A Novel Static D-Flip-Flop Topology
for Low Swing Clocking

Mallika Rathore
Marvell Semiconductor
Printer and Custom Solutions
Business Unit
Boise, ID 83713

Weicheng Liu
Emre Salman
Department of ECE
Stony Brook University
Stony Brook, NY 11794

Can Sitik
Baris Taskin
Department of ECE
Drexel University
Philadelphia, PA 19104

mrathore@marvell.com weicheng.liu as3577@drexel.edu,
@stonybrook.edu taskin@coe.drexel.edu
ABSTRACT
S C Full Vpp
Low swing clocking is a well known technique to reduce dynamic —l—
power consumption of a clock network. A novel static D flip-flop Full swing Full swing
topology is proposed that can reliably operate with a low swing data —1D Q output
clock signal (down to 50% of the Vpp) despite the full swing data DFF
and output signals. The proposed topology enables low swing sig- L .
nals within the entire clock network, thereby maximizing the power oz:::(lng — > CLK

saved by low swing operation. The proposed flip-flop is compared
with existing low swing flip-flops using a 45 nm technology node at
a clock frequency of 1.5 GHz. The results demonstrate an average
reduction of 38.1% and 44.4% in, respectively, power consumption
and power-delay product. The sensitivity of each circuit to clock
swing is investigated. The robustness of the proposed topology is
also demonstrated by ensuring reliable operation at various process,
voltage, and temperature corners.

Categories and Subject Descriptors
B.7 [Integrated Circuits]: VLSI (very large scale integration)

General Terms
Design
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1. INTRODUCTION

Reducing power consumption is a major objective for almost any
application [1]. Voltage scaling is a common method to achieve
quadratic savings in power consumption with considerable penalty
in performance [2,3]. Near-threshold computing has recently re-
ceived attention to widen the application scope of sub-threshold
circuits due to relatively more acceptable delay penalty [4]. Re-
ducing the power supply voltage to the levels of threshold voltage,
however, is not suitable for a majority of the applications where
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Figure 1: Flip-flop that operates with a low swing clock signal
whereas the data and output signals have full swing voltage.

performance is also a critical concern. Furthermore, the effect of
process and environmental variations is exacerbated at the near-
threshold voltage levels [5].

Another approach to reduce power consumption with negligible
impact on performance is low swing clocking [6-8]. Low swing
clock distribution networks have been investigated in existing liter-
ature since clock networks typically consume a significant portion
of the overall power [9, 10]. Thus, low swing clock networks im-
plemented either with a dedicated low voltage power grid or sin-
gle voltage level-shifters can achieve considerable reduction in dy-
namic power while maintaining the performance.

Existing works on low swing clock networks, however, rely on
full swing operation at the sinks (flip-flops) to maintain perfor-
mance and the timing characteristics of the data paths [9, 10]. This
approach significantly limits the power savings since the last stage
of a clock network typically has large switching capacitance. Thus,
it is desirable to maintain low swing clock signals even at the sink
stages (i.e., at the clock pins of the flip-flops). However, a typical
flip-flop designed for full swing operation cannot reliably operate
with a low swing clock signal. Furthermore, the data (D) and out-
put (Q) signals of the flip-flop have full swing operation since the
transistors along the D-to-Q path are connected to full power sup-
ply voltage, as illustrated in Fig. 1. A novel D flip-flop topology is
therefore required to reliably operate with a low swing clock signal
despite the full swing data and output signals.

The most commonly used static D flip-flop topology is redesigned
in a novel fashion to accommodate low swing clock signals while
ensuring reliable operation without any contention current. The
proposed topology enables utilizing low swing clock signals at the
clock pins of the flip-flops, thereby increasing the overall power
savings that can be achieved via low swing clocking.

The rest of the paper is organized as follows. Background in-
formation is provided in Section 2. Previous work on low swing
flip-flops is summarized in Section 3. The proposed topology is
described in Section 4. Simulation results including a comparative
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Figure 2: Conventional, transmission gate based D flip-flop driven
by a low swing clock signal.

analysis with existing works are presented in Section 5, demon-
strating an average reduction of 38.1% and 44.4% in, respectively,
power consumption and power-delay product. The effect of pro-
cess and environmental variations is also investigated. Finally, the
paper is concluded in Section 6.

2. BACKGROUND

In a typical flip-flop, clock signals drive both NMOS and PMOS
transistors (as in transmission gated based and tri-state inverter based
flip-flops). If the same flip-flop is used with a low swing clock sig-
nal, the PMOS transistors driven by the clock signal fail to com-
pletely turn off when the clock signal is high. For example, con-
sider a 45 nm technology with a nominal Vpp of 1 V. If the clock
swing is reduced to 0.7xVpp, the gate-to-source voltage of the
PMOS transistors -0.3 V since the data signal is at full swing and
the inverters within the flip-flop are connected to full Vpp. -0.3 V
is sufficiently close to the threshold voltage of PMOS transistors
in this technology. This behavior significantly affects the operation
reliability of a traditional flip-flop driven by a low swing clock sig-
nal. As an example, consider a rising-edge triggered master-slave
flip-flop. When the clock signal is high, the master latch should
be turned off. However, due to low swing clock signal, the trans-
mission gate (or tri-state inverter) within the master latch cannot
completely turn off. If the data signal is in a different state than the
stored data within the master latch, a race condition occurs which
can possibly generate a metastable state.

To better illustrate the unreliability of conventional flip-flops op-
erating with a low swing clock signal, a traditional transmission
gate based D flip-flop, as shown in Fig. 2, is simulated with a 45 nm
technology node when the clock swing is 0.7 V. Note that the clock
signal and inverted clock signal are internally generated by using
two inverters. This circuit is referred to as the clock sub-circuit in
this paper, as also depicted in Fig. 2. Note that the inverters within
the clock sub-circuit are connected to a low supply voltage to pro-
vide low swing clock signals. Since the PMOS transistors driven
by the clock signals are not completely turned off, internal nodes
experience a glitch as high as 400 mV and clock-to-Q delay in-
creases by more than 15%. Furthermore, in the slow corner, the
flip-flop fails to correctly latch the data signal. Thus, a new flip-
flop topology is required that can reliably operate with a low swing
clock signal.

3. PREVIOUS WORK

Existing flip-flop topologies developed for a low swing clock sig-
nal are summarized in this section. The strengths and weaknesses
of each topology are discussed.

A flip-flop topology for a low swing clock signal based on clocked
CMOS method (C2MOS) and sense amplifier (SA) has been pro-

posed in [11], as illustrated in Fig. 3(a). This circuit, referred to
as L-C2MOS-SA, reduces the charge-discharge capacitance and
implements the conditional pre-charge and discharge technique to
achieve low power consumption. The circuit is area efficient and
a considerable reduction in leakage current is also obtained. The
original version of this topology utilizes diode-connected PMOS
transistors within the clock sub-circuit to reduce voltage swing, as
depicted in Fig. 3(a). Diode-connected PMOS transistors, however,
significantly degrade clock slew due to reduced supply voltage in
stacked PMOS transistors, making this topology impractical for in-
dustrial circuits. Thus, to achieve a fair comparison, this topology
is modified in this work where the clock sub-circuit has a second
power supply voltage for low swing operation rather than having
diode-connected PMOS transistors. This modified version is re-
ferred to as L-C?MOS-SA-2. Also note that this topology requires
a full swing clock signal at the slave stage (transistor N5), which
defies our primary objective of having only a low swing clock sig-
nal throughout the entire clock network.

Another flip-flop topology has been proposed in [12] for low
swing operation. This topology, referred to as reduced clock swing
flip-flop (RCSFF), is depicted in Fig. 3(b). As shown in this fig-
ure, this design utilizes an additional low supply voltage within the
clock sub-circuit to provide low swing clock signal, similar to the
proposed topology in this paper. However, in [12], the low swing
clock signal is used to drive PMOS transistors (P2 and P4) that are
connected to a higher (full) supply voltage. As mentioned earlier,
these transistors cannot completely turn off, producing functional-
ity and reliability issues in addition to significantly increasing both
short-circuit and leakage current. To alleviate this issue, in [12], au-
thors have utilized the well known bulk biasing technique. Specifi-
cally, the bulk nodes of P2 and P4 are connected to a separate well
biased at a greater voltage, thereby increasing the threshold voltage
of these PMOS transistors. An additional well, however, not only
increases the physical area and complexity of the design, but also
requires a triple-well process that is not common in standard digital
CMOS technologies. Furthermore, in the slowest corner, this issue
is exacerbated despite the use of well biasing.

The NAND-type keeper flip-flop topology proposed in [13], re-
ferred to as NDKEFF, is illustrated in Fig. 3(c). As opposed to the
previous topology, this circuit does not require a separate well at the
expense of excessive leakage current that flows through transistors
P2, N1-N3 when node X is at logic low. Furthermore, a contention
occurs at node X since the level-keeping transistors, i.e., P2, N4,
NS5 and I1-12 have a race condition when node X transitions from
logic low to logic high, thereby increasing the transition time and
clock-to-Q delay of the output. This issue is exacerbated during
the worst-case delay analysis of the circuit, which can be partially
controlled by carefully sizing the transistors.

In [14], authors have proposed a contention reduced flip-flop re-
ferred to as CRFF and is depicted in Fig. 3(d). This circuit utilizes
a pulsed clock signal to provide a short transparency window dur-
ing which the output is discharged through the NMOS transistors
N1-N4. During this transparency window, the clocked transistors
PS5 and P6 disconnect the latch (I1-12), thereby reducing contention
current. Transistors P1 and P2 are controlled by input D through P3
and P4 which further reduces the contention current. However, low
swing clock signal is used to drive PMOS transistors P5 and P6,
thereby suffering from the aforementioned issues of functionality
and reliability.

4. PROPOSED D FLIP-FLOP TOPOLOGY

As observed in some of the previously proposed topologies, if a
low swing clock signal drives PMOS transistors, functionality and
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Figure 3: Existing low swing flip-flop topologies that are compared with the proposed topology in this work: (a) C2MOS and sense amplifier
based low swing flip-flop, L-C2MOS-SA [11], (b) reduced clock swing flip-flop, RCSFF [12], (c) NAND-type keeper flip-flop, NDKFF [13],

and (d) contention reduced flip-flop, CRFF [14].

reliability are compromised, particularly in nanoscale technologies
where the supply voltage is in the range of 0.8 to 1.1 V and thresh-
old voltage is in the range of 0.3 to 0.5 V. Thus, in the proposed
topology, as depicted in Fig. 4, low swing clock signal drives only
NMOS transistors.

The proposed topology is based on the most commonly used,
static D flip-flop shown in Fig. 2. However, rather than using trans-
mission gates, pass gates with NMOS transistors (N2, N4, N13, and
N14) are utilized as the switches in both master and slave latches.
Thus, when the low swing clock signal is at logic high, N2 and N13
can completely turn off. Replacing the transmission gates with pass
gates, however, introduces another issue since the pass gates can-
not transfer a full voltage to the output. This issue is critical since
the incoming data signal operates at full swing. Thus, node Y can-
not reach a full Vpp which increases the short-circuit and leakage
current in the following stages in addition to increasing clock-to-Q
delay. Furthermore, pass transistors are known to be less robust to
process variations. To alleviate these issues, a pull-up network con-
sisting of two PMOS transistors is added to both master and slave
latches (P4 to P7). When the master node (input of N4) transitions
to logic low, P4 turns on. If the data signal D is also at logic low,
then node Y is pulled to full Vpp through P4 and P6. Note that P6
(and P7 in the slave latch) are added to prevent contention current
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(and therefore reduce power consumption) when the data signal D
is at logic high and clock signal is at logic low. In this situation, N2
is on and node Y is discharged through N2 and N1. If P6 does not
exist, a race condition occurs at node Y since N2 and N1 should be
stronger than P4, which pulls node Y to full Vpp. Finally, a pull-
down logic is added to both master and slave latches to enhance
clock-to-Q delay and setup time (N6 to N9). Specifically, when
data and clock signals are at logic low, the pull-down logic is ac-
tive and pulls the master node (input of N4) to ground, triggering
P4. Thus, node Y quickly reaches full Vpp. Note that the master
node does not need to wait for node Y to rise through a weak pass
transistor and turn on N3. Instead, the pull-down logic completes
this transition relatively faster. Also note that the clock sub-circuit
is not shown in Fig. 4, but is identical to the sub-circuit shown in
Fig. 2.

The operation of the proposed flip-flop is depicted in Fig. 5 in a
45 nm technology node where the nominal Vpp is 1 V. The clock
voltage swing is 0.7 V. The flip-flop successfully latches the full
swing data and produces a full swing output while operating with a
low swing clock signal.

The proposed topology is relatively less complex than the previ-
ously proposed flip-flops described in Section 3 since the proposed
topology is static and does not require a separate well (bulk biasing)
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Figure 4: Proposed flip-flop topology where the low swing clock signal drives only NMOS transistors.
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Figure 5: Operation of the proposed flip-flop in a 45 nm technology
node where the nominal Vpp is 1 V. Clock swing is set to 0.7 V.

or sense amplifier. Furthermore, the performance characteristics of
the proposed topology outperform existing flip-flops, as discussed
in the following section.

5. SIMULATION RESULTS

The simulation setup is described in Section 5.1 and the simula-
tion results including a comparative analysis with existing work are
presented in Section 5.2. Robustness of each topology to process,
voltage, and temperature variations is investigated in Section 5.3.

5.1 Simulation Setup

The proposed flip-flop topology and the previous circuits in ex-
isting work (L-C2MOS-SA [11], L-C2MOS-SA-2 [11], RCSFF [12],
NDKEFF [13], and CRFF [14]) are designed using a 45 nm technol-
ogy with a nominal supply voltage of 1 V and all of the simulations
are performed using Spectre [15]. The clock signal has a reduced
swing of 0.7 V. The clock and data frequencies are, respectively,
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1.5 GHz and 150 MHz. Each flip-flop drives an output load capac-
itance of 5 fF. To achieve a fair comparison, all of the flip-flops are
sized to produce approximately equal clock-to-Q delay.

5.2 Comparative Analysis

The simulation results are listed in Table 1, comparing clock-to-
Q delay, power consumption, power-delay product (PDP), leakage
power, overall transistor size, and setup and hold times of all of the
flip-flops. Note that the leakage power listed in this table is ob-
tained by averaging the leakage power obtained from four possible
static combinations of the data and clock signals.

As listed in Table 1, the proposed topology achieves, on aver-
age, 38.1% and 44.4% reduction in, respectively, dynamic power
and power-delay product while exhibiting similar clock-to-Q de-
lay. L-CZMOS-SA [11] achieves the least leakage power that is
approximately 45% less than the proposed topology. L-CZMOS-
SA [11], however, exhibits degraded behavior at the worst-case cor-
ners, as described in Section 5.3. The proposed topology exhibits
the second lowest leakage power, achieving significant reduction,
particularly as compared to NDKFF [13] and CRFF [14]. Over-
all transistor width of the proposed topology is less than the other
topologies except L-C2MOS-SA [11]. The setup-hold time charac-
terization of each topology is also performed, as listed in the last
two columns [16]. Similar to some other topologies, the proposed
flip-flop exhibits a negative setup time.

The effect of clock swing voltage level on clock-to-Q delay and
power consumption is also investigated for each flip-flop, as de-
picted in Fig. 6. According to Fig. 6(a), clock-to-Q delay increases
as the clock swing is reduced in each topology. For L-C>MOS-
SA [11], NDKFF [13], and CRFF [14], clock swing cannot be re-
duced below 0.6 V since these circuits fail to latch the input data
at clock swings lower than 0.6 V. Note that the clock-to-Q delay
is highly sensitive to voltage swing for NDKFF [13]. The pro-
posed topology can reliably latch the input data for a clock swing



Table 1: Comparison of the proposed topology with existing work under nominal operating conditions with a clock voltage swing of
0.7xVpp. Each topology is sized to achieve approximately equal clock-to-Q delay.

. CLK-to-Q | Overall | ppp Leakage Overall transistor width Setup Hold
Flip-flop topology ower ower time time
delay (ps) IZ,UW) (fW.s) lan) NMOS PMOS ©9) ©9)
(nm) (nm) P P
L-C2MOS-SA [11] 69.7 8.0 0.56 37.2 2395 2950 27.9 0.9
L-CZMOS-SA-2 [11] 71.3 9.3 0.67 34.5 4195 3550 17.5 9.2
RCSFF [12] 70.6 17.2 1.22 82.0 6840 5500 -26.9 42.6
NDKFF [13] 69.4 12.0 0.83 196.6 5050 3900 -6.0 -62.7
CRFF [14] 70.3 10.5 0.74 201.5 4650 5300 -20.2 92.9
This work 64.1 6.6 0.42 68.1 2650 3450 -1.7 17.8
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Figure 6: Effect of clock swing voltage level on clock-to-Q delay and power consumption for each flip-flop topology: (a) Clock-to-Q delay
vs. clock voltage swing, (b) power consumption vs. clock voltage swing.

as low as 0.5 V (half Vpp). Furthermore, the proposed topology
exhibits relatively low sensitivity to voltage swing. RCSFF [12] is
the only topology that can work with a clock swing as low as 0.4 V.
However, the clock-to-Q delay significantly increases below 0.5 V,
making this operating point impractical. Furthermore, RCSFF [12]
consumes significantly more power than the proposed topology, as
listed in Table 1.

The dependence of power dissipation on clock voltage swing is
shown in Fig. 6(b). According to this figure, the proposed topology
exhibits the lowest power consumption at each clock swing volt-
age. Note that from 0.7 V to 0.6 V, the overall power is slightly
reduced whereas from 0.6 V to 0.5 V, there is a slight increase. The
overall effect of clock swing on power depends upon two factors:
1) partial reduction in power since the clock sub-circuit consumes
less power with a lower swing, 2) partial increase in power due to
a greater contention current with a lower clock swing. If the first
factor outweighs the second factor, overall power is reduced as the
clock swing is reduced. Note that CRFF [14] is the only topol-
ogy where power consumption significantly increases with a lower
clock swing, indicating the dominance of the second factor.

5.3 Robustness to Variations

A critical challenge in nanoscale ICs is the variations incurred
during fabrication and fluctuations in operating voltage and tem-
perature. The behavior of a circuit to these variations is important
to evaluate the overall robustness. To investigate this issue, each
flip-flop topology is simulated in the worst-case corner for delay,
transient power, and leakage power. The results are listed in Ta-
ble 2. Note that L-CZMOS-SA [11] and RCSFF [12] fail to latch
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the input data at the worst-case corner for delay, determined by the
slow process models for both NMOS and PMOS transistors, 0.9 V
Vpp (90% of the nominal Vpp) and 165°C temperature.

The proposed topology exhibits the lowest clock-to-Q delay (ap-
proximately 20% lower, on average) in the worst-case corner even
though each topology exhibits similar delays in the nominal case
(see Table 1). This trend demonstrates that the clock-to-Q delay of
the proposed topology exhibits the least sensitivity to process and
environmental variations.

Similar to the nominal case, the proposed topology consumes the
least transient power in the worst-case, as determined by the fast
process models for both NMOS and PMOS transistors and 1.1 V
Vpp (110% of the nominal Vpp). Note that the temperature that
corresponds to the worst-case corner for overall power depends
upon the topology due to inverted temperature dependence [17].
Specifically, in RCSFF [12] and the proposed topologies, the worst-
case transient power occurs at the lowest temperature whereas the
other topologies consume the largest power at the highest tempera-
ture. Note that inverted temperature dependence also applies to the
worst-case delay analysis and therefore each topology is simulated
with both the lowest and highest temperatures. However, largest
clock-to-Q delay occurs at the highest temperature in each topol-
ogy, as shown by the second column in Table 1. Finally, the worst-
case leakage power, determined by the fast process models, 1.1 V
Vpp. and highest temperature, is provided in the last column. The
trend is similar to the nominal results where the proposed topology
consumes the second least leakage power, after L-C2MOS-SA [11].

The variation analysis provided in this section demonstrates that
the proposed topology can reliably operate at the worst-case delay



Table 2: Comparison of the proposed topology with existing work under worst-case operating conditions for clock-to-Q delay, overall
transient power, and leakage power. FF and SS correspond, respectively, to fast and slow models for both NMOS and PMOS transistors.

piptopwpary | LALSISE | o | M
FF-1.1V

L-C>MOS-SA [11] Failure 10.8 (T=165°C) 0.6
L-C2MOS-SA-2 [11] 178.8 11.3 (T=165°C) 0.6
RCSFF [12] Failure 21.5 (T=-40°C) 1.5
NDKEFF [13] 210.0 17.2 (T=165°C) 2.5
CRFF [14] 175.7 17.7 (T=165°C) 3.8
This work 150.8 8.9 (T=-40°C) 1.1

and power corners, unlike some of the existing topologies that fail
at the worst-case delay corner. Furthermore, the proposed topology
consumes the least worst-case power consumption and exhibits the
least sensitivity to worst-case delay corner.

6. CONCLUSIONS

In existing low swing clocking approaches, clock signal is re-
stored to full swing before arriving to the clock pins of the flip-
flops since traditional flip-flops cannot reliably operate with a low
swing clock signal. This approach, however, significantly limits
the power savings since the last stage of a clock network typically
has the largest capacitance and therefore benefits the most from
low swing clocking. A novel static D flip-flop topology is pro-
posed in this paper that can reliably operate with a low swing clock
signal, thereby enabling a true low swing clocking methodology.
The proposed topology is compared with existing low swing flip-
flops, demonstrating an average reduction of 38.1% and 44.4% in,
respectively, power consumption and power-delay product. It is
shown that the proposed topology is less sensitive to clock voltage
swing than existing circuits. Furthermore, worst-case corner analy-
sis for clock-to-Q delay and power consumption demonstrates that
the proposed flip-flop exhibits a robust operation.
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