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Special information for Invigilators: none.

Information for Candidates
VHDL language reference and course notes can be found in the booklet VHDL Exam Notes.
Unless otherwise specified assume VHDL 1993 compiler.

Library functions from the VHDL package utility_pack used in the coursework may be used
freely in your implementations.
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b)
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Explain why the VHDL process P17 in Figure 1.1 does not synthesise to
combinatorial (also known as combinational) logic. State under what
circumstances it will synthesise without error, and describe the behaviour of
the synthesised hardware under these circumstances.

(8]

Write a VHDL entity and synthesisable architecture for a 4 bit positive edge
triggered counter with count sequence: 0, 1, 2, ..., 12, 0, represented by a 4
bit std_Jogic_vector output. The counter must have an input down which
controls the count direction. If down =0’ the count sequence will be as
above, otherwise it will be the reverse sequence. Your counter should also
have a synchronous input rst which sets the output to 0 when rst="'1".

(8]

In process P2 of Figure 1.2 determine the delay, both physical time and, if
relevant, simulation delta time, between events on clk, and corresponding
events on a,b,c,d. You may assume that c/k changes in A(0).

(8]

Figure 1.3 specifies the next state table for a system with inputs a,rst, and
internal state s and cnt, where cnt is an 10 bit number and s can have one of
the values x, y, z.
If input rst is ‘1’ this should async sly set s to state y, and set cnt to 0.
The output b is ‘1" in state ywh@uo, and should be ‘0’ at all other times.
Implement this as a VHDL archit fe for the entity system in Figure 1.4
using a finite state machine with state s together with an appropriate counter,
and positive edge triggered clock clk.

(8]

Write a VHDL entity and architecture that implements a combinatorial and
gate logic block with an open array std_logic_vector input, and single
std_logic output equal to ‘1" if and only if all of its inputs are ‘1°.

8]

Pl : PROCESS (clk, din)

BEGIN
IF clk = '0' THEN
dout <= NOT din;
END IF;

END PROCESS P1;

Figure 1.1
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P2:

PROCESS (clk, a)

VARIABLE x : STD LOGIC;

[E3.06/ISE3.5/AC5)

BEGIN
X = clk;
b <= a;
a <= Xx;
¢ <= clk AFTER 10 ns;
d <= b AFTER 10 ns;
END PROCESS P2;
Figure 1.2
current next output
S a cnt s cnt b
X 0 o X c+1 0
X 1 c y c 0
y 0 c y c c=0
y 1 c z c 0
z 0 o Z c-1 0
z 1 c X c 0
Figure 1.3

ENTITY system IS
PORT( a, clk, rst : IN STD_LOGIC;
b : OUT STD LOGIC

);

END system;

Figure 1.4
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This question concerns two different implementations of an equality checker, in which
a set of n pairs of 8 bit inputs a;and b; (i =1,2,... ,n) are compared and two outputs are
generated: errs, which counts the number of pairs which differ (a; # b)), and biterrs
which sums the total number of non-equal bits in a bitwise comparison of a; and b;
over all pairs. Thus the sequence a = (7,0,1), b=(7,15,1) would result in errs=1 and
biterrs=4.

a) The hardware block checker has a positive edge triggered clock clk. Input
pairs a;, b; are presented in successive clock cycles on inputs a,b as shown in
Figure 2.1. Outputs err and biterr must be valid during the cycle after the nth
input is presented. An input sens is used to show when the pairs are
presented: it is ‘1’ while this happens, and ‘0’ during the cycle in which err,
biterr are output, as illustrated in Figure 2.1. You may also assume that sens
is ‘0" for at least one cycle before the inputs are presented. Write a VHDL
entity and architecture to implement checker, using 16-bit vectors for the
outputs err, biterr.

[15]

b) The combinatorial hardware block parchecker has two arrays a and b of 8 bit
inputs, and outputs err and biterr. The value of n is a constant equal to the
length of the arrays a and b. Outputs err and biterr represent unsigned
integers. Determine the minimum bit-widths for err and biterr respectively
consistent with all values of n fess than 16. Write a VHDL package
parchecker_pak containing the constant n set to a value of 8 and an
appropriate array type definition for a and b. Then write a VHDL entity and
architecture using this package that implements parchecker, using your
previously determined bit-widths.
[18]

clk:

sens: E .

a L oa() L oa@ | a@®) | ad) |

b: L b() i b2 ! b@) | b@4) | :

err: E E E E | output !

biterr: ' ' ' ' ' output
Figure 2.1
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Figure 3.1 shows a combinatorial hardware block composed of two combinatorial
sub-blocks F and G. The output x of block G is known to have the following
dependence on its input a. If inputs b and ¢ are equal then x = a, otherwise x is
independent of a.

a) Using transduction or otherwise, show, with an appropriate circuit, how sub-
blocks F and G may be rearranged together with some extra hardware to
reduce delay from p to r. You should assume that the delays from a or b to x
in F, and a,b,c,d to x in G are much longer than a singie gate delay.
[12]

b} VHDL entities fblock and gblock in Figure 3.2 represent blocks F,G. Write a
synthesisable VHDL architecture for entity blocks in Figure 3.2 to implement
your solution to part (a) which incorporates F and G as subentities, and
where s is known to be -11, represented in two’'s complement binary. You
may assume that all inputs and outputs have type std_logic_vector. You
should assume that the blocks F and G will be flattened during synthesis
optimisation, and explain your choice of input a to gblock.
[12]

c) Assume that the simulation delay through either F or G from any input to any
output is 10A. Determine the simulation delay from p to rin your solution to
part (b).
{6l

x
v
-

cCy | »
Y44y
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Figure 3.1

ENTITY fblock IS
PORT (a, b : IN STD_LOGIC_VECTOR(7 DOWNTO 0) ;
X : OUT STD LOGIC VECTOR (15 DOWNTO 0));
END fblock; - N

ENTITY gblock IS
GENERIC( b : IN STD LOGIC_VECTOR(7 DOWNTO 0));
PORT ( a : IN STD LOGIC _VECTOR( 15 DOWNTO 0);
c, d : IN STD LOGIC VECTOR(7 DOWNTO 0);
x : OUT STD LOGIC_VECTOR({15 DOWNTO 0));:
END gblock;

ENTITY blocks IS
PORT( p, g, t, u : IN STD LOGIC VECTOR(7 DOWNTO 0);
r : OUT STD_LOGIC_VECTOR(15 DOWNTO 0));
END blocks;

Figure 3.2
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Wirite a synthesisable VHDL entity and architecture to implement the
arithmetic function:
Ss=atb+4*d-c
Where a,b,d are 8 bit unsigned numbers, ¢ is an 8 bit signed number, the
output s is a signed number, and all synthesised arithmetic units are the
optimal width.
[10]

How long would it take to test exhaustively your answer to part (a) ina VHDL
testbench, given that testing the output for a single set of inputs is known to
take 10us? Without exhaustive testing, what corner cases, if any, would it be
desirabie to check?

[5]

You are given a VHDL function:
FUNCTION RANDOM (hi, low: INTEGER)RETURN INTEGER;

which generates a pseudorandom integer in the range low to hi whenever it is
called. Write a VHDL testbench, using this function, which performs
1,000,000 random sample tests on your answer to part (a), and stops,
printing out appropriate diagnostics, on discovering any error.
[15]
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VHDL & Logic Synthesis: Solutions

Question 1.

a)

dout is not assigned a value if clk = ‘1", therefore it can't represent combinatorial logic. This will
synthesise correctly to a negative clocked transparent latch with inverted output, but only if the
synthesis program and target architecture supports synthesis of latches.

(8]

b)

LIBRARY ieee;

USE ieee.std_logic_1164.ALL;
USE ieee.std_logic_arith.ALL;

ENTITY udent4 IS
PORT( clk, rst, down : IN STD_LOGIC;
q : STD_LOGIC_VECTOR(3 DOWNTO 0)
);
END udcnt4;

ARCHITECTURE synth OF udcnt4 IS
SIGNAL q_int : STD_LOGIC_VECTOR(3 DOWNTO 0);
BEGIN

P1: PROCESS
BEGIN
WAIT UNTIL clk'EVENT AND clk = "1
IF down ='0’ THEN
IF q_int = conv_std_logic_vector(12, 4) THEN

g_int <= "0000";
ELSE
q_int <= UNSIGNED(q_int)+1;
END IF;
ELSE
IF g_int = conv_std_logic_vector(0, 4) THEN
g_int <="1100";
ELSE
q_int <= UNSIGNED(q_int)-1;
END IF;
END IF;
iIF rst="1" THEN
g_int <="0000";
END IF;
END PROCESS;
END synth;
(8]
c)
a: clk + 1 delta
b: cik + 2 delta
c: clk+10ns
d: ckk+ 10ns
[8]
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d)
ARCHITECTURE synth OF system IS
TYPE fsmtype IS (x, y, z);
SIGNAL s : fsmtype;
SIGNAL cnt : STD_LOGIC_VECTOR(S DOWNTO 0);
BEGIN
P1 : PROCESS(clk, rst, s, cnt, a)
BEGIN
IF rst='1"' THEN
cnt <= (OTHERS => '0');
s <=y;

ELSIF clk’EVENT AND clk = '1' THEN

CASE s IS
WHEN x => [F a ='1' THEN s <= y; ELSE cnt <= UNSIGNED(cnt)+1; END IF;
WHENy =>[F a='1' THEN s <= z; END IF;
WHEN z => IF a = '"1' THEN s <= x; ELSE cnt <= UNSIGNED(cnt)-1; END IF;
END CASE;
END IF;

END PROCESS P1;

P2 : PROCESS(s, cnt)
BEGIN
IF (s =y) AND (cnt = conv_std_logic_vector(0, 8))
THEN b <="1";
ELSE b <="0";
END IF;
END PROCESS P2;

END synth;
e)

ENTITY andgate IS
PORT(x :IN STD_LOGIC_VECTOR;
y : OUT STD_LOGIC);
END parity;

ARCHITECTURE synth OF andgate IS
BEGIN
P1 : PROCESS(x)
VARIABLE z : STD_LOGIC;
BEGIN
z ="1
FOR i IN x'RANGE LOOP
2 := z AND x(i);
END LOOP;
y <=2
END PROCESS p1;

END synth;
(8]
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Question 2
a)

LIBRARY ieee;
USE ieee.std_logic_1 164.ALL;
USE ieee.std_logic_arith.ALL;

ENTITY checker IS
PORT( clk, sens :IN STD_LOGIC;
a,b :IN STD_LOGIC_VECTOR(7 DOWNTO 0);
err, biterr : BUFFER STD_LOGIC_VECTOR(15 DOWNTO 0)
);
END checker;

ARCHITECTURE synth OF checker 1S
BEGIN
P1 : PROCESS
VARIABLE w : STD_LOGIC_VECTOR(7 DOWNTO 0);
VARIABLE b : STD_LOGIC__VECTOR(15 DOWNTO 0);
BEGIN
WAIT UNTIL clk’'EVENT AND clk = '0%;
IF sens ='0' THEN
err <= (OTHERS => '0');
biterr <= (OTHERS => '0%);
ELSE
w =aXORb;
IF NOT (w = conv_std_logic_vector(0, 8)) THEN
err <= UNSIGNED(err)+1;
END IF;
b :=biterr;
FOR i IN WRANGE LOOP
IF w(i) ='1' THEN
b := UNSIGNED(b)+1;
END IF;
END LOOP;
biterr <= b;
END IF;
END PROCESS p1;
END synth;

SOLUTIONS Page 4 of 8

E3.06/ISE3.5/AC5

[15].



E3.06/ISE3.5/AC5

b)

LIBRARY ieee;
USE ieee.std_logic_1 164.ALL;
USE ieee.std_logic_arith.ALL;

PACKAGE parchecker_pak IS
CONSTANT n : INTEGER := 8;
TYPE at IS ARRAY (1 TO N) OF STD_LOGIC_VECTOR(? DOWNTO 0);

END;

LIBRARY ieee;

USE ieee.std_logic_1 164.ALL;
USE ieee.std_logic_arith.ALL;
USE WORK.parchecker_pak.ALL;

ENTITY parchecker IS
PORT( a, b :IN  at;
err : BUFFER STD_LOGIC_VECTOR( 3 DOWNTO 0 );
biterr: BUFFER STD_LOGIC_VECTOR( 6 DOWNTO 0 )

);
END parchecker;

ARCHITECTURE synth OF parchecker IS
BEGIN
P1 : PROCESS(a, b)
VARIABLE w : STD LOGIC_VECTOR(3 DOWNTO 0);

VARIABLE be : STD_LOGIC_VECTOR(S DOWNTO 0);

BEGIN
w = (OTHERS =>'0");
be = (OTHERS =>'0');

FOR i IN a'RANGE LOOP
IF NOT (a(i) = b(i)) THEN w := UNSIGNED(w)+1; END IF;
FORjIN a(i))RANGE LOOP
IF a(i)(j) /= b(i)(j) THEN be := UNSIGNED(be)+1; END IF;
END LOOP:

END LOOP;
err <sw;
biterr <= pe;
END PROCESS p1;

END synth;
[15]
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Question 3
a)
p F
—» a MUX
o} X > 1
__’ b
—_> r
> 0
G y
a
S
t—» b X =
— ¢ I
u
—P d
[ t
[12]
b)

ARCHITECTURE synth OF biocks IS

SIGNAL fi, gi : STD_LOGIC_VECTOR(15 DOWNTO 0);
CONSTANT indef : STD_LOGIC_VECTOR(15 DOWNTO 0) := (OTHERS => ' ):

BEGIN

I1: ENTITY fblock PORT MAP(x => fi, a => p, b=>q);
12: ENTITY gblock GENERIC MAP(b => conv_std_logic_vector(-11, 8))
PORT MAP(a => indef,c=>t, d => u, x => gi);
P1: PROCESS(t, gi, fi)
BEGIN
IF conv_std_logic_vector(-11, 8) = t THEN
r <= fi;
ELSE
r <= gi;
END IF;
END PROCESS P1;

END synth;

(12]
Note that input a of gblock is don’t care, so this is wired to -, to allow optimisation of ghlock.

c)
Ports have zero delay, multiplexor has 1 delta delay, therefore total max delay is 11 delta. This

answer will depend on the precise implementation chosen for b).
(6]
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Question 4.

a)

ENTITY arith IS
PORT(a, b, c,d : IN STD_LOGIC_VECTOR(7 DOWNTO 0);
s : OUT STD_LOGIC_VECTOR(11 DOWNTO 0)

);
END arith;

ARCHITECTURE synth OF arith IS

SIGNAL p : STD_LOGIC_VECTOR(8 DOWNTO 0);

SIGNAL g : STD_LOGIC_VECTOR(10 DOWNTO 0); -- can be negative
BEGIN

p<=("0"& UNSIGNED(a))+UNSIGNED(b);

q<=("00" & UNSIGNED(p))-SIGNED(c);

s <= (SIGNED(q(10 DOWNTO 2))+UNSIGNED(“00” & d))& q(1 DOWNTO 0);
END synth;

Note the care needed to do sign extension correctly on signed/unsigned quantities, and to add 1
bit on change from signed to unsigned. In the computation for s, g(10:2) is correctly sign-
extended by the + operator — d is extended by two bits to force the correct width of addition.
Could alternatively have sign extended q(10:2) by 1 bit.

[10]

b)

10us * 2% = 10* seconds.

Corner cases are max and min value of a,b,d, unsigned
0, 255,

Max & min values of ¢, signed -128 .. 127

Should test every combination ( 16 tests).

[9]
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¢)

I assume library function i2s is available, defined as:
FUNCTION i2s( i: INTEGER) RETURN STRING IS
BEGIN
RETURN INTEGER'IMAGE(i);
END FUNCTION;
Students will not be penalised if they use this without definition — but could equivalently give
answer using INTEGER'IMAGE(), which they have learnt.

ENTITY testbench IS
END testbench;

ARCHITECTURE randsample OF testbench IS

SIGNAL a_i, b_i, c_i, d_i : STD_LOGIC_VECTOR(7 DOWNTO 0);
SIGNAL s_j : STD_LOGIC_VECTOR(10 DOWNTO 0);

BEGIN

dut : ENTITY WORK.arith PORT MAP(a=>a_j,b=>b i,
c=>c_i,d=>d_ji,s=>s_j);

p1 : PROCESS
VARIABLE na, nb, nc, nd, n : INTEGER;
BEGIN
FORiIN 1 TO 1000000 LOOP
na := random(0, 255);

nb := random(0, 255);
nc :=random(-128, 127);
nd := random(0, 255);

a_i<= conv_std_logic_vector(na, 8);

b_i<= conv_std_logic_vector(nb, 8);

c_i<= conv_std_logic_vector(nc, 8);

d_i<= conv_std_logic_vector(nd, 8);

WAIT FOR 10 ns;

n = na +nb +4*nd-nc;

ASSERTn = conv_integer(SIGNED(s_i)) REPORT
"Bad test : a = "&i2s(na)&", b = "&i2s(nb)&", ¢ = "&i2s(nc)&"d = "&i2s(nd)
SEVERITY failure;

END LOOP;
END PROCESS p1;

END ARCHITECTURE randsample;

[18]
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