Verilog — Combinational Logic

Verilog for Synthesis
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Verilog — logic and numbers

*  Four-value logic system
e (- logic zero, or false condition
. 1 —logic 1, or true condition
e X, X —unknown logic value

e 7,7 - high-impedance state

Number formats
e b, B binary
. d, D decimal (default)
. h, H hexadecimal

. 0, O octal

16’H789A — 16-bit number in hex format
1’b0 — 1-bit
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Verilog types

e (Constants

— parameter DIME = 10;
— parameter width = 32, nickel = 5;
— parameter quarter = 8'b0010_0101;
* Nets
- wire clock, reset_n;
- wire[7:0] a_bus;
e Registers
- reg clock, reset_n;
- reg[7:0] a_bus;
e Integer

— only for use as general purpose variables in loops

— integer n;
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Operators

* Bitwise
— ~ negation
- & and
— | inclusive or

— » exclusive or

e Reduction (no direct equivalent in VHDL)

— Accept single bus and return single bit result

e & and
e ~& nand
e | or

e A

Verilog

y = a & b;

y = a | b;
y =a ™ Db;
y = ~(a & b);
y = ~ a;

y = & a_bus;

y = | a_bus;

exclusive or

Jim Duckworth, WPI

Verilog Module Rev A



Operators (cont’d)

Relational (return 1 for true, O for false)
— < less than, <=

— > greater than >=

* Equality
— == logical equality

— != logical inequality

* Logical Comparison Operators
- logical negation
- && logical and

i logical or

Arithmetic Operators

Jim Duckworth, WPI 5 Verilog Module Rev A



Operators (cont’d)

e Shift
- << logical shift left, (<<< arithmetic)

- >> logical shift right (>>> arithmetic)

e (Conditional

— Only in Verilog - selects one of pair expressions

- ?

— Logical expression before ? is evaluated

— If true, the expression before : is assigned to output

— If false, expression after : is assigned to output
e Y= (A>B) ?1:0
- Y= (A==B) ? A+B:A-B
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Simple Combinational Example

r B
ISE Text Editor (P.15xf) - [simple.y] B
File Edit View Window Layout Help EEIR

EN= Rl
E 20 SSAFAEAEF R A A r i r i r i r i i i i i i i i iy rir iy -
= 21 module simple
= 22 input [2:0] aw,
23 input pu=h,
24 output [5:0] led
= 25 )i
26
- 27 assign led[0] = 1'bl: ff led 0 always on
— 28
y 249 assign led[l] = =w[0]: f/ turn led on when switch on =
% 30
31 aszssign led[2] = =sw[2] & =w[l]: ff and operator
“‘?i" 3z
4 33 assign led[3] = push: E
i 34
Q 35 as=zign led[5:4] = 2'bl0;
|\:) 36
— 37 endmodule ==
a8 S
] m...| k
simple. v x| |
Lnl Coll Verilog
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View Technology Schematic

gfile Edit View Window Layout Help

| ISE Schematic Viewer (P.15xf) - [simple (recE z m{g‘ﬂ_‘g‘

BEE

D2EFE

#PREX|w f’|N.m| ALPPER” Ei|| =H —'-__| P

f Bl
% LUT Dislog =5
LUT2_8
INIT =8

Schematic Eguation | TruthTable Karnaugh Map |
o= (m=n);
% LUT Dislog =5
LUT2_8
INIT =8
Schematic I Equation TruthTable Karnaugh Map |
o
& LUT Dialeg T

LUT2_8
INIT =8

schematic Equation | TruthTable Karnaugh Map |

ANDZ

simple1
ibuf ibuf VCC obuf
B [~ o = o pm
1 E2)
push_IBUF sw_1_IBUF led_0_OBUF
XST_VCC
ibuf ibuf obuf
aw_2 |BUF sw_0_IBUF led_1_OBUF
lut2 obuf
led_2_0OBUF
led=2=1
gng obuf
XST GND led_3_OBUF
obuf
led_ 4 OBUF
obuf
led_5_OBUF
simple
simple (Tech1) gﬂ

[1468,-32]

Jim Duckworth, WPI

Verilog Module Rev A



Decoder Tutorial Demo Example

sw0

> 1ledO

swl

Y

> led1

Sw?2

Y

> led?2
, led3

Y

> led4

> led5

> led6

, led7
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Verilog Source Code

1) i5€ Text Edtor (.15 - decoderv]

E;J File Edit View Window Layout Help

A OD®

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

1S Il [ IV 1

A
*
p.
%
€
©

// Additional Comments:
[/
1L EELE RPN I 1IN Pl i lEiliriiiiriiririireiririil,
module decoder (
input [2:0] sw,
output [7:0] led
) B

assign led = (sw == 3'b000) ? 8'b00000001 :
(sw == 3'b001) ? 8'b00000010 :
(sw == 3'b010) ? £'b00000100 :
(sw == 3'b011) ? 8'b00001000 :
(sw == 3'b100) ? 8'b00010000 :
(sw == 3'bl101) ? 8'b00100000 :
(sw == 3'bl110) ? £'b01000000 :
8'b10000000;

endmodule

Lnl Coll Verilog
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Concurrent statements

* VHDL

— Process

— Signal assignments
* Verilog

— always statement

— Continuous assignment - assign
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Verilog wire and register data objects

* Wire — net, connects two signals together
— wire clk, en;
— wire [15:0] a_bus;
* Reg —register, holds its value from one procedural
assignment statement to the next

— Does not imply a physical register — depends on use
— reg [7:0] b_bus;
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Index and Slice

* VHDL

— Use to and downto to specify slice

— Concatenation &

c_bus (3 downto 0)
c_bus (5 downto 0) <

e Verilog

A
]

b_bus (7 downto 4);
b_bus(7) & a_bus(6 downto 3) & ‘0’;

— Use colon :

— Concatenation {,}
assign c_bus[3:0]

assign c_bus[5:0]

b _bus[7:4];
{b_bus[7], a_bus[6:3], 1'’b0};

buses.v - ISE Text Editor, |Z||E|E|
File Edit

L N 3

module buses(a bus,b bus,c_bus):
2 input [7:0] a bus:

input [7:0] b_bus:

output [7:0] = bus:

-

(1]

assign c_bus[5:0] = {b_bus[7], a bus[6:3], 1'b0}:

endmodule

|
Far Help, press F1

[a T @ T

|

Li
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Internal wires

 Declare internal wires:

buses.v - ISE Text Editor =B |r5_<|
File  Edit
= 4%
1= module buses (a_bus,b bus,c_bus,d bus):
2 input [7:0] a bus;
3 input [7:0] b_bus;
4 output [7:0] o bus:
5 output [7:0] d bus;
=
7 wire [7:0] internal hus:
=
=l assign o _bus[5:0] = {b_bus[7], & bus[&:3], 1'b0O}F;
10
11 assign internal bus = (§'h54 £ & bus) | b_bus;
12
12 azsign d buz = ~internal bus;
14
15 endmodule
16
<J) >
For Help, press F1 Li
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Sequential Statements

* VHDL

reside in process statement

* Verilog

reside in an always statement
if statements (no endif)
case statements (endcase)

for, repeat while loop statements

Note: use begin and end to block sequential statements
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Decoder — always statement

e 2 to 4 decoder with enable
e Combinational logic using always statement with sensitivity list

— similar to VHDL process — for cyclic behavior

— (@) event control operator [EEEAMES A =1t
Fil=  Edit
— begin .. end block statement| g B 6% %
1= wodule decoder (sel,en,v):
— note reg fory | ety
2 input en;
4 output [3:0] w;
5
(=1 reg y:
5
=] always [ (sel, en)
=] hegin /¢ required if multiple sequential statements
10 if (en == 0)
11 @ v o= 4'hi1111;
12 else
12 if (sel == 2'hb0O0)
14 v = 4'k1110;
15 else if (sel == 2'b0O1)
16 v = 4'b1101;
17 else if (sel == 2'bl0)
18 v = 4'b1011;
19 else
20 v = 4'b0111;
21 end
22 endmodule
23
£ >
For Help, press FL Li
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Decoder (cont’d)

e Combinational logic using always statement with
sensitivity list
— similar to VHDL process — for cyclic behavior
— (@) event control operator

— begin .. end block statement

e Statements execute sequentially
— 1f statement
— case statement
e Note: case expression can concatenate signals ({,})
— Sensitivity list
e (aorborc)

e Verilog 2001 allows comma-separated list (a, b, ¢)
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Decoder — CASE statement

* CASE is better for this type of design - no priority

— Exactly same logic produced

i N
ISE Text Editor (P.15xf) - [decoder_case.] EEI
File Edit View Window Layout Help HEE
=EE DD
i= 20 JSSASAAESESES S -
b= 21 module decoder case |
== 22 input [1:0] sel,
23 input en,
e 24 output reqg [3:0] ¥ ff reqg required for vy
25 )i
26
3 7 always @ (sel, en)
— 28 case [({en, =el}) S/ combine two signals - note order
A 29 3'bl00: v = 4'b1110; =
1 30 3'b101: v = 4'b1101;
31 3'b110: v = 4'b1011;
A a2 31p111: y = 4'b0111;
“$ 33 default: v = 4'b1111; E
T 34 endcasel
'\.) Bl
.;‘, 35 endmodule 1
— 37 =
L [T — 3
decoder_case.v x| |
Ln 34 Colld4 Verilog
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Decoder — 3 to 8 with CASE

F |
ISE Text Editor (P.15xf) - [decoder.w®] l‘:' = g
File Edit View Window Layout Help |- =] x|

= N |
= 20 SSAASHIIAAAAAAEEANAA AT AP i i iriiiiiririile
= 21 module decoder|
= 22 input [2:0] =w,
23 cutput reg [7:0] led
| 24 )z
e 25
26 alwavs B (=sw)
= 27 case (3w)
— 28 2'b000: 1led = 8'b0O00000O01;
A 29 3'b001: led = 8'b00000010; |
. 1 30 2 led = 8'b00000100;
Sl i b led = 8'b00001000;
. 32 2'bl100: 1led = 8'b00D10000;
o S5 2'bl01: 1ed = 8'b00100000;
i 34 2'bl10: 1ed = 8'b01000000; =
@ 35 2'p111l: 1ed = 8'b10000010;
.\:) 36 endcase
—| 37 |
38 endmodule
33 B

| 4 [ P
decoder.v™® x|
| Ln 37 Coll Verilog

b
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MUX example

e Example multiplexer with conditional operator

* Selects different values for the target signal

— priority associated with series of conditions

— (similar to an IF statement)

F B

ISE Text Editor (P.15:) - [muxy™] E=E—

File Edit View Window Layout Help [=]=]x]
BEOS 10
4= aitl TEEFESEEE SRS SRRSO RN RSSO RR TSI .
b= 21 module mux| 11
= [ ) input [3:0] i,

23 input a, b

24 input b, 12 q
= 25 output g .

26 ¥ 1

- 27 3
= 28 wire [2:0] ba;

A 29 F
% 30 assign ba = {b,a}: /f combine two inputs to one =Signal a

31

P 32 assign g = (ba = 2'b00)} ? i[0] : i b
*$ 33 (ba == 2'bO1) ? i[1] : 3
= 34 (ba == 2'ba0) ? i[2] :

(€] 35 P [3]:

e 3¢ |
— 37 endmodule 2

4 ’";H F
MUY= x| |
Ln36 Coll Verilog
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Synthesis Results — Technology Schematic

g Eile Edit View Window Layout Help |Z|
DAHFP L ¥DEX|va|n/228R 2RI 2ol ,N
1
i '_r ibuf lutg
.~_ :>_[> B .
"ﬁ i_0_IBUF abuf
— ibuf = [>—e
s > q_OBUF _ §
O a_IBUF Mmux_ql1 2 Daicg e
LUT6_FD75B931EC64A820
T INIT = FD75B931EC54A320
ﬁi Schematic Eguation I TruthTable |
e
@
.D ibuf ibuf
< D '|>_| =
e b_IBUF i 2 IBUF
E ibuf
't>—|>°—
i 3_IBUF
ibuf
i 1_IBUF
mux
E mux {TechZ) MJ Help
O = ((I0O * I1 * I3) + (!I0 * I1 * I4) + (!I0 * !I1 * I5) + (IO * !I1 * I2));
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Mux — with CASE statement

* Include all inputs on sensitivity list

Elaborating module <mux_case>.

WARNING:HDLCompiler:91 - "C:\ece3829\mux_case\mux_case.v" Line 34: Signal <i>
missing in the sensitivity list is added for synthesis purposes. HDL and post-
synthesis simulations may differ as a result.

F T |
[2) ISE Text Editor (P.15xf) - [mux_case.v] =
File Edit View Window Layout Help - o] =
BE O
< s TRy Ny Ty Ny A
b= 21 module mux case |
— 22 input [3:0] i,
23 input a,
) 24 input b,
25 output reqg g // make g reg type
26 }:
- 27
= 28 wire [1:0] ba;
A 29
% 30 assign ba = {b,a}; // combine two inputs together i
21
A 32 always @ (ba)
g, 3 33 case (kba)
o 34 2'b00: g = i[0D]: L
@ 35 2'p01: q = i[1]: 3
(5] 36 2'bl10: g = il[2]:
S 2'b11: g = i[3]:
38 endcase
39 4
40 endmodule =
A1
W a| L
muX_case.v
Lnl Coll Verilog
L
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Mux — fixed sensitivity list

e Exact same logic produced as using conditional operator

.
ISE Text Editor (P.15xf) - [mux_case.w®]

L= | [

File Edit View Window Layout Help [-[=][ %]
HED®
4= 20 SSAESISEASA SIS TP AT E i f i i il rifiiiifriridiifiiiiifirisis
b= 21 module mux case|
=i S input [3:0] i, )
23 input a, [ LUT Dialog
“ 24 input b,
25 output reg g ff make g reg type LUTG—:&?%%?;;ES;ASZO
26 ] H Schematic
-~ 27
= 28 wire [1:0] ba:
A 29
o 30 assign ba = {b,a}: S/ combine two inputs together
31
P 32 always @ (ba, i) S/ all inputs required on sensitivity
4 33 case (ba)
= 34 2'bO0: g = i[0]:
@ 35 2'b01: g = i[1]:
.;;j 36 2'bl0: g = i[2]:
Emili 27 2hA st =T 3
38 endcase
e
40 endmodule
==
mux_case.v® x| |
Ln32Col48 Verilog |
Jim Duckworth, WPI 23 Verilog Module Rev A




Priority Encoder

e Priority Encoder using conditional operator

e Priority order determined by sequence

— similar to if-else statement

ISE Text Editor (P.15xf) - [encoder®] EBEIT
File Edit View Window Layout Help = || = x
L S SR ETELEF TR E TR LT EF TR E TR L ELEF T RS R L ELEFTTEET TR
b= 21 module encoder(
= 22 input i0,
23 input il,
3 24 input iz,
25 input i3,
26 ocutput [1:0] a
= 27 ):
A 23 assign a = (i3 — 1'bl)} ? 2'bll :
o 30 iz = 1'bl ? 2'bl0 :
21 (il = 1'bl) ? 2'bD01 : =
A 32 2'b00;
g 33
e 34 endmodule
2 T 4
encoder.v* B |
Ln33 Coll Verilog
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Encoder — Technology Schematic

* HDL Synthesis *

Synthesizing Unit <encoder>.
Related source file is "C:\ece3829\encoder\encoder.v".

WARNING:Xst:647 — Input <i0> is never used. This port will be preserved and left unconnected if it
belongs to a top-level block or it belongs to a sub-block and the hierarchy of this sub-block is
preserved.

5 1SE Schematic Viewer (P.15xf) - [encoder (Tech2)] =)
Summary : ) File Edit View Window Layout Help ]
inferred 2 Multiplexer(s). DAHIIL| s DEX/ve |k ALBB,RIF RETIE LR
. . LY
Unit <encoder> synthesized. T
2 = ibuf lut3
= 5 [~ o
i =
0 13_IBUF | = | obuf
HDL Synthesis Report = y :
= a_0_OBUF
Mmux_a11
Macro Statistics
# Multiplexers )
iy ibuf lut2
2-bit 2-to-1 multiplexer 2y . [
e i1_IBUF obuf
‘;—" £ 2 1 OBUF
o Mmux_a21
o
ibuf
[~ @
L
i2_|BUF
encoder
g encoder (Tech2) @
[1608,-36]
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Add ‘gs’ output

-
ISE Text Editor (P.15xf) - [encodery] B
File Edit View Window Layout Help |=]l=] %]
=E DS e T
= i [# File Edit View Window Layout Help [=]=]x]
1= Ly e IR Y- Y e R
- 21 module encoder( L} :
k= = encoder:1
e o input i0, but ut3
s o = T Ny
= 23 input b by B = i 1BUF | .| obut
- 24 3_-I1P11t :!-2 r <D 1] a_0_OBUF ~
— 25 input i35 P Mmixatt
26 output [1:0] a, Og
- 27 output gs !' - -
— 28 )z ;J A%ur
ER i obuf
4 gg assign a = {i3 — 1'bl) ? 2'bl1 = 1 e
,,;" a a i & Wmux_a21
31 iz = 1'bl ? 2'bl0 ]
g 32 (EIF=="anh1y ¥ Jn0T 2 N
) 33 2'b00; = S : o .
T, S ® 53 0BUF
@ 35 assign gs = i0 | i2 | 13; gt
o| 3
— 37 endmodule
33 ibuf
1 L} i N .\ELIBUFD
encoder.v B8 | | encoder
g encoder (Tech3) EJ
E [1928,-32]
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Synthesize - Design Summary

Design Summary *

Clock Information:

No clock signals found in this design

Asynchronous Control Signals Information:

No asynchronous control signals found in this design

Timing Summary:

Speed Grade: -3

Minimum period: No path found
Minimum input arrival time before clock: No path found
Maximum output required time after clock: No path found

Maximum combinational path delay: 5.456ns
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Implement Design

Device Utilization Summary:

Slice Logic Utilization:
Number of Slice Registers:
Number of Slice LUTs:
Number used as logic:
Number using 06 output only:
Number using 05 output only:
Number using 05 and 06:
Number used as ROM:

Number used as Memory:

Slice Logic Distribution:

Number of occupied Slices:

Number of MUXCYs used:

Number of LUT Flip Flop pairs used:
Number with an unused Flip Flop:
Number with an unused LUT:

Number of fully used LUT-FF pairs:
Number of slice register sites lost

to control set restrictions:

out
out

out

O O P O = DN DN O

out

out

out

out

out

O O N N O DN

out

0 out

of
of
of

of

of

of

of

of

of

of

18,224 0%
9,112 1%
9,112 1%
2,176 0%
2,278 1%
4,556 0%

2 100%
2 0%
2 0%
18,224 0%
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Creating adder — using LUTs

i N
ISE Text Editor (P.15xf) - [adder.] B
File Edit View Window Layout Help - | &)
=B 05
E 20 [/ AP iriirfirilrsl -
p= 21 module adder |
S— g input [7:0] a,
= 23 input [7:0] b,
3 24 cutput [T:0] o,
= 25 coutput [7:0] d
26 )i
g 27
— 28 assign c = a + b
A 29 L
% 30 ASdign d =" { 55501 & B[T261 ¥: 7
| 31
A 32 endmodule
! 23 =
'3 LR b
adder.v x|
Lnl Cell Venlog
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Technology Schematic

BED

: =
:‘_WE

5
=B

| OOO X |F & | o &

RIS

i
=

Ero

V’ ISE Schematic Viewer (P.15xf) - [adder (Tech2)] E‘E‘Q
@ File Edit View Window Layout Help IBER
DeEdE[snbxlecnalrr88 R RET] £R
i i
@ & ISE Schematic Viewer (P.15xf) - [adder (Tech2)]
i Q File Edit View Window Layout Help
= adder DAHF L/ inDXx|va ha 2,288 2RI 2EDaleN
L g e i e s P pin P
E a(7:0) o(7:0)
'y z
8 b(7:0) d(7:0) =g [,,,_, | i | = | = | o= | e =~
= T
. h 4 = =T s s %% =
o CHLOH O
adder |
[
= bbbl eln
B adder (Tech?) aj =i

||':'_

i

3 r—
s
=
L
T
T

e b B G B Bt b 6 B gh g

£ adder (Tech2)

5

[9008,6476] .
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Example of simple mistake

* No errors or warnings!
r ISE Text Editor (P.15xf) - [adder.v] = )

File Edit View Window Layout Help EEE
BEHDS
f 20 SAAAAAAAAAAEAEAAES RS ESA A SAEAAES A S a
p= 21 module adder(
—_— 22 input [T7:0] a,
23 input [7:0] b,
’ 24 ountput [7:0] c,
= 25 output [7:0] d
2@ ¥
= 27 -
o 28 assign o = a + b:
A 29 L
% 30 agszign d = { a[4:0] , b[7:6] }: // d7 conmected to gnd I
% 31
32 endmodule m
* 2= -
w o |4 [t b
adder,w* (%
Ln 27 Coll Verilog
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Top-Down Design Hierarchy

e Instantiate module (counter example with decoder)

module decoder (
input [3:0] count,
output [6:0] seven_seg

) ;

// 1nstantiate decoder module in counter
// using position of ports

decoder dl (count_val, seven_seg_val);

// or using forTal and a;tual names

decoder dl (.count (count_val), .seven_seg(seven_seg_val));
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Tri-state example

e Using conditional operator in continuous assignment

tri.v - ISE Text Editor =13
File Edit
= 4 % %
1= module tri_ex(input oe, input [Y:0] &, output [7:0] v):
=2
2 assigh ¥ = oe ? a : S'hEIZEZZIZIZ; |

5 encdimodule

]
£ | b
For Help, press Fi Li

i

E
. N
BT > 70
Instance Contents BUFE

Fing

Nets

It

[908,357]
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