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CHAPTER 3

Exercise 3.1
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Exercise 3.4
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Exercise 3.5

« /0 /S
S AL U A W
e /

Exercise 3.6
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Exercise 3.7

The circuit is sequential because it involves feedback and the output de-
pends on previous values of the inputs. This is a SR latch. When S =0 and R =
1, the circuit sets O to 1. When S =1 and R = 0, the circuit resets Q to 0. When
both S and R are 1, the circuit remembers the old value. And when both S and R
are 0, the circuit drives both outputs to 1.

Exercise 3.8

Sequential logic. This is a D flip-flop with active low asynchronous set and
reset inputs. If S and R are both 1, the circuit behaves as an ordinary D flip-flop.
If S =0, O is immediately set to 0. If R = 0, Q is immediately reset to 1. (This
circuit is used in the commercial 7474 flip-flop.)

Exercise 3.9

clk
e{le

Exercise 3.10

K clk
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Exercise 3.11

il

If 4 and B have the same value, C takes on that value. Otherwise, C retains
its old value.
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Exercise 3.12

Make sure these next ones are correct too.
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Exercise 3.13

25

Exercise 3.14
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Exercise 3.15
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Exercise 3.16
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Exercise 3.17

If N is even, the circuit is stable and will not oscillate.

Exercise 3.18




46

SOLUTIONS

© 2015 Elsevier, Inc.

chapter 3

(a) No: no register. (b) No: feedback without passing through a register. (c)
Yes. Satisfies the definition. (d) Yes. Satisfies the definition.

Exercise 3.19

The system has at least five bits of state to represent the 24 floors that the
elevator might be on.

Exercise 3.20

The FSM has 5* = 625 states. This requires at least 10 bits to represent all
the states.

Exercise 3.21

The FSM could be factored into four independent state machines, one for
each student. Each of these machines has five states and requires 3 bits, so at
least 12 bits of state are required for the factored design.

Exercise 3.22

This finite state machine asserts the output Q for one clock cycle if 4 is
TRUE followed by B being TRUE.

encoding
S1:0
SO 00
S1 01
S2 10

TABLE 3.1 State encoding for Exercise 3.22

current state inputs next state
S S0
0 0 0 X 0 0
0 0 1 X 0 1

TABLE 3.2 State transition table with binary encodings for Exercise 3.22
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next state

current state inputs

TABLE 3.2 State transition table with binary encodings for Exercise 3.22

TABLE 3.3 Output table with binary encodings for Exercise 3.22

Sy = SyB
S'O = S_']_S_OA
0=35
CLK
B \ S %7 S, Q
L/
\ S Sy
A
L/ ‘rr
Reset
S, S,
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Exercise 3.23

This finite state machine asserts the output Q when 4 AND B is TRUE.

encoding
S1:0
S0 00
S1 01
S2 10

TABLE 3.4 State encoding for Exercise 3.23

current state inputs

0

0
1 0 1 1 1 0 1
1 0 0 0 0 0 0
1 0 0 1 0 0 0
1 0 1 0 0 0 0

TABLE 3.5 Combined state transition and output table with binary encodings for Exercise 3.23

Sy = §,SyB+S,4B
So = 51504

Q' = S4B
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A B
4 CéK
Sy S, Q
\ S'0 SO
L/ r
L
Reset
S1 SO
Exercise 3.24

Reset

S1
L,: yellow
Ly: red

L,: green
Ly: red

encoding
S1:0
SO 000
S1 001
S2 010

TABLE 3.6 State encoding for Exercise 3.24
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encoding
S1:0

N

TABLE 3.6 State encoding for Exercise 3.24

current state inputs next state

S92 Sq S0 tu tb S'2 S'l S'O
o | o | o Jolxf oo [ o | 1

¢!
o
|

= 5505+ S
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current state

outputs
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0 0
1 0 1 1 0 0 1
1 1 0 1 0 1 0
TABLE 3.8 Output table for Exercise 3.24
Ly = 8155+ 5,8,
L, =85,8
40 220
S (3.1)
Ly = 8581 +515
Lpo = 55815,
T T
bS ss CLK
279 ) s, ~ S,
)
) S‘l Sl
S0 SO
r
R;get
R
L/

FIGURE 3.1 State machine circuit for traffic light controller for Exercise 3.21
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Exercise 3.25
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encoding
S1:0
S0 000
S1 001
S2 010
S3 100
S4 101

TABLE 3.9 State encoding for Exercise 3.25

current state

next state

TABLE 3.10 Combined state transition and output table with binary encodings for Exercise 3.25
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53

q
0
0
0 0
0 0
1 0 0 0 0 0 0 0
1 0 0 1 0 0 1 1
1 0 1 0 1 0 0 1
1 0 1 1 1 0 1 0
TABLE 3.10 Combined state transition and output table with binary encodings for Exercise 3.25
S = 555150+ 55515,
Sy = 5,5,5,4
So = A(5,50+ $,5)

0 = $,5,5,4 +5,5,54

CLK

s, Ms

s, | |s

s, | |s
r

-
Reset
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Exercise 3.26

Dispense
ReturnDime

Dispense
ReturnNickel

S40
Dispense
ReturnDime
ReturnNickel

Dispense
ReturnTwoDimes|

Note: N e De Q = Nickel e Dime Quarter

FIGURE 3.2 State transition diagram for soda machine dispense of Exercise 3.23
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encoding
S9:0

SO 0000000001
S5 0000000010
S10 0000000100
S25 0000001000
S30 0000010000
S15 0000100000
S20 0001000000
S35 0010000000
S40 0100000000
S45 1000000000

FIGURE 3.3 State Encodings for Exercise 3.26

current inputs
state

s nickel dime quarter

SO 0 0 1 S25
SO 0 1 0 S10
SO 1 0 0 S5
S5 0 0 0 S5
S5 0 0 1 S30
S5 0 1 0 S15
B 1 0 0 S10
S10 0 0 0 S10

TABLE 3.11 State transition table for Exercise 3.26

© 2015 Elsevier, Inc.
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current inputs
state
s nickel dime quarter
S10 0 0 1 S35
S10 0 1 0 S20
S10 1 0 0 S15
S25 X X X SO
S30 X X X SO
S15 0 0 0 S15
S15 0 0 1 S40
S15 0 1 0 S25
S15 1 0 0 S20
S20 0 0 0 S20
S20 0 0 1 S45
S20 0 1 0 S30
S20 1 0 0 S25
S35 X X X SO
S40 X X X SO
S45 X X X SO

TABLE 3.11 State transition table for Exercise 3.26

current inputs next state
state s
s nickel dime quarter
0000000001 0 0 0 0000000001
0000000001 0 0] 1 0000001000
0000000001 0 1 0 0000000100
0000000001 1 0 0 0000000010

TABLE 3.12 State transition table for Exercise 3.26
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current inputs next state
state L
s nickel dime quarter
0000000010 0 0 0 0000000010
0000000010 0 0 1 0000010000
0000000010 0 1 0 0000100000
0000000010 1 0 0 0000000100
0000000100 0 0 0 0000000100
0000000100 0 0 1 0010000000
0000000100 0 1 0 0001000000
0000000100 1 0 0 0000100000
0000001000 X X X 0000000001
0000010000 X X X 0000000001
0000100000 0 0 0 0000100000
0000100000 0 0 1 0100000000
0000100000 0 1 0 0000001000
0000100000 1 0 0 0001000000
0001000000 0 0 0 0001000000
0001000000 0 0 1 1000000000
0001000000 0 1 0 0000010000
0001000000 1 0 0 0000001000
0010000000 X X X 0000000001
0100000000 X X X 0000000001
1000000000 X X X 0000000001

TABLE 3.12 State transition table for Exercise 3.26

%
©
I

S0
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§7 = 5,0
Sg = SyD + SgN + SeNDQ
S's = §,D + S,N + ScNDQ

Sy = 8,0+ SgD

Sy = SoD+ SN+ S,NDQ
SoN + S;NDQ

%
-
I

So = SyNDQ + Sy + S, + S, + S + S

Dispense = S3+8,+8;+S8g+ 8
ReturnNickel = S, + Sg
ReturnDime = S, + Sg

ReturnTwoDimes = Sg

© 2015 Elsevier, Inc.
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Quarter
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Nickel
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s

ReturnTwoDimes

1
D ReturnDime
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0 So D ReturnNickel
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Exercise 3.27

Reset

FIGURE 3.4 State transition diagram for Exercise 3.27
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current next state
state S oy
$2:0
000 001
001 011
011 010
010 110
110 111
111 101
101 100
100 000
TABLE 3.13 State transition table for Exercise 3.27
S2 = $150+ 5,5
§1= 5580+ 515
S0 = 5,98
0, =5
01=5

© 2015 Elsevier, Inc.
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CLK
s, M, 0
2
—q
Sll Sl Q
1
—q
s, | |s
[ ot
r
S,/S4S, Reset

FIGURE 3.5 Hardware for Gray code counter FSM for Exercise 3.27

Exercise 3.28
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Reset

FIGURE 3.6 State transition diagram for Exercise 3.28

© 2015 Elsevier, Inc.
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current input next state

state s'2:0

$2:0
000 1 001
001 1 011
011 1 010
010 1 110
110 1 111
111 1 101
101 1 100
100 1 000
000 0 100
001 0 000
011 0 001
010 0 011
110 0 010
111 0 110
101 0 111
100 0 101

TABLE 3.14 State transition table for Exercise 3.28

S2 = UPS S+ UPS; Sy + 5,8,
S'y = 8,8, + UPS,Sy + UPS,S;
So= UP®S,®S,

0 =5,

0, =5

o = So
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UP
CLK
7
S S
2 2 QZ
S S
1 1 Ql
——q
SIO SO
J}DC r QO
S351S, R;get
FIGURE 3.7 Finite state machine hardware for Exercise 3.28
Exercise 3.29
(@)
(R S R SN AN S
/ / \ / \
5 /
2 [ /

FIGURE 3.8 Waveform showing Z output for Exercise 3.29

(b) This FSM is a Mealy FSM because the output depends on the current

value of the input as well as the current state.
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FIGURE 3.9 State transition diagram for Exercise 3.29
(Note: another viable solution would be to allow the state to transition from
S0 to S1 on BA/0. The arrow from SO to SO would then be BA/0 )

current state inputs next state output

51:0 5'1:0

00 X 0 00 0
00 0 1 11 0
00 1 1 01 1
01 0 0 00 0
01 0 1 11 1
01 1 0 10 1
01 1 1 01 1
10 0 X 00 0
10 1 0 10 0

TABLE 3.15 State transition table for Exercise 3.29

67
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current state

$1:0

inputs

nextstate
s'1:0

10 1 1 01
11 0 0 00
11 0 1 11
11 1 0 10
11 1 1 01

TABLE 3.15 State transition table for Exercise 3.29

Sy = BA(S, +Sy) + BA(S, + S;)

S'o = A(S;+Sy+B)

Z = BA+Sy(A+B)

B A

FIGURE 3.10 Hardware for FSM of Exercise 3.26

© 2015 Elsevier, Inc.

Note: One could also build this functionality by registering input 4, pro-
ducing both the logical AND and OR of input 4 and its previous (registered)
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value, and then muxing the two operations using B. The output of the mux is Z:

Z=Adprev (if B=0); Z=A4 + Aprev (if B=1).

Exercise 3.30

reset

> |

FIGURE 3.11 Factored state transition diagram for Exercise 3.30

current

next state
state 800
S7:0
00 0 00
00 1 01
01 0 00

TABLE 3.16 State transition table for output Y for Exercise 3.30

© 2015 Elsevier, Inc.
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current next state
state Sll'O
SI1:0
01 1 11
11 X 11

TABLE 3.16 State transition table for output ¥ for Exercise 3.30

current input next state

state '1:0
Ii:0

00 0 00

00 1 01

01 0 01

01 1 10

10 0 10

10 1 11

11 X 11

TABLE 3.17 State transition table for output X for Exercise 3.30

S = Sp(S;+4)
So = 814 +55(S; +4)

Ty = A(T, +T,) +2T0+ 7,7,
X = T,T,

© 2015 Elsevier, Inc.
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A
CLK
T O s, s, y
L
S'O SO
r
L]
SIS, Reset
CLK
D_H_\ T %7 T,
y
—]
T'O TO
1
r
L]
Reset
TlTO

FIGURE 3.12 Finite state machine hardware for Exercise 3.30

Exercise 3.31

This finite state machine is a divide-by-two counter (see Section 3.4.2)
when X = 0. When X =1, the output, Q, is HIGH.

TABLE 3.18 State transition table with binary encodings for Exercise 3.31
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TABLE 3.19 Output table for Exercise 3.31

Exercise 3.32

current state

next state

TABLE 3.20 State transition table with binary encodings for Exercise 3.32
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next state

Q asserts whenever 4 is HIGH for two or more consecutive cycles.

Exercise 3.33

1 0 0
1 1 0 0
TABLE 3.20 State transition table with binary encodings for Exercise 3.32

O

A

W

FIGURE 3.13 State transition diagram for Exercise 3.32

thd = 3lpd XOR

Next, we calculate the cycle time:

T

c

f =1/430ps=2.33 GHz

(b)

Te 2 tyeg ttpa t tsetup T Iskew

=3x 100 ps
=300 ps

>t

= 'pcq + tpd + tsetup
2> [70 + 300 + 60] ps

=430 ps

Thus,

fskew < Te = (peg + tpa + Iserup), Where T = 1/2 GHz = 500 ps
< [500 — 430] ps =70 ps

©

(a) First, we calculate the propagation delay through the combinational log-

73
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First, we calculate the contamination delay through the combinational log-

fed = lcd XOR
=55ps

tccq *led > thold + Lskew

Thus,

Iskew < (tccq + tcd) = Ihold
< (50 + 55) - 20
<85 ps

(d)

Bk

5

FIGURE 3.14 Alyssa’s improved circuit for Exercise 3.33

First, we calculate the propagation and contamination delays through the
combinational logic:
tpd = 2thq XOR
=2 x 100 ps
=200 ps
tea = 2leq XOR
=2x55ps
=110 ps

Next, we calculate the cycle time:
Tc 2 tpcq + tpd + tsetup

2 [70 + 200 + 60] ps

=330 ps
f =1/330ps=3.03 GHz

lskew < (tccq + tcd) = Ihold
< (50 + 110 - 20
<140 ps
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Exercise 3.34

(@) 9.09 GHz
(b) 15 ps
(c) 26 ps

Exercise 3.35

(@ 7T,=1/40MHz=25ns

Tc 2 tpcq + NtCLB + tsetup
25ns >[0.72 + N(0.61) + 0.53] ps
Thus, N < 38.9

N=38

(b)

tskew < (teeq T tca cLB) - Thold
<[(0.5+0.3)-0]ns
< 0.8 ns =800 ps

Exercise 3.36

1.138 ns

Exercise 3.37

P(failure)/sec = 1/MTBF = 1/(50 years * 3.15 x 10" sec/year) = 6.34 x
101" (EQ 3.26)

P(failure)/sec waiting for one clock cycle: N*(T,/T)*e (Tc-tsetup)/Tau
= 0.5 * (110/1000) * ¢-(1000-70)100 — 5 5 106
P(failure)/sec waiting for two clock cycles: N*(T/T,)*[e (Tc-tsetup)/Tauy2

= 0.5 * (110/1000) * [e-(1000-70)/10012 = 4 6§ x 1010

This is just less than the required probability of failure (6.34 x
10'10). Thus, 2 cycles of waiting is just adequate to meet the MTBF.

© 2015 Elsevier, Inc.
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Exercise 3.38

() You know you've already entered metastability, so the probability that
the sampled signal is metastable is 1. Thus,

P(failure) = 1xe
Solving for the probability of still being metastable (failing) to be 0.01:
t

P(failure) = ¢ * = 0.01
Thus,
t = —tx In(P(failure)) = =20 x In((0.01)) = 92 seconds

(b) The probability of death is the chance of still being metastable after 3

minutes
P(failure) = 1 x ¢ (3 min x60sec)/20sec = ¢ 90123

Exercise 3.39

We assume a two flip-flop synchronizer. The most significant impact on
the probability of failure comes from the exponential component. If we ignore
the T,/T, term in the probability of failure equation, assuming it changes little

with increases in cycle time, we get:
t

T

P(failure) = e
Tc—tsetug
_ 1 _ T
MTBE = P(failure) - ¢
TCZ_Tcl
MTBFZ =10 = e 30ps
MTBF,

Solving for T, - T4, we get:

T,,-T, = 69ps
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Thus, the clock cycle time must increase by 69 ps. This holds true for cycle
times much larger than TO (20 ps) and the increased time (69 ps).

Exercise 3.40

Alyssa is correct. Ben’s circuit does not eliminate metastability. After the
first transition on D, D2 is always 0 because as D2 transitions from 0 to 1 or 1
to 0, it enters the forbidden region and Ben’s “metastability detector” resets the
first flip-flop to 0. Even if Ben’s circuit could correctly detect a metastable out-
put, it would asynchronously reset the flip-flop which, if the reset occurred
around the clock edge, this could cause the second flip-flop to sample a transi-
tioning signal and become metastable.

Question 3.1
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reset

I 1010 l
=1 A

> S0
A Q

A

FIGURE 3.15 State transition diagram for Question 3.1

current input next state
State S'5.0
S5:0
000001 0 000010
000001 1 000001

TABLE 3.21 State transition table for Question 3.1

© 2015 Elsevier, Inc.
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current input next state

state s"5.0
S5:0

000010 0 000010
000010 1 000100
000100 0 001000
000100 1 000001
001000 0 000010
001000 1 010000
010000 0 100000
010000 1 000001
100000 0 000010
100000 1 000001

TABLE 3.21 State transition table for Question 3.1

S = S,4
Sy = Sy4

'3 = S,4

S, = 5,4

Sy = A(Sy+ S5+ Ss)

S0 = A(Sy+S,+S,+Ss)

0 = S;

© 2015 Elsevier, Inc.
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EQC%UU JU

FIGURE 3.16 Finite state machine hardware for Question 3.1

Question 3.2

The FSM should output the value of A4 until after the first 1 is received. It
then should output the inverse of 4. For example, the 8-bit two’s complement
of the number 6 (00000110) is (11111010). Starting from the least significant
bit on the far right, the two’s complement is created by outputting the same val-
ue of the input until the first 1 is reached. Thus, the two least significant bits of
the two’s complement number are “10”. Then the remaining bits are inverted,
making the complete number 11111010.
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Start

FIGURE 3.17 State transition diagram for Question 3.2

current input next state

state s'7:0

S1:0
00 0 00
00 1 01
01 0 11
01 1 10
10 0 11
10 1 10
11 0 11
11 1 10

TABLE 3.22 State transition table for Question 3.2

9
—
I

!
o
|

= AD(5)+Sp

0 =35

© 2015 Elsevier, Inc.
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-
L\D S, rso o

FIGURE 3.18 Finite state machine hardware for Question 3.2

Question 3.3

A latch allows input D to flow through to the output O when the clock is
HIGH. A flip-flop allows input D to flow through to the output Q at the clock
edge. A flip-flop is preferable in systems with a single clock. Latches are pref-
erable in two-phase clocking systems, with two clocks. The two clocks are used
to eliminate system failure due to hold time violations. Both the phase and fre-
quency of each clock can be modified independently.

Question 3.4
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reset

S00000
S00001
S00010

FIGURE 3.19 State transition diagram for Question 3.4

current nextstate
state

S4:0
00000 00001

s'4:0

00001 I 00010
TABLE 3.23 State transition table for Question 3.4
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current next state
state S'y.0
S4:0
00010 00011
00011 00100
00100 00101
11110 11111
11111 00000

TABLE 3.23 State transition table for Question 3.4

S'0=STO

Q4:0 = Sa0

© 2015 Elsevier, Inc.
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= s s o
= D | o
St In

S S
e
S' S
} 0 0 QO
r
T
Reset

FIGURE 3.20 Finite state machine hardware for Question 3.4

Question 3.5

Reset

>|

>|

A

FIGURE 3.21 State transition diagram for edge detector circuit of Question 3.5
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current input next state
state 'y
S7:0

00 0 00

00 1 01

01 0 00

01 1 10

10 0 00

10 1 10

TABLE 3.24 State transition table for Question 3.5
S|1 = ASl
So = A48,
0=35
A C%L7K
\ S'l Sl Q
L/
\ S'O SO
r
I
Reset

FIGURE 3.22 Finite state machine hardware for Question 3.5

Question 3.6

Pipelining divides a block of combinational logic into N stages, with a reg-
ister between each stage. Pipelining increases throughput, the number of tasks
that can be completed in a given amount of time. Ideally, pipelining increases
throughput by a factor of N. But because of the following three reasons, the
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speedup is usually less than N: (1) The combinational logic usually cannot be
divided into N equal stages. (2) Adding registers between stages adds delay
called the sequencing overhead, the time it takes to get the signal into and out
of the register, fseryp + £ycq- (3) The pipeline is not always operating at full ca-
pacity: at the beginning of execution, it takes time to fill up the pipeline, and at
the end it takes time to drain the pipeline. However, pipelining offers significant
speedup at the cost of little extra hardware.

Question 3.7

A flip-flop with a negative hold time allows D to start changing before the
clock edge arrives.

Question 3.8

We use a divide-by-three counter (see Example 3.6 on page 155 of the text-
book) with 4 as the clock input followed by a negative edge-triggered flip-flop,
which samples the input, D, on the negative or falling edge of the clock, or in
this case, 4. The output is the output of the divide-by-three counter, Sg, OR the
output of the negative edge-triggered flip-flop, N1. Figure 3.24 shows the
waveforms of the internal signals, Sy and N1.

T

FIGURE 3.23 Hardware for Question 3.8

N1

FIGURE 3.24 Waveforms for Question 3.8
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Question 3.9

Without the added buffer, the propagation delay through the logic, 7,;, must
be less than or equal to 7, - (,¢4 * fsetup). HOwever, if you add a buffer to the

clock input of the receiver, the clock arrives at the receiver later. The earliest
that the clock edge arrives at the receiver is teq gy after the actual clock edge.

Thus, the propagation delay through the logic is now given an extra ., gyg- So,

1, NOW must be less than 7. + 7.4 BUF - ({peq * Isetup)-
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CHAPTER 4

Note: the HDL files given in the following solutions are available on the
textbook’s companion website at:
http://textbooks.elsevier.com/9780123704979

Exercise 4.1

a—— :
C

:

Exercise 4.2




© 2015 Elsevier, Inc.

86 SOLUTIONS chapter 4
Exercise 4.3
SystemVerilog
module xor_4 (input logic [3:0] a,
output logic y)
assign y = "a;

endmodule

Exercise 4.4

VHDL

library IEEE; use IEEE.STD_LOGIC_1164.all;

entity xor_4 is
port(a: in STD_LOGIC_VECTOR (3 downto 0);
y: out STD LOGIC);
end;

architecture synth of xor_4 is
begin

y <= a(3) xor a(2) xor a(l) xor a(0);
end;

ex4_4.tv file:

0000_0
0001_1
0010_1
0011 0
0100_1
01010
0110 0
0111 1
1000 1
1001 0
1010 0
1011 1
1100 0
1101 1
1110 1
1111 0
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SystemVerilog
module ex4_4_ testbench();
logic clk, reset;
logic [3:0] a;
logic yexpected;
logic vy
logic [31:0] vectornum, errors;

logic [4:0] testvectors[10000:0];
// instantiate device under test
xor_ 4 dut(a, y);

// generate clock
always
begin
clk = 1; #5; clk = 0; #5;
end

// at start of test, load vectors
// and pulse reset

initial
begin
$readmemb("ex4_4.tv", testvectors);
vectornum = 0; errors = 0;
reset = 1; #27; reset = 0;
end

// apply test vectors on rising edge of clk
always @ (posedge clk)
begin
#1; {a, yexpected} =
testvectors[vectornum];
end

// check results on falling edge of clk
always @ (negedge clk)
if (~reset) begin // skip during reset
if (y !== yexpected) begin
$display ("Error: inputs = %h", a);

Sdisplay ("™ outputs = $b (%b expected)",
y, yexpected);
errors = errors + 1;
end
vectornum = vectornum + 1;
if (testvectors[vectornum] === 5'bx) begin

Sdisplay ("%d tests completed with %d errors",
vectornum, errors);
Sfinish;
end
end
endmodule

VHDL

library IEEE; use IEEE.STD_LOGIC_1164.all;
use STD.TEXTIO.all;
use work.txt util.all

entity ex4_4_ testbench is -- no inputs or outputs
end;

architecture sim of ex4_4_ testbench is
component sillyfunction
port(a: in STD_LOGIC_VECTOR(3 downto 0);
y: out STD LOGIC);
end component;
signal a: STD_LOGIC_VECTOR(3 downto 0);
signal y, clk, reset: STD LOGIC;
signal yexpected: STD_LOGIC;
constant MEMSIZE: integer := 10000;
type tvarray is array(MEMSIZE downto 0) of
STD LOGIC_VECTOR (4 downto 0);
signal testvectors: tvarray;
shared variable vectornum, errors: integer;
begin
-- instantiate device under test
dut: xor 4 port map(a, y);

-- generate clock
process begin
clk <= '1'; wait for 5 ns;
clk <= '0'; wait for 5 ns;
end process;

-- at start of test, load vectors
-- and pulse reset
process is
file tv: TEXT;
variable i, j: integer;
variable L: line;
variable ch: character;
begin
-- read file of test vectors
i :=0;
FILE_OPEN (tv, "eX474.tV", READ MODE) ;
while not endfile(tv) loop
readline(tv, L);
for j in 4 downto 0 loop
read (L, ch);

if (ch = '_') then read(L, ch);
end if;
if (ch = '0') then
testvectors (i) (j) <= '0';
else testvectors(i) (j) <= '1';
end if;
end loop;
i =1+ 1;
end loop;
vectornum := 0; errors := 0;
reset <= '1 wait for 27 ns; reset <= '0';

wait;
end process;

(VHDL continued on next page)
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(continued from previous page)
VHDL

-- apply test vectors on rising edge of clk
process (clk) begin
if (clk'event and clk = '1') then

a <= testvectors (vectornum) (4 downto 1)
after 1 ns;
yexpected <= testvectors (vectornum) (0)
after 1 ns;
end if;
end process;

-- check results on falling edge of clk
process (clk) begin
if (clk'event and clk = '0' and reset = '0') then
assert y = yexpected
report "Error: y = " & STD LOGIC'image (y);
if (y /= yexpected) then
errors := errors + 1;
end if;
vectornum := vectornum + 1;
if (is_x(testvectors(vectornum))) then
if (errors = 0) then
report "Just kidding -- " &
integer'image (vectornum) &
" tests completed successfully."
severity failure;

else
report integer'image (vectornum) &
" tests completed, errors = " &
integer'image (errors)
severity failure;
end if;
end if;
end if;
end process;

end;

SystemVerilog

module minority(input logic a, b, c¢
output logic y);

assign y = ~a & ~b | ~a & ~c | ~b & ~c;
endmodule

VHDL

library IEEE; use IEEE.STD_LOGIC_1164.all;

entity minority is
port(a, b, c: in STD_LOGIC;
v out STD_LOGIC) ;
end;

architecture synth of minority is
begin
y <= ((not a) and (not b)) or ((not a) and (not c))
or ((not b) and (not c));
end;
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library IEEE; use IEEE.STD LOGIC 1164.all;

STD_LOGIC_VECTOR (3 downto 0)
segments: out STD_LOGIC_VECTOR (6 downto 0)

architecture synth of seven_seg decoder is

segments
segments
segments
segments
segments
segments
segments
segments
segments
segments
segments
segments
segments
segments
segments
segments
segments

module sevenseg(input logic [3:0] data,
output logic [6:0] segments);
entity seven_seg decoder is
always_comb port (data: in
case (data)
// abc_defg end;
4'h0: segments = 7'bl111 1110;
4'hl: segments = 7'b011_0000;
4'h2: segments = 7'b110_1101; begin
4'h3: segments = 7'bl11 1001; process (all) begin
4'h4: segments = 7'b011_0011; case data is
4'h5: segments = 7'b101_1011; -
4'h6: segments = 7'b101 1111; when X"0" =>
4'h7: segments = 7'bl11l 0000; when X"1" =>
4'h8: segments = 7'bl11 1111; when X"2" =>
4'h9: segments = 7'bl1l1l 0011; when X"3" =>
4'ha: segments = 7'b111_0111; when X"4" =>
4'hb: segments = 7'b001_1111; when X"5" =>
4'hc: segments = 7'b000_1101; when X"6" =>
4'hd: segments = 7'b011_1101; when X"7" =>
4'he: segments = 7'b100_1111; when X"8" =>
4'hf: segments = 7'b100_0111; when X"9" =>
endcase when X"A" =>
endmodule when X"B" =>
when X"C" =>
when X"D" =>
when X"E" =>
when X"F" =>
when others =>
end case;
end process;
end;
Exercise 4.7
ex4_7.tv file:

0000 111 1110
0001_011_0000
0010 110 1101
0011 111 1001
0100_011_0011
0101 101 1011
0110 101 1111
0111_ 1110000
1000 111 1111
1001 111 1011
1010_111 0111
1011 001 1111
1100_000_1101
1101 011 1101
1110 100 1111
1111100 0111

abcdefg
<= "1111110";
<= "0110000";
<= "1101101";
<= "1111001";
<= "0110011";
<= "1011011";
<= "1011111";
<= "1110000";
<= "l111111";
<= "1110011";
<= "1110111";
<= "(0O0l1l111";
<= "0001101";
<= "(0l11101";
<= "1001111";
<= "1000111";
<= "0000000";

)

89

7
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Option 1:
SystemVerilog
module ex4_7_testbench();
logic clk, reset;
logic [3:0] data;
logic [6:0] s_expected;
logic [6:0] s;
logic [31:0] vectornum, errors;
logic [10:0] testvectors[10000:0];

// instantiate device under test
sevenseg dut (data, s);

// generate clock
always
begin
clk = 1; #5; clk = 0; #5;
end

// at start of test, load vectors
// and pulse reset

initial
begin
$readmemb("ex477.tv", testvectors) ;
vectornum = 0; errors = 0;
reset = 1; #27; reset = 0;
end

// apply test vectors on rising edge of clk
always @ (posedge clk)
begin
#1; {data, s_expected}
testvectors[vectornum];

end

// check results on falling edge of clk
always @ (negedge clk)
if (~reset) begin // skip during reset
if (s !== s_expected) begin
Sdisplay ("Error: inputs = %h", data);

Sdisplay (" outputs = %b (%b expected)",
s, s_expected);
errors = errors + 1;
end
vectornum = vectornum + 1;
if (testvectors[vectornum] === 11'bx) begin

S$display ("%d tests completed with %d errors"
vectornum, errors);
Sfinish;
end
end
endmodule

Digital Design and Computer Architecture: ARM Edition
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VHDL

library IEEE; use IEEE.STD_LOGIC_1164.all;
use STD.TEXTIO.all;

use IEEE.STD_LOGIC_UNSIGNED.all;

use IEEE.STD_LOGIC_ARITH.all;

entity ex4_7_testbench is -- no inputs or outputs
end;

architecture sim of ex4_7_testbench is
component seven_seg_decoder
port (data: in STD LOGIC_VECTOR(3 downto 0);
segments: out STD LOGIC_VECTOR (6 downto 0));
end component;
signal data: STD_LOGIC_VECTOR(3 downto 0);
signal s: STD_LOGIC_VECTOR (6 downto 0);
signal clk, reset: STD_LOGIC;
signal s_expected: STD_LOGIC_VECTOR(6 downto 0);
constant MEMSIZE: integer := 10000;
type tvarray is array (MEMSIZE downto 0) of
STD_LOGIC_VECTOR (10 downto 0);
signal testvectors: tvarray;
shared variable vectornum, errors: integer;
begin
-- instantiate device under test
dut: seven_seg_decoder port map(data, s);

-- generate clock
process begin
clk <= '1l'; wait for 5 ns;
clk <= '0'; wait for 5 ns;
end process;

-- at start of test, load vectors
-- and pulse reset
process is
file tv: TEXT;
variable i, j: integer;
variable L: line;
variable ch: character;
begin
-- read file of test vectors
i := 0;
FILE _OPEN(tv, "ex4_ 7.tv", READ MODE) ;
while not endfile(tv) loop
readline (tv, L);
for j in 10 downto 0 loop
read (L, ch);

if (ch = '_') then read(L, ch);
end if;
if (ch = '0') then
testvectors (i) (j) <= '0';

else testvectors(i) (j) <= '1';
end if;

end loop;

i =1 + 1;

end loop;

(VHDL continued on next page)
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(continued from previous page)
VHDL

vectornum := 0; errors := 0;
reset <= 'l'; wait for 27 ns; reset <= '0';
wait;

end process;

-- apply test vectors on rising edge of clk
process (clk) begin
if (clk'event and clk = '1l') then

data <= testvectors (vectornum) (10 downto 7)
after 1 ns;
s_expected <= testvectors (vectornum) (6 downto 0)
after 1 ns;
end if;
end process;

-- check results on falling edge of clk
process (clk) begin
if (clk'event and clk = '0' and reset = '0') then
assert s = s_expected
report "data = " &
integer'image (CONV_INTEGER (data)) &
"; s =" &
integer'image (CONV_INTEGER(s)) &
"; s_expected = " &
integer'image (CONV_INTEGER (s_expected));
if (s /= s_expected) then
errors := errors + 1;
end if;
vectornum := vectornum + 1;
if (is_x(testvectors(vectornum))) then
if (errors = 0) then
report "Just kidding -- " &
integer'image (vectornum) &
" tests completed successfully."
severity failure;

else
report integer'image (vectornum) &

" tests completed, errors =" &
integer'image (errors)
severity failure;

end if;

end if;
end if;

end process;
end;
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Option 2 (VHDL only):
VHDL

library IEEE; use IEEE.STD_LOGIC_1164.all;
use STD.TEXTIO.all;
use work.txt util.all;

entity ex4_7_testbench is -- no inputs or outputs
end;

architecture sim of ex4_7_testbench is
component seven_ seg decoder
port (data: in STD_LOGIC_VECTOR (3 downto 0);
segments: out STD _LOGIC_VECTOR (6 downto 0));
end component;
signal data: STD_LOGIC_VECTOR (3 downto 0);
signal s: STD_LOGIC_VECTOR (6 downto 0);
signal clk, reset: STD_LOGIC;
signal s_expected: STD_LOGIC_VECTOR (6 downto 0);
constant MEMSIZE: integer := 10000;
type tvarray is array(MEMSIZE downto 0) of
STD_LOGIC_VECTOR (10 downto 0);
signal testvectors: tvarray;
shared variable vectornum, errors: integer;
begin
-- instantiate device under test
dut: seven_seg_decoder port map(data, s

-- generate clock
process begin
clk <= '1'; wait for 5 ns;
clk <= '0'; wait for 5 ns;
end process;

-- at start of test, load vectors
-- and pulse reset
process 1is
file tv: TEXT;
variable i, j: integer;
variable L: line;
variable ch: character;
begin
-- read file of test vectors
i = 0;
FILE OPEN (tv, "ex4 7.tv", READ MODE);
while not endfile(tv) loop
readline (tv, L);
for j in 10 downto 0 loop
read (L, ch);

if (ch = ' ') then read(L, ch);
end if;
if (ch = '0') then
testvectors (i) (j) <= '0';
else testvectors (i) (j) <= '1';
end if;
end loop;
i :=1 + 1;
end loop;
vectornum := 0; errors := 0;

reset <= 'l'; wait for 27 ns; reset <= '0';

SOLUTIONS 93

wait;
end process;

-- apply test vectors on rising edge of clk
process (clk) begin
if (clk'event and clk = '1') then

data <= testvectors(vectornum) (10 downto 7)
after 1 ns;
s_expected <= testvectors (vectornum) (6 downto 0)
after 1 ns;
end if;
end process;

-- check results on falling edge of clk
process (clk) begin

if (clk'event and clk = '0' and reset = '0') then
assert s = s_expected
report "data = " & str(data) &

"; s =" & str(s) &
"; s_expected = " & str(s_expected);
if (s /= s_expected) then
+

errors := errors 1;
end if;
vectornum := vectornum + 1;
if (is_x(testvectors(vectornum))) then
if (errors = 0) then
report "Just kidding -- " &
integer'image (vectornum) &
" tests completed successfully."
severity failure;
else
report integer'image (vectornum) &
" tests completed, errors = " &
integer'image (errors)
severity failure;
end if;
end if;
end if;

end process;

end;

(see Web site for file: txt_util.vhd)
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SystemVerilog

module mux8
# (parameter width = 4)
(input logic [width-1:0] d0, di, dz, d3,
d4, d5, de, d7,
input logic [2:0] s,
output logic [width-1:0] y);

always_comb

case (s)
0: y = do0;
1: y = dil;
2: y = d2;
3: y = d3;
4: y = d4;
5: y = d5;
6: y = d6;
7: y = d7;

endcase

endmodule

Exercise 4.9

VHDL

library IEEE; use IEEE.STD LOGIC 1164.all;

entity mux8 is
generic (width: integer := 4);
port (do,

end;

di1,
dz,
das,
d4,
ds,
de,
d7:
s:
y:

in STD LOGIC VECTOR(width-1 downto 0);
in STD LOGIC VECTOR(2 downto 0);
out STD_LOGIC VECTOR(width-1 downto 0));

architecture synth of mux8 is
begin
with s select y <=

end;

do
d1
dz2
d3
d4
ds
de
d7

when
when
when
when
when
when
when
when

"0o0o0",
"oo1",
"o1o",
"o11",
"io00",
"101",
"1i1o",
others;
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SystemVerilog

module ex4_9
(input logic a, b, c,
output logic y);

mux8 #(1) mux8 1(1'bl, 1'bO,
1'bl, 1'bl,

{a,b,c}, v)i

endmodule

1'b0,
1'bO,

Digital Design and Computer Architecture: ARM Edition

1'b1,
1'b0,

SOLUTIONS

VHDL

library IEEE; use IEEE.STD_LOGIC_1164.all;

entity ex4 9 is
port (a,
b,
c: in STD_LOGIC;
y: out STD_LOGIC_VECTOR (0 downto 0));
end;

architecture struct of ex4_9 is
component mux8
generic (width: integer);
port (d0, d1, d2, d3, d4, d5, de,

© 2015 Elsevier, Inc.
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d7: in STD_LOGIC_VECTOR(width-1 downto 0);

s: in STD LOGIC VECTOR(2 downto 0);

y: out STD_LOGIC VECTOR (width-1 downto 0));

end component;

signal sel: STD _LOGIC VECTOR(2 downto 0);
begin

sel <= a & b & c;

mux8_1: mux8 generic map (1)

port map("1", "0", wov, "in,
nyn, wiw, wgn owgw,
sel, y);

end;
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Exercise 4.10

SystemVerilog VHDL
module ex4 10 library IEEE; use IEEE.STD LOGIC 1164.all;
(input 1logic a, b, c,
output logic y); entity ex4 10 is
port (a,
mux4 #(1) mux4_1( ~c, c, 1'bl, 1'D0O, {a, b}, y); b,
endmodule c: in STD_LOGIC;
y: out STD LOGIC VECTOR (0 downto 0));
module mux4 end;
# (parameter width = 4)
(input logic [width-1:0] d0, di, d2, d3, architecture struct of ex4 10 is
input logic [1:0] s, component mux4
output logic [width-1:0] y); generic (width: integer);
port(do, di, dz2,
always_comb d3: in STD_LOGIC_VECTOR(width-1 downto 0);
case (s) s: in STD_LOGIC_VECTOR(1 downto 0);
0: y = do; y: out STD LOGIC VECTOR (width-1 downto 0));
1: y = di; end component;
2: y = d2; signal cb: STD LOGIC VECTOR (0 downto 0);
3: y = d3; signal c vect: STD LOGIC VECTOR(O downto 0);
endcase signal sel: STD_LOGIC_VECTOR (1 downto 0);
endmodule begin

c _vect(0) <= c;
cb(0) <= not c;
sel <= (a & b);
mux4 1: mux4 generic map (1)
port map (cb, c_vect, "1", "0", sel, y);
end;

library IEEE; use IEEE.STD_LOGIC_1164.all;

entity mux4 is
generic (width: integer := 4);
port (dO,
d1,
dz,
d3: in STD LOGIC VECTOR(width-1 downto 0);
s: in STD LOGIC VECTOR (1l downto 0);
y: out STD LOGIC_VECTOR (width-1 downto 0));
end;

architecture synth of mux4 is
begin
with s select y <=
d0 when "00",
dl when "O1",
d2 when "10",
d3 when others;
end;
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Exercise 4.11
A shift register with feedback, shown below, cannot be correctly described
with blocking assignments.
CLK
Exercise 4.12
SystemVerilog VHDL
module priority(input logic [7:0] a, library IEEE; use IEEE.STD LOGIC 1164.all;
output logic [7:0] y);
entity priority is
always_comb port(a: in STD LOGIC VECTOR(7 downto 0);
casez (a) y: out STD_LOGIC_VECTOR (7 downto 0));
8'bl??22?2?22??: y = 8'b10000000; end;
8'b01??222?2?: y = 8'b01000000;
8'b001??2???: y = 8'b00100000; architecture synth of priority is
8'b0001????: y = 8'b00010000; begin
8'b00001???: y = 8'b00001000; process (all) begin
8'p000001??: yv = 8'b00000100; if a(7) = '"1l' then y <= "10000000";
8'b0000001?: y = 8'b00000010; elsif a(6) = 'l' then y <= "01000000";
8'pb00000001: y = 8'b00000001; elsif a(5) = '1l' then y <= "00100000";
default: y = 8'b00000000; elsif a(4) = '1' then y <= "00010000";
endcase elsif a(3) = 'l' then y <= "00001000";
endmodule elsif a(2) = '1l' then y <= "00000100";
elsif a(l) = '1l' then y <= "00000010";
elsif a(0) = '1l' then y <= "00000001";
else y <= "00000000";
end if;
end process;
end;

Exercise 4.13
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SystemVerilog

module decoder2 4 (input logic [1:0] a,
output logic [3:0] y);
always_comb

case (a)
2'p00: y = 4'b0001;
2'p01l: y = 4'b0010;
2'bl0: y = 4'b0100;
2'pll: y = 4'b1000;
endcase
endmodule

Exercise 4.14

VHDL

library IEEE; use IEEE.STD_LOGIC_1164.all;

entity decoder2 4 is
port(a: in STD_LOGIC_VECTOR(1l downto 0);
y: out STD LOGIC_VECTOR (3 downto 0));
end;

architecture synth of decoder2_4 is
begin
process (all) begin
case a is

when "00" => y <= "0001";
when "01" =>y <= "0010";
when "10" => y <= "0100";
when "11" => y <= "1000";
when others => y <= "0000";
end case;
end process;

end;

© 2015 Elsevier, Inc.
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SystemVerilog

module decoder6 64 (input
output
logic [11:0] y2 4;
decoder2 4 decO(a[l:0],
decoder2 4 decl(a[3:2],
decoder2_ 4 dec2(al[5:4],

assign y[0] = y2 4[0] &
assign y[l] = y2 4[1] &
assign y[2] = y2 4[2] &
assign y[3] = y2 4[3] &
assign y[4] = y2_4[0] &
assign y[5] = y2 4[1] &
assign y[6] = y2 4[2] &
assign y[7] = y2_4[3] &
assign y[8] = y2 4[0] &
assign y[9] = y2 4[1] &
assign y[10] = y2 4[2]
assign y[11l] = y2 4[3]
assign y[12] = y2 4([0]
assign y[13] = y2 4[1]
assign y[14] = y2 4[2]
assign y[15] = y2 4[3]
assign y[16] = y2 4[0]
assign y[17] = y2 4[1]
assign y[18] = y2 4[2]
assign y[19] = y2 4[3]
assign y[20] = y2 4([0]
assign yl[21] = y2 4[1]
assign y[22] = y2 4[2]
assign y[23] = y2 4([3]
assign y[24] = y2 4[0]
assign y[25] = y2 4[1]
assign y[26] = y2 4[2]
assign y[27] = y2_4[3]
assign y[28] = y2 4[0]
assign y[29] = y2 4[1]
assign y[30] = y2 4[2]
assign y[31] y2_41[3]

MR RRD DR R R R

logic [5:0] a,
logic [63:0]1 vy);
y2_4[3:0]);
y2_4[7:41);
y2_4[11:8]1);
y2_4[4] & y2_4[8];
y2_4[4] & y2_41[8];
y2_4[4] & y2_41[8];
y2_4[4] & y2_4[8];
v2_415] & y2_418];
y2_4[5] & y2_4[8];
y2_4[5] & y2_4[8];
v2_415] & y2_418];
y2_4[6] & y2_4[8];
y2_4[6] & y2 4[8];
v2_4161 & y2_418];
y2_4[6] & y2 4[8];
v2_4[7] & y2_4[8];
v2_4171 & y2_418];
y2_4[7] & y2 _4[8];
v2_4[7] & y2_4[8];
v2_414] & y2_4[9];
y2_4(4] & y2 4[9];
y2_414] & y2_419];
v2_414] & y2_4[9];
v2_4[5] & y2 4[9];
vy2_4[5] & y2_419];
v2 4151 & y2_4[9];
y2_4[5] & y2 4[9];
y2_4[6] & y2_4[9];
v2_416] & y2_4[9];
y2_4[6] & y2 4[9];
y2_4[6] & y2_41[9];
v2_417] & y2_419];
y2_4[7] & y2_4[9];
v2_4[7) & y2_419];
v2_417] & y2_419];

Digital Design and Computer Architecture: ARM Edition
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library IEEE; use IEEE.STD LOGIC 1164.all;

entity decoder6_64 is
port(a: in

STD_LOGIC_VECTOR (5 downto 0);

y: out STD_LOGIC_VECTOR (63 downto 0));

end;

architecture struct of decoder6_64 is

component decoder2_4
STD_LOGIC VECTOR(1 downto 0);
yv: out STD_LOGIC_VECTOR(3 downto 0));

port (a: in

end component;
signal y2 4:
begin
decO:
decl:

dec2:

STD_LOGIC VECTOR(11l downto 0);

decoder2 4 port map(a(l downto 0),

y2 4 (3 downto 0));

decoder2_4 port map(a(3 downto 2),

y2 4 (7 downto 4));

decoder2 4 port map(a(5 downto 4),

y2_4 (11 downto 8));

(continued on next page)

y(0) <= y2 4(0) and
y(1l) <= y2 4(1) and
y(2) <= y2 4(2) and
y(3) <= y2 4(3) and
y(4) <= y2 4(0) and
y(5) <= y2 4(1) and
y(6) <= y2 4(2) and
y(7) <= y2 4(3) and
y(8) <= y2 4(0) and
y(9) <= y2 4(1) and
y(10) <= y2 4(2) and
y(11l) <= y2 4(3) and
y(12) <= y2 4(0) and
y(13) <= y2 4(1) and
y(14) <= y2 4(2) and
y(15) <= y2 4(3) and
y(16) <= y2 4(0) and
y(17) <= y2 4(1) and
y(18) <= y2 4(2) and
y(19) <= y2 4(3) and
y(20) <= y2 4(0) and
y(21) <= y2 4(1) and
y(22) <= y2 4(2) and
y(23) <= y2 4(3) and
y(24) <= y2_4(0) and
y(25) <= y2 4(1) and
y(26) <= y2 4(2) and
y(27) <= y2_4(3) and
y(28) <= y2 4(0) and
y(29) <= y2 4(1) and
y(30) <= y2 4(2) and
y(31) <= y2 4(3) and

y2 4(4) and y2 4(8);
y2_4(4) and y2 4(8);
y2_4(4) and y2 4(8);
y2 4(4) and y2 4(8);
v2 4(5) and y2 4(8);
y2_4(5) and y2 4(8);
y2_4(5) and y2_4(8);
y2_4(5) and y2_4(8);
y2_4(6) and y2 4(8);
y2_4(6) and y2_4(8);
y2_4(6) and y2 4(8);
y2_4(6) and y2 4(8)
y2 4(7) and y2 4(8)
v2 4(7) and y2 4(8)
y2_4(7) and y2_ 4(8)
y2_4(7) and y2_ 4(8)
y2_4(4) and y2_4(9)
y2_4(4) and y2_ 4(9)
y2_4(4) and y2_ 4(9)
y2_4(4) and y2_4(9)
y2_4(5) and y2 4(9)
y2 4(5) and y2 4(9)
y2_4(5) and y2_4(9)
y2_4(5) and y2 4(9)
y2_4(6) and y2_4(9)
y2_4(6) and y2_4(9)
y2_4(6) and y2 4(9)
y2_4(6) and y2_4(9)
y2_4(7) and y2_4(9)
y2_4(7) and y2 4(9)
y2 4(7) and y2 4(9)
y2_4(7) and y2_4(9)
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(continued from previous page)

SystemVerilog VHDL
assign y[32] y2_4[0] & y2_4[4] & y2_4[10]; y(32) <= y2 4(0) and y2_4(4) and y2_4(10);
assign y[33] = y2 4[1] & y2 4[4] & y2_4[10]; y(33) <= y2_4(1) and y2_4(4) and y2_4(10);
assign y[34] = y2 4[2] & y2 4[4] & y2 4[10]; y(34) <= y2 4(2) and y2 4(4) and y2 4(10);
assign y[35] = y2_ 4[3] & y2_4[4] & y2_4[10]; y(35) <= y2 4(3) and y2_4(4) and y2_4(10);
assign y[36] = y2 4[0] & y2 4[5] & y2_4[10]; y(36) <= y2 4(0) and y2_4(5) and y2_4(10);
assign y[37] = y2 4[1] & y2 4[5] & y2 4[10]; y(37) <= y2 4(1) and y2 4(5) and y2 4(10);
assign y[38] = y2_ 4[2] & y2_4[5] & y2_4[10]; y(38) <= y2 4(2) and y2_4(5) and y2_4(10);
assign y[39] = y2 4[3] & y2_4[5] & y2_4[10]; y(39) <= y2 4(3) and y2_4(5) and y2_4(10);
assign y[40] = y2 4[0] & y2 4[6] & y2 4[10]; y(40) <= y2 4(0) and y2 4(6) and y2 4(10);
assign y[41] = y2 4[1] & y2_4[6] & y2_4[10]; y(41) <= y2 4(1) and y2_4(6) and y2 4(10);
assign yl[42] = y2 4[2] & y2 4[6] & y2 4[10]; y(42) <= y2 4(2) and y2 4(6) and y2 4(10);
assign yl[43] = y2 4[3] & y2 4[6] & y2 4[10]; y(43) <= y2 4(3) and y2 4(6) and y2 4(10);
assign yl[44] = y2 4[0] & y2_4[7] & y2_4[10]; y(44) <= y2 4(0) and y2_4(7) and y2_ 4(10);
assign y[45] = y2 4[1] & y2 4[7] & y2_4[10]; y(45) <= y2 4(1) and y2 4(7) and y2 4(10);
assign y[46] = y2 4[2] & y2 4[7] & y2 4[10]; y(46) <= y2 4(2) and y2 4(7) and y2 4(10);
assign yl[47] = y2_ 4[3] & y2_4[7] & y2_4[10]; y(47) <= y2 4(3) and y2_4(7) and y2_ 4(10);
assign y[48] = y2 4[0] & y2 4[4] & y2 4[11]; y(48) <= y2 4(0) and y2 4(4) and y2 4(11);
assign y[49] = y2 4[1] & y2 4[4] & y2 4[11]; y(49) <= y2 4(1) and y2 4(4) and y2 4(11);
assign y[50] = y2 4[2] & y2_4[4] & y2_4[11]; y(50) <= y2 4(2) and y2_4(4) and y2_4(11);
assign y[51] = y2 4[3] & y2 4[4] & y2_4[11]; y(51) <= y2 4(3) and y2 4(4) and y2 4(11);
assign y[52] = y2 4[0] & y2 4[5] & y2 4[11]; y(52) <= y2 4(0) and y2 4(5) and y2 4(11);
assign y[53] = y2 4[1] & y2_4[5] & y2_4[11]; y(53) <= y2 4(1) and y2_4(5) and y2_4(11);
assign y[54] = y2 4[2] & y2 4[5] & y2_ 4[11]; y(54) <= y2 4(2) and y2 4(5) and y2 4(11);
assign y[55] = y2 4[3] & y2 4[5] & y2 4[11]; y(55) <= y2 4(3) and y2 4(5) and y2 4(11);
assign y[56] = y2 4[0] & y2_4[6] & y2_4[11]; y(56) <= y2 4(0) and y2_4(6) and y2_4(11);
assign y[57] = y2 4[1] & y2 4[6] & y2 4[11]; y(57) <= y2 4(1) and y2 4(6) and y2 4(11);
assign y[58] = y2 4[2] & y2 4[6] & y2 4[11]; y(58) <= y2 4(2) and y2 4(6) and y2 4(11);
assign y[59] = y2 4[3] & y2_4[6] & y2_ 4[11]; y(59) <= y2 4(3) and y2_ 4(6) and y2 4(11);
assign y[60] = y2 4[0] & y2 4[7] & y2 4[11]; y(60) <= y2 4(0) and y2 4(7) and y2 4(11);
assign y[61] = y2 4[1] & y2 4[7] & y2 4[11]; y(61) <= y2 4(1) and y2 4(7) and y2 4(11);
assign yl[62] = y2 4[2] & y2_ 4[7] & y2_4[11]; y(62) <= y2 4(2) and y2_4(7) and y2 4(11);
assign y[63] = y2 4[3] & y2 4[7] & y2 4[11]; y(63) <= y2 4(3) and y2 4(7) and y2 4(11);
endmodule end;
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(@)Y = AC+ ABC
SystemVerilog

module ex4_15a(input logic a, b, c,
output logic y);

assign y =
endmodule

(a & c) | (~a & ~b & c);

() Y = AB+ABC + (A4 + C)
SystemVerilog

module ex4 15b(input logic a, b, c,
output logic y);

assign y =
endmodule

(~a & ~b) | (~a & b & ~c)

©
SystemVerilog

module ex4_15c(input logic a, b, ¢, d,
output logic y);
assign y = (~a & ~b & ~c & ~d) | (a
(a & ~b & c & ~d) | (a &
(~a & ~b & ¢ & ~d) | (
endmodule

Y = ABCD + ABC + ABCD + ABD + ABCD + BCD + A4

© 2015 Elsevier, Inc.
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VHDL
library IEEE; use IEEE.STD_LOGIC 1164.all;
entity ex4_15a is
port(a, b, c: in STD LOGIC;
y: out STD_LOGIC) ;
end;
architecture behave of ex4_15a is
begin
y <= (not a and not b and c) or (not b and c);
end;
VHDL
library IEEE; use IEEE.STD LOGIC 1164.all;
entity ex4 15b is
port(a, b, c: in STD LOGIC;
v: out STD_LOGIC) ;
end;
architecture behave of ex4 15b is
begin
y <= ((not a) and (not b)) or ((not a) and b and
(not c¢)) or (not(a or (not c)));
end;
VHDL
library IEEE; use IEEE.STD_LOGIC_1164.all;
entity ex4 15c is
port(a, b, ¢, d: in STD_LOGIC;
y: out STD LOGIC);
end;
architecture behave of ex4_15c is
begin
y <= ((not a) and (not b) and (not c) and (not d)) or
(a and (not b) and (not c)) or
(a and (not b) and c¢ and (not d)) or
(a and b and d) or
((not a) and (not b) and c and (not d)) or
(b and (not c) and d) or (not a);

end;
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Exercise 4.16

© 2015 Elsevier, Inc.

SystemVerilog

module ex4 16 (input logic a, b, ¢, d, e,
output logic y);

assign y = ~(~(~(a & b) & ~(c & d)) & e);
endmodule

Exercise 4.17

VHDL

library IEEE; use IEEE.STD_LOGIC 1164.all;

entity ex4_16 is
port(a, b, ¢, d, e: in STD LOGIC;
y: out STD LOGIC) ;
end;

architecture behave of ex4 16 is

begin
y <= not ((not ((not(a and b)) and
(not (c and d)))) and e);
end;
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SystemVerilog
module ex4 17 (input logic a, b, ¢, d, e, f, g
output logic y);

logic nl, n2, n3, n4, n5;

assign nl = ~(a & b & c); VHDL

assign n2 = ~(nl & d);

assign n3 = ~(f & g); library IEEE; use IEEE.STD_LOGIC_1164.all;

assign n4 = ~(n3 | e);

assign n5 = ~(n2 | n4); entity ex4 17 is

assign y = ~(n5 & nb5); port(a, b, ¢, d, e, £, g: in STD_LOGIC;
endmodule y: out STD_LOGIC) ;

end;

architecture synth of ex4_ 17 is
signal nl, n2, n3, n4, n5: STD LOGIC;
begin
nl <= not(a and b and c);
n2 <= not(nl and d);
n3 <= not(f and g);
n4 <= not(n3 or e);
n5 <= not(n2 or n4);
y <= not (n5 or nb)
end;

7

Exercise 4.18
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Verilog

module ex4 18 (input

SOLUTIONS chapter 4

logic a, b, ¢, 4,
output logic y);

always_comb

casez ({a, b, c, d})

// note: outputs cannot be assigned don’t care
0: y = 1'00;

l1: y = 1'b0;

2: y = 1'b0;

3: y = 1'b0;

4: y = 1'b0;

5: y = 1'b0;

6: y = 1'b0;

7: y = 1'b0;

8: y = 1'bl;

9: y = 1'b0;
10: y = 1'b0;
11: y = 1'bl;
12: y = 1'bl;
13: y = 1'bl;
14: y = 1'b0;
15: y = 1'b1l;

endcase
endmodule

VHDL

library IEEE; use IEEE.STD LOGIC 1164.all;

entity ex4 18 is
port(a, b, ¢, d: in STD_LOGIC;
y: out STD_LOGIC) ;
end;

architecture synth of ex4 17 is
signal vars: STD_LOGIC_VECTOR (3 downto 0);
begin
vars <= (a & b & ¢ & d);
process (all) begin
case vars is

© 2015 Elsevier, Inc.

-- note: outputs cannot be assigned don’t care
when X"0" =>y <= '0';
when X"1" =>y <= '0';
when X"2" =>y <= '0';
when X"3" =>y <= '0';
when X"4" => y <= '0';
when X"5" =>y <= '0';
when X"6" =>y <= '0';
when X"7" =>y <= '0';
when X"8" =>y <= '1"';
when X"9" => y <= '0';
when X"A" => y <= '0';
when X"B" => vy <= '1"';
when X"C" => y <= '1";
when X"D" => vy <= '1";
when X"E" => vy <= '0';
when X"F" => y <= '1';
when others => y <= '0';--should never happen

end case;
end process;
end;
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SystemVerilog

module exd4 18 (input

always_comb

case (a)
0: {p,
1: {p,
2: {p,
3: {p,
4: {p,
5: {p,
6: {p,
7: {p,
8: {p,
9: {p,
10: {p,
11: {p,
12: {p,
13: {p,
14: {p,
15: {p,

endcase

endmodule

logic

output logic

d}
d}
d}
d}
d}
d}
d}
d}
d}
d}
d}
d}
d}
d}
d}
d}

= 2'b00;

2'b00;
2'bl0;
2'bll;
2'b00;

= 2'bl0;
= 2'b01;

2'bl0;

= 2'b00;
= 2'b01;

2'b00;
2'bl0;
2'b01;
2'bl0;

= 2'b00;
= 2'b01;

[3:0]

ay
1

d);

VHDL

© 2015 Elsevier, Inc.
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library IEEE; use IEEE.STD_LOGIC_1164.all;

entity ex4 18 is

port(a: in STD_LOGIC_VECTOR(3 downto 0);
p, d: out STD_LOGIC);

end;

architecture synth of ex4_ 18 is
signal vars: STD_LOGIC_VECTOR(1 downto 0);

begin
p <= vars(1l);
d <= vars(0);
process (all) begin
case a is

when X"0" =>
when X"1" =>
when X"2" =>
when X"3" =>
when X"4" =>
when X"5" =>
when X"6" =>
when X"7" =>
when X"8" =>
when X"9" =>
when X"A" =>
when X"B" =>
when X"C" =>
when X"D" =>
when X"E" =>
when X"F" =>
when others =>
end case;

end process;
end;

vars
vars
vars
vars
vars
vars
vars
vars
vars
vars
vars
vars
vars
vars
vars
vars
vars

= "00";

"00";
"10";
"1ln;
"00";
"10";
"o1";
"10";
"00";
"o1";
"00";
"10";
"o1";
"10";
"00";
"o1";

= "00";
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SystemVerilog

module priority encoder (input

always_comb

casez (a)
8'b00000000:
8'b00000001:
8'b00000017:
8'b00000127:
8'b00001227?:

endcase
endmodule

chapter 4

Exercise 4.20

© 2015 Elsevier, Inc.

logic [7:0] a,

output logic [2:0] vy,

output logic none) ;
begin y = 3'd0; none = 1'bl;
begin y = 3'd0; none = 1'b0;
begin y = 3'dl; none = 1'b0;
begin y 3'd2; none = 1'b0;
begin y = 3'd3; none = 1'b0;
begin y 3'd4; none = 1'b0;
begin y 3'd5; none = 1'b0;
begin y 3'd6; none = 1'b0;
begin y = 3'd7; none = 1'b0;

Exercise 4.21

end
end
end
end
end
end
end
end
end

VHDL

library IEEE; use IEEE.STD_LOGIC_1164.all;

entity priority encoder is
in STD_LOGIC_VECTOR(7 downto 0);
out STD_LOGIC VECTOR (2 downto 0);
none: out STD_LOGIC) ;

port (a:
y:

end;

architecture synth of priority encoder is

begin

process (all) begin
case? a is

when
when
when
when
when
when
when
when
when
when

"00000000" =

"00000001"
"0000001-"
"000001--"
"00001---"
"0001----"

end case?;
end process;

end;

I S S

= "000";

"000";
"001";
"010";
"O11";
"100";
"101";
"110";
"111n;

= "000";

none
none
none
none
none
none
none
none
none
none

1,
'
r;
0r;
'
r;
0r;
'
r;
0r;
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SystemVerilog

module priority_encoder2 (input

always_comb
begin

casez

(a)

8'00000000:
8'b00000001:
8'b00000017:
8'000000122:
8'b00001?2?7:

endcase

casez

end

(a)

8'b00000011:
8'pb00000101:
8'b00001001:
8'b00010001:
8'pb00100001:
8'p01000001:
8'b10000001:
8'pb00000117:
8'pb00001017:
8'b00010017?:
8'p00100017:
8'p01000017:
8'b10000017?:
8'b00001127:
8'b000101727:
8'b00100127:
8'p01000127:
8'b10000127:
8'b00011?227:
8'b001017222:
8'b010017?727:
8'b10001?27:

default:

endmodule

N NNNDNNNNNDNNDNNDNDNNNNDNDNNNRNNN

30
30
30
30
3
30
30
3
30
30
3
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
3
30

logic
output logic
output logic

3'do;
none
none
none
none
none
none
3'd6; none
3'd7;

KKK KKKRKRKK

b000;
b000;
b000;
b000;
b000;
b000;
b000;
b001;
b001;
b001;
b001;
b001;
b001;
b010;
b010;
b010;
b010;
b010;
b011;
b011;
b011;
b011;
b100;
b100;
b100;
bl01;
b1l01;
b110;
b000;

[7:
[2:

none =

none =

a,
Yr 2,
none)
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7

end
end
end
end
end
end
end
end
end

SOLUTIONS

VHDL

library IEEE; use IEEE.STD_LOGIC_1164.all;

entity priority encoder2 is

port(a: in STD_LOGIC_VECTOR (7 downto 0)
y, z: out STD LOGIC_VECTOR (2 downto 0)
none: out STD LOGIC) ;

end;

architecture synth of
begin

priority encoder is

process (all) begin
case? a is
when "00000000"™ => y <= "000"; none <=
when "00000001" => y <= "000"; none <=
when "0000001-" => y <= "001"; none <=
when "000001--" => y <= "010"; none <=
when "00001---" => y <= "011"; none <=
when =>y <= "100"; none <=
when =>y <= "101"; none <=
when => y <= "110"; none <=
when =>y <= "111"; none <=
when others => y <= "000"; none <=
end case?;
case? a is
when "00000011" => z <= "Q00";
when "00000101" => z <= "000";
when "00001001" => z <= "000";
when "00001001" => z <= "Q00";
when "00010001" => z <= "000";
when "00100001" => z <= "000";
when "01000001" => z <= "Q00";
when "10000001" => z <= "000";
when "0000011-" => z <= "001";
when "0000101-" => z <= "Q01";
when "0001001-" => z <= "001";
when "0010001-" => z <= "001";
when "0100001-" => z <= "Q01";
when "1000001-" => z <= "0Q01";
when "000011--" => z <= "0Q10";
when "000101--" => z <= "010";
when "001001--" => z <= "010";
when "010001--" => z <= "010";
when "100001--" => z <= "010";
when "00011---" => z <= "Q11";
when "00101---" => z <= "Q11";
when "01001---" => z <= "011";
when "10001---" => z <= "Q11";
when => z <= "100";
when => z <= "100";
when => z <= "100";
when => z <= "101";
when => z <= "101";
when => z <= "110";
when others => z <= "000";

end case?;
end process;
end;

© 2015 Elsevier, Inc.

’

7

v,
0r;
'
r;
0r;
'
r;
0r;
0
r;
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Exercise 4.22
SystemVerilog VHDL
module thermometer (input logic [2:0] a, library IEEE; use IEEE.STD_LOGIC_1164.all;

output logic [6:0] y);
entity thermometer is

always_comb port(a: in STD_LOGIC_VECTOR (2 downto 0);
case (a) y: out STD_LOGIC_VECTOR (6 downto 0));
0: y = 7'00000000; end;
1: y = 7'b0000001;
2: y = 7'b0000011; architecture synth of thermometer is
3: y = 7'b0000111; begin
4: y = 7'b0001111; process (all) begin
5: y = 7'b0011111; case a is
6: y = 7'b0111111; when "000" => y <= "0000000";
7: y = 7'bl111111; when "001" => y <= "0000001";
endcase when "010" => y <= "0000011";
endmodule when "011" => y <= "0000111";
when "100" => y <= "0001111";
when "101" => y <= "0011111";
when "110" => y <= "0111111";
when "111" => y <= "1111111";
when others => y <= "0000000";

end case;
end process;
end;

Exercise 4.23
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library IEEE; use IEEE.STD_LOGIC 1164.all;

in STD_LOGIC_VECTOR(3 downto 0);

v,
o',
s,
r;
1,
T
v,
1,
T
v,
o',
T
o'

SystemVerilog VHDL
module month3ldays (input logic [3:0] month,
output logic V)
entity month3ldays 1is
always_comb port(a:
casez (month) y: out STD_LOGIC) ;
1: y = 1'bl; end;
2: y = 1'b0;
3: y = 1'bl; architecture synth of month3ldays is
4: y = 1'b0; begin
5: y = 1'bl; process (all) begin
6: y = 1'b0; case a is
7 y = 1'bl; when X"1" => vy
8: y = 1'bl; when X"2" =y
9: y = 1'b0; when X"3" =y
10: y = 1'bl; when X"4" =>y
11: y = 1'b0; when X"5" =y
12: y = 1'bl; when X"6" =>y
default: y = 1'b0; when X"7" => vy
endcase when X"8" =y
endmodule when X"9" =>y
when X"A" => vy
when X"B" =>y
when X"C" =y
when others => y
end case;
end process;
end;
Exercise 4.24
A®B A+B

Exercise 4.25
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reset

s2 taken

if (back)
predicttaken

S3
predicttaken

S4
predicttaken
taken

FIGURE 4.1 State transition diagram for Exercise 4.25

Exercise 4.26

© 2015 Elsevier, Inc.

SystemVerilog VHDL

module srlatch(input logic s, r, library IEEE; use IEEE.STD_LOGIC_1164.all;
output logic q, gbar);
entity srlatch is

always_comb port(s, r: in STD_LOGIC;

case ({s,r}) q, gbar: out STD LOGIC) ;
2'b01: {g, gbar} = 2'b01; end;
2'b10: {g, gbar} 2'b10;
2'bll: {qgq, gbar} = 2'b00; architecture synth of srlatch is

endcase signal ggbar: STD_LOGIC_VECTOR (1 downto 0);

endmodule signal sr: STD_LOGIC_VECTOR (1 downto 0);
begin

q <= qggbar(1l);
gbar <= ggbar (0);
sr <= s & r;
process (all) begin

if s = "'l" and r = '0"'
then ggbar <= "10";

elsif s = '0' and r 1
then ggbar <= "01";

elsif s = '1l' and r = '1"'
then ggbar <= "00";

end if;

end process;

end;

Exercise 4.27
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SystemVerilog

module jkflop(input logic j, k,
output logic q);

always @ (posedge clk)
case ({3j,k})
2'pb01: g <= 1'b0;
2'p10: g <= 1'bl;
2'bll: g <= ~q;

SOLUTIONS

VHDL

library IEEE; use IEEE.STD_LOGIC 1164.all;

entity jkflop is
port(j, k, clk: in STD_LOGIC;
q: inout STD_LOGIC);
end;

architecture synth of jkflop is

endcase signal jk: STD_LOGIC_VECTOR (1 downto 0);
endmodule begin
jk <= 3§ & k;
process (clk) begin
if rising_edge(clk) then
if § = '1' and k = '0"
then g <= '1"';
elsif j = '0' and k = '1"
then g <= '0"';
elsif j = '1l'" and k = '1"'
then g <= not g;
end if;
end if;
end process;
end;
Exercise 4.28
SystemVerilog VHDL

module latch3_ 18 (input logic d,
output logic q);

logic nl, n2, clk_b;

assign #1 nl = clk & d;

assign clk_b = ~clk;

assign #1 n2 = clk b & q;

assign #1 g = nl | n2;
endmodule

This circuit is in error with any delay in the inverter.

Exercise 4.29

library IEEE; use IEEE.STD_LOGIC 1164.all;

entity latch3_18 is
port(d, clk: in STD_LOGIC;
q: inout STD_LOGIC) ;
end;

architecture synth of latch3_18 is
signal nl, clk_b, n2: STD_LOGIC;
begin
nl <= (clk and d) after 1 ns;
clk b <= (not clk);
n2 <= (clk b and g) after 1 ns;
q <= (nl or n2) after 1 ns;
end;

© 2015 Elsevier, Inc.
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module trafficFSM(input logic clk, reset, ta, tb, library IEEE; use IEEE.STD_LOGIC_1164.all;

output logic [1:0] la, 1b);
entity trafficFSM is

typedef enum logic [1:0] {SO, Ss1, S2, S3} port(clk, reset, ta, tb: in STD LOGIC;
statetype; la, 1lb: inout STD LOGIC VECTOR (1 downto 0));
statetype [1:0] state, nextstate; end;
parameter green = 2'b00; architecture behave of trafficFSM is
parameter yellow = 2'b01; type statetype is (SO0, S1, S2, S3);
parameter red = 2'bl0; signal state, nextstate: statetype;
signal lalb: STD_LOGIC_VECTOR(3 downto 0);
// State Register begin
always_ff @ (posedge clk, posedge reset) -- state register
if (reset) state <= S0; process (clk, reset) begin
else state <= nextstate; if reset then state <= S0;
elsif rising edge(clk) then
// Next State Logic state <= nextstate;
always_comb end if;
case (state) end process;
S0: if (ta) nextstate = S0;
else nextstate = S1; -- next state logic
S1: nextstate = S52; process(all) begin
S2: if (tb) nextstate = S2; case state is
else nextstate = S3; when SO0 => if ta then
S3: nextstate = S0O; nextstate <= S0;
endcase else nextstate <= S1;
end if;
// Output Logic when S1 => nextstate <= S2;
always_comb when S2 => if tb then
case (state) nextstate <= S2;
S0: {la, 1lb} = {green, red}; else nextstate <= S3;
Sl: {la, 1lb} = {yellow, red}; end if;
S2: {la, 1lb} = {red, green}; when S3 => nextstate <= S0;
S3: {la, 1lb} = {red, yellow}; when others => nextstate <= S0;
endcase end case;
endmodule end process;

-- output logic

la <= lalb (3 downto 2);

1b <= lalb(1l downto 0);

process (all) begin
case state is

when S0 => lalb <= "0010";

when S1 => lalb <= "0110";

when S2 => lalb <= "1000";

when S3 => lalb <= "1001";

when others => lalb <= "1010";
end case;

end process;
end;
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Mode Module
SystemVerilog

module mode (input logic clk,
output logic m);

reset, p, r,

typedef enum logic {S0, S1} statetype;

statetype state, nextstate;

// State Register

always_ ff @ (posedge clk, posedge

if (reset) state <= S0;

else state <= nextstate;

// Next State Logic
always_comb
case (state)

S0: if (p) nextstate =

else nextstate =

Sl: if (r) nextstate =

else nextstate =
endcase

// Output Logic
assign m = state;
endmodule

S1;
S0;
s0;
s1;

reset)

VHDL

library IEEE; use IEEE.STD_LOGIC_1164.all;

entity mode is
port (clk, reset, p, r: in STD_LOGIC;
m: out STD_LOGIC) ;
end;

architecture synth of mode is
type statetype is (S0, S1);
signal state, nextstate: statetype;
begin
-- state register
process (clk, reset) begin
if reset then state <= S50;
elsif rising edge(clk) then
state <= nextstate;
end if;
end process;

-- next state logic
process (all) begin
case state is
when S0 => if p then
nextstate <= S1;
else nextstate <= S0;
end if;
when S1 => if r then
nextstate <= S0;
else nextstate <= S1;
end if;
when others => nextstate <= S0;
end case;
end process;

-- output logic
m <= 'l' when state = S1 else '0';
end;

(continued on next page)

© 2015 Elsevier, Inc.
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Lights Module
SystemVerilog

module lights (input logic clk, reset, ta, tb, m,
output logic [1:0] la, 1b);

typedef enum logic [1:0] {SO, S1, S2, S3}
statetype;

statetype [1:0] state, nextstate;

parameter green = 2'b00;
parameter yellow = 2'b01;
parameter red = 2'bl0;

// State Register

always_ff @(posedge clk, posedge reset)
if (reset) state <= S0O;
else state <= nextstate;

// Next State Logic
always_comb
case (state)

S0: if (ta) nextstate = S0;

else nextstate = S1;

Sl: nextstate = S2;

S2: if (tb | m) nextstate = S52;

else nextstate = S3;

S3: nextstate = S0;
endcase

// Output Logic
always_comb
case (state)
S0: {la, 1lb} {green, red};
Sl: {la, 1lb} = {yellow, red};
S2: {la, 1lb} = {red, green};
S3: {la, 1lb} = {red, yellow};
endcase
endmodule

© 2015 Elsevier, Inc.

VHDL

library IEEE; use IEEE.STD_LOGIC 1164.all;

entity lights is
port (clk, reset, ta, tb, m: in STD_LOGIC;
la, 1lb: out STD_LOGIC_ VECTOR(1 downto 0));
end;

architecture synth of lights is
type statetype is (SO0, S1, S2, S3);
signal state, nextstate: statetype;
signal lalb: STD_LOGIC_VECTOR(3 downto 0);
begin
-- state register
process (clk, reset) begin
if reset then state <= S0;
elsif rising edge(clk) then
state <= nextstate;
end if;
end process;

-- next state logic
process (all) begin
case state is
when S0 => if ta then
nextstate <= 50;
else nextstate <= S1;

end if;
when S1 => nextstate <= 52;
when S2 => if ((tb or m) = '1') then

nextstate <= S2;
else nextstate <= S3;
end if;
when S3 => nextstate <= S0;
when others => nextstate <= S0;
end case;
end process;

-- output logic

la <= lalb (3 downto 2);

1b <= lalb(1l downto 0);

process (all) begin
case state is

when S0 => lalb <= "0010";
when S1 => lalb <= "0110";
when S2 => lalb <= "1000";
when S3 => lalb <= "1001";
when others => lalb <= "1010";
end case;
end process;

end;

(continued on next page)
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Controller Module
SystemVerilog

module controller (input

output logic

mode modefsm(clk,
lights lightsfsm(clk,
endmodule

Exercise 4.31

reset,

Digital Design and Computer Architecture: ARM Edition

logic clk,

P,
reset,

r,

[1:

Iy
ta,

ta,
0]

m) ;

tb,

tb,

la,

m,

reset, p,

1b);

la,

1b) ;

© 2015 Elsevier, Inc.
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library IEEE; use IEEE.STD_LOGIC 1164.all;
entity controller is
port(clk, reset: in
p, r, ta: in STD LOGIC;
thb: in STD_LOGIC;
la, out STD LOGIC VECTOR(1 downto 0));

STD_LOGIC;

1b:
end;

architecture struct of controller is
component mode
port (clk, reset, p, r: in STD LOGIC;
m: out STD LOGIC) ;
end component;
component lights
port (clk, reset, ta, tb, m: in STD LOGIC;
la, 1lb: out STD_LOGIC VECTOR(1 downto 0));
end component;

begin
modefsm:
lightsfsm:

mode port map(clk,
lights port map(clk,
m, la,

reset,
reset,
1b) ;

r, m);

ta, tb,

end;
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SystemVerilog

module fig3 42 (input logic clk, a, b, ¢, d,
output logic x, y);

logic nl, n2;
logic areg, breg, creg, dreg;

always_ff @ (posedge clk) begin
areg <= a;

breg <= b;

creg <= c;

dreg <= d;

X <= n2;

y <= ~(dreg | n2);
end

assign nl = areg & breg;
assign n2 = nl | creg;
endmodule

Exercise 4.32

© 2015 Elsevier, Inc.

VHDL

library IEEE; use IEEE.STD_LOGIC 1164.all;

entity fig3_42 is
port(clk, a, b, ¢, d: in STD_LOGIC;
X, y: out STD LOGIC) ;
end;

architecture synth of fig3 40 is
signal nl, n2, areg, breg, creg, dreg: STD_LOGIC;
begin
process (clk) begin
if rising_edge(clk) then
areg <= a;

breg <= b;

creg <= c;

dreg <= d;

x <= n2;

y <= not (dreg or n2);
end if;

end process;

nl <= areg and breg;
n2 <= nl or creg;
end;
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SystemVerilog

module fig3 69 (input logic clk, reset, a, b,
output logic q);

typedef enum logic [1:0] {SO, S1, S2} statetype;

statetype [1:0] state, nextstate;

// State Register

always_ff @ (posedge clk, posedge reset)
if (reset) state <= S0;
else state <= nextstate;

// Next State Logic
always_comb
case (state)
S0: if (a) nextstate = S1;

else nextstate = S0O;

Sl: if (b) nextstate = S2;

else nextstate = S0;

S2: nextstate = S0O;

default: nextstate = S0;
endcase

// Output Logic
assign g = state[l];
endmodule

Exercise 4.33

Digital Design and Computer Architecture: ARM Edition
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VHDL

library IEEE; use IEEE.STD_LOGIC 1164.all;

entity fig3_69 is
port (clk, reset, a, b: in STD_LOGIC;
q: out STD_LOGIC) ;
end;

architecture synth of fig3 69 is
type statetype is (S0, S1, S2);
signal state, nextstate: statetype;
begin
-- state register
process (clk, reset) begin
if reset then state <= S50;
elsif rising edge(clk) then
state <= nextstate;
end if;
end process;

-- next state logic
process (all) begin
case state is
when SO => if a then
nextstate <= S1;
else nextstate <= S0;
end if;
when S1 => if b then
nextstate <= 52;
else nextstate <= S0;
end if;
when S2 => nextstate <= S0;
when others => nextstate <= S0;
end case;
end process;

-- output logic
g <= 'l' when state = 52 else '0';
end;

© 2015 Elsevier, Inc.
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SystemVerilog

module fig3 70 (input logic clk, reset, a, b,
output logic q);
typedef enum logic [1:0] {SO, S1, S2} statetype;
statetype [1:0] state, nextstate;

// State Register

always_ff @ (posedge clk, posedge reset)
if (reset) state <= S0;
else state <= nextstate;

// Next State Logic
always_comb
case (state)

S0: if (a) nextstate = S1;
else nextstate S0;
S1l: if (b) nextstate S2;
else nextstate s0;
S2: 1if (a & b) nextstate S2;
else nextstate s0;
default: nextstate = S0;
endcase

// Output Logic

always_comb

case (state)
SO: q = 0;
Sl: g = 0;
S2: if (a & b) g = 1;
else q = 0;
default: g = 0;
endcase
endmodule

Exercise 4.34

© 2015 Elsevier, Inc.

VHDL

library IEEE; use IEEE.STD_LOGIC 1164.all;

entity fig3_70 is
port(clk, reset, a, b: in STD_LOGIC;
q: out STD_LOGIC) ;
end;

architecture synth of fig3 70 is
type statetype is (S0, S1, S2);
signal state, nextstate: statetype;
begin
-- state register
process (clk, reset) begin
if reset then state <= S50;
elsif rising edge(clk) then
state <= nextstate;
end if;
end process;

-- next state logic
process (all) begin
case state is
when SO => if a then

nextstate <= S1;
else nextstate <= S0;
end if;
when S1 => if b then
nextstate <= 52;
else nextstate <= S0;
end if;
when S2 => if (a = 'l' and b = '1") then
nextstate <= 52;
else nextstate <= S0;
end if;
when others => nextstate <= S0;
end case;
end process;
-- output logic
q <= '1' when (state = S2) and
(a ="'1l'" and b = '1"))
else '0';

end;
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SystemVerilog

module ex4 34 (input logic clk, reset, ta, tb,

VHDL

output logic [1:0] la, 1b);
typedef enum logic [2:0] {SO, S1,

statetype;
statetype [2

:0]

parameter green

parameter yellow

parameter red

state, nextstate;

= 2'b00;
2'b01;
2'b10;

// State Register
always_ff @ (posedge clk, posedge

if (reset)

else

state <= S0;
state <= nextstate;

// Next State Logic
always_comb

case (stat
S0: 1if (
else
Sl:
S2:
S3: if (
else
S4:
S5:
endcase

e)
ta)

tb)

// Output Logic
always_comb

case (stat
S0: {la,
Sl: {la,
s2: {la,
S3: {1la,
S4: {la,
s5: {la,

endcase

endmodule

e)
1b}
1b}
1b}
1b}
1b}
1b}

nextstate = SO;
nextstate = S1;
nextstate = S2;
nextstate = S3;
nextstate = S3;
nextstate = S4;
nextstate = S5;
nextstate = S0;

= {green, red};
= {yellow, red};
= {red, red};
= {red, green};
= {red, yellow};
= {red, red};

Digital Design and Computer Architecture: ARM Edition

s2, S3, sS4, S5} entity ex4_34 is
reset, ta, tb
1b: out STD LOGIC VECTOR (1 downto 0));

port (clk,

la,
end;

© 2015 Elsevier, Inc.
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library IEEE; use IEEE.STD_LOGIC 1164.all;

STD_LOGIC;

architecture synth of ex4 34 is
type statetype is (SO,

signal state,
signal lalb:

reset) begin

s1,
nextstate:

s2, S3, sS4, S5);

statetype;

STD_LOGIC VECTOR(3 downto 0);

-- state register
set) begin
if reset then state <= S0;

process (clk,

elsif rising edge (clk)

re

state <= nextstate;

end if;
end process;

-- next state
process (all)
case state

lo
be
is

gic
gin

when S0 => if ta =
nextstate <= 50;
else nextstate <= S1;

when
when
when

when
when

when others =>

S1
S2
S3

S4
S5

end case;

end process;

=>
=>
=>

=>
=>

-- output logic
la <= lalb(3 downto 2);
1b <= lalb (1l downto 0);

process (all)

be

case state is

when
when
when
when
when
when
when

end process;

end;

S0 =

S1
S2
S3
sS4

S5 =

end if;

1

then

then

nextstate <= 52;
nextstate <= S3;

if tb =

1

then

nextstate <= S3;
else nextstate <= S4;

end if;

nextstate <= S5;
nextstate <= S0;

gin

lalb
lalb
lalb
lalb
lalb
lalb

others => lalb
end case;

nextstate <= S0;

= "0010";

"0110";
"1010";
"1000";
"1001";
"1010";

= "1010";
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SystemVerilog

module daughterfsm(input logic clk, reset, a,
output logic smile);

typedef enum logic [1:0] {SO, S1, S2, S3, sS4}
statetype;
statetype [2:0] state, nextstate;

// State Register

always_ff @ (posedge clk, posedge reset)
if (reset) state <= S0;
else state <= nextstate;

// Next State Logic
always_comb

case (state)
S0: if (a) nextstate = S1;
else nextstate = S0;
Sl: if (a) nextstate = S2;
else nextstate = S0;
S2: if (a) nextstate = S4;
else nextstate = S3;
S3: if (a) nextstate = S1;
else nextstate = S0;
S4: if (a) nextstate = S4;
else nextstate = S3;
default: nextstate = S0;
endcase

// Output Logic
assign smile = ((state == S3) & a)
((state == S4) & ~a);
endmodule

Digital Design and Computer Architecture: ARM Edition

SOLUTIONS

VHDL

library IEEE; use IEEE.STD_LOGIC 1164.all;

entity daughterfsm is
port (clk, reset, a: in STD_LOGIC;
smile: out STD_LOGIC) ;
end;

architecture synth of daughterfsm is

type statetype is (S0, S1, S2, S3, S4);

signal state, nextstate: statetype;
begin

-- state register

process (clk, reset) begin

if reset then state <= S50;
elsif rising edge(clk) then
state <= nextstate;
end if;
end process;

-- next state logic
process (all) begin
case state is

when SO => if a then

nextstate <= S1;
else nextstate <= S0;
end if;
if a then

nextstate <= 52;
else nextstate <= S0;
end if;
if a then

nextstate <= S4;
else nextstate <= S3;
end if;
if a then

nextstate <= S1;
else nextstate <= S0;
end if;
if a then

nextstate <= 54;
else nextstate <= S3;
end if;

when others => nextstate <= S0;
end case;

end process;

when S1 =>

when S2 =>

when S3 =>

when S4 =>

-- output logic
smile <= 'l1' when ( ((state = S3)

((state = S4)

and
and

(a =
(a =
else '0';
end;

© 2015 Elsevier,
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SystemVerilog

module ex4 36 (i
o

typedef enum

statetype;
statetype [3:

// State Regi

always ff @ (posedge clk, posedge

if (reset)
else

// Next State
always_comb
case (state

S0:
else
else
else
S5:
else
else
else
S10:
else
else
else
525:
S30:
S15:
else
else
else
S20:
else
else
else
S$35:
S40:
S45:
default:
endcase

SOLUTIONS

nput logic
utput logic

clk,

chapter 4

reset, n, d, q,

dispense,

return5, returnlO,
return2_ 10);
logic [3:0] {SO = 4'b0000,
S5 = 4'b0001,
510 = 4'b0010,
525 = 4'b0011,
S30 = 4'b0100,
S15 = 4'b0101,
520 = 4'b0O110,
S35 = 4'b0111,
5S40 = 4'b1000,
S45 = 4'b1001}
0] state, nextstate;
ster

state <= S0;

reset)

state <= nextstate;

Logic
)
if (n) nextstate
if (d) nextstate
if (g) nextstate
nextstate
if (n) nextstate
if (d) nextstate
if (g) nextstate
nextstate
if (n) nextstate
if (d) nextstate
if (g) nextstate
nextstate
nextstate
nextstate
if (n) nextstate
if (d) nextstate
if (g) nextstate
nextstate
if (n) nextstate
if (d) nextstate
if (g) nextstate
nextstate
nextstate
nextstate
nextstate
nextstate =

= S5;
= S10;
= S525;
= S0;
= S10;
= S15;
= S30;
= S5;
= S15;
= S520;
= S35;
= S10;
= S0;
= 50;
= S20;
= S25;
= S540;
= S15;
= S25;
= S30;
= S45;
= S520;
= 50;
= S0;
= S0;
sS0;

VHDL

library IEEE; use IEEE.STD LOGIC 1164.all;

entity ex4_36 is

port (clk,

end;

architecture synth of ex4 36 is
(s0,

dispense,
return2_10:

type statetype is

signal state,

begin
-- state register

process (clk,

elsif rising edge(clk) then
state <= nextstate;
end if;
end process;
next state logic
process (all) begin
case state is
when S0 =>
if n then nextstate
elsif d then nextstate
elsif g then nextstate
else nextstate
end if;
when S5 =>
if n then nextstate
elsif d then nextstate
elsif g then nextstate
else nextstate
end if;
when S10 =>
if n then nextstate
elsif d then nextstate
elsif g then nextstate
else nextstate
end if;
when S25 => nextstate
when S30 => nextstate
when S15 =>
if n then nextstate
elsif d then nextstate
elsif g then nextstate
else nextstate
end if;
when S20 =>
if n then nextstate
elsif d then nextstate
elsif g then nextstate
else nextstate
end if;
when S35 => nextstate
when S40 => nextstate
when S45 => nextstate
when others => nextstate

reset, n,
return5,

nextstate:

reset)

d, g: in

S5,
s35, sS40,

begin

if reset then state <= 50;

end case;

end process;

STD_LOGIC;
returnlO: out STD_LOGIC;

s10,

© 2015 Elsevier, Inc.

out STD_LOGIC) ;

S25,

sS45) ;

statetype;

= S5;

S10;
525;

= S0;

= S10;

S15;
S30;

= S5;

= S15;

S20;
S35;

= S10;

= S0;
= S0;

= S20;

S25;
S40;

= S15;

= S25;

S30;
S45;

= S20;

= S0;

S0;
S0;

= S0;

s15,

520,
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// Output Logic -- output logic
assign dispense = (state == S25) | dispense <= 'l' when ((state = S25) or
(state == S30) | (state = S30) or
(state == S35) | (state = S35) or
(state == S40) | (state = S40) or
(state == S45); (state = S545)
assign return5 = (state == S30) | else '0';
(state == S540); returnb <= '1l' when ((state = S30) or
assign returnlO = (state == S35) | (state = S540)
(state == S40); else '0';
assign return2_10 = (state == S545); returnlO <= 'l' when ((state = S35) or
endmodule (state = S40)
else '0';
return2_10 <= 'l' when (state = S45)
else '0';

end;

Exercise 4.37
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module ex4 37 (input logic clk, reset, library IEEE; use IEEE.STD_LOGIC 1164.all;
output logic [2:0] q);
typedef enum logic [2:0] {SO = 3'b000, entity ex4_37 is
s1 = 3'b001, port (clk: in STD_LOGIC;
S2 = 3'b011, reset: in STD_LOGIC;
S3 = 3'b010, q: out STD_LOGIC_VECTOR(2 downto 0));
S4 = 3'bl10, end;
S5 = 3'bll1,
S6 = 3'bl01, architecture synth of ex4 37 is
S7 = 3'b100} signal state: STD_LOGIC_VECTOR (2 downto 0);
statetype; signal nextstate: STD LOGIC VECTOR(2 downto 0);
begin
statetype [2:0] state, nextstate; -- state register
process (clk, reset) begin
// State Register if reset then state <= "000";
always_ff @ (posedge clk, posedge reset) elsif rising edge(clk) then
if (reset) state <= S0; state <= nextstate;
else state <= nextstate; end if;

end process;
// Next State Logic

always_comb -- next state logic
case (state) process(all) begin
S0: nextstate = S1; case state is
S1l: nextstate = S2; when "000" => nextstate <= "001";
S2: nextstate = S3; when "001" => nextstate <= "011";
S3: nextstate = S4; when "011" => nextstate <= "010";
S4: nextstate = S5; when "010" => nextstate <= "110";
S5: nextstate = S6; when "110" => nextstate <= "111";
S6: nextstate = S7; when "111" => nextstate <= "101";
S7: nextstate = S0; when "101" => nextstate <= "100";
endcase when "100" => nextstate <= "000";
when others => nextstate <= "000";
// Output Logic end case;
assign g = state; end process;
endmodule

-- output logic
g <= state;
end;

Exercise 4.38
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module ex4 38 (input logic clk, reset, up, library IEEE; use IEEE.STD LOGIC 1164.all;
output logic [2:0] q);
entity ex4_38 is
typedef enum logic [2:0] { port (clk: in STD LOGIC;
S0 = 3'b000, reset: in STD_LOGIC;
S1 = 3'b001, up: in STD_LOGIC;
S2 = 3'b011, q: out STD LOGIC VECTOR(2 downto 0));
S3 = 3'b010, end;
sS4 = 3'bllo0,
s5 = 3'bll1, architecture synth of ex4 38 is
S6 = 3'bl01, signal state: STD_LOGIC_VECTOR (2 downto 0);
S7 = 3'b1l00} statetype; signal nextstate: STD_LOGIC_VECTOR (2 downto 0);
statetype [2:0] state, nextstate; begin

// State Register

always_ ff @ (posedge clk, posedge
if (reset) state <= S0;
else state <= nextstate;

// Next State Logic
always_comb

Digital Design and Computer Architecture: ARM Edition
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-- state register
process (clk, reset) begin
if reset then state <=
elsif rising_ edge (clk)
state <= nextstate;
end if;
end process;

"0o0o";
then

reset)

© 2015 Elsevier, Inc.

case (state) -- next state logic
S0: if (up) nextstate = S1; process (all) begin
else nextstate = S7; case state is
S1: if (up) nextstate = S52; when "000" => if up then
else nextstate = S0; nextstate
S2: if (up) nextstate = S3; else
else nextstate = S1; nextstate
S3: if (up) nextstate = S4; end if;
else nextstate = S2; when "001" => if up then
S4: if (up) nextstate = S5; nextstate
else nextstate = S3; else
S5: if (up) nextstate = S6; nextstate
else nextstate = S4; end if;
S6: if (up) nextstate = S7; when "011" => if up then
else nextstate = S5; nextstate
S7: if (up) nextstate = S0; else
else nextstate = S6; nextstate
endcase end if;
when "010" => if up then
// Output Logic nextstate
assign g = state; else
endmodule nextstate
end if;

(continued on next page)

"001";

"100";

"o11m;

"000";

"010";

"001";

"110";

"o11";
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(continued from previous page)

VHDL
when "110" => if up then
nextstate <= "111";
else
nextstate <= "010";
end if;
when "111" => if up then
nextstate <= "101";
else
nextstate <= "110";
end if;
when "101" => if up then
nextstate <= "100";
else
nextstate <= "111";
end if;
when "100" => if up then
nextstate <= "000";
else
nextstate <= "101";
end if;

when others => nextstate <= "000";
end case;
end process;

-- output logic

q <= state;
end;

Exercise 4.39
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module ex4 39 (input logic clk,

output logic z);

typedef enum logic [1:0] {SO,
statetype;

statetype [1:0] state, nextstate;

// State Register

reset, a, b,

s1,

always_ ff @ (posedge clk, posedge

if (reset) state <= S0;

else state <= nextstate;

// Next State Logic
always_comb
case (state)

S0: case ({b,a})
2'b00: nextstate =
2'b01l: nextstate =
2'p1l0: nextstate =
2'bll: nextstate =

endcase

Sl: case ({b,a})
2'b00: nextstate =
2'b01l: nextstate =
2'p10: nextstate =
2'bll: nextstate =

endcase

S2: case ({b,a})
2'b00: nextstate =
2'b01l: nextstate =
2'p1l0: nextstate =
2'bll: nextstate =

endcase
S3: case ({b,a})
2'b00: nextstate =
2'b01l: nextstate =
2'b10: nextstate =
2'bll: nextstate =
endcase
default: nextstate =
endcase
// Output Logic
always_comb
case (state)
S0: z =a & b;
S1: z =a | b;
S2: z = a & b;
S3: z =a | b;
default: z = 1'b0;
endcase
endmodule

s0;
S3;
S0;
S1;

s0;
S3;
S2;
S1;

sS0;
S3;
S2;
S1;

s0;
sS3;
S2;
S1;

s0;
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library IEEE; use IEEE.STD_LOGIC 1164.all;

entity ex4_39 is
port (clk: in STD_LOGIC;
reset: in STD_LOGIC;
a, b: in STD_LOGIC;
Z: out STD _LOGIC) ;
end;

architecture synth of ex4 39 is
type statetype is (SO0, S1, S2, S3);
signal state, nextstate: statetype;
signal ba: STD_LOGIC VECTOR(1 downto 0);
begin
-- state register
process (clk, reset) begin
if reset then state <= S0;
elsif rising edge(clk) then
state <= nextstate;
end if;
end process;

-- next state logic
ba <= b & a;
process (all) begin
case state is
when SO0 =>
case (ba) is

when "00" => nextstate <= S0;

when "01" => nextstate <= S3;

when "10" => nextstate <= S0;

when "11" => nextstate <= S1;

when others => nextstate <= S0;
end case;

when S1 =>
case (ba) is

when "00" => nextstate <= S0;

when "01" => nextstate <= S3;

when "10" => nextstate <= S2;

when "11" => nextstate <= S1;

when others => nextstate <= S0;
end case;

when S2 =>
case (ba) is

when "00" => nextstate <= S0;
when "01" => nextstate <= S3;
when "10" => nextstate <= S2;
when "11" => nextstate <= S1;

when others => nextstate <= S0;
end case;
when S3 =>
case (ba) is

when "00" => nextstate <= S0;
when "01" => nextstate <= S3;
when "10" => nextstate <= S2;
when "11" => nextstate <= S1;

when others => nextstate <= S0;
end case;
when others =>
end case;
end process;

nextstate <= S0;

© 2015 Elsevier, Inc.
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(continued from previous page)
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-- output logic
process (all) begin
case state is
when SO => if (a = '1l' and b = '1")
then z <= '1"';
else z <= '0"';
end if;
when S1 => if (a = 'l' or b = '1"
then z <= "'1"';
else z <= '0"';
end if;
when S2 => if (a = 'l' and b = '1")
then z <= '1"';
else z <= '0"';
end if;
when S3 => if (a = 'l' or b = '1")
then z <= '1"';
else z <= '0"';
end if;
when others => z <= '0"';
end case;
end process;
end;
Option 2
SystemVerilog VHDL
module ex4_ 37 (input logic clk, a, b, library IEEE; use IEEE.STD_LOGIC_1164.all;

output logic z);
entity ex4 37 is

logic aprev; port (clk: in STD_LOGIC;

a, b: in STD_LOGIC;
// State Register z: out STD LOGIC);
always_ff @ (posedge clk) end;

aprev <= a;
architecture synth of ex4 37 is
assign z = b ? (aprev | a) : (aprev & a); signal aprev, nland, n2or: STD_LOGIC;
endmodule begin

-- state register

process (clk) begin
if rising edge(clk) then

aprev <= a;

end if;

end process;

z <= (a or aprev) when b = 'l' else
(a and aprev) ;
end;
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module fsm_y(input clk, reset, a,
output y);
typedef enum logic [1:0] {S0=2'b00, S1=2'b01,
S11=2"b1l1l} statetype;
statetype [1:0] state, nextstate;

// State Register

always_ff @ (posedge clk, posedge reset)
if (reset) state <= S0;
else state <= nextstate;

// Next State Logic
always_comb
case (state)
S0: 1if (a) nextstate = S1;

else nextstate = S0;
Sl: 1if (a) nextstate = S11;

else nextstate = S0;
S11: nextstate = S11;
default: nextstate = S0O;

endcase
// Output Logic

assign y = state[l];
endmodule

(continued on next page)

VHDL

library IEEE; use IEEE.STD_LOGIC_1164.all;

entity fsm y is
port (clk, reset, a: in STD_LOGIC;
v out STD_LOGIC);
end;

architecture synth of fsm y is
type statetype is (S0, S1, S11);
signal state, nextstate: statetype;
begin
-- state register
process (clk, reset) begin
if reset then state <= S50;
elsif rising edge(clk) then
state <= nextstate;
end if;
end process;

-- next state logic
process (all) begin
case state is
when SO => if a then
nextstate <= S1;
else nextstate <= S0;
end if;
when S1 => if a then
nextstate <= S11;
else nextstate <= S0;
end if;
nextstate <= S11;
nextstate <= S0;

when S11 =>
when others =>
end case;
end process;

-- output logic
y <= '1l' when (state = S11) else '0';
end;

© 2015 Elsevier, Inc.
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SystemVerilog

module fsm x(input logic clk, reset, a,
output logic x);
typedef enum logic [1:0] {SO0, S1, S2, S3}
statetype;
statetype [1:0] state, nextstate;

// State Register

always_ff @ (posedge clk, posedge reset)
if (reset) state <= S0;
else state <= nextstate;

// Next State Logic
always_comb
case (state)

S0: if (a) nextstate = S1;
else nextstate = S0;
S1: if (a) nextstate = S2;
else nextstate = S1;
S2: if (a) nextstate = S3;
else nextstate = S2;
S3: nextstate = S3;
endcase

// Output Logic
assign x = (state == S3);
endmodule

Exercise 4.41

VHDL

© 2015 Elsevier, Inc.

(continued from previous page)

library IEEE; use IEEE.STD LOGIC 1164.all;

entity fsm x is

port(clk, reset, a: in STD LOGIC;

x:
end;

out STD_LOGIC) ;

architecture synth of fsm x is
type statetype is (SO0, S1, S2, S3);

signal state,

begin

nextstate: statetype;

-- state register

process (clk,

reset) begin

if reset then state <= S0;
elsif rising edge(clk) then

state <=
end if;
end process;

-- next state
process (all)
case state

nextstate;

logic
begin
is

when S0 => 1if a then

nextstate <= S1;
else nextstate <= S52;
end if;

when S1 => 1if a then

nextstate <= S52;
else nextstate <= S1;
end if;

when S2 => if a then

when S3 =>
when others =>

end case;
end process;

nextstate <= S3;
else nextstate <= S2;
end if;
nextstate <= S3;
nextstate <= S0;

-- output logic

x <= 'l' when

end;

(state = S3) else '0';
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module ex4 41 (input logic clk, start, a,
output logic q);
typedef enum logic [1:0] {SO, S1, S2, S3}
statetype;
statetype [1:0] state, nextstate;

// State Register

always_ff @ (posedge clk, posedge start)
if (start) state <= S0;
else state <= nextstate;

// Next State Logic
always_comb
case (state)

S0: if (a) nextstate = S1;
else nextstate = S0;
Sl: if (a) nextstate = S2;
else nextstate = S3;
S2: if (a) nextstate = S2;
else nextstate = S3;
S3: if (a) nextstate = S2;
else nextstate = S3;
endcase

// Output Logic
assign g = state[0];
endmodule

Exercise 4.42

Digital Design and Computer Architecture: ARM Edition
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entity ex4_41 is

port (clk, start,

q:
end;

© 2015 Elsevier, Inc.
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architecture synth of ex4 41 is
type statetype is (S0, S1, S2,

signal state,
begin

-- state register
process (clk, start) begin

state <= nextstate;

end if;
end process;

-- next state logic
process (all) begin

case state is

when S0 =>

when S1 =>

when S2 =>

when S3 =>

when others

end case;
end process;

-- output logic

library IEEE; use IEEE.STD_LOGIC_1164.
a: in STD_LOGIC;
out STD LOGIC) ;
S$3);
nextstate: statetype;
if start then state <= S0;
elsif rising edge(clk) then
if a then
nextstate <= S1;
else nextstate <= S0;
end if;
if a then
nextstate <= S2;
else nextstate <= S3;
end if;
if a then
nextstate <= S52;
else nextstate <= S3;
end if;
if a then
nextstate <= S2;
else nextstate <= S3;
end if;
=> nextstate <= S0;
((state = S1) or (state

g <= 'l' when
else '0';
end;

all;

s3))
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module ex4 42 (input logic clk, reset, x,
output logic q);
typedef enum logic [1:0] {SO, S1, S2, S3}
statetype;
statetype [1:0] state, nextstate;

// State Register

always_ff @ (posedge clk, posedge reset)
if (reset) state <= S00;
else state <= nextstate;

// Next State Logic
always_comb
case (state)
S00: if (x) nextstate = S11;
else nextstate = S01;
S01: if (x) nextstate = S10;

else nextstate = S00;

S510: nextstate = S01;

S11: nextstate = S01;
endcase

// Output Logic
assign g = state[0] | state[l];
endmodule

Exercise 4.43

VHDL

library IEEE; use IEEE.STD_LOGIC 1164.all;

entity ex4_42 is
port(clk, reset, x: in STD LOGIC;
q: out STD LOGIC) ;
end;

architecture synth of ex4 42 is
type statetype is (S00, SO01, sS10, S11);
signal state, nextstate: statetype;
begin
-- state register
process (clk, reset) begin
if reset then state <= S500;
elsif rising edge(clk) then
state <= nextstate;
end if;
end process;

-- next state logic
process (all) begin
case state is
when S00 => 1if x then
nextstate <= S11;
else nextstate <= S501;
end if;
when S01 => 1if x then
nextstate <= S10;
else nextstate <= S00;
end if;
when S10 => nextstate <= S01;
when S11 => nextstate <= S01;
when others => nextstate <= S00;
end case;
end process;

-- output logic
q <= '0' when (state = S00) else 'l';
end;

© 2015 Elsevier, Inc.
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module ex4_ 43 (inp
out

typedef enum lo
statetype [1:0]

// State Regist

always_ff @ (posedge clk, posedge
state <= S0;
ate <= nextstate;

if (reset)
else st

// Next State L
always_comb

case (state)
S0: if (a)
else
S1l: if (a)
else
S2: if (a)
else
default:
endcase

// Output Logic
assign g = stat
endmodule

Exercise 4.44

ut clk, reset,

put q);

gic [1:0] {sO,
state, nextstate;

er

ogic

nextstate
nextstate
nextstate
nextstate
nextstate
nextstate
nextstate

e[1];

= S1;

S0;
S2;
s0;
S2;
s0;

= S0;
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library IEEE; use IEEE.STD_LOGIC 1164.all;

S2} statetype; entity ex4_43 is
port (clk,
q:
end;
reset)

reset,

© 2015 Elsevier, Inc.
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a: in

STD_LOGIC;

out STD LOGIC);

architecture synth of ex4 43 is

type statetype is
nextstate:

signal state,
begin

(s0, s1,

-- state register

process (clk,
if reset then

elsif rising edge (clk)

reset)

begin
state <= S0;
then

state <= nextstate;

end if;
end process;

-- next state logic

process (all)
case state is
when S0 =>

when S1 =>

when S2 =>

when others
end case;
end process;

-- output logic
q <= 'l' when
end;

(state = S52)

begin

if a then
nextstate

else nextstate

end if;

if a then
nextstate

else nextstate

end if;

if a then
nextstate

else nextstate

end if;

=> nextstate

52) ;
statetype;

else

= S1;
507

S2;
S0;

S2;

= S0;

S0;

r;
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(@)
SystemVerilog

module ex4 44a(input logic clk, a, b, ¢, d,
output logic q);

logic areg, breg, creg, dreg;

always_ff @ (posedge clk)

begin
areg <= a;
breg <= b;
creg <= c;
dreg <= d;
a <= ((areg ” breg) ” creg) " dreg;
end
endmodule
(d)
SystemVerilog

module ex4 44d(input logic clk, a, b, ¢, d,
output logic q);

logic areg, breg, creg, dreg;

always_ff @ (posedge clk)

begin
areg <= a;
breg <= b;
creg <= c;
dreg <= d;
q <= (areg " breg) " (creg ” dregq);
end
endmodule

Exercise 4.45

© 2015 Elsevier, Inc.

VHDL

library IEEE; use IEEE.STD LOGIC 1164.all;

entity ex4_44a is
port(clk, a, b, ¢, d: in STD_LOGIC;
q: out STD_LOGIC) ;
end;

architecture synth of ex4_44a is
signal areg, breg, creg, dreg: STD_LOGIC;
begin
process (clk) begin
if rising edge(clk) then
areg <= a;

breg <= b;
creg <= c;
dreg <= d;
g <= ((areg xor breg) xor creg) xor dreg;
end if;
end process;
end;
VHDL

library IEEE; use IEEE.STD LOGIC 1164.all;

entity ex4 44d is
port(clk, a, b, ¢, d: in STD_LOGIC;
q: out STD_LOGIC) ;
end;

architecture synth of ex4 44d is
signal areg, breg, creg, dreg: STD_LOGIC;
begin
process (clk) begin
if rising edge(clk) then
areg <= a;

breg <= b;
creg <= c;
dreg <= d;
g <= (areg xor breg) xor (creg xor dreg);
end if;
end process;

end;
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SystemVerilog
module ex4 45 (input logic clk,
input logic [1:0] a, b,
output logic [1:0] s);
logic [1:0] areg, breg;
logic creg;
logic [1:0] sum;
logic cout;
always_ff @ (posedge clk)
{areg, breg, creg, s} <= {a, b, c,
fulladder fulladdl (areg[0], breg[0]
sum[0], cout);
fulladder fulladd2(areg[l], breg[l],
sum(1], );
endmodule
Exercise 4.46

Digital Design and Computer Architecture: ARM Edition
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sum};

creg,

cout,
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VHDL

library IEEE; use IEEE.STD_LOGIC 1164.all;

entity ex4_45 is

port(clk, c: in STD LOGIC;
a, b: in STD LOGIC VECTOR(1l downto
s: out STD_LOGIC_VECTOR(1 downto

end;

architecture synth of ex4 45 is
component fulladder is
port(a, b, cin: in STD LOGIC;
s, cout: out STD_LOGIC) ;
end component;

© 2015 Elsevier, Inc.
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0);
0));

signal creg: STD LOGIC;

signal areg, breg, cout: STD LOGIC_VECTOR (1 downto
0) 7

signal sum: STD_LOGIC_VECTOR (1 downto 0);
begin

process (clk) begin
if rising edge (clk)
areg <= aj;

then

breg <= b;

creg <= c;

s <= sum;
end if;

end process;

fulladdl: fulladder

port map (areg(0), breg(0), creg, sum(0), cout(0));

fulladd2: fulladder
port map (areg(l),
cout (1)) ;
end;

breg(l), cout(0),

A signal declared as tri can have multiple drivers.

Exercise 4.47

sum (1),
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SystemVerilog

module syncbad (input logic clk,
input logic d,
output logic q);

logic nl;

always_ff @ (posedge clk)
begin
g <= nl;// nonblocking
nl <= d; // nonblocking
end
endmodule

Exercise 4.48

VHDL

library IEEE; use IEEE.STD_LOGIC_1164.all;

entity syncbad is
port(clk: in STD_LOGIC;
d: in STD LOGIC;
q: out STD_LOGIC) ;
end;

architecture bad of syncbad is
begin
process (clk
variable nl: STD_LOGIC;

begin
if rising edge(clk) then
g <= nl; -- nonblocking
nl <= d; -- nonblocking
end if;
end process;
end;

© 2015 Elsevier, Inc.

They have the same function.

Exercise 4.49

CLK

A
s T
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They do not have the same function.

codel

CLK
) 7
a1 ) x
Y
C L
code2 CLK
7

Exercise 4.50

(a) Problem: Signal d is not included in the sensitivity list of the always

statement. Correction shown below (changes are in bold).

module latch(input logic clk,
input logic [3:0] d,
output logic [3:0] q);

always_latch
if (clk) g <= d;
endmodule
(b) Problem: Signal b is not included in the sensitivity list of the always
statement. Correction shown below (changes are in bold).

module gates (input logic [3:0] a, b,
output logic [3:0] yl, vy2, y3, v4, y5);

always_comb
begin

end
endmodule

(c) Problem: The sensitivity list should not include the word “posedge”.
The always statement needs to respond to any changes in s, not just the pos-
itive edge. Signals d0 and d1 need to be added to the sensitivity list. Also, the
always statement implies combinational logic, so blocking assignments should
be used.
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module mux2 (input logic [3:0] d0, di,
input logic s,
output logic [3:0] y);

always_comb

if (s) y = di;
else y = do;
endmodule

(d) Problem: This module will actually work in this case, but it’s good prac-
tice to use nonblocking assignments in always Statements that describe se-
quential logic. Because the always block has more than one statement in it, it

requires a begin and end.

module twoflops (input logic clk,
input logic 40, di,
output logic g0, gl);

always_ff @ (posedge clk)

begin
ql <= di; // nonblocking assignment
g0 <= d0; // nonblocking assignment
end
endmodule

(e) Problem: outl and out2 are not assigned for all cases. Also, it would be
best to separate the next state logic from the state register. reset is also missing

in the input declaration.

module FSM(input logic clk,
input logic reset,
input logic a,
output logic outl, out2);

logic state, nextstate;

// state register
always_ff @ (posedge clk, posedge reset)
if (reset)
state <= 1"b0;
else
state <= nextstate;

// next state logic
always_comb
case (state)
1"b0: if (a) nextstate = 1"b1l;
else nextstate = 1"b0;
1"bl: if (~a) nextstate = 1°b0;
else nextstate = 1"bl;
endcase

// output logic (combinational)
always_comb

if (state == 0) {outl, out2} = {1"bl, 1"b0};
else {outl, out2} = {1"b0, 1"bl};
endmodule

(f) Problem: A priority encoder is made from combinational logic, so the
HDL must completely define what the outputs are for all possible input combi-

nations. So, we must add an else statement at the end of the always block.
module priority(input logic [3:0] a,
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output logic [3:0] y);

always_comb

if (a[3]) y = 4'b1000;

else if (a[2]) y = 4'b0100;

else if (a[l]) y = 4'b0010;

else if (a[0]) y = 4'b0001;

else y = 4%b0000;
endmodule

(9) Problem: the next state logic block has no default statement. Also, state
S2 is missing the S.

module divideby3FSM(input logic clk,
input logic reset,
output logic out);

logic [1:0] state, nextstate;
parameter SO0 = 2'b00;
parameter S1 = 2'b01;
parameter S2 = 2'bl0;

// State Register

always_fFf @ (posedge clk, posedge reset)
if (reset) state <= S0;
else state <= nextstate;

// Next State Logic
always_comb
case (state)

S0O: nextstate = S1;

Sl: nextstate = S2;

S2: nextstate = S0;

default: nextstate = SO;
endcase

// Output Logic
assign out = (state == S2);
endmodule

(h) Problem: the ~ is missing on the first tristate.

module mux2tri (input logic [3:0] 40, di,
input logic s,
output logic [3:0] y);

tristate t0(d0, ~s, y);
tristate tl(dl, s, y);

endmodule

(i) Problem: an output, in this case, g, cannot be assigned in multiple al-
ways or assignment statements. Also, the flip-flop does not include an enable,
so it should not be named floprsen.

module floprs(input logic clk,
input logic reset,
input logic set,

input logic [3:0] d,
output logic [3:0] q);

always_ff @ (posedge clk, posedge reset, posedge set)
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if (reset) q <= 0;
else if (set) q <= 1;
else g <= d;
endmodule

(j) Problem: this is a combinational module, so nonconcurrent (blocking)
assignment statements (=) should be used in the always statement, not concur-
rent assignment statements (<=). Also, it's safer to use always @(*) for combi-
national logic to make sure all the inputs are covered.

module and3 (input logic a, b, c,
output logic y);

logic tmp;

always_comb

endmodule

Exercise 4.51

It is necessary to write
g <= 'l' when state = S0 else '0';

rather than simply
g <= (state = S5S0);

because the result of the comparison (state = S0) isoftype Boolean
(true and false) and g must be assigned a value of type STD_LOGIC ("1
and '0").

Exercise 4.52

(a) Problem: both clk and d must be in the process statement.

architecture synth of latch is

begin
process (clk, d) begin
if clk = '1' then g <= d;
end if;
end process;
end;

(b) Problem: both a and b must be in the process statement.

architecture proc of gates is
begin
process (all) begin
vyl <= a and b;
y2 <= a or b;
y3 <= a xor b;



Sarah L. Harris and David Money Harris  Digital Design and Computer Architecture: ARM Edition © 2015 Elsevier, Inc.
SOLUTIONS 143

y4 <= a nand b;
y5 <= a nor b;
end process;
end;

(c) Problem: The end if and end process statements are missing.
architecture synth of flop is
begin
process (clk)
if clk'event and clk = '1l' then
q <= d;
end if;
end process;
end;

(d) Problem: The final else statement is missing. Also, it’s better to use
“process(all)” instead of “process(a)”

architecture synth of priority is

begin
process (all) begin
if a(3) = 'l' then y <= "1000";
elsif a(2) = '1' then y <= "0100";
elsif a(l) = '1l' then y <= "0010";
elsif a(0) = '1' then y <= "0001";
else y <= "0000";
end if;
end process;
end;

(e) Problem: The default statement is missing in the nextstate case
statement. Also, it’s better to use the updated statements: “if reset”, “ris-
ing_edge(clk)”, and “process(all)”.

architecture synth of divideby3FSM is
type statetype is (S0, S1, S2);
signal state, nextstate: statetype;
begin
process (clk, reset) begin
if reset then state <= S0;
elsif rising_edge(clk) then
state <= nextstate;
end if;
end process;

process (all) begin
case state is

when S0 => nextstate <= S51;

when S1 => nextstate <= S2;

when S2 => nextstate <= S0;

when others => nextstate <= SO;
end case;

end process;

g <= 'l' when state = S0 else '0';
end;
(f) Problem: The select signal on tristate instance tO must be inverted.
However, VHDL does not allow logic to be performed within an instance dec-
laration. Thus, an internal signal, sbar, must be declared.

architecture struct of mux2 is
component tristate
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port (a: in STD_LOGIC_VECTOR(3 downto 0);
en: in STD_LOGIC;
y: out STD_LOGIC_VECTOR (3 downto 0));
end component;
signal sbar: STD_LOGIC;
begin
sbar <= not s;
t0: tristate port map(d0, sbar, vy);
tl: tristate port map(dl, s, vy);
end;

(9) Problem: The g output cannot be assigned in two process or assignment
statements. Also, it’s better to use the updated statements: “if reset”, and “ris-
ing_edge(clk)”.

architecture asynchronous of flopr is
begin
process (clk, reset, set) begin
if reset then
q <= '0';
elsif set then
q <= "17;
elsif rising_edge(clk) then
q <= d;
end if;
end process;
end;

Question 4.1

SystemVerilog VHDL

assign result

= sel ? data : 32'b0;
result <= data when sel = '1l' else X"00000000";

Question 4.2

HDLs support blocking and nonblocking assignments in an always /
process statement. A group of blocking assignments are evaluated in the or-
der they appear in the code, just as one would expect in a standard programming
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language. A group of nonblocking assignments are evaluated concurrently; all
of the statements are evaluated before any of the left hand sides are updated.

SystemVerilog

In a SystemVerilog always statement, = indicates a
blocking assignment and <= indicates a nonblocking
assignment.

Do not confuse either type with continuous assign-
ment using the assign statement. assign state-
ments are normally used outside always statements
and are also evaluated concurrently.

VHDL

InaVHDL process statement, : = indicates a block-
ing assignment and <= indicates a nonblocking assign-
ment (also called a concurrent assignment). This is the
first section where : = is introduced.

Nonblocking assignments are made to outputs and
to signals. Blocking assignments are made to vari-
ables, which are declared in process statements (see
the next example).

<= can also appear outside process statements,
where it is also evaluated concurrently.

See HDL Examples 4.24 and 4.29 for comparisons of blocking and non-
blocking assignments. Blocking and nonblocking assignment guidelines are

given on page 206.

Question 4.3

The SystemVerilog statement performs the bit-wise AND of the 16 least
significant bits of data with 0xC820. It then ORs these 16 bits to produce the 1-

bit result.





