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" Procedural statement
ul

B procedural statement
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if, case, for, assignment & ...
= X 2FA 01 behavioral model0f] AFE
B procedural statement] £&8
= initial & — single-pass behavior
= always & — cyclic behavior
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B initial 2 — single pass behavior

initial begin
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initial begin

X = 1'b0;
#40 x = 1'b1,

end
initial #100 $finish;
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T always&
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B always £ — cyclic behavior

always HIE X 71 begin
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m 0f|: clock generator

initial clock = 1'b0;
always
#20 clock = ~clock;

clock
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module clock_generatar;

rea clock:

initial begin

end

always

endmodule

clock = 0; S/ clocks 022 =718
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#20 clock = ~clock; S/ 20 BRAT OO clock HE ¥HH
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@(van .. varzfo| HULA|0f| event A

B OJHIE H[01Q] 02| 7HA| HEH
. @(van W2 var Zt0] Hgp —— level-sensitive variable
= @(posedge var) 4 varQ] positive edge (0>1 HI})
= @(negedge var) HZ4 varQ| negative edge (1>0 %}

= @(varlor var2) W4 varl EE var2 3rO| B} edge-triggered
= @(posedge varl or negedge var2) variable

= @(posedge varlor var?) - synthesis tool2 Z3UE S
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= @(varl, var2, var3)
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| level-sensitive2} edge-triggered O|HI E
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half-adder ~ ~
always @(a or b) begin

sum=a”b;

cout=aé&hb; a E &= b7} S OjOrCt
end sumal} coutZFS CIA] A4

B edge-triggered OJHIE
clkQ] positive edge0f| 4| O|HI E.

D flip-flop /v
b o
always @(posedge clk)
gout = din; R
clkQ] positive edge0jl A] din0] qout0j] A=
UHIC|E0FE 0] HA| 10
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B 0f]: B4 =20] Q&= positive edge-triggerred D flip-flop

module dff_s (g, gbar, data, clk); module dff_s (g, gbar, data, clk);

output g, gbar; output g, gbar;
input data, clk; input data, clk;
reg q, gbar; reg a;
always @ (posedge clk) begin assign gbar = ~q;
g = data; always @ (posedge clk) begin
gbar = ~q; q = data;
end end
endmodule endmodule
l assign21} always20| B2 404
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B & XSk R (procedural assignment statement)

= initial EE = always LHO|A] AF2 =l assignment( =) 2%
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» LHSH 4= variable 2 0]0{0F Bt (ex) reg &E &= integer
m regl W4k

= hardware register2 B}HEl £ QIOL} %X 8 &%
B always HHE X 741} 9|2
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mifE B 0]: flip-flop with synchronous set and reset
" ?f (ZUN) 28 module dff_s (g, gbar, data, set, reset, clk);
 if (RA]) 231 output g, gbar;
else 2752 input data, set, reset, clk; R
. if (B7A) BRI reg  q ‘
else if (R71412) 2512 Lou
assign gbar = ~q; o Q
else if (Z7124In) 2%&n always @ (posedge clk) begin ‘
else 2&n+1 if (reset==0) q = 0; S
B case B else if (set==0) q = 1;
else q = data;
- A Al '
caj:a .(:._') . end
Wl 281 endmodule
w2 282
default: 71227, /1 AX|0t= 0] QoW J7IREH &Y
endcase
3% CLAICH Ot il
o UREIHEEL UHIC|EOLEY01 &7 13 UHICIEOtEYIO 4 A 14
K K
e Ol mm YA
| ulll
B 0f|: flip-flop with asynchronous set and reset B (f|: transparent D-latch
module dff_a (q, gbar, data, set, reset, clk); module tr_latch (g, enable, data);
output g, gbar; output g;
input data, set, reset, clk; input enable, data;
reg q; reg g; —Db Q—
assign gbar = ~q; always @ (enable or data) begin L
always @ (negedge set or negedge reset or posedge clk) begin if (enable) g = data;
if (reset==0) q =0; /I async reset end
else if (set==0) q = 1; /I async set endmodule
else q = data;

/I synchronize with clk
end
endmodule

= setd} reset2 K& level-sensitive =&t
= O {O]| clkit BO}A|(asynchronous) set E = reset S =t
= clk@t edge-triggered S =t
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B 0f: 1H|E 4x1 HE|Z=IA

module mux4(y, d3, d2, d1, do, sel);
output vy;
input d3, d2, di, do;
input sel;
reg vy,

always @(d3 or d2 or d1 or dO or sel) begin
if (sel==0) y =d0;

else if (sel==1) y =d1;
else if (sel==2) y =d2;
elseif (sel==3) y =d3;

else y = 1'bx; D = d3
J elsey =d3;
end Y
endmodule
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B 1H|E 4x1 HE|EZ=IA]
module mux4(y, d3, d2, d1, do, sel);
outputy;
input d3, d2, d1, do;
input [1:0] sel;
reg vy,

always @(d3 or d2 or d1 or dO or sel) begin
case (sel)
0:y =do;
1l:y=d1;
2:y=d2;
3:y=d3;
default:y=1bx; // BE A
endcase
end
endmodule
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B Modeling styles
= structural modeling
= gate-level structure
= behavioral modeling
= continuous assignment  — dataflow model
= register transfer level(RTL) logic

| o A2
= algorithm-based model } alwayss Af
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T RTL Model
ol

B RTL(Register Transfer Logic) model

= Z2 clock0]] 7] k]= SZH0t= synchronous machine?]
data flowE modelingOt= Ol A2

= combinational logic®] modeling 7'

B Z Y| Z 9] RTL modeling

asynchronous cyclic behavior2 modeling 7ts

Verilog-20010{| A &=
@*E LAl 7ts

= combinational logic continuous assignment i} 2%/%75.*% [ =

RHSOl AFEEl= 2E Ha B

b

wire yl, y2; reg yl, y2;
assign yl =exprl; always @(v1or v2 ...) begin
assign y2 =exprz2; y1 = exprl;
L. y2 = exprz;
continuous assignment &2 & end
RTL Rt
% MLt

FUREEREN AUHICIECIEAI0] 2|

20




T ] RTL model — 0§ A|
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B 0]|: 2-bit comparator
module cmp2_RTL(It, gt, eq, Al, A0, B1, BO);
input A1, A0, B1, BO;
output It, gt, eq;
reg It, gt, eq;

always @(AO or Al or BO or B1) begin
It = {A1,AQ} < {B1,B0};
gt = {A1,A0} > {B1,B0};
eq = {A1,A0} == {B1,B0};
end
endmodule

= alwaysliQ] B2 &AL E HUWH
- RHSQ} LHS A0 0f| dependencyZt Q1O ™ & M0f| FTFS
(cf) multiple continuous assignmentE & concurrentO}A| 21 S El
2> 7l &Ml A A2
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" Algorithm-Based Models
sl
B Algorithm-based model
= RTL model2LC} { =291 model
= input-output ;A Z 7|&0H
= register, datapath, computational resource S| L2 11X E
71&0X] %2
= architectural synthesis
« WE 1 X = synthesis tool0f] 2]04 A HO{ZE! > most challenging

« hardware@ PHE 4 Q= AL U
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T Algorithm-Based Model — 0f| A|
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B 0|]: 2-bit comparator

module cmp2_CA2(lt, gt, eq, A, B);
input [1:0] A, B;
output It, gt, eq;
reg It, gt, eq;

always @ (A or B) begin
It=0; gt=0; eq=0; Il deassert(0) 27|38t

if (A==B) eq=1; EHS OIED
i 27g UEI=
elseif (A>B) gt=1, e
else It=1; £33 & assert(1)
end
endmodule

= 0] model2 reg H4E ALY X2t Y22 SHAE|H
hardware register2 1 Q 2 O}X| &
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mm 46 Blocking®Q} Nonblocking Assignment &
ullE

B procedural assignment 22| £
= = S
blocking WA = &4 | (BEQ| programming H0{Qt Z+2)

assignment & E5 U ¥IES MUz &Y
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nonblocking 41 | (concurrent behaviorE modeling)
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™E 0| — 4-bit shift register
=1

B 4H| E shift register
= clockQ] positive edge0]| A] register 2}0] 1H|EXl QEZO0 & 0|5

D C B
E—D Q—1D Q—D Q—b QA

e

B 4-bit shift register@] modeling
= structural model E = dataflow model2 7|&017|7F 022
= always @(posedge clk) 2 A2 %t behavioral model2 7]& %t
= assignment2 AF20]| £o|7} LQ Tt
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B Blocking assignment: a="b
= sequential, procedural assignment
= blocking assignment290] A1%H0| E 2 E|0{0} CI2 2730]| A=

> ME 2IE Ziat L2 23l 24Ul A8

» A% ANH= blocking assignment 22| £ A{0]] J3S Hig £ Q)2

B 0: 4-bit shift register (&A]: E>D>C>B>A)

always @(posedge clk) begin always @(posedge clk) begin
A=B; D =E;
B=C; C=D;
C=D; B=C;
D=E; A=B;
end end

before: EDCBA=1011x
after: EDCBA=11011

before: EDCBA=1011x
after: EDCBA=11111

(2 (22"
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B Nonblocking assignment: a <=b
= HX procedure LHQ| RHSQ| Z+EE AHILIPH 20| LHS M A
= t=TOI RHS ZF A4t
= t=T+ AOj| LHS BH4 ZF 7HAI
= nonblocking assignment 2E & concurrentO}A| 2%0t= RS
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B 0f|: 4-bit shift register (&A: E>D>C>B>A)
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always @(posedge clk) begin always @(posedge clk) begin
A<=B; D <=E;
B <=C; C<=D;
C<=D; B <=C;
D <=E; A<=B;
end end

before: EDCBA=1011x before: EDCBA=1011x
after: EDCBA=11011 after: EDCBA=11011
(82 (82
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T Blocking vs. Nonblocking Assignments
=1

B Multiple assignmentsOj| A LHS2} RHS 7H0f| dependencyZt
« Y= ZAL: blocking, nonblocking B & Al 7ts
» EMOHE B2 &M 0] YS

= concurrent SZF @5 nonblocking Al
« algorithmic SZF B blocking At

B HYO= B
= Nonblocking assignment:  edge-sensitive operation

(synchronous =&t register 22 %%}

= Blocking assignment: ZTR|Z =

ATt &L
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"y Port Names: Style
ullE

B ModuleQ| port name?l| & A

« HOHH FAL QS

« U EM L2 2M(EY 24) ZE o
= bidirectional datapath signals
= bidirectional control signals
= datapath outputs
= control outputs
= datapath inputs
= control inputs
= synchronizing signals

% SIAMICH S

P HARHERE UHIC| E0LEYI01 H A

F>




