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B-18 Appendix B The Basics of Logic Design

Arrays of Logic Elements

Many of the combinational operations to be performed on data have to be
done to an entire word (32 bits) of data. Thus we often want to build an array
of logic elements, which we can represent simply by showing that a given
operation will happen to an entire collection of inputs. For example, we saw
on page B-9 what a 1-bit multiplexor looked like, but inside a machine, much
of the time we want to select between a pair of buses. A bus is a collection of
data lines that is treated together as a single logical signal. (The term bus is
also used to indicate a shared collection of lines with multiple sources and
uses, especially in Chapter 8, where I/O buses were discussed.)

For example, in the MIPS instruction set, the result of an instruction that is
written into a register can come from one of two sources. A multiplexor is used
to choose which of the two buses (each 32 bits wide) will be written into the
Result register. The 1-bit multiplexor, which we showed earlier, will need to be
replicated 32 times. We indicate that a signal is a bus rather than a single 1-bit
line by showing it with a thicker line in a figure. Most buses are 32 bits wide;
those that are not are explicitly labeled with their width. When we show a logic
unit whose inputs and outputs are buses, this means that the unit must be rep-
licated a sufficient number of times to accommodate the width of the input.
Figure B.8 shows how we draw a multiplexor that selects between a pair of 32-
bit buses and how this expands in terms of 1-bit-wide multiplexors. Sometimes
we need to construct an array of logic elements where the inputs for some ele-
ments in the array are outputs from earlier elements. For example, this is how
a multibit-wide ALU is constructed. In such cases, we must explicitly show
how to create wider arrays, since the individual elements of the array are no
longer independent, as they are in the case of a 32-bit-wide multiplexor.

B.4 Clocks

Before we discuss memory elements and sequential logic, it is useful to dis-
cuss briefly the topic of clocks. This short section introduces the topic and is
similar to the discussion found at the beginning of Chapter 5. More details on
clocking and timing methodologies are presented in section B.7.

Clocks are needed in sequential logic to decide when an element that con-
tains state should be updated. A clock is simply a free-running signal with a
fixed cycle time; the clock frequency is simply the inverse of the cycle time. As
shown in Figure B.9, the clock cycle time or clock period is divided into two
portions: when the clock is high and when the clock is low. In this text, we use
only edge-triggered clocking. This means that all state changes occur on a clock
edge. We use an edge-triggered methodology because it is simpler to explain.
Depending on the technology, it may or may not be the best choice for a clock-
ing methodology.
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B.4 Clocks
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a. A 32-bit wide 2-to-1 multiplexor b. The 32-bit wide multiplexor is actually an array of 32 1-bit
multiplexors

FIGURE B.8 A multiplexor is arrayed 32 times to perform a selection between two 32-bit inputs. Note that there
is still only one data selection signal used for all 32 1-bit multiplexors.

Falling edge

Clock period Rising edge

FIGURE B.9 A clock signal oscillates between high and low values. The clock period is the
time for one full cycle. In an edge-triggered design, either the rising or falling edge of the clock is
active and causes state to be changed.
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B-20 Appendix B The Basics of Logic Design

In an edge-triggered methodology, either the rising edge or the falling edge
of the clock is active and causes state changes to occur. As we will see in the next
section, the state elements in an edge-triggered design are implemented so that
the contents of the state elements only change on the active clock edge. The
choice of which edge is active is influenced by the implementation technology
and does not affect the concepts involved in designing the logic.

The major constraint in a clocked system, also called a synchronous system, is
that the signals that are written into state elements must be valid when the ac-
tive clock edge occurs. A signal is valid if it is stable (i.e., not changing) and the
value will not change again until the inputs change. Since combinational cir-
cuits cannot have feedback, if the inputs to a combinational logic unit are not
changed, the outputs will eventually become valid. Figure B.10 shows the re-
lationship among the state elements and the combinational logic blocks in a
synchronous, sequential logic design. The state elements, whose outputs
change only on the clock edge, provide valid inputs to the combinational logic
block. To ensure that the values written into the state elements on the active
clock edge are valid, the clock must have a long enough period so that all the
signals in the combinational logic block stabilize. This constraint sets a lower
bound on the length of the clock period. In the rest of this appendix, as well as
in Chapters 5 and 6, we usually omit the clock signal, since we are assuming
that all state elements are updated on the same clock edge. Some state elements
will be written on every clock edge, while others will be written only under
certain conditions (such as a register being updated). In such cases, we will
have an explicit write signal for that state element. The write signal must still
be gated with the clock so that the update occurs only on the clock edge if the
write signal is active. We will see how this is done and used in the next section.

State

element
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Combinational logic
State

element

2

Clock cycle

FIGURE B.10 The inputs to a combinational logic block come from a state element, and
the outputs are written into a state element. The clock edge determines when the contents
of the state elements are updated.
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B.5 Memory Elements
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FIGURE B.11 An edge-triggered methodology allows a state element to be read and
written in the same clock cycle without creating a race that could lead to undetermined
data values. Of course, the clock cycle must still be long enough so that the input values are sta-
ble when the active clock edge occurs.

One other advantage of an edge-triggered methodology is that it is possible
to have a state element that is used as both an input and output to the same
combinational logic block, as shown in Figure B.11. In practice, care must be
taken to prevent races in such situations and to ensure that the clock period is
long enough; this topic is discussed further in section B.7.

Now that we have discussed how clocking is used to update state elements,
we can discuss how to construct the state elements.

B.5 Memory Elements

In this section, we discuss the basic principles behind memory elements,
starting with flip-flops and latches, moving on to register files, and finally to
memories. All memory elements store state: the output from any memory
element depends both on the inputs and on the value that has been stored
inside the memory element. Thus all logic blocks containing a memory ele-
ment contain state and are sequential.

The simplest type of memory elements are unclocked; that is, they do not
have any clock input. Although we only use clocked memory elements in this
text, an unclocked latch is the simplest memory element, so let's look at this cir-
cuit first. Figure B.12 shows an S-R latch (set-reset latch), built from a pair of
NOR gates (OR gates with inverted outputs). The outputs Q and Q represent
the value of the stored state and its complement. When neither S nor R are as-
serted, the cross-coupled NOR gates act as inverters and store the previous val-
ues of Q and Q. For example, if the output, Q, is true, then the bottom inverter
produces a false output (which is Q), which becomes the input to the top in-
verter, which produces a true output, which is Q, and so on. If S is asserted then
the output Q will be asserted and Q will be deasserted, while if R is asserted,
then the output Q will be asserted and Q will be deasserted. When S and R are
both deasserted the last values of Q and Q will continue to be stored in the
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