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Abstract— In this paper, we introduce a new dual dynamic node hybrid flip-flop (DDFF) and a novel embedded 
logic module (DDFF-ELM) based on DDFF. The proposed designs eliminate the large capacitance present in the 
precharge node of several state-of-the-art designs by following a split dynamic node structure to separately drive the 
output pull-up and pull-down transistors. The DDFF offers a power reduction of up to 37% and 30% compared to the 
conventional flip-flops at 25% and 50% data activities, respectively. The aim of the DDFF-ELM is to reduce pipeline 
overhead. It presents an area, power, and speed efficient method to incorporate complex logic functions into the flip-
flop. The performance comparisons made in a 90 nm UMC process show a power reduction of 27% compared to the 
Semi-dynamic flip-flop, with no degradation in speed performance. The leakage power and process-voltage-
temperature variations of various designs are studied in detail and are compared with the proposed designs. Also, 
DDFF and DDFF-ELM are compared with other state-of-the-art designs by implementing a 4-b synchronous counter 
and a 4-b Johnson up-down counter. The performance improvements indicate that the proposed designs are well 
suited for modern high-performance designs where power dissipation and latching overhead are of major concern. 
 
Index Terms— Embedded logic, flip-flops, high-speed, leakage power, low-power. 
 
I.INTRODUCTION 
 
TECHNOLOGY and speed are always moving 
forward, from low scale integration to large and 
VLSI and from megahertz (MHz) to gigahertz 
(GHz). The system require-ments are also rising 
up with this continuous advancing process of 
technology and speed of operation. In synchro- 
ous systems, high speed has been achieved using 
advanced pipelining techniques. In modern deep-
pipelined architectures, pushing the speed further up 
demands a lower pipeline over-head. This overhead 
is the latency associated with the pipeline-elements, 
such as the flip-flops and latches. Extensive work has 
been devoted to improve the performance of the 
flip-flops in the past few decades  
Hybrid latch flip-flop (HLFF)  and semi dynamic 
flip-flop (SDFF)] are considered as the classic high-
performance flip-flops. They possess a hybrid 
architecture that combines the merits of dynamic and 
static structures. In addition, SDFF has a distinctive 
capability of incorporating logic very efficiently, 
because unlike the true single phase latch (TSPC) 
in Yuan and Svensson’s experiment [3], only one 
transistor is driven by the data input. This greatly 
helps in reducing the pipeline overhead since the 
delay and area associated with one or more logic 
stages preceding the flip-flop can be eliminated. 
Several hybrid flip-flop designs have been proposed 
in the past decade, all aiming at reduction of power, 
delay, and area [8]–[17]. 
A recent paper [4] introduced a flip-flop 
architecture named cross charge control flip flop  
 

 
(XCFF), which has considerable advantages over 
SDFF and HLFF in both power and speed. It uses a 
split-dynamic node to reduce the precharge 
capacitance, which is one of the most important 
reasons for the large power consumption in most 
of the conventional designs. But this structure 
still has some drawbacks, due to redundant 
power dissipation that results when the data does 
not switch for more than one clock (CLK) 
cycles. Also, the large hold-time requirement 
makes the design of timing-critical systems with 
XCFF an involved process. Finally, despite 
having a single data-driven transistor, 
embedding logic to XCFF is not very efficient 
due to the susceptibility to charge sharing at the 
internal dynamic nodes. 
In this paper, we propose a new dual dynamic 
node hybrid flip-flop (DDFF) and a novel 
embedded logic module (DDFF-ELM). Both of 
them eliminate the drawbacks of XCFF. The new 
designs are free from unwanted transitions resulting 
when the data input is stable at zero. DDFF-ELM 
presents a speed, area, and power efficient method 
to reduce the pipeline over-head. The performance 
of modern high performance flip-flops are 
compared with that of DDFF at different data 
activity. The post layout simulation results in 90 
nm UMC process show that the DDFF saves 8% 
and 10% of the total power dissipated at 50% and 
25% data activities, respectively when com-
pared with XCFF. The proposed DDFF-ELM has a 
maximum power reduction of about 27% 
compared to its counterparts in SDFF. 
The rest of this paper is divided as follows.  
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Section II describes the state-of-the-art flip-flop 
architectures and dis-cusses the disadvantages of the 
existing flip-flop architectures and challenges in 
achieving high performance. In Section III, the 
proposed DDFF architecture and its operation are 
provided. Section IV details the design and working 
principle of the DDFF-ELM. In Section V, we present 
the performance analysis methods to compare the 
proposed architectures with benchmark designs. 
Section VI includes the circuit and  
 
 

 
Fig. 1.     PowerPC 603 flip-flop. 

 
 

 
 

Fig:2 HLFF 
 

 
Fig:3 semi dynamic Flip-flops 

 
technology parameters used for simulation. In 
Section VII, the results of various performance 
comparisons, including power, delay, leakage 
performance, and effect of process-voltage-
temperature (PVT) variation, are provided. Finally, 
in Section VIII, we conclude with the 
improvements of the proposed flip-flop designs 

over the existing modern high-performance 
designs. 
 
I I .  ANALYSIS OF FLIP-FLOP 

ARCHITECTURES 
 
A large number of flip-flops and latches have been 
published in the past few decades. They can be 
grouped under the static and dynamic design styles. 
The former includes the master-slave designs, such 
as the transmission gate based master-slave flip-flop 
in [5] and the PowerPC 603 master-slave latch in 
Gerosa et al.’s experiment [6]. They dissipate 
comparatively lower power and have a low clock-
to-output (CLK-Q) delay. In a synchronous system, 
the delay overhead associated with the latching 
elements is expressed by the data-to-output (D-Q) 
delay rather than CLK-Q delay [7]. Here, D-Q delay 
refers to the sum of CLK-Q delay and the setup-
time of the flip-flop. But the static designs 
mentioned earlier lack a low D-Q delay because of 
their large positive setup time. Also, most of them 
are susceptible to flow-through resulting from CLK 
overlap. PowerPC 603 (Fig. 1) is one of the most 
efficient classic static structures. It has the advantages 
of having a low-power keeper structure and a low 
latency direct path. As mentioned earlier, the large 
D-Q delay resulting from the positive setup time 
is one of the disadvantages of this design. Also, 
the large data and CLK node capacitances make 
the design inferior in performance. Despite all these 
shortcomings, static designs 

 
 
 
still remain as the low power solution when the 
speed is not a primary concern. 
The second category of the flip-flop design, the 
dynamic flip-flops includes the modern high 
performance flip-flops [1]–[3], [8]–[15]. There are 
purely dynamic designs as well as pseudo-dynamic 
structures. The latter, which has an internal 
precharge structure and a static output, deserves 
special atten-tion because of their distinctive 
performance improvements. They are called the 
semi-dynamic or hybrid structures, because they 
consist of a dynamic frontend and a static output. 
HLFF (Fig. 2) and SDFF (Fig. 3) fall under this 
category. They benefit from the CLK overlap to 
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perform the latching oper-ation. SDFF is the 
fastest classic hybrid structure, but is not efficient 
as far as power consumption is concerned because 
of the large CLK load as well as the large precharge 
capacitance. HLFF is not the fastest but has a 
lower power consumption compared to the SDFF. 
The longer stack of nMOS transistors at the output 
node (Fig. 2) makes it slower than SDFF and 
causes large hold-time requirement. This large 
positive hold-time requirement makes the 
integration of HLFF to complex circuits a difficult 
process. Also it is inefficient in embedding logic. 
The major sources of power dissipation in the 
conventional semi-dynamic designs are the 
redundant data transitions and large precharge 
capacitance. Many attempts have been made to 
reduce the redundant data transitions in the 
flip-flops [8]–[13]. The conditional data mapping 
flip-flop (CDMFF) shown in Fig. 4 is one of the 
most efficient among them. It uses an output 
feedback structure to conditionally feed the data to 
the flip-flop. This reduces overall power 
dissipation by eliminating unwanted transitions 
when a redundant event is predicted [12]. Since 
there are no added transistors in the pull-down 
nMOS stack, the speed performance is not greatly 
affected. But the presence of three stacked nMOS 
transistors at the output node, similar to HLFF, 
and the presence of conditional structures in the 
critical path increase the hold time requirement 
and D-Q delay of the flip-flop. Also, the 
additional transistors added for the conditional 
circuitry make the flip-flop bulky and cause an 
increase in power dissipation at higher data 
activities. 
 

 

 
Fig 6:XCFF 

The large precharge-capacitance in a wide variety of 
designs results from the fact that both the output 
pull-up and the pull-down transistor are driven by 
this precharge node. These transistors being driving 
large output loads contribute to most of the 
capacitance at this node. This common drawback 
of many conventional designs was considered in 
the design of XCFF (Fig. 5). It reduces the power 
dissipation by splitting the dynamic node into two, 
each one separately driving the output pull-up and 
pull-down transistors as shown in Fig. 5. Since 
only one of the two dynamic nodes is switched 
during one CLK cycle, the total power consumption 
is considerably reduced without any degradation in 
speed. Also XCFF has a comparatively lower 
CLK driving load. One of the major drawbacks of 
this design is the redundant precharge at node X2 
and X1 for data patterns containing more 0 s and 
1 s, respectively. In addtion to the large hold 
time requirement resulting from the conditional 
shutoff mechanism, a low to high transition in the 
CLK when the data is held low can cause charge 
sharing at node X1. This can trigger erroneous 
transi-tion at the output unless the inverter pair 
INV1-2 is carefully skewed. This effect of charge 
sharing becomes uncontrollably large when complex 
functions are embedded into the design. 
 
III. PROPOSED DDFF ARCHITECTURE 
 
Fig. 6 shows the proposed DDFF architecture. Node 
X1 is pseudo-dynamic, with a weak inverter acting as 
a keeper, whereas, compared to the XCFF, in the new 
architecture node 
X2 is purely dynamic. An unconditional shutoff 
mechanism is provided at the frontend instead of 
the conditional one in XCFF. The operation of the 
flip-flop can be divided into two phases: 1) the 
evaluation phase, when CLK is high, and 2) the 
precharge phase, when CLK is low. The actual 
latching occurs during the 1–1 overlap of CLK and 
CLKB during the evaluation phase. If D is high 
prior to this overlap period, node X1 is 
discharged through NM0-2. This switches the 
state of the cross coupled inverter pair INV1-2 
causing node X1B to go high and output QB to 
discharge through N M4. The low level at the 
node X1 is retained by the inverter pair INV1-2 
for the rest of the evaluation phase where no 
latching occurs. Thus, node X2 is held high 
throughout the evaluation period by the pMOS 
transistor P M1. As the CLK falls low, the circuit 
enters the precharge phase and node X1 is pulled 
high through P M0, switching the state of INV1-
2. During this period node X2 is not actively 
driven by any transistor, it stores the charge 
dynamically. The outputs at node Q B and maintain 
their voltage levels through INV3-4. 
If D is zero prior to the overlap period, node X1 
remains high and node X2 is pulled low through 
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N M3 as the CLK goes high. Thus, node QB is 
charged high through P M2 and N M4 is held 
off. At the end of the evaluation phase, as the 
CLK falls low, node X1 remains high and X2 
stores the charge dynamically. The architecture 
exhibits negative setup time since the short 
transparency period defined by the 1–1 overlap 
CLK of and CLKB allows the data to be sampled 
even after the rising edge of the CLK before 
CLKB falls low [7]. 
Fig. 7 shows the post-layout timing diagram of the 
flip-flop at 2-GHz CLK frequency and 1.2 V 
supply in 90-nm UMC process technology. Node 
X1 undergoes charge sharing when the CLK makes 
a low to high transition while D is held low. This 
results in a momentary fall in voltage at node 
X1, but the inverter pair INV1-2 is skewed 
properly such that it has a switching threshold well 
below the worst case voltage drop at node X1 due 
to charge sharing. The timing diagram shows that 
node X2 retains the charge level during the 
precharge phase when it is not driven by any 
transistor. Note that the temporary pull down at 
node X2 when sampling a “one” is due to the 
delay between X1 and X1B. 
 

 
Fig. 9. Flip-flops with embedded logic. (a) SDFF. (b) Proposed 

DDFF-ELM. 

 
Fig. 10. Analysis of charge sharing in XCFF. (a) Frontend of 

XCFF for embedding two-input and three-input AND 
functions. (b) Voltage drop due to charge sharing at node X1. 

 
IV. PROPOSED ELM 
 
As mentioned earlier, the major advantage of the 
SDFF is the capability to incorporate complex logic 
functions effi-ciently. The efficiency in terms of 
speed and area comes from the fact that an N-input 
function can be realized in a positive edge triggered 
structure using a pull-down network (PDN) 
consisting of N transistors as shown in Fig. 9(a). 
Compared to the discrete combination of N a static 
gate and a flip-flop, this embedded structure offers a 
very fast and small implementation. Although SDFF 
is capable of offering efficiency in terms of speed and 
area, it is not a good solution as far as power 
consumption is concerned. Not too many attempts 
have been made to design a flip-flop, which can 
incorporate logic efficiently in terms of power, speed 
and area. The double-pulsed set-conditional-reset 
flip-flop (DPSCRFF) [15] is one of the flip-flops 
capable of incorporating logic. But this structure has 
an explicit pulse generator to generate two pulses 
from the global CLK, which can cause large power 
consumption even when there is no data transition. 
Also, the three inverter delay between the two pulses, 
p1 and p2 [15], causes a direct path between supply 
rails and a large glitch at the output when the data 
input remains high for more than one CLK cycle. In 
addition, the highly asymmetric timing nature of the 
design and the large hold time requirements prevent 
it from being directly cascaded without the use of 
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additional buffers. Another flip-flop design aiming at 
efficient logic embedding is presented in [16] and 
[17]. But the overlap-based logic cell introducedin 
[17] is similar to the single-phase pulsed flip-flop 
mentioned in [2]. Since SDFF is proved [2] to 
outperform this design, we consider SDFF with 
embedded logic for comparative purposes. 
The revised structure of the proposed dual dynamic 
node hybrid flip-flop with logic embedding capability 
(DDFF-ELM) is shown in Fig. 9(b). Note that in the 
revised model, the transistor driven by the data input 
is replaced by the PDN and the clocking scheme in 
the frontend is changed. The reason for this in 

clocking is the charge sharing, which becomes 
uncontrollable as the number of nMOS transistors in 
the stack increases. The same reason makes XCFF 
also incapable of embedding complex logic 
functions. In order to get a clear picture of the charge 
sharing in XCFF (Fig. 5), it was simulated with 
different embedded functions and the amount of 
worst case charge sharing was calculated. Fig. 10(a) 
shows the frontend pull-down structure used for 
incorporating a 2-input NAND and a 3-input NAND 
function in XCFF. Fig. 10(b) depicts the voltage drop 
at node X1 when the CLK makes a low to high 
transition. In this experiment, 

 
V.SIMULATIONS RESULTS: 

 
Fig. 15.     Total power dissipated at different data activities. 
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CONCLUSION 
 
In this paper, a new low power DDFF and a novel 
DDFF-ELM were proposed. An analysis of the 
overlap period required to select proper pulse width 
was provided in order to make the design process 
simpler. The proposed DDFF elim-inates the 
redundant power dissipation present in the XCFF. 
A comparison of the proposed flip-flop with the 
conventional flip-flops showed that it exhibits lower 
power dissipation along with comparable speed 
performances. The post-layout simu-lation results 
showed an improvement in PDP by about 10% 
compared to the XCFF at 25% data activity. By 
eliminating the charge sharing, the revised structure 
of the proposed flip-flop, DDFF-ELM, is capable of 
efficiently incorporating complex logic in to the 
flip-flop. The presented ELM outperforms the 
SDFF in the CLK driving power and in internal 
power dissipation. A power reduction of 
approximately 26% was observed when basic 
functions were embedded. The leakage and PVT 
variation performances of the flip-flops were studied 
in detail. The efficiency of the flip-flop and the 
ELM were further highlighted using a 4-b 
synchronous counter and a 4-b Johnson up-down 
counter, respectively. It was proven that the proposed 
architectures are well suited for modern high-

performance designs where area, delay-overhead, 
and power dissipation are of major concern. 
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