Department of Electrical and Computer Engineering

Spring-2004
Updated : Summer 2006

FLORIDA
) INTERNATIONAL
. UNWERSIV
Hope, Knowledge, and Opportunity A

Article on Implementation of Digital Circuits

Professor: Dr. Subbarao V. Wunnava
Vivek Jayaram/ Pavani Rao




Contents

Abstract

Coding of digital circuits

Arithmetic and Logic unit
« Functionality

« Verilog HDL code

« Testbench in Verilog HDL
« Simulation waveforms

» Synthesized output
Parallel to Serial converter
« Functionality

« VHDL code

« Testbench in Verilog HDL
« Simulation waveforms

« Synthesized output
Multiplexer (4x1,8x1 and 16x1)
« Functionality

« Verilog HDL code

o Testbench in Verilog HDL
« Simulation waveforms

« Synthesized output
Decoder (2 to4, 3 to 8 and 4 to 16)
« Functionality

Verilog HDL code

o Testbench in Verilog HDL
« Simulation waveforms
Synthesized output

Shift Register (4 bit and 8 bit)
« Functionality

« Verilog HDL code

o Testbench in Verilog HDL

« Simulation waveforms

« Synthesized output

Barrel Shifter ( 8 bit )

« Functionality

« VHDL code

o Testbench in VHDL

« Simulation waveforms
« Synthesized output

Conclusions




Abstract

In this article various digital circuits like ALU, Parallel to Serial Converter,
Multiplexers, Decoders, Shift Registers and Barrel shifter unit are presented in Hardware
description languages like Verilog HDL and VHDL, simulated using Mentor Graphics
ModelSim and synthesized using Mentor Graphics Leonardo Spectrum tools.

Coding of Digital Circuits

Arithmetic and Logic Unit

Functionality

Selection Output Function
S0 S1 S2 Cn

0 0 0 0| in1 Transfer in 1

0 0 0 11in1+1 Increment in 1

0 0 1 0 |in1+in2 Addition

0 0 1 1]in1+in2 +1 Add with carry
Subtract with

0 1 0 0|in1-in2-1 borrow

0 1 0 11]in1-in2 Subtraction

0 1 1 0|in1-1 Decrement in1

0 1 1 1| in1 Transfer in 1

1 0 0 x | in1 OR in2 OR

1 0 1 x | in1 XOR in2 XOR

1 1 0 X | in1 AND in2 AND

1 1 1 x | NOT in1 complement in1




Complete arithmetic unit
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(Ref: Arithmetic-logic units by Howard Huang 2000-2003)




Complete logic unit
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Verilog HDL code for Arithmetic and Logic Unit

/Mtransfer,increment,decrement,addition,add with carry,subtraction,subtract with borrow,
//OR,XOR,AND,NOT etc.

module gen alu(out,cout,s0,s1,s2,cin,inl,in2);
output [1:0]out;

output cout;

input s0,s1,s2,cin;

input [1:0]in1,in2;

wire [1:0]out,inl,in2;

wire s0,s1,s2,cin;

wire
nl,n2,n3,n4,n5,n6,n7,n8n9,n10,n11,n12,n13,n14,n15,n16,n17,n18,n19,n20,n21,c2,c3;
faddh f1(out[0],c2,n9,n13,n6);

faddh f2(out[1],c3,n16,n20,n21);

not gl(nl,s2);

not g2(n2,s0);




not g3(n3,s1);

and g4(n4,n2,s1,s2);
and g5(n5,n2,n3,s2);
and g6(n6,nl,cin);

and g7(n7,n5,in2[0]);
and g8(n8,n4,n10);

or g9(n9,n7,n8,in1[0]);
and g10(n11,s0,in2[0]);
and gl1(n12,n10,s1);
or gl2(n13,n11,n12);
not g13(n10,in2[0]);
and gl4(n21,n1,c2);
and gl5(n14,n5,in2[1]);
and gl6(n15,n4,n17);
or gl7(n16,n14,n15,in1[1]);
not g18(nl17,in2[1]);
and g19(n18,in2[1],s0);
and g20(n19,n17,s1);
or g21(n20,n18,n19);
and g22(cout,nl,c3);
endmodule

Test bench for ALU in Verilog HDL

module tb_gen_alu;

wire [1:0]out;

wire cout;

reg s0,s1,s2,cin;

reg [1:0]in1,in2;

gen_alu gel(out,cout,s0,s1,s2,cin,inl,in2);

1nitial

begin
$monitor($time,"out=%b,cout=%b,s0=%b,s1=%b,s2=%Db,cin=%b,in1=%b,in2=%b",out,
cout,s0,s1,s2,cin,in1,in2);

//transfer inl

#10 s0=1'b0;s1=1"D0;s2=1'b0;cin=1'b0;in1=2'000;in2=2'b00;
//increment in1

#10 s0=1'b0;s1=1"D0;s2=1'b0;cin=1'b1;in1=2'00;in2=2'b01;
//addition

#10 s0=1'b0;s1=1"D0;s2=1'b1;cin=1'b0;in1=2'000;in2=2'b10;
//add with carry

#10 s0=1'b0;s1=1"D0;s2=1'b1;cin=1'b1;in1=2'00;in2=2'b11;
//subtract with borrow

#10 s0=1'b0;s1=1b1;s2=1'b0;cin=1'b0;in1=2'01;in2=2'b00;
//subtraction

#10 s0=1'b0;s1=1b1;s2=1'b0;cin=1'b1;in1=2'01;in2=2'b01;




//decrement inl

#10 s0=1'b0;s1=1'b1;s2=1'b1;cin=1'b0;in1=2'101;in2=2'b10;
//transfer inl

#10 s0=1'b0;s1=1'b1;s2=1'b1;cin=1'b1;in1=2'b01;in2=2'b11;
//IOR

#10 s0=1'b1;s1=1D0;s2=1'b0;cin=1'b0;in1=2'010;in2=2'b00;
#10 s0=1b1;s1=1'b0;s2=1'b0;cin=1'b1;in1=2'b10;in2=2'b00;
//XOR

#10 s0=1b1;s1=1'b0;s2=1'b1;cin=1D0;in1=2'b10;in2=2'b00;
#10 s0=1'b1;s1=1"D0;s2=1'b1;cin=1'b1;in1=2'10;in2=2'b00;
//AND

#10 s0=1'b1;s1=1'b1;s2=1'b0;cin=1'b0;in1=2'010;in2=2'b00;
#10 s0=1'b1;s1=1'b0;s2=1'b0;cin=1'd1;in1=2'b10;in2=2'b00;
//complement in1

#10 s0=1b1;s1=1'b1;s2=1'b1;cin=1'd0;in1=2'b10;in2=2'b00;
#10 s0=1'b1;s1=1'b1;s2=1'b1;cin=1'b1;in1=2'10;in2=2'b00;
end

endmodule




Simulated output using Mentor Graphics ModelSim tool
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Synthesized output using Mentor Graphics Leonardo Spectrum tool
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Parallel to Serial Converter

Functionality

« Parallel data is loaded when data_rdy =1
« Each bit is shifted serially when clk signal is high

VHDL code for Parallel to Serial Converter

library IEEE;

use [IEEE.STD LOGIC 1164.all;

entity p_sconvl is
generic(N:POSITIVE:=3);
port(PAR_DATA:in STD_LOGIC VECTOR(]1 to 3);
CLK,DATA RDY:in STD LOGIC;
SER_OUT:out STD LOGIC);

end;

architecture SHIFT of p_sconvl is

signal SAVE REG:STD LOGIC VECTOR(1 to 3);
begin
process(CLK,DATA RDY,par data)
begin

if DATA RDY='I"then

SAVE REG<=PAR DATA;

elsif CLK'EVENT and CLK='1" then
SAVE REG(1 to 2)<=SAVE REG(2 to 3);
END IF;

END PROCESS;

SER _OUT<=SAVE reg(1);

end;

Test bench for Parallel to Serial Converter in Verilog HDL

“define F $finish
module tb_p sconvl;
wire ser_out;

reg clk,data rdy;

reg [1:3]par_data;




p_sconvl pl(par_data,clk,data_rdy,ser out);

initial

begin

clk=1'bO0;

data rdy=1'bl;

end

initial

forever #10 data rdy=~data rdy;
initial

forever #15 clk=~clk;
initial

#200'F;

initial

begin

$monitor("time=%d,par_data=%b,clk=%b,data_rdy=%b,,ser out=%b",$time,par_data,cl

k,data_rdy,ser out);

#50 par_data=3'b111;#50 par_data=3'b100;#50 par_data=3'b101;

end
endmodule

Simulated output using Mentor Graphics ModelSim tool
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elejol

Functionality

S1 SO Out
in0
in1
in2
in3

=l =lo|o

=1 OO

Verilog HDL code for 4 X 1 Multiplexer

module b41mux(out,i0,il,i2,i3,s1,s0);

output out;
input 10,11,i2,13,s0,s1;

reg out;
wire 10,11,i2,13,50,s1;

13




always@(s0 or sl ori0 or il or i2 or i3)
begin

if (s1==1'b0 && s0==1'b0)
out=i0;

else if(s1==1'b0 && s0==1'b1)
out=il;

else if(s1==1'bl && s0==1'b0)
out=i2;

else
out=i3;

end

endmodule

Test bench for 4 X 1 Multiplexer in Verilog HDL
module tb b41mux;

reg sel,se0,in0,in1,in2,in3;

wire o;

b41mux m1(.out(o),.s1(sel),.s0(se0),.11(in1),.12(in2),.13(in3),.10(in0));
1nitial

begin
$monitor($time,"0=%b,se1=%b,se0=%Db,in3=%b,in2=%b,in1=%b,in0=%b",0,se1,se0,
in3,in2,in1,in0);

#5 sel=1'b0;se0=1'b0;in3=1'b0;in2=1"10;in1=1'b0;in0=1'b1;

#5 sel=1'b0;se0=1'b1;in3=1'b0;in2=1b0;in1=1'b1;in0=1'b0;

#5 sel=1'b1;se0=1'b0;in3=1'b0;in2=1'b1;in1=1'b0;in0=1"b0;

#5 sel=1'b1;se¢0=1'b1;in3=1'b1;in2=1D0;in1=1'b0;in0=1'b0;

end

endmodule

Simulated output using Mentor Graphics ModelSim tool
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Synthesized output using Mentor Graphics Leonardo Spectrum tool
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Verilog HDL code for 8 X 1 Multiplexer

module mux8 1 (out,s0,s1,s2,1);

input [7:0]1;

input s0,s1,s2;

output out;

wire [7:0]i;

wire s0,s1,s2;

wire out;

assign out=s2?(s1?(s0?1[7]:1[6]):(s0?1[5]:1[4])):(s1?(s0?1[3]:1[2]):(s0?1[ 1]:1[0]));
endmodule

Test bench for 8 X 1 Multiplexer in Verilog HDL

module tb mux8 1;
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WIrE 0;
reg [7:0]a;
reg s0,s1,s2;

mux8 1 ml(o,s0,s1,s2,a);

initial

begin

$monitor($time,"0=%Db,s0=%b,s1=%b,s2=%b,a=%Db",0,s0,s1,52,a);

#10 a[0]=1'b1; a[1]=1'b0; a[2]=1'b0; a[3]=1'D0; a[4]=1'b0; a[5]=1'b0; a[6]=1"bO;
a[7]=1'b0; s0=100;s1=1'b0; s2=1'b0;

#10 a[0]=1'b0; a[1]=1'b1; a[2]=1'b0; a[3]=1'D0; a[4]=1'b0; a[5]=1D0; a[6]=1'bO0;
a[7]=1'b0; s0=1'b0;s1=1'b1;s2=1'd0;

#10 a[0]=1'b0; a[1]=1'b0; a[2]=1'b0; a[3]=1'b0; a[4]=1'b0; a[5]=1D0; a[6]=1'b1;
a[7]=1'b0; s0=1'b0;s1=1'b1; s2=1'b1;

end

endmodule

Simulated output using Mentor Graphics ModelSim tool
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Verilog HDL code for 16 X 1 Multiplexer
module mux16_1 (out,s0,s1,s2,s3,1);

input [15:0]i;
input s0,s1,s2,s3;
output out;

wire [15:0]i;

wire s0,s1,s2;

wire out;

assign

out=s3?(s2?(s1?(s0?i[15]:1[14]):(s0?1[13]:1[12])):(s1?(s0?1[ 11]:1[ 10]):(s0?1[9]:1[8]))):
(s2?2(s12(s0?1[7]:1[6]):(s0?1[5]:1[4])):(s1?(s0?1[3]:1[2]):(s0?i[ 1]:1[ 0])));

endmodule

Test bench for 16 X 1 Multiplexer in Verilog HDL

19




module tb mux16 1;

WIrE 0;

reg [15:0]a;

reg s0,s1,s2,s3;

mux16 1 ml(o,s0,s1,s2,53,a);

initial

begin
$monitor($time,"0=%Db,s0=%b,s1=%b,s2=%b,a=%Db",0,s0,s1,52,a);

#10 a[15:0]=16'b1000000001000000;s0=1'b1;s1=1'b1;52=1'd1;83=1'b1;
#10 a[15:0]=16'b1000000001000010;s0=1'b1;s1=1"00;s2=1'b1;53=1'b1;
#10 a[15:0]=16'b1000001001000000;s0=1'b1;s1=1'b1;52=1'd1;83=1'b1;
#10 a[15:0]=16'1000000001000000;s0=1'b1;s1=1"d1;52=1'b0;s3=1'b1;
end

endmodule

Simulated output using Mentor Graphics ModelSim tool
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Verilog HDL code for Decoder 3 to 8

module dec38 df(o1,02,03,04,05,06,07,08,i1,12,i3);

output 01,02,03,04,05,06,07,08;

input 11,12,i3;

wire 01,02,03,04,05,06,07,08,11,12,13;

// local vars

wire not_i3;

assign not_i3 = ~13;

dec24 dfdl (.outl(ol),.0ut2(02),.0ut3(03),.out4(04),.in1(il),.in2(i2),.sel(not_i3));

dec24 df d2 (.outl(05),.0ut2(06),.0ut3(07),.out4(08),.inl(il),.in2(i2),.sel(i3));
endmodule

Test bench for Decoder 3 to 8 in Verilog HDL

module tb_dec38 df;

reg in0,inl,in2;
wire 00,01,02,03;

// module instantiation

dec38 df
d1(.01(00),.02(01),.03(02),.04(03),.05(04),.06(05),.07(06),.08(07),.11(in0),.12(in1),
13(in2));

//test bench

initial

begin
$monitor("time=%d,in1=%Db,in2=%Db,in2=%b,out1=%b,out2=%b,out3=%b,out4=%b,out

5=%b,out6=%Db,
out7=%b,out8=%Db",$time ,in0,in1,in2,00,01,02,03,04,05,06,07);

#10 in0=1'b0 ; in1=10;in2=1'b0;
#10 in0=1'b0 ; in1=1'D0;in2=1'b1;
#10 in0=1'b0 ; in1=1b1;in2=1'b1;
#10 in0=1'b1 ; in1=1D0;in2=1'bO;

23




#10 in0=1'b1 ; in1=1D0;in2=1'b1;
#10 in0=1'b1 ; in1=1'D0;in2=1'b1;
#10 in0=1'b1 ; in1=1b1;in2=1'bO0;
#10 in0=1'b1 ; in1=1'd1;in2=1'b1;

#50 $stop;

end
endmodule

Simulated output using Mentor Graphics ModelSim tool
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Verilog HDL code for Decoder 4 to 16

module dec416(i1,i2,13,i4,en,out);

input i1,i2,i3,14,en;
output [15:0]out;

reg [15:0]out;
wire i1,12,13,i4,en;

always @ (enoril ori2 ori3 ori4)

begin

case({en,il,i2,i3,i4})

25




5'b10000:0ut=16'0000000000000001;
5'b10001:0ut=16'b0000000000000010;
5'b10010:0ut=16'0000000000000100;
5'b10011:0ut=16'60000000000001000;
5'b10100:0ut=16'0000000000010000;
5'b10101:0ut=16'b0000000000100000;
5'b10110:0ut=16'0000000001000000;
5'b10111:0ut=16'60000000010000000;
5'b11000:0ut=16'0000000100000000;
5'b11001:0ut=16'b0000001000000000;
5'b11010:0ut=16'0000010000000000;
5'b11011:0ut=16'60000100000000000;
5'b11100:0ut=16'0001000000000000;
5'b11101:0ut=16'60010000000000000;
5'b11110:0ut=16'0100000000000000;
5'b11111:0ut=16'61000000000000000;

endcase
end

endmodule

Test bench for Decoder 4 to 16 in Verilog HDL

module tb_dec416;
reg in0,inl,in2,in3,enl;
wire [15:0]outl;
// module instantiation
dec416 d1(.11(in0),.i12(in1),.13(in2),.14(in3),.en(en1),.out(outl));
//test bench
initial
begin
/!
$monitor("time=%d,in1=%Db,in2=%Db,in2=%b,out1=%b,out2=%b,out3=%b,out4=%b,out

5=%Db,out6=%b,out7=%b,out8=%Db",$time ,in1,in2,in3,01,02,03,04,05,06,07,08);
#10 in0=1'b0 ; in1=1'b0;in2=1'b0; in3=1'b0; en1=1'd1;
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#10 in0=1'b0 ; in1=1b0;in2=1'b0; in3=1'b1; en1=1b1;
#10 in0=1'b0 ; in1=1'b0;in2=1'b1;in3=1'b0; en1=1'b1;
#10 in0=1'b0 ; in1=1'b0;in2=1'b1;in3=1'b1; en1=1'b1;
#10 in0=1'b0 ; in1=1'b1;in2=1'b0;in3=1'b0; en1=1'b1;
#10 in0=1'b0 ; in1=1'b1;in2=1'b0;in3=1'b1; en1=1'b1;
#10 in0=1'b0 ; in1=1'b1;in2=1'b1;in3=1'b0; en1=1'b1;
#10 in0=1'b0 ; in1=1'b1;in2=1'b1;in3=1'b1; en1=1'b1;
#10 in0=1'b1 ; in1=1'b0;in2=1'b0;in3=1'b0; en1=1'b1;
#10 in0=1'b1 ; in1=1'b0;in2=1'b0;in3=1'b1; en1=1'b1;
#10 in0=1'b1 ; in1=1'b0;in2=1'b1;in3=1'b0; en1=1'b1;
#10 in0=1'b1 ; in1=1'b0;in2=1'b1;in3=1'b1; en1=1'b1;
#10 in0=1'b1 ; in1=1'b1;in2=1'b0;in3=1'b0; en1=1'b1;
#10 in0=1'b1 ; in1=1'b1;in2=1'D0;in3=1'b1; en1=1'b1;
#10 in0=1'b1 ; in1=1'b1;in2=1'b1;in3=1'b0; en1=1'b1;
#10 in0=1'b1 ; in1=1'b1;in2=1'b1;in3=1'b1; en1=1'b1;
end
endmodule

Simulated output using Mentor Graphics ModelSim tool
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Shift Register
Functionality
function inputs Next state
SO S1 Q[2] Q[1] Q[0]
hold 0 0 Q[2] Q[1] Q[0]
Shift left 0 1 Q[1] QI[0] RightIn
Shiftright 1 0 Left In Q[2] Q1]
load 1 1 Parln[2] Parln[1] ParlIn[0]

Verilog HDL code for 4 bit Shift Register
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module ushreg4(clk,clr,lin,rin,s0,s1,p_in,q);
input clk,clr,lin,rin,s0,s1;
input[3:0]p_in;

output [3:0]q;

reg [3:0]q;

always@/(negedge clr or posedge clk)
if(!clr)

q<=4'b0;

else

case({s0,s1})

2'b00:;

2'b01:

q<={q[1:0],rin};

2'b10:

q<={lin,q[2:1]};

2'bl1:

q<=p_in;

endcase

endmodule

Test bench for 4 bit shift register in Verilog HDL

module tb_ushreg4;

wire [3:0]q;

reg clk,clr,lin,rin,s0,s1;

reg [3:0]p_in;

ushreg4 ul(clk,clr,lin,rin,s0,s1,p _in,q);
initial
$monitor($time,"clk=%Db,clr=%b,lin=%Db,rin=%b,s0=%Db,s1=%b,p in=%b,q=%b",clk,clr,
lin,rin,s0,s1,p_in,q);

initial

begin

clk=1'bO0;

clr=1v0;

#10 clr=1'b1;

end

initial

forever #10 clk=~clk;

initial

#100 S$finish;

initial

begin

#5 lin=1'b0;rin=1'b0;s0=1b0;s1=1'b0;p in=4'b0;
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#5 lin=1'b0;rin=1'd1;s0=1'b0;s1=1'bl;p_in=4'b0001;
#5 lin=1'b1;rin=1'b0;s0=1'b1;s1=1'b0;p_in=4'b0010;
#5 lin=1'bl;rin=1'b1;s0=1'b1;s1=1'bl;p_ in=4'b0011;
end

endmodule

Simulated output using Mentor Graphics ModelSim tool
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Verilog HDL code for 8 bit Shift Register

module ushreg8(clk,clr,lin,rin,s0,s1,p_in,q);
input clk,clr,lin,rin,s0,s1;
input[7:0]p_in;

output [7:0]q;

reg [7:0]q;

always@/(negedge clr or posedge clk)
if(!clr)

q<=8'b0;

else

case({s0,s1})

2'b00:;//hold

2'b01://shift left

q<={q[1:0],rin};

2'b10://shift right

q<={lin,q[2:1]};
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2'bl11://1oad
q<=p_in;
endcase
endmodule

Test bench for 8 bit shift register in Verilog HDL

module tb_ushregg§;

wire [7:0]q;

reg clk,clr,lin,rin,s0,s1;

reg [7:0]p_in;

ushreg8 ul(clk,clr,lin,rin,s0,s1,p in,q);

initial
$monitor($time,"clk=%Db,clr=%Db,lin=%Db,rin=%b,s0=%Db,s1=%b,p in=%b,q=%b",clk,clr,
lin,rin,s0,s1,p_in,q);

initial

begin

clk=1'bO0;

clr=1b0;

#10 clr=1'b1;

end

initial

forever #10 clk=~clk;

initial

#100 S$finish;

initial

begin

#5 lin=1'b0;rin=1'b0;s0=1b0;s1=1'b0;p in=8'b01;
#5 lin=1'b0;rin=1'b1;s0=1'b0;s1=1'bl;p in=8'b10;
#5 lin=1'b1;rin=1'b0;s0=1b1;s1=1'b0;p_in=8'b11;
#5 lin=1'b1;rin=1'b1;s0=1'b1;s1=1'bl;p_in=8'b110;
end

endmodule

Simulated output using Mentor Graphics ModelSim tool
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Synthesized output using Mentor Graphics Leonardo Spectrum tool
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Barrel Shifter

Functionality

o shifts(actually rotates) the input data
e rotates by the specified number bits in a combinational manner

VHDL code for Barrel Shifter

--Develop a VHDL model for a Barrel shifter that rotates the input data by the
--specified number of bits.
library ieee;
use ieee.std logic 1164.all;
entity Barrel is
port (clk,reset,load :in std _logic;
data_in:in std logic vector (7 downto 0);
data out:out std logic vector (7 downto 0));
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end Barrel;

architecture Barrel of Barrel is
begin
process (reset,clk,data_in)
variable d: std_logic_vector (7 downto 0);
begin
if (reset ='0") then
d:=(others =>"0");
elsif (clk'event and clk ="'1") then
if (load ='1") then
d:=data in;
else
d:=d(0) & d(7 downto 1) ;
end if;
end if;
data out<=d;
end process;
end Barrel;

Test bench for Barrel Shifter in VHDL

--test bench for barrel shifter
library ieee;
use ieee.std_logic 1164.all;

entity tb_Barrel is
end tb_Barrel;

architecture tb_Barrel of tb_Barrel is
component Barrel
port (clk,reset,load :in std _logic;
data in:in std logic vector (7 downto 0);
data out:out std logic vector (7 downto 0));
end component;
signal clk,res,load : std logic;
signal d_in,d out : std logic vector (7 downto 0);
begin
br: Barrel port map (clk,res,load,d in,d out);
process
begin
res <="'1"; load <="1";

wait for 5 ns;
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load <="1";
clk<='0";

d in<="11111101";
wait for 5 ns;
clk<="1";

d in<="11111111";

wait for 5 ns;

res <="'1";

d in<="01100101";
load <="1";

wait for 5 ns;

load <="'0';

wait;

end process;

end tb_Barrel;

Simulated output using Mentor Graphics ModelSim tool
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Conclusions

\LeoSpectv20001bYdema |Line 155 Cal 1
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Digital circuits like ALU, Parallel to Serial Converter, Multiplexers, Decoders, Shift
Registers and Barrel shifter unit are successfully implemented in Hardware description
languages like Verilog HDL and VHDL, simulated using Mentor Graphics ModelSim

and synthesized using Mentor Graphics Leonardo Spectrum tools.

37




