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ABSTRACT

High Speed VLSI design utilizes heavy pipelining, resulting
in a large number of flip-flops in the circuit. Hence there is
a strong motivation to design fast, low power and area effi-
cient flip-flops. In this paper, we present a pulsed flip-flop
design based on a novel pulse generator circuit. Our design
achieves significantly improved speed when compared to re-
cent pulsed flip-flop design, as well as a traditional master-
slave D flip-flop. Monte Carlo simulations demonstrate that
our design is significantly more robust to variations than
the other flip-flops. Our design consumes low power as well.
Also we have performed the layout of our design and shown
that our layout area is smaller than a traditional D flip-flop.
Categories and Subject Descriptors: B.7.1 [Types and

Design Styles]: VLSI
General Terms: Design
Keywords: Flip-Flop, Latch

1. INTRODUCTION

Along with the relentless advance of technology and shrink-
ing of device sizes, there is a constant need to increase the
speed of operation and decrease the power consumption.
Latches and flip-flops are fundamental building blocks of
sequential digital circuits [1]. To obtain high throughput
for the system, a common technique used is to increase the
number of pipeline stages [2]. This has led to an increase
in number of latches and flip-flops in the circuit. As a con-
sequence both the dynamic and static components of power
is increased. The Dynamic power consumption is mainly
caused by charging and discharging of parasitic and load ca-
pacitances. The Static power consumption occurs due to
device leakage. The dynamic power consumed by the design
increases linearly with clock frequency. The generation and
the distribution networks consumes 20% to 40% of the total
power [3, 4] of the design. A large fraction of this power is
due to clocking of the latches and flip-flops of the design.
In systems with stringent power constraints, the latches and
flip-flops must therefore consume low power. For applica-
tions such as mobile phones and PDA, flip-flops need to
consume very little power and operate at high speed [5].
Therefore, lowering the power consumption of flip-flop and
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increasing its speed of operation are among the most im-
portant concerns of circuit designers [6]. Also, with technol-
ogy scaling, process variations are becoming very important.
There is therefore a need for the circuit to operate flawlessly
and robustly under the influence of process variations.

Traditionally, flip-flops consist of a master latch and a
slave latch, connected back-to-back. The input data is cap-
tured at the latching edge of the master clock and delivered
to the output at the releasing edge of the slave clock [7]
which is typically the compliment of the master clock. Thus
a master-slave latch behaves as an edge triggered flip-flop
element. For a flip-flop implemented in a master-slave latch
configuration, data needs to arrive before the clock edge and
so it has a positive setup time. Since it has a positive setup
time, the sum of clock to Q delay (T.q) and setup time (Ts4,)
is higher. This delay Ts. + Tcq is classically the figure of
merit for timing. A lower value of this delay is desired. Since
this delay is higher for a flip-flop configured as a master-slave
latch, this type of flip-flop cannot be used for high speed ap-
plications. There is a strong motivation to design flip-flops
using alternative circuit configuration, so that Ts, + Te¢q is
reduced.

Recently pulsed flip-flops have been used. Such a flip-flop
consist of a pulse generator circuit and a latch [8]. The latch
is transparent for the time the pulse is high. The pulse is
derived from the clock edge and hence is generated after the
clock edge. As a result, data can also arrive after the clock
edge and so the pulsed flip-flops can have negative setup
time. This enables the pulsed flip-flops circuits to operate
at high speeds, since Ts, + T¢q is reduced. In a pulsed
flip-flop, the pulse generator circuit can be shared across
multiple flip-flops, thereby reducing circuit area. In this
paper we propose a novel pulse generator design and use it
to make a pulsed flip-flop. The main contributions of this
paper are:

e A novel pulse generator circuit is presented.

e The proposed pulsed flip-flop operates at very low power,
compared to existing pulsed flip-flop designs.

e The proposed design needs a smaller clock period and
hence can allow the synchronous design to operate at
high speed.

e The design is shown to be robust by performing Monte
Carlo Analysis.

The remainder of this paper is organized as follows. Sec-
tion 2 discusses some important previous work in this area.
In Section 3 we describe our novel pulse generator circuit and
proposed pulsed flip-flop. In Section 4, we present experi-
mental results which demonstrate that our design is superior
to the existing flip-flops. Finally conclusions are presented
in Section 5.



2. PREVIOUS WORK

Several kinds of flip-flops have been proposed over the
years, to minimize the power consumption and increase the
speed of operation. The transmission gate based master-
slave flip-flop [9] is one of the simplest implementations.
However it has a positive setup time limiting its speed of
operation. To overcome the positive setup time issue and to
reduce the area and power of the flip-flops, pulsed flip-flops
were introduced. In most of these approaches separate pulse
generator and latch circuits are used. In [10], the authors
present a dual pulse generator circuit and a NAND keeper
latch. However their design occupies a larger area and also
has a higher power consumption. In [11], authors proposed
an explicit pulsed flip-flop. Their latch circuit is clocked us-
ing a single transistor. Their pulse generator circuit simply
delays the clock and inverts it before ANDing the inverted
delayed clock with the clock to generate the pulse. Their
pulse generator circuit is very simple but their T, is high
and hence T¢y + T, figure of merit is also high. So they
cannot be used for high speed applications.

The pulsed flip-flop proposed in [12], has a dynamic pulse
generator circuit and a static latch. By using dynamic pulse
generator, the authors have achieved good setup time. Also
Teq + Tsu is low which implies their circuit can operate at
higher speed. But their layout area is large and also their
power consumption is high, as we will show in the sequel.

In [13], the pulsed flip-flop has a dynamic master stage
and a static slave stage. In the dynamic stage, precharge
and discharge occur alternatively every clock cycle. This
happens regardless of the output transition resulting in un-
necessary power consumption. In [14], authors proposed
a improved hybrid latch flip-flop with reduced power con-
sumption. By modifying the dynamic master stage of the
hybrid latch flip-flop they have reduced the power consump-
tion significantly. But due to their higher T., their speed
of operation is slower. In contrast to all these designs, our
proposed circuit has a significantly lower T¢q + T, and still
consume very low power. Our design also occupies less lay-
out area and is very robust, as evidenced by Monte Carlo
simulations. We re-implemented [12] and [14], and compared
our approach with these designs as well as a master-slave
flip-flop, all implemented in a 100nm process. Among the
recent prior aproaches [12] and [14] claim superior results.

3. OUR APPROACH

Our pulsed flip-flop consists of a pulse generator circuit
and a latch. Most of the important characteristics of a
pulsed flip-flop such as Ty, hold time (Tx) and T.q are
determined by the pulse generator circuit [12]. Hence the
pulse generator circuit must be carefully implemented. As
stated earlier, the figure of merit of a flip-flop is Tsu + Teq-
We first explain why Ts, + Teq is a useful figure of merit.
Consider the circuit shown in Figure 1. Let D be the delay
of the combinational logic between the two flip-flops. Tsy
is the setup time of the flip-flop and T.4 is the clock to Q
delay. If T is the clock period then T > Ty, + Teq + D
is required [7] for the data to be sampled correctly. So the
figure of merit that determines the speed of operation is T,
+ Teq. If this quantity is lower the speed of operation, the
speed of operation will be higher and vice-versa.

Keeping this in mind, we propose a novel pulse generator
circuit shown in Figure 2. All device sizes in all our fig-
ures are in microns. Also all devices have minimum channel
length. A 1X inverter has PMOS transistor width of 0.2 mi-
crons and NMOS width of 0.1 microns. A 1X NAND gate
has a width of 0.2 microns for both PMOS and NMOS tran-
sistors. The goal of the pulse generator circuit is to deliver a
pulse at the edge of the clock as shown in timing diagram of
Figure 3. Since the pulse is generated after the rising edge
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Figure 1: Timing constraint in a flip-flop
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of the clock, data can arrive even after the clock edge. This
ensures that the flip-flop has negative setup time. The pro-
posed pulse generator consist of two PMOS transistors P1,
P2 and two NMOS transistors N1, N2. The clock signal is
fed to the gate of PMOS transistor P1. P2 helps to pass the
signal at node Z when clock is low and the transistors N1
and N2 help to pull it down. The working of the pulse gen-
erator circuit can be illustrated as follows. When the clock
falls the node Z is pulled up to VDD by P1. The size of the
PMOS device determines the delay between the falling edge
of the CLK. When CLK rises, the PMOS device P2 acts as
a passgate, allowing NMOS device N2 to discharge internal
node W. Until W is fully discharged, it helps discharge Z
by means of the NMOS device N1. Hence the falling of Z
is achieved with extremely fast slew rates. Now the signal
at node Z is NANDed with the clock and the output of the
NAND gate is inverted to get the desired pulse. Note that
the fast falling slew rate on Z allows us to achieve sharp
pulse with low slew rates.
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Figure 2: The Proposed pulse generator

)
Ca
. —

I

Figure 3: Waveform obtained at various nodes in
pulse generator circuit
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The other component in a pulsed flip-flop is a latch. We
have used the latch shown in Figure 4. This latch is trans-
parent when the clock is high. The latch circuit is a tris-
tate inverter with a static keeper. The pulse signal is fed



to NMOS transistor N2, while its compliment is fed to the
PMOS transistor P1. The input D is fed into transistors P2
and N1 as shown in Figure 4. The keeper circuit consists of
two back to back inverters. The feedback inverter uses long
channel device. It is used to hold the output. Since we have
negative setup time and a smaller delay from D to Q we
will also have better T, + T.q and hence higher speed of
operation. When compared to master-slave latches pulsed
flip-flops require only one latch per flip-flop. They also al-
low logic to borrow time across cycle boundaries [12]. Also,
the pulsed flip-flop structure uses a pulse generator which
consumes lot of power. By careful design we can share this
pulse generator between two or more flip-flops. In this way
we can bring about significant reduction in power and area
of the circuit. This makes our pulsed flip-flop ideally suitable
for low power and high speed applications. Also to guaran-
tee robust operation over process, voltage and temperature
variations, our devices were carefully sized. A Monte Carlo
simulation was performed to test the robustness of the de-
vice. We ensured that all the flip-flops that are reported
in Section 4 were sized to work correctly for all the Monte
Carlo Simulations.
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Figure 4: The latch structure

4. EXPERIMENTAL RESULTS

We simulated the proposed pulsed flip-flop using SPICE
using a 100 nm BSIM [15] model card. To compare the per-
formance of our design we have also implemented the pulsed
flip-flops of [12], [14] and also compared the results with a
traditional master-slave D flip-flop. All designs were imple-
mented using the same 100nm BSIM models. The circuit
diagrams of [12] and [14] are shown in Figure 6 and Figure
7 respectively. All the device sizes are in microns. To verify
robustness we have sized the devices of all the four flip-flops
such that they work correctly across all variations in sup-
ply voltage, threshold voltage and channel length. This was
done by performing 500 Monte Carlo simulations for each
flip-flop. The mean value of each parameter that was varied
(this includes VDD, V1 and channel length) was taken to be
equal to the nominal value, and the standard deviation used
was taken to be 3.34% of the nominal value (such that the
three times of the standard deviation is 10% of the nominal
value). Monte Carlo simulations are done at room tempera-
ture. All four flip-flop designs under test were sized to work
correctly across all the 500 Monte Carlo simulations. The
Tsu, Teq and T, were measured with respect to the clock
edge. Since the D flip-flop and the design from [14] have no
separate pulse they have no entry for pulse width. The re-
sults of the simulation are shown in the Table 1. From Table
1, we can clearly see that our design has a significantly lower
Tsu + Teq delay. This shows that our design has the fastest
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operating speed among the compared designs. Our design
has 68% (60%) lower T + Tcq delay when compared to [12]
([14]) and 71% lower Ty, + T.q when compared to D flip-
flop. Also we can clearly see that our design has 40% lower
power dissipation when compared to [12]. Our proposed
pulsed flip-flop has a power consumption which is compara-
ble to that of [14] and the D flip-flop. The leekage current
for our proposed flip flop, [12], [14] and a traditional master-
slave D flip-flop are 21nA; 25n, 5nA and 9nA respectively.
Also our proposed design has a standard deviation of Ts, +
T¢q which is significantly lower than the other three designs
resulting in a highly robust flip-flop. Note that when we
performed 500 Monte Carlo simulations, we found the value
of Tsy + Tcq for each simulation and then computed its p
and o. The major portion of power in our design is con-
sumed by the pulse generation circuit. However as stated
earlier, we can share our pulse generator to more than one
latch, a fact that it is true for any pulsed flip-flop that has
an explicit pulse generator. In this way we will also be able
to consume lesser power when we use our pulsed flip-flop in
a design which contains large number of flip-flops.Also as
pointed out earlier, since our design has only one latch per
half-cycle time-borrowing is feasible. This is true for [12]
and [14] as well.

The minimum delay constraint for a flip-flop is Dmin >
Th - Teq [B)- Dmin, Th and Teq are assumed to be nor-
mally distributed random variables, therefore for 99% yield
we have D#-37 > T/¥37 _ 71437 Using the pu and o values
of Ty, and T¢q from Table 1, Dy,in for our proposed flip-
flop, [14], [12] and a traditional master-slave D flip-flop are
50ps, -16ps, 82ps and 3ps respectively. The D,y required
for our design is almost a single gate delay and so we will
not have any hold time violations even in the worst case. We
have also measured the clock load for all the designs. The
clock load is calculated as the sum of gate area driven by the
clock signal. We find that [12] has the lowest clock load but
it has the highest power consumption among the compared
designs. While our proposed pulsed flip-flop and the other
two design have similar clock load and power consumption,
as shown in the Column 8 of Table 1.

We have also compared our design with D flip-flop (shown
in Figure 5.) in terms of layout area. Our proposed pulsed
flip-flop occupies an area of 17.2 um?. In contrast a master-
slave D flip-flop occupies an area of 23.61 pm?. Thus we
occupy 27% lesser area than a traditional master-slave flip
flop. Also by sharing of pulse generator across more than one
latch we can reduce the area further more. The layouts of
the D flip-flop and our proposed design are shown in Figure 8
and Figure 9 respectively.

[4
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Figure 5: Transmission gate based D flip-flop

S. CONCLUSIONS

In this paper, we have presented a novel pulsed flip-flop
design, and demonstrated that it consumes low power and
area while achieving very high performance. Our pulse flip-
flop uses a novel pulse generator circuit. We compared our



Flip-flop T.q (ps) pulse width (ps) power (,w) setup time T, (ps) hold time (ps) Tou + Teq (ps) Clock
o o " o o o o o o o I o Load(um?)
Proposed pulse
flip flop 95.17 8.47 78.17 14.12 8.68 1.12 -68.87 11.19 87.47 11.21 26.3 2.68 0.11
Hybrid pulsed
flip-flop [14] 117 14.72 - - 8.43 0.96 -34.4 1.98 42 4.84 82.6 11.84 0.13
Pulsed flip
-flop [12] 120.4 29.3 52.18 3.7 14.57 1.8 -54.2 4.14 108.24 11.56 65.8 7.26 0.05
Master-Slave
D flip-flop 69.87 | 11.48 - - 7.472 1.32 21.36 2.48 29.88 3.12 91.2 8.72 0.09

Table 1: Comparison of different Flip-Flop designs

VDD

J ©.2)
1=0.3

\J ©.2)

02) | ©2)
©0.2)

0.2 Da,_f 0.2)

Figure 6: Explicit Pulsed flip-flop [12]
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Figure 7: Improved Hybrid latch flip-flop [14]

design against two pulsed flip-flops from the literature, along
with a traditional master-slave D flip-flop. The robustness
of the design was verified by performing Monte Carlo anal-
ysis. When compared to other designs, our design has a
significantly lower T.; + Ts. delay and also consumes low
power. For any pulsed flip-flop, we can use a single pulse gen-
erator for more than one latch and thus reduce the power
consumption further. Our design outperformed the other
pulsed flip-flops by 60% to 70% in terms of delay and also a
lower standard deviation of Ts, + T.q in comparison with
other flip-flops. Our design also has 27% less layout area
than a normal D- flip flop. This area can be further reduced
by sharing the pulse generator between more than one latch.
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