T 2
234 [F)2P 8% (synchronizer) Ab¥E,

o [FI2D AR A RELETT AR AT KM FE N0

CLK

|

@
D— =z —Q

O
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o [F2D7%: M T IET il & 25 2H Al
o MDWKFLKFERT, EudamiiEsmidt K

N #EBME 5 D2 has (T, - t,,,) time to resolve to 1 or 0,

RETRBE o
S
|| L
F1 F2
. T .
< : q
CLK | \ |
| ‘ |
Do | '/ |
| metastablew—l
| 1 /.

@ -y
.~ e




o RGEE A ﬂlﬂLatencyiFM - 55 E Throughput

KR E; BEHTAETRERFLE.
o PIRFIFAT:
— ZE[EIFHAT
o filf A4 % Y 52 |
— B IR AT
o (B HEFT I Al 2 NP Ex
e Jit 7K Zpipelining
o {51 2H 2E 2




AT +1

o fiEEKE
e 5 minutes to fi{
e 15 minutes to /%

A FATIS B REIR oAt &2

Latency =5 + 15 = 20 minutes = 1/3 hour
Throughpt ur



AT +1

o [FFHIFAT B AL =?

— Z*|H]3£4T7: Ben asks Allysa P. Hacker to help, using
her own oven

— B IE]3RAT
o Pim: i and ¥5
* @ii/ :W‘i L?

o R MERERN, B MEM



AT 1 1-25 8] FHAT 1

Latency:
time to
first tray
0 5 10 15 20 25 30 35 40 45 50
L L L L L L L L L L L g
Time
Tray 1
S Roll
<. 2 Tray2 Alyssa 1
g2
& g Tray 3
o
Tray 4 Alyssa 2 Legend

Latency -
Throughput =




HAT 1 1-IF [8] FFAT

Latency:
time to
first tray

Temporal
Parallelism

Latency =
Throughput =

A FH R UHE, A7t 8 trays/hour




FHAT 1 +2

CAIDA A BRI ¢, H0.3ns,  t,,0.2ns, KT HL S 1 GE IR AR R 2

CLK CLK
- |
\b' !’ A [ : ) {ﬁ Ay h ;v.

= el — e 3 ¢ 4 Bl
S e—— ‘ N 2]
L!r‘ = 2.4ns = 2ns [ ..=4ns
,( ¢ 2 t—
- )
= 3ns
[ >
I =9.5ns

Latency = 0.3+3+2+4+0.2 = 9.5ns
Throughput = 1/9.5ns = 105MHz




FHAT 1 +2

CLAIDAlR #51) t, N0.3ns,  t,,/90.2ns, KN EIR A 0K £k o %
[ E IR A A i 5 2

FrEE 1: 5.5ns BBz 2: 4.5ns

B — R EIR0.3+3+2+0.2= 5.5ns & 2% 4EIR0.3+4+0.2= 4.5ns
Latency = 2/ 4 Bf{= 5.5 *2 = 11ns
Throughput = 1/5.5ns = 182MHz



FHAT 1 +2

CLRIDAM R B8 1Y ., N0.3ns, e, 90.2ns, SR T EIK H = 2 /K £ FL %
HIREIR ﬁﬂﬁﬂii?

CLK
e N}
[ = 4ns
FrEL 1: 3.5ns BEX 2: 2.5ns BrEX 3: 4.5ns

55— JEIR0.3+3+0.2= 3.5ns & 2 4EIR0.3+2+0.2= 2.5ns
=0 9E1R0.3+4+0.2= 4.5ns

Latency = 3/~ £ i Bi= 4.5 *3 = 13.5ns

Throughput = 1/4.5ns = 222MHz
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3. A MRAREHLIFSME WIS Fr i EEF- By, i E9RIR
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 BNIEIRE o BTN ANt~ PRIFIS B, g SR/ AE
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Reset

hﬂeaalygi;th:L»1JL

/1000

==
~ E L
/Ell_a\ L]

1. case() /endcasefdefaultlKZS R IEE o
v Ek3.2697 Al FAMoore®! . MealyBUR7ZSH.SystemVerilogZmFEsE I, FHH[E
— M Testbenchi#HTMIK . BLEREETHERE?




nexXtstate =

nextstate
nextstate
nextstate
S510: if (n) nextstate = 3515;
S}.‘ﬁtem\areri]“g else if (d) nextstate = 520;:
else 1f (q) nextstate = 335;
. . else nextstate = 510;
module ex4_36{1nput lcg%c c%k, reset, n, d, dq, Ty nextstate = S0
output logic dispense,
S530: nextstate = 350;
returns, returnl(, ) i _ )
return? 10): 315: if {(n) nextstate = 320;
, - ' else if (d}) nextstate = 525;
typedef enum logic [3:0] {50 = 4'b0O00OO, celse if Eq; nextstate = S40:
= I ¥
giD B jrﬁgggé’ else nextstate = 515;
- ! 520 if (n) nextstate = 525;

— i
525 4'p0011, else if (d) nextstate = 3530;

S30 = 4'k0100, . — .
815 = 4'b0101, else 1if (g) nextstate 545;

520 = 4'b0110, ca5. " etotare = 80,
535 = 4'pb0111, 54[:: Catare = SDt
$40 = 4'b1000, a5 nextstﬂte oo
545 = 4'b1001} : nextstate = ;
default: nextstate = 350;
statetype;
endcase

statetype [3:0] state, nextstate;

// Btate Register // Output Logic

always_ff @(posedge clk, posedge reset) assign dispense = (state == 323) |
if (reset) state <= 80; (state == 330) |
else state <= nextstate; (state == 335) |
(state == 540} |
// Wext State Logic (state == 543);
always comb assign returnd = (state == 3530) |
case_{state} . (state == 340);
a0 if {n) nextstate = 85; assign returnl( = (state == 535} |
else if {(d) nextstate = 310; . (state == 540);
else if (q) nextstate = $25; assign returnZ 10 = (state == 8453);
endmodule

else nextstate = 30;
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N

= xor tpd=100ps
< tcd=55ps

- tpcq=70ps
o tccg=50ps

> CLK DFF tsetup=60ps

ﬂ thold=20ps

K 3-74 4 4FF 175 AR 5588 H 1%




td = 3lpd XOR
=3 % 100 ps
= 300 ps

Next, we calculate the cycle time:

TC‘ Z I;:rc'q + E}.}d + rf-}t:[llp

> [70 + 300 + 60] ps
= 430 ps
f =1/430 ps=2.33 GHz

rsk ew

2 1 + Ipd + rst:tup T Tskew

pPeq

<7, —(

theq t tpa t Tserup)» Where To=1/2 GHz = 500 ps
< [500 — 430] ps =70 ps

(c) First, we calculate the contamination delay through the combinational

led = 1cd XOR
=35ps

Ir:‘q Tleg ™ hold T 1
Thus,
Iskew = (Ic'.:'q + 1ed) - Thold

< (50 +55)-20
< 85 ps

skew



(d) First, we calculate the propagation and contamination delays through the
combinational logic:

clk thd = 21pd XOR
] =2x 100 ps
1 =200 ps
_WE ck 1.4 =214 xOR
1Y =110 ps
—?jj Next, we calculate the cycle time:
- Tr 2 I;:rrq + I;:rd + Isetup
> [70 + 200 + 60] ps N
=330 ps

f =1/330ps=3.03 GHz

Iskew < (Ic'c'q + Ted) - thold
< (50 +110)-20
<140 ps







Testvectors X A4

o E1XT3.26% NN File: example.tv
* contains vectors of i ANDQ_%ij ! DRnRdRtd

100
001
010
010
001
100
100
010
010
100
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L2 Q-Q

0
D11

master

CLK

D
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o WHIHIEMFSAMRSTERERNREE
o BIFSHNEREHREHRAEYN, REU—IFXK
o FIFFEEITIRE /D ZEERHE

CLK %‘O

CLK 1 N

T p— >0 Md B>
D 1-Q % CLK

T 0

CLK 'ﬂ CLK
(a) CIK \ -

(b) Dfil & 78204 il AR

AL R2IE M N M as,
RIABIBA=ZZMERTL, ANIRMERE, ENIEOEET &,
HCLK=0, T1IRXBINILRFFER JZHE.
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P(failure) = (T,/T,) e(Te- tawit

D @ D2 g o
e

CLK i \ l

D2 | -
: metastable\/{\—: ‘
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[l 25 4 1) R BT 2 B 18]

o UNRI[FZ AN UAR—IR, BRI A Fe i
N P(failure).

o WIRFNAENIK, BEFP R AT HEME: -

P(failure)/second = (NT,/T) e (T~ tewl/T

o [AZDZSRAR-EIIS[A]:  1/[P(failure)/second]

e Called Mean Time Between Failures, MTBF:

MTBF = 1/[P(failure)/second] = (T/NT,) e(Te- tewsl/t
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RS H i tH &

0 0 0 0 0 0
0 0 1 X 0 1 0
0 1 X 0 0 0 0
0 1 X 1 1 0 0
ife: AB NTrue, HiHiQ ) ; T .1 ; ,
‘ 1 0 0 0 0 0 0
(LEES 1 0 0 1 0 0 0
1 0 1 0 0 0 0
S0 00 S| = S,SyB+S,AB
S1 01 HiRFIER o= 5,54
S2 10

—— - prp— — Q' = 51[18
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