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What you will be able to

N

do after this class.

@ Write top-notch System Verilog
® Employ top-notch HW Design Practices
@ Design your own processor

@ Design pipelined hardware

@ Design HW for Altera

@ Write serious amounts of code
® Work in a team

@® Debug complex designs

@ Think like a HW designer




Is this a good time to take 141L7

Recommend Study Hrs Per Learned from
Instructor Weelk Course

141L SP11 94%% 15.98 4.44

141 SP11 91% 13.60 4.38

141L SP10 95% : 4.48

141 SP10 100% 13.60 4.75

@ Think carefully about the timing of this class. ¥ UCSD CAPES

@ It's probably the most intense class in CSE.
= But also you also learn a lot.

= If you get a solid "A” in this class, I have no troubles
recommending you to a potential employer.

= If you get an A+, you can do research with me and get a rec for
grad school.

@® Contra-indications:
= Other major project classes
= High course load
= Large outside commitments
= Haven't passed preregs: CSE 110, 140/140L etc.
= Haven't taken 141, or aren’t enrolled.




Question Triage: Who to ask what.
® Me:

= 'In lecture, ...”
= 'I'm designing my own supercomputer, ..."”

@ Nikos, Grant, Tutors:
= 'In the Altera Tools...”

® Me, Nikos, Grant, 141L Tutor

= 'In my 141L implementation”

® Sumit, 141 Tutor:
= 'In my 141 ISA Project, ...”
= 'In problem 5 of the 141 HW”

® Me+Sumit, 141 Tutor:

= 'In a 2-way set associative cache, ..”
= 'In the book..”




Synthesizable

System Verilog 1 - Fundamentals

FAl module adder( input [3:0] A, B, '
output cout,
output [3:0] S );

wire c0, cl, c2;
FA faO( A[O0], B[O], 1'b0, cO, S[0] )
FA fal( A[l1l], B[1], cO, cl, S[1] )

FA fa2( A[2], B[2], c1, c2, S[2] )
FA fa3( A[3], B[3], c2, cout, S[3] )
endmodule

[l il
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Prof. Michael Taylor
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What is SystemVerilog (SV)?

@ In this class and in the real world,
SystemVerilog is a specification language,
not a programming language.

= Draw your schematic and state machines and
then transcribe it into SV.

= When you sit down to write SV you should know
exactly what you are implementing.
@® We are constraining you to a subset of the
language for two reasons

= These are the parts that people use to design
real processors

s Steer you clear of problematic constructs that
lead to bad design.
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SV Fundamentals

@ What is System Verilog?
@ Data types

@ Structural SV
@ RTL SV

B Combinational Logic

1

B Sequential Logic

.

F

module adder( input [3:0] A, B,
output cout,
output [3:0] S );

wire c0, cl, c2;

FA faO( A[O], B[O0], 1'bO, cO, S[0] )

FA fal( A[l], BI[1], cO, cl, S[1] )

FA fa2( A[2], BI[2], c1, c2, s[2]1 )
( A[3], BI3] S[31 )

FA fa3 , , c2, cout,
‘ endmodule

1




Bit-vectors are the primary data

type in Synthesizable SV

N

A bit can take on one of four values

Value |Meaning

0 Logic zero

Logic one

1
X Unknown logic value
Z

High impedance, floating

An X bit might be a 0, 1, Z, or in transition. We

can set bits to be X in situations where we don't

care what the value is. This can help catch bugs
and improve synthesis quality.

In the simulation
waveform viewer,
Unknown signals
are RED. There
should be no red
after reset.



“logic” is used to denote a hardware net that has
a single driver but possibly multiple outputs

logic [15:0] instruction;

instruction instruction

IR Eaiaman = G AR S
L’D@ ‘_’>0ng

Legal Illegal




wire is used to denote a hardware net that has
>=1 drivers, or that has unknown
directionality

j
N
wire [15:0] bus_A; Absolutely no type
wire [15:0] bus_B; safety when
wire [ 7:0] small_net; connecting nets!
T
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2012: You will probably never use the wire keyword in this class.




Bit literals

N

4'b10 11

Underscores
are ignored

Base format
(d,b,o,h)

Decimal number
representing size in bits

we'll learn how to
actually assign literals
to nets a little later

@ Binary literals
= 8"b0000_0000
s 8'b0xx0 1xxl
@ Hexadecimal literals
= 32'h0a34 defl
m 16’ haxxx
@ Decimal literals
m 32'd42




SV Fundamentals

N

@ History of hardware design languages
@ Data types
@ Structural SV

@ RTL SV

FA (1.
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A SV module has a name

and a port list

a_| b |

' ){ endmodule
Cy O sum_o

Ports must have a direction
and a bitwidth. In this
class we use i to denote in
port variables and o to
denote out port variables.

fo
\/
adder // HDL modeling of
4

// adder functionality

module adder( input [3:0] a i,

input [3:0] b i,
output cy o,
output [3:0] sum o

Note the semicolon
at the end of the port
list!




A module can instantiate
other modules

/\

%adder/-[}_ FA (1) FA [7] FA [7] FA
e UL L L L
L b

module adder( input [3:0] a i, b i, .
<~ — Cy_ 0 | FA |&Y!

output cy o, - -
output [3:0] sum o );

| sum_o

logic c0, cl, c2;

FA faO( ... ); module FA( input a i, b i, cy i
FA fal( ... ); output cy o, sum 0);
FA fa2( ... ) // HDL modeling of 1 bit

FA fa3( ... ) // full adder functionality

endmodule

endmodule
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Connecting modules

S (1117 1T 110
%ad\éer/-[]‘_FAZFAZFAZFA«
| N JJ ! JJ JJ y

L

cout

module adder( input [3:0] a i, b i,
output cy o,
output [3:0] sum o );

logic c0, cl, c2;

FA fa0( a i[0], b i[0], 1 0, sum o[0] );
FA fal( a i[l], b i[1], cC, 1, sum o[1l] )
FA fa2( a i[2], b i[2], cT, 2, sum o[2] );
FA fa3( a i[3], b i[3], c2, cy o, sum o[3] );
Carry Chain

endmodule



Only connect ports by name and not by
position.

N

" Connecting ports by ordered list is compact but
bug prone:

FA fa0( a i[0], b i[0], 1'b0, c0, sum o[0] );

Connecting by name is less compact but leads to
fewer bugs. This is how you should do it in this class.
You should also line up like parameters so it is easy to
check correctness.

FA faO( .a i(a i[O0]) _
b3 . Connecting ports by name
,-b i(b i[0]) )

. (1" B0 yields clearer and less buggy
r-cy_1( ) code. In the slides, we may
,-cy_o(c0) do it by position for space.

, .sum_o (sum _o[0]) But you should do it by name
) ; and not position.




Verilog Fundamentals

N

@ History of hardware design languages
@ Data types
@ Structural Verilog

@ RTL
B Combinational A1 FA (9l FA (1l Fa [
B Sequential r 2
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Combinational Verilog: assign

very straightforward mapping to hardware
variables are names of wires; operators are gates

N

Language-defined
/ operators

assign z o = (x i | y i) & z 1i;
z_ o o z_o
&
Z i
x_1 y_i X_1 y_i

parse tree tree of gates




A module’s behavior can be
described in many different
ways but it should not matter
from outside

Example: mux4



N
\J

mux4: Using continuous assignments
to generate combinational logic

_ . A couple of
module mux4( input a i, b i, c_i, d_i, ~ombpinational
input [1:0] sel i, trees that

logic tO,
assign z o

assign tl
assign tO

endmodule

tl;

output z o ); connect to each

/ other

~((t0 | sel i[0]) & (t1l | ~sel i[0]));
~((sel i[1l] & d i) | (~sel i[l] & b i));
~((sel i[1l] & c_ i) | (~sel i[l] & a 1i));

The order of these continuous assign statements in the
source code does not affect functionality — they are just
specifying a bunch of gates — a combinational cloud.

Any time an input to the combinational cloud changes, it
propagates through the cloud of gates and the outputs

are updated. (Be careful not to create combinational
cycles!)



mux4: Using ? .

N

// Four input multiplexer

module mux4( input a i, b i, c i, d i,
input [1:0] sel 1i,
output z o)

assign z o = (sel i ==0) ? a i :
(sel i ==1) ? b i.:
(sel i ==2) ? c i :
(sel i ==3) ?2di :

endmodule

Not required for synthesis, but helps in
simulation: If sel i is undefined we want
to propagate that information in waveform

viewer.




mux4: Using combinational
“always_comb” Or "always @ (*)" block

N
\J

module mux4( input a i, b i, c i, d i,
input [1:0] sel i,
output logic z o );

logic tO, ti1;

always comb // system verilog; equiv. to always @ (*)
begin

t0 = (sel i[1l] & c i) | (~sel i[l] & a i);

tl = ~((sel i[l1l] & d i) | (~sel i[l] & b i));

t0 = ~t0;

z o=~( (t0 | sel i[0]) & (tl | ~sel i[O0]) )
end

Within the always_comb block, the synthesis tool
endmodule synthesizes the lines in order. Each L-value

(variable to the left of =) creates a name for the wire

that is at the top of a logic tree. If a variable is

assigned again (like t0), then the mapping is updated -

no cycles are created.



“Always @(*)"” permit more advanced
combinational idioms

dule mux4( input a i,b i,c i,d i

g input [1:0] sel i,
output logic z o)

always comb
begin
if (sel i == 2'd0 )
z o=ali; always comb
else if (sel i == 2'dl) begIh
z 0=Db 1; case ( sel i )
else if (sel i == 2’'d2) 27d0 : z 0 = a i:
2. 0% A 2'dl : z o =b_i;
else if (sel i == 2’'d3) 2742 Z 0=
zo=dij; 27.d3 - z:o = d:;,
else default : z o = 1'bx;
z_ o = 1'bx; endcase
end end
endmodule endmodule




Synthesis of if/else

N

L

logic t0, tl1, sel;

always comb

begin
if (sel)
t0 = tl1+1;
else
tl = t0+1;
end

sel

t0O t1
t1 1 t0O 1
Vo v
tIO t.l
y v
t0 t1

Note: a mux is created for every L-value written
by all branches of the if/else or case statement.




Synthesis of if/else

N

L
logic t0, tl1, sel;
always comb
begin
£0 = 1'bl; ’il i
if (sel) w
t0 = tl1+1;
else EO
tl = t0+1; l E;T
sel 1 0,
end t0

Note: no L-value should be undefined on any path;
behavior is undefined; Verilog will create a latch (ugh)!



What happens if the case
statement is not complete?

module mux3( input a i, b i, c i,
input [1:0] sel 1i,
output logic z o );

always Q( * )

begin
cazedé sel i ) If sel = 3, mux will output
! 1 Z o =ali; -
- — |
2'dl-: 7 o= b i the previous value!
2'd2 : I
= L= What have we created?
endcase
end

endmodule



What happens if the case
statement is not complete?

module mux3( input a i, b i, c i
input [1:0] sel 1i,
output logic z o );

always Q( * )

begin We CAN prevent creating a
Cazedé kel A latch with a default
! 2 Oo=a 1;
2'dl : z o =b i; statement
2'd2 : z o =c i;
default : z o = 1'bx;
endcase
end

endmodule



Parameterized mux4

module mux4 #( parameter width p = 1 ) default value
( input[width p-1:0] a i, b i, ¢ i, d i,
input [1:0] sel 1i,
output[width p-1:0] z o );

N

wire [width p-1:0] tO0, t1;

assign tO (sel i[l]? c i : a i);
assign tl (sel i[1]? d i : b i) §

assign z_o = (sel_i[0]? t0: tl); | Instantiation
endmodule :

gmux4#(32) alu mux

Parameterization is a good Lhat toph),

: .b i (op2),
practice for reusable modules e i (op3),
Writing a muxn is challenging, but can | -d_1 (op4),
be done with “idiomatic” verilog. - -sel_i(alu mux sel),

.zZ_o(alu mux out) );



Verilog Fundamentals

N

@ History of hardware design languages
@ Data types
@ Structural Verilog

@ RTL
B Combinational A1 FA (9l FA (1l Fa [
B Sequential r 2
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Sequential Logic: Creating a flip flop

1
- logic g r, g n;
3
always ff’ @( posedge clk )
qr <= qn;

1) This line simply creates two wires, one called q_r and the other called
q_n.

2) always ff keyword indicates our intent to create registers; you could use
the always keyword instead, but this makes it clear what you want!

3) @ ( posedge clk ) indicates that we want these registers to be triggered
on the positive edge of the ¢1k clock signal.

4) Combined with 2) and 3), the <= creates a register whose input is

wired to g n and whose output is wired to g r. Use r to indicate a wire
that comes directly out of a register, and n (i.e., next) to indicate a wire that
goes directly into one, and becomes the new output on the next cycle.

note: always use <= with always ff and = with always comb




Sequential Logic: flip-flop idioms

N

%

module FFO (input clk, input d i,

output logic g r o); next X D Q| X
always ff @( posedge clk ) clk —>
begin
qr o<=di;
end
endmodule
module FF (input clk, input d i,
input en i, output logic g r o);
always ff @ ( posedge clk ) next ¥ 4o ok x
begin ‘ Ny
if ( en i ) clLk _>|
qro<=di; enable

end
endmodule



flip-flops with reset

N

%

always ff @ ( posedge clk)
begin
i1f (reset)
Q <= 0;
else if ( enable )
Q <= D;
end

synchronous reset

| reset
next_X-—D Qr— X
clk —>_
I
enable




Register (i.e. a vector of flip-flops)

module register# (parameter width p = 1)
(

input clk,

input [width p-1:0] 4 i,

input en i,

output logic [width p-1:0] g r o
) ;

always ff @( posedge clk )
begin
if -{en-i)
qr o<=di;
end

endmodule



Implementing Wider Registers

N

module register2 module register2
(input clk, ( input clk,
input [1:0] d i, input [1:0] d i,
input en i, input en i,
output logic [1:0] g r o output logic [1:0] g r o

) ; )

FF £ff0 (.clk(clk),

always ff @ (posedge clk) .d i(d i[0]),
begin .en i(en i),
if (en i) .9 r o(gq r o[0]));
qr o<=di;
end FF f£ffl (.clk(clk),
.d i(d i[1]),
endmodule — =

.en i(en i),

.q_r_o(q_r_o[l]));
endmodule

Do they behave the same?
yes




Syntactic Sugar: always ff allows you to combine
combinational and sequential logic; but this can be confusing.

more clear

N

module accum # (parameter width p=1)

( input clk,
input data i,
input en i,

output [width p-1:0] sum o;
) 7
logic [width p-1:0] sum r, sum next;
assign sum o = sum r;

always comb
begin
sum_next = sum r;

if (en_i)
sum next = sum r + data_i;
end

always ff @ (posedge clk)
sum_r <= sum_next;

shorter

module accum # (parameter width p=1)
( input clk,

input data i,

input en i,

output logic [width p-1:0] sum o;
)

logic [width p-1:0] sum r;
assign sum o = sum_r;

always ff @ (posedge clk)
begin
if (en_i)
sum r <= sum r + data_i;
end




Syntactic Sugar: You can always convert an always ff that
combines combinational and sequential logic into two separate

always ff and always comb blocks.

shorter more clear
A
N module accum # (parameter width p=1)
module accum # (parameter width p=1) ( input clk,
( input clk, _ input data i,
input data i, input en i,
input en i, = . s .
output logic [width p-1:0] sum o; ) cutput logic [width p-1:0] sum o;
) ; ’ 1
reg [width p-1:0] sum r, sum next;
logic [width p-1:0] sum r; assign sum o = sum r;
assign sum o = sum r;
1 oo 4 1k always comb 2
a ;ay§_ (posedge clk) begin b
egin
if (en i) sum_next = sum r;
sum r <= sum r + data_i;
end if (en_i) 2a
sum next = sum r + data i;
When in doubt, use the version on the right. end

To go from the left-hand version to the right one:
1. For each register xxx_r, introduce a temporary variable that always ff @ (posedge clk)
holds the input to each register (e.g. xxx_next) sum _r <= sum next;

2. Extract the combinational part of the always_££f block into an
always comb block:

a. change xxx_r <= t0 xxx next =
b. add xxx_next = xxx_r; to beginning of block for default case

3. Extract the sequential part of the always ff by creating a separate
always ff that does xxx r <= xxx next;




Bit Manipulations

logic [15:0] =x;
logic [31:0] x sext;
logic [31:0] hi, 1lo;
logic [63:0] hilo;

// concatenation
assign hilo = { hi, 1lo};

assign { hi, lo } = { 32'b0, 32'bl };

// duplicate bits (16 copies of x[15] + x[15:0]
assign x sext = {16 { x[15] }, x[15:0]};



Note: Our SV Subset

N

@ SV is a big language with many features not
concerned with synthesizing hardware.

@ The code you write for your processor should
only contain the language structures discussed

in these slides.

@® Anything else is not synthesizable, although it
will simulate fine.

€ You MUST follow the course coding standard;
a document will be released soon.

® We will be mixing in some more synthesizable
SystemVerilog later in the course to improve
maintainability of your code.




