
































































































































































































































































































































































































































































































































Digital Logic and Microprocessor Design with VHDL Chapter 5 - Implementation Technologies
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5.12Use one 4 x 8 x 4 PLA to implement the following two functions:

Fi(w,x,y,2) = wx'y'z + wx'yz' + wxy'
Fa(w,X,y,2) = wx'y + X'y'z
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5.13Use one 4 x 8 x 4 PLA to implement the following two functions:
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Fi(w,xy,z) = 2(0,2,3,4,5,6,11,12,13,14,15)
Fa(w,x,y,2) = £(1,2,3,5,7,9)

Answer:
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Digital Logic and Microprocessor Design with VHDL Chapter 6 — Latches and Flip-Flops

So far, we have been looking at the design of combinational circuits. We will now turn our attention to the
design of sequential circuits. Recall that the outputs of sequential circuits are dependent on not only their current
inputs (as in combinational circuits), but also on all their past inputs. Because of this necessity to remember the
history of inputs, sequential circuits must contain memory elements.

The car security system from Section 2.9 is an example of a combinational circuit. In that example, the siren is
turned on when the master switch is on and someone opens the door. If you close the door afterwards, then the siren
will turn off immediately. For a more realistic car security system, we would like the siren to remain on even if you
close the door after it was first triggered. In order for this modified system to work correctly, the siren must be
dependent on not only the master switch and the door switch but also on whether the siren is currently on or off. In
other words, this modified system is a sequential circuit that is dependent on both the current and on the past inputs
to the system.

In order to remember this history of inputs, sequential circuits must have memory elements. Memory elements,
however, are just like combinational circuits in the sense that they are made up of the same basic logic gates. What
makes them different is in the way these logic gates are connected together. In order for a circuit to “remember” its
current value, we have to connect the output of a logic gate directly or indirectly back to the input of that same gate.
We call this a feedback loop circuit, and it forms the basis for all memory elements. Combinational circuits do not
have any feedback loops.

Latches and flip-flops are the basic memory elements for storing information. Hence, they are the fundamental
building blocks for all sequential circuits. A single latch or flip-flop can store only one bit of information. This bit of
information that is stored in a latch or flip-flop is referred to as the state of the latch or flip-flop. Hence, a single
latch or flip-flop can be in either one of two states: 0 or 1. We say that a latch or a flip-flop changes state when its
content changes from a 0 to a 1 or vice versa. This state value is always available at the output. Consequently, the
content of a latch or a flip-flop is the state value, and is always equal to its output value.

The main difference between a latch and a flip-flop is that for a latch, its state or output is constantly affected by
its input as long as its enable signal is asserted. In other words, when a latch is enabled, its state changes
immediately when its input changes. When a latch is disabled, its state remains constant, thereby, remembering its
previous value. On the other hand, a flip-flop changes state only at the active edge of its enable signal, i.e., at
precisely the moment when either its enable signal rises from a 0 to a 1 (referred to as the rising edge of the signal),
or from a 1 to a 0 (the falling edge). However, after the rising or falling edge of the enable signal, and during the
time when the enable signal is at a constant 1 or 0, the flip-flop’s state remains constant even if the input changes.

In a microprocessor system, we usually want changes to occur at precisely the same moment. Hence, flip-flops
are used more often than latches, since they can all be synchronized to change only at the active edge of the enable
signal. This enable signal for the flip-flops is usually the global controlling clock signal.

Historically, there are basically four main types of flip-flops: SR, D, JK, and T. The major differences between
them are the number of inputs they have and how their contents change. Any given sequential circuit can be built
using any of these types of flip-flops (or combinations of them). However, selecting one type of flip-flop over
another type to use in a particular sequential circuit can affect the overall size of the circuit. Today, sequential
circuits are designed mainly with D flip-flops because of their ease of use. This is simply a tradeoff issue between
ease of circuit design versus circuit size. Thus, we will focus mainly on the D flip-flop. Discussions about the other
types of flip-flops can be found in Section 6.14.

In this chapter, we will look at how latches and flip-flops are designed and how they work. Since flip-flops are
at the heart of all sequential circuits, a good understanding of their design and operation is very important in the
design of microprocessors.

6.1 Bistable Element

Let us look at the inverter. If you provide the inverter input with a 1, the inverter will output a 0. If you do not
provide the inverter with an input (that is neither a 0 nor a 1), the inverter will not have a value to output. If you
want to construct a memory circuit using the inverter, you would want the inverter to continue to output the 0 even
after you remove the 1 input. In order for the inverter to continue to output a 0, you need the inverter to self-provide
its own input. In other words, you want the output to feed back the 0 to the input. However, you cannot connect the
output of the inverter directly to its input, because you will have a 0 connected to a 1 and so creating a short circuit.
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The solution is to connect two inverters in series, as shown in Figure 6.1. This circuit is called a bistable
element, and it is the simplest memory circuit. The bistable element has two symmetrical nodes labeled Q and Q',
both of which can be viewed as either an input or an output signal. Since Q and Q' are symmetrical, we can
arbitrarily use Q as the state variable, so that the state of the circuit is the value at Q. Let us assume that Q originally
has the value 0 when power is first applied to the circuit. Since Q is the input to the bottom inverter, therefore, Q' is
a 1. A 1 going to the input of the top inverter will produce a 0 at the output Q, which is what we started off with.
Hence, the value at Q will remain at a 0 indefinitely. Similarly, if we power-up the circuit with Q = 1, we will get Q'
=0, and again, we get a stable situation with Q remaining at a 1 indefinitely. Thus, the circuit has two stable states:
Q =0and Q = 1; hence, the name “bistable.”

Q

Ql
Figure 6.1 Bistable element circuit.
We say that the bistable element has memory because it can remember its state (i.e., keep the value at Q

constant) indefinitely. Unfortunately, we cannot change its state (i.e., cannot change the value at Q). We cannot just
input a different value to Q
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Figure 6.2 SR latch: (a) circuit using NAND gates; (b) truth table; (c) logic symbol; (d) sample trace.

If both S’ and R’ are asserted (i.e., S' = R' = 0), then both Q and Q' are equal to a 1, as shown at time t4, since 0
NAND anything gives a 1. Note that there is nothing wrong with having Q equal to Q'. It is just because we named
these two points Q and Q' that we don’t like them to be equal. However, we could have used another name say, P
instead of Q"

If one of the input signals is de-asserted earlier than the other, the latch will end up in the state forced by the
signal that is de-asserted later, as shown at time ts. At t5, R' is de-asserted first, so the latch goes into the set state
withQ=1,and Q' =0.

A problem exists if both S' and R' are de-asserted at exactly the same time, as shown at time t;. Let us assume
for a moment that both gates have exactly the same delay and that the two wire connections between the output of
one gate to the input of the other gate also have exactly the same delay. Currently, both Q and Q' are at a 1. If we set
S'and R' to a 1 at exactly the same time, then both NAND gates will perform a 1 NAND 1 and will both output a 0 at
exactly the same time. The two 0’s will be fed back to the two gate inputs at exactly the same time, because the two
wire connections have the same delay. This time around, the two NAND gates will perform a 1 NAND 0 and will both
produce a 1 again at exactly the same time. This time, two 1’s will be fed back to the inputs, which again will
produce a 0 at the outputs, and so on and on. This oscillating behavior, called the critical race, will continue
indefinitely until one outpaces the other. If the two gates do not have exactly the same delay then, the situation is
similar to de-asserting one input before the other, and so, the latch will go into one state or the other. However, since
we do not know which is the faster gate, therefore, we do not know which state the latch will end up in. Thus, the
latch’s next state is undefined.

Of course, in practice, it is next to impossible to manufacture two gates and make the two connections with
precisely the same delay. In addition, both S' and R' need to be de-asserted at exactly the same time. Nevertheless, if
this circuit is used in controlling some mission-critical device, we don’t want even this slim chance to happen.

In order to avoid this non-deterministic behavior, we must make sure that the two inputs are never de-asserted at
the same time. Note that we do want the situation when both of them are de-asserted, as in times t; and t3, so that the
circuit can remember its current content. We want to de-assert one input after de-asserting the other, but just not de-
asserting both of them at exactly the same time. In practice, it is very difficult to guarantee that these two signals are
never de-asserted at the same time, so we relax the condition slightly by not having both of them asserted together.
In other words, if one is asserted, then the other one cannot be asserted. Therefore, if both of them are never asserted
simultaneously, then they cannot be de-asserted at the same time. A minor side benefit for not having both of them
asserted together is that Q and Q' are never equal to each other. Recall that, from the names that we have given these
two nodes, we do want them to be inverses of each other.

From the above analysis, we obtain the truth table in Figure 6.2(b) for the NAND implementation of the SR latch.
In the truth table, Q and Q. actually represent the same point in the circuit. The difference is that Q is the current
value at that point, while Qe is the new value to be updated in the next time period. Another way of looking at it is
that Q is the input to a gate, and Qe is the output from a gate. In other words, the signal Q goes into a gate,
propagates through the two gates, and arrives back at Q as the new signal Q.. Figure 6.2(c) shows the logic symbol
for the SR latch.
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The SR latch can also be implemented using NOR gates, as shown in Figure 6.3(a). The truth table for this
implementation is shown in Figure 6.3(b). From the truth table, we see that the main difference between this
implementation and the NAND implementation is that for the NOR implementation, the S and R inputs are active-high,
so that setting S to 1 will set the latch, and setting R to 1 will reset the latch. However, just like the NAND
implementation, the latch is set when Q =1, and reset when Q = 0. The latch remembers its previous state when S =
R =0.WhenS=R =1, both Q and Q' are 0. The logic symbol for the SR latch using NOR implementation is shown
in Figure 6.3(c).

R — Q S R Q Qnext Qnextl
0]0] 0 0 1
00| 1 1 0 —S Q-
0 1| x 0 1
. 1] 0] x 1 0 —R Q'
S —Q 11| x 0 0
(a) (b) (©

Figure 6.3 SR latch: (a) circuit using NOR gates; (b) truth table; (c) logic symbol.

6.3 SR Latch with Enable

The SR latch is sensitive to its inputs all the time. In other words, Q will always change when either S or R is
asserted. It is sometimes useful to be able to disable the inputs so that asserting them will not cause the latch to
change state but to keep its current state. Of course, this is achieved by de-asserting both S and R. Hence, what we
want is just one enable signal that will de-assert both S and R. The SR latch with enable (also known as a gated SR
latch) shown in Figure 6.4(a) accomplishes this by adding two extra NAND gates to the original NAND gate
implementation of the latch. These two new NAND gates are controlled by the enable input, E, which determines
whether the latch is enabled or disabled. When E = 1, the circuit behaves like the normal NAND implementation of
the SR latch except that the new S and R inputs are active-high rather than active-low. When E =0, then S'=R' =1,
and the latch will remain in its previous state regardless of the S and R inputs. The truth table and the logic symbol
for the SR latch with enable is shown in Figure 6.4(b) and (c), respectively.

A typical operation of the latch is shown in the sample trace in Figure 6.4(d). Between t; and t;, E = 0, so
changing the S and R inputs do not affect the output. Between t; and t,, E = 1, and the trace is similar to the trace of
Figure 6.2(d) except that the input signals are inverted.
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E S R Q Qnext Qnext'
S S' 0 X X 0 0 1
—Q 0| x| x |1 1 0
1 0 0 0 0 1
E 1 0 0 1 1 0
1 0 1 X 0 1
—Q' 1 1 0 x 1 0
R R' 1] 1] 1] x 1 1
(@ (b)
E I
s 7
*Z Q— R L 11
IR QL Q Undefined |
Q' L | [ [ Undefined
tO tl t2
() (d)

Figure 6.4 SR latch with enable: (a) circuit using NAND gates; (b) truth table; (c) logic symbol; (d) sample trace.

6.4 D Latch

Recall from Section 6.2 that the disadvantage with the SR latch is that we need to ensure that the two inputs, S
and R, are never de-asserted at exactly the same time, and we said that we can guarantee this by not having both of
them asserted. This situation is prevented in the D latch by adding an inverter between the original S' and R inputs.
This way, S' and R' will always be inverses of each other, and so, they will never be asserted together. The circuit
using NAND gates and the inverter is shown in Figure 6.5(a). There is now only one input D (for data). When D = 0,
then S' =1 and R' = 0, so this is similar to resetting the SR latch by making Q = 0. Similarly, when D =1, then S'=0
and R' =1, and Q will be set to 1. From this observation, we see that Q. always gets the same value as the input D,
and is independent of the current value of Q. Hence, we obtain the truth table for the D latch, as shown in Figure
6.5(b).

Comparing the truth table for the D latch shown in Figure 6.5(b) with the truth table for the SR latch shown in
Figure 6.2(b), it is obvious that we have eliminated not just one, but three rows, where S' = R'. The reason for adding
the inverter to the SR latch circuit was to eliminate the row where S' = R' = 0. However, we still need to have the
other two rows where S' = R' = 1 in order for the circuit to remember its current value. By not being able to set both
S'and R' to 1, this D latch circuit has now lost its ability to remember. Qe cannot remember the current value of Q,
instead it will always follow D. The end result is like having a piece of wire where the output is the same as the
input!

D Q Qnext Qnextl 7D Q L

0 X 0 1 .

1| x 1 0 Q-
() (b) (c)

Figure 6.5 D latch: (a) circuit using NAND gates; (b) truth table; (c) logic symbol.
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6.5 D Latch with Enable

In order to make the D latch remember the current value, we need to connect Q (the current state value) back to
the input D, thus creating another feedback loop. Furthermore, we need to be able to select whether to loop Q back
to D or input a new value for D. Otherwise, like the bistable element, we will not be able to change the state of the
circuit. One way to achieve this is to use a 2-input multiplexer to select whether to feedback the current value of Q
or pass an external input back to D. The circuit for the D latch with enable (also known as a gated D latch) is
shown in Figure 6.6(a). The external input becomes the new D input, the output of the multiplexer is connected to
the original D input, and the select line of the multiplexer is the enable signal E.

When the enable signal E is asserted (E = 1), the external D input passes through the multiplexer, and S0 Qpex
(i.e., the output Q) follows the D input. On the other hand, when E is de-asserted (E = 0), the current value of Q
loops back as the input to the circuit, and so Q,ex retains its last value independent of the D input.

When the latch is enabled, the latch is said to be open, and the path from the input D to the output Q is
transparent. In other words, Q follows D. Because of this characteristic, the D latch with enable circuit is often
referred to as a transparent latch. When the latch is disabled, it is closed, and the latch remembers its current state.
The truth table and the logic symbol for the D latch with enable are shown in Figure 6.6(b) and (c). A sample trace
for the operation of the D latch with enable is shown in Figure 6.6(d). Between t, and t;, the latch is enabled with E
=1, so the output Q follows the input D. Between t; and t,, the latch is disabled, so Q remains stable even when D
changes.

An alternative way to construct the D latch with enable circuit is shown in Figure 6.7. Instead of using the 2-
input multiplexer, as shown in Figure 6.6(a), we start with the SR latch with enable circuit of Figure 6.4(a), and
connect the S and R inputs together with an inverter. The functional operations of these two circuits are identical.

E D Q Qnext Qnext'
0o[x| o0 0 1
0 x| 1 1 0
1[0 x 0 1
1[1] x 1 0
(b)
E
b o D | 1 1
Q 1 1
—EB Q— Q__ ] [
t0 t1 t2 t3
(c) (d)

Figure 6.6 D latch with enable: (a) circuit; (b) truth table; (c) logic symbol; (d) sample trace.
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R R

Figure 6.7 D latch with enable circuit using four NAND gates.

6.6 Clock

Latches are known as level-sensitive because their outputs are affected by their inputs as long as they are
enabled. Their memory state can change during this entire time when the enable signal is asserted. In a computer
circuit, however, we do not want the memory state to change at various times when the enable signal is asserted.
Instead, we like to synchronize all of the state changes to happen at precisely the same moment and at regular
intervals. In order to achieve this, two things are needed: 1) a synchronizing signal, and 2) a memory circuit that is
not level-sensitive. The synchronizing signal, of course, is the clock, and the non-level-sensitive memory circuit is
the flip-flop.

The clock is simply a very regular square wave signal, as shown in Figure 6.8. We call the edge of the clock
signal when it changes from 0 to 1 the rising edge. Conversely, the falling edge of the clock is the edge when the
signal changes from 1 to 0. We will use the symbol A to denote the rising edge and ¥ for the falling edge. In a
computer circuit, either the rising edge or the falling edge of the clock can be used as the synchronizing signal for
writing data into a memory element. This edge signal is referred to as the active edge of the clock. In all of our
examples, we will use the rising clock edge as the active edge. Therefore, at every rising edge, data will be clocked
or stored into the memory element.

A clock cycle is the time from one rising edge to the next rising edge or from one falling edge to the next falling
edge. The speed of the clock, measured in hertz (Hz), is the number of cycles per second. Typically, the clock speed
for a microprocessor in an embedded system runs around 20 MHz, while the microprocessor in a personal computer
runs upwards of 2 GHz and higher. A clock period is the time for one clock cycle (seconds per cycle), so it is just
the inverse of the clock speed.

The speed of the clock is determined by how fast a circuit can produce valid results. For example, a two-level
combinational circuit will have valid results at its output much sooner than, say, an ALU can. Of course, we want
the clock speed to be as fast as possible, but it can only be as fast as the slowest circuit in the entire system. We want
the clock period to be the time it takes for the slowest circuit to get its input from a memory element, operate on the
data, and then write the data back into a memory element. More will be said on this in later sections.

Figure 6.9 shows a VHDL description of a clock-divider circuit that roughly cuts a 25 MHz clock down to 1 Hz.

One Clock Cycle

-
Falling Edge Rising Edge

Figure 6.8 Clock signal.

LI BRARY | EEE;
USE | EEE STD LOG C 1164. ALL;

ENTITY O ockdiv I'S PORT (
G k25Mhz: IN STD LOG G
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Ck: OQUT STD LCd C);
END C ockdi v;

ARCHI TECTURE Behavi or OF Clockdiv IS
CONSTANT nmmx: | NTEGER : = 25000000;
CONSTANT hal f: | NTEGER : = max/ 2;

SI GNAL count: | NTEGER RANGE 0 TO nuax;

BEG N
PROCESS
BEG N

WAI T UNTIL O k25Mhz' EVENT and Cl k25Mz = '1';

I F count < max THEN
count <= count + 1;

ELSE
count <= 0O;

END | F;

IF count < half THEN
dk <='0";

ELSE
Ak <='1';

END | F;

END PROCESS;
END Behavi or;

Figure 6.9 VHDL behavioral description of a clock-divider circuit.

6.7 D Flip-Flop

Unlike the latch, a flip-flop is not level-sensitive, but rather edge-triggered. In other words, data gets stored
into a flip-flop only at the active edge of the clock. An edge-triggered D flip-flop achieves this by combining in
series a pair of D latches. Figure 6.10(a) shows a positive-edge-triggered D flip-flop, where two D latches are
connected in series. A clock signal Clk is connected to the E input of the two latches: one directly, and one through
an inverter.

The first latch is called the master latch. The master latch is enabled when Clk = 0 because of the inverter, and
so QM follows the primary input D. However, the signal at QM cannot pass over to the primary output Q, because
the second latch (called the slave latch) is disabled when Clk = 0. When Clk = 1, the master latch is disabled, but the
slave latch is enabled so that the output from the master latch, QM, is transferred to the primary output Q. The slave
latch is enabled all the while that Clk = 1, but its content changes only at the rising edge of the clock, because once
Clk is 1, the master latch is disabled, and the input to the slave latch, QM, will be constant. Therefore, when Clk = 1
and the slave latch is enabled, the primary output Q will not change because the input QM is not changing.

The circuit shown in Figure 6.10(a) is called a positive-edge-triggered D flip-flop because the primary output Q
on the slave latch changes only at the rising edge of the clock. If the slave latch is enabled when the clock is low
(i.e., with the inverter output connected to the E of the slave latch), then it is referred to as a negative-edge-
triggered flip-flop. The circuit is also referred to as a master-slave D flip-flop because of the two D latches used in
the circuit.

Figure 6.10(b) shows the operation table for the D flip-flop. The A symbol signifies the rising edge of the
clock. When CIk is either at 0 or 1, the flip-flop retains its current value (i.e., Quext = Q). Qnext Changes and follows
the primary input D only at the rising edge of the clock. The logic symbol for the positive-edge-triggered D flip-flop
is shown in Figure 6.10(c). The small triangle at the clock input indicates that the circuit is triggered by the edge of
the signal, and so it is a flip-flop. Without the small triangle, the symbol would be that for a latch. If there is a circle
in front of the clock line, then the flip-flop is triggered by the falling edge of the clock, making it a negative-edge-
triggered flip-flop. Figure 6.10(d) shows a sample trace for the D flip-flop. Notice that when Clk = 0, QM follows D,
and the output of the slave latch, Q, remains constant. On the other hand, when Clk = 1, Q follows QM, and the
output of the master latch, QM, remains constant.
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flip-flop results in a flip-flop that is level-sensitive. Conversely, an edged-triggered D flip-flop can be constructed
using SR latches instead of the master-slave D latches.

The circuit shown in Figure 6.12 shows how a positive-edge-triggered D flip-flop can be constructed using
three interconnected SR latches. The advantage of this circuit is that it uses only 6 NAND gates (26 transistors) as
opposed to 11 gates (38 transistors) for the master-slave D flip-flop shown in Figure 6.10(a). The operation of the
circuit is as follows. When Clk = 0, the outputs of gates 2 and 3 will be 1 (since 0 NAND x = 1). With n, = ng = 1, this
will keep the output latch (comprising of gates 5 and 6) in its current state. At the same time, n, = D' since one input
to gate 4 is ns, which is a 1 (1 NAND x = x"). Similarly, n; = D since n, = 1, and the other input to gate 1 is n,4, which
is D' (again 1 NAND x = X').

When Clk changes to 1, n, will be equal to D' because 1 NAND n; = n,', and n,; = D. Similarly, n; will be equal to
D when Clk changes to 1 because the other two inputs to gate 3 are both D'. Therefore, if Clk =1 and D = 0, then n,
(which is equal to D") will be 1 and n; (which is equal to D) will be 0. With n, = 1 and n3 = 0, this will de-assert S'
and assert R, thus resetting the output latch Q to 0. On the other hand, if Clk = 1 and D = 1, then n, (which is equal
to D") will be 0 and n; (which is equal to D) will be 1. This will assert S' and de-assert R'; thus setting the output
latch Q to 1. So at the rising edge of the Clk signal, Q will follow D.

The setting and resetting of the output latch occurs only at the rising edge of the Clk signal, because once CIk is
ata 1 and remains at a 1, changing D will not change n; or ns. The reason, as noted in the previous paragraph, is that
n, and ng are always inverses of each other. Furthermore, the following argument shows that both n, and ns will
remain constant even if D changes. Let us first assume that n; is a 0. If n, = 0, then n; (the output of gate 3) will
always be a 1 (since 0 NAND x = 1), regardless of what n, (the third input to gate 3) may be. Hence, if n, (the output
of gate 4) cannot affect ng, then D (the input to gate 4) also cannot affect either n, or nz. On the other hand, if n, = 1,
then nz = 0 (n3 = ny"). With a 0 from n; going to the input of gate 4, the output of gate 4 at n, will always be a 1 (0
NAND X = 1), regardless of what D is. With the three inputs to gate 3 being all 1’s, n; will continue to be 0.
Therefore, as long as Clk = 1, changing D will not change n, or ns. And if n, and n3; remain stable, then Q will also
remain stable for the entire time that CIk is 1.

Set Latch

Clk

R Output Latch

Reset Latch

D

Figure 6.12. Positive-edge-triggered D flip-flop.

6.8 D Flip-Flop with Enable

So far, with the construction of the different memory elements, it seems like every time we add a new feature
we have also lost a feature that we need. The careful reader will have noticed that, in building the D flip-flop, we
have again lost the most important property of a memory element—it can no longer remember its current content!
At every active edge of the clock, the D flip-flop will load in a new value. So how do we get it to remember its
current value and not load in a new value?

The answer, of course, is exactly the same as what we did with the D latch, and that is by adding an enable
input, E, through a 2-input multiplexer, as shown in Figure 6.13(a). When E = 1, the primary input D signal will
pass to the D input of the flip-flop, thus updating the content of the flip-flop at the active edge. When E = 0, the
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current content of the flip-flop at Q is passed back to the D input of the flip-flop, thus keeping its current value.
Notice that changes to the flip-flop value occur only at the active edge of the clock. Here, we are using the rising
edge as the active edge. The operation table and the logic symbol for the D flip-flop with enable is shown in Figure
6.13(b) and (c) respectively.

Clk Qnext Qnext'

0 1

> Clk
—1E Q|

D EI D Q Q

E
Clk

RlR|Oo|lOo(Xx |X |Xx|x [m
RlO|X X |[X|X|x|x|[|O
X |X|R|lOlRr|lOo|rlolO
=l =l =1
ol |o|r|lo|r|o

>[3>[3|=|r|ole

(@) (b) (©
Figure 6.13 D flip-flop with enable: (a) circuit; (b) operation table; (c) logic symbol.

6.9 Asynchronous Inputs

Flip-flops (as we have seen so far) change states only at the rising or falling edge of a synchronizing clock
signal. Many circuits require the initialization of flip-flops to a known state that is independent of the clock signal.
Sequential circuits that change states whenever a change in input values occurs that is independent of the clock are
referred to as asynchronous sequential circuits. Synchronous sequential circuits, on the other hand, change states
only at the active edge of the clock signal. Asynchronous inputs usually are available for both flip-flops and latches,
and they are used to either set or clear the storage element’s content that is independent of the clock.

Figure 6.14(a) shows a gated D latch with asynchronous active-low Set' and Clear' inputs, and (b) is the logic
symbol for it. Figure 6.14(c) is the circuit for the D edge-triggered flip-flop with asynchronous Set' and Clear’
inputs, and (d) is the logic symbol for it. When Set' is asserted (set to 0) the content of the storage element is set to 1
immediately (i.e., without having to wait for the next rising clock edge), and when Clear' is asserted (set to 0) the
content of the storage element is set to 0 immediately.

Set' s |
D— — Q Set’
E_
— E Q' I
— Q' Cleiar'
Clear'
(a) (b)
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Figure 6.14 Storage elements with asynchronous inputs: (a) D latch with active-low set and clear; (b) logic symbol
for (a); (c) D edge-triggered flip-flop with active-low set and clear; (d) logic symbol for (c).
6.10 Description of a Flip-Flop

Combinational circuits can be described with either a truth table or a Boolean equation. For describing the
operation of a flip-flop or any sequential circuit in general, we use a characteristic table, a characteristic equation, a
state diagram, or an excitation table, as discussed in the following subsections.

6.10.1 Characteristic Table

The characteristic table specifies the functional behavior of the flip-flop. It is a simplified version of the flip-
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6.10.3 State Diagram

A state diagram is a graph with nodes and directed edges connecting the nodes, as shown in Figure 6.15(c).
The state diagram graphically portrays the operation of the flip-flop. The nodes are labeled with the states of the
flip-flop, and the directed edges are labeled with the input signals that cause the transition to go from one state of the
flip-flop to the next. Figure 6.15(c) shows the state diagram for the D flip-flop. It has two states, Q = 0 and Q =1,
which correspond to the two values that the flip-flop can contain. The operation of the D flip-flop is such that when
it is in state 0, it will change to state 1 if the input D is a 1; otherwise, if the input D is a 0, then it will remain in state
0. Hence, there is an edge labeled D = 1 that goes from state Q = 0 to Q = 1, and a second edge labeled D = 0 that
goes from state Q = 0 back to itself. Similarly, when the flip-flop is in state 1, it will change to state 0 if the input D
is a 0; otherwise, it will remain in state 1. These two conditions correspond to the remaining two edges that go out
from state Q = 1 in the state diagram.

6.10.4 Excitation Table

The excitation table is like the mirror image of the characteristic table by exchanging the input signal
column(s) with the output (Qnex) column. The excitation table shows what the flip-flop’s inputs should be in order to
change from the flip-flop’s current state to the next state desired. In other words, the excitation table answers the
question of what the flip-flop’s inputs should be when given the current state that the flip-flop is in and the next state
that we want the flip-flop to go to. This table is used in the synthesis of sequential circuits.

Figure 6.15(d) shows the excitation table for the D flip-flop. As can be seen, this table can be obtained directly
from the state diagram. For example, using the state diagram of the D flip-flop from Figure 6.15(c), if the current
state is Q = 0 and we want the next state to be Qe = 0, then the D input must be a 0 as shown by the label on the
edge that goes from state 0 back to itself. On the other hand, if the current state is Q = 0 and we want the next state
to be Quext = 1, then the D input must be a 1.

D Q Qnext
0 X 0
1 X 1 Qnexx =D
(@) (b)
D=1 Q Qnext D
D=0 0 0 0
Je=) @0 o
5=t -
D=0
(c) (d)

Figure 6.15 Description of a D flip-flop: (a) characteristic table; (b) characteristic equation; (c) state diagram; (d)
excitation table.

6.11 * Timing Issues

So far in our discussion of latches and flip-flops, we have ignored timing issues and the effects of propagation
delays. In practice, timing issues are very important in the correct design of sequential circuits. Consider again the D
latch with enable circuit from Section 6.5 and redrawn in Figure 6.16(a). Signals from the inputs require some delay
to propagate through the gates and finally to reach the outputs.

Assuming that the propagation delay for the inverter is one nanosecond (ns) and 2 ns for the NAND gates, the
timing trace diagram would look like Figure 6.16(b) with the signal delays taken into consideration. The arrows
denote which signal edge causes another signal edge. The number next to an arrow denotes the number of
nanoseconds in delay for the resulting signal to change.
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At time ty, signal D drops to 0. This causes R to rise to 1 after a 1 ns delay through the inverter. The D edge also
causes S' to rise to 1, but after a delay of 2 ns through the NAND gate. After that, R' drops to 0 2 ns after R rises to 1.
This in turn causes Q' to rise to 1 after 2 ns, followed by Q dropping to 0.

At time t,, signal E drops to 0, disabling the circuit. As a result, when D rises to 1 at time t3, both Q and Q' are
not affected.

At time t4, signal E rises to 1 and re-enables the circuit. This causes S' to drop to 0 after 2 ns. R' remains
unchanged at 1 since the two inputs to the NAND gate, E and R, are 1 and 0, respectively. With S' asserted and R' de-
asserted, the latch is set with Q rising to 1 2 ns after S' drops to a 0. This is followed by Q' dropping to O after
another 2 ns.
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the siren. The latch is set from the output of the combinational circuit. The latch’s reset is connected to the master
switch so that the siren can be turned off immediately.

A sample timing trace of the operation of this circuit is shown in Figure 6.19. At time 0, the siren is off, even
though the door switch is on, because the master switch is off. At time 300 ns, the siren is turned on by the door
switch since the master switch is also on. At time 500 ns, both the door and the vibration switches are off, but the
siren is still on because it was turned on previously. The siren is turned off by the master switch at time 600 ns.

D
v Siren

Rl

Figure 6.18 Modified car security system circuit with memory.
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Figure 6.19 Sample timing trace of the modified car security system circuit with memory.

6.13 VHDL for Latches and Flip-Flops

6.13.1 Implied Memory Element

VHDL does not have any explicit object for defining a memory element. Instead, the semantics of the language
provide for signals to be interpreted as a memory element. In other words, the memory element is declared
depending on how these signals are assigned.

Consider the VHDL code in Figure 6.20. If Enable is 1, then Q gets the value of D; otherwise, Q gets a 0. In this
code, Q is assigned a value for all possible outcomes of the test in the IF statement. With this construct, a
combinational circuit is produced.

LI BRARY | EEE;
USE | EEE. STD_LOGQ C_1164. ALL,

ENTITY no_nenory_el ement 1S PORT (
D, Enable: IN STD LOd C;
Q QUT STD_LOA ©);

END no_nenory_el ement ;

ARCHI TECTURE Behavi or OF no_nenory_element |S

BEA N
PROCESS( D, Enabl e)
BEA N
IF Enable = '1' THEN
Q<=D
ELSE
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Q<="'0";
END | F;
END PROCESS;
END Behavi or;

Figure 6.20 Sample VHDL description of a combinational circuit.

If we remove the ELSE and the statement in the ELSE part, as shown in Figure 6.21, then we have a situation
where no value is assigned to Q if Enable is not 1. The key point here is that the VHDL semantics stipulate that, in
cases where the code does not specify a value of a signal, the signal should retain its current value. In other words,
the signal must remember its current value, and in order to do so, a memory element is implied.

6.13.2 VHDL Code for a D Latch with Enable

Figure 6.21 shows the VHDL code for a D latch with enable. If Enable is 1, then Q gets the value of D.
However, if Enable is not 1, the code does not specify what Q should be; therefore, Q retains its current value by
using a memory element. This code produces a latch and not a flip-flop, because Q follows D as long as Enable is 1
and not only at the active edge of the Enable signal. The process sensitivity list includes both D and Enable, because
either one of these signals can cause a change in the value of the Q output.

LI BRARY | EEE;
USE | EEE. STD_LOd C_1164. ALL;

ENTITY D latch with_enable IS PORT (
D, Enable: IN STD LOd C;
Q QUT STD_LOA ©);

END D | atch_with_enabl e;

ARCHI TECTURE Behavior OF D latch with_enable IS
BEA N
PROCESS( D, Enabl e)
BEGA N
IF Enable = '1' THEN
Q<= D
END | F;
END PROCESS;
END Behavi or;

Figure 6.21 VHDL code for a D latch with enable.

6.13.3 VHDL Code for a D Flip-Flop

Figure 6.22 shows the behavioral VHDL code for a positive-edge-triggered D flip-flop. The only difference
here is that Q follows D only at the rising edge of the clock, and it is specified here by the condition “Clock’ EVENT
AND Clock ='1"." The 'EVENT attribute refers to any changes in the qualifying Clock signal. Therefore, when this
happens and the resulting Clock value is a 1, we have, in effect, a condition for a positive or rising clock edge.
Again, the code does not specify what is assigned to Q when the condition in the IF statement is false, so it implies
the use of a memory element. Note also that the process sensitivity list contains only the clock signal, because it is
the only signal that can cause a change in the Q output.

LI BRARY | EEE;
USE | EEE. STD LOd C_1164. ALL;

ENTITY D flipflop IS PORT (
D, Clock: IN STD LOG G
Q OUT STD LOG O);
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END D flipflop;

ARCHI TECTURE Behavior OF D flipflop IS
BEG N
PROCESS( d ock) -- sensitivity list is used
BEG N
I F Cock’” EVENT AND Cock = '1" THEN
Q<= D
END | F;
END PROCESS;
END Behavi or;

Figure 6.22 Behavioral VHDL code for a positive-edge-triggered D flip-flop using an IF statement.

Another way to describe a flip-flop is to use the WAIT statement instead of the IF statement as shown in Figure
6.23. When execution reaches the WAIT statement, it stops until the condition in the statement is true before
proceeding. The WAIT statement, when used in a process block for synthesis, must be the first statement in the
process. Note also that the process sensitivity list is omitted, because the WAIT statement implies that the sensitivity
list contains only the clock signal.

LI BRARY | EEE;
USE | EEE. STD_LCGQ C_1164. ALL,

ENTITY D flipflop I'S PORT (
D, Cock: IN STD LCGE C
Q QUT STb_LOd ©);

END D flipflop;

ARCHI TECTURE Behavioral OF D flipflop IS
BEG N
PROCESS -- sensitivity list is not used if WAIT is used
BEG N
WAI T UNTIL O ock’ EVENT AND Cl ock = '0'; -- negative edge triggered
Q<= D
END PROCESS;
END Behavi or al ;

Figure 6.23 Behavioral VHDL code for a negative-edge-triggered D flip-flop using a WAIT statement.

Alternatively, we can write a structural VHDL description for the positive-edge-triggered D flip-flop, as shown
in Figure 6.24. This VHDL code is based on the circuit for a positive-edge-triggered D flip-flop, as given in Figure
6.12.

The simulation trace for the positive-edge-triggered D flip-flop is shown in Figure 6.25. In the trace, before the
first rising edge of the clock at time 100 ns, both Q and Q' (QN) are undefined because nothing has been stored in
the flip-flop yet. Immediately after this rising clock edge at 100 ns, Q gets the value of D, and QN gets the inverse.
At 200 ns, D changes to 1, but Q does not follow D immediately but is delayed until the next rising clock edge at
300 ns. At the same time, QN drops to 0. At 400 ns when D drops to 0, Q again follows it at the next rising clock
edge at 500 ns.

-- define the operation of the 2-input NAND gate
LI BRARY | EEE;
USE | EEE. STD LOd C 1164. ALL;

ENTITY NAND 2 | S PORT (
10, 11: INSTD LOGE G
O QuUr STb_LOd ©);
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END NAND_2;

ARCHI TECTURE Dat af | ow_NAND2 OF NAND 2 IS
BEG N

O <= 10 NAND I 1;
END Dat af | ow_NAND2;

-- define the structural operation of the SR latch
LI BRARY | EEE;
USE | EEE. STD LOGd C 1164. ALL;

ENTITY SRiatch IS PORT (
SN, RN: IN STD LCG C;
Q N BUFFER STD LOGQ O);
END SRl at ch;

ARCHI TECTURE Structural SRiatch OF SRlatch IS
COVPONENT NAND_2 PORT (
10, 11 : INSTD LOA C,
O: OUT STD LOd O);
END COVPONENT;
BEG N
Ul: NAND 2 PORT MAP (SN, Q\, Q;
U2: NAND 2 PORT MAP (Q RN, QN\);
END Structural SRl atch;

-- define the operation of the 3-input NAND gate
LI BRARY | EEE;
USE | EEE. STD LOd C_1164. ALL;

ENTI TY NAND 3 |'S PORT (
10, 11, 12: IN STD LOG C;
O OUT STD LOG O);

END NAND 3

ARCHI TECTURE Dat af | ow_NAND3 OF NAND 3 IS
BEG N

O <= NOT (10 AND |1 AND | 2);
END Dat af | ow_NAND3;

-- define the structural operation of the D flip-flop
LI BRARY | EEE;
USE | EEE. STD LOGd C 1164. ALL;

ENTI TY positive_edge_triggered D flipflop IS PORT (
D, Cock: IN STD_LOG C
Q N BUFFER STD LCd Q) ;

END positive_edge triggered D flipfl op;

ARCHI TECTURE Structural DFF OF positive_edge_triggered
SIGNAL N1, N2, N3, N4: STD LCd C

COVPONENT SRl at ch PORT (
SN, RN: IN STD LOG G
Q N BUFFER STD LOG Q) ;
END COVPONENT;

Dflipflop IS

193



COVPONENT NAND 2 PORT (
10, 11: IN STD_LOG G
O OUT STD LOG ) ;

END COMVPONENT;

COVPONENT NAND 3 PORT (
10, 11, 12: IN STD_LOG G
O OUT STD LOG C);

END COMVPONENT;

BEA N
Ul: SRl atch PORT MAP (N4, Cock, N1, N2); -- set latch
U2: SRl atch PORT MAP (N2, N3, Q QN); -- output latch
U3: NAND 3 PORT MAP (N2, dock, N4, N3); -- reset latch
U4: NAND 2 PORT MAP (N3, D, M); -- reset latch

END ét ruct ur al DFF;

Figure 6.24 Structural VHDL code for a positive-edge-triggered D flip-flop.
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Figure 6.25 Simulation trace for the positive-edge-triggered D flip-flop.

6.13.4 VHDL Code for a D Flip-Flop with Enable and Asynchronous Set and Clear

Figure 6.26 shows the VHDL code for a positive-edge-triggered D flip-flop with enable and asynchronous
active-high set and clear inputs. The two asynchronous inputs are checked independently of the clock event. When
either the Set or the Clear input is asserted with a 1 (active-high), Q is immediately set to 1 or O, respectively,
independent of the clock. If Enable is asserted with a 1, then Q follows D at the rising edge of the clock; otherwise,
Q keeps its previous content. Figure 6.27 shows the simulation trace for this flip-flop. Notice in the trace that when
either Set or Clear
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PROCESS( Cl ock, Set, d ear)

BEG N

IF (Set ='1'") THEN
Q<="1";

ELSIF (Clear = '1') THEN
Q<="0";

ELSIF (O ock' EVENT AND Cock = '1'") THEN
| F Enable = '1' THEN
Q<= D
END | F;
END | F;
END PROCESS;
END Behavi or al ;

Figure 6.26 VHDL code for a positive-edge-triggered D flip-flop with active-high enable and asynchronous set and
clear inputs.
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Figure 6.27 Simulation trace for the positive-edge-triggered D flip-flop with active-high enable and asynchronous
set and clear inputs.

6.14 * Other Flip-Flop Types

There are basically four main types of flip-flops: D, SR, JK, and T. The major differences in these flip-flop
types are in the number of inputs they have and how they change states. Like the D flip-flop, each type can also have
different variations, such as active-high or -low inputs, whether they change state at the rising or falling edge of the
clock signal, and whether they have any asynchronous inputs. Any given sequential circuit can be built using any of
these types of flip-flops or combinations of them. However, selecting one type of flip-flop over another type to use
in a particular circuit can affect the overall size of the circuit. Today, sequential circuits are designed primarily with
D flip-flops only because of their simple operation. Of the four flip-flop’s characteristic equations, the characteristic
equation for the D flip-flop is the simplest.

6.14.1 SR Flip-Flop

Like SR latches, SR flip-flops are useful in control applications where we want to be able to set or reset the data
bit. However, unlike SR latches, SR flip-flops change their content only at the active edge of the clock signal.
Similar to SR latches, SR flip-flops can enter an undefined state when both inputs are asserted simultaneously.
When the two inputs are de-asserted, then the next state is the same as the current state. The characteristic table,
characteristic equation, state diagram, circuit, logic symbol, and excitation table for the SR flip-flop are shown in
Figure 6.28.

The SR flip-flop truth table shown in Figure 6.28(a) is for active-high set and reset signals. Hence, the flip-flop
state, Qnext, IS Set to 1 when S is asserted with a 1, and Qe iS reset to 0 when R is asserted with a 1. When both S and
R are de-asserted with a 0, the flip-flop remembers its current state. From the truth table, we get the following K-
map for Q,ex, Which results in the characteristic equation shown in Figure 6.28(b).
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Q
next SR

Q 00 01 11 10

Notice that the SR flip-flop circuit shown in Figure 6.28 (d) uses the D flip-flop. The signal for asserting the D
input of the flip-flop is generated by the combinational circuit that is derived from the characteristic equation of the
SR flip-flop, namely D = Qpexe = S + R'Q.

S R Q Qnext Qnext'
0[{0|O 0 1
0[0]|1 1 0
0[1]0 0 1
0[1]1 0 1
11010 1 0 Qrext =S +R'Q
1(011 1 0
11110 X X
17111 X X
(@) (b)
SR=10
SR=00 or 01 R
() @D : oo
SR=00 or 10 Clk > Clk
SR=01 Ql—0q
(c) (d)
Q Qnext S R
-+ Q- o] o Jo]x
—p Clk 0 1 110
—R Q'r— 1 0 0|1
1 1 x |0
(e)
)

Figure 6.28 SR flip-flop: (a) characteristic table; (b) characteristic equation; (c) state diagram; (d) circuit; (e) logic
symbol; (f) excitation table.

6.14.2 JK Flip-Flop

The operation of the JK flip-flop is very similar to the SR flip-flop. The J input is just like the S input in the SR
flip-flop in that, when asserted, it sets the flip-flop. Similarly, the K input is like the R input where it resets the flip-
flop when asserted. The only difference is when both inputs, J and K, are asserted. For the SR flip-flop, the next
state is undefined; whereas, for the JK flip-flop, the next state is the inverse of the current state. In other words, the
JK flip-flop toggles its state when both inputs are asserted. The characteristic table, characteristic equation, state
diagram, circuit, logic symbol, and excitation table for the JK flip-flop are shown in Figure 6.29.
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The T flip-flop has one input, T (which stands for toggle), in addition to the clock. When T is asserted (T = 1),
the flip-flop state toggles back and forth at each active edge of the clock, and when T is de-asserted, the flip-flop
keeps its current state. The characteristic table, characteristic equation, state diagram, circuit, logic symbol, and
excitation table for the T flip-flop are shown in Figure 6.30.

‘] K Q Qnext Qnextl
000 0 1
0011 1 0
o110 0 1
011 0 1
11010 1 0
1101 1 0
11110 1 0
11111 0 1
@
JK=10o0r 11
JK=00 o = = ’
JK=00 or 10
JK=01or11
©
—>Clk
—K Q'
(e)

Qnext = K'Q +JQ'

(b)

K b o1 Q
Clk >Clk Q' Q'
(d)

Q Qnext J K
0 0 0] x
0 1 1] x
1 0 x| 1
1 1 x| 0
()

Figure 6.29 JK flip-flop: (a) characteristic table; (b) characteristic equation; (c) state diagram; (d) circuit; (e) logic

symbol; () excitation table.
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6.16 Problems

1. Draw the SR latch with enable similar to that shown in Figure 6.4 but using NOR gates to implement the SR
latch. Derive the truth table for this circuit.

Answer

R R

— Q
E

— Q'
S S
E S R Q Qnext Qnext'
0 X X 0 0 1
0 X X 1 1 0
1 0 0 0 0 1
1 0 0 1 1 0
1 0 1 X 0 1
1 1 0 X 1 0
1 1 1 X 0 0

2. Draw the D latch using NOR gates

Answer
—Q
D — —Q
3. Draw the D latch with enable similar to the circuit in Figure 6.6 (a) but use NAND gates instead of the
multiplexer.
Answer

R

4. Draw the master-slave negative edge-triggered D flip-flop circuit.
5. Derive the truth table for the negative edge-triggered D flip-flop.

6. Draw the circuit for the SR flip-flop with enable.

199



Digital Logic and Microprocessor Design with VHDL Chapter 6 — Latches and Flip-Flops

7. Derive the truth table for the SR flip-flop with enable.

8. Write the behavioral VHDL code for the SR flip-flop with enable using the IF clock’EVENT statement.
9. Do questions 6, 7, and 8 for the JK flip-flop.

10. Do questions 6, 7, and 8 for the T flip-flop.

11. Complete the following timing diagram for the following circuit. Assume that the signal delay through the NOR
gates is 3 nanoseconds, and the delay through the NOT gate is 1 nanosecond.

D —Q
A
D— —Q'
D
D' H
Q
Ql
Time (ns) 0 1 2 3 4 5 6 7 8
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In the previous chapter, we looked at the design and operation of flip-flops — the most fundamental memory
element used in microprocessor circuits. We saw that a single flip-flop is capable of remembering only one bit of
information or one bit of history. In order for a sequential circuit to remember more inputs and a longer history, the
circuit must contain more flip-flops. This collection of (D) flip-flops used to remember the complete history of past
inputs is referred to as the state memory. The entire content of the state memory at a particular time forms a binary
encoding that represents the complete history of inputs up to that time. We refer to this binary encoding in the state
memory at one particular instance of time as the state of the system at that time.

The output signals from a sequential circuit are generated by the output logic circuit. Recall that the outputs of
sequential circuits are dependent on their past and current inputs. Since all the inputs are “remembered” in the form
of states in the state memory, therefore, we can say that the outputs are dependent on the content of the state
memory. Therefore, the output logic is simply a combinational circuit that is dependent on the content of the state
memory, and may or may not be dependent on the current inputs. The output signals that the output logic generates
constitute the actions or operations that are performed by the sequential circuit. Hence, a sequential circuit can
perform different operations in different states simply by generating different output signals.

If we want a sequential circuit to perform, say, four different operations, then we will need four states — one
operation per state. Of course if several operations can be performed in parallel, then we can assign them to one
state. But for now, just to keep things simple, we will simply assign one operation per state. Furthermore, there
might be an operation where we may want to repeat it for, say, a hundred times. Instead of assigning this same
operation to one hundred different states, we will want to use just one state, and have some form of looping
capabilities to repeat that state a hundred times.

Thus, a sequential circuit operates by transitioning from one state to the next, generating different output
signals. The part inside a sequential circuit that is responsible for determining what next state to go to is called the
next-state logic circuit. Based on the current state that the system is in (i.e., the past inputs), and the current inputs,
the next-state logic will determine what the next state should be. This statement, in fact, is equivalent to saying that
the outputs are dependent on the past and current inputs, since a state is used to remember the past inputs, and it also
determines the outputs to be generated. The next-state logic, however, is just a combinational circuit that takes the
contents of the state memory flip-flops and the current inputs as its inputs. The outputs from the next-state logic are
used to change the contents of the state memory flip-flops. The circuit changes state when the contents of the state
memory change, and this happens at the active edge of every clock cycle since values are written into a flip-flop at
the active clock edge.

The speed at which a sequential circuit sequences through the states is determined by the speed of the clock
signal. The state memory flip-flops are always enabled, so at every active edge of the clock, a new value is stored
into the flip-flops. The limiting factor for the clock speed is in the time that it takes to perform all the operations that
are assigned to a particular state. All data operations assigned to a state must finish their operations within one clock
period so that the results can be written into registers at the next active clock edge.

A sequential circuit is also known as a finite-state machine (FSM) because the size of the state memory is
finite, and therefore, the total number of different possible states is also finite. A sequential circuit is like a machine
that operates by stepping through a sequence of states. Although there is only a finite number of different states, the
FSM can, however, go to any of these states as many times as necessary. Hence, the sequence of states that the FSM
can go through can be infinitely long.

The control unit inside the microprocessor is a finite-state machine, therefore, in order to be able to construct a
microprocessor, we need to understand the construction and operation of FSMs. In this chapter, we will first look at
how to precisely describe the operation of a finite-state machine using state diagrams. Next, we will look at the
analysis and synthesis of finite-state machines.

7.1 Finite-State-Machine (FSM) Models

In the introduction, we mentioned that the output logic circuit is dependent on the content of the state memory,
and may or may not be dependent on the current inputs. The fact that the output logic may or may not be dependent
on the current inputs gives rise to two different FSM models.

Figure 7.1 (a) shows the general schematic for the Moore FSM where its outputs are dependent only on its
current state, i.e. on the content of the state memory. Figure 7.1 (b) shows the general schematic for the Mealy FSM
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where its outputs are dependent on both the current state of the machine and also the current inputs. The only
difference between the two figures is that for the Moore FSM, the output logic circuit only has the current state as its
input, whereas, for the Mealy FSM, the output logic circuit has both the current state and the input signals as its
inputs. In both models, we see that the inputs to the next-state logic are the primary input signals and the current
state of the machine. The next-state logic circuit generates values to change the contents of the state memory. Since
the state memory is made up of one or more D flip-flops, and the content of the D flip-flop changes to whatever
value is at its D input at the next active clock edge, therefore, to change a state, the next-state logic circuit simply
has to generate values for all the D inputs for all the flip-flops. These D input values are referred to as the excitation
values, since they “excite” or cause the D flip-flops to change states.

input signals»| Next-state State Output
Logic excitation Memory | current state Logic output signals
Circuit Clock —] register Circuit
(@)
input signals)| Next-state State Output
Logic excitation Memory | current state cl:‘pg'(_:t output signals
e ; ircui
Circuit Clock —] register
(b)

Figure 7.1. Finite-state machine models: (a) Moore FSM; (b) Mealy FSM.

Figure 7.2 (a) and (b) show a sample circuit of a Moore and Mealy FSM respectively. The two circuits are
identical except for their outputs. For the Moore FSM, the output circuit is a 2-input AND gate that gets its input
values from the outputs of the two D flip-flops. Remember that the state of the FSM is represented by the content of
the state memory, which are the contents of the flip-flops. The content (or state) of a flip-flop is represented by the
value at the Q (or Q") output. Hence, this circuit is only dependent on the current state of the machine.

For the Mealy FSM, the output circuit is a 3-input AND gate. In addition to getting its two inputs from the flip-
flops, the third input to this AND gate is connected to the primary input C. With this one extra connection, this output
circuit is dependent on both the current state and the input, thus making it a Mealy FSM.

For both circuits, the state memory consists of two D flip-flops. Having two flip-flops, four different
combinations of values can be represented. Hence, this finite-state machine can be in any one of four different states.
The state that this FSM will go to next depends on the value at the D inputs of the flip-flops.

Every flip-flop in the state memory requires a combinational circuit to generate a next-state value for its
input(s). Since we have two D flip-flops, each having one (D) input, therefore, the next-state logic circuit consists of
two combinational circuits; one for input Dq and one for D;. The inputs to these two combinational circuits are the
Q’s, which represent the current state of the flip-flops, and the primary input C. Notice that it is not necessary for the
input C to be an input to all the combinational circuits. In the sample circuit, only the bottom combinational circuit
is dependent on the input C.
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Figure 7.2. Sample finite-state machine circuits: (a) Moore; (b) Mealy.

7.2 State Diagrams

State diagrams are used to precisely describe the operation of finite-state machines. A state diagram is a
deterministic graph with nodes and directed edges connecting the nodes. There is one node for every state of the
FSM, and these nodes are labeled with its state name or encoding. For every state transition of the FSM there is a
directed edge connecting two nodes. The directed edge originates from the node for current state that the FSM is
transitioning from, and goes to the node for the next state that the FSM is transitioning to. Edges may or may not
have labels on them. Edges for unconditional transitions from one state to another will not have a label. In this case,
only one edge can originate from that node. Conditional transitions from a state will have two outgoing edges for
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each input signal condition. The two edges from this state will have the corresponding input signal conditions
labeled on them — one edge with the label for when the condition is true, and the other edge with the label for when
the condition is false. If there is more than one input signal, then all possible input conditions must be labeled on the
outgoing edges from the state. The graph is deterministic because from any node, it should show which is the next
node to go to for any input combination. If an edge is not labeled, or if not all possible input conditions are labeled
on the outgoing edges from the same state, then these missing conditions are don’t care conditions.

Figure 7.3 (a) shows a sample state diagram having four states, one input signal C, and one output signal Y. The
four states are labeled with the four encoded binary values 00, 01, 10, and 11. In this book, we will always use state
0 as the starting or reset state unless stated otherwise. There are three unconditional transitions, i.e., edges with no
labels, from state 00 to 01, 10 to 00, and 11 to 00. There is one conditional transition from state 01 to 10 or 11. For
this conditional transition from state 01, if the condition (C = 0) is true then the transition from 01 to 10 is made.
Otherwise, if the condition (C = 0) is false, that is (C = 0)" is true or (C = 1) is true, then the transition from 01 to 11
is made.

The output signal Y in Figure 7.3 (a) is labeled inside each node denoting that the output is dependent only on
the current state. For example, when the FSM is in state 01, the output Y is set to a 1, whereas, in state 11, Y is set to
a 0. Hence, this state diagram is for a Moore FSM.

The operation of the FSM based on the state diagram in Figure 7.3 (a) goes as follows. After reset, the FSM
starts from state 00. When it is in state 00, it outputs a O for Y. At the next clock cycle, the FSM unconditionally
transitions to state 01 and outputs a 1 for Y. Next, the FSM will either go to state 10 or 11 in the next clock cycle
depending on the condition (C = 0). If the condition (C = 0) is true, then the FSM will go to state 10 and output a 0
for Y, otherwise, it will go to state 11 and also output a O for Y. From either state 10 or 11, the FSM will
unconditionally transition back to state 00 at the next clock cycle. The FSM will always go to a new state at the
beginning of the next active clock edge.

Figure 7.3 (b) shows a slightly different state diagram from the one in Figure 7.3 (a). Instead of labeling the
output signal Y inside a node, it is labeled on the edges. What this means is that the output is dependent on both the
current state, i.e., the state in which the edge originates from, and the input signal C. For example, when the FSM is
in state 01, if the FSM takes the left edge for the condition (C = 0) to state 10, then it will output a 0 for Y. However,
if the FSM takes the right edge for the condition (C = 0)' to state 11, then it will output a 1 for Y. Hence, this second
state diagram is for a Mealy FSM.

Figure 7.3 (c) shows a state diagram having five states, two input signals, and no output signals. In practice, all
FSMs should have output signals, otherwise, they don’t do anything useful. The five states in this state diagram are
given the logical state names sy, S, Sy, S3, and s;. The two input signals are A and B. Again, we will use the state
name with subscript 0, namely sy, as the starting state. From state s, there is one unconditional edge going to state
s;. This unlabeled edge is equivalent to having the label AB=xx, meaning that this edge is taken for any combination
of the two input signals. From state s;, there are four outgoing edges labeled with the four different combinations of
the two input signals. State s, has only two outgoing edges. However, the two labels on them cover the four possible
input conditions since B is don’t care in both cases. State s3 has only three outgoing edges, but again the labels on
them cover all four input conditions.
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Figure 7.3. Sample state diagrams: (a) a Moore FSM with four states, one input signal C, and one output signal Y;
(b) a Mealy FSM with four states, one input signal C, and one output signal Y; (c) a FSM with five states and two
input signals A and B.

As you can see, a state diagram is very similar to a computer program flow chart where the nodes are for the
statements or data operations, and the edges are for the control of the program sequence. Because of this similarity,
we should be able to convert any program to a state diagram. Example 7.1 shows how to convert a simple C-style
pseudo-code to a state diagram.

Example 7.1

Derive the state diagram based on the following pseudo-code.

X =5
while (x # 0){
out put x
X =x -1

}

The pseudo-code has three data operation statements and one conditional test. Each data operation statement is
assigned to a node (state) as shown in Figure 7.4 (a). Each node is given a name for the state, and is annotated with
the statement to be executed in that state. At this point, instead of labeling the nodes with the actual binary encoding
for the state, it is better to just give it a name. The actual encoding of the state can be done later on in the synthesis
process.

Next, we assign directional edges to the diagram based on the sequence of execution. Starting from state s,
where the statement x = 5 is executed, the program then tests for the condition (x # 0). If the condition is true, then
the output statement is executed, otherwise, the loop (and the program) is terminated. Referring to Figure 7.4 (b),
there are two outgoing edges from state s,. The edge from s; to s; has the label (x # 0), i.e., if the condition (x # 0) is
true, then this edge is taken, and so it will go to state s; to execute the output statement. On the other hand, if the
condition is false, the loop needs to be terminated. Since there is no statement after the loop, therefore, we have to
add an extra no-operation state s; to the state diagram for it to go to. The edge from s, to s; is labeled (x # 0),
meaning that the edge is taken when the condition (x # 0) is false.

After executing the output statement, the decrement statement is executed. This sequence is reflected in the
unconditional edge going from state s; to s,. After executing the decrement statement in s,, the condition (x # 0) in
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the while loop is again tested. If the condition is true, it will take the edge with the label (x # 0) back to state s; to
repeat the loop. If the condition is false, it will take the edge with the label (x # 0)' to state s;. From state sg, it
unconditionally loops back to itself, thus, going nowhere and doing nothing. .

(@) (b)

Figure 7.4. State diagram for Example 7.1: (a) data operations assigned to nodes; (b) complete state diagram with
the transitional edges.

7.3 Analysis of Sequential Circuits

Very often we are given a sequential circuit and need to know its operation. The analysis of sequential circuits
is the process in which we are given a sequential circuit (such as the ones in Figure 7.2), and we want to obtain a
precise description of the operation of the circuit by deriving the state diagram for it. The steps for the analysis of
sequential circuits are as follows:

1. Derive the excitation equations from the next-state logic circuit.

Derive the next-state equations by substituting the excitation equations into the flip-flop’s characteristic
equations.

Derive the next-state table from the next-state equations.

Derive the output equations from the output logic circuit.

Derive the output table from the output equations.

Draw the state diagram from the next-state table and the output table.

N

S

7.3.1 Excitation Equation
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7.3.2 Next-state Equation

The next-state equations specify what the flip-flops’ next state is going to be depending on two things: 1) the
inputs to the flip-flops, and 2) the functional behavior of the flip-flops. The inputs to the flip-flops are provided by
the excitation equations as discussed in Section 7.3.1 above. The functional behavior of a flip-flop, as you recall
from Section 6.10.2, is described formally by its characteristic equation. The characteristic equation tells us what
Qnext OUght to be, that is, what the next state ought to be, depending on the current state and current inputs. Thus, to
derive the next-state equations, we substitute the excitation equations into the corresponding flip-flop’s
characteristic equations.

For example, the characteristic equation for the D flip-flop (from Section 6.10.2) is
Qnet =D

Therefore, substituting the two excitation equations (1) and (2) from above into the characteristic equation for the D
flip-flop will give us the following two next-state equations

Qinex = D1 = Q1'Qp (3)
Qonext = Do = Q1'Qg" + CQy' (4)

7.3.3 Next-state Table

The next-state table is simply the truth table as derived from the next-state equations. It lists for every
combination of the current state (the Q) values and input values, what the next state (the Qne) Values should be.
These next state values are obtained by substituting the current state and input values into the appropriate next-state
equations.

Figure 7.5 shows the next-state table as obtained from the two next-state equations (3) and (4) from
Section 7.3.2 above. Having two flip-flops, Q;Q, there are four encodings, 00, 01, 10, and 11, for the current state.
There is one input signal C, with the two possible values, 0 and 1. The entries in the table are the next state values
Qunext Qunext- FOr each entry, the leftmost bit is for the Q; flip-flop, and the rightmost bit is for the Qo flip-flop. These
next state values are obtained from substituting the current state values Q;Qy, and input value C into the next-state
equations (3) and (4).

For example, to get the Qq,ex Value for the top left entry (the left bit in the blue entry), we substitute the current
state values Q; = 0 and Qq = 0, and the input value C = 0 into equation (3) giving

Qunext = Q1'Qo
=00
=10
=0

Substituting the same values into equation (4) will give us the Qg Value for that same top left entry.

Qex = Q1'Qo" + CQy'
=0'«0'+0e0
=1+0
=1

The rest of the entries in the next-state table are obtained in the same manner by substituting the corresponding
values for Q1, Qq, and C into the two next-state equations.

The top left entry tells us that if the current state is 00, and the input signal C is a 0, then the next state that the
FSM will go to is 01. From the current state 00, if the input signal C is a 1, the next state is also 01. This means that
the transition from state 00 to 01 does not depend on the input condition C, so this is an unconditional transition.
From state 01, there are two conditional transitions: the FSM will transition to state 10 if the condition C = 0 is true,
otherwise if C = 1, it will transition to state 11. From either state 10 or 11, the FSM will go to state 00
unconditionally.

208



Current State Next State

QlQO anext QOnext
cC=0|C=1

00 01 01

01 10 11

10 00 00

11 00 00

Figure 7.5. A next-state table with four states and one input signal C.

7.3.4 Output Equation

The output equations are the equations derived from the combinational output logic circuit in the FSM.
Depending on the type of FSM (Moore or Mealy), the output equations can be dependent on just the current state or
on both the current state and the inputs.

For the Moore circuit of Figure 7.2 (a), the output equation is

Y=Q:'Qo (®)
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The next-state table from Figure 7.5 shows that there are four states in the state diagram. For each next state
entry in the table, there is a corresponding edge going from that current state to that next state. The corresponding
input condition is the label for that edge.

The state diagram shown in Figure 7.3 (a) is derived from the next-state table from Figure 7.5, and the Moore
output table from Figure 7.6 (2). The state diagram shown in Figure 7.3 (b) is derived from the same next-state table
from Figure 7.5, but using the Mealy output table from Figure 7.6 (b).

7.3.7 Example: Analysis of a Moore FSM

We will now illustrate the complete process of analyzing a Moore FSM with an example.

Example 7.2

Figure 7.7 shows a simple sequential circuit. Comparing this circuit with the general FSM schematic in Figure
7.1, we conclude that this is a Moore type FSM since the output logic consists of a 2-input AND gate that is
dependent only on the current state Q;Q,. We will follow the above six steps to do a detail analysis of this circuit.

C <— Input

Y

I

Dy Q | ) >
Y
{ > Clk ﬁ
1 , Output
Clear Qy
I
Do Qo
> Clk
Clock —» C'elar 2
Reset —
N ) N ) \ )
Y Y
Next-state logic State memory Output logic

Figure 7.7. A simple Moore finite-state machine.

Step 1 is to derive the excitation equations, which are the equations for the next-state logic circuit. These
equations are dependent on the current state of the flip-flops Q; and Qg, and the input C. One equation is needed for
every data input of all the flip-flops in the state memory. Our sample circuit has two flip-flops having the two inputs
D,, and Dy, so we get the two excitation equations as shown in Figure 7.8 (a). These two equations are obtained
from analyzing the two combinational circuits that provide the inputs D; and Dq to the two flip-flops. For this
particular example, both of these combinational circuits are simple two level sum-of-products circuits.

Step 2 is to derive the next-state equations. These equations tell us what the next-state is going to be given the
inputs to the flip-flops, and the functional behavior of the flip-flops. One equation is needed for every flip-flop. The
functional behavior of the flip-flop is described by its characteristic equation, which for the D flip-flop, is Quex = D.
The inputs to the flip-flops are just the excitation equations derived from step 1. Hence, we simply substitute the
excitation equation into the characteristic equation for each flip-flop to obtain the next-state equation for that flip-
flop. With two flip-flops in the example, we get two next-state equations, one for Qynex and one for Qgnex. Figure
7.8 (b) shows these two next-state equations.

Step 3 is to derive the next-state table. The next-state values in the table are obtained by substituting every
combination of current state and input values into the next-state equations obtained in step 2. In our example, there
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are two flip-flops, Q; and Qy, and input c. Hence the table will have eight next-state entries. There are two bits for
every entry — the first bit for Qe and the second for Qgnet.

For example, to find the Q1 Value for the current state Q;Q, = 00 and C = 1 (the blue entry), we substitute the
values Q; =0, Qy = 0 and C = 1 into the equation Qpe = C'Q; + Q1Q¢' + CQ1'Qu=(1'*0)+ (0« 0')+ (1 0"« 0)
to get the value 0. Similarly, we get Qgnext by Substituting the same values for Qy, Qo, and C into the equation Qgnext =
C'Qy+CQpy =(1"+0)+ (1 0") to get the value 1. The resulting next-state table for our example is shown in Figure
7.8 ().

Step 4 is to derive the output equations from the output logic circuit. One output equation is needed for every
output signal. For our example, there is only one output signal v that is dependent only on the current state of the
machine. The output equation for v as derived from the circuit diagram is shown in Figure 7.8 (d).

Step 5 is to derive the output table. Just like the next-state table, the output table is obtained by substituting all
possible combinations of the current state values into the output equation(s) for the Moore FSM. The output table for
our Moore FSM example is shown in Figure 7.8 (e).

Step 6 is to draw the state diagram, which is derived directly from the next-state and output tables. Every state
in the next-state table will have a corresponding node labeled with the state encoding in the state diagram. For every
next state entry in the next-state table, there will be a corresponding directed edge. This edge originates from the
node labeled with the current state and ends at the node labeled with the next state entry. The edge is labeled with
the corresponding input conditions.

For example, in the next-state table, when the current state Q;Q is 00, the next state Qinext Qonext IS 01 for the
input C = 1. Hence, in the state diagram, there is a directed edge from node 00 to node 01 with the label C = 1. For a
Moore FSM, the outputs are dependent only on the current state, thus the output values from the output table are
included inside each node in the state diagram. The complete state diagram for our example is shown in Figure

7.8 ().

A sample timing diagram for the execution of the circuit is shown in Figure 7.8 (g). The two D flip-flops used
in the circuit are positive edge-triggered flip-flops so they change their states at each rising clock edge. Initially, we
assume that these two flip-flops are both in state 0. The first rising clock edge is at time to. Normally, the flip-flops
will change state at this time, however, since C is a 0, the flip-flops’ values remain constant. At time t;, C changes to
a 1, so that at the next rising clock edge at time t,, the flip-flop values Q;Qq changes to 01. At the next two rising
clock edges, t; and t,, the value for Q;Qo changes to 10, then 11 respectively. At time t, when Q;Qo = 11, the output
Y also changes to a 1 since Y = Q; * Q. At time ts, input C drops back down to a 0 but the output Y remains at a 1.
Q1Qo remains the same at 11 through the next rising clock edge since C is 0. At time ts, C changes back to a 1 and so
at the next rising clock edge at time t;, Q;Q, increments again to 00 and the cycle repeats.

When C = 1, the FSM cycles through the four states in order repeatedly. When C = 0, the FSM stops at the
current state until C is asserted again. If we interpret the four state encodings as a decimal number, then we can
conclude that the circuit of Figure 7.7 is for a modulo-4 up counter that cycles through the four values 0, 1, 2, and 3.
The input C enables or disables the counting. .
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D; =C'Q; + Q1Q0' + CQ.'Qq

Dy =C'Qy + CQq'
@ Y=Qu
Qunext = D1 =C'Q1 + Q1Q¢" + CQ1'Qo (d)
Qonext = Do =C'Qg + CQq'
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Figure 7.8. Analysis of a Moore FSM: (a) excitation equations; (b) next-state equations; (c) next-state table; (d)
output equation; (e) output table; (f) state diagram; (g) timing diagram.

7.3.8 Example: Analysis of a Mealy FSM

Example 7.3 illustrates the process for performing an analysis on a Mealy FSM.

Example 7.3

Figure 7.9 shows a simple Mealy FSM. This circuit is exactly like the one in Figure 7.7 except that the output
circuit, which in this example is just one 3-input AND gate, is dependent on not only the current state Q;Qo, but also
on the input C.

The analysis for this circuit goes exactly like the one for the Moore FSM in Example 7.2 up to creating the next-
state table in step 3. The only difference is in deriving the output equation and output table for steps 4 and 5. For a
Mealy FSM, the output equation is dependent on both the current state and the input value. Since the circuit has only
one output signal, we obtain the output equation that is dependent on C as shown in Figure 7.10 (a). Figure 7.10 (b)
shows the resulting output table obtained by substituting all possible values for Q; Qp, and C into the output
equation.

For the state diagram, we cannot put the output value inside a node since the output value is dependent on the
current state and the input value. Thus, the output value is placed on the edge that corresponds to the current state

212



Digital Logic and Microprocessor Design with VHDL Chapter 7 - Sequential Circuits

value and input value as shown in Figure 7.10 (c). Output signal Y is O for all edges except for the one originating
from state 11 having the input condition C = 1. On this one edge, Y is a 1.

C <— Input

7

D, Q | Y
| > Clk X Output
Clear Qy
I
Do Qo
> Clk
Clock - C'elar <
Reset - C y C y
Y Y
Next-state logic State memory Output logic
Figure 7.9. A simple Mealy finite-state machine.
Y =CQ1Qo
(@)
Current State Output
QQ Y
10 C=0 | C=1
00 0 0
01 0 0
10 0 0
11 0 1
(b)
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in the design process where there is no clear-cut answer for it. In this step, we rely on the knowledge and expertise
of the designer to come up with a correct and meaningful state diagram.

Instead of using a natural language to describe the circuit, a more precise method can be used. Other ways to
describe a circuit more precisely include the use of a hardware description language such as VHDL, a state action
table, or an ASM chart. The use of ASM charts and state action tables are described in Chapter 10.

In this section, we will construct a FSM circuit based on the C style pseudo-code shown in Figure 7.11. Do not
try to interpret the logical execution of the code because it does not perform anything meaningful. Furthermore, this
section is not about optimizing the code by modifying it to make it shorter, although optimizing the code this way
may produce a smaller FSM circuit. In this section, the focus is on learning how to convert any given pseudo-code,
as is, to a FSM circuit that realizes it. Section 7.8 discusses how to optimize sequential circuits.

repeat {

Y=0 -- So
if (B=0){

Y=0 -- S,
el se

Y =1 -- Sy
}

Y=1 -- S3
}

Figure 7.11. C style pseudo-code for synthesis.

The pseudo-code shown in Figure 7.11 contains four signal assignment statements —two Y = 0, and two Y = 1.
We assign one state to each of the four signal assignment statements. The first Y = 0 is assigned to state s,, the
second Y = 0 is assigned to state s;, and so on, as shown in the pseudo-code.

After the first Y = 0 statement, the if statement conditionally determines whether to execute the second Y = 0
statement or the Y = 1 statement. Hence, from state s, there is one edge going to state s;, and one edge going to state
s,. The labels on these two edges are the conditions for the if statement. The edge going to state s; has the label
(B =0), and the edge going to state s, has the label (B =1). From either state s, or state s,, state s; is executed,
hence, there are two unconditional edges from these two states to ss. Finally, because of the unconditional repeat
loop, there is an unconditional edge from s3; going back to state sq. The resulting state diagram is shown in Figure
7.12 (a).

7.4.2 Next-state Table

Given a state diagram, it is easy to derive both the next-state and output tables from it. Since the next-state and
output tables, and the state diagram portrait the same information but depicted in a different format, therefore, it
requires only a straightforward translation from one to the other.

Figure 7.12 (b) shows the next-state table for the state diagram shown in (a). The row labels are the current state
and the column labels are the input conditions. The table entries are the next states. Translating directly from the
state diagram, from current state s, if B is a 0, then the next state is s;. Correspondingly, in the next-state table, the
entry for the intersection of the current state s, and input B = 0 is s;.
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(@
Current State Next State Current State Implementation
Q Q anext QOnext Q Q Dl DO
10 B=0 B=1 <0 B=0 B=1
So 00 501 s, 10 00 01 10
51 01 5311 s311 01 11 11
s, 10 s311 s311 10 11 11
s3 11 Sp 00 Sp 00 11 00 00
(b) (c)
D D
! QlQo 0 QlQO
B 00 01 11 B 00 01 11 10
0 1 0|1 1
101 ] 1 1 11
D; =(Q. 0 Q) + BQy' D; =(Q: 0 Qo) +B'Qy'
(d)
Current State Output
Q1Qo Y
So 00 0
51 01 0
s, 10 1
S311 1
(e)
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Figure 7.12. (a) A simple state diagram; (b) next-state table; (c) implementation table using D flip-flops; (d)
excitation equations; (e) output table; (f) FSM circuit.

In the next-state table, the actual encoding for the states is also given. To encode the four states, two flip-flops,
Q; and Q, are required. In the example, the encoding given to the four states, So, S1, Sz, and ss, is just the four
different combinations of the two flip-flop values, 00, 01, 10, and 11 respectively. Using different encoding schemes
can give different results in terms of circuit size, speed, and power consumption. This optimization technique is
further discussed in Section 7.8.2.

7.4.3 Implementation Table

The implementation table is derived from the next-state table. Whereas, the next-state table is independent of
the flip-flop type used, the implementation table is dependent on the choice of flip-flop used. A FSM can be
implemented using any one of the four different types of flip-flops (as discussed in Section 6.11) or combinations of
them. Using different flip-flops or combinations of flip-flops can produce different size circuits but with the same
functionality. The current trend in microprocessor design is to use only D flip-flops because of their ease of use. We
will, likewise, use only D flip-flops in our synthesis of sequential circuits. Section 7.8.3 discusses how sequential
circuits are synthesized with other types of flip-flops.

The implementation table shows what the flip-flop inputs ought to be in order to realize the next-state table. In
other words, it shows the necessary inputs for the flip-flops that will produce the next states as given in the next-
state table. The next-state table answers the question of what is the next state of the flip-flop given the current state
of the flip-flop and the input values. The implementation table, on the other hand, answers the question of what
should the input(s) to the flip-flop be in order to realize the corresponding next state given in the next-state table.

The flip-flop inputs that we are concerned with are the synchronous inputs. For the D flip-flop, this is just the D
input. For the other flip-flop types, they are the S and R inputs for the SR flip-flop; the J and K inputs for the JK flip-
flop; and the T input for the T flip-flop. We do not consider the asynchronous inputs such as the Set and Clear
inputs, nor do we consider the clock input signal.

Hence, to derive the implementation table using D flip-flops, we need to determine the value that must be
assigned to the D input such that it will cause the corresponding Q. Value given in the next-state table. However,
since the characteristic equation for the D flip-flop (i.e. the equation that describes the operation of the D flip-flop as
given in Section 6.10.2) is

Qne =D
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therefore, the values for Qe and D are the same.

Thus, the entries in the implementation table using D flip-flops are identical to the entries in the next-state table.
The only difference between the two tables is in the meaning of the entries. In the next-state table as shown in
Figure 7.12 (b), the label for the entries is Qe for the next state to go to, whereas, in the implementation table as
shown in Figure 7.12 (c), the label for the entries is D for the input to the D flip-flop. Since there are two flip-flops,
Q; and Q,, each having one input D, hence the implementation table has the two corresponding inputs D; and D,
The leftmost bit is for flip-flop 1 and the rightmost bit is for flip-flop 0. Note that if one of the other types of flip-
flops is used, the two tables will not be the same as discuss in Section 7.8.3.

7.4.4 Excitation Equation and Next-state Circuit

Recall that the excitation equations are the equations for the flip-flop’s synchronous inputs. There is one
excitation equation for every input of every flip-flop. Remember that we do not include the asynchronous inputs and
the clock input. The excitation equations are dependent on the current state encodings, i.e., the contents of the flip-
flops, and the primary FSM input signals.

The excitation equations are what caused the flip-flops in the state memory to change state. The circuit that is
derived from these equations is the next-state circuit in the FSM. The next-state circuit is a combinational circuit,
and so deriving this circuit is the same as synthesizing any other combinational circuit as discussed in Section 3.2.

The implementation table derived from the previous step is just the truth table for the excitation equations. For
our example, we need two equations for the two flip-flop inputs, D; and D,. In the example, extracting the leftmost
bit in every entry in the implementation table will give us the truth table for D,;, and therefore, the excitation
equation for D;. Similarly, extracting the rightmost bit in every entry in the implementation table will give us the
truth table and excitation equation for Dy. The truth table, in the form of a K-map, and the excitation equations for
D, and Dy are given in Figure 7.12 (d).

7.4.5 Output Table and Equation

The output table and output equations are used to derive the output circuit in the FSM. The output table can be
obtained directly from the state diagram. In the state diagram of Figure 7.12 (a), the output signal Y is dependent
only on the state. In states s, and s;, Y is assigned the value 0. In states s, and ss, Y is assigned a 1. The resulting
output table is shown in Figure 7.12 (e).

The output equation as derived from the output truth table is simply

Y=0Q;
7.4.6 FSM Circuit

Using Figure 7.2 (a) as a template, our FSM circuit requires two D flip-flops for its state memory. The number
of flip-flops to use was determined when the states were encoded. The type of flip-flops to use was determined when
deriving the implementation table. The next-state circuit is drawn from the excitation equations, while the output
circuit is drawn from the output equation. Connecting these three parts, state memory, next-state circuit, and output
circuit, together produces the final FSM circuit shown in Figure 7.12 (f).

7.4.7 Examples: Synthesis of Moore FSMs

We will now illustrate the synthesis of Moore FSMs with two examples. Example 7.4 illustrates the synthesis of
a simple Moore FSM. Example 7.5 illustrates the synthesis of a Moore FSM that is more typical of what the control
unit of a microprocessor is like.

Example 7.4

For our first synthesis example, we will design a modulo-6 up counter using D flip-flops having a count enable
input C, and an output signal Y that is asserted when the count is equal to five. The count is to be represented
directly by the contents of the flip-flops.
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Q,QiQ=000 Q,Q:Q,= 001

Y=0

QQ:Q= 101 Q,Q:Q=010

Q,QiQ=100 Q,Q:Q=011 C=0
Y=0 Y=0

Current State Next State Current State Implementation
Q Q Q Q2next anext QOnext Q Q Q D2 Dl DO
210 C=0 | C=1 210 C=0 | C=1
000 000 001 000 000 001
001 001 010 001 001 010
010 010 011 010 010 011
011 011 100 011 011 100
100 100 101 100 100 101
101 101 000 101 101 000
(b) ()
D CQZIQ,?'QO D CQ,/Q, CQ,Q,
cQ, € o
QQ,\ 00 01 11 10 QQ\ 00 01 11 10
00 00 ENEES
01 0a it | 1]
11| 1] 11 |
C'Qle' CQz'QlQo C'Q:'Q1 QZ'Q:QO' C'QVZ'QO C'dllQo

D, = Q:Q:'Qp" + C'Q,Q;" + CQ2'Q1Q0
D; =C'Q,'Q1 + Q2'Q1Q0" + CQ2'Q1'Qo
Dy =C'Q1'Qo + C'Q2'Qp + CQ1'Qqy" + CQL'Qy’

(d)
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Figure 7.13. Synthesis of a Moore FSM for Example 7.4: (a) state diagram; (b) next-state table; (c) implementation
table; (d) K-maps and excitation equations; (e) output table and equation; (f) FSM circuit.

Step 1 is to construct the state diagram. From the above functional description, we need to construct a state
diagram that will show the precise operation of the circuit. A modulo-6 counter counts from zero to five, and then
back to zero. Since the count is represented by the flip-flop values and we have six different counts (from zero to
five), we will need three flip-flops (Q,, Q1, Qo) that will produce the sequence 000, 001, 010, 011, 100, 101, 000, ...
when C is asserted, otherwise, when C is de-asserted, the counting stops. In other words, from state 000, which is
count = 0, there will be an edge that goes to state 001 with the label C = 1. From state 001, there is an edge that goes
to state 010 with the label C = 1, and so on. For the counting to stop at each count, there will be edges at each state
that loop back to the same state with the label C = 0. Furthermore, we want to assert Y in state 101, so in this state,
we set Y to a 1. For the rest of the states, Y is set to a 0. Hence, we obtain the state diagram in Figure 7.13 (a) for a
modulo-6 up counter.

Step 2 is to derive the next-state table, which is a direct translation from the state diagram. We have three flip-
flops Q,, Q1, and Q, and one primary input C. The current states for the flip-flops are listed down the rows, while
the input is listed across the columns. The entries are the next states. For each entry in the next-state table, we need
to determine what the next state is for each of the three flip-flops, so there are three bit values, Qanext; Q1next, @nd
Qonext for each entry. For example, if the current state is Q,Q;Qq = 010 and the input is C = 1, then the next state
Q2nextQ1nextQonext 1S 011. The next-state table is shown in Figure 7.13 (b).
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Step 3 is to convert the next-state table to its implementation table. Since for the D flip-flop, the implementation
table is the same as the next-state table, we can simply use the next-state table and just re-label the entry heading as
shown in Figure 7.13 (c).

Step 4 is to derive the excitation equations for all the flip-flop inputs in terms of the current state and the
primary input. These equations are obtained directly from the implementation table. In the example, there are three
flip-flops with the three inputs D,, D,, and Dy, which correspond to the three bits in the entries in the implementation
table. To derive the equation for D,, we consider just the leftmost bit in each entry for the truth table for D,. Looking
at all the leftmost bits, there are four 1-minterms giving the canonical equation

D, =C'Q,Q:'Qo' + C'Q2Q,'Qo + CQ
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Figure 7.14. Synthesis of a Moore FSM for Example 7.5: (a) state diagram; (b) next-state table; (c) implementation
table; (d) excitation equations and K-maps for D; and Dg; (€) output table; (f) output equations and K-maps; (g)
FSM circuit.

The excitation equations are derived from the implementation table. There is one excitation equation for every
data input of every flip-flop used. Since we have two D flip-flops, therefore, we have two excitation equations; one
for D, and the second for D,. The equations are dependent on the four variables Qy, Qo, Start, and (n=9). We look at
the implementation table as one having two truth tables merged together, one truth table for D, and one for Dy. Since
the two bits in the entries are ordered D;D,, therefore, for the D; truth table, we look at only the leftmost D, bit in
each entry, and for the Dy truth table, we look at only the rightmost Dg bit. Extracting the two truth tables from the
implementation table in this manner, we obtain the two K-maps and corresponding excitation equations for D; and
Dy as shown in Figure 7.14 (d). The excitation equations allow us to derive the next-state combinational circuit.

The output table is obtained from the output signals given in the state diagram. The output table is just the truth
table for the two output signals x and y. The output signal equations derived from the output table are dependent on
the current state Q;Q,. The output table, K-maps and output equations are shown in Figure 7.14 (e) and ().

From the excitation and output equations, we can easily produce the next-state and output circuits, and the
resulting FSM circuit shown in Figure 7.14 (g). .
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7.4.8 Example: Synthesis of a Mealy FSM

The next example illustrates the synthesis of a Mealy FSM. You will find that this process is almost identical to
the synthesis of a Moore FSM with the one exception of deriving the output equations. The outputs for a Mealy
FSM are dependent on both the current state and the input signals, whereas, for the Moore FSM, they are only
dependent on the current state.

Example 7.6

In this example, we will synthesize a Mealy FSM based on the state diagram shown in Figure 7.15 (a) using D
flip-flops. The four states are already encoded with the values of the two flip-flops. There are two conditional input
signals (x=0) and (x=y). Since these are conditions, the equal sign means the test for equality. There is one output
signal A, which can be set to either a 0 or a 1 value. The equal sign here means assignment. Notice that what makes
this a Mealy FSM state diagram is the fact that the outputs are associated with the edges and not the nodes.

Next State
Current State Q1nextQonext
Q1Qo x=0), (x=y
0001|1011
00 10|10 | 01|01
01 11 (111111
10 11 (111111
11 01|00]| 01|00
(b)
Implementation
Current State DDy
Q1Qo x=0), (x=y
0001|1011
00 10|10 | 01 | 01
01 11 (111111
10 11 (111111
11 01|00]| 01|00
(a) (c)
D, Do
(x=0), (x=y) (x=0), (x=y)
QQ,\ 00 01 11 10 QQ,\ 00 01 11 10
001 | 1 00 T
Ol |2 | 1| 1 | 1} Ol |2 | 1 i1 | 1
11 11 1 1
1001 [ 1|1 ] 1 1000 [ 1 | 1] 1
D1 = Q1'Qo + Q:Qo" + Q1" (x=0)' Do = Q1'Qo + Q1Qo" + Q1" (x=0) + Qo(x=0)" (x=y)’
=(Q: 0 Qo) + Q1" (x=0)' = (Q: 0 Qo) + Q1" (x=0) + Qo(x=0)" (x=y)'

(d)
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Using the output table as the truth table, we are able to derive the K-map and output equation for A as shown in
Figure 7.15 (f). Notice that the equation is also dependent on the two input signals.

Again, using the excitation and output equations, we are able to draw the final FSM circuit shown in Figure
7.15(g).

7.5 Unused State Encodings and the Encoding of States

In a real world situation, the number of states used in the state diagram is most likely not a power of two. For
example, the state diagram shown in Figure 7.13 (a) for the modulo-6 counter uses six states. To encode six states,
we need at least three flip-flops since two flip-flops can encode only four different combinations. However, three
flip-flops give eight different combinations. So two combinations are not used. The question is what do we do with
these unused encodings? In the next-state table, what next state values do we assigned to these unused states? Do we
just ignore them?

If the FSM can never be in any of the unused states, then it does not matter what their next states are. In this
case, we can put “don’t care” values for their next states. The resulting next-state circuit may be smaller because of
the “don’t care” values.

But what if, by chance, the FSM enters one of these unused states? The operation of the FSM will be
unpredictable because we do not know what the next state is. Well, this is not exactly true because even though we
started with the “don’t cares,” we have mapped them to a fixed excitation equation. So these unused states do have
definite next states. It is just that these next states are not what we wanted. Hence, the resulting FSM operation will
be incorrect if it ever enters one of the unused states. If this FSM is used in a mission critical control unit, we do not
want even this slight chance to occur.

One solution is to use the initialization or starting state as the next state for these unused state encodings. This
way, the FSM will restart from the beginning if it ever enters one of these unused states.

So far, we have been using the sequential binary value to encode the states in order, for example, state sq is
encoded as 00, state s; as 01, state s, as 10, and so on. However, there is no reason why we cannot use a different
encoding for the states. In fact, we do want to use a different encoding if it will result in a smaller circuit.

Example 7.7 shows a FSM with an unused state encoding, and the encoding of one state differently.

Example 7.7

In this example, we will synthesize a FSM for the one-shot circuit first discussed in Section 3.5.1. Recall that
the one-shot circuit outputs a single short pulse when given an input of arbitrary time length. In this FSM circuit, the
length of the single short pulse will be one clock cycle. The state diagram for this circuit is shown in Figure 7.16 (a).

State sq, encoded as 00, is the reset state, and the FSM waits for a key press in this state. When a switch is
pressed, the FSM goes to state s;, encoded as 01, to output a single short pulse. From s;, the FSM unconditionally
goes to state s,, encoded as 11, to turn off the one-shot pulse. Hence, the pulse only lasts for one clock cycle,
irregardless of how long the key is pressed. To break the loop, and wait for another key press, the FSM has to wait
for the release of the key in state s,. When the key is released, the FSM goes back to state s, to wait for another key
press.

This state diagram uses two bits to encode the three states, hence state encoding 10 is not used. The state
diagram shows that if the FSM enters state 10, it will unconditionally go to the reset state 00 in the next clock cycle.
Furthermore, we have encoded state s, as 11 instead of 10 for the index two.

The corresponding next-state table is shown in Figure 7.16 (b). Using D flip-flops to implement this FSM, the
implementation table, again, is like the next-state table. Therefore, we can use the next-state table directly to derive
the two excitation equations for D; and Dg as shown in (c). The output table and output equation is shown in (d), and
finally the complete FSM circuit in (e).
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Figure 7.16. FSM for one-shot circuit: (a) state diagram; (b) next-state table; (c) excitation equations and K-maps
for D; and Dy; (d) output table and output equation; (e) FSM circuit.

7.6 Designing a Car Security System—Version 3

We will revisit the car security system example from Chapters 2 and 6. Recall that in the first version (Chapter
2) the circuit is a combinational circuit. The problem with a combinational circuit is that once the alarm is triggered,
by lets say opening the door, the alarm can be turned off immediately by closing the door again. However, what we
want is that once the alarm is triggered, it should remain on even after closing the door, and the only way to turn it
off is to turn off the master switch.

This requirement suggests that we need a sequential circuit instead where the output is dependent on not only
the current input switch settings but also on the current state of the alarm. Thus, we are able to come up with the
state diagram as shown in Figure 7.17 (a). In addition to the three input switches M, D and V for Master, Door, and
Vibration, we need two states, 1 and 0, to depict whether the siren is on or off respectively. If the siren is currently
on, i.e. in the 1 state, then it will remain in that state as long as the master switch is still on, so it doesn’t matter
whether the door is now close or open. This is represented by the edge that goes from state 1 and loops back to state
1 with the label MDV=1xx. From the on state, the only way to turn off the siren is to turn off the master switch. This
is represented by the edge going from state 1 to state O with the label MDV=0xx. If the siren is currently off, it is
turned on when the master switch is on, and either the door switch or the vibration switch is on. This is represented
by the edge going from state O to state 1 with the labels MDV=101,110, or 111. Finally, from the off state, the siren
will remain off when either the master switch remains off, or if the master switch is on but none of the other two
switches are on. This is represented by the edge from state 0 looping back to state 0.

The state diagram is translated to the corresponding next-state table and implementation table using one D flip-
flop as shown in Figure 7.17 (b). Again the next-state table and implementation table are the same except that the
entries for the next-state table are for the next states, and the entries for the implementation table are for the inputs to
the flip-flop. Doing a 4-variable K-map on the implementation table gives us the excitation equation shown in
Figure 7.17 (c). The final circuit for this car security system is shown in Figure 7.17 (d). The circuit uses one D flip-
flop. The next-state circuit is derived from the excitation equation, which produces the signal for the D input of the
flip-flop. The output of the flip-flop directly drives the siren.
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Figure 7.17. Car security system — version 3: (a) state diagram; (b) next-state / implementation table; (c) K-map and
excitation equation; (d) circuit.

7.7 VHDL for Sequential Circuits

Writing VHDL code for sequential circuits is usually done at the behavioral level. The advantage of writing
behavioral VHDL code is that we do not need to manually synthesize the circuit. The synthesizer will automatically
produce the netlist for the circuit from the behavioral code.

In order to write the behavioral VHDL code for a sequential circuit, we need to use the information from the
state diagram for the circuit. The main portion of the code contains two processes: a next-state-logic process, and an
output-logic process. The edges (both conditional and unconditional) from the state diagram are used to derive the
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next-state-logic process, which will generate the next-state logic circuit. The output signal information in the state
diagram is used to derive the process for the output logic.

We will now illustrate the behavioral VHDL coding of sequential circuits with several examples.

Example 7.8

In this example, we will write the behavioral VHDL code for the Moore FSM of Example 7.2. The state
diagram for the example from Figure 7.8 is repeated here in Figure 7.18. Since the synthesizer will automatically
take care of the state encoding, therefore, the states only need to be labeled with their logical names. The behavioral
VHDL code for this Moore FSM based on this state diagram and output table is shown in Figure 7.19.

Figure 7.18. State diagram for Example 7.8.

The entity section declares the primary 1/0 signals for the circuit. There is the global input clock and reset
signals. The clock signal determines the speed in which the sequential circuit will transition from one state to the
next. The reset signal initializes all the state memory flip-flops to zero. In addition to the standard global clock and
reset signals, the entity section also declares all the input and output signals. For this example, there is an input
signal C, and an output signal Y; both of which are of type STD_LOGIC.

The architecture section starts out with using the TYPE statement to define the four states, Sy, Si, Sz, and s, used
in the state diagram. The SIGNAL statement declares the signal state to store the current state of the FSM. There are
two processes in the architecture section that execute concurrently: the next-state-logic process, and the output-logic
process. As the name suggests, the next-state process defines the next-state logic circuit that is inside the control
unit, and the output logic process defines the output logic circuit inside the control unit. The main statement within
these two processes is the CASE statement that determines what the current state is.

In the next-state-logic process, the current state of the FSM is initialized to s, on reset. The CASE statement is
executed only at the rising clock edge because of the test (clockEVENT AND clock = '1") in the IF statement. Hence,
the state signal is assigned a new state value at every rising clock edge. The new state value is, of course, dependent
on the current state and input signals, if any. For example, if the current state is s, the case for s; is selected. From
the state diagram, we see that when in state s;, the next state is dependent on the input signal C. Hence, in the code,
an IF statement is used. If C is 1 then the new state s, is assigned to the signal state, otherwise, S, is assigned to state.
For the latter case, even though we are not changing the state value sp, we still make that assignment to prevent the
VHDL synthesizer from using a memory element for the state signal. Recall from Section 6.13.1 that VHDL
synthesizes a signal using a memory element if the signal is not assigned a value for all possible cases. The rest of
the cases in the CASE statement are written similarly based on the remaining edges in the state diagram.

In the output-logic process, all the output signals must be assigned a value in every case. Again, the reason is
that we do not want these output signals to come from memory elements. In the FSM model, the output circuit is a
combinational circuit, and so it should not contain any memory elements. For each state in the CASE statement in the
output process, the values assigned to each of the output signal are taken directly from the output table. For this
example, there is only one output signal Y.

A sample simulation trace of this sequential circuit is shown in Figure 7.20. In the simulation trace, between
times 100ns and 800ns when R is de-asserted and C is asserted, the state changes at each rising clock edge (at times
300ns, 500ns, and 700ns.) At time 700ns when the current state is sz, we see that the output signal Y is also asserted.

230



Digital Logic and Microprocessor Design with VHDL Chapter 7 - Sequential Circuits

At time 800ns, input C is de-asserted, as a result, the FSM did not change state at the next rising clock edge at time
900ns.

LI BRARY | EEE;
USE | EEE. STD_LCGQ C_1164. ALL,

ENTI TY MooreFSM IS PORT (
clock: IN STD LQOG C;
reset: IN STD LOd G,

C. IN STD_LOG G
Y: OUT STD_LOA C);
END Moor eFSM

ARCHI TECTURE Behavi oral OF MyoreFSM IS
TYPE state_type IS (s0O, sl1, s2, s3);
SIGNAL state: state_type;

BEG N
next state | ogic: PROCESS (clock, reset)
BEG N
IF (reset = '1') THEN

state <= sO0;
ELSIF (clock' EVENT AND clock = '1') THEN
CASE state IS
VWHEN sO0 =>
IF C="1 THEN
state <= si;
ELSE
state <= sO;
END | F;
VWHEN s1 =>
IF C="1 THEN
state <= s2;
ELSE
state <= sl1,;
END | F;
VWHEN s2=>
IFC="1 THEN
state <= s3;
ELSE
state <= s2;
END | F;
VWHEN s3=>
IFC="1 THEN
state <= sO;
ELSE
state <= s3;
END | F;
END CASE;
END | F;
END PROCESS;

out put _| ogi c: PROCESS (state)
BEG N
CASE state IS
VWHEN s0 =>
Y <="'0";
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WHEN s1 =>
Y <="'0";
WHEN s2 =>
Y <='0;
WHEN s3 =>
Y <=1
END CASE;
END PROCESS;

END Behavi or al ;

Figure 7.19. Behavioral VHDL code of a Moore FSM for Example 7.7.

Marme 100 O 200.0n% 300, 0ns 400 Oris S00.0n= B0.Ong 700 Ons800 Ons 90000 1.0us 10w 1.2us  1.5us
|
wp— clock | ! | | I | I |
aF state 0l 5 s } " 1 53 I HEE

= reset

g ¥ | |

Figure 7.20. Simulation trace of a Moore FSM for Example 7.8.

Example 7.9

This example shows how a Mealy FSM is written using behavioral VHDL code. We will use the Mealy FSM
from Example 7.3. The state diagram for this FSM is shown in Figure 7.10. This FSM is very similar to the one
from the previous example except that the generation of the output signal Y is also dependent on the input signal C.
The VHDL code is shown in Figure 7.21. In this code, we see that the next-state-logic process is identical to the
previous FSM code. In the output-logic process, the only difference is in state s; where an IF statement is used to
determine the value of the input signal C. The output signal Y is assigned a value depending on the result of this test.

The simulation trace for this Mealy FSM is shown in Figure 7.22. Notice that the only difference between this
trace and the one from the previous example is in the Y signal between times 800ns and 1us. During this time
period, the input signal C is de-asserted. In the previous trace, this has no effect on Y, however, for the Mealy FSM
trace, Y is also de-asserted.

LI BRARY | EEE;
USE | EEE. STD_LOCGQ C_1164. ALL,

ENTITY Meal yFSM IS PORT (
clock: IN STD LCG C;
reset: IN STD LOG C;

C IN STD_LCGE G
Y: OUT STD LOd O);
END Meal yFSM

ARCHI TECTURE Behavi oral OF Meal yFSM I S
TYPE state_type IS (s0O, sl1, s2, s3);
SIGNAL state: state_type;

BEG N
next state | ogic: PROCESS (clock, reset)
BEG N
IF (reset = '1') THEN

state <= sO0;
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ELSIF (clock' EVENT AND clock = '1') THEN
CASE state is

VWHEN sO =>
IF C="1 THEN
state <= sl,;
ELSE
state <= sO;
END | F;
VWHEN s1 =>
IFC="1 THEN
state <= s2;
ELSE
state <= si;
END | F;
VWHEN s2=>
IFC="1 THEN
state <= s3;
ELSE
state <= s2;
END | F;
VWHEN s3=>
IF C="1 THEN
state <= sO0;
ELSE
state <= s3;
END | F;
END CASE;
END | F;
END PROCESS;

out put | ogi c: PROCESS (state, C
BEG N
CASE state IS
VWHEN s0 =>
Y <="'0";
VWHEN s1 =>
Y <="'0";
VWHEN s2 =>
Y <='0";
VWHEN s3 =>
IF (C="1") THEN
Y <= "'1";
ELSE
Y <="'0";
END | F;
END CASE;
END PROCESS;

END Behavi or al ;

Figure 7.21. Behavioral VHDL code for the Mealy FSM of Example 7.9.
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Figure 7.22. Simulation trace for the Mealy FSM of Example 7.9.

Example 7.10

This is another example of a Moore FSM written using behavioral VHDL code. This FSM is from Example 7.5,
and the state diagram for this example is shown in Figure 7.14. The behavioral VHDL code for this FSM is shown in
Figure 7.23, and the simulation trace in Figure 7.24.

LI BRARY | EEE;
USE | EEE. STD _LOd C_1164. ALL;

ENTI TY MooreFSM | S PORT(
clock: IN STD LCGE G
reset: IN STD LOG C;
start, neqg9: IN STD LOd C;
X,y: OUT STD LOG C);

END Moor eFSM

ARCHI TECTURE Behavi oral OF MooreFSM I S
TYPE state type IS (s0O, sl1, s2, s3);
SIGNAL state: state_type;

BEG N
next _state_l ogic: PROCESS (clock, reset)
BEG N
IF (reset = '1') THEN

state <= s0;
ELSIF (clock' EVENT AND clock = '1'") THEN
CASE state | S
VWHEN sO =>
IF start = '"1'" THEN
state <= si;
ELSE
state <= sO0;
END | F;
VWHEN s1 =>
state <= s2;
VWHEN s2 =>
IF neq9 = '1' THEN
state <= s3;
ELSE
state <= si;
END | F;
VWHEN s3 =>
state <= sO;
END CASE;
END | F;
END PRCCESS;
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out put | ogi c: PROCESS (state)
BEG N
CASE state IS
VWHEN s0 =>
X <="'0";
y <= "1°;
VWHEN s1 =>
X <="'1";
y <= "1°;
VWHEN s2 =>
X <="'1";
y <="'1";
VWHEN s3 =>
X <="'1";
y <='0%;
END CASE;
END PRCCESS;
END Behavi oral ;

Figure 7.23. Behavioral VHDL code for the Moore FSM of Example 7.10.

Marme 200 Oris 400 Dns &0 Ons BCD) . Ons 1 Ous 1 2us 1.dus
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i | L
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Figure 7.24. Simulation trace for the Moore FSM of Example 7.10.

7.8 * Optimization for Sequential Circuits

In designing any digital circuit, in addition to getting a functionally correct circuit, we like to optimize it for
size, speed, and power consumption. In this section, we will briefly discuss some of the issues involved. A full
treatment of optimization for sequential circuits is beyond the scope of this book.

Since sequential circuits also contain combinational circuit parts (the next-state logic and the output logic),
these parts should also be optimized following the optimization procedures for combinational circuits as discussed in
Section 4.4. Some basic choices for sequential circuit optimization include state reduction, state encoding, and
choice of flip-flop types.

7.8.1 State Reduction

Sequential circuits with fewer states most likely will result in a smaller circuit since the number of states
directly translates to the number of flip-flops needed. Fewer flip-flops imply a smaller state memory for the FSM.
Furthermore, fewer flip-flops also mean fewer flip-flop inputs, so the number of excitation equations needed is also
reduced. This of course means that the next-state circuit will be smaller.

There are two levels in which we can reduce the number of states. At the pseudo-code description level, we can
try to optimize the code by shortening the code if possible. We can also assign two or more data operations to the
same state.
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After obtaining a state diagram, we may still be able to reduce the number of states by removing equivalent
states. If two states are equivalent, we can remove one of them, and instead use the other equivalent state. The
resulting FSM will still be functionally equivalent. Two states are said to be equivalent if the following two
conditions are true:

1. Both states produce the same output for every input.
2. Both states have the same next state for every input.

7.8.2 State Encoding

When initially drawing the state diagram for a sequential circuit, it is preferred to keep the state names
symbolic. However, these state names must be eventually encoded with a unique bit string. State encoding is the
process of determining how many flip-flops are required to represent the states in the next-state table or state
diagram, and to assign a unique bit string combination to each named state. In all the examples presented so far, we
have been using the straight binary encoding scheme where n flip-flops are needed to encode 2" states. For example,
for four states, state s, gets the encoding 00, state s; gets the encoding 01, s, gets 10, and s; gets the encoding 11.
However, this scheme does not always lead to the smallest FSM circuit. Other encoding schemes are minimum bit
change, prioritized adjacency, and one-hot encoding.

For the minimum bit change scheme, binary encodings are assigned to the states in such a way that the total
number of bit changes for all state transitions is minimized. In other words, if every edge in the state diagram is
assigned a weight that is equal to the number of bit change between the source encoding and the destination
encoding of that edge, this scheme would select the one that minimizes the sum of all these edge weights.

For example, given a four-state state diagram shown in Figure 7.25 (a), the minimum bit change scheme would
use the encoding shown in (b) and not the encoding shown in (c). In both (b) and (c), the number of bit change
between the encodings of two states joined by an edge is labeled on that edge. For example, in (b), the number of bit
change between state s; = 01 and s, = 11 is 1. The encoding used in (b) has a smaller sum of all the edge weights
than the encoding used in (c).

Notice that even though the encoding of Figure 7.25 (b) produces the smallest total edge weight, there are
several other ways to encode these four states that will also produce the same total edge weight. For example,
assigning 00 to s, instead of to sy, 01 to s, instead of s;, 11 to s3, and 10 to .

@ (b) (©

Figure 7.25. Minimum bit change encoding: (a) a four-state state diagram; (b) encoding with a total weight of 4; (c)
encoding with a total weight of 6.

For the prioritized adjacency scheme, adjacent states to any state s are given certain priorities. Encodings are
assigned to these adjacent states such that those with a higher priority will have an encoding that has fewer bit
change from the encoding of state s than those adjacent states with a lower priority.

In the one-hot encoding scheme, each state is assigned one flip-flop. A state is encoded with its flip-flop having
a 1 value while all the other flip-flops have a 0 value. For example, the one-hot encoding for four states would be
0001, 0010, 0100, and 1000.
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7.8.3 Choice of Flip-Flops

A FSM can be implemented using any of the four types of flip-flops, SR, D, JK, and T (see Section 6.13) or any
combinations of them. Using different flip-flops can produce a smaller circuit but with the same functionality. The
decision as to what types of flip-flops to use is reflected in the implementation table. Whereas, the next-state table is
independent of the flip-flop types used, the implementation table is dependent on these choices of flip-flops.

The implementation table answers the question of what the flip-flop inputs should be in order to realize the
next-state table. In order to do this, we need to use the excitation table for the selected flip-flop(s). Recall that the
excitation table is used to answer the question of what the inputs should be when given the current state that the flip-
flop is in and the next state that we want the flip-flop to go to. So to get the entries for the implementation table, we
substitute the next-state values from the next-state table with the corresponding entry in the excitation table.

For example, if we have the following next-state table

Current Next State
State anext QOnext

QlQo C=0 C=1
00 00 00
01 10 10
10 01 11
11 00 00

and we want to use the SR flip-flop to implement the circuit, we would convert the next-state table to the
implementation table as follows. First, the next state column headings from the next-state table (Q1nextQonext) are
changed to the corresponding flip-flop input names (S;R;SoRo). Since the SR flip-flop has two inputs, therefore, each
next-state bit Qe is replaced with two input bits SR. This is done for all the flip-flops used as shown below

Current State Implementation
S1R1S0Ro
Q c=0 | c=1
00
01 10__
10
11

To derive the entries in the implementation table, we will need the excitation table for the SR flip-flop (from
Section 6.13.1) shown below

Q[ Qnext | S [R
0 0 [0«
0 1 |10
1 0 |01
1 1 x| 0

For example, if the current state for flip-flop one is Q; = 0 and the next state Qe = 1, We would do a table
lookup in the excitation table for QQ,e: = 01. The corresponding two input bits are SR = 10. Hence, we would
replace the 1 bit for Qe in the next-state table with the two input bits S;R; = 10 in the same entry location in the
implementation table. Proceeding in this same manner for all the next-state bits in the next-state table entries, we
obtain the complete implementation table below
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Current State Implementation
SlRlSORO
A Cc=0 | C=1
00 0x0x | 0x0x
01 1001 1001
10 0110 | x010
11 0101 0101

Once we have the implementation table, deriving the excitation equations and drawing the next-state circuit are
identical for all flip-flop types.

The output table and output equations are not affected by the change in flip-flop types, and so they remain
exactly the same too.

Example 7.11

In this example, we will design a modulo-6 up counter using T flip-flops. This is similar to Example 7.4 but
using T flip-flops instead of D flip-flops. The next-state table for the modulo-6 up counter as obtained from
Example 7.4 is shown in Figure 7.26 (a). The excitation table for the T flip-flop as derived in Section 6.14.3 is
shown in Figure 7.26 (b).

The implementation table is obtained from the next-state table by substituting each next-state bit with the
corresponding input bit of the T flip-flop. This is accomplished by doing a table look-up from the T flip-flop
excitation table.

For example, in the next-state table for the current state Q,Q;Q, = 010 and the input C = 1, we want the next
state Qonext Qunext Qonext 10 be 011. The corresponding entry in the implementation table shown in Figure 7.26 (c)
using T flip-flops would be T,T;T, = 001 because for flip-flop, we want its content to go from Q; = 0 t0 Qpnext = 0.
The excitation table tells us that to realize this change, the T, input needs to be a 0. Similarly, for flip-flop; we want
its content to go from Q; = 1 to Qunex = 1, and again the T, input needs to be a 0 to realize this change. Finally, for
flip-flop, we want its content to go from Qg = 0 to Qgnext = 1, this time, we need T, to be a 1. Continuing in this
manner for all the entries in the next-state table, we obtain the implementation table shown in Figure 7.26 (c).

From the implementation table, we obtain the excitation equations just like before. For this example, we have
the three input bits T,, T, and To, which results in the three equations. These equations are dependent on the four
variables Q,, Q1, Qq, and C. The three K-maps and excitation equations for T,, T;, and T, are shown in Figure 7.26
(d). The output equation is the same as before (see Figure 7.13 (e)). Finally, the complete modulo-6 up counter
circuit is shown in Figure 7.26 (e).

Comparing this circuit with the circuit from Example 7.3 shown in Figure 7.13 (f) where D flip-flops are used,
it is obvious that using T flip-flops for this problem result in a much smaller circuit than using D flip-flops. .
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Current Next State Current State Implementation
State Q2next anext QOnext Q Q Q T2 Tl TO
QQQ | C=0 | C=1 Quext | Quet | T 7" ] c=0] c=1
000 000 001 0 0 0 000 000 001
001 001 010 0 1 1 001 000 011
010 010 011 1 0 1 010 000 001
011 011 100 1 1 0 011 000 111
100 100 101 100 000 001
101 101 000 (b) 101 000 101
(a) (©)
T, T, T,
cQ, cQ, cQ,

Q.Q, 0 01 11 10

T, =CQ2Q + CQon T1=CQ,'Qo

(d)

]

]

]
™
—— )

>Clk
QY

Clock Clear

Reset

YvY

©

Figure 7.26. Synthesis of a FSM for Example 7.11: (a) next-state table; (b) excitation table for the T flip-flop; (c)
implementation table using T flip-flops; (d) K-maps and excitation equations; (¢) FSM circuit.

7.9 Summary Checklist
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State diagram

State encoding
Output signal
Conditional edge
Next-state table
Implementation table
Excitation equation
Output table

Output equation
Next-state logic
State memory
Output logic

FSM circuit

Unused state encoding
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Be able to derive the state diagram from an arbitrary pseudo-code circuit description
Be able to derive the next-state table from a state diagram

Be able to derive the implementation table from a next-state table
Be able to derive the excitation equations from an implementation table

Be able to derive the output table from a state diagram
Be able to derive the output equations from an output table

Be able to derive the FSM circuit from the excitation and output equations

7.10 Problems

7.1.

a) Cis an input, and a and b are outputs.

C

Y

Analyze the following FSMs and derive the state diagram for it:

v

Clock

D Q4
> Clk

Q1

Clear

Do Qo
> Clk

Clear

Y'Y

Reset

Answer

Excitation / next-state equations:

Qinex = D1 = CQ1'Qy" + C'Q1'Qo
Qonext = Do = Q1'Qg’ + CQy'

Output equations:
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a=0Q1Qo
b =Q1Qo

Next-state and output tables:

State diagram:

Current State Next State Output
QlQO anext QOnext

C=0|C=1]a|b

00 01 11 00

01 10 00 110

10 00 01 0]0

11 00 00 011

b) Cis an input, and a and b are outputs.

Chapter 7 - Sequential Circuits

Clock

Y'Y

Reset

Answer
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Excitation / next-state equations:

Qinex = D1 = CQ1'Qy" + C'Q1'Qo
Qonext = Do = Q1'Qg’" + CQy'

Output equations:

a=CQ:'Qo
b=CQo

Next-state and output tables:

Current State Next State / Output
QlQO anext QOnext/ ab
C=0 c=1
00 01/00 | 11/00
01 10/00 | 00/11
10 00/00 | 01/00
11 00/00 | 00/01

State diagram:

c) A and B are inputs, and X and Y are outputs.
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54k

D; Q1

b Clk [ »—Y

Q1

Clear

> Clk

Clear

Clock
Reset

Y'Y

Answer

Excitation / next-state equations:

Q1nex = D1 = AQ; + BQ1'Qo
Qonext = Do = A" ®© Q' = A'Qy’ + AQo

Next-state table:

Next State
Current State Qunext Qonext
Q1 Qo AB =
00j01]10]| 11
00 01|101|00|00
01 0010|0111
10 0101|101 10
11 00|00 |11 |11

Output equations:

X=Q:+ Qo
Y =(Q1' Qo)'=Q1+ Qo'

Output table:

Current State | Output
Q1 Qo TV

00 1)1

01 0|0

10 1)1

11 1)1

State diagram:
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AB =01

X { )AB = 1x

d) (Z#£0) is an input, and CIrX, LoadY, inZ, LoadX, statl, LoadZ, and subtract are outputs.

(Z20)
\4
) DO—P: A T Dy Cirx
pClk +—> LoadY
Clear O L inZ
— D—E: LoadX
F\) D Q statl
) >(0:|k ] ¢+ loadz
crear Q0 D—» subtract
Clock >———
Reset —»
Answer:
Excitation / next-state equations:
D1 = Qunext = Qo + (Z20)'
Do = Qonext = Q1 + Qo
Output equations:
CIrX = LoadY =inZ=Q,'Qq'
LoadX = statl = Q;'Qq
LoadZ = Q'
subtract = Q;Qy'
Next-state table / Output table:
Current Next State
Outputs
State Q1next Qonext P
Q1Qo (Z20)=0 (zz0)=1 | CIrX LoadX | LoadY | LoadZ | inZ | statl | subtract
00 11 01 1 0 1 1 1 0 0
01 10 10 0 1 0 0 0 1 0
10 11 01 0 0 0 1 0 0 1
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| 11 ] 11 | 11 ] o [ o | o | o Jol] o] o

State diagram:

ClrX=1
LoadX=0
LoadY=1
Loadz=1
inZ=1

ClIrX=0
LoadX=1
LoadY=0
LoadZ=0 ClrX=0
inZ=0 LoadX=0
statl=1 LoadY=0
subtract=0 LoadZ=0
inZ=0
stat1=0
subtract=0
LoadX=0
LoadY=0
Loadz=1
inZ=0
stat1=0
subtract=1

e) Start is an input, and LoadN, and LoadM are outputs.
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To=Q1'Qo' + CQy'
Characteristic equation for the T flip-flop:

Qe =TLQ

Next-state equations:

Quex=T1 0 Qq
=(CQ1'Qu" + C'Q1'Qo) U Q4
= (CQQo" + C'Q1'Q0)'Q1 + (CQ1'Qo’ + C'Q1'Qo) Q1
=(CQ1'Q0" )" (C'Q1'Qo)' Q1 + CQ1'Qo" + C'Q1'Qo
= (C'+Q1+Qp) (C+Q1+Qy" ) Q1 + CQ1'Qy’ + C'Q1'Qo
=C'Q1+C'Q1Qo" + CQp + Q1 + Q1Qp" + CQ1Q0 + Q1Qp + CQ1'Qp" + C'Q1'Qo
=Q; +CQ/'Qy +C'Q1'Qo

Qonext = To 0 Qg
=(Q1'Qo' + CQo') 0 Qo
= (QuRo' + CQyy )" Qouet+ (
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Q4 | b

>Clk

y .
Ki oy Q1

Jo Qo
> Clk

g

Ko cir 9

Clock
Reset

Y'Y

Answer:

Excitation equations:

J1 =CQ'Qo’ + C'Q1'Qo
Ki=CQ:

Jo=Q1'Qq’

Ko =CQq

Characteristic equation for the JK flip-flop:
Qnext = K'Q +JQ'
Next-state equations:

Q1nex = K{'Q1 + J1Q4'
=(C'Q)'Q1 + (CQ'Qy" + C'Q1'Qo) Q4
= (C+Q.')Q1 + CQ1'Qo" + C'Q1'Qo
=CQ1+CQ'Qy' + C'Q1'Qo

Qonext = Ko'Qo + JoQo’
=(CQ0)'Qo + (Q1'Q0" )Qo’
=(C"+Qo" )Qo + Q1'Q¢’
=C'Qo + Q:'Qy’

Output equations:

a=0Q1Qo
b =Q1Qo

Next-state and output tables:
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Current State Next State Output
QlQO anext QOnext

C=0|C=1]a|b

00 01 11 0|0

01 11 00 110

10 00 10 0|0

11 01 10 011

State diagram:

Chapter 7 - Sequential Circuits

Sle

]
| I% ) > S1 Q4
| > Clk
D Ri ey 9
]
—1 ) So Qo
> Clk
I
D_| Ro )y Q
Clock —»
Reset —

Answer:

Excitation equations:

S$1=CQ1/'Qy' + C'Q1'Qo
R1=C'Q,
So=0Q:'Qo'
Ro=CQq
Next-state equations:

Quex =S1+R/Qy
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=CQ1'Qy' +C'Q'Qo + (C'Q1)'Qs
=CQI'Qy' +C'Q1'Qo+ (C+Qq')Qs
=CQ:/'Q' +C'Q1'Qo + CQ: + Q1'Q
=CQ:'Qo' + C'Q1'Qo + CQ;

So+ Ro'Qo

Q1'Qo" + (CQ0)'Qo
Q1'Qo" + (C'+ Qo' )Qo
Q1'Qo' + C'Qp + Qu'Qq
Q1'Qo' + C'Qq

QOnext

Next-state table:

Current State Next State

QlQO anext QOnext
cC=0|C=1

00 01 11

01 11 00

10 00 10

11 01 10

State diagram:

d) Cis aninput, and a and b are outputs.

251

Chapter 7 - Sequential Circuits



Digital Logic and Microprocessor Design with VHDL Chapter 7 - Sequential Circuits

Ri i Q1

1

Jo Qo
> Clk

{
| %% i > S1 Q4 | b
! >Clk
D
)
1)
[ D—

Ko cir 9

7.3.  Synthesize a FSM circuit using D flip-flops for the following state diagrams:

a)

Clock
Reset

Y'Y

Answer:

Next-state table:

Current State Next State
QlQO anext QOnext
A=0]|A=1
00 11 10
01 01 11
10 01 01
11 00 10
Implementation table:
Current State Next State
Ji1K1SoRo
Q:Q A=0[A=1
00 1x10 | 1x0x
01 0xx0 | 1xx0
10 x110 | x110
11 x101 | x001
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Excitation equations:
Ji=Qo +A
Ki=Qo +A
So=(Q:1 0 Qo) + Qu'A’
Ro = Q1Qq

FSM circuit:

] ) —o Qq

> Clk

.45\ I/ ,
1/ OClear
]

So Qo
> Clk
R n .
D, Roclear®?
Clock —
Reset —

b)

7.4. Use JK flip-flops to synthesize a FSM circuit for the state diagrams in Problem 7.3.
7.5.  Use SR flip-flops to synthesize a FSM circuit for the state diagrams in Problem 7.3.
7.6. Use T flip-flops to synthesize a FSM circuit for the state diagrams in Problem 7.3.

7.7. Use a JK flip-flop for flip-flop 1, and a T flip-flop for flip-flop 2 to synthesize a FSM circuit for the state
diagrams in Problem 7.3.

7.8. Design a modulo-4 up/down counter using D flip-flops. The count is represented by the content of the flip-
flops. The circuit has a Count signal and an Up signal. The counter counts when Count is asserted, and stops
when Count is de-asserted. The Up signal determines the direction of the count. When Up is asserted, the
count increments by one at each clock cycle. When Up is de-asserted, the count decrements by one at each
clock cycle.

7.9. Design a modulo-5 up counter using D flip-flops similar to Problem 7.8, but without the Up signal.

7.10. Design a modulo-5 up/down counter using D flip-flops similar to Problem 7.8.

7.11. Design a modulo-4 up counter using T flip-flops.

Answer:

Next-state table:
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Current State Next State
anext QOnext
Q1 Qo cC=0|C=1
00 00 01
01 01 10
10 10 11
11 11 00
Implementation table:
Current State Next State
T1To
Q1 Qo C=0|C=1
00 00 01
01 00 11
10 00 01
11 00 11
Excitation equations:
T1=CQq
To =C
Circuit:
_D—T1 Q
> Clk
Q'
To Qo
Clk > Clk
QY

7.12. Design a FSM that counts the following decimal sequence

3,7,2,6,3,7,2,6, ...

Chapter 7 - Sequential Circuits

The count is to be represented directly by the contents of the D flip-flops. The counting starts when the control
input C is asserted and stops whenever C is de-asserted. Assume that the next-state from all unused states is the

state for the first count in the sequence, i.e. the state for 3.

Answer:

Since we’re using the flip-flop content to represent the count and the largest number is 7, therefore, we need

three (3) bits even though there are only four numbers in the sequence.

State diagram:
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Cc=0 C=0

011/ c=1 111

A
c=1
all unused
state c=1
Y
110\< /010
c=1

C=0 C=0

Next-state table and implementation table:

Next State / Implementation
Current State
QleQo Q2nexthnext QOnext/ D2D1DO
Cc=0 c=1
000 011 011
001 011 011
010 010 110
011 011 111
100 011 011
101 011 011
110 110 011
111 111 010

Excitation equations:

D, = Q,'Q:C + Q,Q.C’
Dl =1
Do=0Q1' + Q2'Qp + QoC' + Q.Q0'C

Circuit:
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D> Qo—
— Clk

—p Clk

Q1

| Do Qo
—p Clk

Qb

Clk

7.13. Design a counter that counts in the following sequence:
1,4,6,7,1,4,6,7, ....

The count is to be represented directly by the contents of three D flip-flops. The counter is enabled by the input
C. The count stops when C = 0. The next-state from all unused states are undefined.

7.14. Repeat Example 7.6 but encode state s, as 10 instead of 11, and the unused state is 11. See if the resulting
FSM circuit is larger or smaller.

7.15. Repeat Problem 7.13, but use a JK flip-flop, a D flip-flop, and a SR flip-flop in this order starting from the
most significant bit for the three flip-flops.

Answer:

Next-state table:

Current State Next State
QQ1Qy | Renet Quuext Qonext_|

C=0 c=1
001 001 100
100 100 110
110 110 111
111 111 001

Excitation tables for the three flip-flops:

Q| Qe | J | K|DJS
0 0 0
0 1 1] x]1]1]o0

o
X

X
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1 0 x | 1 0| O 1
1 1 x 0 1 X 0

Implementation table:

Current State Implementation
\]2 KZ Dl S0 RO

Q2Q1Q0 C=0 C=1

001 0x0x0 1x001

100 x000x x010x

110 x010x | x0110

111 x01x0 x10x0

K-maps and excitation equations:

J, K, D,
cQ, CQ, CQ,
Q,Q, 0 o1 11 10 QuQ 00 01 11 10 QuQ 00 01 316,
00| x | x |[Ix [ x| o x | o | o | x 00 x |0 |1 | X
777777777777777777777777777 CQO
01| 0 x x 1 01| x x x x 01 0 x x 0
Cp S CQy e > CQ |
11| x X X X 11| x 0 1 X 1114 x 1 0 X
10| x X X X 10| x 0 0 X 10| i x 1 1 X
— — _ ' '
J;=C K2=CQo D;=CQy" +C'Qy
So R,
CQ, CQ,
Q,Q, 00 01 11 10 Q,Q, 00 01 11 10
0 x | 0| 0 | x 00 x | x |[Ix | x
01 x x x 0 , 01 0 | x |ix 1
CQyfe — CQ;'~
11 x x ™ x x 11 x 0 0 x
10| x 0 1 x 10| x x 0 x
_ _ '
So=CQ1 Ro=CQ:

Circuit:
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C
J2 Q7
—p Clk
D Ky QY
D Qy
| >>j b cik
Q1
[ F—s0 @
— Clk
—D Ro Qb
Clk

7.16. Manually design and implement on the UP2 board the following FSM circuit. Make the LEDs in the 7-
segment display move in a clockwise direction around in a circle, i.e. turn on and off the LED segments in
this order: segment a, b, c, d, e, f, a, b, etc.

7.17. Manually design and implement on the UP2 board the following FSM circuit. Similar to Problem 7.16, but
make one 7-segment LED display in a clockwise direction, and the other in an anti-clockwise direction.

7.18. Manually design and implement on the UP2 board the following FSM circuit. Similar to Problem 7.16, but
make it so that each time when a push button switch is pressed, the display changes directions.

7.19. Manually design and implement on the UP2 board the following FSM circuit. Input from the eight DIP
switches. Output on the 7-segment the decimal number that represents the number of DIP switches that are in
the on position.

7.20. Manually design and implement on the UP2 board a FSM circuit for controlling three switches, T1, T2, and
T3, and three lights L1, L2, and L3. Each light is turned on by the corresponding switch, for example, T1 turns
on L1. Initially, all switches are off. The first switch that is pressed will turn on its corresponding light. When
the first light is turned on, it will remain on, while the other two lights remain off, and they are unaffected by
subsequent switch presses until reset.

Answer:

anext QOnext
T.T, Ty

Q:Qo | 000 | 001 | 010 | 011 | 100 | 101 | 110 | 111
00 00 | 01 | 10 | OO | 11 | OO | OO | 0O
01 01 |01 |01 |01 )01 ]01]01 |01
10 10 | 10 | 10 | 10 | 10 | 10 | 10 | 10
11 11 |11 )11 |11 |11 | 11 |11 | 11
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In a computer system, we usually want to store more than one bit of information. More over, we may want to
group several bits together and consider them as one unit, such as an integer is made up of eight bits. In Chapter 6,
we presented the circuits for latches and flip-flops for storing one bit of information. In this chapter, we will look at
registers for storing multiple bits of information as a unit. Registers also are made more versatile by adding extra
functionalities, such as counting and shifting, to it. We will also look at the design of counters and shift registers.

Very often, computer circuits may need to store several values at the same time. Instead of using several
separate registers, we may want to combine these registers together. Register files and memories are like an array of
registers for storing multiple values. In this chapter, we will also look at the construction of register files and
memory circuits.

Similar to the standard combinational components, these sequential components are used in almost every digital
circuit. Hence, rather than having to redesign them each time that they are needed, they usually are available in
standard libraries.

8.1 Registers

When we want to store a byte of data, we need to combine eight flip-flops together and have them work
together as a unit. A register is just a circuit with two or more D flip-flops connected together in such a way that
they all work exactly the same way and are synchronized by the same clock and enable signals. The only difference
is that each flip-flop in the group is used to store a different bit of the data.

Figure 8.1(a) shows a 4-bit register with parallel load and asynchronous clear. Four D flip-flops with active-
high enable and asynchronous clear are used. Notice in the circuit that the control inputs, Clk, E, and Clear, for all of
the flip-flops are connected, respectively, in common; so that when a particular input is asserted, all of the flip-flops
will behave in exactly the same way. The 4-bit input data is connected to D, through Ds, while Qo through Q3 serve
as the 4-bit output data for the register. When the active-high load signal Load is asserted (i.e., Load = 1), the data
presented on the D lines is stored into the register (the four flip-flops) at the next rising edge of the clock signal.
When Load is de-asserted, the content of the register remains unchanged. The register can be asynchronously
cleared (i.e., setting all of the Q;’s to 0 immediately, without having to wait for the next active clock edge) by
asserting the Clear line. The content of the register is always available on the Q output lines, so no control line is
required for reading the data from the register. Figure 8.1(b) and (c) show the operation table and the logic symbol,
respectively, for this 4-bit register.

Figure 8.2 shows the VHDL code for the 4-bit register with active-high Load and Clear signals. Notice that the
coding is very similar to that for the single D flip-flop. The main difference is that the data inputs and outputs are 4-
bits wide. A sample simulation trace for the register is shown in Figure 8.3. At time 100 ns, even though Load is
asserted, the register is not written with the D input value of 5, because Clear is asserted. Between times 200 ns and
400 ns, Load is de-asserted, so even though Clear is de-asserted, the register still is not loaded with the input value
of 5. At time 400 ns, Load is asserted, but the input data is not loaded into the register immediately (as can be seen
by Q being a 0). The loading occurs at the next rising edge of the clock at 500 ns when Q changes to 5. At time 600
ns, Clear is asserted, and so, Q is reset to 0 immediately, without having to wait until the next rising clock edge at
700 ns.
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O
w

O
()

[N
o

— E:

Clear Clear Clear Clear
D3 Q3 D, Q2 D, Q1 Do Qo

> Clk > Clk > Clk > Clk
—IE —E —E E
Clock — ’7
Load —»
v A\ 4 A\ 4 v
Q3 Q2 Ql QO
(a)
D3 D2 Dl DO
_ —>{Clear 4-bit Register
Clear | Load _ Operation with Parallel Load and
1 X Reset register to zero asynchronously —»{Load Asynchronous Clear Clock<e—
0 0 No change
0 1 Load in a value at rising clock edge % (iz (il (io
(b) (c)

Figure 8.1 A 4-bit register with parallel load and asynchronous clear: (a) circuit; (b) operation table; (c) logic
symbol.

LI BRARY | EEE;
USE | EEE. STD_LOd C_1164. ALL;

ENTITY reg IS GENERI C (size: INTEGER := 3);-- size of the register
PORT (
Clock, Clear, Load: IN STD LOd C,
D: IN STD_LOJ C_VECTOR(si ze DOMNNTO 0);
Q QUT STD_LOd C_VECTOR(size DOANTO 0));
END reg;

ARCHI TECTURE Behavior OF reg IS
BEG N
PROCESS( Cl ock, C ear)
BEG N
IF Clear = '1' THEN
Q <= (OTHERS => '0');
ELSIF (C ock' EVENT AND Clock = '1'") THEN
|F Load = '"1' THEN
Q<=D
END | F;
END | F;
END PROCESS;
END Behavi or;

Figure 8.2 VHDL code for a 4-bit register with active-high Load and Clear signals.
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Harna 1 1. One 200 Orrs A1 Ling 400 Ons S Ons B0 ez Fl
= Clock 1 | | | | | .
E= laar —l
= Load I | |
= D 5
==y ' 0 ¥ 5 b i

Figure 8.3 Sample simulation trace for the 4-bit register.

8.2 Shift Registers

Similar to the combinational shifter and rotator circuits, there are the equivalent sequential shifter and rotator
circuits. The circuits for the shift and rotate operations are constructed exactly the same. The only difference in the
sequential version is that the operations are performed on the value that is stored in a register rather than directly on
the input value. The main usage for a shift register is for converting from a serial data input stream to a parallel data
output or vice versa. For a serial-to-parallel data conversion, the bits are shifted into the register at each clock cycle,
and when all of the bits (usually eight bits) are shifted in, the 8-bit register can be read to produce the eight bit
parallel output. For a parallel-to-serial conversion, the 8-bit register is first loaded with the input data. The bits are
then individually shifted out, one bit per clock cycle, on the serial output line.

8.2.1 Serial-to-Parallel Shift Register

Figure 8.4(a) shows a 4-bit serial-to-parallel converter. The input data bits come in on the Serial_in line at a rate
of one bit per clock cycle. When Shift is asserted, the data bits are loaded in one bit at a time. In the first clock cycle,
the first bit from the serial input stream, Serial_in, gets loaded into Qs, while the original bit in Qs is loaded into Q,,
Q. is loaded into Q4, and so on. In the second clock cycle, the bit that is in Qs (i.e., the first bit from the Serial_in
line) gets loaded into Q,, while Qs is loaded with the second bit from the Serial_in line. This continues for four
clock cycles until four bits are shifted into the four flip-flops, with the first bit in Qq, second bit in Q,, and so on.
These four bits are then available for parallel reading through the output Q. Figure 8.4(b) and (c) show the operation
table and the logic symbol, respectively, for this shift register.

The structural VHDL code for a 4-bit serial-to-parallel shift register is shown in Figure 8.5. The code is written
at the structural level. The operation of a D flip-flop with enable is first defined. The ARCHITECTURE section for the
ShiftReg entity uses four PORT MAP statements to instantiate four D flip-flops. These four flip-flops then are
connected together using the internal signals, Ng, N, N, and N3, such that the output of one flip-flop is connected to
the input of the next flip-flop. These four internal signals also connect to the four output signals, Qq to Qs, for the
register output. Note that we cannot use the output signals, Qq to Qs, to directly connect the four flip-flops together,
since output signals cannot be read.

A sample simulation trace of the serial-to-parallel shift register is shown in Figure 8.6. At the first rising clock
edge at time 100 ns, the Serial_in bit is a 0, so there is no change in the 4 bits of Q, since they are initialized to 0’s.
At the next rising clock edge at time 300 ns, the Serial_in bit is a 1, and it is shifted into the leftmost bit of Q.
Hence, Q has the value of 1000. At time 500 ns, another 1 bit is shifted in, giving Q the value of 1100. At time 700
ns, a 0 is shifted in, giving Q the value of 0110. Notice that as bits are shifted in, the rightmost bits are lost. At time
900 ns, Shift is de-asserted, so the 1 bit in the Serial_in line is not shifted in. Finally, at time 1.1 (s, another 1 bit is
shifted in.
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Serial_in->——-Db;  Qy D,  Q D;  Q Do Qo
> Clk > Clk > Clk > Clk
—E —E —E E
Clock - ’7
Shift—
Q; Q, Q, Q
(@)
—Serial_in 4-bit
i i Serial-to-Parallel
Shift Operation —|shift Shift Register Clock<te—
0 | Nochange

1 | One bit from Serial_in is shifted in (13 (iz (il (io

(b) (c)

Figure 8.4 A 4-bit serial-to-parallel shift register: (a) circuit; (b) operation table; (c) logic symbol.

-- Dflip-flop with enable
LI BRARY | EEE;
USE | EEE. STD LOd C 1164. ALL;

ENTITY Dflipflop IS
PORT(D, Cock, E: IN STD LOGQ C
Q: QUT STDh LOd ©);
END D flipflop;

ARCHI TECTURE Behavior OF D flipflop IS
BEG N
PROCESS( d ock)
BEG N
I F (dock' EVENT AND dock ='1") THEN
IF (E="1") THEN
Q<= D
END | F;
END | F;
END PROCESS;
END Behavi or;

-- 4-bit shift register
LI BRARY | EEE;
USE | EEE. STD LOd C_1164. ALL;
ENTITY ShiftReg IS
PORT(Serial _in, Clock, Shift : IN STD LOG C
Q: QUT STD LOE C VECTOR(3 downto 0));
END shi ft Reg;

ARCHI TECTURE Structural OF ShiftReg IS
SIGNAL NO, N1, N2, N3 : STD LOd G
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COVPONENT D flipflop PORT (D, dock, E: IN STD LOG G
Q: QUT STD LOd ©);
END COVPONENT;

BEG N

Ul: D flipflop PORT MAP (Serial in, Cock, Shift, N3);
U2: D flipflop PORT MAP (N3, Clock, Shift, N2);

U3: D flipflop PORT MAP (N2, C ock, Shift, N1);

U4: D flipflop PORT MAP (N1, d ock, Shift, NO);

Q3) <= N3;

Q2) <= N2;

Q1) <= NI

Q0) <= No;

END Structural;

Figure 8.5 Structural VHDL code for a 4-bit serial-to-parallel shift register.

e oy o o .
i_ﬁ-,.. i |l'.__ S0 i -.I'._ -' l I LT .,_n --.l.l.r..'l'.-.- & 1 T i

= Clock

= Shil

9 Seval E

e 2 D000 H 100 H 1 100 | i 1

Figure 8.6 Sample simulation trace for the 4-bit serial-in-parallel-out shift register of Figure 8.5.

8.2.2 Serial-to-Parallel and Parallel-to-Serial Shift Register

For both the serial-to-parallel and parallel-to-serial operations, we perform the same left-to-right shifting of bits
through the register. The only difference between the two operations is whether we want to perform a parallel read
after the shifting or a parallel write before the shifting. For the serial-to-parallel operation, we want to perform a
parallel read after the bits have been shifted in. On the other hand, for the parallel-to-serial operation, we want to
perform a parallel write first and then shift the bits out as a serial stream.

We can implement both operations into the serial-to-parallel circuit from the previous section simply by adding
a parallel load function to the circuit, as shown in Figure 8.7(a). The four multiplexers work together for selecting
whether we want the flip-flops to retain the current value, load in a new value, or shift the bits to the right by one bit
position. The operation of this circuit is dependent on the two select lines, SHSel; and SHSely, which control which
input of the multiplexers is selected. The operation table and logic symbol are shown in Figure 8.7(b) and (c),
respectively. The behavioral VHDL code and a sample simulation trace for this shift register are shown in Figure 8.8
and Figure 8.9, respectively.
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D3 D2 Dl DO
Serial_in f f f
370 A 3210 A 370
SHSel = = =
SHSel: — ! !
—D3 Q3 —D> Q2 —D1
> Clk > Clk > Clk
Clock
Y Y Y Y
Qs Q, Q Q
(a)
D3 D2 Dl DO
—>{Serial_in 4-bit Serial_out|—
SHSel, | SHSel, Operation lssel Serial-to-Parallel
0 0 [ No operation (i.e., retain current value) lomsel. and gﬁﬁlgéggtgrenal Clockde—
0 1 Parallel load in new value OQ Q 0 0
1 0 Shift right 8 2 1 0
1 1 Rotate right l l l l
(b) (c)

Figure 8.7 A 4-bit serial-to-parallel and parallel-to-serial shift register: (a) circuit; (b) operational table; (c) logic
symbol.

LI BRARY | EEE;
USE | EEE. STD _LOd C_1164. ALL;

ENTITY shiftreg 1S PORT (
Clock: IN STD LCGE G
SHSel : I N STD LOG C_VECTOR(1 DOWNTO 0);
Serial _in: IN STD LCA C;
D: IN STD_LOJ C_VECTOR(3 DOMTO 0);
Serial _out: OUT STD LCA C
Q OQUT STD LOG C VECTOR(3 DOMNNTO 0));
END shiftreg;
ARCHI TECTURE Behavioral OF shiftreg IS
SIGNAL content: STD LOd C VECTOR(3 DOANTO 0);
BEG N
PROCESS( d ock)
BEG N
I F (d ock' EVENT AND C ock="1") THEN
CASE SHsel 1S

WHEN "01" => -- | oad
content <= D
WHEN " 10" => -- shift right, pad with bit from Serial _in

content <= Serial _in & content(3 DOANTO 1);
WHEN OTHERS =>

NULL;
END CASE;
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END | F,
END PRCCESS;

Q <= content;
Serial _out <= content(0);
END Behavi oral ;

Figure 8.8 Behavioral VHDL code for a 4-bit serial-to-parallel and parallel-to-serial shift register.

Marme 0] IIIIr-s 2'.IIIIIIII'=.. ':IIIIZr'-a A0 IIIIn*.= EII'IEII'-E. E|.'Ellin'> T00 Ons El:l.-lﬂl'i- 'EI.'IIII'.-'-=.. il
= Clock | | | | | | | | |
I SHEel o0 1 ] 1 10 H o | 10
= anal_in | |
=g T ] § 1070 ¥ TTan
aF content | 000 1 1010 | 1901 Y om0
=g Saenal_out |
&0 0000 1 1010 ¥ 1901 Y o010

Figure 8.9 Sample trace for the 4-bit serial-to-parallel and parallel-to-serial shift register.

8.3 Counters

Counters, as the name suggests, are for counting a sequence of values. However, there are many different types
of counters depending on the total nhumber of count values, the sequence of values that it outputs, whether it counts
up or down, and so on. The simplest is a modulo-n counter that counts the decimal sequence 0, 1, 2, ... up to n-1 and
back to 0. Some typical counters are described next.

Modulo-n counter:; Counts from decimal 0 to n — 1 and back to 0. For example, a modulo-5 counter sequence
in decimal is 0, 1, 2, 3, and 4.

Binary coded decimal (BCD) counter: Just like a modulo-n counter, except that n is fixed at 10. Thus, the
sequence is always from 0 to 9.

n-bit binary counter: Similar to modulo-n counter, but the range is from 0 to 2" — 1 and back to 0, where n is
the number of bits used in the counter. For example, a 3-bit binary counter sequence in decimal is 0, 1, 2, 3,
4,5,6,and 7.

Gray-code counter: The sequence is coded so that any two consecutive values must differ in only one bit. For
example, one possible 3-bit gray-code counter sequence is 000, 001, 011, 010, 110, 111, 101, and 100.
Ring counter: The sequence starts with a string of 0 bits followed by one 1 bit, as in 0001. This counter simply
rotates the bits to the left on each count. For example, a 4-bit ring counter sequence is 0001, 0010, 0100,

1000, and back to 0001.

We will now look at the design of several counters.
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8.3.1 Binary Up Counter

An n-bit binary counter can be constructed using a modified n-bit register where the data inputs for the register
come from an incrementer (adder) for an up counter, and a decrementer (subtractor) for a down counter. To get to
the next up-count sequence from the value that is stored in a register, we simply have to add a 1 to it. We can use the
full adder discussed in Section 4.2.1 as the input to the register, but we can do better. The full adder adds two
operands plus the carry. But what we want is just to add a 1, so the second operand to the full adder is always a 1.
Since the 1 can also be added in via the carry-in signal of the adder, we really do not need the second operand input.
This modified adder that only adds one operand with the carry-in is called a half adder (HA). Its truth table is
shown in Figure 8.10(a). We have a as the only input operand, ¢;, and c, are the carry-in and carry-out signals,
respectively, and s is the sum of the addition. In the truth table, we are simply adding a plus c;, to give the sum s and
possibly a carry-out, ¢, From the truth table, we obtain the two equations for ¢, and s shown in Figure 8.10(b).
The HA circuit is shown in Figure 8.10(c) and its logic symbol in (d).

a | Cin | Cou | S

0]0] 0|0

0|10 |1 Cout = @ Cin

110} 0 |1

1111 |0 s=alcj
(@) (b)

—<—C.
Cout <_G_ < am “Cout G
s 4_<((; <«—s HA ale—
(© (d)
Figure 8.10 Half adder: (a) truth table; (b) equations; (c) circuit; (d) logic symbol.

Several half adders can be daisy-chained together, just like with the full adders to form an n-bit adder. The
single operand input a comes from the register. The initial carry-in signal, co, is used as the count enable signal,
since a 1 on ¢y will result in incrementing a 1 to the register value, and a O will not. The resulting 4-bit binary up
counter circuit is shown in Figure 8.11(a), along with its operation table and logic symbol in (b) and (c). As long as
Count is asserted, the counter will increment by 1 on each clock pulse until Count is de-asserted. When the count
reaches 2" — 1 (which is equivalent to the binary number with all 1’s) the next count will revert back to 0, because
adding a 1 to a binary number with all 1’s will result in an overflow on the Overflow bit, and all of the original bits
will reset to 0. The Clear signal allows an asynchronous reset of the counter to 0.

Count—>
c c c _+

Overflow——c Ci Cout Cin Cout Cin Cout Cin

s HA al— S S S

D3 Q3 D, Qo D, Q1 Do Qo

>Clk > Clk >Clk >Clk
|7 Clear |7 Clear |7 Clear |7 Clear

@

Clock:
Clear

Y'Y
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—>Clear 4-bit Binary Overflow—
i Up Counter
Cliar Count — Opetratlton —{Count P Clock<j«—
x eset counter to zero
0 0 No change % % %
0 1 Count up l l l l
(b) ©

Figure 8.11 A 4-bit binary up counter with asynchronous clear: (a) circuit; (b) operation table; (c) logic symbol.

The behavioral VHDL code for the 4-bit binary up counter is shown in Figure 8.12. The statement
USE IEEE.STD_LOGIC_UNSIGNED.ALL is needed in order to perform additions on STD_LOGIC_VECTORs. The internal
signal value is used to store the current count. When Clear is asserted, value is assigned the value “0000” using the
expression OTHERS => '0'. Otherwise, if Count is asserted, then value will be incremented by 1 on the next rising
clock edge. Furthermore, the count in value is assigned to the counter output, Q, using the concurrent statement
Q <=value, because it is outside the PROCESS block. A sample simulation trace is shown in Figure 8.13.

LI BRARY | EEE;
USE | EEE. STD _LOd C_1164. ALL;
USE | EEE. STD_LOG C_UNSI GNED. ALL; -- need this to add STD_LOd C_VECTORs

ENTI TY counter |S PORT (

Clock: IN STD LCGE C;

Clear: IN STD LOd G;

Count: IN STD _LCG G,

Q: QUT STD LOG C VECTOR(3 DOANTO 0));
END counter;

ARCHI TECTURE Behavi oral OF counter |S
SI GNAL val ue: STD LOG C VECTOR(3 DOMNTO 0);

BEG N
PROCESS (d ock, Cear)
BEG N
IF Clear = '1'" THEN
val ue <= (OTHERS => '0"); -- 4-bit vector of 0, same as "0000"
ELSI F (C ock' EVENT AND C ock="'1") THEN
| F Count = '1'" THEN
val ue <= val ue + 1,
END | F;
END | F;
END PROCESS;

Q <= val ue;
END Behavi or al ;

Figure 8.12 Behavioral VHDL code for a 4-bit binary up counter.
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Figure 8.13 Simulation trace for the 4-bit binary up counter.

8.3.2 Binary Up-down Counter

We can design an n-bit binary up-down counter just like the up counter, except that we need both an adder and a
subtractor for the data input to the register. The half adder-subtractor (HAS) truth table is shown in Figure 8.14(a).
The Down signal is to select whether we want to count up or down. Asserting Down (setting to 1) will count down.
The top half of the table is exactly the same as the HA truth table. For the bottom half, we are performing a
subtraction of a — c;,, where s is the difference of the subtraction, and c, is a 1 if we need to borrow. For example,
for 0 — 1, we need to borrow, so cqy is a 1. When we borrow, we geta 2; and 2 -1 =1, so s is also a 1. The two
resulting equations for ¢, and s are shown in Figure 8.14(b). The circuit and logic symbol for the half adder-
subtractor are shown in Figure 8.14(c) and (d).

Down | a | Cin | Cout | S
0 0|0 0 |0
0 01 0 |1
0 110 0 |1
0 1]1)1 70 Cout = DOWN' & Ci, + Down &' ¢iy = (Down O a) ¢y
1 0[O0 0 |0
1 |j0j1]1 1 s =Down' (a O ¢;,) + Down (a O ¢;)) = a O Cin
1 110 0 |1
1 111 0|0
@ (b)
Down
Cout‘_G—q(:_' ; o i Dowr(1: L
out in
S< < «1 <«s HAS gle—
© (d)

Figure 8.14 Half adder-subtractor (HAS): (a) truth table; (b) equations; (c) circuit; (d) logic symbol.

We can simply replace the HAs with the HASs in the up counter circuit to get the up-down counter circuit, as
shown in Figure 8.15(a). Its operation table and logic symbol are shown in Figure 8.15(b) and (c). Again, the
Overflow signal is asserted each time the counter rolls over from 1111 back to 0000.

The VHDL code for the up-down counter, shown in Figure 8.16, is similar to the up counter code but with the
additional logic for the Down signal. If Down is asserted, then value is decremented by 1, otherwise it is
incremented by 1. To make the code a little bit different, the counter output signal, Q, is declared as an integer that
ranges from O to 15. This range, of course, is the range for a 4-bit binary value. Furthermore, the storage for the
current count, value, is declared as a variable of type integer rather than as a signal. Notice also, that the signal
assignment statement, Q <= value, is put inside the PROCESS block. Instead of being a concurrent statement (when it
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was placed outside the PROCESS block in Figure 8.12), it is now a sequential statement. A sample simulation trace is
shown in Figure 8.17.

Count—
Down = 1 1 ! |
C C C C
OVerﬂOW . Cotlnjowncin 2 Cotlnjowncin : COLE)OW”Cin - Cotlnjowncin _
| HAS 4| | HAS 4| | HAS | | HAS 4|
—Ds Q3 —D> Qo —D; Q1 —Do Qo
—b Clk —b Clk —b Clk —b Clk
Clear Clear Clear Clear
Clock —
Clear —
\ 4 \4 \4 \ 4
Q, Q, Q, Q,
(@)
. —>{Clear
Clear | Count | Down Operation —lcount 4-bit Binary Overflow—
1 X X Reset counter to zero Up-down Counter cl
—»{Down ock<te—
0 0 x No change Q Q Q Q
0 1 0 Count up 3 2 L 0
0 1 1 Count down l l l l
(b) (c)

Figure 8.15 A 4-bit binary up-down counter with asynchronous clear: (a) circuit; (b) operation table; (c) logic
symbol.

LI BRARY | EEE;
USE | EEE. STD_LOGQ C_1164. ALL,

ENTI TY udcounter IS PORT (

C ock: IN STD LOG G;

Clear: IN STD LOd G

Count: IN STD LCOA G

Down: |IN STD LOG G

Q@ OQUT I NTEGER RANGE 0 TO 15);
END udcount er;

ARCHI TECTURE Behavi oral OF udcounter |S
BEG N
PROCESS (d ock, Cear)
VARI ABLE val ue: | NTEGER RANGE 0 TO 15;
BEG N
IF (Cear = '1') THEN
val ue : = 0;
ELSIF (Cd ock' EVENT AND C ock="1"') THEN
IF (Count = "'1'") THEN
IF (Dowmn = '0") THEN
val ue : = value + 1;
ELSE
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val ue : = value - 1;
END | F;

END | F;
END | F;
Q <= val ue;
END PROCESS;

END Behavi or al ;

Figure 8.16 VHDL code for a 4-bit binary up-down counter.

Hare l 500 .0ns 1.0uz 1.5us 2.0uz 2.5us 3 0us 35us 4L
9= Clack H_mr SRSRERERSRERSRSRERERERERERED
= (el
= Count | |
= (e | |
g aabe | O 21 132 F 3 F 4 2 = R ERNEFERL HEFENESEEFENER
@wo [0 y1J2 3441 5 Keirisiofeyrieyshalataylsie

Figure 8.17. Simulation trace for the 4-bit binary up-down counter.

8.3.3 Binary Up-down Counter with Parallel Load

To make the binary counter more versatile, we need to be able to start the count sequence with any number
other than zero. This is accomplished easily by modifying our counter circuit to allow it to load in an initial value.
With the value loaded into the register, we can now count starting from this new value. The modified counter circuit
is shown in Figure 8.18(a). The only difference between this circuit and the up-down counter circuit shown in Figure
8.15(a) is that a 2-input multiplexer is added between the s output of the HAS and the D; input of the flip-flop. By
doing this, the input of the flip-flop can be selected from either an external input value (if Load is asserted) or the
next count value from the HAS output (if Load is de-asserted). If the HAS output is selected, then the circuit works
exactly like before. If the external input is selected, then whatever value is presented on the input data lines will be
loaded into the register. The operational table and logic symbol for this circuit are shown in Figure 8.18(b) and (c).

We have kept the Clear line, so that the counter can still be initialized to 0 at anytime. Notice that there is a
timing difference between asserting the Clear line to reset the counter to 0, as opposed to loading in a 0 by asserting
the Load line and setting the data input to a 0. In the first case, the counter is reset to 0 immediately after the Clear is
asserted, while the latter case will reset the counter to 0 at the next rising edge of the clock.

This counter can start with whatever value is loaded into the register, but it will always count up to 2" — 1,
where n is the number of bits for the register. This is when the register contains all 1’s. When the counter reaches the
end of the count sequence, it will always cycle back to 0, and not to the initial value that was loaded in. However,
we can add a simple comparator to this counter circuit so that the count sequence can start or end with any number
in between and cycle back to the new starting value, as shown in the next section.
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3 D2 1 DO
Y Y
Count —»
Down — T T T |
C Down c Down c Down c Down
OVerﬂOW < . out Cin c out in out in : out Cin _
s HAS aj— s HAS aj— s HAS aj— s HAS al—
= N N
D3 Q34 D, Qo4 D, Q14 Do Qo4
> Clk > Clk > Clk >Clk
|7 Clear |7 Clear |7 Clear Clear
Clock —» . .
Clear —»
v v A\ 4
Q3 QZ Q]_ QO
(@)
Clear | Load | Count | Down Operation D D D D
—>Clear ° 2 . 0
1 X X x Reset counter to zero 4-bit Binary Overflowl—
0 0 0 x__| Nochange — Count Up-down Counter
0 0 1 0 | Countup —Down  ith Parallel Load  Cjockde—
0 0 1 1 Count down —{Load
0 1 X X Load value % le (il Qlo
(b) (c)

Figure 8.18. A 4-bit binary up-down counter with parallel load and asynchronous clear: (a) circuit; (b) operation
table; (c) logic symbol.

8.3.4 BCD Up Counter

A limitation with the binary up-down counter with parallel load is that it always counts up to 2" — 1 for an n bit
register and then cycles back to zero. If we want the count sequence to end at a number less than 2" — 1, we need to
use an equality comparator to test for this new ending number. The comparator compares the current count value
that is in the register with this new ending number. When the counter reaches this new ending number, the
comparator asserts its output.

The counter can start from a number that is initially loaded in. However, if we want the count sequence to cycle
back to this new starting number each time, we need to assert the Load signal at the end of each count sequence and
reload this new starting number. The output of the comparator is connected to the Load line, so that when the
counter reaches the ending number, it will assert the Load line and loads in the starting number. Hence, the counter
can end at a new ending number and cycles back to a new starting number.

The binary coded decimal (BCD) up counter counts from 0 to 9 and then cycles back to 0. The circuit for it is
shown in Figure 8.19. The heart of the circuit is just the 4-bit binary up-down counter with parallel load. A 4-input
AND gate is used to compare the count value with the number 9. When the count value is 9, the AND gate comparator
outputs a 1 to assert the Load line. Once the Load line is asserted, the next counter value will be the value loaded in
from the counter input D. Since D is connected to all 0’s, the counter will cycle back to 0 at the next rising clock
edge. The Down line is connected to a 0, since we only want to count up.
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Figure 8.19 BCD up counter.

In order for the timing of each count to be the same, we must use the Load operation to load in the value O,
rather than using the Clear operation. If we connect the output of the AND gate to the Clear input instead of the Load
input, we will still get the correct count sequence. However, when the count reaches 9, it will change to a 0 almost
immediately, because when the output of the AND gate asserts the asynchronous Clear signal, the counter is reset to
0 right away and not at the next rising clock edge.

Example 8.1: Constructing an up counter circuit
This example uses the 4-bit binary up-down counter with parallel load to construct an up counter circuit that
counts from 3 to 8 (in decimal), and back to 3.

The circuit for this counter, shown in Figure 8.20, is almost identical to the BCD up counter circuit. The only
difference is that we need to test for the number 8 instead of 9 as the last number in the sequence, and the first
number to load in is a 3 instead of a 0. Hence, the inputs to the AND gate for comparing with the binary counter
output is 1000, and the number for loading in is 0011. .

S N N
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—>Clear overfl
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| Count Up-down Counter
—>

Down  ith Parallel Load Clock<q«—

Q, Q Q Q
]




Digital Logic and Microprocessor Design with VHDL Chapter 8 - Sandard Sequential Components

The BCD up-down counter circuit is shown in Figure 8.21. Two 5-input AND gates acting as comparators are
used. The one labeled “Up” will output a 1 when Down is de-asserted (i.e., counting up), and the count is 9. The one
label “Dn” will output a 1 when Down is asserted, and the count is 0. The Load signal is asserted by either one of
these two AND gates. Four 2-to-1 multiplexers are used to select which of the two starting values, 0000 or 1001, is to
be loaded in when the Load line is asserted. The select lines for these four multiplexers are connected in common to
the Down signal, so that when the counter is counting up, 0000 is loaded in when the counter wraps around, and
1001 is loaded in when the counter wraps around while counting down. It should be obvious that the two values,
0000 and 1001, can also be loaded in without the use of the four multiplexers.

10 00 00 10

A4 A4 \4
D D D D
Clear >IClear ° 2 1 0
Count > Count 4-bit Binary ~ Overflow—
Up-down Counter
Down > DOV‘(’;‘ with Parallel Load  ¢Jockde—
» Loa
QS QZ Ql Qo
Y \ 4 )2 v
Up =
Dn p—
v \4

v A\ 4
QG Q Q Q
Figure 8.21 BCD up-down counter.

Example 8.2: Constructing an up-down counter circuit

This example uses the 4-bit binary up-down counter with parallel load to construct an up-down counter circuit
that outputs the sequence, 2, 5, 9, 13, and 14, repeatedly.

The 4-bit binary counter can only count numbers consecutively. In order to output numbers that are not
consecutive, we need to design an output circuit that maps from one number to another number. The required
sequence has five numbers, so we will first design a counter to count from 0 to 4. The output circuit will then map
the numbers, 0, 1, 2, 3, and 4 to the required output numbers, 2, 5, 9, 13, and 14, respectively.

The inputs to the output circuit are the four output bits of the counter, Qs, Q,, Q1, and Q,. The outputs from this
circuit are the modified four bits, O3, O,, Oy, and O,, for representing the five output numbers. The truth table and
the resulting output equations for the output circuit are shown in Figure 8.22(a) and (b), respectively. The easiest
way to see how the output equations are obtained is to use a K-map and put in all of the don’t-cares. The complete
counter circuit is shown in Figure 8.22(c). .
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Figure 8.22 Counter for Example 8.2.

8.4 Register Files

When we want to store several numbers concurrently in a digital circuit, we can use several individual registers
in the circuit. However, there are times when we want to treat these registers as a unit, similar to addressing the
individual locations of an array or memory. So, instead of having several individual registers, we want to have an
array of registers. This array of registers is known as a register file. In a register file, all of the respective control
signals for the individual registers are connected in common. Furthermore, all of the respective data input and output
lines for all of the registers are also connected in common. For example, the Load lines for all of the registers are
connected together, and all of the d; data lines for all of the registers are connected together. So the register file has
only one set of input lines and one set of output lines for all of the registers. In addition, address lines are used to
specify which register in the register file is to be accessed.

In a microprocessor circuit requiring an ALU, the register file usually is used for the source operands of the
ALU. Since the ALU usually takes two input operands, we like the register file to be able to output two values from
possibly two different locations of the register file at the same time. So, a typical register file will have one write
port and two read ports. All three ports will have their own enable and address lines. When the read enable line is
de-asserted, the read port will output a 0. On the other hand, when the read enable line is asserted, the content of the
register specified by the read address lines is passed to the output port. The write enable line is used to load a value
into the register specified by the write address lines.

276



Digital Logic and Microprocessor Design with VHDL Chapter 8 - Sandard Sequential Components

The logic symbol for a 4 x 8 register file (four registers, each being 8-bits wide) is shown in Figure 8.23. The 8-
bit write port is labeled In, and the two 8-bit read ports are labeled Port A and Port B. WE is the active-high write
enable line. To write a value into the register file, this line must be asserted. The WA; and WA, are the two address
lines for selecting the write location. Since there are four locations in this register file, two address lines are needed.
The RAE line is the read enable line for Port A. The two read address select lines for Port A are RAA; and RAA,. For
Port B, we have the Port B enable line, RBE, and the two address lines, RBA; and RBA,.

is

—|WE

—>{WA, Clock<ge—
— WA, 4x8

—»RAE Register File RBE {«—
—RAA, RBA, [«—
—RAA;  port Port RBAg[«—

A B
fs {8
Figure 8.23 Logic symbol for a 4 x 8 register file.

The register circuit from Figure 8.1 does not have any control for the reading of the data to the output port. In
order to control the output of data, we can use a 2-input AND gate to enable or disable each of the data output lines,
Qi. We want to control all the data output lines together, therefore, one input from all of the 2-input AND gates are
connected in common. When this common input is set to a 0, all the AND gates will output a 0. When this common
input is set to a 1, the output for all of the AND gates will be the value from the other input. An alternative to using
AND gates to control the read ports is to use tri-state buffers. Instead of outputting a 0 when disabled, the tri-state
buffers will have a high impedance.

Our register file has two read ports, that is, two output controls for each register. So, instead of having just one
2-input AND gate per output line, Q;, we need to connect two AND gates to each output line: one for Port A, and one
for Port B. An 8-bit wide register file cell circuit will have eight AND gates for Port A, and another eight AND gates
for Port B, as shown in Figure 8.24. AE and BE are the read enable signals for Port A and Port B, respectively. For
each read port, the read enable signal is connected in common to one input of all of the eight AND gates. The second
input from each of the eight AND gates connects to the eight output lines, Qq to Q.

AE
. 1 Q
Write Port L Read
’tg . Port_A
8-bit Q,,~—t—9
—P  Register 8 1T 8
Read
38 Port_B

Figure 8.24 An 8-bit wide register file cell with one write port and two read ports.

For a 4 x 8 register file, we need to use four 8-bit register file cells. In order to select which register file cell we
want to access, three decoders are used to decode the addresses, WA;, WA,, RAA;, RAA,;, RBA;, and RBA,. One
decoder is used for the write addresses, WA; and WA,; one for the Port A read addresses, RAA; and RAA,; and one
for the Port B read addresses, RBA; and RBA,. The decoders’ outputs are used to assert the individual register file
cell’s write line, Load, and read enable lines, AE, and BE. The complete circuit for the 4 x 8 register file is shown in
Figure 8.25. The respective read ports from each register file cell are connected to the external read port through a 4-
input x 8-bit OR gate.
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For example, to read from Register 3 through Port B, the RBE line has to be asserted, and the Port B address
lines, RBA, and RBA;, have to be set to 11, (for Register 3). The data from Register 3 will be available immediately
on Port B. To write a value to Register 2, the write address lines, WA, and WA, are set to 10,, and then the write
enable line, WE, is asserted. The data at input D is then written into Register 2 at the next active (rising) clock edge.
Since all three decoders can be enabled at the same time, therefore, the two read operations and the write operation
can all be asserted together.

Input D

A 4
48

WA —A, Y, Load Pos BE

oo
-

WA —1A; 2404 V1 P  Register
DecoderY2 x8 7 Bor B

WE—> E Y

Y, Agl—RAA

Y1 2404 Alfe—RAA
y_ Decoder
2

—1Y, E [«—RAE

Qo7

oo

Y A

o[ —RBA,

Y1 2-0-4 Aj—RBA;
Y, Decoder

Qor

[N

Y, E [«—RBE

Qo

oo

—>>  Register

Clock

8

PortA  PortB

Figure 8.25 A 4 x 8 register file circuit with one write port and two read ports.

In terms of the timing issues, the data on the read ports are available immediately after the read enable line is
asserted, whereas, the write occurs at the next active (rising) edge of the clock. Because of this, the same register can
be accessed for both reading and writing at the same time; that is, the read and write enable lines can be asserted at
the same time using the same read and write address. When this happens, then the value that is currently in the
register is read through the read port, and a new value will be written into the register at the next rising clock edge.
This timing is shown in Figure 8.26. The important point to remember is that, when the read and write operations are
performed at the same time on the same register, the read operation always reads the current value stored in the
register and never the new value that is to be written in by the write operation. The new value written in is available
only after the next rising clock edge.
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Figure 8.26 Read and write timings for a register file cell.

The VHDL code for the 4 x 8 register file is shown in Figure 8.27. The main code is composed of three
processes: the write process and the two read port processes. These three processes are similar to three concurrent
statements in that they are executed in parallel. The write process is sensitive to the clock, and because of the IF
clock statement in the process, a write occurs only at the rising edge of the clock signal. The two read port processes
are not sensitive to the clock but only to the read enable and read address signals. So the read data is available
immediately when these lines are asserted. The function CONV_INTEGER(WA) converts the STD_LOGIC_VECTOR WA
to an integer so that the address can be used as an index into the RF array.

A sample simulation trace is shown in Figure 8.28. In the simulation trace, both the write address, WA, and Port
A read address, RAA, are set to Register 3. At 0 ns, the input data, D, is 5. With write enable, WE, asserted, the data 5
is stored into RF(3) at the next rising edge of the clock, which happens at 100 ns. When RAE is asserted at 200 ns,
the data 5 from RF(3) is available on Port A
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ReadPort A: PROCESS (RAA, RAE)

BEG N
-- Read Port A
IF (RAE = '1') THEN
Port A <= RF(CONV_I NTEGER(RAA)); -- fn to convert fromvector to integer
ELSE
PortA <= (others => '0');
END | F;
END PROCESS;
ReadPort B: PROCESS (RBE, RBA)
BEG N
-- Read Port B
IF (RBE = '1') THEN
Port B <= RF(CONV_I NTEGER(RBA)); -- fn to convert fromvector to integer
ELSE
PortB <= (others => '0');
END | F;
END PROCESS;

END Behavi or al ;

Figure 8.27 VHDL code for a 4 x 8 register file with one write port and two read ports.
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Figure 8.28 Sample simulation trace for the 4 x 8 register file.

8.5 Static Random Access Memory

Another main component in a computer system is memory. This can refer to either random access memory
(RAM) or read-only memory (ROM). We can make memory the same way we make the register file but with more
storage locations. However, there are several reasons why we don’t want to. One reason is that we usually want a lot
of memory and we want it very cheap, so we need to make each memory cell as small as possible. Another reason is
that we want to use a common data bus for both reading data from, and writing data to the memory. This implies
that the memory circuit should have just one data port (and not two or three like the register file) for both reading
and writing of data.

The logic symbol, showing all of the connections for a typical RAM chip is shown in Figure 8.29(a). There is a
set of data lines, D;, and a set of address lines, A;. The data lines serve for both input and output of the data to the
location that is specified by the address lines. The number of data lines is dependent on how many bits are used for
storing data in each memory location. The number of address lines is dependent on how many locations are in the
memorg chip. For example, a 512-byte memory chip will have eight data lines (8 bits = 1 byte) and nine address
lines (2° = 512).

280



Digital Logic and Microprocessor Design with VHDL Chapter 8 - Sandard Sequential Components

In addition to the data and address lines, there are usually two control lines: chip enable (CE), and write enable
(WR). In order for a microprocessor to access memory, either with the read operation or the write operation, the
active-high CE line must first be asserted. Asserting the CE line enables the entire memory chip. The active-high
WR line selects which of the two memaory operations is to be performed. Setting WR to a 0 selects the read operation,
and data from the memory is retrieved. Setting WR to a 1 selects the write operation, and data from the
microprocessor is written into the memory. Instead of having just the WR line for selecting the two operations, read
and write, some memory chips have both a read enable and a write enable line. In this case, only one line can be
asserted at any one time. The memory location in which the read and write operations are to take place, of course, is
selected by the value of the address lines. The operation of the memory chip is shown in Figure 8.29(b).

— An—l
A 2" xm CE | WR Operation
=) Al RAM 0 [ x [ None
Slee 1 0 | Read from memory location selected by address lines
—WR D__...D,D, 1 1 | Write to memory location selected by address lines

Voo

(@) (b)
Figure 8.29 A 2" x m RAM chip: (a) logic symbol; (b) operation table.

Notice in Figure 8.29(a) that the RAM chip does not require a clock signal. Both the read and write memory
operations are not synchronized to the global system clock. Instead the data operations are synchronized to the two
control lines, CE and WR. Figure 8.30(a) shows the timing diagram for a memory write operation. The write
operation begins with a valid address on the address lines, followed immediately by the CE line being asserted.
Shortly after, valid data must be present on the data lines, and then the WR line is asserted. As soon as the WR line is
asserted, the data that is on the data lines is then written into the memory location that is addressed by the address
lines.

A memory read operation also begins with setting a valid address on the address lines, followed by CE going
high. The WR line is then pulled low, and shortly after, valid data from the addressed memory location is available
on the data lines. The timing diagram for the read operation is shown in Figure 8.30(b).

Each bit in a static RAM chip is stored in a memory cell similar to the circuit shown in Figure 8.31(a). The main
component in the cell is a D latch with enable. A tri-state buffer is connected to the output of the D latch so that it
can be selectively read from. The Cell enable signal is used to enable the memory cell for both reading and writing.
For reading, the Cell enable signal is used to enable the tri-state buffer. For writing, the Cell enable together with the
Write enable signals are used to enable the D latch so that the data on the Input line is latched into the cell. The logic
symbol for the memory cell is shown in Figure 8.31 (b).

Address X valid Address X Address X Valid Address X
Data X Valid Data X Data X validbata X
ceE  / \ cE / \
WR / N wrR o\ /S

(@) (b)

Figure 8.30 Memory timing diagram: (a) read operation; (b) write operation.
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Cell
enable
Y Cell
enable
Input — D Q4l£—> Output y
:D_E Input > MC > Output
T
1 Write
Write enable
enable
(@) (b)

Figure 8.31 Memory cell: (a) circuit; (b) logic symbol.

To create a 4 x 4 static RAM chip, we need sixteen memory cells forming a 4 x 4 grid, as shown in Figure 8.32.
Each row forms a single storage location, and the number of memory cells in a row determines the bit width of each
location. So all of the memory cells in a row are enabled with the same address. Again, a decoder is used to decode
the address lines, Aq and A;. In this example, a 2-to-4 decoder is used to decode the four address locations. The CE
signal is for enabling the chip, specifically to enable the read and write functions through the two AND gates. The
internal WE signal, asserted when both the CE and WR signals are asserted, is used to assert the Write enables for all
of the memory cells. The data comes in from the external data bus, D;, through the input buffer and to the Input line
of each memory cell. The purpose of using an input buffer for each data line is so that the external signal coming in
only needs to drive just one device (the buffer) rather than having to drive several devices (i.e., all of the memory
cells in the same column). Which row of memory cells actually gets written to will depend on the given address. The
read operation requires CE to be asserted and WR to be de-asserted. This will assert the internal RE signal, which in
turn will enable the four output tri-state buffers at the bottom of the circuit diagram. Again, the location that is read
from is selected by the address lines.

The VHDL code for a 16 x 4 RAM chip is shown in Figure 8.33. The bi-directional data port, D, is declared as
BUFFER S0 that it can be read from and written to. The actual memory content is stored in the variable mem, which is
an array of size 16 of type STD_LOGIC_VECTOR.
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END PROCESS;
END Behavi or al ;

Figure 8.33 VHDL code for a 16 x 4 RAM chip.

8.6 *Larger Memories

In general, there is always a need for larger memories. Because of product availability constraints, we need to
construct these larger memories from multiple, smaller memory chips. Larger memory requirements can be for
either more memory locations, wider bit widths for each location, or both.

8.6.1 More Memory Locations

For example, we may want to have a 1 K x 8-bit memory built using multiple 256 x 8-bit memory chips. Using
such small numbers is archaic, but you get the idea. In this case, we would need four of these 256 x 8-bit memory
chips, since 1 K = 4 x 256. A 256 x 8-bit memory chip has eight address lines, since 2° = 256. To decode four chips,
we need an additional two address lines to enable which of the four chips we want to address. Thus, we need a total
of ten address lines with the first eight, Ay to A;, connected, respectively, in common directly to the eight address
lines on the four chips, and the last two lines, Ag and Ag, connected to the address inputs of a 2-to-4 decoder. The
four outputs from the decoder are used to assert the chip enable, CE, line of the four memory chips, RAM, to RAM;.
The data lines and the write enable lines are all connected, respectively, in common. The circuit is shown in Figure
8.34(a).

The 256-byte memory chip, RAMq, is enabled when the address bits, Ag and A, are 00. Hence, the address
range for RAM;y is from 0 to 255 (0000000000 to 0011111111 in binary). Similarly, RAM; is enabled when the
address bits, Ag and Ay, are 01. Hence, the address range for RAM; is from 256 to 511 (0100000000 to 0111111111
in binary). The address range for RAM, is from 512 to 767 (1000000000 to 1011111111 in binary), and the address
range for RAM; is from 768 to 1023 (1100000000 to 1111111111 in binary).

A particular memory location is accessed as follows. If we want to write to memory location 717, which is
binary 1011001101, the Y, line of the decoder would be asserted, since bits 8 and 9 are “10.” This Y, line in turn
asserts the CE line of the RAM, chip, while the remaining RAM chips are disabled. Finally, within the RAM, chip
that is enabled, location 205, which is binary 11001101 from bits 0 to 7 of the original address, is selected. Location
205 in the third RAM chip is location 717 for the entire memory, since 256 + 256 + 205 = 717.

8.6.2 Wider Bit Width

We may also want to have wider bit width for each memory location made from smaller ones. For example, we
may want to have a memory that is 512 locations x 16-bits wide made from 256 x 8-bit memory chips. Again, we
would need four 256-byte memory chips, but connected as shown in Figure 8.34(b). For 512 locations, only nine
address lines are needed, with the first eight, Ay to A;, connected, respectively, in common directly to the eight
address lines on the four chips, and the last line, Ag, connected to the address input of a 1-to-2 decoder. For a 16-bit
wide data bus, we need to connect two 8-bit wide chips in parallel so that each two similar 8-bit wide location in the
two chips can be combined together to form a 16-bit wide location. Since these two chips need to work together,
their chip enable, CE, lines must be connected in common and asserted by the same output from the decoder.

Memory chips RAM, and RAM;, are for storing the data bits Dy to D7, while memory chips RAM; and RAM;
are for storing the data bits Dg to Dys. The address range for RAM, and RAM; is from 0 to 255 (000000000 to
011111111 in binary), and the address range for RAM, and RAM; is from 256 to 511 (100000000 to 111111111 in
binary).
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Address: 0-511

| I
A,CE WR
< RAM,
-é‘- S 256x8
YO - AO D7 se e D0
/
I
Address: 512-1023 8
A9—>— Ao
A >— A A, CE  WR
R o RAM,
’78" T 256x8
2_t0_4 AO D7 ese e DO
Decoder | A §
Address: 1024-1535 8
Y2 |
A, CE WR
o RAM,
E-—E ’78" * 256x8
AO D7 LN ] DO
Y3 ] I—/——.
Address: 1536-2047 ©
| I
A, CE WR
o RAM,
’78" * 256x8
AO D7 LN ) DO
8
A A
Ag WR D,

Figure 8.35 A 2 M-byte memory circuit for Example 8.3.
Example 8.4: Determining an address range

What is the address range for the Ys line in the following circuit?

Y L

A™1Ao 0
A A Y, —

Ap>—A,
A>—A, Yo —
sos Y
Decoder

—
Y —>
E-»—E Y6_
Y7 —
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Y5 is asserted when the address lines, Ais, Ao, Aqg, and Ay, are 0101. The lowest address is when the ten low-

order address bits, Ag to Ay, are all 0’s, and the highest address is when these ten bits are all 1’s. Hence, the address
range for Ys is from 01010000000000 to 01011111111111 in binary or 5120 to 6143 in decimal. .

8.7 Summary Checklist

Ooo0oO0oO0oO0OO0DD0ODDO0ODDODD

Registers

Serial-to-Parallel Shift Registers

Parallel-to-Serial Shift Registers

Binary counters

Binary up-down counters

BCD counters

BCD up-down counters

Counters for random sequences

Register files

Random access memories (RAM)

Building more memory locations using smaller RAM chips
Building wider bit-width memories using smaller RAM chips

8.8 Problems

8.1.

8.2.

8.3.

8.4.

8.5.

8.6.

8.7.

8.8.

8.9.

8.10.

The 4-bit binary up counter VHDL code shown in Figure 8.12 does not have the Overflow output signal.
Modify the code to include the Overflow signal.

For the BCD up counter circuit shown in Figure 8.19, what happens if the output of the AND gate comparator
is connected to the Clear signal instead of to the Load signal? Will it produce the same waveform? Explain
your observations.

In the BCD up-down counter circuit shown in Figure 8.21, four 2-input multiplexers are used to select the
correct value to be loaded in. Modify the circuit so that the multiplexers are not needed.

Write the behavioral VHDL code for the BCD up-down counter.

Use the 4-bit binary up-down counter with parallel load to construct an up-down counter circuit that counts
from 0 to 7 decimal and back to 0.

Use the 4-bit binary up-down counter with parallel load to construct an up-down counter circuit that counts
from 5 to 13 decimal and back to 5.

Use the 4-bit binary up-down counter with parallel load to construct an up-down counter circuit that outputs
the sequence: 7, 12, 19, 36, 42, 58, and 57, repeatedly.

Use the 4-bit binary up-down counter with parallel load to construct an up-down counter circuit that outputs
the sequence: 4, 8, 5, 3, 16, and 7, repeatedly.

Write the behavioral VHDL code for the BCD up-down counter.

Write the structural VHDL code for the BCD up-down counter based on the circuit diagram shown in Figure
8.21. Use the 4-bit binary up-down counter VHDL code as a component.

8.11. What are the valid address ranges for the Y5 and Y lines in the following circuits?
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8.12. Design a 32 M-byte memory using 4 M-byte RAM chips. Label all of the signals clearly.

(©

8.13. Design an 8 M-byte memory using 2 M x 4-bit RAM chips. Label all of the signals clearly.
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END PRCCESS;
ReadPor t B: PROCESS (RBE, RBA)
BEG N
IF (RBE = "1'") then
Bout <= RF(CONV_I NTEGER(RBA)); -- convert bit VECTOR to integer
ELSE
Bout <= (others =>"'0");
END | F;
END PROCESS;

END Behavi or al ;

-- ALU

LI BRARY | EEE;

USE | EEE. STD LOGd C 1164. ALL,;

-- need the following to performarithnetics on STD LOG C VECTORs
USE | EEE. STD LOGQ C_UNSI GNED. ALL;

ENTITY alu IS PORT (

ALUSel : IN STD LOG C VECTOR(2 DOANTO 0); -- select for operations
A, B: IN STD LOG C VECTOR(7 DOANTO 0); -- input operands
F: OQUT STD LOG C_VECTOR(7 DOANTO 0)); -- out put
END al u;
ARCHI TECTURE Behavior OF alu IS
BEG N
PROCESS( ALUSel , A, B)
BEG N
CASE ALUSel IS
WHEN " 000" => -- pass A through
F <= A
VWHEN " 001" => -- AND
F <= A AND B;
VWHEN " 010" => -- OR
F <= A OR B
VWHEN " 011" => -- NOT
F <= NOT A
VWHEN " 100" => -- add
F <= A+ B
WHEN " 101" => -- subtract
F<=A- B
VWHEN " 110" => -- increment
F<=A+1,
VWHEN ot hers => -- decrenent
F<=A-1;
END CASE;
END PROCESS;

END Behavi or;

-- Shifter
LI BRARY | EEE;
USE | EEE. STD LOd C 1164. ALL;

ENTITY shifter IS PORT (
SHSel : IN STD LOG C VECTOR(1 DOANTO 0) ; -- select for operations
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input: IN STD LOG C VECTOR(7 DOANTO 0); -- input operands
output: OUT STD LOG C VECTOR(7 DOANTO 0)); -- output
END shifter;
ARCHI TECTURE Behavi or OF shifter IS
BEG N
PROCESS( SHSel , i nput)
BEG N
CASE SHSel |S
WHEN " 00" => -- pass through
out put <= input;
VWHEN " 01" => -- shift right
out put <= input(6 DOMNNTO 0) & '0';
VWHEN " 10" => -- shift left
output <= '0" & input(7 DOMNTO 1);
WHEN OTHERS => -- rotate right
out put <= input(0) & input(7 DOMNTO 1);
END CASE;
END PROCESS;

END Behavi or;

-- Tri-state buffer
LI BRARY | EEE;
USE | EEE. STD LOd C 1164. ALL;

ENTITY Tri StateBuffer 1S PORT (
E: IN STD LOG G
D: IN STD LOd C VECTOR(7 DOMNTO 0) ;
Y: OUT STD LOG C VECTOR(7 DOANTO 0));
END Tri St at eBuffer;

ARCHI TECTURE Behavi oral OF Tri StateBuffer IS

BEG N
PROCESS (E, D) -- get error nessage if no d
BEG N
IF (E="'1) THEN
Y <= D
ELSE
Y <= (OTHERS => 'Z'); -- to get 8 Z val ues
END | F;
END PROCESS;

END Behavi or al ;

Figure 9.43 Components for the datapath of Figure 9.32.

LI BRARY | EEE;
USE | EEE. STD LOd C_1164. ALL,

ENTI TY datapath 1S PORT (
clock: IN STD LQQ C;
input: IN STD LOG C VECTOR( 7 DOWNTO 0 );
IE, WVE: IN STD LOA C;

WA: IN STD_LOG C_VECTOR (1 DOANTO 0);
RAE: I N STD_LOA C,
RAA: I N STD_LOG C_VECTOR (1 DOMNTO 0);
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RBE: IN STD LOG C
RBA: | N STD LOG C_VECTOR (1 DOANTO 0);
aluSel : IN STD_LOG C_VECTOR(2 DOANTO 0);
shSel : IN STD LOG C_VECTOR (1 DOANTO 0);
CE: IN STD_LOG G

output: OUT STD LOG C_VECTOR(7 DOANTO 0));
END dat apat h;

ARCHI TECTURE Structural OF datapath IS

COVPONENT mux2 PORT (

S: IN STD LOd C, -- select lines
D1, DO: IN STD LOG C VECTOR(7 DOANTO 0); -- data bus input
Y: QUT STD LOG C VECTOR(7 DOANTO 0)); -- data bus out put

END COVPONENT;

COVPONENT regfile PORT (

clk: IN STD LG4 C; --clock

VWE: IN STD LQd C; --write enable

WA: I N STD LOd C VECTOR(1 DOANTO 0); --write address

input: IN STD LOG C VECTOR(7 DOANTO 0); --i nput

RAE: IN STD LGOd C; --read enable ports A& B
RAA: IN STD LOG C VECTOR(1 DOANTO 0); --read address port A& B
RBE: IN STD LOd C; --read enable ports A &B
RBA: IN STD LOG C VECTOR(1 DOWNTO 0); --read address port A& B
Aout, Bout: OUT STD LOG C VECTOR(7 DOANTO 0)); --output port A& B

END COMPONENT;

COVPONENT al u PORT (

ALUSel : IN STD LOG C VECTOR(2 DOANTO 0); -- select for operations
A, B: IN STD LOG C VECTOR(7 DOANTO 0); -- input operands
F: OQUT STD LOG C VECTOR(7 DOANTO 0)); -- out put

END COVPONENT;

COVPONENT shi fter PORT (

SHSel : IN STD LOG C VECTOR(1 DOMNTO 0); -- select for operations
input: IN STD LOG C VECTOR(7 DOANTO 0) ; -- input operands
out put: OUT STD LOG C VECTOR(7 DOANTO 0)); -- out put

END COVPONENT;

COVPONENT tri st atebuffer PORT (
E: IN STD_LCG G
D: IN STD_LOG C_VECTOR(7 downto O);
Y: OUT STD_LOG C VECTOR(7 downto 0));
END COVPONENT;

SI GNAL nuxout, rfAout, rfBout: STD LOG C VECTOR( 7 DOANTO 0 );
SI GNAL al uout, shiftout, tristateout: STD LOG C VECTOR( 7 DOANTO 0 );

BEG N
-- doing structural nodeling here
U0: rmux2 PORT MAP( I E, input, shiftout, mnuxout );
Ul: regfile PORT MAP(cl ock, iEE, WA, muxout , RAE, RAA, RBE, RBA, r f Aout, r f Bout );
U2: alu PORT MAP( ALUsel, rfAout, rfBout, aluout );
U3: shifter PORT MAP(SHSel , al uout, shiftout);
U4: tristatebuffer PORT MAP((]E shiftout, tristateout);
output <= tristateout;
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‘ END Structural;

Figure 9.44 Datapath of Figure 9.32 constructed at the structural level.

9.9 Summary Checklist

Datapath

Dedicated datapath

Control signals

Status signals

Control word

General datapath

Register-transfer level design

Timing issues (when a register is updated)

Be able to design a dedicated datapath from an algorithm
Be able to generate the status signals

Be able to use a given datapath by deriving the control words for it to implement an algorithm

| I S S I S S W W Why Wiy =

9.10 Problems

9.1. Derive the truth table for the circuit in Figure P9.1. The truth table should only have columns for the control
signal inputs and outputs. The data inputs, D, to Ds, are written in the table entries.

Dy D, Dy Dy

A — 1-to-2 0 ./

Decoder —

Subtract +/-

OutE

Output
Figure P9.1.

Answer:

Ay Subtract | OutE | Output
0 0 Z

D; + Dy

D; - Dy

o|lo|o|o|o|o
=== =1l
olo|r|r|o
==

D3 + Dy
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9.2.

9.3.

9.4.

9.5.

9.6.

9.7.

9.8.

9.9.

9.10.

01 1 0 Z
01 1 1 D3 - Dy
110 0 0 Z
110 0 1 D; + Dy
110 1 0 Z
110 1 1 D; - Dy
111 0 0 Z
111 0 1 D,+D,
111 1 0 Z
111 1 1 D,-D;

Use schematic entry to implement the general datapath shown in Figure 9.27.
Test the datapath from Problem 9.2 by performing a simulation on the algorithm shown in Figure 9.28.

Implement the datapath from Problem 9.2 on the UP2 board. Perform sample tests to show that it operates
correctly.

Write the VHDL code for the general datapath shown in Figure 9.27.

Use simulation to show that the synthesized circuits from Problem 9.2 and Problem 9.5 perform functionally
identical to each other.

Use schematic entry to implement the general datapath shown in Figure 9.32.
Test the datapath from Problem 9.7 by performing a simulation on the algorithm shown in Figure 9.31.

Implement the datapath from Problem 9.7 on the UP2 board. Perform sample tests to show that it operates
correctly.

Test the datapath from Problem 9.7 by performing a simulation on the algorithm shown in Figure 9.35.

9.10.1 Use schematic entry to implement the datapath for Counting 1 to 10

9.11.

Example 9.4.

9.10.2 Simulate and test the datapath for Counting 1 to 10

9.12.

Example 9.4.

9.10.3 Write the VHDL code for the datapath for Counting 1 to 10

9.13.

Example 9.4.

9.10.4 Use schematic entry to implement the datapath for Summation of n Down to 1

9.14.

Example 9.5.

9.10.5 Simulate and test the datapath for Summation of n Down to 1

9.15.

Example 9.5.
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9.10.6 Write the VHDL code for the datapath for Summation of n Down to 1

9.16.

Example 9.5.

9.10.7 Use schematic entry to implement the datapath for Factorial of n

9.17.

Example 9.6.

9.10.8 Simulate and test the datapath for Factorial of n

9.18.

Example 9.6.

9.10.9 Write the VHDL code for the datapath for Factorial of n

9.19.

Example 9.6.

9.10.10 Use schematic entry to implement the datapath for Count 0's and 1’s

9.20.

Example 9.7.

9.10.11 Simulate and test the datapath for Count 0’s and 1's

9.21.

Example 9.7.

9.10.12 Write the VHDL code for the datapath for Count 0's and 1’s

9.22.

9.23.

9.24.

9.25.

9.26.

9.27.

9.28.

Example 9.7.

Derive and simulate the control words using the datapath shown in Figure 9.32 for inputting two 8-bit
unsigned numbers, and then output the largest number.

Derive and simulate the control words using the datapath shown in Figure 9.32 for inputting three 8-bit
unsigned numbers, and then output the largest number, followed by the second largest.

Derive and simulate the control words using the datapath shown in Figure 9.32 for inputting ten 8-bit
unsigned numbers, and then output the sum of the numbers.

Derive and simulate the control words using the datapath shown in Figure 9.32 for inputting multiple 8-bit
unsigned numbers until a zero is entered, and then output the number of numbers entered.

Derive and simulate the control words using the datapath shown in Figure 9.32 for inputting an 8-bit unsigned
number, and then output the number of 1 bits in the number. For example, the number 11010110 has five 1
bits.

Derive and simulate the control words using the datapath shown in Figure 9.32 for solving the Greatest
Common Divisor (GCD) algorithm shown in Figure P9.28.

WHI LE (X # Y){
IF (X <Y) THEN
Y=Y- X
ELSE
X=X- Y
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Figure P9.28.

Design an 8-bit de
only one adder-sul
and status signals.

Figure P9.29.

Answer:

D,
Load 8- b|t reglster Load 8- b|t reglster Load 8- b|t reglster
Clear z Clear Clear
Clock . Iock 0

&




Cvc\)/rcl)trr(cj)l Instruction zZMux | zLoad | yLoad | xLoad | wLoad | Clear | LOpyo | ROp | Subtract
1 w=0,x=0,y=0 X 0 0 0 0 1 XX X X
2 INPUT z 1 1 0 0 0 0 XX XX X
3 w=w-2 x 0 0 0 1 0 00 0 1
4 X=X+2 x 0 0 1 0 0 01 0 0
5 y=y+1 x 0 1 0 0 0 10 1 0
6 z=z-1 0 1 0 0 0 0 11 1 1
9.30. Design a dedicated datapath for inputting two 8-bit unsigned numbers, and then output the largest humber.

9.31.

9.32.

9.33.

9.34.

9.35.

The datapath should have only one input port and one output port. Label clearly all of the control and status
signals.

Answer:
Input
{g
1 1
D7-0 D7-0
LoadX ————Load 8-bit register Load 8-bit register
Clear X Clear Y
1 Q7.0 Q7_0
LoadY —
Clear —»
Clock —
— —
(X>Y) «—— >
SelX — \1 0
OutE —
Output

Design and simulate a dedicated datapath for inputting three 8-bit unsigned numbers, and then output the
largest number, followed by the second largest.

Design and simulate a dedicated datapath for inputting ten 8-bit unsigned numbers, and then output the sum
of the numbers.

Design and simulate a dedicated datapath for inputting multiple 8-bit unsigned numbers until a zero is
entered, and then output the number of numbers entered.

Design and simulate a dedicated datapath for inputting an 8-bit unsigned number, and then output the number
of 1 bits in the number. For example, the number 11010110 has five 1 bits.

Design and simulate a dedicated datapath for solving the algorithm in Figure P9.35. Use only one adder (i.e.,
no adder-subtractor and no ALU) for all the arithmetic operations. Include the circuits for generating all of the
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FOR(i=0; i#10; i++){
I NPUT j ;
IF (j is even) THEN
sl++;
ELSE
S2++;
END | F
}
OUTPUT s1;
OUTPUT s2;

Figure P9.35.

Design and simulate a dedicated datapath for solving the Greatest Common Denominator (GCD) algorithm
shown in Figure P9.36. The two numbers X and Y are 8-bit unsigned numbers. Include the circuits for

generating all the status signals.

VWH LE (X # Y){

IF (X <Y) THEN
Y=Y- X

ELSE
X=X-Y,

END | F

}

Figure P9.36.

Design and simulate a dedicated datapath for implementing a stack of size 10. When the Push signal is
asserted, the input value is pushed onto the stack. When the Pop signal is asserted, the value at the top of the

stack is output.
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In the last chapter, we saw how a datapath is designed and how it is used to execute a particular algorithm by
specifying the control words to manipulate the datapath at each clock cycle. In that chapter, we tested the datapath
by setting the control word signals manually during simulation. However, to actually have the datapath
automatically operate according to the control words, a control unit is needed to generate the control word signals
automatically at each clock cycle.

The control unit inside the microprocessor is a finite state machine. By stepping through a sequence of states,
the control unit controls the operations of the datapath. For each state that the control unit is in, the output logic that
is inside the control unit will generate all of the appropriate control signals for the datapath to perform one data
operation. These data operations are referred to as register-transfer operations. Each register-transfer operation
consists of reading a value from a register, modifying the value by one or more functional units, and finally, writing
the modified value back into the same or a different register.

Since the control unit is a finite state machine, the circuit for it is derived exactly as discussed in Section 7.3
having the next-state circuit, the state memory register, and the output logic circuit. However, the sequential circuits
synthesized in Section 7.3 are stand-alone FSMs and were not used as part of larger circuits. What we want to do
now is to synthesize these FSMs as control units for microprocessors. The main difference is in the way we define
and use the input and output signals of the FSM. The FSM models shown in Figure 7.1 simply show that the FSM
has input and output signals. For a control unit, we want to be more precise as to where the input signals come from,
where the output signals go to, and what these signals are used for.

There are two types of input signals and two types of output signals. The control inputs are the primary
external input signals to the control unit. These are the external signals for controlling the operation of the
microprocessor. For example, a Start signal will tell the microprocessor to start executing, or a Reset signal will
reset the state memory to the initialization state. The status signals are input signals from the datapath. Usually,
comparators in the datapath generate these status signals for determining execution branches in an algorithm (for
example, to test whether or not to repeat a loop). These two types of input signals together provide information for
the next-state logic circuit in the FSM to determine what next state to go to in the next clock cycle.

The control outputs are the primary output signals from the microprocessor to the external world. For example,
when a microprocessor is finished executing an algorithm, it outputs a Done signal to let the user know that it is
done, and that the data being output by the datapath is valid. The control signals are probably the most important of
all the input/output signals, since these are the signals that directly control the operations of the datapath. In every
clock cycle, the control unit will generate a different set of control signals for the datapath to perform one register-
transfer operation.

One of the first things that we do when constructing an FSM circuit is to derive the state diagram. When
deriving the state diagram for the control unit, we have to be very careful with the timings of the register-transfer
operations. The issue here is that, when we write a value into a register, that value is not available until the
beginning of the next clock cycle. Hence, if we read from the register in the current clock cycle, we would be
reading the old value in the register rather than the new value that is being written into the register.

When we were designing general FSMs in Chapter 7, this timing issue was never a problem, because we were
not using the FSMs to control register-transfer operations in a datapath. They are stand-alone FSMs, and so their
input and output signals are independent of each other.

However, the FSMs that we want to design in this chapter are for controlling register-transfer operations in a
datapath. The output signals from these FSMs are control signals for the datapath, and some of them are used to load
registers with new values. These new register values may be used by comparators for the testing of conditions. The
results of these conditional tests are the status signals used by the control unit to determine what next state to go to.
Finally, from the different states, different control signals are generated. Hence, for a control unit, the status (input)
signals and the control (output) signals are dependent on each other. Thus, when status signals are generated, we
need to make sure that they are from tests of the intended register value.

Timing problem issues are resolved during the state diagram derivation step. Once we have the correct timing
state diagram, then deriving the actual control unit circuit is exactly the same as the process described in Chapter 7
for deriving an FSM. To help deal with timing issues, we sometimes prefer to use an algorithmic state machine
(ASM) chart or a state action table to describe the behavior of a control unit rather than using a state diagram. The
use of ASM charts and state action tables is discussed in Section 10.3.
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10.1 Constructing the Control Unit

In Chapter 9, we learned how to construct and use a datapath to implement an algorithm. All data manipulation
instructions in the algorithm are converted to control words, and each control word is executed in one clock cycle to
perform one register-transfer operation. A control unit is used to generate the appropriate control signals in the
control words so that the datapath can perform all of the required register-transfer operations automatically. These
control signals are the output signals from the output logic circuit that is inside the FSM.

In addition to generating the control signals, the control unit is also needed to control the sequencing of the
instructions in the algorithm. The datapath is responsible only for the manipulation of the data; it only performs the
register-transfer operations. It is the control unit that determines when each register-transfer operation is to be
executed and in what order. The sequencing done by the control unit is established during the derivation of the state
diagram.

The state diagram shows what register-transfer operation is executed in what state and the sequencing of the
execution of these operations. A state is created for each control word, and each state is executed in one clock cycle.
The edges in the state diagram are determined by the sequence in which the instructions in the algorithm are
executed. The sequential execution of instructions is represented by unconditional transitions between states (i.e.,
edges with no labels). Execution branches in the algorithm are represented by conditional transitions from a state
with two outgoing edges: one with the label for when the condition is true and the other with the label for when the
condition is false. If there is more than one condition, then all possible combinations of these conditions must be
labeled on the outgoing edges from every state. These conditions are the status signals generated by the datapath,
and passed to the next-state logic in the FSM.

Once the state diagram is derived, the actual construction of the control unit circuit follows the same procedure
as for the FSM discussed in Section 7.3. We will now illustrate the construction of simple control units with several
examples.

10.1.1 Counting 1 to 10
Example 10.1: Deriving the control unit for the counting problem
In this example, we will construct the state diagram and the control unit for controlling the dedicated datapath

from Example 9.4 to generate and output the numbers from 1 to 10. The algorithm, dedicated datapath, and control
words from Example 9.4 are repeated here in Figure 10.1 for convenience.

1 i =0
2 VHI LE (i # 10){
3 i =i +1
4 OUTPUT i
5 }

(a)
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't

D3-0
iLoad ———{Load 4-bit Register
Clear >——Clear i
Clock >——Clock Qg4

R
(i¢10)<_(:§:5 4
0

out —\/

A 4
Output
(b)
Control . .
Word Instruction | iLoad | Clear | Out
1 i=0 0 1 0
2 izi+1l 1 0 0
3 OUTPUT i 0 0 1

(©
Figure 10.1 The counting problem for Example 10.1: (a) algorithm; (b) dedicated datapath; (c) control words.

From the algorithm shown in Figure 10.1(a), we see that there are three data manipulation instructions: lines 1,
3, and 4. Line 2 is not a data manipulation statement, but rather, it is a control statement. From Example 9.4, we
have derived the three corresponding control words for these three data manipulation instructions for controlling the
dedicated datapath shown in Figure 10.1(b). These three control words are shown here in Figure 10.1(c).

We start by assigning these three control words to three separate states in the state diagram, as shown in Figure
10.2(a). The states are given the symbolic names sy, S1, S, and s; and are annotated with the control word and
instruction that each is assigned to execute. In state s, we want the control unit to generate the control signals for
control word 1 to execute the instruction i = 0. In state s;, we want the control unit to generate the control signals for
control word 2 to execute the instruction i = i + 1. State s, executes the instruction OUTPUT i. State s; is added simply
for exiting the wHILE loop and halting the execution of the algorithm.

The sequence in which the states are connected follows the sequence of the instructions in the algorithm. The
FSM starts from the reset state so, which initializes i to 0. After executing line 1 in the algorithm, the execution of
line 3 depends on the condition in the WHILE loop. Since line 1 is executed in state sy and line 3 is executed in state
s;, therefore, transitioning from state s, to s; depends on the test condition (i # 10). This condition is represented by
the two outgoing edges from state sq: one edge going to state s; with the label (i # 10) for when the condition is true,
and one edge going to state s; with the label (i # 10)' for when the condition is false. The execution of line 4 follows
immediately after line 3; hence, there is an unconditional edge from state s; to s,. From state s,, there are the same
two conditional edges as from state s, for testing whether to repeat the wHILE loop or not. If the condition (i # 10) is
true, then the FSM will go back to state s;; otherwise, the FSM will exit the wWHILE loop and go to state s;. The FSM
halts in state s; by having an unconditional edge going back to itself. No register-transfer operation is assigned to
state ss.

Having derived the state diagram, the actual construction of the control unit circuit is exactly the same as for
constructing general FSM circuits. The next-state table is shown in Figure 10.2(b). Since there is a total of four
states, two flip-flops are needed to encode them. For simplicity, the straight binary encoding scheme is used for
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encoding the states. Hence, state s is encoded as Q:1Q, = 00, state s; is encoded as Q;Qq = 01, and so on. In the next-
state table, these four states are assigned to four rows, each labeled with the state name and their encoding.

In addition to the four current states listed down the rows of the table, the next state of the FSM is also
dependent on the status signal for the test condition (i # 10). Thus, we have the last two columns in the table: one
column with the label (i # 10)' for when the condition is false and one column with the label (i # 10) for when the
condition is true.

The two flip-flops and one status signal give us a total of three variables (or 2° different combinations) to
consider in the next-state table. Each next-state entry in the table is obtained from the state diagram by looking at the
corresponding current state and the edges leading out from that state to see what the next state is. For example,
looking at the state diagram shown in Figure 10.2(a), the edge with the label (i # 10) leading out from state sy goes
to state s;. Correspondingly, in the next-state table, the next-state entry at the intersection of row s, (00) and the
column labeled (i # 10) has the value s; (01).

From the next-state table, we get the implementation table, as shown in Figure 10.2(c). Using D flip-flops to
implement the FSM, the implementation table is the same as the next-state table because the characteristic equation
for the D flip-flop is Qnexx = D. The only difference between the two tables is that the bits in the entries mean
something different. In the next-state table, the bits in the entries (labeled Q1,exQonext) are the next states for the FSM
to go to. In the implementation table, the bits (labeled D;Dy) are the inputs necessary to realize those next states.

From the implementation table, we derive the excitation equations. The excitation equations are used to derive
the next-state circuit for generating the inputs to the state memory flip-flops. Since we have used two D flip-flops,
two excitation equations (one for Dy, and one for Dy) are needed, as shown in Figure 10.2(d). The two K-maps for
these two excitation equations are obtained from extracting the corresponding bits from the implementation table.
For example, the leftmost bit in each entry in the implementation table is for the D; K-map and equation, and the
rightmost bit is for the Dy K-map and equation. These two excitation equations are dependent on the three variables,
Q1, Qq, and (i # 10), which represent the current state and status signal, respectively. Having derived the excitation
equations, it is trivial to draw the next-state circuit based on these equations.

The output logic circuit for the FSM is derived from the control word signals and the states in which the control
words are assigned to. Recall that the control signals control the operation of the datapath, and now we are
constructing the control unit to control the datapath. So what the control unit needs to do is to generate and output
the appropriate control signals in each state to execute the instruction that is assigned to that state. In other words,
the control signals for controlling the operation of the datapath are simply the output signals from the output logic
circuit in the FSM.

To derive the output table, we take the control word table and replace all of the control word numbers with the
actual encoding of the state in which that control word is assigned to. For example, looking at the state diagram
shown in Figure 10.2(a), control word 1 is assigned to state s,. So in the output table, we put in the value 00 instead
of the control word number 1. The value 00 is the encoding that we have given to state s, and it represents the
current state value for the two flip-flops, Qy, and Q. Since there is no control word or instruction assigned to the
halting state, s; (11), all of the control signals for this state can be de-asserted. The output table and the resulting
output equations are shown in Figure 10.2(e) and (f), respectively.

Once we have derived the excitation and output equations, we easily can draw the control unit circuit shown in
Figure 10.2(g). The state memory simply consists of the two D flip-flops with asynchronous clear signals. All of the
asynchronous clear signals are connected to the global Reset signal. Both the next-state logic circuit and the output
logic circuit are combinational circuits and are constructed from the excitation equations and output equations,
respectively. .
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1 | NPUT A
2 IF (A =5) THEN
3 B=28
4 ELSE
5 B =13
6 END | F
7 QUTPUT B
(@)
Input '8 '13'
\ 4
Muxsel »Jl Ot
14 14
D3-0 D3-0
ALoad ———{Load 4-bit Register BLoad ———Load 4-hit Register
A B
Clock Q. Clock Q.
Clock —» 1_ |_
J4 )
A
(=5 —( = out
AO
Output
(b)
Control Instruction | ALoad | Muxsel | BLoad | Out
Word
1 INPUT A 1 X 0 0
2 B=8 0 1 1 0
3 B=13 0 0 1 0
4 OUTPUT B 0 X 0 1
(c)

Figure 10.3 The IF-THEN-ELSE problem for Example 10.2 and Example 10.3: (a) algorithm; (b) dedicated datapath;

(c) control words.

Example 10.2: Deriving an incorrect state diagram

In this example, we will derive the state diagram for the control unit for controlling the dedicated datapath from
Example 9.3 for solving the IF-THEN-ELSE problem. From the algorithm shown in Figure 10.3(a), we see that there
are four data manipulation instructions: lines 1, 3, 5, and 7. Line 2 is not a data manipulation instruction, but rather,
it is a control statement. From Example 9.3, we have derived the four corresponding control words for these four
data manipulation instructions for controlling the dedicated datapath shown in Figure 10.3(b). These four control
words are repeated here in Figure 10.3(c).

Again, we start by assigning these four control words to four separate states in the state diagram, as shown in
Figure 10.4(a). These four states are given the symbolic names s_input, s_equal, s_notequal, and s_output, and are
annotated with the control word and instruction that is assigned to them. For example, in state s_input, we want the
control unit to generate the control word 1 signals for executing the instruction INPUT A, and in state s_equal, we
want the control unit to generate the control word 2 signals for executing the instruction B = 8.
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After the INPUT A instruction, the execution of the following two instructions, B = 8 and B = 13, depends on the
condition of the IF statement. Since these three instructions are assigned to the three states: s_input, s_equal, and
s_notequal, respectively, therefore, transitioning from state s_input to the other two states depends on the condition
(A =5) in the IF statement. This conditional execution is represented by the two outgoing edges from state s_input:
one edge going to state s_equal with the label (A =5) for when the condition is true, and one edge going to state
s_notequal with the label (A =5)" for when the condition is false. The instruction, ouTPUT B, is executed
unconditionally after executing either of the two instructions, B = 8 or B = 13; therefore, from either state s_equal or
s_notequal, there is an unconditional edge going to state s_output. The algorithm halts after executing ouTPUT B, so
we make the FSM halt in state s_output by unconditionally going back to itself.

According to the algorithm, after inputting a value for A in state s_input, we need to test for the condition
(A =5). If the condition is true, we go to state s_equal to execute the instruction B = 8; otherwise, we go to state
s_notequal to execute the instruction B = 13. From either state s_equal or s_notequal, the next and final state is
s_output. Let us assume that state s_input is executed in clock cycle 1. In clock cycle 2, either state s_equal or
s_notequal is executed. State s_output is then executed in clock cycle 3.

There are two important points to understand and remember here:
1. Atarising clock edge, a register is loaded with a new value if its load signal is asserted
2. Atevery rising clock edge, the FSM enters a new state—the next state

As with all of our other examples, we use the rising clock edge as the active edge. The reason for point 1 is
because we are using positive edge-triggered D flip-flops with enable in our registers. So if the flip-flop is enabled,
then the input data will be stored into the flip-flop at the next rising clock edge. Point 2 is because we are also using
positive edge-triggered D flip-flops in the state memory register inside the FSM. However, these flip-flops are
always enabled without the need of an enable signal (see Section 6.7). Therefore, at every rising clock edge, a new
value from the next-state logic circuit will be stored into the state memory register, and so, the FSM enters a new
state at every rising clock edge.

If we construct the control unit based on the state diagram shown in Figure 10.4(a), then the following scenario
can occur. At the first rising clock edge, the FSM enters state s_input. Shortly after entering state s_input, the FSM
asserts the control signal ALoad to load in a value for variable A. Since a register is loaded at a rising clock edge,
and the first rising clock edge has passed, therefore, the value for A will be loaded into the register at the next rising
clock edge (i.e., at the beginning of clock cycle 2). However, the FSM needs to go to the next state (either s_equal or
s_notequal) also at the beginning of clock cycle 2. In order for the FSM to know which of the two states to go to, the
FSM must know the result of the test condition (A = 5) while it is still in state s_input. The dilemma here is that the
status signal generated by the comparator for the test (A =5) is needed in state s_input, and the test uses the input
value of A. However, this value of A is not available until the beginning of the next clock cycle. Therefore, what the
comparator is reading from the register in clock cycle 1 is the old (or current) value of A and not the new input
value.

Figure 10.4(b) shows the timing diagram for this state diagram with the incorrect result. The user inputs a 5.
The diagram shows that the value 5 is loaded into register A at time 200 ns (the beginning of clock cycle 2). Since
the input is a 5, the test for (A = 5) should be true, and the output should be an 8. However, in the timing diagram,
we see that the state changes to s_notequal at time 200 ns. This is because the conditional test is reading A with the
old value of 0 rather than the new value of 5. Hence, the output of 13 is incorrect. .
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Figure 10.4 Example 10.2: (a) incorrect state diagram; (b) incorrect timing diagram.

You may be wondering why the state diagram for Example 10.1 is correct, whereas the state diagram for
Example 10.2 is incorrect. The first two lines of these two algorithms are very similar: The first line assigns a value
to a variable (one with the constant zero, and the other with an input), and the second line is a conditional test with
the value in the variable. So what causes the conditional test for Example 10.1 to be correct, but the conditional test
for Example 10.2 to be incorrect? The reason is because the timing of these two variable assignments is different. In
Example 10.1, the variable i is assigned a 0 by asserting the asynchronous Clear signal for the register. Because of
the asynchronous clear, i will get a 0 immediately and will not have to wait until the next clock cycle; hence, the
conditional test is correct. However, in Example 10.2, we use the ALoad signal to load in a value for the register.
Therefore, A will not get the new value until the beginning of the next clock cycle, but as the conditional test needs
the value in the current clock cycle, hence, the test is incorrect.

Example 10.3: Deriving a correct state diagram and the control unit

In Example 10.2, even though the comparator is testing for the condition (A = 5), it is not getting the correct
value for A in the clock cycle that the test result is needed. In order for the comparator to get the correct value for A,
it needs to wait until the value is loaded into the register at the next clock cycle. One simple way to resolve this
timing error is to add an extra state after inputting the value for A so that the value can be written into the register
before it is read back out for the test. There is no control word assigned to this extra state. This modified state
diagram is shown in Figure 10.5(a) and the corresponding timing diagram with the corrected result in (b). The same
input value of 5 is loaded into the register at time 200 ns at the beginning of clock cycle 2. However, the reading of
the register for the conditional test does not occur until shortly after time 200 ns. Hence, the test result is equal, and
the FSM goes to state s_equal and outputs the correct value of 8.
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Figure 10.5 Example 10.3: (a) correct state diagram; (b) correct timing diagram.

Now that we have derived the correct state diagram, the actual construction of the control unit circuit is exactly
the same as before. The next-state table is shown in Figure 10.6(b). Since there is a total of five states, three flip-
flops are needed to encode them. For example, state s_input is encoded as Q,Q;Q, = 000, state s_extra is encoded as
Q,Q1Q, =001, and so on. The three remaining encodings (101, 110, and 111) are not used. In normal circumstances,
the control unit should never get to one of the unused states. However, due to noises or glitches in the circuit, the
FSM may end up in one of these unused states. Because of this, it is a good idea to set the next state for all of the
unused states to the reset state. On the other hand, if you don’t care what the next state is for these unused states,
then don’t-care values can be used, and this may result in simpler excitation equations. In our next-state table, we
have added three more rows for these three unused states. Their next state for all input conditions is the reset state,
000.

The corresponding implementation table (using D flip-flops) and the resulting excitation equations are shown in
Figure 10.6(c) and (d), respectively. Note that the excitation equations listed in Figure 10.6(d) are not the only
correct equations; there are other possible correct excitation equations. For instance, if don’t-care values are used for
the next states in the three unused states, then the excitation equations may be reduced further.

The output logic circuit for the FSM is based on the control word signals and the states in which the control
words are assigned to. There is one output equation for each control word signal, and these equations are dependent
only on the states of the FSM (i.e., the Q values of the flip-flops). To derive the truth tables for these output
equations, simply take the control word table and replace all of the control word numbers with the actual encoding
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of the state (i.e., the Q values) in which that control word is assigned to. Having the output table, the output
equations can be derived easily, as shown in Figure 10.6(e) and (f).

Once we have derived the excitation and output equations, we can draw the control unit circuit, as shown in
Figure 10.6(g). The state memory simply consists of the three D flip-flops. Both the next-state logic circuit and the
output logic circuit are combinational circuits, and are constructed from the excitation equations and output
equations, respectively. .

Control Word 1
INPUT A

Current State Next State
QZQIQO Q2next anext QOnext
(A=5) (A=5)
s_input 000 s _extra 001 s extra 001
s_extra 001 | s_notequal 010 s_equal 011
Control Word 3 Control Word 2 s_notequal 010 | s output 100 s_output 100
B=13 B=8 = = =
s equal 011 | s output 100 s_output 100
s_output 100 | s_output 100 s_output 100
Unused 101 000 000
Control Word 4 Unused 110 000 000
OUTPUT B Unused 111 000 000
(@) (b)
Next State
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Figure 10.6 Construction of the control unit for Example 10.3: (a) state diagram; (b) next-state table; (c)
implementation table using D flip-flops; (d) excitation equations; (e) output table; (f) output equations for the four
control signals; (g) circuit.

10.2 Generating Status Signals

In Chapter 9, we discussed how status signals are generated and provided several examples showing how it is
done. In situations where a register value is to be tested, we have connected a comparator to the output of that
register. However, there are situations when connecting a comparator to the output of a register will produce the
wrong status signal because it is comparing with an incorrect value. In Examples 10.2 and 10.3, we saw that, if we
read from a register that has just been written to in the same clock cycle, we will be reading the old value and not the
new value. The solution we used in Example 10.3 was simply to insert an extra state to wait for the value to be
written into the register and thus be made available at the output of the register.

What makes the problem even more difficult (but interesting) is that, during different clock cycles, different
values may pass through the same point in the datapath. For example, the output of a 2-to-1 multiplexer can have
two different values during two different times, because in one clock cycle, the select line for the multiplexer might
be asserted, while in another clock cycle, the select line might be de-asserted—thus passing two different sources to
the output. Another datapath component that can output different values at different times is the register file. By
providing different read addresses to the register file, the register file will output values from different locations.
Thus, we see that, in order to provide the correct value for the comparator to test, we have to look at not only the
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location in the datapath where the value is stored but also the clock cycle in which the value is needed by the
comparator. This timing information is obtained from the state diagram. The state diagram tells us in what state a
status signal is needed, and when the FSM is in that state, what data manipulation instruction is being performed,
and, therefore, what data is available at different points in the datapath. We will now illustrate this with two
examples.

Example 10.4: Generating a correct status signal by connecting the comparator to a different point in the datapath

In Example 10.2, the state diagram shown in Figure 10.4(a) derived for the datapath shown in Figure 10.3(b) is
wrong, because in state s_input (when the status signal for the comparison is needed), the comparator is not getting
the correct input value. The disadvantage to the solution used in Example 10.3 is that an extra clock cycle is needed
for the execution of the algorithm because of the extra state.

Another way to resolve this timing problem is to connect the comparator to a different point in the datapath
instead of adding the extra state to the state diagram. The state diagram in Figure 10.4(a) shows that we need to use
the input value right away in state s_input for the comparison (A = 5). The datapath shown in Figure 10.3(b) has the
comparator connected to the output of register A. Because of this, we need an extra clock cycle to wait until the
input value has been written into the register before it is available to be tested.

Instead of connecting the comparator to the output of the register, we can connect the comparator directly to the
primary input (i.e., to the input of the register), as shown in Figure 10.7. This way, we do not have to wait for the
input value to be written into the register first, but instead, the input value will be available immediately in state
s_input. As a result, the comparator will have the correct value for performing the test in the right clock cycle, and

we will not have to add an extra state to the state diagram. .
Input ‘8" '13'
4
A3
(A=5) ‘_Cg Muxsel Lo
A0
14 44
D3-0 D3-0
ALoad ———{Load 4-bit Register BLoad ———Load 4-bit Register
A B
l_ Clock Qs |— Clock Qg
Clock —
44 44
Out
Output

Figure 10.7 Generating the correct status signal for Example 10.4.
Example 10.5: Summation of n down to 1

We will now derive the state diagram and generate the correct status signal for the general datapath from
Example 9.10 for summing the numbers from n down to 1, where n is an input number. The algorithm, general
datapath, and control words from Example 9.10 are repeated here in Figure 10.8. Figure 10.8(c) shows the five
control words for controlling the general datapath shown in Figure 10.8(b) for performing the algorithm shown in
Figure 10.8(a).

Figure 10.9(a) shows a first attempt to derive the state diagram for the algorithm in Figure 10.8(a). The five data
manipulation instructions are assigned to five states. On reset, the FSM starts from state s, where it initializes sum
to 0 and waits for the Start signal. The Start signal is for telling the control unit when the data input is ready and to
begin the execution of the algorithm. (The Start signal is similar in function to the Enter key found on personal
computer keyboards.) The remaining edges in the state diagram follow the execution sequence in the algorithm.
State s; executes control word 2 to input the number for n. State s, executes control word 3 to sum n. State s3
executes control word 4 to decrement n. Finally, state s, executes control word 5 to output the value for sum.
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Figure 10.8 The summation problem for Example 10.5: (a) algorithm; (b) general datapath; (c) control words.

In state s;, we input a value for n and immediately test for the condition (n # 0). Similarly, in state s3, we
perform the instruction n = n — 1 and immediately test for the condition (n # 0). However, we remember from
Example 10.3 that we cannot test for a condition that involves a value that is being written into a register in the same
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clock cycle. If we try to solve this timing problem like we did in Example 10.3, we would get the state diagram
shown in Figure 10.9(b), where an extra wait state, s_wait, is added. On the other hand, Example 10.4 shows that
sometimes it is not necessary to add an extra wait state if we can find a point in the datapath to connect the
comparator so that the correct status signal can be generated.

Start’

Control Word 1
sum=0

Control Word 1
sum=0

Control Word 2
INPUT n

Control Word 2 .
INPUT (n#0)

Control Word 3
sum = sum + n

Control Word 4

Control Word 3
sum =sum +n

Control Word 4

n=n-1 n=n-1

Control Word 5
OUTPUT sum

Control Word 5
OUTPUT sum

(@) (b)

Figure 10.9 Two possible state diagrams for solving the summation problem for Example 10.5: (a) without an extra
wait state; (b) with an extra wait state.

In terms of optimization, the state diagram in Figure 10.9(a) would be a better choice if the correct status signal
can be generated because it requires one less state. So the problem is to find a location in the datapath to connect the
comparator so that it will output the correct status signal for the test (n # 0) during the clock cycle when it is needed.
The state diagram in Figure 10.9(a) shows that the status signal (n # 0) is needed in states s; and sz. Therefore, we
need to find a point in the datapath such that the correct value for n is available during the times when states s; and
s3 are being executed.

In state ss, the instruction n = n — 1 is being executed. In order for the datapath to execute n = n — 1, the value
for n must be present at the A operand input of the ALU (point C in Figure 10.8(b)), and the result for the decrement
n — 1 will be available at the output of the ALU (point D in Figure 10.8(b)) during the same clock cycle. According
to the state diagram in Figure 10.9(a), we want to test for n after the decrement. If we connect the comparator to the
A operand input of the ALU at point C, we would be comparing the value of n before the decrement during this
clock cycle. Furthermore, the value for n is not even available in the next clock cycle at point C. The reason is that
either state s, or s, will be executed in the next clock cycle, and for both of these states, the value for sum is needed.
So in the next clock cycle, the value for sum, and not n, is available at point C. Since the result of the decrement is
available at point D in the current clock cycle, the comparator should be connected to the output of the ALU at point
D.
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The problem now is that we also need n in state s;. In state sy, the instruction INPUT n is executed, and the value
for n is being stored in the register file. Looking at Figure 10.8(b), we see that, in the clock cycle when the datapath
executes the instruction INPUT n, n is available only at the primary data input of the datapath at point A and at the
output of the multiplexer at point B. Since the writing of n to the register file occurs at the next rising clock edge, n
is not going to be available at the output of the register file in that same clock cycle, let alone at the output of the
ALU. So in order for the status signal (n # 0) to be correct in state s;, we need to connect the comparator to either
the primary data input at point A or to the output of the multiplexer at point B.

For state s3, we need to connect the comparator to point D, but for state s;, we need to connect the comparator to
either point A or point B. However, in order to generate the correct status signal for both states, the comparator must
be connected to a point that is correct for both cases. Notice that the execution of the instruction n = n — 1 in state s3
requires the output of the ALU at point D be routed back to the output of the multiplexer at point B within the same
clock cycle, so that the decremented value of n can be written into the register file at the next rising clock edge. This
is possible because both the shifter and the multiplexer are combinational circuits. So, this new decremented value
of n that we want for the comparison in state s; is not only available at point D, but also available at points E and B.
We can therefore conclude that connecting the comparator to the output of the multiplexer at point B will generate
the correct status signal for the comparison (n # 0) in both states, s; and s, as shown in Figure 10.10.

One last point to note is that, since the comparator is a combinational circuit, it constantly is outputting a value.
When the FSM is in a state other than s; or s;, the comparator would be comparing another value with 0. For
instance, in state s,, the ALU is evaluating sum + n, so the comparator would be comparing the result of sum + n
with 0. However, this will not affect the correct operation of the control unit, because in state s,, the next-state logic
does not use this status signal to determine what the next state is. Therefore, even though the comparator is
generating an incorrect status signal in state s,, the control unit will not use it. When the status signal from the output
of this comparator is needed in state s; or s3, it will be the result of a correct comparison.

Having derived the correct state diagram shown in Figure 10.9(a) and the correct status signal from the datapath
shown in Figure 10.10, we can now finish the construction of the control unit circuit, as shown in Figure 10.11.
From the state diagram, we can derive the next-state table, as shown in Figure 10.11(b). Three flip-flops, Q,, Q,, and
Q,, are needed to encode the five states. In addition to the current states listed down the rows of the table, the next
state of the FSM also is dependent on the control input signal Start and the status signal (n # 0), from which we get
the four columns. The labels for the four columns are the four combinations of the two input signals Start and
(n #0). For example, the column labeled 10 means that the input signal Start is true (i.e., Start = 1) and the status
signal (n # 0) is false (i.e.,, (n # 0) = 0). The derivation of the excitation equations (Figure 10.11(d)), output
equations (Figure 10.11(f)), and finally, the complete control unit circuit (Figure 10.11(g)) follows the same
procedure as for synthesizing a general FSM. The Done control output signal is to notify the external world that the
execution of the algorithm has been completed and that the data at the Data Output is valid. .
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Data Input
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Data Output

Figure 10.10 Generating the status signal (n # 0) in the datapath for Example 10.5.
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Current State QZnext anext QOnext
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(b)
Implementation
Current State D, D, Dq
Q,Q:Q0 Start, (n # 0)

00 | 01 | 10 | 11
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110 000 | 000 | 000 | 000

111 000 | 000 | 000 | 000
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Figure 10.11 Construction of the control unit for Example 10.5: (a) state diagram; (b) next-state table; (c)
implementation table; (d) K-maps and excitation equations; (€) output table; (f) output equations; (g) circuit.

10.3 Stand-Alone Controllers

So far in the discussion, the control unit is used as a controller for the datapath. However, the control unit can be
independent of the datapath and used as a stand-alone controller for controlling an external device. There are many
electronic devices that use a stand-alone control unit for controlling them (for example, the controllers for a
microwave oven, a soda dispensing machine, a traffic light signal, and a pacemaker, to name just a few). All of these
devices do not require any calculations or data manipulations, so they do not require the use of a datapath. The
controllers in them are used just to turn on or off a switch or a light, or whatever external devices they are made to
control.

For a traffic light controller, there are sets of three lights (green, yellow, and red) to turn on or off and sensors in
the road to see if there are cars in one of the four directions. For a soda dispensing machine, there will be switches to
sense the amount of money put in and the selection made. From these inputs, the controller will determine what
switch to turn on to allow the selected soda to fall out.

We will now illustrate the construction of stand-alone controllers with several examples.

10.3.1 Rotating Lights

Example 10.6: Stand-alone controller for rotating lights
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For a simple, interesting example, let us implement a controller that will make the six peripheral segments in a
7-segement LED light move around in a clockwise or counterclockwise direction, depending on the input of the
switch W.

Since there are six light patterns, one for each LED being on and the rest of them off, we can use six states and
assign one light pattern to one state. Each state will go to the next state in a sequential clockwise direction if the
switch W is pressed and to the previous state in a sequential counterclockwise direction if W is not pressed. The
resulting state diagram is similar to the one for a modulo-6 up-down counter and is shown in Figure 10.12(a). The
six output signals (a, b, ¢, d, e, and f) correspond to the six peripheral segments in a 7-segment LED. A 1 to the
segment will turn on that LED, while a 0 will turn it off.

The next-state table derived from the state diagram and the corresponding implementation table, using D flip-
flops, are shown in Figure 10.12(b). The resulting excitation equations (as derived from the implementation table)
are shown in Figure 10.12(c). The output table and the resulting output equations are shown in Figure 10.12(d) and
(e), respectively. The final controller circuit is shown in Figure 10.12(f). To see the lights move, the six output
signals are connected to the six segments of the 7-segment LED, and a push-button switch is connected to the W
input, as shown in Figure 10.12(g). .

fedcba = 000001 fedcbha = 000010

fedcba = 100000 fedcba = 000100

fedcba = 010000 fedcba = 001000

w
(@)
Current State Next State (Implementation)
Q.Q:Q Q2next Qinext Qonext (D2 D1 Do)
210 E W
000 101 001
001 000 010
010 001 011
011 010 100
100 011 101
101 100 000
(b)
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Figure 10.12 Controller for Example 10.6: (a) state diagram; (b) next-state (implementation) table; (c) K-maps and
excitation equations; (d) output table; (e) output equations; (f) controller circuit; (g) interface circuit.
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10.3.2 PS/2 Keyboard Controller

Example 10.7: Controller for a PS/2 keyboard

In this next example, we will design and implement a more realistic and practical controller, and that is for the
PS/2 keyboard. The UP2 development board has a 6-pin mini-DIN connector for connecting either a PS/2 keyboard
or a PS/2 mouse to it. We will design and implement the controller for the keyboard on the FLEX chip. The
operation of the keyboard and the controller is as follows.

The communication between the keyboard and the controller (which will be on the FLEX chip) uses two
signals, KeyboardClock and KeyboardData. When there is no activity, that is, when there is no key press on the
keyboard, both KeyboardClock and KeyboardData are at a 1. When a key is pressed (or released), the keyboard
sends a unique code for that key to the controller serially over the KeyboardData line. The serial data on the
KeyboardData line is synchronized between the keyboard and the controller by clock pulses that the keyboard sends
over the KeyboardClock line.

The data for each key that is sent over the KeyboardData line consists of eleven bits. These eleven bits are: a 0
for the start bit, eight data bits for the key code starting with the least significant bit to the most significant bit, an
odd parity bit, and lastly, a 1 for a stop bit. Figure 10.13 lists some of the key codes generated by the keyboard when
the corresponding key is pressed. When a key is released, a different code is generated. The odd parity bit is set such
that the total number of 1 bits in the eight data bits plus the parity bit is an odd number.

Figure 10.14 shows a sample timing diagram for the data transmission of the key code 4E (01001110 in binary)
for the hyphen key. Starting from the inactive state, where both the KeyboardData and KeyboardClock lines are at a
1, the transmission begins by setting the KeyboardData line to a O for the start bit. The keyboard then sends out the
data and parity bit on the KeyboardData line at a rate of one bit per clock cycle on the KeyboardClock line. The
clock pulses on the KeyboardClock line are generated by the keyboard. The parity bit for the key code 4E is a 1,
since the eight data bits consist of an even number of 1 bits, therefore, to make the parity odd, the parity bit must be
al.

Key | Key Code Key | Key Code Key | Key Code Key | Key Code
1 16 A 1C K 42 U 3C
2 1E B 32 L 4B \% 2A
3 26 C 21 M 3A wW 1D
4 25 D 23 N 31 X 22
5 2E E 24 0 44 Y 35
6 36 F 2B P 4D Z 1A
7 3D G 34 Q 15 Esc 76
8 3E H 33 R 2B BS 66
9 46 I 43 S 1B CR 5A
0 45 J 3B T 2C Ctrl 14

Figure 10.13 A partial list of key codes generated by the keyboard.

start do di d2 d3 d4 ds dé d7 iparity stop

KeyboardClock

KeyboardData _I

o o 1 1 1 o o 1 0 1 1
Figure 10.14 Sample timing diagram for the data transmission of the key code 4E.
The state diagram for our keyboard controller shown in Figure 10.15(a) is derived by following the timing

diagram shown in Figure 10.14. In each of the eight data states, dO, d1, ..., d7, we will get one corresponding data
bit from the KeyboardData input line. For example, suppose we use an 8-bit register named Keycode for storing the
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eight data bits. Then in state d0, we will assign KeyboardData to Keycode, (i.e., the 0" bit of Keycode), and in state
d1, we will assign KeyboardData to Keycode;, and so on for all eight data bits. This is possible because the
transition of the FSM from one state to another is synchronized by the keyboard clock signal KeyboardClock. For
simplicity, we will not check for the start bit, parity bit, nor the stop bit.

The next-state table and the implementation table using four D flip-flops to encode the eleven states are both
shown in Figure 10.15(b). The excitation equations derived from the implementation table are shown in Figure
10.15(c).

This controller cir .



Current State Next State (Implementation)
Q3Q2Q1QO Q3next QZnext anext QOnext (D3 D2 Dl DO)
0000 start 0001
0001 do 0010
0010 di 0011
0011 d2 0100
0100 d3 0101
0101 d4 0110
0110 d5 0111
0111 dé 1000
1000 d7 1001
1001 parity 1010
1010 stop 0000
(b)
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Q,Q,
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D3 = Q3Q2'Q1" + Q3'Q2Q:1Qq
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D
Qng
QQ,\ 00 01 11
00 1/ 1
01
11
10 i1 1
Do = Q5'Qo" + Q2'Q1'Qo’
(©)
Current State Output
Q3Q2Q1Q0 Keycode;.o
0000 start
0001 d0 |-—-————-— KeyhoardData
0010 di |---——- KeyboardData —
0011 d2 | -—-——-— KeyboardData — —
0100 d3 — ———KeybhoardData — — —
0101 d4 — ——KeyboardData — — — —
0110 d5 — — KeyboardData — — — — —
0111 d6 — KeyboardData — — — — — —
1000 d7 KeyboardData — — — — —— —
1001 parity
1010 stop

Where a dash (=) means no change to that Keycode bit.

(d)

Keycode; = Q;Q,'Q:'Q,' KeyboardData
Keycodes = Q;1'Q,Q:Qq KeyboardData

Keycodes = Q5'Q,Q:Qq" KeyboardData
Keycode, = Q5'Q,Q;'Qq KeyboardData
Keycodes = Q5'Q,Q:'Q,' KeyboardData
Keycode; = Q5'Q,'Q:Qq KeyboardData
Keycode; = Q5'Q,'Q:Q,' KeyboardData
Keycodey = Q3'Q,'Q;'Qo KeyboardData

O
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components. In Example 10.8, we will design and implement a VGA monitor controller using an FSM for the
control unit. However, it turns out that the VGA monitor controller is so simple that it can be constructed without
the need of a FSM. In Example 10.9, we will show how the VGA controller can be implemented without the FSM.
The UP2 development board has a 15-pin D-sub connector for connecting a standard VGA monitor to it. The signals
from the D-sub connector are connected directly to the FLEX FPGA chip on the board, so we will implement our
controller circuits on the FLEX chip. In order to design the VGA controller, we need to first understand how the
VGA monitor works.

The monitor screen for a standard VGA format contains 640 columns x 480 rows of picture elements called
pixels, as shown in Figure 10.16. An image is displayed on the screen by turning on or off individual pixels.
Although turning on just one pixel doesn’t represent much, when many pixels are turned on, the combined pixels
portray an image. The monitor continuously scans through the entire screen turning on or off one pixel at a time at a
very fast speed. Although only one pixel is turned on at any one time, but since the monitor is scanning through the
screen so fast, you get the impression that all of the pixels are on at the same time.

Figure 10.16 shows that the scanning starts from row 0, column 0 at the top left corner and moves to the right
until it reaches the last column in the row. When the scan reaches the end of a row, it retraces to the beginning of the
next row. When the scan reaches the last pixel at the bottom-right corner of the screen, it retraces back to the top-left
corner of the screen and repeats the scanning process again. In order to reduce flicker on the screen, the entire screen
must be scanned 60 times per second or higher. During the horizontal and the vertical retraces, all of the pixels are
turned off.

640 Pixels per Row

Column 0 Column 639
Row 0
R\ ------------------------------------ >
Esezmremomeerereeom e ‘
i Nmmmmmmmmm=m=mSSTm=mTmImT KT
Ho\rizontal .
Retrace Hoglggﬁtal
VGA 480 Pixels
Monitor Ser Cotamn
Screen N
Vertical ™.
Retrace R
R —— e
( ---------------------------------- \\\
Row 479 .

Figure 10.16 VGA monitor with 640 columns x 480 rows. The scan starts from row 0, column 0 and moves to the
right and down until row 479, column 639.

The VGA monitor is controlled by five signals: red, green, blue, horizontal synchronization, and vertical
synchronization. The three color signals, referred to collectively as the RGB signal, are used to control the color of a
pixel at a given location on the screen. These three color signals on the UP2 board are connected such that they can
individually be turned on or off, hence each pixel can display only one of eight colors. In order to produce more
colors, each analog color signal must be supplied with a voltage between 0 to 0.7 volts for varying the intensities of
the colors. The horizontal and vertical synchronization signals are used to control the timing of the scan rate. The
horizontal synchronization signal determines the time to scan a row, while the vertical synchronization signal
determines the time to scan the entire screen. By manipulating these five signals, images are formed on the monitor
screen.

The horizontal and vertical synchronization signals timing diagram is shown in Figure 10.17. When inactive,
both synchronization signals are at a 1. The start of a row scan begins with the horizontal synchronization signal
going low for 3.77 wsec, as shown by region B in Figure 10.17. This is followed by a 1.79 tsec high on the signal,
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as shown by region C. Next, the data for the three color signals are sent (one pixel at a time) for the 640 columns, as
shown in region D for 25.42 wsec. Finally, after the last column pixel, there is another 0.79 tsec of inactivity on the
RGB signal lines, as shown in region E, before the horizontal synchronization signal goes low again for the next row
scan. The total time to complete one row scan is 31.77 psec.

The timing for the vertical synchronization signal is analogous to the horizontal synchronization signal. The 64
Lsec active-low vertical synchronization signal resets the scan to the top-left corner of the screen, as shown in region
P, followed by a 1020 wsec high on the signal as shown by region Q. Next, there are the 480 row scans of 31.77
Lsec each, giving a total of 15250 tsec, as shown in region R. Finally, after the last row scan, there is another 450
Lsec, as shown in region S, before the vertical synchronization signal goes low again to start another complete
screen scan starting at the top-left corner. The total time to complete one complete scan of the screen is 16784 Lsec.

In order to get the monitor to operate properly, we simply have to get the horizontal and vertical
synchronization signals timing correct, and then send out the RGB data for each pixel at the right column and row
position. It turns out that it is fairly simple to get the correct timing for the two synchronization signals. The built-in
clock crystal on the UP2 board has a frequency of 25.175 MHz. The clock period is then 1 / 25.175 x 10°, which is
about 0.0397 sec per clock cycle. For region B in the horizontal synchronization signal, we need 3.77 psec, which
is approximately 3.77 / 0.0397 = 95 clock cycles. For region C, we need 1.79 tsec, which is approximately 45 clock
cycles. Similarly, we need 640 clock cycles for region D for the 640 columns of pixels and 20 clock cycles for
region E. The total number of clock cycles needed for each row scan is, therefore, 800 clock cycles. Notice that with
a 25.175 MHz clock, region D requires exactly 640 cycles, giving us the 640 columns per row. Hence, a different
clock speed will produce a different screen resolution.

The vertical timings are multiples of the horizontal cycles. For example, region P is 64 tsec, which is
approximately two horizontal cycles (2 x 31.77). The calculation for region R is 15250 usec / 31.77 usec = 480. Of
course, it has to be exactly 480 times, since we need to have 480 rows per screen.

In addition to generating the correct horizontal and vertical synchronization signals, the circuit needs to keep
track of the current column within the D region and the current row within the R region of the scan in order to know
when to turn on or off a specific pixel. To make a particular pixel green for example, you need to test the values of
the column and row counts. If they are equal to the location of the pixel that you want to turn on, then you assert the
green signal, and that pixel will be green.

Red, Green, Blue IR RARREEEE

«——————640 Column Pixels———»

Horizontal Synchronization —]
Signal

B C D E
«— —>i— ————— > —>
Time and Number of 37715 " L1945 25.42 pis 0.79 s
95 cycles 45 cycles 640 cycles 20 cycles
25.175 MHz Clock Cycles
31.77 15
800cycles e

Red, Green, Bue RRENRARRINRREEE

«———480 Horizontal Cycles———»

Vertical Synchronization —]
Signal

-« P e Q e R — > S —>
64 15 1020 5 15250 450 185

Time a.nd Number of 2 cycles 32 cycles 480 cycles 14 cycles
Horizontal Cycles 16784 1 R

528 cycles

Figure 10.17 Horizontal and vertical synchronization signals timing diagram.

Example 10.8: A VGA controller—version 1
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To get the horizontal and vertical synchronization timing correct, we can design an FSM with 800 states
running at a clock speed of 25.175 MHz. For the first 95 states, we will output a O for the horizontal synchronization
signal H_Sync. For the next 45 + 640 + 20 = 705 states, we will output a 1 for H_Sync. The problem with this,
however, is that it is difficult to manually derive the circuit for an 800-state FSM. A simple solution around this
difficulty is to use just two states: one for when H_Sync is a 0 in region B and one for when it is a 1 in regions C, D,
and E. We will then use a counter that runs at the same clock speed as the FSM to keep count of how many times we
have been in a state. For the first state, we will stay there for 95 counts before going to the next state, and for the
second state, we will stay there for 705 counts before going back to the first state. In the first state, we will output a
0 for H_Sync, and in the second state, we will output a 1 for H_Sync.

To help keep track of when the three color signals can be enabled, we will generate an additional H_Data_on
signal the same way we generated the H_Sync signal. The H_Data_on signal is asserted in region D, and de-asserted
in regions B, C, and E. Thus, for 640 counts of repeating in one state for region D, we will set H Data_on to a 1 and
to a 0 in a second state for the remaining 160 counts for regions B, C, and E.

Combining the two states for H_Sync and two states for H_Data_on together results in the final state diagram
for the horizontal timing, as shown in Figure 10.18(a). This FSM has four states corresponding to the four regions,
B, C, D, and E. The counter initially is set to 0 and increments by 1 at every clock cycle. In state H_B for region B,
the FSM outputs a 0 for both H_Data_on and H_Sync. The FSM will stay in state H_B for 95 counts. The condition
(H_cnt = B) checks to see whether the counter is equal to B, where B is equal to 95. When the count is equal to 95,
the FSM goes to state H_C, which corresponds to region C. In state H_C, the FSM outputs a 0 for H_Data_on and a
1 for H_Sync for 45 counts (i.e., until H_cnt is B + C = 95 + 45 = 140). When H_cnt reaches 140, the FSM goes to
state H_D, and outputs a 1 for both H_Data_on and H_Sync. When H_cnt reaches B + C + D = 95 + 45 + 640 = 780,
the FSM goes to state H_E, and outputs a 0 for H_Data_on and a 1 for H_Sync. The FSM stays in state H_E for 20
more counts until H cnt=B + C+ D + E =95 + 45 + 640 + 20 = 800, and then it goes back to state H_B. When the
FSM goes back to state H_B, H_cnt is reset back to 0, and the process starts all over again for the next row scan.

The vertical synchronization timing is analogous to the horizontal synchronization timing, so we can do the
same thing using a second counter and a second FSM. This second vertical FSM is identical to the horizontal FSM.
The only difference is in the timing. Looking at the times for each region in the vertical synchronization signal in
Figure 10.17, we see that the 64 wsec for region P is approximately two times the total horizontal scan time of 31.77
Lsec each. The 1020 wsec for region Q is approximately 32 horizontal scan time (1020 / 31.77 = 32). For region R, it
is 480 horizontal cycles, and for region S, it is approximately 14 horizontal cycles. Hence, the clock for both the
vertical counter and the vertical FSM can be derived from the horizontal counter. The vertical clock ticks once for
every 800 counts of the horizontal clock.

The next-state tables for the horizontal FSM and the vertical FSM are shown in Figure 10.18(c) and (d),
respectively. Notice that besides the four count conditions, the two tables are the same. Hence, we can use the same
circuit for both FSMs. The only difference is that their status signal inputs for the four count conditions come from
different counter comparators. The output table is also the same for both FSMs and is shown in Figure 10.18(e).
There are only two output signals to be generated: H_Data_on and H_Sync for the horizontal FSM, and V_Data_on
and V_Sync for the vertical FSM. Finally, the FSM circuit is shown in Figure 10.18(f).

We will need to use two instances of this FSM circuit: one for the horizontal FSM and one for the vertical FSM.
The clock for the horizontal FSM is the 25.175 MHz clock, while the clock for the vertical FSM is derived from the
rollover signal from the horizontal counter. The four status signals for the four counter conditions are generated
from two counters: a horizontal counter and a vertical counter.
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Figure 10.18 Controller for the VGA monitor: (a) state diagram for horizontal synchronization; (b) state diagram for
vertical synchronization; (c) next-state table for horizontal synchronization; (d) next-state table for vertical
synchronization; (e) output table; (f) FSM circuit for both the horizontal and vertical synchronization; (g) horizontal
synchronization counter; (h) vertical synchronization counter; (i) complete circuit for the VGA controller.

The horizontal counter, HCount, with the four comparators for (H_cnt =B), (H_cnt=B + C), (H_cnt=B+ C +
D), and (H_cnt =B + C + D + E) is shown in Figure 10.18(g). A 10-bit counter is needed for counting from 0 up to
800. A 10-input AND gate is used for each of the four comparators. The inputs to each AND gate is set to the
equivalent binary value forB=95,B+C=95+45=140,B+C+D=95+45+640=780,andB+C+D+E =
95 + 45 + 640 + 20 = 800, respectively. The counter cycles back to 0 by asserting the Load line when the count
reaches 800 and loading in the value 0. The output from the comparator (H_cnt = 800) is the counter rollover signal
Roll_over, and is used as the vertical clock signal for the vertical counter, the vertical FSM, and the row counter.

The vertical counter, VCount, with the four comparators for (V_cnt=P), (V_cnt=P +
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output signals, Red_out, Green_out, and Blue_out, are ANDed with H_Data_on and V_Data_on. For example, if the
input Red signal is a 1, the output Red_out



To eliminate the two FSMs, notice that the FSMs are used simply to assert the two pairs of signals: H_Sync,
H_Data_on and V_Sync, V_Data_on. The assertion of these four signals is dependent only on the horizontal and
vertical counters. Therefore, we can use just the horizontal and vertical counts to assert these signals directly.
However, we need to keep these signals unchanged until after a certain count. An SR flip-flop can be used for each
signal to set the signal to a 0 or a 1 at the right time. The SR flip-flop works just like the SR latch, except that the
output changes only at the active (rising) edge of the clock. When S is asserted, the flip-flop is set, and the output Q
= 1. When R is asserted, the flip-flop is reset, and the output Q = 0. For example, the H_Sync_out signal is a 1 when
the count is at 95 and onward, and it is a O when the count is at 800, wraps back to 0, and onward. Hence, we
connect the output of the comparator for (H_cnt = 95) to the S input of an SR flip-flop and the output of another
comparator for (H_cnt = 800) to the R input. The output Q of the flip-flop is the H_Sync_out signal. As a result, the
signal is set to a 1 when the count reaches 95, and it will remain at a 1 until it is reset to a 0 at count 800. The other
three signals: H_Data_on, V_Sync_out, and V_Data_on are done similarly.

The complete version 2 of the VGA monitor controller circuit is shown in Figure 10.20. The modified
horizontal counter, HCount, and the vertical counter, VCount, are shown in Figure 10.20(a) and (b) respectively.
Notice that the four condition outputs for each of the two counters are different because we have shifted the counts
so that the counting starts at the beginning of region D and R, for the horizontal and vertical counters respectively.
The complete monitor circuit is shown in Figure 10.20(c).

We can implement and test out this second version of the monitor controller by using the same circuit shown in
Figure 10.19, but with the controller replaced by this new version. .
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Figure 10.20 Second version of the VGA monitor controller: (a) horizontal counter HCount; (b) vertical counter
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VCount; (c) complete controller circuit.

10.4 * ASM Charts and State Action Tables

The drawback to using a state diagram to describe the behavior of a sequential circuit is that it does not portray
precisely the timing information, which is very important to the correct operation of the circuit. Algorithmic state
machine (ASM) charts and state action tables are two alternate methods for describing sequential circuits more
accurately and concisely. The state action table uses a tabular format, while the ASM chart uses a graphical
flowcharting format.

10.4.1 ASM Charts

Algorithmic state machine (ASM) charts are used to graphically portray the operations of a FSM more
accurately. They are similar to flowcharts used in computer programming but use different shaped boxes, as shown
in Figure 10.21, to describe a sequence of actions. The ASM chart portrays similar information as that in the state
diagram. However, in addition to just describing a sequence of actions as in a state diagram, ASM charts also
describe the timing relationships between the states.

The rectangle shown in Figure 10.21(a) is the state box for representing a state in an FSM. Each state box,
therefore, is executed in one clock cycle and is similar to a node in a state diagram. A state in an FSM is for
performing data manipulation and input/output actions. Each state box contains unconditional (Moore type) register-
transfer operations that are to be performed in that state. There is one path going into the state box and one path
leading out of the state box. Outside the rectangle at the top-left corner is labeled with the symbolic state name,
while the top-right corner is labeled with the binary state encoding (if known). For example, Figure 10.21(b) shows
a state box with the register-transfer operation count = 0. The symbolic name given to the state is s,, and the binary
state encoding given to it is 010. When the FSM is in state s,, the register for storing the variable count is reset to 0.

When a register-transfer operation is not specified for a specific register in a state box, it is assumed that that
register content remains unchanged. A register changes its value in a state only when a register-transfer operation
writes to that register in that state box.

The diamond-shaped box shown in Figure 10.21(c) is the decision box. The purpose of the decision box is to
test whether the given condition written in the box is true or false. There is one path going into the decision box and
two paths leading out of the box. The two paths coming out of the decision box are labeled 1 and 0. If the given
condition is true, then the path labeled 1 is taken; otherwise, the path labeled 0 is taken. The decision box by itself
does not represent a state, and no actions are written inside the box. Instead, it is used to determine the next state to
go to. This is like the condition that is labeled on the edges in the state diagram.

The decision box is also used to describe a Mealy FSM where actions are performed depending on a condition
of an input. In this case, the decision box is used in conjunction with the condition box (explained next), for
performing conditional actions.

The oval-shaped condition box shown in Figure 10.21(d) is also used for performing register-transfer
operations like the state box. However, unlike the state box, the condition box is used for conditional data
manipulations in Mealy FSMs. The actual testing of the condition is not done within the condition box but rather in
a decision box. The condition box by itself is not equivalent to one state. It must be used together with a decision
box within an ASM block.

The ASM block shown in Figure 10.21(e), allows a state box and zero or more decision and condition boxes to
be grouped together to form one state. All of the actions specified inside an ASM block are executed within one
state or one clock cycle. Like the state box, the ASM block is labeled with the state name at the outside top-left
corner and the state encoding at the top-right corner. The ASM block must start with one state box containing zero
or more unconditional register-transfer operations. After the state box, there can be zero or more decision and
condition boxes. The ASM block will have one entry point, and one or more exit paths leading to other states.

Figure 10.21(f) shows an example of an ASM block. The symbolic state name is sy using the binary encoding
00. When the FSM enters this state, the variable sum is initialized to 0 and the Start signal is tested. If there is no
Start signal, that is, Start = 0, the FSM re-enters this state at the next clock cycle. If there is a Start signal, an input is
performed to load the variable n. The actual writing of the registers sum and n with the new values occurs at the next
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active clock edge. In other words, the register sum is not zeroed until the next clock cycle, and the input value for n
is not available until the next clock cycle.
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and Output
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Figure 10.21 Symbols used in an ASM chart: (a) state box; (b) example of a state box; (c) decision box; (d)
condition box; () ASM block; (f) example of an ASM block.

Example 10.10: Moore ASM chart

In this example, we will derive an ASM chart for a Moore type FSM based on the algorithm and datapath
shown in Figure 10.3(a) and (b) for the IF-THEN-ELSE problem. Line 1 in the algorithm is put in a state box with the
label s_input and encoding 000, as shown in Figure 10.22(a). A decision box is used for the conditional test in line 2
and must be put inside an ASM block. The test is dependent on the value from state s_input; therefore, it cannot be
performed in the same state with line 1 but is assigned to state s_extra. In state s_extra, there is no action that can be
performed unconditionally during this clock cycle; hence, the initial state box is empty. If we put both lines 1 and 2
in the same ASM block, as in Figure 10.22(b), then the timing will be wrong because we are again trying to read
from the register for a value that has not been updated yet.

For a Moore FSM, actions are performed unconditionally; therefore, lines 3 and 5 in the algorithm are put into
two separate state boxes. The two exit paths from the decision box go to these two state boxes: one for when the
condition is true and the other for when the condition is false. Finally, both states, s_notequal and s_equal, go to
state s_output to do the output. If we do the output in states s_notequal and s_equal, as shown in Figure 10.22(c),
then again, the output will be wrong because we will be reading from register B before it is updated. If we want to
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do the output together with the assignment of B in the same state, then what we can do is output the constant value
that is to be written into B rather than outputting the value from B. .
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Figure 10.23 Mealy ASM chart for Example 10.11.

10.4.2 State Action Tables

The state action table is another way to describe the behavior of a sequential circuit. Whereas the ASM chart is
like the state diagram, the state action table is similar to the next-state and output tables combined together. It has
three columns: current state, next state, and datapath actions. The next state and datapath action entries can be with
or without a condition. However, instead of enumerating all possible conditions and listing them out in columns, as
with the next-state table, the condition is written in front of the next-state entries whenever it is needed. If no
condition is written in front of a next-state entry, then it is an unconditional next state (i.e., the FSM will go to this
next state unconditionally). If a next state is qualified with a condition, then the FSM will go to that state only if the
condition is true. A branch in the state diagram corresponds to a next state with a condition, so the entry for that next
state will have a condition.

The datapath actions are like the control word table information. Just like the next states, these datapath actions
can be either conditional or unconditional. If an action is not qualified with a condition in front, then it is an
unconditional action. Otherwise, it is a conditional action, and the action is performed only if the condition is true.
All datapath actions for a Moore FSM will not have a condition, since Moore datapath actions are only dependent on
the current state. A Mealy FSM will have conditional actions for some of its datapath action entries.

Figure 10.24 shows the Moore-type state action table for the corresponding ASM chart from Example 10.10.
From current state s_input, the FSM unconditionally performs the action INPUT A, and then unconditionally goes to
state s_extra. In state s_extra, the FSM will go to either state s_notequal or s_equal, depending on the condition
(A =5). No action is performed in this state. In state s_notequal, the action B = 13 is performed, and then the FSM
unconditionally transitions to state s_output. In state s _equal, the action B = 8 is performed, and then the FSM
unconditionally transitions to state s_output. In state s_output, the FSM performs the action ouTPUT B and halts in
that state by unconditionally going back to itself. All of the actions in this state action table are performed
unconditionally; therefore, it is for a Moore type FSM. When the FSM enters a state, it always performs the
unconditional action(s) assigned to that state first, and then determines what the next state should be. This is
equivalent to the ASM block where the unconditional state box is always written before a decision box, if any.

Figure 10.25 shows the Mealy-type state action table for the corresponding ASM chart from Example 10.10. In
current state s_extra, either one of the two conditional actions is performed, depending on the result of the
conditional test. After performing the action, the FSM goes to state s_output unconditionally.
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Current Next State Datapath Actions
State Condition, State Condition, Action

s_input S _extra INPUT A

S_extra (A=5)s equal

(A =5)"s notequal

s _notequal | s output B=13
s_equal s_output B=8
S output | s output OUTPUT B

Figure 10.24 A sample Moore-type state action table.

Current Next State Datapath Actions
State Condition, State Condition, Action
s_input S _extra INPUT A
S_extra s_output (A=5)B=8
(A=5)B=13
S output | s output OUTPUT B

Figure 10.25 A sample Mealy-type state action table.

10.5 VHDL for Control Units

Figure 10.26 shows the behavioral VHDL code for the PS/2 keyboard controller from Example 10.7. The
format follows exactly the VHDL code for Moore FSMs discussed in Section 7.6. Notice how closely the code for
the FSM process follows the state diagram. Because of its simplicity, control units usually are synthesized this way



Digital Logic and Microprocessor Design with VHDL

Chapter 10 - Control Units

VWHEN s_d0 =>
state <= s_dli;
VWHEN s_di1 =>
state <= s_d2;
VWHEN s_d2 =>
state <= s_d3;
VWHEN s_d3 =>
state <= s_d4;
VWHEN s_d4 =>
state <= s_d5;
VWHEN s_d5 =>
state <= s_d6;
VWHEN s_d6 =>
state <= s_d7;
VWHEN s_d7 =>
state <= s _parity;
WHEN s _parity =>
state <= s_stop;
WHEN s_stop =>
state <= s_start;
VWHEN OTHERS =>
END CASE;
END | F;
END PROCESS;

out put | ogi c: PROCESS (state)
BEG N

CASE state IS

VWHEN s_d0 =>

keycode(0) <= Keyboar dDat a; -- read i

WHEN s_d1 =>

keycode(1l) <= KeyboardDat a; -- read i

WHEN s_d2 =>

keycode(2) <= Keyboar dDat a; -- read i
VWHEN s_d3 =>
keycode(3) <= Keyboar dDat a; -- read i

VWHEN s_d4 =>

keycode(4) <= Keyboar dDat a; -- read i

WHEN s_d5 =>

keycode(5) <= Keyboar dDat a; -- read i
VWHEN s_d6 =>
keycode(6) <= Keyboar dDat a; -- read i

WHEN s_d7 =>

keycode(7) <= Keyboar dDat a; -- read i

WHEN OTHERS =>
END CASE;
END PROCESS;
END Structural;

dat a

dat a

dat a

dat a

dat a

dat a

dat a

dat a

bi t

bi t

bi t

bi t

bi t

bi t

bi t

bi t

fromthe keyboard
fromthe keyboard
fromthe keyboard
fromthe keyboard
fromthe keyboard
fromthe keyboard
fromthe keyboard

fromthe keyboard

Figure 10.26 VHDL code for the PS/2 keyboard controller.

10.6 Summary Checklist

a Control unit
O Datapath
a Control signals
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Status signals

Constructing a control unit

Generating control signals

Generating status signals

Timing issues for a control unit

ASM charts

State action tables

Be able to derive a state diagram from an algorithm

Be able to derive output signals for a control unit from control words
Be able to derive status signals from the conditions in an algorithm
Be able to determine how a comparator for generating a status signal connects to the datapath
Be able to derive a control unit (FSM) from a state diagram

O0oo0oO0O0OO0OO0DD0ODD0ODDO0ODD
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10.7 Problems

10.1 Derive the control unit for the counting problem from Example 10.1, except use the general datapath from

Section 9.4.
Answer
control word 1 Current State gj ext étate
QlQO . lnext O_next
(i#10) | (i#10)
(i#10) (i#10) s, 00 5311 5, 01
S1 01 Sy 10 Sy 10
control word 2 s, 10 311 s, 01
s3 11 S3 11 s3 11
i#10
( ) (b)
control word 3 Current State Impltijmel,-;tatlon
120
£ 10 QU iz 10) [(i210)
{ ) 00 11 01
01 10 10
halt 10 11 01
11 11 11
(©)
@
Q1Qq | Clear
00 1
01 0
10 0
Do=0Q1+ Q¢ 11 X
D;=(i#10)' + Qq
Clear = Q,'Qy'
(d) (e)
IE =0
Q,Q0 | IE | ALU, | ALU; | ALU, | Load | Clear | OE ﬁtﬂz - le Qo
00 | x | x x x | 0 1 10 ALU, =0
01 |o| 1 0 0 1 0 |0 Load = 0,0
10} x| x x X 0 0 |1 Clear = Q,'Qy’
11 X X X X X X 0 OE — Q]_QOI
U] 9
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10.2

10.3

10.4

10.5

10.6

10.7

10.8

10.9

10.10

status signal from
the datapath

(i#10)

Clk

K4

next-state

logic memory

state

Chapter 10 - Control Units

output logic and
control signals to the datapath

0> IE
ALU
D—p @ | :
—> Clk 0> ALU,
Q 0'> ALU,
| Load
Clear
P @ |
> Clk — o
Qy
(h)

Use schematic entry to implement the control unit shown in Figure 10.2(g). Simulate and test the circuit.

Implement and test the control unit for Problem 10.2 on the UP2 board.

Use schematic entry to implement the control unit shown in Figure 10.6(g). Simulate and test the circuit.

Implement and test the control unit for Problem 10.4 on the UP2 board.

Use schematic entry to implement the control unit shown in Figure 10.11(g). Simulate and test the circuit.

Implement and test the control unit for Problem 10.6 on the UP2 board.

Derive the control unit for:

(a)
(b)
(©)
(d)
(€
®

Problem 9.23
Problem 9.24
Problem 9.25
Problem 9.26
Problem 9.27
Problem 9.28

Use schematic entry to implement the control units for Problem 10.8. Simulate and test the circuit.

Derive the control unit for:

(a)
(b)
(©
(d)
(®)
®

Problem 9.29
Problem 9.30
Problem 9.31
Problem 9.32
Problem 9.33
Problem 9.34
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(9) Problem 9.35.
(h)  Problem 9.36.

10.11 Use schematic entry to implement the control units for Problem 10.10. Simulate and test the circuit.

10.12 Instead of using an FSM circuit for the keyboard controller, as shown in Section 10.3.2, design and
implement a keyboard controller circuit using just a serial-to-parallel shift register.

10.13 Modify the keyboard controller circuit from Section 10.3.2 so that it will test for the correct parity bit.
10.14 Modify the keyboard controller circuit from Problem 10.12 so that it will test for the correct parity bit.

10.15 Construct and implement a circuit using the VGA controller from Section 10.3.3 to draw a blue triangle on
the screen.

10.16 Construct and implement a circuit using the VGA controller from Section 10.3.3 to draw a white square in the
middle of the screen.

10.17 Construct and implement a circuit using the VGA controller from Section 10.3.3 to draw a white square and a
blue triangle on the screen.

10.18 Using the keyboard controller from Section 10.3.2 and the VGA controller from Section 10.3.3, construct and
implement a circuit that reads in a letter from the keyboard and displays it on the screen.

10.19 Write VHDL code for the control units for Problem 10.8. Simulate and test the circuit.
10.20 Write VHDL code for the control units for Problem 10.10. Simulate and test the circuit.
10.21 Derive the ASM charts for the control units for Problem 10.8.

10.22 Derive the ASM charts for the control units for Problem 10.10.

10.23 Derive the state action tables for the control units for Problem 10.8.

10.24 Derive the state action tables for the control units for Problem 10.10.
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All microprocessors can be divided into two main categories: general-purpose microprocessors and
dedicated microprocessors. General-purpose microprocessors are capable of performing a variety of computations.
In order to achieve this goal, each computation is not hardwired into the processor, but rather is represented by a
sequence of instructions in the form of a program that is stored in the memory, and executed by the microprocessor.
The program in the memory can be easily changed so that another computation can be performed. Because of the
general nature of the processor, it is likely that in performing a specific computation, not all of the resources
available inside the general-purpose microprocessor are used.

Dedicated microprocessors, also known as application specific integrated circuits (ASICs), on the other hand,
are dedicated to performing only one task. The instructions for performing that one task are, therefore, hardwired
into the processor itself, and once manufactured, cannot be modified again. In other words, no memory is required to
store the program because the program is built right into the circuit itself. If the ASIC is completely customized,
then only those resources that are required by the computation are included in the ASIC, and so no resources are
wasted. Another advantage of building the program instructions directly into the microprocessor circuit itself is that
the execution speed of the program is many times faster than if the instructions are stored in memory.

The design of a microprocessor, whether it be a general-purpose microprocessor or a dedicated microprocessor,
can be divided into two main parts, the datapath and the control unit as shown in Figure 11.1. The datapath is
responsible for all the operations perform on the data. It includes (1) functional units such as adders, shifters,
multipliers, ALUs, and comparators, (2) registers and other memory elements for the temporary storage of data, and
(3) buses and multiplexers for the transfer of data between the different components in the datapath. External data
can enter the datapath through the data input lines. Results from the computation can be returned through the data
output lines.

Control Data
Inputs Inputs
\4 \ 4
Control unit B 0 Datapath
> > 1\
B
—{ State »| Output > >
Next- ! > >
stea)ie Memory Logic Control 8

Logic register B}D Signals

Y

A4

>
>

A4

A Y

7 ¥ <
Status
v Signals v
Control Data
Outputs Outputs

Figure 11.1. Schematic of a microprocessor.

The control unit (or controller) is responsible for controlling all the operations of the datapath by providing
appropriate control signals to the datapath at the appropriate times. At any one time, the control unit is said to be in
a certain state as determined by the content of the state memory. The state memory is simply a register with one or
more (D) flip-flops. The control unit operates by transitioning from one state to another — one state per clock cycle,
and because of this behavior, the control unit is also referred to as a finite-state machine (FSM). The next-state
logic in the control unit will determine what state to go to next in the next clock cycle depending on the current state
that the FSM is in, the control inputs, and the status signals. In every state, the output logic that is in the control
unit generates all the appropriate control signals for controlling the datapath. The datapath, in return, provides status
signals for the next-state logic. Status signals are usually from the output of comparators for testing branch
conditions. Upon completion of the computation, the control output line is asserted to notify external devices that
the value on the data output lines is valid.

In chapters 9 and 10, you have learned how to design the datapath and the control unit separately. In this
chapter, you will learn how to put them together to form a dedicated microprocessor. There are several abstraction
levels at which a microprocessor can be designed. At the lowest level, you manually construct the circuit for both
the control unit and the datapath separately, and then connect them together using the control and status signals. This
manual process of constructing a microprocessor ties together everything that you have learned so far in this book.
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However, in a real situation, this method is not too practical because the microprocessor will usually require many
more states, input, and output signals. As a result, the manual construction process becomes much more complex.
Furthermore, there are tools for automating this process. Nevertheless, being able to construct a microprocessor
manually shows that you fully understand the theories and concepts of how a microprocessor is designed.
Section 11.1 shows this complete dedicated microprocessor construction process. Section 11.2 provides several
complete manual construction examples. All the circuits are on the accompanying CD-ROM, and can be
downloaded onto the UP2 development board for testing.

After manually designing a microprocessor, we can actually implement the circuit either by manually drawing
the circuit using the Schematic Editor, or using VHDL to describe the circuit connections at the structural level.
Constructing a microprocessor manually this way uses the FSM+D (FSM plus datapath) model. In this model, both
the FSM and the datapath circuits are manually constructed as separate units. The FSM and the datapath are
connected together in an enclosing unit using the control and status signals.

The next abstraction level of microprocessor design also uses the FSM+D model. As before, you would
manually construct the datapath. However, instead of manually constructing the FSM, you would use behavioral
VHDL code to describe the operation of the FSM as discussed in Sections 7.6 and 10.7. There will be a next-state
process and an output process in the behavioral code. The next-state process will generate the next-state logic, and
the output process will generate all the control signals for driving the datapath. The final circuit for the FSM can
then be automatically synthesized. The automatically synthesized FSM and the manually constructed datapath are
then connected together like before in an enclosing unit using the control and status signals. In practice, this is
probably the lowest level in which you would want to design a dedicated microprocessor. The advantage of using
this FSM+D model is that you have full control as to how the datapath is built. Section 11.3.1 illustrates this process.

The third level of microprocessor design uses the FSMD (FSM with datapath) model. Using this model, you
would design the FSM using behavioral VHDL code just like in the previous level. However, instead of constructing
the datapath manually as a separate unit, all the datapath operations are embedded within the FSM entity using the
built-in VHDL operators. During the synthesis process, the synthesizer will automatically generate a separate FSM
and datapath units, but these two units will be automatically connected together as one microprocessor by the
synthesizer. The advantage of this model is that you do not have to manually design the datapath, but you still have
full control as to what operation is executed in what state or in what clock cycle. In other words, you have control
over the timing of the FSM circuit. Section 11.3.2 illustrates this process.

Finally, a microprocessor can be described algorithmically at the behavioral level using VHDL. This process
synthesizes the full microprocessor with its control unit and datapath automatically. The advantage of designing
microprocessors this way is that you do not need to know how to manually design a microprocessor. In other words,
you do not need to know most of the materials presented in this book. Instead, you only need to know how to write
VHDL codes. The disadvantage is that you do not have control over the timing of the circuit. You can no longer
specify what register-transfer operation is executed in what clock cycle. Section 11.3.3 illustrates this process.

11.1 Manual Construction of a Dedicated Microprocessor

In Chapter 9, we described how a datapath is designed, and how it is used to execute a particular algorithm by
specifying the control words to manipulate the datapath at each clock cycle. In that chapter, we tested the datapath
by setting the control word signals manually. However, to actually have the datapath automatically operate
according to the control words, a control unit is needed that will generate the control signals that correspond to the
control words at each clock cycle.

The construction of the control unit was described in Chapter 10. Given the algorithm and the control words, we
were able to derive the state diagram, from which we get the next-state table, and finally the next-state logic circuit
for the control unit. The control words also serve as the output table; from this we get the output logic circuit.
Combining the next-state logic circuit, the state memory, and the output logic circuit together produces the complete
control unit circuit.

To form a complete dedicated microprocessor, we simply have to join the control unit and the datapath together
using the control signals and the status signals. Recall that the control signals are generated by the control unit to
control the operations of the datapath, while the status signals are generated by the datapath to inform the next-state
logic in the control unit as to what the next state should be in the execution of the algorithm.
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This method of manually constructing a dedicated microprocessor is referred to as the FSM+D (FSM plus
datapath) model because the FSM and the datapath are constructed separately, and then they are joined together
using the control and status signals. Example 11.1 shows this manual construction of a dedicated microprocessor.

Example 11.1

In this example, we will manually construct the dedicated microprocessor for the summation algorithm of
Example 9.10. Recall that the problem is to generate and add the numbers from n down to 1, where n is an input
number. In Example 9.10, we derived the control words for solving this algorithm using the general datapath shown
in Figure 9.32??? and repeated here in Figure 11.2(a). Example 10.6??? manually constructed the control unit circuit
based on the state diagram and control words for the algorithm. The complete control unit circuit from Figure 10.4 is
repeated here in Figure 11.2(b).

The datapath circuit shown in Figure 11.2(a) uses 16 control signals. Correspondingly, the control unit circuit
shown in Figure 11.2(b) generates the values for these 16 control signals. To combine the control unit and the
datapath together, we simply connect the 16 control signals from the control unit to the corresponding 16 control
signals on the datapath as shown in Figure 11.2(c).

Data Input
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Figure 11.2. Microprocessor for the summation algorithm of Example 11.1: (a) datapath; (b) control unit; (c)
complete microprocessor circuit.
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11.2 Examples

This section provides several complete examples of manually designing and constructing dedicated
microprocessors. The complete schematic drawings are available on the accompanying CD-ROM in the respective
directories. All the examples’ microprocessor top-level schematic design files are named MP.GDF, and can be used
for simulation. The microprocessor circuits can also be downloaded onto the UP2 development board for testing. To
download the design onto the UP2 development board, use either the top-level file named UP2MAX.GDF for the
MAX chip, or UP2FLEX.GDF for the FLEX chip. In each respective directory on the CD-ROM, there is a
README.TXT file that describes how to use the microprocessor. Furthermore, each example also has the VHDL
codes for describing it using the FSMD model on the CD-ROM. The corresponding top level VHDL files on the
CD-ROM are MP.VHD, UP2MAX.VHD, and UP2FLEX.VHD.

11.2.1 Greatest Common Divisor

Example 11.2

In this example, we will manually design the complete dedicated microprocessor for evaluating the greatest
common divisor (GCD) of two 8-bit unsigned numbers X and Y. For example, GCD(3,5) = 1, GCD(10,4) = 2, and
GCD(12,60) = 12. The algorithm for solving the GCD problem is listed in Figure 11.3.

We will first design a dedicated datapath for the algorithm. Next, we will design the control unit for the
datapath. We will use schematic entry to implement the complete dedicated microprocessor. Finally, we will test it
using simulation, and on the UP2 board.

i nput X
i nput Y

POO~NOODWwNER
X
I
X
xX <=

0 out put X

Figure 11.3. Algorithm for solving the GCD problem.

The algorithm shown in Figure 11.3 has five data manipulation statements in lines 1, 2, 5, 7, and 10. There are
two conditional tests in lines 3 and 4. We can conclude that the datapath requires two 8-bit registers, one for variable
X, and one for variable Y, and a subtractor. The dedicated datapath is shown in Figure 11.4.

We need a 2-to-1 mux for the input of each register because for each register, we need to initially load it with an
input number, and subsequently load it with the result from the subtractor. The two control signals, In_X and In_Y,
select which of the two sources are to be loaded into the registers X and Y respectively. The two control signals,
Load_X and Load_Y, load a value into the respective register.

The bottom two muxes, selected by the same XY signal, determine the source to the two operands for the
subtractor. When XY is asserted, then the value from register X goes to the left operand, and register Y goes to the
right operand of the subtractor. When XY is de-asserted, then Y goes to the left operand, and X goes to the right
operand. Thus, this allows the selection of one of the two subtraction operations, X — Y or Y — X, to perform. Finally,
a tri-state buffer is used for outputting the result from register X. The Out control signal is used to enable the tri-state
buffer.

A greater-than and equal-to comparator is used to generate the two needed conditional status signals. The
comparator inputs are directly from the two X and Y registers. There are two output signals, XeqY and XgtY, from the
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comparator. XeqY is asserted if X is equal to Y, and XgtY is asserted if X is greater than Y. The operation table and
circuit for this comparator was discussed in Section 4.10, and shown in Figure 4.29.

This dedicated datapath for solving the GCD problem requires six control signals, In_X, In_Y, Load_X, Load_Y,
XY, and Out, and two status signals, XeqY, and XgtY.

Input_X Input_Y
8 8T
4 4
S 1 0 1 0
In_X~ LY [‘X__ E
In_Y—>
D7-0 D7-0
Load X—>—————Load 8-bit register Load 8-hit register
Clear X Clear Y
] 7-0 -0
Loaij_Y > |7
Clear— = 1
Clock— 8" 5
XeqY «—  Comparator

XqtY «<— (X>Y), (X=Y) [« I/
8’—
l_\l 0 1 07

XY —>
8t 81
s+t Subtractor
Out— \V .
A 4
Output

Figure 11.4. Dedicated datapath for solving the GCD problem.

The state diagram for the GCD algorithm requires five states as shown in Figure 11.5 (a). Four states are used
for the five data manipulation statements, since only one state is used for performing both inputs. One “no-op” state
is used for the conditional testing of the updated values of X and Y. The “no-operation” state 001 is needed since we
need to test the conditions on the updated values of X and Y. From state 001, we test for the two conditions, (X=Y)
and (X>Y). If (X=Y) is true, then the next state is 100. If (X=Y) is false, then the next state is either 010 or 011,
depending on whether the condition (X>Y) is true of false respectively.

This state diagram does not have a Start signal, so in order for the resulting microprocessor to read the inputs
correctly, we must first set up the input numbers, and then assert the reset signal to clear the state memory flip-flops
to 0. This way, when the FSM starts executing from state 000, the two input numbers are ready to be read in.

The next-state table as derived from the state diagram is shown in Figure 11.5 (b). The table requires five
variables; three to encode the six states, Q,, Q;, and Qy, and two status signals, (X=Y) and (X>Y). There are three
unused state encodings, 101, 110 and 111. We have assumed that the next states from these three unused states are
unconditionally back to state 000.

Using D flip-flops to implement the state memory, the implementation table is the same as the next-state table
except that the values in the table entries are the inputs to the flip-flops, D,, Dy, and Dy, instead of the flip-flops
outputs, Qanexty Qunext» aNd Qonext- The k-maps and the excitation equations for D,, D, and D, are shown in Figure
11.5 (c).

The control words and output truth table, having the six control signals, are shown in Figure 11.5 (d). State 000
performs both inputs of X and Y. The two mux select lines, In_X and In_Y must be asserted so that the data comes
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from the two primary inputs. The two numbers are loaded into the two corresponding registers by asserting the
Load_X and Load_Y lines. State 001 is for testing the two conditions, so no operations are performed. The no-op is
accomplished by not loading the two registers, and not outputting a value. For states 010 and 011, the XY mux select
line is used to select which of the two subtraction operations is to be performed. Asserting XY performs the
operation X — Y, whereas, de-asserting XY performs the operation Y — X. The corresponding In_X or In_Y line is de-
asserted to route the result from the subtractor back to the input of the register. The corresponding Load_X or
Load_Y line is asserted to store the result of the subtraction into the correct register. State 100 outputs the result from
X by asserting the Out line.

The output equations as derived from the output table are shown in Figure 11.5 (e). There is one equation for
each of the six control signals. Each equation is only dependent on the current state, Q,, Q;, and Qq. We have
assumed that the control signals have “don’t care” values in all the unused states.

The complete control unit circuit is shown in Figure 11.5 (f). The state memory consists of three D flip-flops.
The inputs to the flip-flops are the next-state circuits derived from the three excitation equations. The output circuits
for the six control signals are derived from the six output equations. The two status signals, XeqY and XgtY, come

from the comparator in the datapath.
input X
input' Y

o001 —X=Y) (100 Youtput X

()
Current State Next Stit;_%zne&gl(;m Qonex
Q:Q:Q 00 | o1 | 10 | 11
000 001 | 001 | 001 | 001
001 011 | 010 | 100 | 100
010 001 | 001 | 001 | 001
011 001 | 001 | 001 | 001
100 100 | 100 | 100 | 100
(b)
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In_X = Q]_l Load_X = QZIQO'
In_Y=Q Load_Y = Q2'Q:'Q¢" + Q2'Q1Q0
XY = Qol Out = QZ
(e)
: > |n_X
. D Qi > In_Y
i > Clk
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> XY
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Reset — Done
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()

Figure 11.5. Control unit for solving the GCD problem: (a) state diagram; (b) next-state table; (c) k-maps and
excitation equations; (d) control word/output truth table; (e) output equations; (f) circuit.

The final microprocessor can now be easily formed by connecting the control unit and the datapath together
using the designated control and status signals as shown in Figure 11.6. A sample simulation is shown in Figure
11.7. This complete microprocessor circuit is on the accompanying CD-ROM in the file MP.GDF, and can be
synthesized and simulated.
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Input X InputY

oy o

Input_ X  Input_ Y
In_X > In_X
In_Y Control > In_Y
Load X ontro > Load X
Signals
Load Y > Load_Y
Out » Out
Clock > Clock XeqY (e Ssitgar::fs XeqY Clock [«
Reset > Reset XgtY |« XgtY Reset [«
Done Output
8,—
v \ 4
Done Output
Figure 11.6. Microprocessor for solving the GCD problem.
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=@ Dutpud I £ :: 4
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Figure 11.7. Sample simulation for the GCD problem for the two input numbers 4 and 12. The GCD of these two
numbers is 4.

There is another top level file called UP2MAX.GDF in the same directory for downloading and testing this
microprocessor circuit on the UP2 development board using the MAX EPM7128S PLD.

You need to look at the Floorplan Editor to see how the 1/0’s are mapped to the EPM7128S pins. If you prefer,
you can re-map these pins. Note that the Reset signal must be mapped to pin 1 on the MAX chip, otherwise you
need to remove the “Automatic Global Clear” selection checkmark from the Compiler menu Assign / Global Project
Synthesis in order to compile this design file correctly.

Jumper wires between the PLD pins and the appropriate switches and LED’s must be connected according to
this floor plan. There are two sets of eight wires for the two input DIP switches. Another eight wires for the eight
output LED’s, and one wire for the reset button. The original Done signal is mapped to segment a on digit 2. You
may want to refer to Appendix C.9 for making these connections.

To test this circuit, you need to first set up the two sets of eight DIP switches for the two binary unsigned input
numbers. Then press the button connected to the Reset line. You should see the answer displayed as an 8-bit binary
number on the eight LED’s. You should also see segment a on digit 2 light up for the Done signal. .
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11.2.2 Summing Input Numbers

Example 11.3

In this example, we will manually design the complete dedicated microprocessor for inputting many 8-bit
unsigned numbers through one input port, and then output the sum of these numbers. The algorithm continues to
input numbers as long as the number entered is not a zero. Each number entered is also outputted. When the number
entered is a zero, the algorithm stops and outputs the sum of all the numbers entered. The algorithm for solving this
problem is listed in Figure 11.8.

We will first design a dedicated datapath for the algorithm. Next, we will design the control unit for the
datapath. We will use schematic entry to implement the complete dedicated microprocessor. Finally, we will test it
using simulation, and on the UP2 board.

Sum= 0

begin | oop
i nput X
Sum = Sum + X
if (X=0) then

exit |oop

end if
out put X

end | oop

0 out put Sum

P OO~NOUITA,WNPE

Figure 11.8. Algorithm for summing input numbers.

The algorithm shown in Figure 11.8 has five data manipulation statements in lines 1, 3, 4, 8, and 10. There is
one conditional test in line 5. The algorithm requires two 8-bit registers, one for variable X, and one for variable
Sum, and an adder. The dedicated datapath is shown in Figure 11.9.

Line 1 in the algorithm is performed by asserting the Clear signal, line 3 is performed by asserting the Load_X
signal, and line 4 is performed by asserting the Load_Sum signal. The algorithm continuously outputs either X or
Sum. The Out signal selects the 2-to-1 multiplexer for one of the two sources, register X or register Sum. The output
of the mux is always available at the output. The conditional test (X = 0) is generated by the 8-input NOR gate.

Input_X
4
8, -
Load_Sum —»
D7-O D7-0
Load X —-————Load 8-bit register —Load 8-bit register
Clear X Clear  Sum
Q7.0 1 Q7_0
Clear —
Clock —
4 4 A
Xeq0 <—oG o + st
8 ®
8T 8T 81
+
Out 01
8
Output

Figure 11.9. Dedicated datapath for the summing input numbers problem.
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At first glance, this algorithm is very similar to the GCD algorithm in Example 11.2. However, because of the
requirements of this problem, the actual hardware implementation of this microprocessor is slightly more difficult.
Specifically, the requirement that many different numbers be inputted through one input port requires careful timing
considerations, and an understanding of how mechanical switches behave.

As a first try, we begin with the state diagram shown in Figure 11.10 (a). Line 1 of the algorithm is performed
by the asynchronous reset, so it does not require a state to execute. Line 3 is performed in state 00, which is
unconditionally followed by line 4 in state 01. The condition (X=0) is then tested. If the condition is true, the loop is
exited, and the FSM goes to state 11 to output the value for Sum, and stays in that state until reset. If the condition is
false, the FSM goes to state 10 to output X, and the loop repeats back to state 00.

RiLPeitGooR3 Tw 9.901 0 0 9.96001 193.84059 492.12 m(X86Tj0 Tc T1 11 sc Tc 0 Tw 9.877
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fluctuating between the on and the off positions, the FSM can again be able to go through the loop many times.
What we need to do is to debounce the switch. This however, is not done in the FSM circuit itself, but in the
interface circuit between the FSM and the switch. We will come back to address this problem when building the
interface circuit.

We will now construct the control unit circuit based on the state diagram shown in Figure 11.11 (a). Four states
are used for the five data manipulation statements. All the states except for 11 will output X. State 00 inputs X and
waits for the Enter signal. This allows the user to set up the input number, and then press the Enter key. When the
Enter key is pressed, the FSM goes to state 01 to sum X, and test for (X = 0). If the condition is true, the FSM
terminates in state 11, and outputs X, otherwise, it goes to state 10 to wait for the Enter signal to be de-asserted by
the user releasing the Enter switch. After exiting state 10, the FSM continues on to repeat the loop in state 00.

The next-state table as derived from the state diagram is shown in Figure 11.11 (b). The table requires four
variables; two to encode the four states, Q; and Qo, and two status signals, Enter and (X = 0).

Using D flip-flops to implement the state memory, the implementation table is the same as the next-state table
except that the values in the table entries are the inputs to the flip-flops, D; and Dy, instead of the flip-flops outputs,
Qunext and Qonext- The k-maps and the excitation equations for Dy and Dy are shown in Figure 11.11 (c).

The control words and output truth table for the three control signals, are shown in Figure 11.11 (d). State 00
performs Line 3 of the algorithm in Figure 11.8 by asserting Load_X, and Line 8 by de-asserting Out. When Out is
de-asserted, X is passed to the output. State 01 performs Line 4 and Line 8. Line 4 is executed by asserting
Load_Sum, and Line 8 is executed by de-asserting Out. State 10 again performs Line 8 by de-asserting Out. Finally,
State 11 performs Line 10 by asserting Out.

The output equations as derived from the output table are shown in Figure 11.11 (e). There is one equation for
each of the three control signals. Each equation is only dependent on the current state, Q; and Q.

The complete control unit circuit is shown in Figure 11.11 (f). The state memory consists of two D flip-flops.
The inputs to the flip-flops are the next-state circuits derived from the two excitation equations. The output circuits
for the three control signals are derived from the three output equations. The status signal, (Xeq0) come from the
comparator in the datapath.

(@)
Current State Next State Q2next anext QOnext
Q,Q0 Enter, (X=0)
00 01 10 11
00 00 00 01 01
01 10 11 10 11
10 00 00 10 10
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| 11 | 11 | 11 | 11 | 11 |
(b)

Dl
Enter,(X=0)

Q,Q, 00 01 11 10
00
0111 | 1| 1|1 Q,
1142 |12 |11 |1 Q, Enter
10 1 1

Dl = QO + Ql Enter

Do
Enter,(X=0)

Q,Q, 00 01 11 10
00| Q,'Q, Enter
01 1|1 Q, (X=0)
11 |1 | 1| 1efm Q,Q,
10

Do = Q1Qq + Qo (X=0) + Q1'Qq¢' Enter

(c)
Control | State
Word | Q; Qq Instruction Load X | Load Sum | Out
0 00 input X, output X 1 0 0
1 01 Sum = Sum — X, output X 0 1 0
2 10 output X 0 0 0
3 11 output Sum 0 0 1
(d)
Load_X =Q/Q¢
Load_Sum = Q;'Qq
Out = Q1Qq
(e)
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Enter

DJ_Di D1 Qi _D—» Load_X
| > Clk

Q'
ClIr [ »—> Load_Sum
I
| Db Q ' Out
—] > Clk
Clock — cir %° Done
Reset — |
<« Xeq0
()

Figure 11.11. Control unit for the summing input numbers problem: (a) state diagram; (b) next-state table; (c) k-
maps and excitation equations; (d) control word/output truth table; (e) output equations; (f) circuit.

The final microprocessor can now be easily formed by connecting the control unit and the datapath together
using the designated control and status signals as shown in Figure 11.12. A sample simulation is shown in Figure
11.13. This complete microprocessor circuit is on the accompanying CD-ROM in the file MP.GDF, and can be
synthesized and simulated.

Enter Input X
Enter Input_X
Load X Control > Load X
Load_Sum ontro > Load_Sum
Signals
Out » Out
Cu DP
Clock > Clock XeqO [« S.tatus Xeq0 Clock [«
Signal
Reset > Reset Reset [«
Done Output
8,;
v \ 4
Done Output

Figure 11.12. Microprocessor for solving the summing input numbers problem.
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Figure 11.13. Sample simulation for the summing input numbers problem.

In order to implement the circuit on the UP2 development board, we need to connect the microprocessor’s 1/0s
to the switches, LEDs, and clock source. The most important interface circuit for this problem is to debounce the
Enter switch. A simple circuit to debounce a switch is to use a D flip-flop as shown in Figure 11.14. The clock
frequency for the D flip-flop must be slow enough for the switch bounce to settle so that the flip-flop will latch in a
single value. The exact clock frequency is not too critical. The clock divider circuit used in the example slows down
the on-board 25MHz clock to approximately 4Hz.

8 DIP switches

8
Reset push button switch — Reset Input_X
Enter push button switch — b o Enter MP 82 ] dEc%(IjDer _>7-sigén5ent
Clock
25MHz Clock—>——25MHz 4Hz Clk Done  Output
Clock
Divider 8
LED 8 LEDs

Figure 11.14. Interface to the summing input numbers microprocessor for the UP2 development board.

The top-level interface circuit is in the file UP2MAX.GDF for the MAX chip on the accompanying CD-ROM.
This circuit also displays the current state value, Q; and Qy, on the 7-segment LED. The FLEX version of this circuit
is in the file UP2FLEX.GDF. It displays the sum output on the two 7-segment displays instead of using the eight
discrete LEDs. ¢

11.2.3 High-Low Guessing Game

Example 11.4

In this example, we will manually design the complete dedicated microprocessor for playing the high-low
guessing game. The user picks a number between 0 and 99, and the computer will use the binary search algorithm to
guess the number. After each guess, the user tells the computer whether the guess is high or low compared to the
picked number. Two push buttons, hi_button and lo_button, are used for the user to tell the computer whether the
guess is too high, too low, or correct. The hi_button is pressed if the guess is too high, and the lo_button is pressed if
the guess is too low. If the guess is correct, both buttons are pressed at the same time.

The algorithm for simulating this high-low guessing game is listed in Figure 11.15. The two range boundary
variables, Low and High, are initialized to 0 and 100 respectively. The loop between lines 3 to 11 will keep repeating
until both buttons, hi_button and lo_button, are pressed. Inside the loop, line 4 calculates the next guess by finding
the middle number between the lower and upper boundaries, and then outputs this new guess in line 5. Lines 6 to 10
checks which button is pressed. If the lo_button is pressed, that means the guess is too low, so line 7 changes the
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Low boundary to the current Guess. Otherwise if the hi_button is pressed, that means the guess is too high, and line
9 changes the High boundary to the current Guess. The loop is then repeated with the calculation of the new Guess
in line 4.

When both buttons are pressed, the condition in line 11 is true, and the loop is exited. Lines 12 to 15 simply
cause the display to blink the correct guess by turning it on and off.

1 Low = O /1 initialize Low

2 H gh = 100 /1 initialize Hi gh

3 repeat {

4 GQuess = (Low + High) / 2 // calculate guess using binary search

5 out put Guess

6 if (lo_button ="'1" and hi _button = '0") /1 low button pressed

7 Low = Quess

8 else if (lo_button ="'0" and hi_button ="1') // hi button pressed

9 H gh = CGuess

10 end if

11 } until (lo_button = '1'" and hi_button = "'1") // repeat until both
/1 buttons are pressed

12 while (lo_button = "'0" and hi _button = '0")

/1 blink correct guess

13 out put QGuess

14 turn of f display

15 end while

Figure 11.15. Algorithm for the high-low guessing game.

We will first design a dedicated datapath for the algorithm. Next, we will design the control unit for the
datapath. We will use schematic entry to implement the complete dedicated microprocessor. Finally, we will test it
using simulation, and on the UP2 board.

The algorithm shown in Figure 11.15 has eight data manipulation operations in lines 1, 2, 4, 5, 7, 9, 13 and 14.
The dedicated datapath for realizing this algorithm is shown in Figure 11.16. It requires three 8-bit registers, Low,
High, and Guess, for storing the low and high range boundary values, and the guess respectively. Two 2-to-1 muxes
are used for the inputs to the Low and High registers to select between the initialization values for lines 1 and 2, and
setting the new Guess value for lines 7 and 9.

The only arithmetic operations needed are the addition and division by 2 in line 4. Hence, the outputs from the
two registers, Low and High, go to the inputs of an adder for the addition, and the output of the adder goes to a
shifter. The division by 2 is performed by doing a right shift of 1 bit. The result from the shifter is stored in the
register Guess. Depending on the condition in line 6, the value in Guess is loaded into either the Low or the High
register by asserting the corresponding load signal for that register.

A 2-input by 8-bit AND gate is used to control the output of the Guess number. One 8-bit set of input is
connected to the output of the Guess register. The other 8-bit set of input is connected together in common to the
output enable OutE signal. By asserting OutE, the data from Guess is passed to the output port. To blink the output
display in lines 13 and 14, we just toggle the OutE line.

The datapath shown in Figure 11.16 requires five control signals, Init, LOload, Hlload, GUESSIoad, and OutE.
The Init signal controls the two muxes to determine whether to load in the initialization values or the new guess. The
three load signals, LOload, Hlload, and GUESSIoad control the writing of the three respective registers. Finally,
OutE controls the output of the guess value.
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Using the three excitation equations for deriving the next-state logic circuit, the three D flip-flops for the state

memory, and the five output equations for deriving the outp
for the high-low guessing game as shown in Figure 11.17 (f).

Guess = (Low + High) / 2
output Gues

» 000

ut logic circuit, we get the complete control unit circuit

Low=0
High = 100

i'&lo’

Low = Guess

High = Guess

hi or lo

hi* & lo*

hi or lo

A

A
flOO Output Guess

hi* & lo*

101 ) Turn off lights

(@)
Current State Next State Qanext Qunext Qo,;]e.xt I(Implementation D, D; Dy)
i, lo
Qe 00 01 10 11
000 001 001 001 001
001 001 010 011 100
010 001 001 001 001
011 001 001 001 001
100 101 000 000 000
101 100 000 000 000
110 (not used) 000 000 000 000
111 (not used) 000 000 000 000
(b)
D2 2 = o Qz = 1
hi, lo
QQ, \ 00 01 11 10[00 01 11 10
00 1 Q,Q, hi' Io'
0 Q,Q,'Q, hilo
11
10
D, = Q,Q;" hi' lo" + Q,'Q1'Qq hi lo
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D, _ Q,=0 Q,=1
hi, lo

QQ, \ 00 01 11 10|00 01 11 10
00
01 lef 1< Q,'Q,'Q, hi lo'
u | T |

~Q,Q,Q,hi'lo

10

D; =Q2'Q1'Qo hilo' + Q,'Q,'Qo hi' lo

Q,'Q, hi"lo’
01 i1 1 Qz'Qo'
11} 1 1 1 1

Q,'Q;

Q,' lo’

Do =Q1'Qo hi'lo" + Q,'Qo" + Q,'Q1 + Q;' I’

(c)
Control State
Word | Q, Q; Qq Instruction Init | Hlload | LOload | GUESSIload | OutE
0 000 Initialize 1 1 1 0 1
1 001 Guess 0 0 0 1 1
2 010 Low = Guess 0 0 1 0 1
3 011 High = Guess | 0 1 0 0 1
4 100 Correct 0 0 0 0 1
5 101 Flash output 0 0 0 0 0
(d)
Init = Q,'Q:'Q¢’
Hlload = Q,'Q1'Qo’ + Q2'Q1Q0
LOload = Q,'Q:'Qo" + Q2'Q1Qq’
GUESSIload = QZIQllQo
OutE = Qzl + Qo'
(e)
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i ] 1) >|nit
D, Qo
> Clk 1 load
. Hlloa
cir Q2 ]
]
]
Dy Q1 I LOload
> Clk ] 1
— CIrQIl
| ] ) >GUESSload
) | Do Qo
i > Clk ] D OutE
CIrQU
Clock —
Reset —
D<]1 <o
3<]_1 < hi

()

Figure 11.17. Control unit for the high-low guessing game: (a) state diagram; (b) next-state table; (c) k-maps and
excitation equations; (d) control word/output truth table; (e) output equations; (f) circuit.

Connecting the control unit circuit shown in Figure 11.17 (f) and the datapath circuit shown in Figure 11.16
together using the control and status signals produces the final microprocessor as shown in Figure 11.18. This
complete microprocessor circuit is on the accompanying CD-ROM in the file MP.GDF, and can be synthesized and
simulated.

Init > Init
Hlload >
LOload Control Hiload
Signals > LOload
GUESSload > GUESSload
Clock Clock lo [« S_tatus lo Clock [«
i Signals
Reset > Reset hi |« hi Reset [«
Output
8’¢
v
Output

Figure 11.18. Microprocessor for the high-low guessing game.
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Figure 11.19 shows the interface needed to test the high-low guessing game dedicated microprocessor on the
UP2 development board. The top-level file UP2FLEX.GDF in the implementation directory can be used for

downloading and testing this circuit on the UP2 development board using the FLEX PLD. .
High push
—>—L>—In Out
bution svitch One-shot Reset |
Clock
Low push Hi binary two
button switeh ~—>>— In Out Lo MP  Output t0 ~ f=pp7-segment
One-shot Reset Reset decimal
Clock Clock LEDs
Reset di
switcﬁ —>
25MHz Clock >———25MHz 4Hz
Clock
Divider

Figure 11.19. Interface to the high-low guessing game microprocessor for the UP2 development board.

11.2.4 Finding Largest Number

Example 11.5

In this example, we will implement the classic computer program of inputting several numbers, and then output
the largest of these numbers. We will assume that the numbers, entered through one input port, are 8-bit unsigned
numbers, and a zero will terminate the inputs. The current largest number is always displayed. The algorithm for
solving this problem is listed in Figure 11.20.

1 Largest = 0 /1l for storing the current |argest nunber
2 i nput X /'l enter first nunber

3 while (X £ 0){

4 if (X > Largest) then /1 if new nunber greater?

5 Largest = X /1l yes, remenber new | argest nunber
6 end if

7 out put Largest

8 i nput X /1 get next number

9 }

Figure 11.20. Algorithm for the finding largest number problem.

We will first design a dedicated datapath for the algorithm. Next, we will design the control unit for the
datapath. We will use schematic entry to implement the complete dedicated microprocessor. Finally, we will test it
using simulation, and on the UP2 board.

The algorithm shown in Figure 11.20 has five data manipulation operations in lines 1, 2, 5, 7, and 8. It requires
two registers: an 8-bit register for storing X, and an 8-bit register for storing Largest. No functional unit for
performing arithmetic is needed. The dedicated datapath is shown in Figure 11.21.

401



Input_X

8%
D
8-bit register

Load X >——load
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Output

Figure 11.21. Dedicated datapath for the finding largest number problem.

Line 1 in the algorithm is performed by asserting the Clear signal, line 2 and 8 are performed by asserting the
Load_X signal, and line 5 is performed by asserting the Load_Largest signal. The algorithm continuously outputs
Largest. The conditional test (X = 0) is generated by the 8-input NOR gate, and the conditional test (X > Largest) is
generated by the greater-than comparator.

This algorithm is very similar to the summing input numbers problem in Example 11.3, especially the situation
for handling the Enter key for inputting each number through the same input port. The state diagram is shown in
Figure 11.22 (a). State 00 inputs X and waits for the Enter signal. This allows the user to set up the input number,
and then press the Enter key. When the Enter key is pressed, the FSM goes to state 01 to make two tests. If (X = 0) is
true, the FSM terminates in state 11. If (X > Largest) is true, then the FSM goes to state 10 to assign X as the new
largest number. If X is not 0 and not the largest, then the FSM will go back to state 00 to wait for another input
number. Before going back to state 00 from both states 01 and 10, we need to wait for the release of the Enter key as
explained in Example 11.3.

The next-state table as derived from the state diagram is shown in Figure 11.22 (b). The table requires five
variables; two to encode the four states, Q; and Qo, and three status signals, Enter, (X = 0), and (X > Largest).

Using D flip-flops to implement the state memory, the implementation table is the same as the next-state table
except that the values in the table entries are for the inputs to the flip-flops, D; and D,. The k-maps and the
excitation equations for D; and Dg are shown in Figure 11.22 (c).

The control words and output truth table for the three control signals, are shown in Figure 11.22 (d). State 00
performs Lines 2 and 8 of the algorithm in Figure 11.20 by asserting the Load X signal. All the states output
Largest, and this action does not require any control signals. State 10 performs Line 5 by asserting Load_Largest.
State 11 outputs a Done signal to inform the user that the FSM has stopped.

The output equations as derived from the output table are shown in Figure 11.22 (e). There is one equation for



utput Largest

Current State Q2next anext QOnext
Q:Qo Enter, (X=0), (X>Largest)
001 100 |/ 101 111

00 00 on 01
01 10 10 11
10 00 10 10
11 11 1 11

Dl Enter =0

% o o1 11 101 o (x>Largest)

TFoy=0)

I Q,Enter
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Do = Q1Qo + Qo (X=0) + Q;'Qo" Enter + Q,' Enter(X>Largest)'

(©

Control | State
Word | Q; Qo Instruction Logd X | Load_Largest | Done
0 00 | input X, output Largest 1 0 0
1 01 | output Largest q 0 0
2 10 | Largest = X, output Largest a 1 0
3 11 | output Largest 0| 0 1
(d)
Load_X = Q]_IQO'
Load_Largest = Q;Qq'
Done = Q;Qq
(®)
Enter
Q— = )——toadx
| 1
—pClk -
D Q1
Clr
- —
1 b o —{ )>—— Done
=D L L ik
E| - Q!
Clock — cl" i
Reset —
<« Xeq0
<« XQtLargest
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Enter Input X
Enter Input_X
Load X Control > Load X
Load_Largest ontro > Load_Largest
Signals
Out » Out
CuU DP
Clock > Clock XeqO |« gltg:]fi Xeq0 Clock (e
Reset » Reset XgtLargest [« XgtLargest Reset [«
Done Output
8,’
v v
Done Output

Figure 11.23. Microprocessor for solving the finding largest number problem.

Marne SO0 0ne 1.0us 1.5us 2. Ous 2. 5us 3.0us 3.5us 4 0us 4 Sus
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Figure 11.24. Sample simulation trace for the finding largest number problem. The last output number 15 when
Done is asserted is the largest of the six numbers entered 7, 4, 12, 8, 15, and 6.

8 DIP swétches

Reset push button switch ———{>o Reset Input_X
Enter push button switth >——J>——  Q Enter MP 82 ] 2D _>7-s|t_egén[1)ent
Clock
25MHz Clock>——25MHz  4Hz Clk Done  Output
Clock 8
Divider
LED 8 LEDs

Figure 11.25. Interface to the finding largest number microprocessor for the UP2 development board.
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11.3 VHDL for Dedicated Microprocessors

In the introduction to this chapter, we mentioned that we can use VHDL based on different models to
automatically synthesize a microprocessor. The FSM+D model requires the manual construction of the datapath, but
the FSM is described using VHDL, and is synthesized automatically. The FSMD model also uses VHDL to describe
the FSM, but in addition, the datapath operations are imbedded within the FSM VHDL code using built-in VHDL
operators. Finally, the behavioral model uses VHDL to describe the behavior of the complete microprocessor
algorithmically, and so both the control unit and the datapath are synthesized automatically.

11.3.1 FSM + D Model

In Section 11.1, we constructed a dedicated microprocessor by manually constructing the circuits for a control
unit and a datapath. These two components are then connected together to form the microprocessor. Instead of
manually constructing the control unit circuit, an alternative way is to automatically synthesize it from behavioral
VHDL code. A separate datapath circuit is still manually constructed like before. The two components are then
joined together to form the complete microprocessor.

Writing the behavioral VHDL code for the control unit was discussed in Chapter 10. The method is again
illustrated in Example 11.6. The final dedicated microprocessor is constructed using an enclosing VHDL entity
written at the structural level that combines the VHDL code for both the control unit entity and the datapath entity.

Example 11.6

In this example, we will again construct the dedicated microprocessor for the summation algorithm of
Example 9.3 similar to Example 11.1. However, unlike Example 11.1 where the circuit for the control unit is
manually derived, we will use VHDL to automatically synthesize the control unit circuit. In order to write the
behavioral VHDL code for the control unit, we need to use the information from the state diagram and the control
words derived for the algorithm. The control words were manually derived in Example 9.3, and the state diagram
was manually derived in Example 10.2. The state diagram and control words from these two examples are repeated
here in Figure 11.26.

The complete behavioral VHDL code for the control unit is shown in Figure 11.27. In the entity section, the
output signals include the 16 control signals for controlling the datapath. There is one input signal neq0 in the entity
section, which is the status signal (n # 0) from the datapath. In addition to the control and status signals, there is the
control input signal Start and the control output signal Done. Finally, there are the two global input signals Clock
and Reset. The Reset signal is to reset all the flip-flops in the state memory to zero.

The architecture section starts out with using the TYPE statement to define all the states used in the state
diagram. The SIGNAL statement declares the signal state to remember the current state of the FSM. There are two
processes in the architecture section, the next-state logic process and the output logic process that execute
concurrently. As the name suggests, the next-state process defines the next-state logic circuit that is inside the
control unit, and the output logic process defines the output logic circuit inside the control unit. The main statement
within these two processes is the CASE statement that determines what the current state is. For the next-state process,
the CASE statement is executed only at the rising clock edge because of the test (clock'EVENT AND clock = '1") in the
IF statement. Hence, the State signal is assigned a new state value only at the rising clock edge. The new state value
is, of course, dependent on the current state and input signals, if any. For example, in state sy, the next state is
dependent on the input signal Start, whereas, in state s;, the next state is unconditionally s,.

In the output process, all control signals are generated for every case, i.e., all the control signals must be
assigned a value in every case. Recall from Section 6.13.1 that VHDL synthesizes a signal using a memory element
if the signal is not assigned a value in all possible cases. However, the output circuit is a combinational circuit, and it
should not contain any memory elements. For each state in the CASE statement in the output process, the values
assigned to each of the output signal are taken directly from the control word/output table.

For the datapath, we are using the same general datapath as discussed in Section 8.5. The VHDL code for this
datapath is listed in Figure 8.12 and Figure 8.13. Figure 8.12 describes the individual components used in the
datapath and Figure 8.13 combines these components into the desired datapath.
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Finally, Figure 11.28 combines the datapath and the control unit together using structural VHDL coding to
produce the top-level entity sum for the microprocessor. The entity section specifies the primary 1/0 signals for the
microprocessor. In addition to the global Clock and Reset signals, there are the four 1/0 signals shown in Figure
11.2. These are the control input Start signal, the control output Done signal, the datapath input, and the datapath
output. The architecture section declares the two components, fsm and datapath, used in this module. These two
components are connected together using the 16 control signals and one status signal, and are declared as internal
signals using the SIGNAL declaration statement. Finally, two PORT MAP statements are used to actually connect the
control unit and the datapath together.

A sample simulation trace is shown in Figure 11.29 for the input n = 10. After asserting the Start signal in state
So, the input value 10 is read in during state s,. The value 10 is written to RF1 at the next rising clock edge, which
also brings the FSM to state s;. RF1 is for storing n that counts from 10 down to 0. RFO is for storing sum and is
updated after each count of n. When RF1 reaches zero, the sum 55 from RFO is sent to the output, and the Done
signal is asserted. At this point, the FSM stays in state s, indefinitely waiting for another start signal. .

control word 1
sum=0

control word 2
input n

ontrol word 3
um=sum+n

control word 4
n=n-1

control word 5
output sum

(@)

407



Digital Logic and Microprocessor Design with VHDL

Chapter 11 - Dedicated Microprocessors

Control Instruction IE | WE WA]_,O RAE RAALO RB RBALO ALUZ,].,O SH:L,O OE
Word 15| 14 | 13-12 | 11 10-9 8 7-6 5-3 21 |1 0
1 sum =0 0 1 00 1 00 1 00 101 (subtract) 00 0
2 input n 1 1 01 0 XX 0 XX XXX 00 0
3 sum=sum+n | O 1 00 1 00 1 01 100 (add) 00 0
4 n=n-1 0 1 01 1 01 0 XX 111 (decrement) | 00 0
5 output sum x| 0 XX 1 00 0 xx | 000 (pass) 00 1
(b)
Figure 11.26. For Example 11.6: (a) state diagram; (b) control words.
LI BRARY | EEE;
USE | EEE. STD_LOd C _1164. ALL;
ENTITY fsm IS PORT (
clock, reset, start: IN STD LOd C;
| E: OUT STD_LOdA C,
WE: OUT STD LOG C;
WA: OUT STD LOG C_VECTOR(1 DOANTO 0);
RAE. QUT STD LOd C;
RAA: QUT STD LOG C VECTOR(1 DOMNTO 0);
RBE: OQUT STD LCd C;
RBA: OUT STD _LOG C_VECTOR(1 DOMNTO 0);
al uSel OUT STD_LOG C_VECTOR(2 DOMNTO 0);
shSel: QUT STD LOG C VECTOR(1 DOMNTO 0);
OE: QUT STD LG C;
done: QUT STD LQd C;
neq0: IN STD LCA C);
END fsm
ARCHI TECTURE fsmarc OF fsm1S
TYPE state type IS (s0O, sl1, s2, s3, s4, sb5);
SIGNAL state: state_type;
BEG N
next state | ogic: PROCESS(reset, clock)
BEG N
IF(reset = '1") THEN
state <= sO;
ELSI F(cl ock' EVENT AND clock = '"1') THEN
CASE state IS
VWHEN s0 =>
IF(start = "'1'") THEN state <= sl; ELSE state <= s0; END I F;
VWHEN s1 =>
Sstate <= s2;
VWHEN s2 =>
state <= s3;
VWHEN s3 =>
Sstate <= s4,
VWHEN s4 =>
IF(neq0 = '1') THEN state <= s3; ELSE state <= s5; END I F;
VWHEN s5 =>
state <= sO;
VWHEN OTHERS =>
state <= sO;
END CASE;
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END | F,;
END PROCESS;

out put _| ogi c: PROCESS( st at e)
BEG N
CASE state IS
VWHEN s1 =>
lE<="0'; WE<='1'; WA<="00"; RAE<='1'; RAA<="00"; RBE<='1';
RBA<="00"; al uSel <="101"; shSel <="00"; CE<='0'; done<='0'
VWHEN s2 =>
IE<="1"; WE<="1'; WA<="01"; RAE<='0'; RAA<="00"; RBE<='O0'
RBA<="00"; al uSel <="000"; shSel <="00"; COE<='0'; done<='0'
VWHEN s3 =>
IE<="0"; WE<="1'; WA<="00"; RAE<='1'; RAA<="00"; RBE<='1l";
RBA<="01"; al uSel <="100"; shSel <="00"; COE<='0'; done<='0'
VWHEN s4 =>
IE<="0"; WE<="1'; WA<="01"; RAE<="1'; RAA<="01"; RBE<='O0'
RBA<="00"; al uSel <="111"; shSel <="00"; CE<='0'; done<='0'
WHEN s5 =>
IE<="0"; WE<='0'; WA<="00"; RAE<="1'; RAA<="00"; RBE<='O0'
RBA<="00"; al uSel <="000"; shSel <="00"; COE<='1'; done<='1";
VWHEN ot hers =>
lE<="'0'; WE<='0'; WA<="00"; RAE<='0'; RAA<="00"; RBE<='0'
RBA<="00"; al uSel <="000"; shSel <="00"; CE<='0'; done<='0'
END CASE;
END PRCCESS;
END fsm arc;

Figure 11.27. FSM+D model of the control unit for the summation algorithm.

LI BRARY | EEE;
USE | EEE. STD_LOGQ C_1164. ALL;

ENTITY sum IS PORT (
cl ock, reset, start: IN STD LOd C,
input: IN STD LOG C_VECTOR(7 DOANTO 0);
done: QUT STD LQd C;
output: OUT STD LOJ C VECTOR(7 DOANTO 0));
END sum

ARCHI TECTURE Structural OF sum 1S

COVPONENT fsm PORT (
clock, reset, start: IN STD LOd C;
| E: OUT STD_LOd C
WE: OUT STD LOG G
WA: QUT STD LOG C_VECTOR(1 DOANTO 0);
RAE. QUT STD LOd C;
RAA: QUT STD LOG C VECTOR(1 DOMNTO 0);
RBE: OQUT STD LCd C;
RBA: OUT STD _LOG C _VECTOR(1 DOMNTO 0);
aluSel : OUT STD LOG C_VECTOR(2 DOANTO 0);
shSel: QUT STD LOG C VECTOR(1 DOMNTO 0);
OE: QUT STD LG C;
done: OUT STD LOd C
neq0: IN STD LCGE C);
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END COMPONENT;

COVPONENT dat apath PORT (
clock: IN STD LCG C,
input: IN STD LOG C_VECTOR( 7 DOANTO 0 );
IE, WE: IN STD _LOG G,
WA: IN STD LOG C_VECTOR(1 DOANTO 0);

RAE: IN STD LOG C;
RAA: | N STD LOG C VECTOR(1 DOWNTO 0) ;
RBE: IN STD _LOG G

RBA: | N STD_LOG C_VECTOR(1 DOWNTO 0);
aluSel : IN STD_LOG C_VECTOR(2 DOANTO 0);

shSel: IN STD LOG C_VECTOR(1 DOWNTO 0);
CE: IN STD LOJ G,
output: OUT STD LOG C VECTOR(7 DOMNTO 0);
neq0: OUT STD LOA O);

END COVPONENT;

SICGNAL sl E, sWE: STD LCG C;

SI GNAL sWA: STD_LOG C_VECTOR(1 DOANTO 0);

SI GNAL sRAE: STD LQG G;

SI GNAL sRAA: STD LOG C_VECTOR(1 DOWNTO 0);

SI GNAL sRBE: STD LQG C;

SI GNAL sRBA: STD LOG C_VECTOR(1 DOANTO 0);

SI GNAL sAl uSel: STD LOQ C_VECTOR(2 DOANTO 0);
SI GNAL sShSel: STD LOG C_VECTOR(1 DOWNTO 0);
SI GNAL sOE: STD_LOdA C,

SI GNAL sneqO: STD LCOG C,

BEG N
-- doing structural nodeling here
-- Control unit

sAl uSel , sShSel , sCE, done, sneqO) ;
-- Datapath

sAl uSel , sShSel , sCE, out put, sneq0) ;

END Structural;

Uo: fsm PORT MAP(cl ock, reset, start, sl E, sWE, sWA, SRAE, sRAA, sRBE, sRBA,

Ul: datapath PORT MAP (cl ock, i nput, sl E, sVE, sWA, sSRAE, sRAA, sRBE, sRBA,

Figure 11.28. FSM+D model of the microprocessor for the summation algorithm. .
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Figure 11.29. Simulation trace of the FSM+D summation algorithm with input n = 10.
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11.3.2 FSMD Model

When writing VHDL code using the FSM+D model, we need to manually construct the datapath module. The
FSM module can be constructed either manually or synthesize automatically. These two modules are then joined
together at the structural level using the control signals and status signals. Although we can automatically synthesize
the FSM, using the FSM+D method to build a microprocessor with a large datapath still requires a lot of work. We
need to first manually construct the datapath, and then we need to connect the numerous control and status signals
together between the two modules.

The FSMD (FSM with datapath) model is an abstraction used when we write VHDL code for a microprocessor.
Instead of separating the FSM and the datapath into two different modules, we combine the FSM and the datapath
together into the same entity. In other words, all the data operations that need to be performed by the datapath are
actually imbedded in the FSM coding itself as VHDL data manipulation statements. After all, there are built-in
VHDL operators to perform data manipulations. As a result, when writing VHDL code for the FSMD model, we do
not need to manually construct the datapath module, and therefore, there are no control and status signals to be
connected together. The FSM module is written using behavioral VHDL code just like with the FSM+D model.
Thus, the FSMD model is an abstraction for simplifying the VHDL code for a microprocessor.

Using the FSM+D maodel allows us to have full control as to what components are used in the datapath, and
how these components are used by the FSM. Whereas, using the FSMD model automates the datapath construction
process. The synthesizer now decides what components are needed by the datapath. However, whether you use the
FSM+D model or the FSMD model, the FSM is still constructed the same way using behavioral VHDL code. It is
just that for the FSMD model, the VHDL code for the FSM has extra data manipulation statements imbedded in it.
Because the FSM is still written manually, you still have full control as to what instructions are executed in what
state, and the number of states needed to execute the algorithm. Example 11.7 shows the process to construct a
microprocessor using the FSMD model.

Example 11.7

Figure 11.30 shows the complete microprocessor VHDL code using the FSMD model for the summation
algorithm of Example 9.3. Notice the simplicity of this code as compare to the code for the FSM+D model shown in
the previous section. Here, we have just one entity, which serves as both the top-level microprocessor entity and the
FSMD entity. The architecture section is written similar to a regular FSM with the different cases for each of the
states. Like before for the next-state process, the CASE statement selects the current state and determines the next
state. But in addition to setting the next state, each case (state) also contains data operation statements such as sum =
sum + n. The primary output signals are still generated in the output process. A sample simulation trace is shown in
Figure 11.31 for the input n = 10. .

LI BRARY i eee;
USE i eee.std_| ogic_1164. ALL,;
USE i eee. std_I| ogi c_unsi gned. ALL;

ENTITY sum IS PORT (
clock, reset, start: IN std_Ilogic;
input: IN STD_LOG C_VECTOR(7 DOANTO 0);
done: OUT STD LG4 G
output: OUT STD LOG C VECTOR(7 DOANTO 0));
END sum

ARCHI TECTURE FSMD OF sum | S
TYPE state_type IS (s0O, sl1, s2, s3, s4, sb5);
SIGNAL state: state_type;
SI GNAL sum STD_LOG C_VECTOR(7 DOANTO 0);
SIGNAL n: STD LOG C_VECTOR(7 DOANTO 0);

BEG N
next state | ogic: PROCESS(reset, clock)
BEG N
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IF(reset ='1') THEN
state <= s0;

ELSI F(cl ock' EVENT AND clock = "1") THEN
CASE state IS

VWHEN sO =>
IF (start = '1'") THEN state <= sl; ELSE state <= s0; END I F;
VWHEN s1 =>

state <= s2;
sum <= (others => '0");

WHEN s2 =>
state <= s3;
n <= input;

WHEN s3 =>

state <= s4;
sum <= sum + n;
VWHEN s4 =>
-- reading nin the following IF statenment is BEFORE the
decr enent

n<=n- 1,
IF (n /= 1) THEN state <= s3; ELSE state <= s5; END I F;

WHEN s5 =>
state <= sO;

VWHEN OTHERS =>
state <= s0;

END CASE;

END | F;
END PROCESS;

out put _| ogi c: PROCESS( st at e)
BEG N
CASE state IS
VWHEN s5 =>
done <= '1';
out put <= sum
VWHEN OTHERS =>
done <= '0';
output <= (others =>"'2");
END CASE;
END PROCESS;
END FSMD;

-- update, therefore, we need to conpare with 1 and not O

Figure 11.30. FSMD model of the microprocessor for the summation algorithm.
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Figure 11.31. Simulation trace of the FSMD summation algorithm with input n = 10.

11.3.3 Behavioral Model

The complete microprocessor can also be designed by writing VHDL code in a truly behavioral style so that
both the FSM and the datapath are synthesized automatically. Using the behavioral model to design a circuit is quite
similar to writing computer programs using a high-level language. The synthesizer, like the compiler, will translate
the VHDL behavioral description of the circuit automatically to a netlist. This netlist can then be programmed
directly onto a FPGA chip.

Since the synthesizer automatically constructs both the FSM and the datapath, therefore, you have no control
over what components are used in the datapath, and what control words are executed in what state of the FSM. Not
being able to decide what components are used in the datapath is not too big of a problem because the synthesizer
does do a good job in deciding that for you. The issue is with not being able to specify what control words are
executed in what state of the FSM. This is purely a timing issue. In some timing critical applications such as
communication protocols and real-time controls, we need to control exactly in what clock cycle a certain register-
transfer operation is performed. In other words, we need to be able to assign a control word to a specific state of the
FSM.

Behavioral VHDL code offers all the basic language constructs that are available in most computer
programming languages such as variable assignments, FOR LOOPS and IF-THEN-ELSES. These statements, written
within a process block, are executed sequentially. Besides the fact that we have no control over which clock cycle
each operation is performed in, using the behavioral model is very powerful and simple. If timing is not an issue for
your circuit, then between the different models, this should be the method of choice.

Example 11.8

Figure 11.32 shows the VHDL code using the behavioral model for the summation algorithm of Example 9.3.
Note that some VHDL synthesizers such as MaxPlus+11 do not allow the use of loops that cannot be unrolled, i.e.,
loops with variables for their starting or ending value whose values are unknown at compile time. Hence, in the
code, the value for the variable n cannot be from a user input. .

LI BRARY | EEE;
USE | EEE. STD_LOG C_1164. ALL;

ENTITY sum IS PORT (
start: IN STD LOG C,
done: OUT STD LOd C;
out put: OUT | NTECER);

END sum

ARCHI TECTURE Behavi oral OF sum 1S
BEG N
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PROCESS
VARI ABLE n: i nteger;

VARI ABLE sum i nteger;
BEG N
IF (start = "'0") THEN
done <= '0';
out put <= 0;

ELSE
sum : = 0;
n := 10; -- cannot be user input
FOR i IN n DOANTO 1 LOOP
sum:= sum+ i;
END LOOP;

done <= '1';
out put <= sum
END | F;
END PROCESS;
END Behavi or al ;

Figure 11.32. Behavioral model of the microprocessor for the summation algorithm.
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11.4 Summary Checklist

O Be able to manually construct the complete circuit for a dedicated microprocessor from a given algorithm
Q Be able to construct a dedicated microprocessor from a given algorithm using the FSM+D model with

VHDL

Q Be able to construct a dedicated microprocessor from a given algorithm using the FSMD model with

VHDL

Q Be able to construct a dedicated microprocessor from a given algorithm using the behavioral model with

VHDL

11.5 Problems

11.1 Manually construct a dedicated microprocessor to enter two 8-bit numbers, and output the larger of the two
numbers. The two numbers are entered through two separate input ports. Implement the circuit on the UP2

board.

11.2 Manually construct a dedicated microprocessor to enter two 8-bit numbers, and output the larger of the two
numbers. The two numbers are entered through one input port. Assume that the two input numbers are always

available at the input port whenever it is needed.

11.3 Implement the circuit from Problem 11.2 on the UP2 board. Notice that in order for the number to be inputted
correctly, you cannot assume that the two input numbers are always available. Instead, you need an extra

Enter signal to tell the FSM when the data is available.

11.4 Manually construct a dedicated microprocessor to enter one 8-bit number. Output a 1 if the number has five 1

bits, otherwise, output a 0.
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11.5 Manually construct a dedicated microprocessor to enter two 8-bit numbers. Output a 1 if the two numbers
together has five 1 bits, otherwise, output a 0.

11.6 Manually construct a dedicated microprocessor to enter two numbers, and output the product of these two
numbers.

11.7 Manually construct a dedicated microprocessor to enter two numbers. Output a 1 if the first number is
divisible by the second number, otherwise, output a 0.

11.8 Manually construct a dedicated microprocessor to enter three humbers, and output the larger of the three
numbers.

11.9 Manually construct a dedicated microprocessor to enter three numbers. Output the three numbers in
ascending order.

11.10 Manually construct a dedicated microprocessor to evaluate the factorial of n. The algorithm is shown below

product =1

i nput n

while (n > 1){
product = product * n
n=n-1
}

out put product

11.11 Manually construct a dedicated microprocessor to enter several numbers until a 0 is entered. Output the
largest and second largest of the numbers entered.

11.12 Manually construct a dedicated microprocessor to input one 8-bit value, and then determine whether the input
value has an equal number of 0 and 1 bits. The microprocessor outputs a 1 if the input value has the same
number of 0’s and 1’s, otherwise, it outputs a 0. For example, the number 10111011 will produce a 0 output,
whereas, the number 00110011 will produce a 1 output. The algorithm is as follows:

1 Count =0 /1 for counting the nunber of 1 bits

2 i nput N

3 while (N # 0){

4 if (N(O) = 1) then // least significant bit of N

5 Count = Count + 1

6 end if

7 N=N>1 /1 shift Nright one bit

8 }

9 out put (Count = 4) /] output 1 if the test (Count = 4) is true
Answer:

Custom datapath
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Input_N
8

Shift N >————{Shift D
Load N >————————JLoad 8-bit shifter

Clear - Clear With load
Clock —» N
8+
Neq0 «—_f 1
8
NOeql < N,
Count — Count  4-bit
Clear up counter
L Q;Q,Q,Q,
Output
@ input N
»( 001 }—(N=0)
N
(V\S(O)
Count=Count + 1
N=N>>1

@
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» 100 )output (Count = 4)
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Current State Next S(t;tfo)Qz';x(‘gl_”i“ Qonex
Qi 00 | o1 | 10 | 11
000 001 001 001 001
001 011 010 100 100
010 001 001 001 001
011 001 001 001 001
100 100 100 100 100
(b)
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D2 QZ = 0 Qz = 1
(N=0),(N(0)=1)
Q.Q, 00 01 11 10]00 01 11 10

00 1 1 1 [ — QZQllQoI
Qz’QllQo (N=O)

01

11

10

D, = Q2Q1'Qo" + Q2'Q1'Qg (N=0)

Dl QZ =0 Q2 =1
(N=0),(N(0)=1)
Q,Q, 00 01 11 10|00 01 11 10

00

01

Q,'Q,'Q, (N=0)

11

10

D; = Q,'Q1'Qo (N=0)'

D, Q=0 Q=1
(N=0),(N(0)=1)

QQ, \ 00 01 11 10|00 01 11 10

001 | 1| 1] 1
Q,Qy
o Q;' (N=0) (N(0)=1)
wi
1000 T Q,Q,

Do =Q2'Qo' + Q2 (N=0)" (N(0)=1)" + Q.'Q:

(c)
Control State
Word | Q, Q; Qq Instruction Load N | Shift N | Count | Done
0 000 Input N 1 0 0 0
1 001 none 0 0 0 0
2 010 Count=Count+1, N=N>>1 0 1 1 0
3 011 N=N>>1 0 1 0 0
4 100 Output (Count = 4) 0 0 0 1
(d)
Load_N = Q,'Q:'Qq'
Shift N=Q;
Count = Q2'Q:1Q0’
Done = Q,
(e)
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]
. D, Q4 D—»Load_N
| > Clk »Shift_N
cir Q2 ] »——Count
1
»Done
D Di  Q
> Clk
cir 91
J
I Do Qq
> Clk
o
Clock — Cl" i
Reset —
<l_l < Neq0
NOeql
()
Input X
8%
Input_N
Shift_N Control > Shift_N
Load N ontro > Load N
Signals
Count » Count
Cu DP
Clock > Clock NeqO [« SSitgar:Zfs NegO Clock [«
Reset » Reset  NOeql |« NOeql Reset |«
Done Output
v v
Done Output
(9)

11.13 Assume that the following control unit and datapath circuits are used to construct a dedicated microprocessor.
Determine the instructions being executed in each state of the FSM. Write out the complete algorithm that the
resulting microprocessor will execute. In other words, write out the pseudo-code for the algorithm. Briefly
describe what the algorithm does.
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D—P | y+—>cCirx
pClk ¢+—> LoadY
Clear O L— inZ
D—E: LoadX
] “\) Do Q0 statl
L Clk ¢+——> Loadz
ctoar @ D—» subtract
Clock »—
Reset —»
' input
48 8 <
inZ —» \1_ 0
D7-O D7-0 D7-O
LoadX — Load 8-hit register Load 8-bit register Load 8-hit register
CIrX —» Clear X —Clear Y —{Clear Z
l_ Clock Q. l_ Clock Q4 |— Clock Q.
Clock - -
LoadY — ]
LoadZ — 8
G——
18 7'
r\l 0/ Hl 0; (2#0)
statl —
subtract — +/-
\ 4 8
output

Answer:
Excitation equations / Next-state equations:
D; = Qunext = Qo + (Z20)'
Do = Qonext = Q1 + Qo'

Output equations:
CIrX = LoadY =inZ=Q;'Qq'
LoadX = statl = Q;'Qq
LoadZ = Q'
subtract = Q;Qy'

Next-state table / Output table:
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Current Next State
State anext QOnext OUtpUtS
Q1Qo (z20)=0 (zz0)=1 CIrX | LoadX | LoadY | LoadZ | inZ | statl | subtract
00 11 01 1 0 1 1 1 0 0
01 10 10 0 1 0 0 0 1 0
10 11 01 0 0 0 1 0 0 1
11 11 11 0 0 0 0 0 0 0
State diagram:
CIrX=0
LoadX=1
LoadY=0
Loadz=0 CIrX=0
inZ=0 LoadX=0
statl=1 LoadY=0
subtract=0 LoadZ=0
inZ=0
stat1=0
subtract=0

State 0:
X=0
Y=4
input Z
State 1:
X=X+Y
State 2:
Z=7-1
State 3:
none

LoadX=0
LoadY=0
Loadz=1
inZ=0
stat1=0
subtract=1

Algorithm: Outputs 4 x Z, where Z is an input value.

X=0
Y =4
i nput Z

while (Z # 0){
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X+Y
Z -1

X
z
}

11.14 Write the VHDL code for Problems 11.1 to 11.9 using the FSM+D model.

11.15 Write the VHDL code for Problems 11.1 to 11.9 using the FSMD model.

421



Chapter 12

General-Purpose Microprocessors

Control
Inputs

Y

Data
Inputs

Control Unit

g:,\:> E_ > >
State Output > >
Next- . » »

state Memory Logic C_ontrol
Logic Register %::> Slggals s
A < <

Status

v Signals

Control
Outputs

Data
Outputs




Digital Logic and Microprocessor Design with VHDL Chapter 12 - General-Purpose Microprocessors

Unlike a dedicated or custom microprocessor that is capable of performing only one function, a general-purpose
microprocessor, such as the Pentium CPU, is capable of performing many different functions under the direction
of program instructions. Given a different instruction set or program, the general-purpose microprocessor will
perform a different function. However, a general-purpose microprocessor can also be viewed as a dedicated
microprocessor because it is made to perform only one function, and that is to execute the program instructions. In
this sense, we can design and construct a general-purpose microprocessor in the same way that we constructed the
dedicated microprocessors in the last chapter.

12.1 Overview of the CPU Design

A general-purpose microprocessor is often referred to as the central processing unit (CPU). The CPU is simply
a dedicated microprocessor that only executes software instructions. Figure 12.1 shows an overview of a general-
purpose microprocessor. The following discussion references this diagram.

Input
Control Datapath
Unit +1
y 4 y
_________ controt 1> PC —adlress
s SO signals
T Memory |,
) ) Datapath
decode s_tatu;s IR instruction for-
signais executing
..... all the
instructions
control
signals R
< Y

Ou‘tput

Figure 12.1. Overview of a general-purpose microprocessor.

In designing a CPU, we must first define its instruction set, and how the instructions are encoded and executed.
We need to answer questions such as how many instructions do we want? What are the instructions? What operation
code (opcode) do we assign to each of the instructions? How many bits do we use to encode an instruction?

Once we have decided on the instruction set, we can proceed to designing a datapath that can execute all the
instructions in the instruction set. In this step we are creating a custom datapath, so we need to answer questions
such as what functional units do we need? How many registers do we need? Do we use a single register file or
separate registers? How are the different units connected together?

Creating the datapath for a general-purpose microprocessor is exactly the same as creating the datapath for a
dedicated microprocessor. However, in addition to being able to perform all the instructions in the instruction set,
there are other data operations and registers that must be included in the datapath for the general-purpose
microprocessor. These data operations and registers deal with how the general-purpose microprocessor fetches the
instructions from memory and executes them. In particular, there is a program counter (PC) that contains the
memory location of where the next instruction is stored. There is an instruction register (IR) for storing the
instruction being fetched from the memory. Each time an instruction is fetched from a memory location pointed to
by the PC, normally the PC must be incremented to the next memory location for the next instruction. Alternatively,
if the instruction is a jump instruction, the PC must be loaded with a new memory address instead.
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The control unit for a general-purpose microprocessor basically cycles through three main steps, usually
referred to as the instruction cycle: 1) fetches an instruction; 2) decodes the instruction; and 3) executes the
instruction. Each step is executed in one state of the finite-state machine. For step 3, each instruction is usually
executed in one clock cycle, although some memory access instructions may require two or more clock cycles to
complete, hence they may require several states for correct timing.

For fetching the instruction in step 1, the control unit simply reads the memory location specified by the PC,
and copies the content of that location into the instruction register (IR). The PC is then incremented by 1 (assuming
that each instruction occupies one memory location). For decoding the instruction in step 2, the control unit extracts
the opcode bits from the instruction register and determines what the current instruction is by jumping to the state
that is assigned for executing that instruction. Once in that particular state, the control unit performs step 3 by simply
asserting the appropriate control signals for controlling the datapath to execute that instruction.

Instructions for the program are usually stored in external memory, so in addition to the CPU, there is external
memory that is connected to the CPU via an address bus and a data bus. Hence, step 1 (fetch an instruction) usually
involves the control unit setting up a memory address on the address bus and telling the external memory to output
the instruction from that memory location onto the data bus. The control unit then reads the instruction from the data
bus. To keep our design simple, instead of having external memory, we will include the memory as part of the
datapath. This way, we do not have to worry about the handshaking and timing issues involved for accessing
external memory.

12.2 The EC-1 General-Purpose Microprocessor

This first version of the EC* computer is extremely small and very limited as to what it can do, and therefore, its
general-purpose microprocessor is very “E-Cee” to design manually. In order to keep the manual design of the
microprocessor manageable, we have to keep the number of variables small. Since these variables determine the
number of states and input signals for the finite-state machine, therefore these factors have to be kept to the bare
minimum. Nevertheless, the building of this computer demonstrates how a general-purpose microprocessor is
designed, and how the different components are put together. After this exercise, you will quickly appreciate the
power of designing with VHDL at a higher abstraction level, and the use of an automatic synthesizer.

We will now design the general-purpose microprocessor for our EC-1 computer. After which, we will interface
this microprocessor to external 1/0’s, and implement the complete computer using the FLEX FPGA chip on the UP2
development board to make it into a real working general-purpose computer. Using the few instructions available,
we will then write a program to execute on the EC-1, and see that it actually works!

12.2.1 Instruction Set

The instructions that our EC-1 general-purpose microprocessor can execute, and the corresponding encodings
are defined in Figure 12.2. The Instruction column shows the syntax and mnemonic to use for the instruction when
writing a program in assembly language. The Encoding column shows the binary encoding defined for the
instruction, and the Operation column shows the operation of the instruction.

As we can see from Figure 12.2, our little computer’s instruction set has only five instructions. To encode five
instructions, the operation code (opcode) will require three bits — giving us eight different combinations. As shown
in the Encoding column, the first three most significant bits are the opcode given to an instruction. For example, the
opcode for the IN A instruction is 011, and the opcode for OUT A is 100, and so on. The three encodings, 000, 001,
and 010, are not defined, and can be used as a no-operation (nop) instruction. Since the width of each instruction is
fixed at eight bits, the last five bits are not used by all the instructions except for the JINZ instruction. Normally, for a
more extensive instruction set, these extra bits are used as operand bits to specify what registers or other resources to
use. In our case, only the JNZ instruction uses the last four bits, designated as aaaa, to specify an address in the
memory to jump to.

The IN A instruction inputs an 8-bit value, and stores it into the accumulator (A) . The accumulator is an 8-bit
register for performing data operations. The OUT A instruction copies the content of the accumulator to the output
port. For the EC-1, the content of the accumulator is always available at the output port, so this OUT A instruction is

L «“EC” is the acronym for Enoch’s Computer.
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not really necessary. It is only included just because a program should have an output instruction. The DEC A
instruction decrements the content of A by 1, and stores the result back into A. The INZ (Jump Not Zero) instruction
tests to see if the value in A is equal to 0 or not. If A is equal to 0, then nothing is done. If A is not equal to O, then
the last four bits of the instruction, designated as aaaa in the encoding, is loaded into the PC. The four bits, aaaa,
represent a memory address. When this value is loaded into the PC, we are essentially performing a jump to this new
memory address, since the value stored in the PC is the location for the next fetch operation. Finally, the HALT
instruction halts the CPU by having the control unit stay in the halt state indefinitely until reset.

Instruction Encoding Operation Comment
IN A 011 xXXxxX A < input Input to A
OUT A 100 xxxXX output — A Output from A
DECA 101 xXxxX A-A-1 Decrement A
JNZ address 110 xaaaa if (A 1=0) then PC = aaaa Jump to address if A is not zero
HALT 111 XXXXX Halt Halt execution
Notations:
A =accumulator.

PC = program counter.
aaaa = four bits for specifying a memory address.
x  =don’t cares.

Figure 12.2. Instruction set for the EC-1.

12.2.2 Datapath

Having defined the instruction set for the EC-1 general-purpose microprocessor, we are now ready to design the
custom datapath that will execute all the operations as defined by all the instructions. The custom datapath for the
EC-1 is shown in Figure 12.3.

The datapath can be viewed as having three separate parts: 1) for performing the instruction cycle operations of
fetching an instruction, and incrementing or loading the PC, 2) the memory, and 3) for performing the data
operations for all the instructions in the instruction set.

The portion of the datapath for performing the instruction cycle operations basically contains the instruction
register (IR), and the program counter (PC). The bit width of the instructions determine the size of the IR, whereas,
the number of addressable memory locations determines the size of the PC. For this datapath, we want a memory
with 16 locations, each being 8-bits wide, so we need a 4-bit (2* = 16) address. Hence, the PC is 4-bits wide, and the
IR is 8-bits wide. A 4-bit increment unit is used to increment the PC by 1. The PC needs to be loaded with either the
result of the increment unit, or the address from the JNZ instruction. A 2-to-1 multiplexer is used for this purpose.
One input of the multiplexer is from the increment unit, and the other input is from the four least significant bits of
the IR, IR5..

As mentioned in Section 12.1, to keep our design simple, instead of having external memory, we have included
the memory as part of the datapath. In this design, the memory is a 16 locations x 8 bits wide read-only memory
(ROM). Since, the instruction set does not have an instruction that writes to memory, we only need a read-only
memory. The output of the PC is connected directly to the 4-bit memory address lines, since the memory location is
always determined by the content of the PC. The 8-bits memory output Q.o is connected to the input of the IR for
executing the instruction fetch operation.

The portion of the datapath for performing the instruction set operations includes the 8-bit accumulator A, and
an 8-bit decrement unit. A 2-to-1 multiplexer is used to select the input to the accumulator. For the IN A instruction,
the input to the accumulator is from the data input port, whereas for the DEC A instruction, the input is from the
output of the decrement unit, which performs the decrement of A. The output of the accumulator is directly
connected to the data output port, hence the OUT A instruction does not require any specific datapath actions.
Furthermore, with this direct connection, it is equivalent to always performing the OUT A instruction. The JNZ
instruction requires the 8-input OR gate connected to the output of the accumulator to test for the condition (A # 0).
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The actual operation required by the JNZ instruction is to load the PC with the four least significant bits of the IR.
The HALT instruction also does not require any specific datapath actions.

The control word for this custom datapath has five control signals, IRload, PCload, INmux, Aload, and JNZmux.
The datapath provides one status signal, Aneq0, to the control unit. The control words for executing the instruction
cycle operations and the instruction set operations are discussed in the next section.

7 Input
D, 4
IRload >————Load 8-7.32iit register
Clear IR
i IRz IR, 81
IR, . < - -
75 3 +H 4 st
Nzmux > A ——\
increment
H
8’—
D3—0 Q7-O
PCload — Load 4-7.32iit registgr
Clear PC 16 locations x 8bits D.o
PC., A ROM Load 8-bit register
4 Clear A
et Al ESS, Ay
INmux — 1 g
Aload — 8 8
Reset — v
Clock —
8 .
< L < 8-bit
Aneq0 < Ny =9 decrement >
4
Output
-t » —> -t >
Instruction Cycle Operations Memory Instruction Set Operations

Figure 12.3. Datapath for the EC-1.

12.2.3 Control Unit

The state diagram for the control unit is shown in Figure 12.4 (a), and the actions that are executed, specifically
the control signals that are asserted in each state are shown in (d). The first START state 000 serves as the initial
reset state. No action is performed in this state. In addition, this START state provides one extra clock cycle for
instructions that require an extra clock cycle to complete its operation. Although, for those instructions that do not
require this extra clock cycle to complete its operation should technically go back to the FETCH state instead, we
have made all instructions go back to the START state so that the next-state table and the excitation equations are
simpler.

Of the five instructions, only the JNZ instruction requires an extra clock cycle to complete its operation. This is
because if the condition is tested true, the PC is loaded with a new address value. This new address value is actually
loaded into the PC at the beginning of the next clock cycle. So if we have the FSM go to the FETCH state in the
next clock cycle, then the IR will be loaded with the memory from the old address, and not the new address.
However, by making the FSM go back to the START state, the PC will be updated with the new address in this
state, and the memory will be accessed during the next FETCH state from the new address.

From the START state, the control unit goes to the FETCH state unconditionally. In the FETCH state, the IR is
loaded with the memory content in the location specified by the PC by asserting the IRload signal. Furthermore, the
PC is incremented by 1, and the result is loaded back to the PC by asserting the PCload signal. The DECODE state
tests the three most significant bits of the IR, IR;.5, and goes to the corresponding state as encoded by the three bit
opcode for executing the instruction.
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In the five execute states corresponding to the five instructions, the appropriate control signals for the datapath
are asserted to execute that instruction. For example, the IN A instruction requires setting the INmux signal to a 1 for
the input multiplexer, and setting the Aload signal to a 1 to load the input value into A. Notice that in order for the
input instruction to read in the correct value, the input value must be set up first before resetting the CPU.
Furthermore, since the INPUT state does not wait for an Enter key signal, therefore, only one value can be read in,
even if there are multiple input statements. The DEC A instruction requires setting INmux to 0 and Aload to 1 so that
the output from the decrement unit is routed back to the accumulator, and gets loaded in.

The JNZ instruction asserts the INZmux signal to route the four address bits from the IR to the PC. Whether the
PC actually gets loaded with this new address depends on the condition of the AneqO status signal. Hence, the
PCload control signal is asserted only if Aneq0 is a 1. By asserting the PCload signal conditionally depending on the
status signal AneqO, the state diagram will require one less state, thus making the finite-state machine smaller, and
making it into a Mealy FSM. Otherwise, the FSM will need two states for the INZ instruction: one state for asserting
the PCload signal when Aneqo is true, and one state for de-asserting the PCload signal when AneqO is false.

Once the FSM enters the HALT state, it unconditionally loops back to the HALT state, giving the impression
that the CPU has halted.

The next-state / implementation table for the state diagram, and the three excitation equations as derived from
the implementation table are shown in Figure 12.4 (b) and (c) respectively. With eight states, three D flip-flops are
used for the implementation of the control unit circuit. Notice that the derivation of the excitation equations is fairly
straight forward since most of the entries in the table contain 0’s. Only the decode state row contains different
values.

The output equations shown in Figure 12.4 (e) are derived directly from the output table in (d).

Finally, we can derive the circuit for the control unit based on the excitation equations and the output equations.
The complete control unit circuit for the EC-1 general-purpose microprocessor is shown in Figure 12.4 (f).

A4

IR[7..5] = . . IR[7..5] =
01 11

output
100

Y

@
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Next State Qanext Qinext Qonext (IMplementation D, Dy Dg)
Current State IR;, IR, IRs
Q2Q1Qo 000 | 001 | 010 | 011 | 100 | 101 | 110 | 111
nop | nop | nop | input | output | dec | jnz | halt
000 start 001 | 001 | 001 | 001 001 | 001 | 001 | 001
001 fetch 010 | 010 | 010 | 010 010 | 010 | 010 | 010
010 decode | 000 | 000 | 000 | 011 100 101 | 110 | 111
011 input 000 | 000 | 000 | 000 000 | 000 | 000 | 000
100 output | 000 | 000 | 000 | 000 000 | 000 | 000 | 000
101 dec 000 | 000 | 000 | 000 000 | 000 | 000 | 000
110 jnz 000 | 000 | 000 | 000 000 | 000 | 000 | 000
111 halt 111 | 111 | 111 | 111 111 111 | 111 | 111
(b)
D2 = Q2Q1Q0 + Q2'Q1Q0'IR7
D1 = Q2Q1Q0 + Q2'Q1Q0" (IRsIRs + IR7IRg) + Q,'Q1'Qo
Do = Q2Q:1Q0 + Q2'Q1Q0" (IRsIRs + IR7IR5) + Q2'Q1'Qq
(c)
Control State
Word Q,Q:Qq IRload PCload INmux | Aload | JNZmux | Halt
0 000 start 0 0 0 0 0 0
1 001 fetch 1 1 0 0 0 0
2 010 decode 0 0 0 0 0 0
3 011 input 0 0 1 1 0 0
4 100 output 0 0 0 0 0 0
5 101 dec 0 0 0 1 0 0
6 110 jnz 0 if (Aneq0 = 1) then 1 else O 0 0 1 0
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Figure 12.4. Control unit for the EC-1: (a) state diagram; (b) next-state / implementation table; (c) excitation

equations; (d) control word/output table; (e) output equations; (f) circuit.

12.2.4 Complete Circuit

The complete circuit for the EC-1 general-purpose microprocessor is constructed by connecting the datapath
from Figure 12.3 and the control unit from Figure 12.4 (f) together using the designated control and status signals as

shown in Figure 12.5.
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Clock » Clock IR, |« Ssi'tgar:;fs IR, ¢ Clock [«
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Halt Output
8,/
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Figure 12.5. Complete circuit for the EC-1 general-purpose microprocessor.

12.2.5 Sample Program

Dedicated microprocessors, as discussed in the previous chapter, have the algorithm built right into the circuit
of the microprocessor. General-purpose microprocessors, on the other hand, do not have an algorithm built into it. It
is designed only to execute program instructions fetched from the memory. Hence, in order to test out the EC-1
computer, we need to write a program using the instructions available in the instruction set.

There are only five instructions in the instruction set defined for the EC-1 as shown in Figure 12.2. For our
sample program, we will use these five instructions to write a program to input a number, and then count down from
this input number to 0. The program is shown in Figure 12.6 (a).

Since we do not have a compiler for the EC-1, we need to manually compile this program by hand. The binary
executable code for this program is shown in Figure 12.6 (b). The binary code is obtained by replacing each
instruction with its corresponding 3-bit opcode as listed in Figure 12.2, followed by five bits for the operand. All the
instructions, except for the JNZ instruction, do not use these five operand bits, so either a 0 or a 1 can be used. From
Figure 12.2, we find that the opcode for the IN A instruction is 011, therefore, the encoding for this first instruction
is 01100000. Similarly, the opcode for the OUT A instruction is 100, therefore, the encoding used is 10000000.

For the JNZ instruction, the least significant four bits represent the memory address to jump to if the condition
is true. In the example, we are assuming that the first instruction, IN A, is stored in memory location 0000. Since the
JNZ instruction jumps to the second instruction, OUT A, which will be stored in memory location 0001, therefore,
the four address bits for the JNZ instruction are 0001. The opcode for the JNZ instruction is 110, hence, the
encoding for the complete JNZ instruction is 11000001.

IN A -- input a value into the A register

| oop: QUT A -- output the value fromthe A register
DEC A -- decrenent A by one
JNZ | oop -- go back to loop if Ais not zero
HALT -- halt

@
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menory i nstruction

addr ess encodi ng

0000 01100000; -- INA
0001 10000000; -- QUT A
0010 10100000; -- DEC A
0011 11000001; -- JNZ | oop
0100 111111113, -- HALT

(b)

Figure 12.6. Countdown program to run on the EC-1: (a) assembly code; (b) binary code.

Normally, the program instructions are stored in memory that is external to the CPU, and the computer (with the
help of the operating system) will provide means to independently load the instructions into the memory. However,
to keep our design simple, we have included the memory as part of the CPU inside the datapath. Furthermore, we do
not have an operating system for loading the instructions into the memory separately. Therefore, our program must
be “loaded” into the memory before the synthesis of the datapath and the microprocessor. The memory circuit that
we have used is from Altera’s LPM component library. Refer to the Altera documentation for more information on
the usage of this component. This memory is initialized with the content of the text file named PROGRAM.MIF.
Therefore, to load our memory with the program, we must enter the binary encoding of the program in this text file,
and then re-synthesize the microprocessor circuit.

The content of this PROGRAM.MIF file for the countdown program is shown in Figure 12.7. Texts after the
two hypens ( --) are comments, and all the capitalized words are keywords.

Remember to re-synthesize your computer every time you make changes to the PROGRAM.MIF file. For this
purpose, you may want to check the Processing | Smart Recompile option under the Compiler menu. With this
option checked, the compiler will not have to re-synthesize the entire computer circuit.

-- Content of the ROM nenory in the file PROGRAM M F

DEPTH = 16; -- Nunber of nenory locations: 4-bit address

W DTH = 8; -- Data Wdth of nenory: 8-bit data

ADDRESS RADI X = BIN; -- Specifies the address values are in binary
-- O her valid radi xes are HEX, DEC, COCT, BIN

DATA RADI X = BIN,; -- Specifies the data values are in binary

-- Specify nmenory content.
-- Format of each menory location is
-- address : data

CONTENT
BEG N

[ 0000..1111] : 00000000; -- Initialize locations range 00-1F to O

-- Programto countdown froman input to O

0000 : 01100000; -- input A
0001 : 10000000; -- output A
0010 : 10100000; -- decrenent A
0011 : 11000001; -- jnz 0001
0100: 11111111; -- halt

END;
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Figure 12.7. The PROGRAM.MIF file containing the Countdown program to run on the EC-1.

12.2.6 Simulation

Having typed in the countdown program into the PROGRAM.MIF file, and re-synthesize the computer, we can
now run a simulation of the microprocessor executing the program. A sample simulation of the microprocessor is
shown in Figure 12.8 showing the count down from the input 3 on the Output signal. This complete microprocessor
circuit is on the accompanying CD-ROM in the file MP.GDF, and can be synthesized and simulated.

Hame 1.0us 2. Dus 3 0us 4 Dz & Dus 5] II-|.J5 7.Ous B0y ar
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= EECTNG A S 008010352083 0085 0655308300810 06353033000 8
WPRupeode o) 3 F 4 F 5 6 ¥ a fF s L s Yo fs Y s v
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o Jutput 1 I | 3 1 i 1 4 L
== Aneall | I ‘
-z Halt | '

Figure 12.8. A sample simulation trace of the countdown program running on the EC-1 starting at the input 3.

12.2.7 Hardware Implementation

A complete computer, according to the Von Neumann model, includes not only the microprocessor, but also the
memory, input and output devices. We have so far only constructed the general-purpose microprocessor with the
built-in memory for the EC-1 as shown in Figure 12.5. The final step in building the complete EC-1 computer is to
add the input and output devices. Figure 12.9 shows the interface between the microprocessor, and the input and
output devices on the UP2 development board. The input simply consists of eight DIP switches, and the output is the
two 7-segment LED display. Since the microprocessor outputs an 8-bit binary number, we need an 8-bit binary to
two digit BCD (binary coded decimal) decoder so that we can see the 8-bit binary number as two decimal digits on
the two 7-segment LED display. A single LED is used to show when the microprocessor has halted. A push button
switch is used as the reset button. Finally, the on-board 25MHz clock is slowed down with a clock divider circuit.
The reason for using the slower clock speed is so that we can see some intermediate results on the display.

This complete hardware implementation circuit is in the file UP2FLEX.GDF in the appropriate directory on the
accompanying CD-ROM. You can use this file to download this complete EC-1 computer onto the UP2
development board, and see the count down on the 7-segment display from any given input provided by the eight
DIP switches. The FLEX_PB1 pushbutton switch is the Reset switch. The output is shown on the two 7-segment
LED as a decimal humber. The decimal point on the right digit is lit if the number is in the 100’s. The decimal point
on the left digit is the Halt light, and is lit when the program terminates with the HALT instruction.
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8 DIP switches

8
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Figure 12.9. Hardware implementation of the EC-1 computer.

12.3 The EC-2 General-Purpose Microprocessor

For our next example, we will design the general-purpose microprocessor for a second version of the EC
computer, the EC-2.

12.3.1 Instruction Set

The instruction set for the EC-2 general-purpose microprocessor has eight instructions as shown in Figure
12.10. The reason for keeping this number at eight is so that we can still use only three bits to encode them.

The LOAD instruction loads the content of the memory at the specified address into the accumulator A. The
address is specified by the five least significant bits of the instruction. The STORE instruction is similar to the
LOAD except that it stores the value in A to the memory at the specified address. The ADD and SUB instructions
respectively adds and subtracts the content of A with the content in a memory location, and stores the result back
into A. The IN instruction inputs a value and stores it into A. The JZ instruction loads the PC with the specified
address if A is zero. Loading the PC with a new address simply causes the CPU to jump to this new memory
location. The JPOS instruction loads the PC with the specified address if A is positive. The value in A is taken as a
2’s complement signed number, so a positive number is one where the most significant bit of the number is a 0.
Finally, the HALT instruction halts the CPU.

Instruction Encoding Operation Comment
LOAD A, address | 000 aaaaa | A — M[aaaaa] Load A with content of memory location aaaaa
STORE A, address | 001 aaaaa | M[aaaaa] — A Store A into memory location aaaaa
ADD A, address 010 aaaaa | A — A + M[aaaaa] Add A with M[aaaaa] and store the result back into A
SUB A, address O0llaaaaa | A — A - MJ[aaaaa] Subtract A with M[aaaaa] and store result back into A
IN A 100 xxxxx | A « input Input to A
JZ address 101 aaaaa if (A =0) then PC = aaaaa | Jump to address if A is zero
JPOS address 110 aaaaa if (A > 0) then PC = aaaaa | Jump to address if A is positive
HALT 111 xxxxx | Halt Halt execution
Notations:
A = accumulator.
M = memory.
PC = program counter.
aaaaa = four bits for specifying a memory address.
x = don’t cares.

Figure 12.10. Instruction set for the EC-2.
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12.3.2 Datapath

The custom datapath for the EC-2 is shown in Figure 12.11.

The portion of the datapath for performing the instruction cycle operations is very similar to that of the previous
EC-1 with the instruction register (IR), the program counter (PC), and the increment unit for incrementing the PC.
The minor differences between the two are in the size of the PC, and the increment unit. In this second design, we
want a memory with 32 locations, hence the address, and therefore, the size of the PC and the increment unit must
all be 5-bits wide.

The main modification to this portion of the datapath is in the addition of a second 2-to-1 multiplexer that is
connected between the output of the PC and the memory address input. One input of this multiplexer comes from
the PC, and the other input comes from the five least significant bits of the IR, IR4,. The reason for this is because
there are now two different types of operations that can access memory. The first is still for the fetch operation
where the memory address is given by the content of the PC. The second type is for the four instructions, LOAD,
STORE, ADD, and SUB, where they use the memory as an operand. Hence, the memory address for these four
instructions is given by the five least significant bits of the IR. The select signal for this multiplexer is Meminst.

The memory size for the EC-2 is increased to 32 locations, thus requiring five address bits. The memory is still
included as part of the datapath rather then as an independent external unit to the CPU. In order to accommodate the
STORE instruction for storing the value of A into the memory, we need to use a RAM instead of the previous ROM.
To realize this operation, the output of the accumulator A is connected to the memory data input D7.,. The signal
MemWr, when asserted, causes the memory to write the value from register A into the location specified by the
address in the instruction.

The output of the memory at Q- is connected to both the input of the IR and to the input of the accumulator A
through a 4-to-1 multiplexer. The connection to the IR is for the fetch operation just like in the EC-1 design. The
connection to the accumulator is for performing the LOAD instruction where the content of the memory is loaded
into A. Since the memory is only one source among two other sources that is loaded into A, therefore, the
multiplexer is needed.

The portion of the datapath for performing the instruction set operations includes the 8-bit accumulator A, an 8-
bit adder-subtractor unit, and a 4-to-1 multiplexer. The adder-subtractor unit performs the ADD and SUB
instructions. The Sub signal, when asserted selects the subtraction operation, and when de-asserted selects the
addition operation. The 4-to-1 multiplexer allows the accumulator A input to come from one of three sources. For
the ADD and SUB instructions, the A input comes from the output of the adder-subtractor unit; for the IN
instruction, the A input comes from the input port; and for the STORE instruction, the A input comes from the
output of the memory. The selection of this multiplexer is through the two signal lines Asel;.o. The fourth input of
the multiplexer is not used.

Similar to the previous EC-1 design, the output port is connected directly to the output of the accumulator A.
Therefore, the value of the accumulator is always available at the output port, and no specific output instruction is
necessary to output the value in A.

For the two conditional jump instructions, JZ and JPOS, the datapath provides the two status signals, Aeq0 and
Apos respectively, that are generated from two comparators. The AeqO status signal outputs a 1 if the value in Ais a
0, hence an 8-input NOR gate is used. The Apos status signal outputs a 1 if the value in A, which is treated as a 2’s
complement signed number, is a positive number. Since for a 2’s complement signed number, a leading 0 means
positive, and a leading 1 means negative, hence, Apos is simply the negated value of A;, the most significant bit of
A

The control word for this custom datapath has five control signals, IRload, JMPmux, PCload, Meminst,
MemWr, Asel;o, Aload, and Sub. The datapath provides two status signals, Aeq0 and Apos, to the control unit The
control words for executing the instruction cycle operations and the instruction set operations are discussed in the
next section.
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Figure 12.11. Datapath for the EC-2.

12.3.3 Control Unit

The state diagram for the control unit is shown in Figure 12.12 (a), and the actions that are executed,
specifically the control signals that are asserted in each state are shown in (d). The first three states, START,
FETCH, and DECODE, serve the same purpose as in the previous EC-1’s control unit. The DECODE state for this
second design, however, needs to decode eight opcodes by branching to eight different states for executing the
corresponding eight instructions. Like before, the decoding of the opcodes depends on the three most significant bits
of the IR.

A very important timing issue for this control unit has to do with the memory accesses of the three instructions,
LOAD, ADD, and SUB. The problem here is that only after fetching these instructions will the address of the
memory location for these instructions be available. Furthermore, only after decoding the instruction will the control
unit know that the memory needs to be read. If we change the memory address during the execute state, the memory
will not have enough time to output the value for the instruction to operate on.

Normally, for instructions requiring a memory access for one of its operands, an extra memory read state will be
inserted between the DECODE state and the execute state. This way, the memory will have one clock cycle to
output the data for the instruction to operate on in the following clock cycle. This of course, is assuming that the
memory requires only one clock cycle for a read operation. If the memory is slower, then more states must be
inserted in between.

In our design, however, again to minimize the number of states, we have used the decode state to also perform
the memory read. This way, when the control unit gets to the execute state, the memory will already have the data
ready. Whether the data from the memory is actually used or not will depend on the instruction being executed. If
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the instruction does not require the data from the memory, it is simply ignored. On the other hand, if the instruction
needs the data, then the data is there and ready to be used. This solution works in this design because it does not
conflict with the operations for the rest of the instructions in our instruction set. The memory read operation
performed in the DECODE state is accomplished by asserting the Meminst signal from this state. Looking at the
Output table in Figure 12.12 (d), this is reflected by the 1 under the Meminst column for the DECODE state.

The actual execution of each instruction is accomplished by asserting the correct control signals to control the
operation of the datapath. This is shown by the assignments made for the respective rows in the Output table in
Figure 12.12 (d). At this point, you should be able to understand why each assignment is made by looking at the
operation of the datapath. For example, for the LOAD A, instruction, the Asel; signal needs to be asserted and the
Asel, signal needs to be de-asserted in order to select input-2 of the multiplexer so that the output from the memory
can pass to the input of the accumulator A. The actual loading of A is done by asserting the Aload signal. To
perform the STORE A instruction, the memory address is taken from the IR by asserting Meminst. The writing into
memory takes place when MemWr is asserted.

The INPUT state for this state diagram waits for the Enter key signal before looping back to the START state.
In so doing, we can read in several values correctly by having multiple input statements in the program. Notice that
after the Enter signal is asserted, there is no state that waits for the Enter signal to be de-asserted, i.e. for the Enter
key to be released. Hence, the input device must resolve this issue by outputting exactly one clock pulse each time
the Enter key is pressed. This is accomplished at the computer circuit level by using a one-shot circuit.

The next-state / implementation table for the state diagram, and the three excitation equations as derived from
the implementation table are shown in Figure 12.12 (b) and (c) respectively. To keep the table reasonable small, all
the possible combinations of the input signals are not listed out. All the states, except for the INPUT state, depends
only on the three IR bits, whereas, the INPUT state depends only on the Enter signal. The blank entries in the table,
therefore, can be viewed as having all zeros. With 11 states, four D flip-flops are used for the implementation of the
control unit circuit.

The output equations shown in Figure 12.12 (e) are derived directly from the output table in (d).

Finally, we can derive the circuit for the control unit based on the excitation equations and the output equations.
The complete control unit circuit for the EC-2 general-purpose microprocessor is shown in Figure 12.12 (f).

start

0000 /° 1
fetch
0001
decode
0010
IR[7.5] = IR[7 5]= IR[7..5] = IR[7.5] = [7 5]— IR[7 5]— IR[7 5]— R[7..5] =
000 010 011 11
load store add
1000 1001 1010 ’
Enter Enter
(@)
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NeXt State QSnext Q2nexthnext QOnext (Implementation D3 D2 Dl DO)
Current State IR, IRs, IRs Enter
Q3Q2Q:1Q0 000 | 001 | 010 | 011 | 100 | 101 | 110 | 111 0 1
load | store | add | sub | input | jz jpos | halt
0000 start 0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0001
0001 fetch 0010 | 0010 | 0010 | 0010 | 0010 | 0010 | 0010 | 0010
0010 decode | 1000 | 1001 | 1010 | 1011 | 1100 | 1101 | 1110 | 1111
1000 load 0000 | 0000 | 0000 | 0000 | 0000 | 0000 | 0000 | 0000
1001 store 0000 | 0000 | 0000 | 0000 | 0000 | 0000 | 0000 | 0000
1010 add 0000 | 0000 | 0000 | 0000 | 0000 | 0000 | 0000 | 0000
1011 sub 0000 | 0000 | 0000 | 0000 | 0000 | 0000 | 0000 | 0000
1100 input 1100 | 0000
1101 jz 0000 | 0000 | 0000 | 0000 | 0000 | 0000 | 0000 | 0000
1110 jpos 0000 | 0000 | 0000 | 0000 | 0000 | 0000 | 0000 | 0000
1111 halt 1111 | 11221 | 22172 | 1221 | 1221 | 212171 | 17221 (117112
(b)
D3 = Q3'Q2'Q1Qq" + Q3Q,Q1'Qo'Enter’ + Q3Q,Q1Qq
D, = Q3'Q2'Q1Q0'IR7 + Q3Q,Q1'Qo'Enter’ + Q3Q,Q1Qo
D1 = Q5'Q2'Q1'Qp + Q3'Q2'Q1Q0'IRs + Q3Q,Q1Qy
Do = Q3'Q2'Q1'Qp’ + Q3'Q2'Q1Q0'IRs + Q3Q,Q1Qo
(©)
State
Q3Q,01Q0 IRload | JIMPmux | PCload | Meminst | MemWr | Asel;, | Aload | Sub | Halt
0000 start 0 0 0 0 0 00 0 0 0
0001 fetch 1 0 1 0 0 00 0 0 0
0010 decode 0 0 0 1 0 00 0 0 0
1000 load 0 0 0 0 0 10 1 0 0
1001 store 0 0 0 1 1 00 0 0 0
1010 add 0 0 0 0 0 00 1 0 0
1011 sub 0 0 0 0 0 00 1 1 0
1100 input 0 0 0 0 0 01 1 0 0
1101 jz 0 1 Aeq0 0 0 00 0 0 0
1110 jpos 0 1 Apos 0 0 00 0 0 0
1111 halt 0 0 0 0 0 00 0 0 1
(d)
IRload =Q3'Q2'Q1'Qo
JMPmux= Q3Q,Q:'Qo + Q3Q2Q:Q¢’

PCload = Q3'Q>'Q:'Qo + Q3Q2Q1'QoAeq0 + Q3Q,Q:Qo" Apos
Meminst = Q5'Q,'Q:Qo" + Q3Q2'Q1'Qo

MemWr = Q3Q,'Q1'Qo

Asel;  =Q3Q,Q:'Qy’

Asely  =Q3Q2Q:'Qo

Aload = QsQ:L'QoI + QSQZ'QI

Sub = Q3Q2'Q:1Qo

Halt  =Q3Q,Q1Qo
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Figure 12.12. Control unit for the EC-2: (a) state diagram; (b) next-state / implementation table; (c) excitation
equations; (d) control word/output table; (e) output equations; (f) circuit.

12.3.4 Complete Circuit

The complete circuit for the EC-2 general-purpose microprocessor is constructed by connecting the datapath
from Figure 12.11 and the control unit from Figure 12.12 (f) together using the designated control and status signals

as shown in Figure 12.13.
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Figure 12.13. Complete circuit for the EC-2 general-purpose microprocessor.

12.3.5 Sample Program

The memory for our computer is initialized with the content of the text file PROGRAM.MIF. A sample file is
shown in Figure 12.14. The file contains three programs: GCD calculates the greatest common divisor of two input
numbers; SUM evaluates the sum of all the numbers between an input n and 1; and COUNT displays the count from
input n down to 0. Only the last program (COUNT) listed in the file is executed. To try out another program, move
the code for that program to the end, then re-compile the entire microprocessor circuit, i.e. the UP2FLEX.GDF file
as explained in the next section, and download the new code to the UP2 board.

-- Content of the RAM nenory in the file PROGRAM M F

DEPTH = 32; -- Depth of nenory: 5-bit address
W DTH = 8; -- Wdth of nenory: 8-bit data
ADDRESS RADI X = BIN,-- All values in binary (HEX, DEC, OCT, BIN)

DATA RADI X = BIN;

-- Opcodes for the EC 2

-- 000 = | oad A, aaaaa
-- 001 = store A aaaaa
-- 010 = add A, aaaaa
-- 011 = sub A aaaaa
-- 100 =in A

-- 101 = jz aaaaa

-- 110 = j pos aaaaa

-- 111 = halt

-- Specify the nenory content.
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-- Format of each menory location is

-- address : data
CONTENT
BEA N
[ 00000..11111] : 00000000; -- Initialize locations range 00-1F to 0000

-- There are three prograns |listed below. GCD, Sum and Count
-- Only the progamlisted | ast
-- To try out a different
-- want to the end of the list,

-- Programto calculate the GCD of two nunbers

00000 :

00001
00010
00011

00100
00101

01000
01001
01010
01011

01100

01101
01110

10000

11110
11111

-- SUM

10000000;

: 00111110;
: 10000000;
: 00111111,

: 00011110;
» 01111111,
00110 :
00111 :

10110000;
11001100;

: 00011111;
: 01111110;
: 00111111,
: 11000100;

: 00011110;
: 01111111;
: 00111110;
01111 :

11000100;

: 00011110;
10001 :

111111113,

: 00000000;
: 00000000;

i nput A
store A X
i nput A
store Ay

| oop: load A x
sub Ay
j z out

jp xgty

load Ay
sub A, x
store Ay

jp | oop

xgty: load A x
sub Ay
store A X

jp | oop

| oad A X
hal t

-- Programto sum N downto 1

00000
00001
00010

00011 :

00100

00101
00110
00111

: 00011101;
: 01111101;
: 00111110;

10000000;

: 00111111,

: 00011111;
: 01011110;
: 00111110;

| oad A one
sub A, one
store A sum

i nput A
store A n

| oop: load A n
add A, sum
store A sum

is ran.
program nove the code for the program you
re-conpile,

and downl oad to the FPGA

X=y
x>y

y>X
y- X

x>y
X-y

zero sum by doing 1-1

n + sum
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01000 : 00011111; -- load A,/ n -- decrenment A
01001 : 01111101; -- sub A one
01010 : 00111111; -- store An
01011 : 10101101; -- jz out
01100 : 11000101; -- jp loop
01101 : 00011110; -- out: |oad A sum
01110 : 11111111; -- halt
11101 : 00000001; -- one
11110 : 00000000; -- sum
11111 : 00000000; -- n
-- COUNT
-- Programto countdown frominput Nto O
00000 : 10000000; -- input
00001 : 01111111; -- Sub A 11111
00010 : 10100100; -- jz 00100
00011 : 11000001; -- jp 00001
00100 : 11111111; -- halt
11111 : 00000001; -- constant 1
END;

Figure 12.14. The PROGRAM.MIF file containing three programs for the EC-2. Only the last program, COUNT, is
executed.

12.3.6 Hardware Implementation

Figure 12.15 shows the interface between the EC-2 microprocessor and the input and output devices on the UP2
development board. The input simply consists of eight DIP switches, and the output is the two 7-segment LED
display. Since the microprocessor outputs an 8-bit binary number, we need an 8-bit binary to two digit BCD (binary
coded decimal) decoder so that we can see the 8-bit binary number as two decimal digits on the two 7-segment LED
display. A single LED is used to show when the microprocessor has halted. A push button switch is used as the reset
button, and a second push button switch is used as the Enter key. A one-shot circuit is used to generate only one
clock pulse for each key press of the Enter key switch. Finally, the on-board 25MHz clock is slowed down with a
clock divider circuit. The reason for using the slower clock speed is so that we can see some intermediate results on
the display.

This complete hardware implementation circuit is in the file UP2FLEX.GDF in the appropriate directory on the
accompanying CD-ROM. You can use this file to download this complete EC-2 computer onto the UP2
development board, and see your very own microprocessor running a program. The COUNT program that is listed at
the end of the PROGRAM.MIF file is executed. The FLEX_PB1 pushbutton switch is the Reset switch. The
FLEX PB2 pushbutton switch is the Enter switch. The eight dip switches are for the input port. The output is shown
on the two 7-segment LED as a decimal number. The decimal point on the right digit is lit if the number is in the
100’s. The decimal point on the left digit is the Halt light, and is lit when the program terminates with the HALT
instruction.
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Figure 12.15. Hardware implementation of the EC-2.

12.4 VHDL for General-Purpose Microprocessors

This section presents the VHDL code for the EC-2 general-purpose microprocessor using both the structural
and the behavioral levels. First, in Section 12.4.1, we use the VHDL structural level to define the microprocessor
based on the FSM+D model as designed manually in Section 12.3. In order to use this method, the microprocessor
must first be desighed manually. Remember that in practice, we really do not want to use this method. This exercise
is just to show how tedious and complicated it is to do it this way, especially for a more realistic microprocessor.

Section 12.4.2 uses the VHDL behavioral level to define the EC-2 microprocessor based on the FSMD model.
Using this method, we only need to manually derive the state diagram. Using the VHDL template for defining a
FSM (from Section 7.6), we can quickly translate the state diagram to the behavioral VHDL code. Comparing this
behavioral code with the structural code, we can see how much easier it is to construct a microprocessor circuit
using the behavioral method, and quickly appreciate the power of the VHDL synthesizer.

12.4.1 Structural FSM+D

Figure 12.16 shows the structural VHDL code of the datapath for the EC-2 general-purpose microprocessor.
This code is based on the datapath circuit as derived manually from Section 12.3.2. Ipm memory Figure 12.17 shows
the code for the control unit as derived manually from Section 12.3.3. This control unit code follows very closely the
template for writing a FSM sequential circuit as discussed in Section 7.6. Figure 12.18 shows the structural code for
the complete EC-2 general-purpose microprocessor.

LI BRARY | EEE;
USE | EEE. std_| ogi ¢_1164. ALL;

LI BRARY | pm -- for nenory
USE | pm | pm_conmponent s. ALL;

ENTITY dp IS PORT (
Cock, Clear: IN STD LOG G
-- datapath input
Input: IN STD LOA C_VECTOR(7 DOMNTO 0);
-- control signals
| Rload, JMPnux, PCd oad, Mem nst, MenW: IN STD LOd C;
ASel: IN STD LOG C_VECTOR(1 DOWNTO 0);
Al oad, Sub: IN STD LCG C
-- status signals
IR OQUT STD LOG C_VECTOR(7 DOWTO 5);
AeqO, Apos: OUT STD LOd G
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-- dat apat h out put
Qutput: OUT STD_LOG C_VECTOR(7 DOANTO 0));

END dp;

ARCHI TECTURE Structural OF dp IS
COVPONENT r eg
GENERI C (size: INTEGER : = 4); -- the actual size is defined in the
i nstanti ati on GENERI C MAP
PORT (
Clock, Cear, Load: IN STD LOd C;
D: IN STD_LOQ C_VECTOR(si ze-1 DOANTO 0);
Q@ OUT STD_LOG C VECTOR(size-1 DOANTO 0));
END COVPONENT;

COVPONENT i ncr ement
GENERI C (size: INTEGER : = 8); -- default nunber of bits
PORT (
A IN STD LOG C VECTOR(si ze-1 DONNTO 0) ;
F: OQUT STD LOG C VECTOR(size-1 DOANTO 0));
END COVPONENT;

COVPONENT nux2

GENERI C (size: INTEGER : = 8); -- default size
PORT (
S: IN STD LQd C; -- select line
D1, DO: IN STD LOd C VECTOR(si ze-1 DOANTO 0) ; -- data bus input
Y: OUT STD LOd C VECTOR(size-1 DOWNTO 0)); -- data bus out put

END COVPONENT;

COVPONENT nux4

GENERI C (size: INTEGER : = 8); -- default size
PORT (
S: IN STD LOE C VECTOR(1 DOANTO 0); -- select line
D3, D2, D1, DO: IN STD LOd C VECTOR(si ze-1 DOANTO 0); -- data bus input
Y: OUT STD LOd C VECTOR(size-1 DOWNTO 0)); -- data bus out put

END COVPONENT;

COVPONENT addsub
GENERI C(n: | NTEGER : =4); -- default nunmber of bits = 4
PORT(S: IN std | ogic; -- sel ect subtract signal
A: IN std | ogic_vector(n-1 DOANTO 0);
B: IN std |ogic_vector(n-1 DOANTO 0);
F: OUT std_l ogic_vector(n-1 DOANTO 0);
unsi gned_overflow OUT std_| ogic;
signed_overflow QUT std_ | ogic);
END COVPONENT;

SIGNAL dp_I R, dp_RAMQ) STD LOd C VECTOR(7 DOMNTO 0);
SI GNAL dp_JMPrrux, dp_PC, dp_increnent, dp_memn nst
. STD_LOG C_VECTOR(4 DOWNTO 0);
SI GNAL dp_Amux, dp_addsub, dp_A: STD LOG C VECTOR(7 DOANTO 0);

BEA N
-- doing structural nodeling for the datapath here
-- IR
U0: reg GENERI C MAP(8) PORT MAP(C ock, Cear, |RLoad, dp_ RAMQ dp_IR);
IR <= dp_I R(7 DOMNTO 5);
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- - JMPnux
Ul: nmux2 GENERI C MAP(5) PORT MAP(JMPmux, dp_I| R(4 DOWNTO 0),
dp_i ncrement, dp_JMPmux) ;

-- PC
U2: reg GENERI C MAP(5) PORT MAP(d ock, Cear, PCLoad, dp_JMPmux, dp_PC);

-- Meni nst
U3: nux2 GENERI C MAP(5) PORT MAP(Mem nst,dp_| R(4 DOMNTO 0),
dp_PC, dp_nemi nst);

-- increment
U4: increment GENERI C MAP(5) PORT MAP(dp_PC, dp_i ncrenent);

-- menory
Us: | pmramdq
GENERI C MAP (
| pmwi dt had => 5,
| pm outdata => "UNREQ STERED",
-- | pm.i ndat a => "UNREG STERED",
-- | pm address_control => "UNREQ STERED",
Ipmfile => "programmnif",-- fill ramwith content of file programmf
| pmwi dth => 8)

PORT MAP (
data => dp_A,
address => dp_neni nst,
we => MenW,
i nclock => C ock,
q => dp_RAM);

-- A input mux
U6: nux4 GENERI C MAP(8) PORT MAP (
Asel , dp_RAMQ dp_RAMQ | nput, dp_addsub, dp_Anux) ;

-- Accunul at or
U7: reg GENERI C MAP(8) PORT MAP(O ock, Cear, ALoad, dp_Anux, dp_A);

-- Adder-subtractor
U8: addsub GENERI C MAP(8) PORT MAP(Sub, dp_A, dp_RAMQ dp_addsub, open, open);

Aeq0 <= '1'" WHEN dp_A = "00000000" ELSE '0Q';
Apos <= NOT dp_A(7);
Qut put <= dp_A;

END Structural;

Figure 12.16. VHDL code for the datapath of the EC-2.

LI BRARY | EEE;
USE | EEE. STD LOd C_1164. ALL;

ENTITY cu IS PORT (
Clock, Reset : IN STD LCOG G
-- control input
Enter: IN STD LOG C;
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-- control signals
| Rload, JMPnux, PCd oad, Mem nst, MenW: OUT STD LCG C

Asel : OUT STD LOd C VECTOR(1 DOMNTO 0);
Al oad, Sub: OUT STD LOd C,
-- status signals
IR IN STD_LOG C_VECTOR(7 DOMNTO 5);
AeqO0, Apos: IN STD LOd C;
-- control outputs
Halt: OUT STD LCd O);
END cu;

ARCHI TECTURE FSM OF cu | S
TYPE state_type IS (s_start,s_fetch,s_decode,
s_load,s_store,s_add,s_sub,s_in,s jz,s_jpos,s_halt);
SIGNAL state: state_type;

BEA N
next _state_ | ogi c: PROCESS(Reset, C ock)
BEA N
| F(Reset = "'1') THEN

state <= s_start;
ELSI F( O ock' EVENT AND Cl ock = '"1') THEN
CASE state IS
WHEN s_start => -- reset
state <= s _fetch;
WHEN s _fetch =>
state <= s_decode;
WHEN s _decode =>
CASE IR IS
WHEN " 000" => state <= s_| oad,;
WHEN " 001" => state <= s_store;
WHEN " 010" => state <= s_add;
WHEN " 011" => state <= s_sub;
VWHEN " 100" => state <= s_in;
WHEN " 101" => state <= s_j z;
WHEN " 110" => state <= s_j pos;
WHEN " 111" => state <= s_halt;
WHEN OTHERS => state <= s_halt;
END CASE;

WHEN s _| oad =>
state <= s_start;
WHEN s_store =>
state <= s_start;
WHEN s_add =>
state <= s_start;
WHEN s_sub =>
state <= s_start;
WHEN s in =>
IF (Enter = '0") THEN -- wait for the Enter key for inputs
state <= s_in
ELSE
state <= s_start;
END | F;
VWHEN s_jz =>
state <= s_start;
VWHEN s_j pos =>
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state <= s_start;
WHEN s_halt =>

state <= s_halt;
VWHEN OTHERS =>
state <= s_start;
END CASE;
END | F;
END PROCESS;

out put | ogi c:
BEG N

CASE state IS

WHEN s fetch =>
IRRoad <= "'1'; --
JMPmux <= '0';
PCload <= "1"'; --
Mem nst <= '0';
MW <= '0';
Asel <= "00";

Al oad <= '0';
Sub <="'0";
Halt <= '0';

WHEN s decode =>--
IRRoad <= "'0";
JMPMUX <= '0";
PCload <= '0'";
Mem nst <= "'1'; --
MemW <= '0';
Asel <= "00";

Al oad <= '0';
Sub <="'0";
Halt <= '0';

WHEN s | oad =>
IRRoad <= '0';
JMPmux <= '0';
PCl oad <= '0';
Mem nst <= '1';
MerW <= '0";
Asel <= "10"; - -
Aload <= "1"; --
Sub <="'0";
Halt <= '0';

WHEN s_store =>
IRRoad <= '0';
JMPmux <= '0';
PCl oad <= '0';
Mem nst <= '1'; - -

PROCESS( st at e)

load IR

i ncrement PC

al so set

| oad A

MenWW <= '1'; -- store A to menory
Asel <= "00";

Al oad <= '0";

Sub <='0";

Halt <= '0";
WHEN s _add =>

IRlcad <="'0';

JMPmux <= '0';
PCl oad <= '0';
Memi nst <= '1';

up for

pass IR address to nenory

pass nenory to A

pass IR address to nenory

nmenory access
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MemW <= '0';
Asel <= "00";-- p
Aload <= '1'; --
Sub <='0"; --
Halt <= '0';
WHEN s_sub =>
IRload <= '0';

JMPMuUx <= '0';
PCload <= '0';
Mem nst <= '1';

MenmW <= '0';
Asel <= "00";-- p
Aload <= '1'; --
Sub <="1'; --
Halt <= '0';
WHEN s _in =>
IRload <= '0';

JMPMuUx <= '0';
PCload <= '0';
Mem nst <= '0';

MemiW <= '0';
Asel <= "01";-- p
Aload <= '1'; --
Sub <="'0';
Halt <= '0';
WHEN s jz =>

IRl oad <= '0';

JMPmux <= '1'; --
PCl oad <= AeqO;
Mem nst <= '0';

MemiW <= '0';
Asel <= "00";
Al oad <= '0';
Sub <="'0';
Halt <= '0';
WHEN s_j pos =>
IRl oad <= '0';

JMPmux <= '1'; --
PCl oad <= Apos;
Mem nst <= '0';

MenmW <= '0';
Asel <= "00";
Al oad <= '0';
Sub <="'0';
Halt <= '0';
WHEN s_halt =>
IRload <= '0';

JMPMuUx <= '0';
PCload <= '0';
Mem nst <= '0';
MenmW <= '0';
Asel <= "00";
Al oad <= '0';
Sub <=
Halt <= ' 1'
VWHEN OTHERS
| Rload <=

=>
o

ass add/sub unit to A
| oad A
sel ect add

ass add/sub unit to A
| oad A
sel ect subtract

ass input to A
|l oad A

pass IR address to PC

load PCif condition is true

pass IR address to PC
load PCif condition is true
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JMPMux <= '0';
PCl oad <= '0';
Memi nst <= '0';

MerW <= '0";
Asel <= "00";
Al oad <= '0';
Sub <="'0";
Halt <= '0';
END CASE;
END PROCESS;
END FSM

Figure 12.17. VHDL code for the control unit of the EC-2.

LI BRARY | EEE;
USE | EEE. std_ |l ogic_1164. al | ;

ENTITY mp IS PORT (
Clock, Reset: IN STD LOd C,
Enter: IN STD_LOd C;
Input: IN STD_LOJ C_VECTOR(7 DOMNTO 0);
Qut put: OUT STD LOJ C_VECTOR(7 DOMNTO 0);
Halt: OUT STD LCG Q) ;

END np;

ARCHI TECTURE St ruct ur al
COVPONENT cu PORT (
Cl ock, Reset IN STD LOd C,
control input
Enter: IN STD _LOd C;
control signals
| Rl oad, JMPmux, PC oad, Menl nst,
Asel : OQUT STD LOG C VECTOR(1 DOMNTO 0);
Al oad, Sub: OQUT STD LOd C;
-- status signals
IR IN STD LOG C_VECTOR(7 DOANTO 5);
AeqO, Apos: IN STD LOG C,
control outputs
Halt: OUT STD LCA O);
END COVPONENT;

CFmp IS

COVPONENT dp PORT (

Clock, Clear: IN STD LOG C;

-- datapath input

Input: IN STD_LOG C_VECTOR(7 DOANTO 0);
control signals

| Rl oad, JMPmux, PC oad, Mem nst, MemA:

ASel: IN STD LOG C VECTOR(1 DOANTO 0);

Al oad, Sub: IN STD LOG C,

-- status signals

IR OUT STD_LOG C_VECTOR(7 DOANTO 5);

AeqO, Apos: OUT STD LOd G

-- datapath out put

Qut put: QUT STD LOd C VECTOR(7 DOANTO 0));
END COVPONENT;

MenW: OUT STD LOG G

IN STD_LOG G
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-- control signals
SIGNAL np_I Rl oad, nmp_JMPmux, np_Pd oad, nmp_Meminst, np_MenW: STD LOG C

SI GNAL np_Asel: STD LOd C VECTOR(1 DOMNTO 0);
SIGNAL np_Al oad, np_Sub: STD LOd C

-- status signals

SIGNAL np_I R STD LOG C_VECTOR(7 DOWNTO 5);
SI GNAL np_AeqO0, np_Apos: STD LOd G,

BEG N
-- doing structural nodeling for the mcroprocessor here
U0: cu PORT MAP (
Cl ock, Reset,
-- control input
Enter,
-- control signals
mp_| Rl oad, np_JWMPnux, np_PC oad, np_Mem nst, np_MenW,
nmp_Asel ,
nmp_Al oad, np_Sub,
-- status signals
m_I' R

mp_Aeq0, np_Apos,
-- control outputs

Hal t);

Ul: dp PORT MAP (
Cl ock, Reset,
-- datapath input
| nput ,
-- control signals
mp_| Rl oad, np_JWMPnux, np_PC oad, np_Mem nst, np_MenW,
nmp_Asel ,
nmp_Al oad, np_Sub,
-- status signals
mp_I R,

nmp_Aeq0, np_Apos,
-- datapath out put

Qut put) ;

END Structural;

Figure 12.18. Structural VHDL code for the complete EC-2 general-purpose microprocessor.

12.4.2 Behavioral FSMD

Figure 12.19 shows the complete behavioral FSMD VHDL code for the EC-2 general-purpose microprocessor.
The memory used is from the Altera’s LPM component library. The three registers, IR, PC, and A, are declared as
signals in the architecture section. Recall from Section 6.13 that if a signal is not assigned a value from all
conditional paths, then it is synthesized as a register. The process block is structured just like a regular FSM
following the state diagram from Figure 12.12 (a). The DECODE state uses a CASE statement to check the opcode,
which is the first three bits of the IR. From there, the FSM jumps to the state for executing the corresponding
instruction. For the STORE instruction, an extra state is needed to de-assert the MemWr signal before changing the
memory address back to the location of the next instruction.

-- EC-2 Behavi oral FSMD description
LI BRARY | EEE;
USE | EEE. STD LOGd C 1164. ALL;
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USE | EEE. STD LOd C_ARI TH. ALL;
USE | EEE. STD_LOJ C_UNSI GNED. ALL;

LI BRARY | pm
USE | pm | pm conponent s. ALL;

ENTITY nmp IS PORT (
clock, reset: IN STD LOd C,
enter: IN STD LOA G
-- data input
input: IN STD LOG C_VECTOR(7 DOMNTO 0);
-- data out put
output: OUT STD LOd C VECTOR(7 DOMNTO 0);
-- control outputs
halt: OUT STD LOG C);
END np;

ARCHI TECTURE FSMD OF np IS
TYPE state type IS(s_start,s fetch,s _decode,s_|oad,s_store,s_store2,
s_add,s _sub,s input,s jz,s jpos,s_halt);

SIGNAL state: state_type; -- states
SIGNAL IR STD LOGE C VECTOR(7 DOWNTO 0); -- Instruction register
SIGNAL PC: STD LOG C VECTOR(4 DOMNTO 0); -- Program counter
SIGNAL A: STD LOG C VECTOR(7 DOWNTO 0); -- Accunul at or
SI GNAL nenory_address: STD LOG C VECTOR(4 DOANTO 0); -- nmenory address
SIGNAL nenory _data: STD LOG C VECTOR(7 DOAWNTO 0); -- nenory data input
SI GNAL MemW: STD LOA G

BEG N
menory: | pmramdq -- 32 locations x 8 bits wi de asynchronous nenory

GENERI C MAP (
| pmwi dthad => 5,
| pm out data => "UNREG STERED',
| pm.i ndat a => " UNREG STERED",
| pm address_control => "UNREQ STERED",

Ipmfile => "programmf", -- fill ramwth content of file programmf

| pmwi dth => 8)
PORT MAP (
data => A
address => nenory_address,
we => MenW,
o} => nmenory_data);

PROCESS( cl ock, reset)

BEA N
IF(reset = '1'") THEN
PC <= "00000";

I R <= "00000000";

A <= "00000000";

MenmW <= '0';

halt <= '0";

state <= s_start;

ELSI F(cl ock' EVENT AND clock = '1') THEN

CASE state IS

WHEN s_start => -- reset, start
menory_address <= PC;
state <= s _fetch;
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WHEN s fetch => -- fetch
I R <= nenory_dat a;
PC <= PC + 1,
state <= s_decode
WHEN s _decode => -- decode
-- menory access using last 5 bits of IR
menory_address <= | R(4 DOANTO 0);
CASE | R(7 DOANTO 5) IS -- decode first 3 bits of IR as opcode
WHEN " 000" => state <= s_| oad;
WHEN " 001" => state <= s_store;
WHEN "010" => state <= s_add;
WHEN "011" => state <= s_sub;
VWHEN " 100" => state <= s_input;
VWHEN " 101" => state <= s_j z;
WHEN " 110" => state <= s_j pos;
WHEN " 111" => state <= s_halt;
WHEN OTHERS => state <= s_start;
END CASE;
VWHEN s_| oad => -- load A from nmenory
A <= nenory_dat a;
state <= s_start;

WHEN s_store => -- store Ato nenory
MM <= '1';
state <= s_store2

WHEN s_store2 => -- need an extra state to de-assert MmN
MerWW <= '0'; -- before changing the nenory address
state <= s_start;

WHEN s _add => -- add

A <= A + nenory_dat a;
state <= s_start;
WHEN s_sub => -- subtract
A <= A - nenory_dat a;
state <= s_start;
VWHEN s_i nput =>
A <= input;
IF (Enter = '0") THEN -- wait for Enter key
state <= s_input;
ELSE
state <= s_start;
END | F;
VWHEN s_jz =>
IF (A =0) THEN -- jump if Ais O
PC <= | R(4 DOWNTO 0);
END | F;
state <= s_start;
WHEN s_j pos =>

IF (A(7) ='0) THEN -- junp if MSB(A) is O
PC <= | R(4 DOWNTO 0) ;
END | F;

state <= s_start;
WHEN s_halt =>
halt <="'1";
state <= s_halt;
VWHEN OTHERS =>
state <= s_halt;
END CASE;
END | F;

451



Digital Logic and Microprocessor Design with VHDL Chapter 12 - General-Purpose Microprocessors

END PROCESS;
output <= A; -- send value of Accurulator to the output
END FSMD;

Figure 12.19. Behavioral VHDL code for the complete EC-2 general-purpose microprocessor.

12.5 Summary Checklist

Instruction set

Opcode

Instruction register (IR)

Program counter (PC)

Instruction cycle

Be able to derive the datapath circuit for a given instruction set

Be able to derive the state diagram for a given instruction set

Be able to derive the control unit circuit for a given instruction set

Be able to derive the complete general-purpose microprocessor circuit

Be able to implement the complete computer using the general-purpose microprocessor developed
Be able to write programs in machine language using the implemented instruction set
Be able to run the programs on the implemented computer

Be able to write behavioral VHDL codes for general-purpose microprocessors

Oo0oo0oO0oDO0OO0OO0DO0DDO0ODDODODD

12.6 Problems

12.1 Manually re-design the EC-1 microprocessor to accommodate each of the following changes. The changes
are to be done separately.

a) Modify the OUTPUT instruction so that the output port outputs a value only when the OUTPUT
instruction is executed.

b) Modify the INPUT instruction so that it will wait for an external Enter key signal before continuing to
the next instruction.

c) Add an extra INC instruction, using the opcode 000, to the EC-1 instruction set. The INC instruction
increments the accumulator.

d) Add an extra LOAD instruction, using the opcode 001, to the EC-1 instruction set. The LOAD
instruction loads the accumulator with the content of memory location aaaa, where aaaa are the least
four significant bits of the instruction encoding.

12.2 Write the behavioral VHDL code for the EC-1 microprocessor.

12.3 Re-write the behavioral VHDL code for the EC-1 microprocessor with each of the changes from
Problem 12.1.

12.4 Write and run the following programs on the EC-2 computer:
e) Input two numbers, and output the sum of these two numbers.
f)  Input two numbers, and output the larger of the two numbers.
g) Input two numbers, and output the product of these two numbers.
h) Keep inputting numbers until a 0. Output the number of numbers entered.
i) Keep inputting numbers until a 0. Output the sum of these humbers.
j)  Keep inputting numbers until a 0. Output the largest of these numbers.
k) Keep inputting numbers until a 0. Output the largest and second largest of these numbers.
I) Input three numbers, and output these numbers in ascending order.

12.5 Manually re-design the EC-2 microprocessor to accommodate each of the following changes. The changes
are to be done separately.
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Replace the SUB instruction in the EC-2 instruction set with a LSHIFT instruction. The LSHIFT
instruction shifts the content of the accumulator left by one bit. The result of the shift operation is

written back into the accumulator.

Replace the SUB instruction in the EC-2 instruction set with an OUTPUT instruction. The OUTPUT
instruction outputs the content of the accumulator to the output port. The output port should not show

anything when the OUTPUT instruction is not being executed.

Add an extra LSHIFT instruction to the EC-2 instruction set. The LSHIFT instruction is defined in a)

above.

Add an extra OUTPUT instruction to the EC-2 instruction set. The OUTPUT instruction is defined in

b) above.

12.6 Re-write the behavioral VHDL code for the EC-2 microprocessor with each of the changes from

Proble

m 12.5.

12.7 Given the instruction set as defined below, manually design a datapath that can realize this instruction set.

| Instruction

| Encoding | Operation

| Comment |

Data movement instructions

LDA Arrr 0001 Orrr A < R[rrr] Load accumulator from register
STArrr A 0010 Orrr R[rrr] < A Load register from accumulator
LDM A aaaaaa | 0011 0000 A ~ M[aaaaaa] Load accumulator from memory
0Oaaaaaa
STM aaaaaa,A | 0100 0000 M[aaaaaa] — A Load memory from accumulator
00 aaaaaa
LDI A,iiiiiiii 0101 0000 A  iiiiiiii Load accumulator with immediate
iiiiiiii value (iiiiiiii is a signed number)
Jump instructions

JMP absolute 0110 0000

PC = aaaaaa

00 aaaaaa

Absolute unconditional jump
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ADD Arrr 1100 Orrr A < A+RJrr] Accumulator + register
SUB Arrr 1101 Orrr A « A-R[rrr] Accumulator — register
NOT A 1110 0000 A « NOT A Invert accumulator

INC A 1110 0001 A-A+1 Increment accumulator
DECA 1110 0010 A-A-1 Decrement accumulator
SHFL A 11100011 A - A<l Shift accumulator left
SHFR A 1110 0100 A A>>1 Shift accumulator right
ROTR A 11100101 A — Rotate_right(A) Rotate accumulator right

Input / Output and Miscellaneous

InA 1111 0000 A — input Input to accumulator
Out A 1111 0001 output — A Output from accumulator
HALT 1111 0010 Halt Halt execution
NOP 0000 0000 no operation No operation
Notations:

A = accumulator.

R = general register.

M = memory.

PC = program counter.

rrr = three bits for specifying the general register number (0 - 7).

aaaaaa = six bits for specifying the memory address.

smmm = four bits for specifying the relative jump displacement in sign and magnitude format. The most
significant bit (s) determines whether to jump forward or backward (0 = forward, 1 = backward). The last
three bits (mmm) specify the number of locations to increment or decrement from the current PC location.

Answer:
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12.8 Write the behavioral VHDL code for a microprocessor that can execute the instructions in the instruction set
defined in Problem 12.7.
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Appendix A Schematic Entry—Tutorial 1

The MAX+plus Il software and the UP2 development board provide all of the necessary tools for implementing
and trying out all of the examples, including building the final general-purpose microprocessor, discussed in this
book. The MAX+plus Il software offers a completely integrated development tool and easy-to-use graphical-user
interface for the design, and synthesis of digital logic circuits. Together with the UP2 development board, these
circuits can be implemented on a programmable logic device (PLD) chip. After downloading the circuit netlist to the
PLD, you can see the actual operation of these circuits in the hardware.

A Student Edition version of the MAX+plus Il software is included on the accompanying CD-ROM and can
also be downloaded from the Altera website found at www.altera.com. The UP2 development board can be
purchased directly from Altera. The full User Guide for using the UP2 board is on the CD-ROM, and can also be
downloaded from the Altera website. This tutorial assumes that you are familiar with the Windows environment,
and that the MAX+plus Il software has already been installed on your computer. Instructions for the installation of
the MAX+plus Il software can be found on the CD-ROM. You also must obtain a license file from the Altera
website in order for the software to function correctly. Be careful that you obtain the Student Edition license, and not
the Baseline Edition license.

The MAX+plus Il development software provides for both schematic and text entry of a circuit design. The
Schematic Editor is used to enter a schematic drawing of a circuit. Using the Schematic Editor, logic symbols for the
circuit can be inserted and connected together using the drawing tools. The Text Editor is used to enter VHDL or
Verilog code for describing a circuit.

This tutorial provides a step-by-step instruction for the schematic entry, synthesis, and simulation of an 8-bit 2-
to-1 multiplexer circuit. Tutorial 3 (Appendix C) will show how a circuit can be downloaded to the PLD on the UP2
development board so that you actually can see this circuit executed in the hardware.

A.1 Getting Started

A.1.1 Preparing a Folder for the Project

Each circuit design in MAX+plus Il is called a project. Each project should be placed in its own folder, since
the synthesizer creates many associated working files for a project. Using Windows File Manager, create a new
folder for your new project.

»  For this tutorial, create a folder called 2x8mux in the root directory of the C drive.

A.1.2 Starting MAX+plus Il

After the successful installation of the MAX+plus Il software, there should be a link for the program under the
Start button. Click on this link to start the program. You should see the MAX+plus Il Manager window, as shown in
Figure A.1.
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MaX+plus II Manager - Untitled1 -0l x|
MoxE+plus IT File Assign  Options  Help

D d 2] % B = ARE 2L EHEE &G al

G

MAX+plus'|l

Figure A.1 The MAX+plus Il Manager window.
Figure A.2 shows the toolbar for accessing the main development tools. The buttons from left to right are:

» Hierarchy display—to show the design files used in the current project

e Floorplan Editor—to map the 1/O signals from the circuit to the pins on the PLD chip
e Compiler (synthesizer)—to synthesize the circuit to its netlist

e Simulator—to perform circuit simulation

e Timing analyzer—to perform circuit timing analysis

*  Programmer—to program the circuit to the PLD chip

*  Open existing or new project—to select a new project

*  Change project name to current filename—to use the current file as the new project

»  Open top-level design file—to open the top-level design file for the current project

HRBE BB S 325

Figure A.2 The MAX+plus Il development software toolbar.

In the MAX+plus Il software, different commands in the menus are available when different windows are
activated. This might cause some confusion at first. If you cannot find a particular command from the menu, make
sure that the correct window for that command is the active window.

A.1.3 Starting the Graphic Editor

From the Manager window, select Max+plus 1l | Graphic Editor. You should see the Graphic Editor window
similar to the one shown in Figure A.3. Any circuit diagram can be drawn in this Graphic Editor window.
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e Alternatively, you can select File | New from the Manager window menu. Select Graphic Editor file using the
extension .gdf, and click OK.

Multifunction Pointer Tool —> | [ | Fs pymmermrr P————— ; =k
Text Tool — M4 =/
.
. . .
Line/connection Tools —> -
-'\.\1'
=
Zooming —> &
Fit Drawing in Window —> | &1

Connection Dot —> |+
Turns On Rubberbanding —> | &=—=

Turns Off Rubberbanding —> =i

Figure A.3 The Graphic Editor window with the graphics toolbar on the left.

A.2 Using the Graphic Editor

A.2.1 Drawing Tools

In Figure A.3, the tools for drawing a circuit in the Graphic Editor are shown in the toolbar on the left side.
There are the standard text writing tool, line drawing tools for making connections between logic symbols, and
zooming tools. The main tool that you will use is the multifunction pointer tool. This multifunction pointer allows
you to perform many different operations depending on the context in which it is used. Two main operations
performed by this multifunction pointer are selecting objects and making connections between logic symbols. The
connection dot tool either makes or deletes a connection point between two crossing lines. Finally, the two
rubberbanding buttons turn on or off the rubberbanding function. When rubberbanding is turned on, connection lines
are adjusted automatically when symbols are moved from one location to another. When rubberbanding is turned
off, moving a symbol will not affect the lines connected to it.

A.2.2 Inserting Logic Symbols

1. To insert a logic symbol, first select the multifunction pointer tool, and then double-click the pointer on an
empty spot in the Graphic Editor window. You should see the Enter Symbol window, as shown in Figure A.4.

Available symbol libraries are listed in the Symbol Libraries selection box. These libraries include the standard
primitive gates, standard combinational and sequential components, and your own logic symbols located in the
current project directory.

All of the primitive logic gates, latches, flip-flops, and input and output connectors that we need are in the
primitive library: ...\prim. Your own circuits that you want to reuse in building larger circuits are in the directory
that they are stored in.
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Figure A.4 The Enter Symbol selector window.

2. Double-click on the prim library to see a list of logic symbols available in that library. A list of logic symbols is
shown in the Symbol Files selection box. The logic symbols are sorted in alphabetical order. To narrow down
the list, you can type the first few letters of the symbol name followed by an asterisk in the Symbol Name text
box. You need to either press Enter or click on the OK button to update the list. For example, typing a*, and
pressing Enter will produce a list of all of the symbols whose name starts with the letter “a”.

3. Double-click on the logic symbol name that you want in order to insert that symbol into the Graphic Editor. If
you just select the symbol with a single-click, then you will also have to click on the OK button.

For this tutorial, insert the following symbols:

* A 2-input AND gate (and2)

e A2-input OR gate (or2)

* ANOT gate (not)

e Aninput signal connector (input)

e Anoutput signal connector (output)

A unique number is given to each instance of a symbol and is written at the lower-left corner of the symbol.
This number is used only as a reference number in the output netlist and report files. These numbers may be

different from those in the examples.

A.2.3 Selecting, Moving, Copying, and Deleting Logic Symbols

* To select a logic symbol in the Graphic Editor, simply single-click on the symbol using the multifunction
pointer tool. You can also select multiple symbols by holding down the Shift key while you select the symbols.
An alternative method is to trace a rectangle with the multifunction tool around the objects that you want to
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select. All objects inside the rectangle will be selected.
e To move a symbol, simply drag the symbol.

e To copy a symbol, first select it and then perform the Copy and Paste operations. An alternative method is to
hold down the Ctrl key while you drag the symbol.

* Todelete a symbol, first select it and then press the Delete key.

» To rotate a symbol, right-click on the symbol, select Rotate from the drop-down menu, and select the angle to
rotate the symbol.
Perform the following operations for this tutorial:

1. Make a copy of the 2-input AND gate

2. Make two more copies of the input signal connector

3. Position the symbols to look like Figure A.5

Figure A.5 Symbol placements for the 2-to-1 multiplexer circuit.

A.2.4 Making and Naming Connections

* To make a connection between two connection points, use the multifunction pointer tool and drag from one
connection point to the second connection point. Notice that, when you position the multifunction pointer tool
to a connection point, the arrow pointer changes to a crosshair.

e To change the direction of a connection line while dragging the line, simply release and press the mouse button
again and then continue to drag the connection line.

e You can also make a connection between two connection points by moving a symbol so that its connection
point touches the other connection point.

» If you want to make a connection line that does not start from a connection point, you will need to use either the
straight line drawing tool or the vertical and horizontal line drawing tool instead of the multifunction pointer
tool.

» Once a connection is made to a symbol, you can move the symbol to another location, and the connection line is
adjusted automatically if the rubberbanding function is turned on. However, if the rubberbanding function is
turned off, the connection will be broken if the symbol is moved.

e To make a connection between two lines that cross each other, you need to use the multifunction pointer tool to
select the junction point (i.e., the point where the two lines cross) and then press the connection tool button, as
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shown in Figure A.6. The connection tool button is enabled only after you have selected a junction point.

» Toremove a connection point, select (single-click) the point, and then press the connection tool button.

£| | |

I 1
Figure A.6 Making or deleting a connection point with the connection tool button.

e To make a bus connection (for grouping two or more lines together), first draw a regular connection line, then
right-click on the line, select Line Style, and select the thicker, solid line style from the pop-up menu.

e A bus must also have a name and a width associated with it. Select the bus line at the point where you want to
place the name and then type in the name and the width for the bus. For example, data[7..0] is an 8-bit bus with
the name data, as shown in Figure A.7.

* To change the name, just double-click on the name and edit it.

» To connect one line to a bus, connect a single line to the bus, and then give it the same name as the bus with the
line index appended to it. For example, data2, is bit two of the data bus, as shown in Figure A.7.

atal
data[7..0]

Figure A.7 A single connection line connected to an 8-bit bus with the name data.

» To check whether a name is attached correctly to a line, select the line, and the name that is attached to the line
will also be selected.

e To name an input or output connector, select its name label by double-clicking it, and then type in the new
name. Pressing the Enter key will move the text entry cursor to the name label for the symbol below the current
symbol.

e Abus line connected to an input or output connector must have the same name as the connector.

Perform the following operations for this tutorial:
1. Name the three input connectors d0[7..0], s, and d1[7..0], as shown in Figure A.8
2. Name the output connector y[7..0], as shown in Figure A.8

3. Connect and name the five bus lines d0[7..0], d1[7..0], and0[7..0], and1[7..0], and y[7..0], as shown in
Figure A.8

4. Connect the single lines from the input connector s to the inverter and to the two AND gates, as shown in
Figure A.8
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Figure A.8 Connections and names for the 2-to-1 multiplexer circuit.

A.2.5 Selecting, Moving and Deleting Connection Lines

e Toselect a straight connection line, just single-click on it.

e Toselect an entire connection line with horizontal and vertical segments, double-click on it.
e Toselect a portion of a line, trace a rectangle with the multifunction tool around the segment.
»  After aline is selected, it can be moved by dragging.

» After aline is selected, it can be deleted by pressing the Delete key.

A.3 Specifying the Top-Level File and Project

A.3.1 Saving the Schematic Drawing

1. From the Graphic Editor menu, select File | Save. Select the 2x8mux directory that you created on the C drive in
Section A.1.1. Type in the filename 2x8mux. The extension should be .gdf (for graphic design file).

2. Click OK.

A.3.2 Specifying the Project

1. To use the schematic drawing file saved in Section A.3.1 as the top-level project file, select File | Project | Set

Project to Current File from the Manager window menu, or simply click on the icon @l

* You can open any graphic design file (with the extension .gdf) using the Manager menu command File | Open,

and then select File | Project | Set Project to Current File, or click on the icon @l to make that particular file the
top-level project file.

A.4 Synthesis for Functional Simulation

1. From the Manager window menu, select MAX+plus Il | Compiler, or click on the icon @I. to bring up the
Compiler window.

2. From the Compiler window menu (that is, with the Compiler window selected as the active window), select

Processing | Functional SNF Extractor so that a check mark appears next to it. To actually see whether there is a
check mark or not, you need to select the Processing menu again. The Compiler window for functional
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extraction is shown in Figure A.9.

3. Click on the Start button to start the synthesis. You will then see the progress of the synthesis.

4. At the end of the synthesis, if there are no syntax errors, you will see a message window saying that the
compilation was successful. Click OK to close the message window.

- O] x|
Compiler Database Functional
Metlist Builder SNF
Extractor Extractor
1] 1) 100
Start Stop |

Figure A.9 Compiler window for functional extraction.

A.5 Circuit Simulation

A.5.1 Selecting Input Test Signals

1. Before you can simulate the design, you need to create test vectors for specifying what the input values are.
From the Manager window menu, select MAX+plus Il | Waveform Editor.

2. From the Waveform Editor window menu, select Node | Enter Nodes from SNF. You can also right-click under
the Name section in the Waveform Editor window and select Enter Nodes from SNF from the pop-up menu. You
will see something similar to the Enter Nodes from SNF window shown in Figure A.10.

ey B

L] =T Rl

Figure A.10 Window for adding signals for simulation.
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Click on the List button in the Enter Nodes from SNF window, and a list of available nodes and groups will be
displayed in the Available Nodes & Groups box.

Select the signals that you want to see in the simulation trace. The signals that we want are: s (1), d1[7..0] (1),
d0[7..0] (1), and y[7..0] (O). The letters | and O in parenthesis next to each signal denote whether the signal is an
input or output signal, respectively. Note that the signal name such as y7 is bit seven of the bus named y, and
d16 is bit six of the bus named d1. Multiple nodes can be selected by holding down the Ctrl or Shift key while
clicking on the signal names.

After selecting the signals, click on the => button to move the selected signals to the Selected Nodes & Groups
box.

Repeat Steps 4 and 5 until all of the signals that you want to see in the simulation are moved to the Selected
Nodes & Groups box.

Click on OK when you are finished. The selected signals will now be inserted in the Waveform Editor window
similar to Figure A.11.
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Figure A.11 Waveform Editor window for simulation.

A.5.2 Customizing the Waveform Editor

1. You can rearrange the signals in the Waveform Editor by dragging the signal icons like EE*= up or down.

2. To delete a signal in the Waveform Editor, just select the signal by clicking on its name and press the Delete
key.

3. For signals that are composed of a group of bits (such as the data input d1), you can separate them into
individual bits or change the radix for the displayed value by first selecting that signal and then right-click the
mouse. A drop-down menu appears. Select Ungroup to separate the bits. To regroup them, select the bits you
want to group and then right-click the mouse. A drop-down menu appears. Select Enter Group. Type in a group
name, and select the Decimal radix for the display.

4. We want to simulate for 500 nanoseconds. To change the simulation end time, select File | End Time from the
Waveform Editor window menu.

5. Inthe End Time window, type in 500ns, and click OK.

6. To fit the entire simulation time range inside the window, select View | Fit in Window from the Waveform Editor

window menu, or click on the icon El in the toolbar on the left. Your Waveform Editor window should now

look like the one in Figure A.12.
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Figure A.12 Waveform Editor window after changing the value radix and fitting the entire time range inside the
window. Notice also the toolbar buttons on the left.

A.5.3 Assigning Values to the Input Signals

The next thing is to assign values to all of the input signals.

1. Drag from time 200ns to 400ns for the s signal only, as shown in Figure A.13.

1
2. Click on the icon ﬂl in the toolbar on the left to set the signal in the selected range to a logical 1 value.
3. Drag from time Ons to 100ns for the d0 signal only, as shown in Figure A.13.
4. Click on the icon EI in the toolbar on the left. Type in the value 5 and click OK to set the value for the dO bus
signal to decimal 5.
5. Repeat Steps 3 and 4 for the remaining input values for d0 and d1, as shown in Figure A.13.
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Figure A.13 Changing the input signal values.

A.5.4 Saving the Waveform File

1. Save the Waveform Editor window by selecting File | Save. The Save As window appears. Notice that the
default file name is the same as the top-level entity name, and the extension is .scf. For this example, the name
is 2x8mux.scf.

2. Click on OK to save the file.
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A.5.5 Starting the Simulator
1. We are now ready to simulate the design. From the Manager window menu, select MAX+plus Il | Simulator, or

click on the icon @ to bring up the Simulator window.
* You can also save the waveform file and start the simulator in one step by selecting from the Manager window
menu File | Project | Save & Simulate.

2. The Simulator window as shown in Figure A.14 is displayed. Make sure that the Simulation Input filename is
2x8mux.scf. This is the same name as your top-level entity.

3. Click on the Start button and watch the progress of the simulation.

=, simulator: Functional Simulation -0l x|

Simulation Input. 2x8mux.sct

Simulation Time: 0.0ns

Start Time: |0.0ns End Time: |500.0ns
[ Use Device B Oscillation
M Setup/Hold _
[ Check Qutputs W Glitch
i} S0 100
Start Pause Stop Open S5CF

Figure A.14 Simulator window for the multiplexer design.

4. At the end of the simulation, if there are no errors, you will see a message window saying that the simulation
was successful. Click OK to close the message window.

5. Click on the Open SCF button in the Simulator window to bring up the Waveform Editor with the resulting
simulation waveforms. The simulation result is shown in Figure A.15. The signal y is the multiplexer output.

Notice that when s is a 0, the y output follows the d0 input, and when s is a 1, the y output follows the d1 input.
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Figure A.15 Resulting waveform after the simulation.

6. You can change the input signal values of s, d0, and d1 to something different and run the simulation again.
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A.6 Creating and Using the Logic Symbol

If you want to use this circuit as part of another circuit, you need to create a logic symbol for this circuit.

1. To create a logic symbol for the current active circuit diagram that is in the Graphic Editor window, from the
Graphic Editor menu, select File | Create Default Symbol. The name of this logic symbol is the same as the name
of the current active circuit diagram in the Graphic Editor, but with the extension .sym.

2. You can view and edit the logic symbol by selecting File | Edit Symbol. The placements of the input and output
signals can be moved to different locations by dragging them. The size of the symbol can also be changed by
dragging the edges of the symbol rectangle.

3. To use this circuit in another project, you need to copy this .sym file and the corresponding .gdf circuit file to
the other project’s directory. This new symbol name will now show up in the Enter Symbol window like the one
shown in Figure A.4.
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Appendix B VHDL Entry—Tutorial 2

This tutorial provides a step-by-step instruction for the VHDL entry, synthesis, and simulation of a 4-bit binary
counter circuit. However, no knowledge of VHDL is required to follow this tutorial. Tutorial 3 (Appendix C) will
show how this circuit can be downloaded to the PLD on the UP2 development board so that you actually can see this
circuit executing in the hardware.

This tutorial is very similar to Tutorial 1 (Appendix A) for schematic entry. The main difference is in using the
Text Editor rather than the Graphic Editor. The procedures for project creation, synthesis, and simulation are the
same in both cases. Even if you do not intend to write VHDL code, you should go through this tutorial so that you
can continue on to Tutorial 3 (Appendix C) and learn how to download a circuit to the PLD on the UP2 development
board.

B.1 Getting Started

B.1.1 Preparing a Folder for the Project

1. Each circuit design in MAX+plus Il is called a project. Each project should be placed in its own folder, since
the synthesizer creates many associated working files for a project. Using Windows File Manager, create a new
folder for your new project. This tutorial uses the folder called counter created in the root directory of the C
drive.

2. The VHDL source code for the counter circuit can be found on the accompanying CD-ROM in the file
counter.vhd located in the directory <CD-ROM drive>:\VHDL Examples\Appendix B\counter. Using
Windows File Manager, copy this file to the new folder c:\counter that you created in Step 1.

B.1.2 Starting MAX+plus I

After the successful installation of the MAX+plus Il software, there should be a link for the program under the
Start button. Click on this link to start the program. You should see the MAX+plus Il Manager, window as shown in
Figure B.1.
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Figure B.1. The MAX+plus Il Manager window.
Figure B.2 shows the toolbar for accessing the main development tools. The buttons from left to right are:

» Hierarchy display—to show the design files used in the current project

e Floorplan Editor—to map the 1/O signals from the circuit to the pins on the PLD chip
e Compiler (synthesizer)—to synthesize the circuit to its netlist

e Simulator—to perform circuit simulation

e Timing analyzer—to perform circuit timing analysis

*  Programmer—to program the circuit to the PLD chip

»  Open existing or new project—to select a new project

* Change project name to current filename—to use the current file as the new project

»  Open top-level design file—to open the top-level design file for the current project

HRBE BB S 325

Figure B.2 The MAX+plus Il development software tool bar.

In the MAX+plus Il software, different commands in the menus are available when different windows are
activated. This might cause some confusion at first. If you cannot find a particular command from the menu, make
sure that the correct window is the active window.

B.1.3 Creating a Project

1. From the Manager window menu, select File | Project | Name, or simply click on the icon @l You should see
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the Project Name window similar to the one shown in Figure B.3.
Select the C drive from the Drives dropdown list.

Move to the counter directory on the C drive and double-click on it. You should see the file counter.vhd listed
in the Files box.

Select the file counter.vhd. The filename will be copied to the Project Name text field.

Click OK. The MAX+plus Il Manager window title should now show c:\counter\counter.

Project Name El

Project Mame: |counter.vhd

Directary iz o wcounker

Filez: Directanes:
counter.vhd = ot
Dirives:

IE [ j

[ Show Only Tops of Hierarchies

Cancel |

Figure B.3 Project name window for creating a new project.

Alternatively, you can open any VHDL entity source file (with the extension .vhd) using the Manager menu
command File | Open. With the VHDL entity source file in the active Text Editor window, select File | Project |

Set Project to Current File, or click on the icon @l to make that particular file the top-level project file. Note
that the name of the file must be the same as the name of the entity that is in this file.

B.1.4 Editing the VHDL Source Code

+
From the Manager window menu, select File | Hierarchy Project Top, or click on the icon %I to open the
VHDL source code for the counter. Notice that the entity name for this circuit is also counter. The top entity
name for the project must be the same as the project name, and the file name.

You can use this Text Editor to modify the code if necessary. For now, we will not make any modifications, so
you can close this Text Editor window.

If you need to create a new VHDL source file, select File | New from the Manager window menu. Select Text
Editor file, and click OK.

B.2 Synthesis for Functional Simulation

1. From the Manager window menu, select MAX+plus Il | Compiler, or click on the icon @[ to bring up the

Compiler window.
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2. From the Compiler window menu, that is, with the Compiler window selected as the active window, select
Processing | Functional SNF Extractor so that a check mark appears next to it. To actually see whether there is a
check mark or not, you need to select the Processing menu again. The compiler window for functional
extraction is shown in Figure B.4.

3. Click on the Start button to start the synthesis. You will then see the progress of the synthesis.

4. At the end of the synthesis, if there are no syntax errors, you will see a message window saying that the
compilation was successful. Click OK to close the message window.

- O] x|
Compiler Database Functional
Metlist Builder SNF
Extractor Extractor
1] 1) 100
Start Stop |

Figure B.4. Compiler window for functional extraction.

B.3 Circuit Simulation

B.3.1 Selecting Input Test Signals

1. Before you can simulate the design, you need to create test vectors for specifying what the input values are.
From the Manager window menu, select MAX+plus Il | Waveform Editor.

2. From the Waveform Editor window menu, select Node | Enter Nodes from SNF. You can also right-click under

the Name section in the Waveform Editor window, and select Enter Nodes from SNF from the pop-up menu.
You will see something similar to the Enter Nodes from SNF window shown in Figure B.5.

471



Digital Logic and Microprocessor Design with VHDL Appendix B - VHDL Entry. Tutorial 2

Enter Modes from SNF x|
MHode / Group: | | Lizt I
Arvalable Modes & Groups: Selected MHodes & Groups:

FReszetM (1] " Feszeth 1]

Clock. (1] Clock. (1]

Q3 = o)

02 (0]

1 [0] i=

[ 1 x B

4l _>I_I 41 2+
- Tvpe ¥ Preserve Existing Modes

V' Inputs I Registered [T Show All Mode Mame Synomyms

W Outputs [ Combinatorial

v Group ™| kMemany Eit

[ al ™| Feman waord ]9 Cancel Clear

Figure B.5 Window for adding signals for simulation.

3. Click on the List button in the Enter Nodes from SNF window, and a list of available nodes and groups will be
displayed in the Available Nodes & Groups box.

4. Select the signals that you want to see in the simulation trace. The signals that we want are: ResetN (1), Clock
(1), and Q (0). Be careful that it is Q, and not Q0, Q1, Q2, or Q3. The letters I and O in parenthesis next to each
signal denote whether the signal is an input or output signal, respectively. Multiple nodes can be selected by
holding down the Ctrl or Shift key while clicking on the signal names.

5. After selecting the signals, click on the => button to move the selected signals to the Selected Nodes & Groups
box.

6. Repeat Steps 4 and 5 until all of the signals that you want to see in the simulation are moved to the Selected
Nodes & Groups box.

7. Click on OK when you are finished. The selected signals will now be inserted in the Waveform Editor window
similar to Figure B.6.
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Figure B.6 Waveform Editor window for simulation.
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B.3.2 Customizing the Waveform Editor

1. You can rearrange the signals in the Waveform Editor by dragging the signal icons like EZE¥= up or down. Drag
the Clock signal to the very top of the list.

To delete a signal in the Waveform Editor, just select the signal by clicking on its name and press the Delete
key.

For signals that are composed of a group of bits (such as the counter output Q), you can separate them into
individual bits or change the radix for the displayed value by first selecting that signal and then right-click the
mouse. A drop-down menu appears. Select Ungroup to separate the bits. To regroup them, select the bits you
want to group and then right-click the mouse. A drop-down menu appears. Select Enter Group. Type in a group
name, and select the radix you want for the display.

2. We want to simulate for 2 microseconds. To change the simulation end time, select File | End Time from the
Waveform Editor window menu.

3. Inthe End Time window, type in 2us, and click OK.

4. To fit the entire simulation time range inside the window, select View | Fit in Window from the Waveform Editor
window menu or click on the icon El in the toolbar on the left. Your Waveform Editor window should now
look like the one in Figure B.7.
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Figure B.7 Waveform Editor window after rearranging the Clock signal, and fitting the entire time range inside.
Notice also the toolbar buttons on the left.

B.3.3 Assigning Values to the Input Signals
The next thing is to assign values to all of the input signals.

1. Select the Clock signal by clicking on the signal name.

2. Click on the icon EI in the toolbar on the left to define the Clock signal.
3. Click on OK to set the clock pulse.

4. Select the ResetN signal. The ResetN signal is active-low (i.e., a 0 value will enable the signal).
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1
5. Click on the icon ﬂl in the toolbar on the left to set the signal to a 1 value.

6. Drag from time 1.2us to 1.4us for the ResetN signal only, as shown in Figure B.8.
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Figure B.8 Changing the Reset signal value between times 1.2 ys and 1.4 /5.

0
7. Click on the icon HI in the toolbar on the left to set the signal in this selected time range to a 0 value.
B.3.4 Saving the Waveform File

1. Save the Waveform Editor window by selecting File | Save. The Save As window appears. Notice that the
default file name is the same as the top-level entity name, and the extension is .scf. For this example, the name
is counter.scf.

2. Click on OK to save the file.
B.3.5 Starting the Simulator

1. We are now ready to simulate the design. From the Manager window menu, select MAX+plus Il | Simulator, or

click on the icon @ to bring up the Simulator window.

e You can also save the waveform file and start the simulator in one step by selecting from the Manager window
menu File | Project | Save & Simulate.

2.  The Simulator window, as shown in Figure B.9 is displayed. Make sure that the Simulation Input filename is
counter.scf. This is the same name as your top-level entity.

3. Click on the Start button and watch the progress of the simulation.
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Figure B.9 Simulator window for the counter design.

4. At the end of the simulation, if there are no errors, you will see a message window saying that the simulation
was successful. Click OK to close the message window.

5. Click on the Open SCF button in the Simulator window to bring up the Waveform Editor with the resulting
simulation waveforms. The simulation result is shown in Figure B.10. The signal Q is the counter output.

Notice that when ResetN is de-asserted (value 1), Q increments at the rising edge of each clock cycle. At 600
ns, the count is at 3. When ResetN is asserted at 1.2 (s, Q is immediately reset to 0. When ResetN is de-asserted
again at 1.4 /s, the count starts again at the next rising clock edge.
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Figure B.10 Resulting waveform after the simulation.

6. You can change the ResetN signal values to something different and run the simulation again.
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e All of the schematic drawing files have the extension .gdf, which stands for graphic design file. The
Graphic Editor is used to view and edit the graphic design files.

The VHDL source code for the four entities, up2flex, clockdiv, counter, and decoder, are located on the
accompanying CD-ROM in the four files up2flex.vhd, clockdiv.vhd, counter.vhd, and decoder.vhd in the
directory <CD-ROM drive>:\VHDL Examples\Appendix C\Counter\Source. Using Windows File Manager,
copy all of the files in this folder to the new folder c:\counter that you have created in Step 1.

« All of the VHDL code files have the extension .vhd. The Text Editor is used to view and edit the VHDL
source files.

Start MAX+plus Il if it is not already started. If there are windows in MAX+plus Il that are opened from a
previous session, you can close them.

C.1.2 Creating a Project

1.

2.

From the Manager window menu, select File | Project | Name or simply click on the icon .
Select the C drive from the Drives dropdown list.

Select the counter directory on the C drive. You should see the file up2flex.gdf (for schematic drawing) or
up2flex.vhd (for VHDL code) listed in the Files box.

Select this up2flex file. The filename will be copied to the Project Name text field.
Click OK. The MAX+plus Il Manager window title should now show c:\counter\up2flex.

»  The top-level file up2flex.gdf or up2flex.vhd is for programming the FLEX chip on the UP2 board. If you
want to use the MAX chip, you need to use the file up2max.gdf or up2max.vhd instead. All subsequent
references to up2flex should then be changed to up2max. The FLEX chip has a much larger capacity, but it
is volatile (that is, a circuit that is programmed on it will remain only as long as power is applied to it). The
MAX chip, on the other hand, is smaller but it is nonvolatile.

C.1.3 Viewing the Source File

1.

-
From the Manager window menu, select File | Hierarchy Project Top or click on the icon ﬁl to open the top-
level source file up2flex.gdf or up2flex.vhd.

e The Text Editor is used for viewing and editing the VHDL code. Notice that the entity name for this circuit
is up2flex. The top entity name for the project must be the same as the project name and the file name.

»  The Graphic Editor is used for viewing and editing the graphic design file.

Use File | Open from the Manager window menu, or click on the icon EI to open the other source files for
viewing or to make changes. For this tutorial, we do not need to make any modifications.

C.2 Synthesis for Programming the PLD

1.

From the Manager window menu, select MAX+plus Il | Compiler, or click on the icon @[ to bring up the
Compiler window.

From the Compiler window menu (that is, with the Compiler window selected as the active window), select

Processing and make sure that there is no check mark next to Functional SNF Extractor. If there is, then select it
to remove the check mark. The Compiler window for full synthesis should look like Figure C.2.
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Figure C.2 Compiler window for full synthesis.

3. From the Compiler window menu, select Processing | Smart Recompile. With this option turned on, if you
change any pin assignments later on and recompile, the compiler does not have to perform a full synthesis.

4. Click on the Start button to start the synthesis. You will then see the progress of the synthesis.

5. At the end of the synthesis, if there are no errors, you will see a message window saying that the compilation
was successful. You can ignore the warnings, if any, for this project. Click OK to close the message window.

C.3 Circuit Simulation

The following steps for circuit simulation in this section are only necessary if you want to perform a simulation
of the circuit. In practice, it is advisable to simulate the circuit to make sure that it is correct before
implementing it on a PLD. For this tutorial, you can skip this step and go directly to Section C.4 for
programming the PLD.

1. From the Manager window menu, select MAX+plus Il | Waveform Editor.

2. From the Waveform Editor window menu, select Node | Enter Nodes from SNF. You can also right-click under
the Name section in the Waveform Editor window, and select Enter Nodes from SNF from the pop-up menu.

3. Click on the List button, and a list of available nodes and groups will be displayed in the Available Nodes &
Groups box. You should see something similar to Figure C.3.
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Figure C.3 Window for adding signals for simulation.

10.

11.

Select the signals that you want to see in the simulation trace, and then click on the => button. The signals that
we want are: StopN, ResetN, Clock, Overflow, aN, bN, cN, dN, eN, fN, and gN. The signals aN to gN are the
signals for driving the seven LEDs on the 7-segment LED. After clicking on the => button, the selected signals
will be moved to the Selected Nodes & Groups box.

For this particular circuit, you may have a slight problem with the simulation, because the signal Clock is
assumed to be running at 25 MHz, and the clockdiv component divides the clock down from 25 MHz to 1 Hz.
So to even see a few counts, you will need the simulation end time to be very large. To make this simulation
work, you need to remove the clockdiv component from the circuit. Remember that this is only necessary if you
want to perform the simulation. You need to have this clockdiv component in order to see the counting on the
UP2 board.

Click on OK when you are finished. The selected signals will now be inserted in the Waveform Editor window.

Select File | End Time from the Waveform Editor window menu and type in 3.5us to set the simulation end time
to 3.5 /5.

Assign values to the Clock signal using the EI button.

1
Assign a logic 1 value to both the StopN and ResetN signals using the ﬂl button.

Save the Waveform Editor window file as up2flex.scf.

From the Manager window menu, select MAX+plus Il | Simulator, or click on the icon @ to bring up the
Simulator window, and then click on the Start button to start the simulation of the design.

After the simulation has terminated, click on the Open SCF button to view the simulation result in the
Waveform Editor window, as shown in Figure C.4. At 200 ns, the signals aN to gN are showing the count for 1
with bN and cN being 0 and the rest being 1. For these seven signals, a 0 turns on the LED and a 1 turns it off,
as shown in Figure C.5.
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Figure C.6 Selecting the FLEX 10K70RC240-4 PLD chip.

2.  Remove the check mark from Show Only Fastest Speed Grades.

3. In the Device Family drop-down box, select FLEX10K. This is the larger one of the two PLD devices that is on
the UP2 board.

e Select MAX7000S if you want to use the smaller PLD device on the UP2 board.
4. In the Devices list, select EPF10K70RC240-4.
e Select EPM7128SLC84-7 if you want to use the smaller PLD device on the UP2 board.
5. Puta check mark for Maintain Current Synthesis Regardless of Device or Speed Grade Changes.

6. Clickon OK.
C.4.2 Maping the 1/0 Pins with the Floorplan Editor

1. We also need to specify which physical pins on the chip will be assigned to the 1/O signals for the circuit. From

the Manager window menu, select MAX+plus Il | Floorplan Editor or click on the icon ] to bring up the
Floorplan Editor window.

2. From the Floorplan Editor window menu, select Layout | Device View. You should see a physical layout of the
pins for the selected PLD chip, as shown in Figure C.7 for the FLEX chip. You may have to scroll the window
or zoom out to see the pins.

3. From the Floorplan Editor window menu, select Layout | Current Assignments Floorplan, or click on the icon

El in the toolbar on the left.

All of the pins are labeled with a pin number and the name of the signal that is assigned to it. Pins in blue color
are already assigned to a signal. In the figure, the signal Clock is already assigned to pin 91. All of the pins in white
are currently unassigned and available to use. Signals from the circuit that have not yet been assigned to any pins are
listed in the top-right box labeled Unassigned Nodes & Pins.
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Figure C.7 The Floorplan Editor showing a portion of the FLEX 10K70RC240-4 chip pins and the signal names for

the circuit.

4, To assign a signal to a pin, simply drag the icon EB= or <8 next to the signal from the Unassigned Nodes &
Pins list box to one of the white pins in the floorplan. The pin color will change when a signal is assigned to it.
Make sure that you drag the icon EB= or <&, and not the signal name.

»  After making a signal assignment, you can change it by dragging the signal from one pin to another pin, or
back to the Unassigned Nodes & Pins list box.

e You can delete a signal assignment by selecting the pin with that signal and then pressing the Delete key.
This will move the signal back to the Unassigned Nodes & Pins signal list box.

e Perform the following signal-to-pin assignments if you have selected to use the FLEX chip from

Section C.4.1,

Signal NuPrrI:;)er Comment

Clock 91 Pin 91 is connected to the built-in 25 MHz clock source

ResetN 28 Pin 28 is connected to push-button switch FLEX PB1

StopN 29 Pin 29 is connected to push-button switch FLEX_PB2
aN 6 Pin 6 is connected to segment a on digit 1 of the FLEX 7-segment LED
bN 7 Pin 7 is connected to segment b on digit 1 of the FLEX 7-segment LED
cN 8 Pin 8 is connected to segment ¢ on digit 1 of the FLEX 7-segment LED
dN 9 Pin 9 is connected to segment d on digit 1 of the FLEX 7-segment LED
eN 11 Pin 11 is connected to segment e on digit 1 of the FLEX 7-segment LED
fN 12 Pin 12 is connected to segment f on digit 1 of the FLEX 7-segment LED
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gN 13 Pin 13 is connected to segment g on digit 1 of the FLEX 7-segment LED
Overflow 14 Pin 14 is connected to the decimal point on digit 1 of the FLEX 7-segment LED
Veel 17 Optional assignment to turn off segment a on digit 2 of the FLEX 7-segment LED
Vee?2 18 Optional assignment to turn off segment b on digit 2 of the FLEX 7-segment LED
Vee3 19 Optional assignment to turn off segment ¢ on digit 2 of the FLEX 7-segment LED
Vce4 20 Optional assignment to turn off segment d on digit 2 of the FLEX 7-segment LED
Vees 21 Optional assignment to turn off segment e on digit 2 of the FLEX 7-segment LED
Vce6 23 Optional assignment to turn off segment f on digit 2 of the FLEX 7-segment LED
Vee? 24 Optional assignment to turn off segment g on digit 2 of the FLEX 7-segment LED
Vces 25 Optional assignment to turn off the decimal point on digit 2 of the FLEX 7-segment
LED

e Perform the following signal-to-pin assignments if you have selected to use the MAX chip from

Section C.4.1,
Signal NuPnIEJer Comment
Clock 83 Pin 83 is connected to the built-in 25 MHz clock source
ResetN 1 Connect a hook-up wire between Pin 1 and the pushbutton switch MAX_PB1
StopN 2 Connect a hook-up wire between Pin 2 and the pushbutton switch MAX PB2
aN 58 Pin 58 is connected to segment a on digit 1 of the MAX 7-segment LED
bN 60 Pin 60 is connected to segment b on digit 1 of the MAX 7-segment LED
cN 61 Pin 61 is connected to segment ¢ on digit 1 of the MAX 7-segment LED
dN 63 Pin 63 is connected to segment d o