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Figure 5.14 Flip-flop timing parameters.

The operation of the circuit is specified in the form of a characteristic table in Fig-
ure 5.15b. Any circuit that implements this table is called a T flip-flop. The name T flip-flop
derives from the behavior of the circuit, which “toggles” its state when T = 1. The toggle
feature makes the T flip-flop a useful element for building counter circuits, as we will see
in Section 5.9.

5.6 JK Flip-Flop

Another interesting circuit can be derived from Figure 5.15a. Instead of using a single
control input, T , we can use two inputs, J and K , as indicated in Figure 5.16a. For this
circuit the input D is defined as

D = J Q + KQ
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Figure 5.66 A simple flip-flop circuit.
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Figure 5.67 A 4-bit counter.

• tsu = 0,6 ns

• th = 0,4 ns

• 0,8 ns ≤ tcQ ≤ 1,0 ns

• Tmin = 1/Fmax

• Tmin = tcQ + tNOT + tsu

• Tmin = 1,0 + 1,1 + 0,6 = 2,7 ns

• Fmax = 1/2,7 ns = 370,37 MHz

• tcQ + tNOT = 0,8 + 1,1 =

1,9 ns > th = 0,4 ns
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• tsu = 0,6 ns

• th = 0,4 ns

• 0,8 ns ≤ tcQ ≤ 1,0 ns

• Tmin = 1/Fmax

• Tmin = tcQ + 3(tAND) + tXOR + tsu

• Tmin = 1,0 + 3(1,2) + 1,2 + 0,6 = 6,4 ns

• Fmax = 1/6,4 ns = 156,25 MHz

• tcQ + tXOR = 0,8 + 1,2 =

2,0 ns > th = 0,4 ns
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Example 5.17Consider the circuit in Figure 5.68. In this circuit, there is a path that starts at flip-flop Q1,
passes through some network of logic gates, and ends at the D input of flip-flop Q2. As
indicated in the figure, different delays may be incurred before the clock signal reaches the
flip-flops. Let !1 and !2 be the clock-signal delays for flip-flops Q1 and Q2, respectively.
The clock skew between these two flip-flops is then defined as

tskew = !2 − !1

Let the longest delay along the paths through the logic gates in the circuit be tL. Then,
the minimum allowable clock period for these two flip-flops is

Tmin = tcQ + tL + tsu − tskew

Thus, if !2 > !1, then tskew allows for an increased value of Fmax, but if !2 < !1, then
the clock skew requires a decrease in Fmax.

To calculate whether a hold time violation exists at flip-flop Q2 we need to determine
the delay along the shortest path between the flip-flops. If the minimum delay through the
logic gates in the circuit is tl , then a hold time violation occurs if

tcQ + tl < th + tskew

Here, the hold-time constraint is more difficult to meet if !2 − !1 > 0, and it is less difficult
to meet if !2 − !1 < 0.

The techniques described above for Fmax and hold time analysis can be applied to any
circuit in which the same, or related, clock signals are connected to all flip-flops. Consider
again the reaction-timer circuit in Figure 5.61. The clock divider in part (a) of the figure
generates the c9 signal, which drives the clock inputs of the flip-flops in the BCD counter.
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Figure 5.68 A general example of clock skew. 5
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Figure 5.67 A 4-bit counter.

• tskew = 1,5 ns

• Tmin = tcQ + 3(tAND) + tXOR + tsu − tskew

• Tmin = 1,0 + 3(1,2) + 1,2 + 0,6 − 1,5 = 4,9 ns

• Tmin = tcQ + 2(tAND) + tXOR + tsu

• Tmin = 1,0 + 2(1,2) + 1,2 + 0,6 = 5,2 ns

• Fmax = 1/5,2 ns = 192,31 MHz

• tcQ + tAND + tXOR = 0,8 + 1,2 + 1,2 = 3,2 ns
> th + tskew = 0,4 + 1,5 = 1,9 ns

• tskew ≥ 2,8 ns
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Figure 5.70 Circuit for Example 5.18.

5.17 Examples of Solved Problems

This section presents some typical problems that the reader may encounter, and shows how
such problems can be solved.

Example 5.18Problem: Consider the circuit in Figure 5.70a. Assume that the input C is driven by a
square wave signal with a 50% duty cycle. Draw a timing diagram that shows the waveforms
at points A and B. Assume that the propagation delay through each gate is ! seconds.

Solution: The timing diagram is shown in Figure 5.70b.

Example 5.19Problem: Determine the functional behavior of the circuit in Figure 5.71. Assume that
input w is driven by a square wave signal.

Solution: When both flip-flops are cleared, their outputs are Q0 = Q1 = 0. After the Clear
input goes high, each pulse on the w input will cause a change in the flip-flops as indicated
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