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Abstract—In an attempt to reduce the pipeline overhead, a
new family of edge-triggered flip-flops has been developed. The q ——4
flip-flops belong to a class of semidynamic and dynamic circuits X Q Ton X Q
that can interface to both static and dynamic circuits. The main  CK p—{[ ¢ Dol ©
features of the basic design are short latency, small clock load,
small area, and a single-phase clock scheme. Furthermore, the D>—|
flip-flop family has the capability of easily incorporating logic =
functions with a small delay penalty. This feature greatly reduces P e U CKk—‘——{
the pipeline overhead, since each flip-flop can be viewed as a

special logic gate that serves as a synchronization element as puse /\ M\
well. The flip-flop family presented in this paper has played an Ton Ton
integral role in meeting the cycle-time goal of the microprocessor @) (b)
reported in [1].
Fig. 1. Single-phase pulsed flip-flop: (a) concept and (b) possible imple-
Index Terms—Clocking, CMOS digital integrated circuits, flip-  mentation.
flops, microprocessors, pipeline processing, pulsed latches.

speed, area, and power are well balanced, is of fundamental
I. INTRODUCTION importance.

HE continual push for higher clock rates and higher In an attempt to reduce the pipeline overhead, a new family

performance has led microprocessor designers in rece€hgdge-triggered flip-flops has been developed. The flip-flops
years to build superpipelined machines with multiple fund€long to a class of semidynamic and dynamic circuits that
tional units that can execute operations concurrently. Higign interface to both static and dynamic logic [2]. The term
clock rates in these machines are often achieved with fig@midynamicis used here to denote circuits that internally
granularity pipelining, for which there are relatively few level§iave a precharge and evaluation phase, similar to dynamic
of logic per pipeline stage. One direct consequence of ttgtes. The main features of the basic design are short latency,
design trend is that the pipeline overhead is becoming mdy@all clock load, small area, and a single-phase clock scheme.
significant. This pipeline overhead is primarily due to thEurthermore, this flip-flop family has the capability of easily
latency of the flip-flop or latch used and the clock skewncorporating logic functions with a small delay penalty. This
of the system. While the clock skew varies and in sonfeature greatly reduces the pipeline overhead, since each flip-
cases can be used constructively (e.g., routing the clockfi@p can be viewed as a special logic gate that serves as a
the same direction of the data), the latency of the flip-flog/nchronization element as well. Taken together, these features
cannot be hidden. As an example, assuming that a flifpake the flip-flop family presented in this paper well suited
flop latency is three gate delays and that the clock cydier high-performance microprocessor design.
in a state-of-the-art, high-speed microprocessor is 20 gate
delays, the flip-flop overhead amounts to 15% of the cycle II. A SINGLE-PHASE PULSED FLIP-FLOP

time. This is a substantial penalty that degrades the overallOne of the primary requirements of a flip-flop for high-

performance of the system, sincé no u.seful logic Operat'gEeed digital design, besides short latency, is to have a simple
is performed on the data Wh?” It is belng latched. Anoths robust clocking scheme. A family of static and dynamic
consequence of the aforem_ennoned trend is _that the numbe[aq hes with such characteristics is true single-phase clocking
flip-flops in the system has increased dramatically. From afe("?"SPC) [3], [4]. TSPC latches can be combined in several
thousand flip-flops in early designs, several tens of thousa erent ways to implement edge-triggered flip-flops. While

of flip-flops is_ n_ot an uncommon number in current deSigntcheir single clock phase is advantageous, a drawback of TSPC
Clearly, an efficient flip-flop design, where the tradeoffs amorfgp_ﬂops is long latency. A way to reduce latency is to clock a

. . , single transparent latch with a very narrow pulse, as illustrated
Manuscript received September 25, 1998; revised December 23, 1998..
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Fig. 2. Operation of a pulsed flip-flop: (a) precharge-lil, (b) evaluation—l?lrcu't_smce_ the hold tlme_determmed by the Ie_ngth of the

and (c) evaluation-II. sampling window—would be increased. To provide a more

robust design, the following enhancements were introduced

) _ ) to the structure of Fig. 1(b): 1) back-to-back inverters were
width Ty, the latch behaves as an edge-triggered ﬂ'p'fIOdeed to avoid dynamic nodes, 2) noGewas buffered to

The operation of the new structure is illustrated in Fig. 2,40 it from the output, and 3) a conditional shutoff circuit
When clockCK is low, the flip-flop is in the precharge phase,

X as implemented in the pulse generation by replacing the last
Node X is precharged to the level of the power supply, an}&verter with aNAND gate (this feature is discussed later). A

node@ holds its previous_ value [see Fig. 2(a)] Qn the riSinEositive triggered version of the resulting circuit is shown in
edge of the clock, the flip-flop enters tevaluation phase Fig. 3. The structure has been denotedemidynamic flip-

Here, .tWO penods are .d|st_|n.gu_|shed. In' the first period, ﬂ?ﬁ)p (SDFF) because of its combination of dynamic and static
pulse is active and the circuit is in tsampling(or transparent) circuits. In the embodiment shown in Fig. 3, the flip-flop

_modtebThe v;a:I_ue ZObeUtgLﬁ? is_ (:eterTinechiéby (tjhe ;l/aluedof samples inputD and produces outpup B, which is the logic
input 1) [see Fig. 2(b)]. Once internal nod is discharged, omplement ofD. A detailed description of the operation of

due to its precharge nature, it will stay low until the next cloc DEE follows.

cycle. In the second period, the pulse is inactive. The samplingOn . :

- X . the falling edge of clockCK, the flip-flop enters the
of D. IS d|sapled, soX anq Q W'”. retain the. values they.cprecharge phase. Nod¢ is precharged high, cutting off node
acquired during the sampling period [see Fig. .Z(C)]' Notl from the input stage. The static latch INV5—-6 holds the
that any subsequent change Atafter the sampling period previous logic level of) and @B. Since CK D is also low

will have no effect on@. during precharge, nodé& remains high, holding transistor

usli]; th: puL:ISS: Ign?r%tc}r(?%]w[zgetrtl% 2;?033”&;?'?5%:?;% 1 on. The evaluation phasebegins with the rising edge
gap 9 P f clock CK. If input D is low—the flip-flop is latching a

charge sharing. A way to prevent this is to generate the pulse . L
locally, as depicted in Fig. 1(b) [12]. Besides avoiding char gero—nodeX will remain high, held by the INV3—4 latch.

) ) . de @ either will remain low or will be discharged through
sharing, this local pulse generation allows better control q?i;nsistors N4-5, driving)B high. Three gate delays after

the pulse width, so that a very narrow effective pulse .C%K rises, nodes is driven low, turning transistav 1 off. This
be produced. A narrow pulse is advantageous because it Cﬁn

reduce potential race-through problems and also improve utoffoperation prevents a subsequent low-to-high transition

noise sensitivity of the circuit. On the other hand, the externa D frqm discharging nodeX,, thus providing the flip-flop its
dge-triggered nature.

generation and distribution of a narrow pulse is very hard 0 f input D were high prior to evaluation—the flip-flop is
practice. The costs for the local generation are a slight sp et hing a one—nodeX would be discharged through the

penalty, due to the presence of one extra series device, a i fidown path N1-3. The static latch INV3—4 would hold the
small area penalty. o .
value of X even if inputD were subsequently driven low. The
falling transition of X would turn transisto”2 on, driving
lll. A SEMIDYNAMIC FLIP-FLOP high and outputQB low. This would also force nodé to
While the structure of Fig. 1(b) is faster than TSPC, it stilftay high, preventing the shutoff of transistdil, which is
shares some of its shortcomings. First, internal nddds unnecessary after nod€ has been discharged.
truly dynamic, i.e., it is not actively driven by any device Notice that by using alAND gate coupled to nod&’ and
during most of the evaluation phase. Second, outguts CKD, the shutoff of the pulldown path is conditioned to
in high impedance when the clock signdlK is low. Both the state of inputD. If D were high prior to evaluation,
these factors reduce noise immunity, making the design maignal CK D would be blocked and no shutoff would be
sensitive to noise induced by the input, output, power supplyerformed. By strongly skewing inverters INV1-2 and the
and substrate. Third, the timing of the sampling windowAND gate, this modification allows the reduction of the
is critical: a short7onx delay could lead to metastability sampling window by about one inverter delay at the expense
or functional failure because the sampling window is toof a small speed penalty for increased loading on néade
short to correctly evaluate the input. A lofigy delay, on This feature yields a shorter hold time and better input-
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Fig. 5. SDFF with embeddetid + B) (C + D)+ (E+ F) (G+ H)
function.

(b)

to unconditional shutoff, conditional shutoff is less sensitive to
variations of the sampling window, and therefore more robust;
1 1.25 1.5 1.75 or that a shorter sampling window can be achieved with this
scheme.

IV. EMBEDDING LOGIC FUNCTIONS

© While the idea of incorporating logic functions into latches
is not new [7], [8], the challenge has been to develop latch
structures that can do it efficiently, in terms of both speed and
> area. One distinctive advantage of SDFF is that complex logic
tnmg ° functions can be added easily. Indeed, most logic functions
W available in domino logic, such as widgr functions, mul-
tiplexors, and complex gates, can also be implemented into
SDFF. For the positive triggered circuit of Fig. 3, a logic gate

CK i H
i g ; d S . . .
f g - @ can be built in the dynamic stage using NMOS transistors
j ‘ \ : only. For an N-input function, N transistors are needed.
1.5 2

Consequently, compact area and fast operation can be achieved
tnel if the flip-flop is converted into a gate-flip-flop structure. In
_particular, scan functionality can be added to the basic design
and (b) a “0.” Waveforms for (c) conditional shutoff versus (d) uncondition]e\l{v_'th almost no degradatlc_)n of performance. As an example,
shutoff. Fig. 5 shows an SDFF with embeddéd + B) (C + D) +

(E+ F) (G+ H) logic. Such a complex function is possible

noise rejection. Furthermore, the conditional shutoff makes tHSrf,?“Te it is built into tge Erecharged "stage r?f tr|1.e cireuit.
circuit less sensitive to variations of the sampling window théﬁ/ lle latency is I'nchaS? I’ t'e fmergerz a OW; It edg |m|natr|10n
are due to manufacturing-process variations or to unaccounfid®€ OF more [evels of logic from the path leading to the
layout parasitics. lip-flop. The result is a reduction in the overall latency of the

Fig. 4(a) shows SPICE waveforms for the flip-flop of Fig 3Circuit. Another useful logic function to embed in this flip-flop
Results were obtained in a 0 280 technology at 1.6 v Is a wideAanD/oR gate. When used as a multiplexor, this gate

105°C, and typical process. The latency of the ﬂip_ﬂop’arerovi_des the additional advantage that select exclusivity is not
zero setup time is 188 ps for the low-to-high input transitioffduired- o ,
and 185 ps for the high-to-low input transition. Notice that the An e>_<tens_|ve library of SDFF cells with d|ff_erent built-
setup time is zero, and it even can be slightly negative. TH: funct|0_nallty ha_s been developed_for the microprocessor
worst case hold time is 130 ps. reported_ in [1]. This ha_s allowed de5|gner§ tq optlmlzg Ioglc
To illustrate the operation of the conditional shutoff ifY Merging gates and flip-flops, as well as timing optimization
SDFF (Fig. 3), a simulation was performed in which the del removing one or more gates from critical paths.
betweenC K andC K D (INV1-2) was forced to change from
100 to 10 ps in intervals of 10 ps. This is equivalent to
reducing the sampling windoWZoy). The same simulation  The flip-flops introduced in the previous sections are in-
was performed on an SDFF where thw\D gate was replaced tended to interface with static logic. In this section, equivalent
with an equivalent inverter. Simulation results are showcircuits are introduced that interface with dynamic logic.
in Fig. 4(b). Notice that the conditional shutoff [Fig. 4(c)] Fig. 6 shows the implementation of a single-rail dynamic
yields clean signal transitions and correct operation even whitip-flop (DFF) with embedded A + B + C + D) logic. The
the CK—CKD delay is forced to 10 ps. The unconditionatircuit operates in a way similar to SDFF (see Fig. 3) except
shutoff circuit, on the other hand, shows a noticeable sigrthlat output® is reset during precharge. This is required by the
degradation as the window gets shorter, eventually producimgnotonic nature of dynamic logic. In this way, the flip-flop
a complete failure [Fig. 4(d)]. This result shows that comparexn directly drive dynamic gates without the penalty associated

Fig. 4. SPICE waveforms for SDFF. Waveforms when latching (a) a

V. DYNAMIC FLIP-FLOPS
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Fig. 6. Single-rail dynamic flip-flop with embedddt + B + C' + D)
function.
Fig. 8. Dual-rail DFF with embedded logic and common shutoff.
CKHIE;E%% 4&5;5}#«1 TABLE |
X 1 Q SPEED CoMPARISON OF SDFF VERsus OTHER DESIGNS
Y
QB
Nl N3 NgH TSPC HLFF SDFF SFF
| INV2*3'\A INV4'5| Latency 304 ps 194 ps 188 ps 300 ps
, N7
LGN I ot J; Speedup| 0.9 155 16 10

CK »—{[N5
implement a function withV inputs. In some cases, the device

Fig. 7. Dual-rail dynamic flip-flop. count can be reduced by sharing transistors. In cases where the
embedded logic is too complex, for certain input combinations
there exists a risk that charge stored in intermediate nodes of
Yhe logic network may affect dynamic nodés or Y after

%ne or the other has evaluated (back charge sharing). This
ug possible because one of the complementary paths in the

loading on nodex. fliq-flop is always left open. A way to prevent this is to

Whep trge and.compl'ement signals are needed, a OluaI'U"r{conditionalIy shut off both paths, as shown in Fig. 8, after
dynamic flip-flop is required. A dual-rail converter has beegitherQ or OB has evaluated

reported in [10], and a dual-rail flip-flop in [12]. The new
circuit schematic is shown in Fig. 7. This is similar to the edge-
triggered latch reported in [13], except that the outputs are
precharged. The flip-flop samples input dd?aand produces To evaluate the performance of SDFF, other designs were
dual-rail outputsy and @B. Both outputs are monotonic, sosimulated under similar conditions. The following flip-flops
the flip-flop can drive dynamic logic directly. Notice that thevere compared.

inversion needed to produce the complementary oufpbt « SDFF (Fig. 3).

is done by inverting inpuf) (INV1). This adds one inverter
delay to the latency of)B.

The circuit operates as follows. On the falling edge of
clock CK, the flip-flop enters the precharge phase. Nodes
X and Y are precharged high, while output and QB
are predischarged low; transistoié6, N7, P2, and P3 are X ) X
all off, while transistorsN1 and N3, the shutoff devices, with weak feedback inverters instead of clocked feedback.
are both on. On the rising edge of the clock, the flip-flop ~ THiS is used as a baseline for comparison.
enters theevaluationphase. If inputD is high, nodeX will * HLFF, which is a hybrid structure reported in [12].
be discharged, causing outpi}tto go high, transistofV3 to The results are summarized in Table I. Notice that SDFF
shut off, andP3 to turn on. NodeY will remain high, held is the fastest. This is because despite the fact that SDFF has
by transistorP3, which operates as keeper,forcing output three stages, the first stage is dynamic and the second stage is
()B to remain low. If D goes from high to low whileCK  heavily skewed. Thus, these two stages are very fast compared
is still high, transistorN6 will hold node X at ground. The to static logic. In terms of power, SDFF dissipates about 0.33
shutoff transistorV3, which is off, will prevent nodé” from mW at 600 MHz. In addition to its shorter latency, SDFF is
discharging. If inputD is low, nodeY will be discharged, about half the size of SFF, presents about half the clock load,
causing output B to go high and@ to remain low. The and requires only a single clock phase. In a study reported in
purpose of inverters INV2—-3 and INV4-5 is to reduce the logd4] and [15], a set of 11 representative latches and flip-flops
on the critical nodesX and Y. This minimizes the flip-flop used in high-performance and low-power microprocessors was
latency at the expense of a larger hold time. analyzed. SDFF was ranked first in terms of speed and third

Similarly to SDFF and single-rail DFF, the dual-rail DFRn power-delay product.
can also incorporate logic functions. Due to the complementaryTable 1l shows the latency of SDFF with embedded logic
nature of the circuit, in generaB/N devices are needed tofor different logic functions versus the speed of a discrete

with delayed clocking [9]. This implementation yields a ver

been used to provide minimal device count and minim

VI. PERFORMANCE ANALYSIS

e TSPC [Fig. 1(a)]; to make a fair comparison, back-to-
back inverters were added to internal dynamic nodes and
the output was buffered.

¢ SFF, which is a conventional master—slave flip-flop built
with transmission gates similar to the one used in [11], but
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TABLE I
SpeEeD CoMPARISON OF SDFFwiTH EMBEDDED Loaic VERSUSDISCRETELOGIC
D AB A+B AB+CD
Embedded 188ps | 208ps | 196ps 228ps
Discrete 188ps | 280ps | 286ps 348ps
Speedup 1.0 1.35 1.46 1.53

(4]

(5]

(6]

combination of static logic and SDFF. This table shows that the

speed penalty of adding a two-inpoR function (A+B) is less

than 10 ps, two-inpulND (AB) is about 20 ps, and function

. . 7
AB + CD is about 40 ps. This saves on the average abOLBt]
100 ps compared to the discrete case. Notice also how SD#
with AB + CD logic is still faster than the conventional SFF.

VII. CONCLUSION

This paper describes a new family of semidynamic angoj
dynamic edge-triggered flip-flops, which are well suited for

high-performance microprocessor design. They provide sh

flop. These flip-flops have played an integral role in meeti

cycle-time goals in [1].
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