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Abstract—A double-edge triggered flip-flop (DETFF) has the
distinct ability to latch data at either the rising or the falling edge
of the edge unlike the single-edge triggered flip-flop (SETFF). The
proposed DETFF uses parallel dual paths that work without the
need of keepers for input signal boost and an inverting clock
for the opposite phase operation. A Schmitt trigger replaced
the conventional feedback inverter with keeper in the DETFF,
since the feedback inverter may lead to metastability which can
affect the output at unexpected timing. The said DETFF was
implemented in a 32-bit shift register using TSMC 40-nm CMOS
for functionality testing. At a load capacitance of 60 pF, 31.71%
power consumption decrease and 43.57% Tc-q delay reduction
were exhibited by the proposed shift register as shown by the
post-layout simulation results. It has the best normalized energy
per bit normalized power, and normalized delay per bit among
prior works.

Index Terms—DETFF, low power, Schmitt trigger, shift regis-
ter, PDP.

I. INTRODUCTION

Most digital systems use flip-flops or registers to keep the

state of the system, since sequential logic circuits rely on prior

output and current input [1], [2]. A shift register consisting

of flip-flops can add, shift, and multiply data. Consequently,

they store and convey digital data [3]–[5]. Speaking of digital

systems, the most difficult challenge of chip designer’s work

is to develop a digital IC which can function at the maximum

throughput while utilizing the least amount of power, resulting

in better energy conservation.

Unlike a single edge triggered flip-flop (SETFF), a double-

edge triggered flip-flop (DETFF) has the ability to latch data

at either the falling or rising edge of the clock and is designed

to significantly reduce the amount of power that it consumes

with no negative effects as shown in Fig. 1 [3], [6], [7]. As

a result, implementing the DETFF into a shift register with a

high resolution has become a must. Implementing a DETFF

may be done in a variety of different ways. An XOR gate

1The corresponding author is Prof. C.-C. Wang.
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Fig. 1. Comparison between (a) DETFF and (b) SETFF waveforms [7].

combined with a delay circuit which outputs internal pulse

signals on each edge of the clock is an example of a common

approach to this problem [1]–[3]. Another one, i.e., the data

input’s (D) path is iterated, which makes it possible for the

flip-flop that stores the data bit to be sampled on every clock’s

edge [8].

Another register that was created was an 8-bit reversible

LPSR (linear phase shift register) based on DETFF. The

power consumption of the typical linear feedback shift register

(LFSR) was decreased by 10% thanks to this LPSR [9].

Unlike in [10], a positive feedback source-coupled logic was

developed to reduce the amount of power that was used by the

LFSR. However, due to the fact that a single-edge triggering

mechanism was used, the circuit does not give the impact that

is needed in terms of lowering the latency. To improve overall

performance, an 8-bit LFSR was proposed to be equipped with

a weighted random test pattern generator [11]. This leads in

a reduction in the amount of time required for the delay, but

at the expense of a greater amount of power consumption. To

answer all of the issues that have been discussed, this paper

presents a 32-bit shift register that employs DETFFs which

use Schmitt trigger and remove the usage of keepers to lower

both the delay and the power consumption.

II. DESIGN METHODOLOGY OF THE PROPOSED DETFF

A. Prior DETFF

A conventional DETFF as shown in Fig. 2 consists of 4 pass

transistors, 3 inverters with 3 feedback-connected keepers, an
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inverter generating the inverting clock, and an output keeper

circuit [12]. Notably, the keepers or regenerative transistors are

employed to strengthen the signal when inverters I21, I22, and

I23 are receiving signals. Moreover, an inverting clock CKB

is generated by inverter I24 for alternate sampling of data (D)

and interchanging of upper and lower paths though nodes N21

& N23 and N22 & N24, respectively, in every opposite clock

(CK) phase. These keepers, including MP21, MP22, MP24,

are one of the major reasons of DC power loss. They also

create internal loops to slow down operations. Besides, their

sizes must be selected carefully, namely ratioed design.
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Fig. 2. Conventional DETFF cell [12].

B. Proposed DETFF

Fig. 3 shows the proposed DETFF, where a dual path is

implemented to sample data (D) in every clock’s (Clk) edge.

Unlike the prior DETFF, the proposed DETFF eliminated the

use of keepers and the inverting clock. Moreover, it replaced

the typical complementary CMOS inverters with two degener-

ated Schmitt triggers on each path (namely MP4, MN4, MP3,

MN3, MP5, MN5, and MP6, MN6, MP7, MN7, MP8, MN8),

where the conventional two switching points are merged into

one.

Referring to Fig. 3, the operation is described as follows:

• Clk is rising: MN1 and MN2 are on, while MP1 and MP2

are off. Then, MN1 passes input D; this signal is negated

by the Schmitt trigger. The negated signal is stored at

node 4 until Clk’s falling edge arrives.

• Clk is falling: MP2 is on. From this, Q outputs a signal

according to the stored state at node 4. Moreover, during

Clk’s falling edge, MP1 passes D; the procedure is

repeated similar to Clk at rising edge. However, MP1 and

MP2 are now on while MN1 and MN2 are off. Then, the

Schmitt trigger inverted this signal, which is stored at

node 2.

C. Transistor Sizing of the Proposed DETFF

Referring again to Fig. 3, all lengths of the transistors are

sized to minimum. The widths of pass transistors, namely,

MP1, MN1, MP2, and MN2, which are driven by Clk are

largely sized (1 µm), since these devices accommodate a high-

frequency and varying D input signal. Moreover, the voltage
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Fig. 3. Proposed DETFF cell.

at node 1 or 3 is equal to D - Vth; a lower Vth is needed. It

was shown through simulations that by increasing the width,

the threshold voltage of short-channel transistor decreases

as a result of threshold roll-off [13]. Minimum geometry is

implemented for sizes of MP5, MN5, MP8, and MN8. Then,

the sizes of MP4 and MP7 are calculated using Eqn. (1), while

the sizes of MN4 and MN7 are computed using Eqn. (2)

[14] where VSPL and VSPH are lower and higher switching

voltages, respectively. The dimensions of MP3 and MP6 are

dictated such that MP4 and MP7 are considered active series

resistors with MP3 and MP6, respectively, and will turn on

MP5 and MP8, respectively, during low switching point. Same

goes through for MN3 and MN6 which are also in series with

MN4 and MN7, respectively, and at high switching point, will

switch on MN5 and MN8, respectively.

WMP4×LMP5

LMP4×WMP5

=
WMP7×LMP8

LMP7×WMP8

=

(
VSPL

VDD−VSPL−VTHP

)2

(1)

WMN4×LMN5

LMN4×WMN5

=
WMN7×LMN8

LMN7×WMN8

=

(
VDD−VSPH

VSPH−VTHN

)2

(2)

Besides noise immunity which is an advantage of Schmitt

trigger over typical CMOS inverter, the implemented sizes of

transistors using Schmitt trigger-based DETFF cell are smaller

than that of prior work’s inverter-with-keeper-based DETFF

cell [12] which has fewer transistor counts. In fact, the size of

the DETFF cell as shown in Fig. 4 (3.66×7.46 µm2) is smaller

than the prior work (70.13/4 µm × 20.95/2 µm = 17.53×10.48

µm2. Normalizing it further, our DETFF’s normalized area is
3.66×7.46 µm2

(40 nm)
2 = 0.017 that is smaller than that of the prior

work which is 17.53×10.48 µm2

(90 nm)
2 = 0.023.
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Fig. 4. Layout of the proposed DETFF cell.

D. DETFF-Based, 32-Bit Shift Register

To verify the functionality of the said DETFF, two 32-bit

shift registers, as shown in Fig. 5, are constructed. Moreover,

its power consumption and time delay were compared to a shift

register which used a conventional or prior DETFF cell [12].

These 2 shift registers were assembled fully as shown in the

chip architecture in Fig. 5. The said architecture’s operation

is stated as follows:

• When S0 = 0: The proposed shift register is enabled,

while the prior shift register is disabled; the opposite

happens when S0 = 1.

• By using 2:1 MUXs, S0 selects the resulting outputs of

the chosen shift register to be read out. In this way, the

chip’s output pin count is reduced.

• S1 and S2 are used to pass D to one of 4 8-bit shift

register blocks in either 32-bit register. They are activated

in the test mode.
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Fig. 5. Block diagram of the proposed 32-bit shift register and the counterpart.

III. SIMULATION RESULTS

TSMC 40-nm CMOS process was used to develop the 2

comparable DETFF-based shift registers in Fig. 5. The layout

and floorplan of the shift registers are shown in Fig. 6. The

area of the full chip is 808×805 µm2 while the area of its core

is 307×130.6 µm2. All-PVT-corner simulation using HSPICE

was implemented at process corners (FS, SF, TT, FF, and SS),

power supply voltages (0.81, 0.9, and 0.99 V), and temperature

corners (0, 25, and 750C). Fig. 7 shows the proposed 32-bit,

DETFF-based shift register’s post-layout simulation for first

(Q0 - Q7) 8 bits at worst corner (SF, 0.98 V, 750C). This

proves the functionality of the proposed shift register at the

500-MHz highest clock frequency.
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Fig. 7. First 8 bits’ (Q0 - Q7) waveforms of the proposed DETFF-based
32-bit shift register at the worst case (SF, 0.98 V, 750C).

The performance comparison results with numerous earlier

efforts for DETFF-based shift registers are shown in Table I.

In particular, the necessity to drive significant loads and

the consideration of the pad, wire-bond, probe capacitances

necessitate that 60 pF be driven while doing measurements.

Normalized delay per bit, normalized power, and normalized

energy per bit are determined by using the relevant equations

in Eqn. (3), (4), and (5), respectively, where f is the frequency,

and n is the bit length.

Normalized Delay per Bit = Delay

Process2×Cload×f×n
(3)

Normalized Power =
Power

V DD2
×Cload×f×n

(4)

Normalized Energy per Bit = Power
f×n

(5)

Referring to Table I, our work has the best normalized

delay per bit, normalized power, and normalized energy per

bit among all works. Notably, the proposed shift register has

reduced power consumption by 31.71% and decreased Tc-q
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TABLE I
PERFORMANCE COMPARISON OF THE PROPOSED DETFF-BASED SHIFT REGISTER WITH THE PRIOR SHIFT REGISTERS

ICCTICT ICISC WCSE IJCSIT ICISS Ref. ISCAS This

[10] [9] [3] [8] [11] [15] [12] work

Year 2016 2017 2018 2018 2019 2020 2021 2022

Process (nm) 180 180 180 180 180 40 90 40

Simulation Result Pre-lay. Pre-lay. Post-lay. Pre-lay. Pre-lay. Post-lay. Post-lay. Post-lay.

VDD (V) 1.8 - 1.8 1.8 - 0.9 1 0.9

Tc-q Delay (ns) 0.573 2.32 2.2 0.251 0.775 5.69 1.5 0.869

Power (mW) 2.015 37.2 35.25 0.028 71 3.1 9.14 16.8

PDP (pJ) 1.154 86.4 78.18 0.0072 55 17.63 13.71 14.59

Clock frequency (MHz) 100 100 125 500 10 100 100 500

Bit length (bits) 4 8 8 1 8 8 8 32

Load capacitance (pF) 0.05 - 20 0.025 - 20 20 60

Norm. Delay per Bit (×10-9) 884.2 - 3.395 619.6 - 222.27 11.574 0.565

Norm. Power (×10-6) 310.95 - 543.98 691.35 - 23 571.25 21.6

Norm. Energy per Bit (pJ/bit) 5.0375 46.5 35.25 56 88.75 3.875 11.425 1.05

delay by 43.57% compared with the most recent shift register

[12]. Lastly, Fig. 8 and Fig. 9 show the technology roadmaps

for DETFF-based shift registers featuring two figures of merit

(FOMs), namely normalized energy per bit and normalized

delay per bit. According to these roadmaps, the trend shown

by the dashed line suggests that the normalized energy per

bit and normalized delay per bit of this work are close to the

predicted FOMs for year 2022.
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IV. CONCLUSION

A DETFF-based 32-bit shift register using a 40-nm CMOS

that eliminated the use of keepers & inverting clock where

the DETFF is enhanced by degenerated Schmitt triggers, was

designed at the 500-MHz clock frequency and 60-pF load.

It has a 31.71% reduced power consumption and 43.57%

decreased Tc-q delay as compared to the prior work. It has

the best normalized power, normalized delay per bit, and

normalized energy per bit among all works.
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