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may begin to change. Again, if the input changes too soon after the clock edge, it may not be prop-
erly detected by the circuitry. Clock-to-out time specifies how soon after the clock edge the output
will be updated to the state presented at the input. These parameters are very brief in duration and
are usually measured in nanoseconds. One nanosecond, abbreviated “ns,” is one billionth of a sec-
ond. In very fast microchips, they may be measured in picoseconds, or one trillionth or a second.

Consistent terminology is necessary when conducting timing analysis. Timing is expressed in
units of both clock frequency and time. Clock frequency, or speed, is quantified in units of hertz,
named after the twentieth century German physicist, Gustav Hertz. One hertz is equivalent to one
clock cycle per second—one transition from low to high and a second transition from high to low.
Units of hertz are abbreviated as Hz and are commonly accompanied by prefixes that denote an or-
der of magnitude. Commonly observed prefixes used to quantify clock frequency and their defini-
tions are listed in Table 1.13. Unlike quantities of bytes that use binary-based units, clock frequency
uses decimal-based units.

Units of time are used to express a clock’s period as well as basic logic element delays such as
the aforementioned tSU, tH, and tCO. As with frequency, standard prefixes are used to indicate the
order of magnitude of a time specification. However, rather than expressing positive powers of ten,
the exponents are negative. Table 1.14 lists the common time magnitude prefixes employed in tim-
ing analysis.

Aside from basic flop timing characteristics, timing analysis must take into consideration the fi-
nite propagation delays of logic gates and wires that connect flop outputs to flop inputs. All real
components have nonzero propagation delays (the time required for an electrical signal to move
from an input to an output on the same component). Wires have an approximate propagation delay
of 1 ns for every 6 in of length. Logic gates can have propagation delays ranging from more than

TABLE 1.13 Common Clock Frequency Magnitude Prefixes

Prefix Definition Order of Magnitude Abbreviation Usage

Kilo Thousand 103 K kHz

Mega Million 106 M MHz

Giga Billion 109 G GHz

Tera Trillion 1012 T THz

TABLE 1.14 Common Time Magnitude Prefixes

Prefix Definition Order of Magnitude Abbreviation Usage

Milli One-thousandth 10–3 m ms

Micro One-millionth 10–6 µ µs

Nano One-billionth 10–9 n ns

Pico One-trillionth 10–12 p ps
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10 ns down to the picosecond range, depending on the technology being used. Newly designed logic
circuits should be analyzed for timing to ensure that the inherent propagation delays of the logic
gates and interconnect wiring do not cause a flop’s tSU and tH specifications to be violated at a given
clock frequency.

Basic timing analysis can be illustrated with the example logic circuit shown Fig. 1.16. There are
two flops connected by two gates. The logic inputs shown unconnected are ignored in this instance,
because timing analysis operates on a single path at a time. In reality, other paths exist through these
unconnected inputs, and each path must be individually analyzed. Each gate has a finite propagation
delay, tPROP, which is assumed to be 5 ns for the sake of discussion. Each flop has tCO = 7 ns, tSU = 3
ns, and tH = 1 ns. For simplicity, it is assumed that there is zero delay through the wires that connect
the gates and flops.

The timing analysis must cover one clock period by starting with one rising clock edge and end-
ing with the next rising edge. How fast can the clock run? The first delay encountered is tCO of the
source flop. This is followed by tPROP of the two logic gates. Finally, tSU of the destination flop must
be met. These parameters may be summed as follows:

tCLOCK = tCO + 2 × tPROP + tSU = 20 ns

The frequency and period of a clock are inversely related such that F = 1/t. A 20-ns clock period
corresponds to a 50-MHz clock frequency: 1/(20 × 10–9) = 50 × 106. Running at exactly the calcu-
lated clock period leaves no room for design margin. Increasing the period by 5 ns reduces the clock
to 40 MHz and provides headroom to account for propagation delay through the wires.

Hold time compliance can be verified following setup time analysis. Meeting a flop’s hold time is
often not a concern, especially in slower circuits as shown above. The 1 ns tH specification is easily
met, because the destination flop’s D-input will not change until tCO + 2 × tPROP = 17 ns after the
rising clock edge. Actual timing parameters have variance associated with them, and the best-case
tCO and tPROP would be somewhat smaller numbers. However, there is so much margin in this case
that tH compliance is not a concern.

Hold-time problems sometimes arise in fast circuits where tCO and tPROP are very small. When
there are no logic gates between two flops, tPROP can be nearly zero. If the minimum tCO is nearly
equal to the maximum tH, the situation should be carefully investigated to ensure that the destination
flop’s input remains stable for a sufficient time period after the active clock edge.

1.11 CLOCK SKEW

The preceding timing analysis example is simplified for ease of presentation by assuming that the
source and destination flops in a logic path are driven by the same clock signal. Although a synchro-
nous circuit uses a common clock for all flops, there are small, nonzero variances in clock timing at
individual flops. Wiring delay variances are one source of this nonideal behavior. When a clock
source drives two flops, the two wires that connect to each flop’s clock input are usually not identical
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FIGURE 1.16 Hypothetical logic circuit.
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