Specification and Verification of Hardware VHDL 1

Original by Magnus Björk

Computing Science Chalmers University of Technology

VHDL 1 – p.1/51

The course

Course team:

Mary Sheeran (kursansvarig) Dennis Walter Emil Axelsson Guest lecturers:

Jiri Gaisler (Gaisler Research) Emily Shriver (Intel)

VHDL 1 – p.2/51

About the course

Check in often at:

http://www.cs.chalmers.se/Cs/Grundutb/Kurser/svh/ Two halves: VHDL part and Lava part.

Each half includes one lab and one take home exam. Written exam in then end Sign up for one lab account each.

You may solve the labs in pairs, but are not allowed to cooperate between the pairs. No cooperation at all on the take home exams (do them individually).

VHDL 1 – p.3/51

Course Book: Two Options

Peter Ashenden: The Designer’s Guide to VHDL Approaches VHDL as any programming language Focuses on simulation.

The VHDL book used in industry (Ashenden is part of the committee behind the VHDL standard, this book is sometimes seen as a more readable version of the standard.)

Stefan Sjöholm, Lennart Lindh: VHDL för konstruktion Approaches VHDL as a tool for constructing hardware Focuses on synthesis Cheaper and more concise

VHDL 1 – p.4/51

Overview of the lecture

A 15 minutes crash course in hardware design VHDL

Please interrupt me if you have questions

VHDL 1 – p.5/51

Fundamental hardware concepts

VHDL 1 – p.6/51

Gate level

Can be compared to assembler for software We may use:

Gates: Not, And, Or, Implies, Multiplexers

Memory cells: d-flipflop

Components: boxes containing gate-level descriptions

VHDL 1 – p.7/51

Combinational gate level examples

Half adder Full adder

4 bit ripple-carry adder

VHDL 1 – p.8/51

Sequential gate level examples

Oscillator Sequential adder

VHDL 1 – p.9/51

Be careful with

Feedback only through flipflops

You may split wires, but never join them:

In this course, any wire may only have one driver.

VHDL 1 – p.10/51

Abstraction domains (1)

Structural domain:

Circuit described as a composition of sub-circuits

Behavioral domain:

Describes what the circuit does, not how it does it

s := a + b;

VHDL 1 – p.11/51

Abstraction domains (2)

Behavioral is the “desired” domain (why make more complicated code?) But, behavioral code

May not be synthesizable

if c /= c’delayed(T) then . . . x <= y / z;

Time-shift and division can be simulated, but not synthesized May lead to inefficient circuit

a := b + c; d := e - f;

Maybe only one adder is needed?

VHDL 1 – p.12/51

Abstraction domains (3)

Structural decomposition is usually necessary for getting efficient and synthesizable code No design is completely structural

Components → Gates → Transistors → Silicon crystals → . . .

Sooner or later we reach the leaves of struct. decomposition. The structural leaves are always described behaviorally.

What is a suitable level for the leaves? Common answer: Register Transfer Level (RTL)

VHDL 1 – p.13/51

Register Transfer Level (1)

RTL = Gate level, plus:

Wires carrying more complex data types (bit-vectors, integers, arrays of integers, ...) Components operating on those types (adders, multipliers, sorters, ...)

Registers and memories (generalization of d-flipflop, storing any type) Subcomponents for hierarchical structure Finite state machines (FSMs) These components are described behaviorally!

An adder does not have to be decomposed into full adders A counter (an FSM) does not have to be decomposed into a register and an adder

VHDL 1 – p.14/51

Register Transfer Level (2)

Correct timing behavior internally: it should be possible to see from the RTL description what happens in each clock cycle.

Designer controls overall structure, synthesis tool controls low-level details (RTL synthesis)

VHDL 1 – p.15/51

Behavioral Level (1)

Describes what the circuit does, not how it does it Doesn’t say anything about the structure of the circuit Uses standard programming language concepts such as algorithms, loops, complex data types and processes.

Shows correct timing behavior externally, but not internally Important aspects

Must be easy to understand Must be unambiguous Is used as a runnable specification; behavior is compared with RTL implementation during test phase

VHDL 1 – p.16/51

Behavioral Level (2)

Used to specify what your circuit does Can be discussed with customer as initial step of design Can also be used to simulate other parts of the circuitry which are developed by somebody else Is probably not synthesizable

VHDL 1 – p.17/51

Functional Level

Even higher level than behavioral Only describes the function of the circuit Not even correct timing behavior May use any programming language constructs

VHDL 1 – p.18/51

Abstraction Levels (1)

Say we want to describe a pipelined sorter for integers:

Functional level: Your favorite sorting algorithm Behavioral level: The same algorithm, with result delayed a number of clock cycles to get correct timing Register transfer level: A structural description using comparators, registers, and wires carrying integers. Uses the same sorting method as the final circuit (probably not the same as in previous steps). Two versions:

All registers at the end of the datapath Registers distributed in the correct places.

VHDL 1 – p.19/51

Abstraction Levels (2)

Gate level: An incomprehensible structural description using registers, gates and wires carrying booleans

Transistor level: A structural description using only transistors and wires carrying different voltages

VHDL 1 – p.20/51

Design process (simplified)

1. Write a specification 2. Write an implementation 3. Verify that your implementation meets the specification 4. If not, are the errors in the specification or the implementation?

Correct the erroneous one.

5. Repeat step 3-4 until no more errors are found.

VHDL 1 – p.21/51

Iterative design process

1. Write a (runnable) specification.

2. Do some verification of the specification, to convince yourself that it is correct.

3. Write an implementation on a slightly less abstract level or with more optimizations

4. Verify that the new implementation works like a previous one (perhaps the last implementation, or the specification)

5. Repeat step 3-4 until you have an optimized low level description of your circuit.

VHDL 1 – p.22/51

If Spec. and Implementation Differs?

If your final design doesn’t behave as the behavioral description, you have three options:

1. Change your final design to match the behavioral model

2. Change your behavioral model to match the final design

3. Find out exactly how different they are (this isn’t as easy as you think). Determine if they are similar enough, and thoroughly document the differences

First option is preferable, since you don’t need to update the contract with your customer. If you discover that the agreed upon behavior was hard to implement, second option is probably best. Third option is usually harder than second.

VHDL 1 – p.23/51

(Functional) Verification techniques

Testing: write testbenches, simulate circuit (ModelSim) Exhaustive testing: Generally not feasible Automated testing: Safelogic Monitor, FoCs, QuickCheck Property checking (model checking): Jasper Gold, RuleBase, Solidify, Formality Equivalence checking: eCheck, conformal (if 1-1-match of dffs) Other methods: Symbolic simulation, Theorem proving, ... Last three known as formal verification

VHDL 1 – p.24/51

Hardware Description Languages (HDL)

Why not use C, Ada, or Java for hardware description?

They are sequential. Hardware is totally concurrent. We want do be able to describe circuits structurally.

Different HDLs:

VHDL: No 1 in Europe. Based on Ada. Verilog: No 1 in the US. Based on C. Lava: No 1 in CS^1. Embedded in Haskell.

1 Department of Computing Science, Chalmers

VHDL 1 – p.25/51

VHDL

History

VHDL = VHSIC Hardware Description Language (VHSIC = Very High Speed Integrated Circuit) Ordered by US defence department Developed by Intermetrics, IBM and Texas Instruments (1983) Standardized by IEEE (1987, 1993, and 2001) and ANSI (1988) Original goals Modelling and simulation Executable and unambiguous specifications Standardized way of describing circuits Also used for Synthesis

VHDL 1 – p.26/51

Entities and Architectures

Designs are described using a number of modules, consisting of entities and architectures.

An entity describes the interface of a module: names and types of input ports, output ports, generic parameters, etc.

An architecture describes how the module works internally. Corresponds to the implementation or function body in other programming languages.

Each module has exactly one entity, but may have several architectures (for instance one behavioral and one RTL implementation).

VHDL 1 – p.27/51

Examples of Entities

entity half_adder is port ( c_in, a : in bit;

s, c_out : out bit ); end entity half_adder;

entity d_flip_flop is port ( i, clk : in bit;

o : out bit );

end entity d_flip_flop;

VHDL 1 – p.28/51

An Entity with an Architecture

entity d_flip_flop is

port ( i, clk : in bit;

o : out bit );

end entity d_flip_flop;

architecture behavioral of d_flip_flop is begin

dff_behavior : process is begin

if clk’event and clk=’1’ then o <= i;

end if;

wait on clk;

end process dff_behavior; end architecture behavioral;

VHDL 1 – p.29/51

Three ways to write code in architectures

1. Structurally: Instantiate other modules and connect them with signals (≈wires)

2. Concurrently: Simple statements (e.g. assignments) that are reexecuted every time signals they depend on change

3. Sequentially: Sequential code (possibly in several parallel processes), with loops etc

Higher abstraction levels usually contain more sequential code, while lower levels contain more structural code.

It is possible to mix different kinds of code in the same architecture.

VHDL 1 – p.30/51

Architecture with Concurrent Code

entity half_adder is

port ( c_in, a : in bit;

s, c_out : out bit ); end entity half_adder;

architecture behavioral of half_adder is begin

s <= a xor c_in; c_out <= a and c_in;

end architecture behavioral;

VHDL 1 – p.31/51

Structural architectures: example 1

Assuming that and_gate and xor_gate are implemented: entity half_adder is

port ( c_in, a : in bit;

s, c_out : out bit ); end entity half_adder;

architecture structural of half_adder is begin

xor1 : entity work.xor_gate(behavioral) port map( c_in, a, s );

and1 : entity work.and_gate(behavioral) port map( c_in, a, c_out );

end architecture structural;

VHDL 1 – p.32/51

Structural architectures: example 2

entity full_adder is

port ( c_in, a, b : in bit;

s, c_out : out bit ); end entity full_adder;

architecture structural of full_adder is signal c_1, c_2, s_1 : bit;

begin

ha1 : entity work.half_adder(structural) port map( a, b, s_1, c_1 );

ha2 : entity work.half_adder(structural) port map( c_in, s_1, s, c_2 );

or1 : entity work.or_gate(behavioral) port map( c_1, c_2, c_out );

end architecture structural;

VHDL 1 – p.33/51

Architecture with Sequential Code

entity max3 is

port(i1, i2, i3 : in integer; o : out integer); end entity max3;

architecture behavioral of max3 is begin

p : process is

begin

if(i1 >= i2 and i1 >= i3) then o <= i1;

elsif(i2 >= i1 and i2 >= i3) then

o <= i2;

else

o <= i3;

end if;

wait on i1, i2, i3; end process p;

end architecture behavioral;_{VHDL 1 – p.34/51}

More on Sequential VHDL

Sequential code is always written in processes An architecture may contain several processes Processes are implicit loops: when the last statement in a process has been executed, the process is restarted Processes communicate using singals From a language point of view, signals resemble variables (although important differences exist) From a hardware point of view, signals resemble wires

VHDL 1 – p.35/51

Sensitivity lists

entity half_adder is

port ( c_in, a : in bit;

s, c_out : out bit ); end entity half_adder;

architecture behavioral of half_adder is begin

half_add_behavior : process(a, c_in) is begin

s <= a xor c_in; c_out <= a and c_in;

end process half_add_behavior; end architecture behavioral;

Sensitivity lists may not be combined with wait statements.

VHDL 1 – p.36/51

A simple clock generator

entity clock1MHz is

port ( clk : out bit ); end entity clock1MHz;

architecture behavioral of clock1MHz is begin

c : process is begin

clk <= ’0’;

wait for 500 ns; clk <= ’1’;

wait for 500 ns; end process c;

end architecture behavioral;

VHDL 1 – p.37/51

Time in VHDL

VHDL has a notion of time Simulation time ≠ actual running time Certain events are scheduled to happen at specific points in time Time advances in discrete steps - when nothing more is scheduled to happen at the current point in time, time is advanced to the next point in time where there is a scheduled event.

Time has two components:

a number of (nano/micro/milli)seconds a number of deltas (δ) The minimal delay for a signal assignment is 1δ.

VHDL 1 – p.38/51

A small example

proc : process is

begin

a <= 0; b <= 0;

wait for 0 ns;

a <= a+1; b <= a;

wait for 0 ns; - - Here, a=1, b=0 ! wait;

end process proc;

VHDL 1 – p.39/51

Example: Counting Bits, Attempt 1

entity count_ones is

port( arr : in bit_vector; result : out integer ); end entity count_ones;

architecture attempt_1 of count_ones is begin

p1 : process(arr) is

begin

result <= 0;

for i in arr’range loop if(arr(i) = ’1’) then result <= result+1;

end if;

end loop;

end process p1;

end architecture attempt_1;

Compilation error: “Cannot read output: result”

VHDL 1 – p.40/51

Example: Counting Bits, Attempt 2

architecture attempt_2 of count_ones is signal tempSum : integer;

begin

p1 : process(arr) is

begin

tempSum <= 0; for i in arr’range loop if(arr(i) = ’1’) then tempSum <= tempSum+1;

end if;

end loop;

result <= tempSum;

end process p1;

end architecture attempt_2;

Testing reveals strange values on result._{VHDL 1 – p.41/51}

Example: Counting Bits, Correct Version

architecture correct of count_ones is begin

p1 : process(arr) is

variable tempSum : integer; begin

tempSum := 0; for i in arr’range loop if(arr(i) = ’1’) then tempSum := tempSum+1;

end if;

end loop;

result <= tempSum;

end process p1;

end architecture correct;

VHDL 1 – p.42/51

Simulation cycle

1. Simulation time is advanced until the next scheduled event (can be a signal assignment, or a wait).

2. Scheduled signal assignments are carried out.

3. Processes resume execution if they

are sensitive to signals that was affected, or are scheduled to wait until the current time point

4. The processes continue to run until they all reach wait statements. New events that the processes create are put in the event queue. Events to happen after a delay of length 0 are scheduled to happen in the next delta cycle. Events to happen after a positive time are scheduled at that time +0δ.

VHDL 1 – p.43/51

Variables vs. signals

Variables Signals Used in algorithms Represent physical wires Immediate assignments (:=) Delayed assignments (<=) Belong to a process Belong to an architecture Used only within a process Communicate betw procs/entts Different attributes (’event etc) Sensitivity lists and wait on

VHDL 1 – p.44/51

Example: Variables

entity count_pos_edges is

port (i : in bit; c : out integer); end entity count_pos_edges;

architecture behavioral of count_pos_edges is begin

p1 : process(i) is

variable counter : integer := 0; begin

if i’event and i=’1’ then

counter := counter + 1; c <= counter;

end if;

end process p1;

end architecture behavioral;

VHDL 1 – p.45/51

Delayed Signal Assignments

Signal assignments can be delayed:

o <= i after 2 ns; test_input <= 0, 1 after 1 ms, 2 after 2 ms, 3 after 3 ms;

The smallest possible clock generator:

clk <= not clk after 50 us; (concurrent assignment) The value is evaluated upon execution of assignment statement, not when the assignment is carried out.

VHDL 1 – p.46/51

Assert statements

assert e;

Gives a warning if e evaluates to false.

assert e report str;

Prints the message str if e evaluates to false.

assert e report str severity sev;

Sev can be one of: note, warning, error, failure. Simulator can be set to stop simulation at given severities

An assert statement in an architecture is concurrent: property should always hold

An assert statement in a process is sequential: property should hold when the assert is executed

VHDL 1 – p.47/51

More wait statements

wait; (halts process) wait for 100 ms;

wait on in1, in2, in3; (wait for events on signals) wait until a=’1’;

wait on clk until reset = ’0’; wait until a = ’1’ for 150 ns;

A wait statement always causes a process to wait. If we write wait until a=’1’, and a=’1’, then the process will wait until an event that changes a’s value to ’1’ happens. Wait for 0 ns; will cause the process to wait one δ.

VHDL 1 – p.48/51

More signal attributes

A transaction is when a value is assigned to a signal. An event is when a transaction causes a signal to change value.

’event: event has occured last (simulation) cycle ’active: transaction has occured last cycle ’stable(t): no event has occured for t time units ’quiet(t): no transaction has occured for t time units ’last_value: value before last event ’last_event: time since last event ’delayed(t): implicit signal, delays the original signal with t time units.

VHDL 1 – p.49/51

Declaring Your Own Types

Types are usually declared in packages:

package my_types is type int_array is array (integer range<>) of integer; type int_pair is record

first : integer; second : integer;

end record;

end package my_types;

Packages must be imported before all entities that use them:

use work.my_types.all;

VHDL 1 – p.50/51

Guidelines for writing architectures

Processes that are sensitive to the clock signal implicitly introduces flipflops. Architectures usually becomes easiest to write and maintain if they are divided into two parts:

1. One single process which is sensitive only to the clock signal (and possibly an asynchronous reset signal)

2. One or more processes that are sensitive to any input signals or internal signals, except the clock

The only thing the first process does is to update the internal state (i.e. the flipflops). The other parts includes all logic.

More about this in Jiri Gaisler’s lecture (next week).

VHDL 1 – p.51/51