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6.5 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 _ 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.
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Figure 6.8 Clock signal.

6.6 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-edgetriggered 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 _ symbol signifies the rising edge of the clock. When Clk is either at 0 or 1, the flip-flop retains its current value (i.e., Qnext = 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-edgetriggered 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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Figure 6.10 Master-slave positive-edge-triggered D flip-flop: (a) circuit using D latches; (b) operation table; (c)logic symbol; (d) sample trace.

Figure 6.11 compares the different operations between a latch and a flip-flop. In Figure 6.11(a), we have a D latch with enable, a positive-edge-triggered D flip-flop, and a negative-edge-triggered D flip-flop, all having the same D input and controlled by the same clock signal. Figure 6.11(b) shows a sample trace of the circuit’s operations. Notice that the gated D latch, Qa, follows the D input as long as the clock is high (between times t0 and t1 and times t2 and t3). The positive-edge-triggered flip-flop, Qb, follows the D input only at the rising edge of the clock at time t2, while the negative-edge-triggered flip-flop, Qc, follows the D input only at the falling edge of the clock at times t1 and t3.
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Figure 6.11 Comparison of a gated latch, a positive-edge-triggered flip-flop, and a negative-edge-triggered flip-flop: (a) circuit; (b) sample trace.
6.7 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 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.
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Figure 6.13 D flip-flop with enable: 
(a) circuit; (b) operation table; (c) logic symbol.
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