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Abstract

This paper presents a novel circuit design technique to reduce the power dissipation in
sequential circuits by using T flip-flops. The unwanted triggering action of the master clock to
flip-flops can be isolated during T = 0. An example design of a decimal counter demonstrates
the large power saving and improved performance of the resulting circuit.

1. Introduction

In the past, the major concerns of the VLS| designer were area, performance, and cost;
power consumption considerations were mostly of secondary concern. In recent years,
however, thistrend has begun to change, and, increasingly, power consumption is being given
comparableweight to areaand speed in VL SI design (Rabaey and Pedram 1996). Onereasonis
that the continuing increase in chip scale integration and the operating frequency has made
power consumption amajor design issuein VLSI circuits. The excessive power dissipationin
integrated circuits not only discourages their use in a portable device, but also causes
overheating, which degrades performance and reduces the circuit lifetime. All of these factors
drive designers to devote significant resources to reduce the circuit power dissipation. Indeed,
the Semiconductor Industry Association identified low-power design asacritical technol ogical
directionin 1992.

In CMOS circuits, the dominant component of power dissipation isthat whichisrequired
to charge or discharge the capacitors in the circuit. The power dissipation of a node in the
circuit is expressed by the following equation:

P=05C, W25, O« [Eqy

where C, is the physical capacitance at the node, Vi is the supply voltage, fux is the clock
frequency, Es« (referred to as the average switching activity) is the average number of output
transitions per clock cycle 1/fa.x.

The sequentia circuit elementsin aCMOS circuit are considered major contributorsto the
power dissipation since one of the inputs of sequential circuit elements is the clock, which is
the only signal that switchesal thetime. In addition, the clock signal tendsto be highly loaded.
To distribute the clock and control the clock skew, one must construct aclock network (often a
clock tree) with clock buffers. All of this adds to the total node capacitance of the clock net,
which aso happens to have the largest activity (two transitions per cycles) in a synchronous
circuit (ignoring possible hazard activity on the same signal lines). Recent studies indicate that
the clock signalsin digital computers consume alarge percentage (15% - 45%) of the system
power. Thus, reducing the clock power dissipation can greatly reduce the power dissipationin
digital VLS circuits.
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Most efforts for clock power reduction have focused on issues such as voltage swing
reduction, buffer insertion, and clock routing (Friedman 1994). In many cases clock switching
causes alot of unnecessary gate activity. For that reason, reducing or suppressing unwanted
clock switching becomes an important way to reduce the power dissipation of sequentia
circuits. Thisgoa can be achieved by two means.

The first method is to eliminate the wasted power dissipation caused by the clock’s
switching in the non-triggering direction. The flip-flops now available are all Single-Edge
Triggered (SET), that is, they are only sensitive to the clock’s falling edges. Therefore, power
dissipation caused by the clock’s rising edge is wasteful. For this reason, Double-Edge
Triggered (DET) flip-flops have been devel oped which switch at both the falling and the rising
edges of the clock (Unger 1981, Lu and Ercegovac 1990, Afghahi and Yuan 1991, Gago et al.
1993, Hossain et al. 1994, Pedram et al. 1997, ). Consequently, the clock frequency can be
reduced by half while keeping the same data rate, resulting in 50% power savings in the
flip-flops.

The second method is to block the clock signa feeding into the flip-flops during their
holding states so as to reduce the power dissipation. In this case the clock received by the
flip-flop should not be the chip master clock. This means that other clocks must be derived
from the master clock that can be slowed down or stopped completely with respect to the
master clock under certain conditions. Obvioudly, this scheme results in power savings due to
the following factors:

i) Load on the master clock as well as the number of required buffers in the clock tree is
decreased. Therefore, the power dissipation of the clock treeis reduced.

ii) The flip-flop receiving the derived clock is not triggered in idle cycles, hence, the
corresponding dynamic power dissipation is saved.

iii) The excitation function of the flip-flop triggered by a derived clock may be simplified since
it has a don't-care condition in the cycle when the flip-flop is not triggered by the derived
clock.

According to the above analysis severa techniqueswere presented for saving power inthe
clock tree by stopping the clock fed into idle modules (Tellez 1995, Benini et al. 1994, Benini
and De Michdi 1996). However, a number of engineering issues related to the design of the
clock tree were not addressed.

On the other hand, in conventional design we are interested in the next state of aflip-flop;
hence, D flip-flops are the natural choicefor CMOS circuits. In low power design, weare more
concerned with whether or not the next state changes; hence, T flip-flops become the preferred
choice. Notice that the switching of the output of a T flip-flop is controlled by the excitation
input T. The clock power dissipation occurs during both T=0 and T=1. However, it isdesirable
to eliminate the clock power dissipation during T=0. This can be accomplished by using the
excitation function for input T to control the clock. Thisideais very effective in reducing the
clock power, and, as we will show during the design of a decima counter, the use of T
flip-flops (instead of D flip-flops) leads to simpler combinational logic and, hence, further
power reduction.

Based on the above discussion, this paper describes how to generate a secondary clock
that is derived from the clock tree, is glitch-free, and has no additional skew. Next, we
introduce the don’t-trigger signal and show how to use T flip-flops for designing sequential
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circuits, which have lower dissipation and simpler combinational logic. Circuit smulation is
used to check the quality of the derived clock and its ability to reduce the power diss pation of
the sequential circuits.

2. Gating the clock by using a don’t-trigger signal

If there are flip-flops whose inputs are unchanged when a sequential circuit goesfrom one

state to the next, we can produce adon't-trigger signal T from the original state to cutoff the
path from the master clock to these flip-flops. As aresult, these flip-flops are not subjected to
the clock signal and their power dissipation is reduced accordingly.

Without loss of generality, consider that the flip-flopsin the sequential circuit are sensitive
to the clock’s falling edge. Fig.1(a) showsthat T is directly used to control the OR gate to
cutoff the master clock clk ; the derived clock is clk’' =T + clk . Fig.1(d) shows the timing

relationship of T , clk , and clk . This scheme fails, however, because of the following
reasons.

i) Supposethat T isproduced in cycle S, and disappearsin cycle S, that is, the output of
the flip-flop should remain unchanged during the S, - S,and S, — S, transitions.

However, the waveform of clk in Fig.1(d) shows that the falling transition of T in cycle
S, causes an unwanted transition that should have been avoided since T = 1 when

S

ii) Thederived clock clk hasalong delay of t, +t, +1,, with respect to the master clock,
where t; is the delay time of flip-flop, t, is the delay time of the combinational circuit for
generating thesignal T , and t, isthedelay time of the OR gatein Fig.1(a).
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Figure 1. Don't-trigger signal controls the master clock
(a) Cutoff the master clock through an OR gate,



(b) Cutoff the master clock through alatch,
(c) Cutoff the master clock through an AND gate,
(d) The logic waveforms

iii) If the combinational circuit for generating T has race hazards which appear after the

master clock falls (clk = 0), these hazards may propagate to the derived clock clk through
the OR gatein Fig.1(a).

In Ref.[6], the authors propose a scheme whereby alatch is used to filter out hazards and
synchronize T with the master clock as shown in Figl(b). Because the latch isin the storage
state during clk = 0, theincidental glitch of T can befiltered out, and the derived T isable
to cutoff the master clock during state transitions S, — S,andS, — S,. The derived clock

clk” isobtained as shown in Fig.1(d). However, this scheme has the following shortcomings:
i) Theadded latch increases the circuit complexity.

i) Since the master clock clk is connected to the newly added latch, the extra power
dissipation of clk offsets some of the power saving dueto the non-triggering of the flip-flop.

iii) There is still the t,delay between the derived clock clk and the master clock clk ,
which resultsin the clock skew. Asaresult, the sequential circuit is not safely synchronized.
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Figure 2. Quasi-synchronous clocks derived from the master clock

In fact, we can cut off the transmission of the clock by using thetrigger signal T to control an
AND gate, as shown in Fig.1(c). The derived clock clk " isshown in Fig.1(d). It will not carry
glitches since clk = 0 blocks possible glitches on signal T by the AND gate. Besides, this
scheme has an obvious advantage due to the omission of the appended latch, but it does not
solvethe clock skew problem. A simpleideaisto appropriately delay the clk and then useit as
the master clock. In this way the delayed master clock will be synchronous with respect to
clk”, which means that the clock skew between clk” and clk can be made very small by the
appropriate sizing of transistors in the NOR gates. This leads to another idea in which the

presence of both clk and clk in the clock tree can be exploited. In particular, if we rewrite

clk” =T &lk as clk” =T +clk, where clk is taken from the previous stage of the clock



tree, then we can design asynchronous derived clock based on the NOR gate, asshownin Fig.2.
As long as we control the delay of the inverter to make it nearly the same as that of the NOR

gatein Fig.2, the skew between clk and clk” will be very small; thus the derived clock clk”
will be synchronous with respect to clk . We should note that in the above discussion the
transition of signa T occurs during clk = 1. Consequently, the transition itself and any
possible glitch on T are blocked. However, if the delay time for generating T is too long,
then it becomes possible for the transition or for the glitches to appear during clk = 1.

In Fig.2, we aso offer the circuit to produce the synchronous derived clock based on a
NAND gate that is controlled by T . This design is suitable for flip-flops that trigger on the
rising clock edge. Thisclock-gating schemeisdirectly derived from Fig.1(c) and is hazard-free
subject to the abovementioned condition for the negative-edge triggered flip-flops. Notice that
the two flip-flops in Fig.2 can be considered T flip-flop if their excitation inputs D are

connected with their outputs Q.

3. Design of sequential circuitsusing T flip-flops

The D flip-flop iswidely used in the design of CMOS sequentid circuits. However, when

the don't-trigger signal T is used to gate the master clock’s triggering action to the flip-flops,
the T flip-flop function is a better choice. The next-state equation of a T flip-flop is

Q, =T 0OQ, therefore we set T = Q[0 Q, which indicates that the flip-flop switches or
holds state during T =1or T =0, respectively. This equation matches with the method of
using the don’t-trigger signal T to gate the master clock as mentioned in previous section. So
weonly needto usethe T function from the T flip-flop design to gate the master clock.

Taking adecimal counter as an example, the next state of the counter is shownin Table 1.
If D flip-flopsare used asis typicaly the case, we will obtain Karnaugh mapsfor the excitation
functions D3, D,, D1, and Do from the next statesin Table 1, as shown in Fig.3(a). In these maps,
an empty box represents the don’t-care condition. The optimized excitation functions are:

Table 1. State table of adecimal counter
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D, =Q,Q,Q, +Q,Q;,
D, =Q, 0(QQy).
D, = Q,QQ, +QQs.
D, =Q,.

The corresponding circuit realization is shown in Fig.3(b) which is atraditional synchronous
design for adecimal counter.
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Figure 3. Synchronous design of a decimal counter
(a) Karnaugh maps of D3, D5, D4, and Dy, (b) circuit realization
Now we use T flip-flops in the design instead of D flip-flops. Since T =QUQ,, as

shown in the next-state Karnaugh maps in Fig.3(a), the Karnaugh maps of the excitation
functions T,, T,, T,, and T, are obtained as shown in Fig.4(a). The optimized excitation

functions are:

T, =Q,Q, +Q,Q,Q, =(Q; +Q,Q)Q,,

T, =QQ,,
T, = 63Qo’
T, =1.



Assuming that the D flip-flops are sensitive to thefalling edge of the clock signal, we can adopt
the method of producing aderived clock based on the NOR gatein Fig.2. The clock signalsfor
these four flip-flops are;

ck, =T,k =T, +clk =Q, +Q,Q, +Q, +clk,

ck, =T, &k =T, +clk =Q, +Q, +clk,

ck, =T,k =T, +clk =Q, +Q, +clk,

ck, =T, [elk =T, +clk = clk.
From the clock functions, we construct the circuit realizations shown in Fig.4(b). Notice that in

this circuit, to derive clk,, the n part of the CMOS configuration for redizing Q, + Q,Q, is

composed of two seriesnM OS transistors parall el -connected with an nMOS transi stor, and the
p part is composed of three pMOS transistors with dua configuration (Weste and Eshraghian

1993). So the complexity of the circuit for realizing Q, +Q,Q, isequal to that of a 3-input
NOR gate. From this, the circuit construction in Fig.4(a) is clearly simper than its counterpart
inFig.3(a).
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Figure 4. Quasi-synchronous design of adecimal counter
(&) Karnaugh maps of T3, T,, T4, and Ty, (b) The circuit realization

The smple construction of the combinational circuit results in lower power dissipation.
However the low power dissipation property is mostly achieved as aresult of gating the clock.

Besidesflip-flop Q,, thethreeflip-flops Q,, Q,, and Q, haveno dynamic power dissipation
when there is no clock triggering.

We simulated the new design in Fig.4(b) by PSPICE with 0.5u CMOS technology. The
transgent analysis shown in Fig.5 proves that the new design has the expected logic operation.
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The Q-to- ck average delaysfor thefour flip-flopsarelisted in Table 2, which showsthat the

flip-flops in Fig.4(b) can be switched synchronously. For comparison, the delays of the
synchronous design in Fig.3(b) are dso given in the table. As we can see, the average delays
are comparable.

Table 2. Average delay of flip-flops

Qo Q Q, Q,

Designin Fig.4(b) 0.252ns 0.259ns 0.261ns 0.276ns

DesigninFig.3(b) | 0.463ns  0453ns  0.403ns  0.402ns

We also measure the power dissipation of the synchronous design in Fig.3(b) and the
guasi-synchronous design in Fig.4(b). The energy dissipation diagrams are shown in Fig.6 and
prove that the later design reduces the power dissipation by 51%. This is expected since the

clk,,clk,, and clk, waveformsin Fig.5 show that in adecimal counting cycle, flip-flops Q, ,
Q,, and Q, aretriggered only 4, 4 and 2 times, respectively. Furthermore, we know that they

have no dynamic power dissipation when not triggered and that the simpler combinational
circuit in Fig.4(b) has asimpler structure which resultsin low power dissipation.

Figure 5. Transient analysis
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Figure 6. Energy dissipation versus time
(i) Quasi-synchronous design of a decimal counter

(ii) Synchronous design of adecimal counter

4. Conclusions

We presented a procedure for gating the clock by means of the don’t-trigger signal. The
derived clock is synchronous with respect to the master clock and can be used to isolate the
triggered flip-flops from the master clock in their idle cycles. The achieved power saving is
significant as shown by the example design of adecimal counter. Thecircuit simulation proved
the quality of the new derived clock and its ability to reduce power dissipation. Thus, the
engineering issues related to the use of gated clocks have been resolved for practica
applications, opening the path for adoption of the clock-gating technique in the design of
low-power sequentid circuits.

This paper presented a new design style for sequentia circuits. In traditional design
engineers are concerned with the next state of aflip-flop. Thusthe D flip-flop, whose next state
is controlled by the excitation input D, isthe natural choice. In low-power design, instead, we
are concerned with whether or not a flip-flop switches its state. If the flip-flop remainsin its
origina state the corresponding dynamic power dissipation can be avoided. Thus, the T
flip-flop, whose switching is controlled by the excitation input T, becomes a reasonabl e choice.
However, in atraditional T flip-flop, the power dissipation caused by the clock still cannot be
avoided during T=0.

In this paper we used the T function to control the clock instead of the excitation input,
thereby we achieved power saving during T=0. It should be pointed out that the proposed
circuits tend to incur additiona area overhead compared to a conventional sequential logic
design that uses T flip-flops. However, if we compare the proposed circuits with aconventional
sequentid logic design that uses D flip-flops, the proposed circuits tend to result in smpler
combinational logic in terms of the gate count or silicon area. The design of a decimal counter
in this paper demonstrated this area savings. In fact, the new design style using T flip-flops



offersan important, new design choice for sequential circuits.
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