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Abstract

Recently, several flip-flops have been proposed to increase their speed while reducing
their power and energy consumption. Flip-flop power is dependent on data activity and
in many applications data activity is between 5-15%. In such cases, significantly large
clock power and energy is wasted. This thesis explores performance of seven advanced D
flip-flops in terms of power, delay, and energy using 65nm CMOS process technology. The
main objective of this research is to compare and contrast recent flip-flops under different
voltage and data activity conditions, and draw conclusions.

Transmission gate flip-flop (TGFF) is used as a reference flip-flop, and based on com-
parison result TGFF has shown power-performance trade-offs. 18-T single-phase clocked
static flip-flops (18TSPC, TSPC18), and Low-power at low data activity flip-flop (LLFF)
are the fastest alternatives suitable for higher performance. However, LLFF consumes more
power on higher data activities, where as TSPC18 and 18TSPC consume more power on
lower data activities. For lower data activities Topologically compressed flip-flop (TCFF)
is power efficient amongst all, but poor in performance. Furthermore, post-layout simula-
tion result illustrates that LLFF is the most energy efficient amongst all up to 20% of data
activities, and 18 TSPC is energy efficient for higher data activities.
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Chapter 1

Introduction

Low-power and low-energy are important aspects of today's circuit design because of mo-
bile computing and communications. Due to VLSI technology scaling, number of on-chip
transistors increase following Moore's Law, however lack of similar improvement in battery
capacity (in terms of long service life, broad range of operating temperatures, high power
and energy densities, reliability etc.) necessitates low-power, low-energy methods and
strategies. Moreover, it is expected that approximately 75 billion IoT (Internet of Things)
devices will be connected through internet by 2025 [13]. As demand of these I0oT devices is
increasing continuously, there is a constant push to sustain battery-operated remote devices
longer. Additionally, cooling system act seems poor on increasing power dissipation, and
in near future VLSI chips are anticipated to have more challenging problems (temperature
non-uniformity, localized hot spots, complex uidic connection, mechanical design etc.) in
cooling systems, and solving these issues will be exorbitant and unproductive.

Design automation has dramatically improved the designer productivity and resulted
in faster design time, and lower design cost. Designing every single gate from scratch is
certainly not a best approach. Alternatively, an attractive approach is to use a library
of appropriate prede ned standard cells as a building block to design most functional
blocks. Semiconductor companies provide CAD tools with standard cell libraries, but the
selection of standard cells and their performance is often limited. Regardless of performance
con ne, standard cell libraries are valuable even in design of high-performance VLSI chips.
Most of the time, only small portion of chip has performance critical units, and rest of
the design could be maximally automated to take the advantage of standard cells without
deteriorating the predicted performance. Standard cells library is also useful in full-custom
design. Custom cell libraries can be made and shared by designers of performance critical
units, as a result it causes a smaller number of cells to be created and veri ed, thus,
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dropping the overall chip layout time substantially. Therefore, development of a quick-
witted cell library for high performance chips is crucial.

A cell library consists numerous cells with di erent sizes, functionalities and driving
load capabilities; ip- op and latches are part of them. In synchronous VLSI circuits,
ip- ops and latches play a critical role in timing, functionality and performance of the
overall chip. However, these are clock driven circuits and consume a signi cant amount of
total power, even when the data activity is low. Therefore, substantial research has been
carried out to design ip- ops that are power and energy e cient at low, medium and high
data activity levels.

Thus, continuous research on nding new architectures and methodologies for low-
power, low-energy and high-performance ip- ops is desirable. An ideal universal ip- op
has lowest-power and energy consumption, fastest speed, and highest robustness against
noise. In practical ip- ops, increasing performance causes a trade-o between power and
robustness. Therefore, there is need to have a standard cells library with set of diverse
ip- ops and latches based on di erent performances in order to get the bene ts of low-
power consumption and robustness, which in turn saves the design time, cost and e orts
of overall VLSI chip. The idea for this thesis is to compare the performance of recent
advanced ip- ops based on their power delay product versus input data activities. This
would provide us a decent understanding of di erent ip- op architectures and help the
designers to pick-up the best ip- op based on their application needs.

1.1 Flip- ops and Latches

In clocked sequential circuits, ip- ops and latches provide memory elements and store
state variables. They are di erent than combinational logic whose output changes after
its inertial delay. A generic memory element consists on internal memory and its control
circuitry. Clock input is used in control circuitry to control the access of memory. Clock
signal instructs the memory element to read its data input and stores that value in its
memory. After some delay, output imitates stored value. Memory elements are categorized
into two main classes, ip- ops and latches.

Flip- ops: Flip- ops are often edge triggered. Edge triggered ip- ops are realized
through a master-slave arrangement ensuring that data does not ow-through the

ip- op.



Latches: A latch can be in transparent state or holding state depending on the clock
levels. In the transparent state, the data ows-through, while in holding state the
output is disconnected from the input.

Waveforms of Figure 1.1 illustrates the working principle of ip- op and latch. As it
can be seen in this gure, output of positive edge triggered ip- op is only available on
positive edge of the clock, whereas in the case of active high latch, inputs are transmitted
to output during high clock cycle time.

Figure 1.1: Working principle of (a) Positive Edge-Triggered Flip- op, and (b) Active High
Latch [2].

In synchronous digital designs, ip- ops and latches are typically involved in data and
control paths. Latches are preferred for non-timing critical con gurations due to a smaller
number of logical gates, low-power consumption, and clock skew issues. For example, these
are used in binary encoders to keep the tracking of bits, asynchronous systems, power
gating and clock storage devices, computing, data storage, etc. Flip- ops are preferred
over latches for timing critical con gurations. For example, registers, counters, frequency
dividers, storage devices, etc. Additionally, latches su er with noise issue in their enable
signal which disrupts output easily, while ip- ops are robust.

1.1.1 Flip- op Power Consumption Sources

There are three main sources of power consumption in digital Complementary Metal Oxide
Semiconductor (CMOS) circuits, summarized in following Equation 1.1.



Pwta = DynamicP ower + DirectP athP ower (ShortCircuits ) + Leakage
=)  Pota = DA(CLVSDfCK)"' IscVbp + |Leakage VoD (1.1)

The rst term characterizes the switching element of power, wher€_ indicates load
capacitance,fck is the clock frequencyVpp is the supply voltage and DA is the input
data activity. The second term denotes the direct path short circuit current sc, which
arises when both PMOS and NMOS transistors are active and current ows directly from
supply voltage to ground. Last term represents leakage power, which is getting more and
more attention as we progress towards deep sub-micron technologies [14]. Primary reasons
for leakage @re substrate injection, gate leakage and subthreshold e ects etc.

Equation 1.1 speci es, ip- op power consumption depends heavily on its circuit struc-
ture and input data activities. All nodes in the circuit involve in total power dissipation of
the circuit, so equation 1.1 is applicable to every single node in the circuit. In well-designed
sequential circuits, switching component is the dominant term, thus, the goal of low-power
circuit designer should be minimizing it, while maintaining the required functionality and
nding the cost of such minimization in terms of area and performance.

1.1.2 Timing and Delay De nitions for Flip- op

The performance of ip-op is quali ed by four important delay terms which are, D-C
(Data-to-Clock), C-Q (Clock-to-Output), D-Q (Data-to-Output) and hold time. D-C and
D-Q delays are often referred as setup time and propagation delay, respectively. Setup and
hold time de ne the relationship between clock and input data.

Setup Time (D-C Delay):

In order to function correctly, edge-triggered ip- op needs input data to be stable
some time before the arrival of active clock edge. The data value must stay stable during
this time to ensure that ip- op retains the correct value at output. Setup time with
low-to-high transition of data can be di erent from high-to-low transition of data. Thus,
maximum value obtained between these transitions is considered as setup time.

tsetup = max(tsetupLH ;tsetupHL) (1.2)

Hold Time:

Flip- op correct operation needs data signal to be stable for some time after the passing
of clock edge, this time is known as hold time. Hold time can also be negative, which means
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Figure 1.2: Flip- op Timing Diagram.

data can be altered even before the clock edge and still previous value will be stored. Again,
hold time for low-to-high transition can be di erent from high-to-low transition of data,
thus, maxim value obtained between them is chosen as a hold time.

thotd = MaX(tholdir ; tholdHL ) (1.3)

C-Q Delay:

C-Q delay is the time interval between clock edge and output signal edge. It gives the
information that when new output begins being stable after the arrival of clock edge signal.

tc @ = max(tcqu, ;tequ ) (1.4)
Propagation Delay (D-Q):

Propagation delay is the time delay between data signal to propagate at the output. It
is sum of D-C and C-Q delays. Mathematically,

tb g=tph cttc o (1.5)

Generally, propagation delay for low-to-high transitions di ers from high-to-low tran-
sitions. Therefore, maximum value from these two is chosen as a propagation delay.

to Q= maX(tDQLH ;tDQHL) (16)
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The de nitions of D-C, C-Q, D-Q, and hold time are illustrated in timing diagram of
Figure 1.2.

1.1.3 PDP and EDP for Flip- op

Power delay product (PDP) is used a performance-oriented metric and de ned as a product
of total power consumption and D-Q delay. It is viewed as amount of energy consumed in
each switching event. Equation 1.7 de nes PDP in terms of DAC, and Vpp .

PDP = DA(C_VZ, fck )=fck = DA(CLVS,) (1.7)

An ideal ip- op is fast in speed and consumes lesser energy. The energy delay product
(EDP) is a combined metric that brings those two elements together, and is generally used
as the ultimate quality metric [4]. EDP is equivalent to power-delay.

Figure 1.3: Normalized delay, energy, and energy-delay plots for CMOS inverter [1].



When there is a need of low-power and high speed, PDP and EDP play a vital role.
PDP measures energy needed for a switching gate, and it requires optimum voltage as
lowest possible to achieve minimum performance. Low PDP energy e cient circuits may
be slow in performance and in such cases EDP is preferred as a gure of merit. EDP
accounts for both energy and performance. Higher voltages decrease delay but increase
energy, similarly, lower voltage decreases energy but increase delay, thus, in both cases
there exists an optimum supply voltage. Figure 1.3 illustrates the trade-o between delay
and energy.

1.2 Motivation

Numerous researchers have worked on low-power ip- op circuits, but generally they are
focused on comparison of two or very few ip- ops. The motivation of this research is
to independently investigate recently published ip- ops on di erent supply voltages and
data activity ranges. Flip- ops are the basic building block of digital circuits, and their
power, speed, size, and robustness play a critical role in overall performance of a digital
systems. In modern ip- ops and latches, clock system is composed of clock bu ers in
clock tree and is one of the most power consuming element in contemporary System on
Chip (SoC) VLSIs. It causes nearly 30% - 60% of total power dissipation in a system [15],
[16], [17], [18]. In addition of that, to maintain higher performance and throughput, more
timing elements are needed for extensive pipelining of data path sections and global bus
interconnections. As a result, power reduction in ip- op would have a deep impact on
total power consumption.

Moreover, from timing context ip- op latency consume a huge percentage of clock cycle
time, while operating frequency increases. Thus, in high performance systems, providing
more slack time for easier time budget is desirable. These reasons encourage for research
on ip- op designs and analysis.

1.3 Contribution

There are many factors which need to be considered in ip- op design based on a required
application. For example, high speed, low-power dissipation, smaller area, lower number
of transistors count, robustness and noise stability, low leakage power dissipation, low
glitch probability, supply voltage scalability, insensitivity to clock edge, and insensitivity



to process variables etc. Some of these factors are dependent on each other and a trade-o
between these parameters is required for high performance systems.

The aim of this thesis is to gure out a small set of recent advanced ip- op topologies
and ascertain their respective strengths. The strategy is to rst explore the traditional
transmission gate ip- op (TGFF) and use it as a reference for rest of others. In this
research seven di erent ip- ops are incorporated in initial benchmark and all these are
recreated using 65 nm TSMC tool kit with minimum sizes of NMOS and PMOS transis-
tors. Layouts of all these investigated ip- ops are designed from scratch using Cadence
tool. Additionally, a scan chain of 256 ip-ops is designed to compare overall power
consumption of scan chain.

1.4 Thesis Organization

This thesis is organized as follows. Chapter 1 presents introduction. Chapter 2 discusses
related work on ip- ops in terms of its classi cations and highlights recent advanced ip-
ops such as Static Single Phase Clocked Flip- op (S2CFF), Adaptive Coupling Flip- op
(ACFF), Topologically Compressed Flip- op (TCFF), 18-T Single Phase Static Flip- op
(TSPC18 and 18TSPC),and Low-Power at Low Data Activity Flip- op (LLFF). Chapter

3 compares schematic simulation and extracted post-layout simulation results of di erent
advanced ip- ops. Chapter 4 explains scan chain of ip- ops and their power simulation
results. Finally, chapter 5 draws conclusions and future work.



Chapter 2

Background

2.1 Classi cations of Flip- ops

Flip- ops can be categorized in many di erent ways based on the behavior of their clock,
input and output signals. For example, edge triggered versus pulse latch, static versus
dynamic, single clock phases versus multi clock phase, single edge triggered versus dual
edge triggered etc. In this section, some of these classi cation will be discussed.

2.1.1 Master-Slave Versus Pulse-Triggered Latch

Latches are transparent, and can be active low or active high. During the time of active
clock level, any change at the input is re ected at the output after its propagation delay.
Data is accepted continuously as long as clock level is active, and as clock level switches
latch is open and output no longer follows the input. Flip- ops are preferred over latches
for their simpler timing design, robustness, and lower likelihood of race conditions. An
edge triggered ip- op can be made-up by connecting two latches in series which work in
di erent phases of clock. In this structure, one of the latches would be transparent high
and other would be transparent low and this structure is known as master-slave ip- op.
Generally, setup time of ip- op is given by master latch, and propagation delay is given

by slave latch. Figure 2.1 depicts the block diagram and timing waveform of master-slave

ip- op.
Transmission gate ip- op is an example of master-slave con guration. It is extensively
used in digital sequential circuits due to its less number of transistors as well as low-power
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Figure 2.1: Block Diagram and Timing Waveform of Master-Slave Flip- op.

Figure 2.2: The Conventional Static Transmission Gate Flip- op (TGFF).
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consumption compared to other CMOS FFs. TGFF has clk and its complement clkn
signals, which are connected to eight transistors of the transmission gates and overall it
needs total of 12 transistors for clocking the ip-op as shown in Figure 2.2. When clk
="1", master latch samples data input by switching transmission gate on in feed-forward
path, while slave latch holds previous value by switching feedback transmission gate on.
When clk = "0", feedback transmission gate of master is turned on to restore the logic
levels of previous stored data and forward path of transmission gate of slave latch is turned
on to pass the data sampled during clkn to output. Advantage of TGFF is that it needs
total of 24 transistors for ip- op operation, but drawbacks is that it requires 2 clock
phases and its clock circuitry needs 12 transistors, which causes high capacitive loading
and as a result dynamic power consumption of TGFF is high e

In pulse-triggered latch, very sharp pulses are used as a clock signal. During the pulse
period the latch enables data transfer to the output, and rest of the time the latch is in
blocking mode. Consequently, a pulse-triggered latch acts as an edge triggered ip- op.
The data should be stable during the pulse width. In pulse generator concept of delaying
the signal is used, in which a clock signal is applied at the input and very short pulse
is obtained on each clock cycle at the output. The hybrid-latch ip- op (HLFF) and
semi-dynamic ip- op (SDFF) represent the category of pulse triggered ip- op, in which
performance is improved because of negative setup time as data inputs get brief transparent
period created by pulse generator. These ip- ops also show soft-edge property in which
robustness improves against clock skew. Schematic diagrams of HLFF and SDFF are shown
in Figure 2.3.

In HLFF, a pulse generator is part of ip- op circuit. When CK ='0', NMOS transis-
tors M2 and M8 are turned o whereas PMOS transistor M1 is turned on, which causes
node X to be pre-charged to logic '1', and output node Q is decoupled from X and holds
previous state. Similarly, when CK = '1', M1 is turned o, M2 and M8 are turned on
while M4 and M10 are switched on for a short amount of time period determined by pulse
generator delay. During this time period, ip-op is in transparent mode and samples
the input data D. Once pulsed clock goes low, node X decouples from input D and either
remains in previous state or pre-charged to logic '1' through M1.

On the other hand, SDFF combines dynamic input stage with static operation. When
CK ="'0", node X pre-charged to logic '1' and output node Q holds the previous state.
When CK ="'1", node N3 remains at logic '1' for a time window equal to the delay of two
inverters and the NAND gate. During this time period, if D ='0', then X remains at logic
1. If D ='1" then X starts to discharge for output transition. SDFF has large pre-charge
capacitance and huge clock load, which causes it to consume more power.
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Figure 2.3: Pulse Triggered Flip- ops (a) Hybrid-Latch Flip- op (HLFF) proposed in [2],
and (b) Semi-Dynamic Flip- op (SDFF) proposed in [3].

2.1.2 Static Versus Dynamic Flip- op

In static ip- ops, stored values are preserved even clock signal is stopped. These ip-
ips are reliable and robust, which makes them attractive to be used widely in industrial
applications.

On the other hand, in dynamic ip- ops stored values are destroyed if they don't get
refresh for a while. These ip- ops are fast, having less clock load, and consume less power
and area, but susceptible to noise and unable to work at low clock frequency. Because of
their dynamic nature, these are only suitable for particular applications such as frequency
divider. These ip-ops also su er from potential failures. Reverse leakage current in pn
junctions and subthershold leakage in MOSFET are the reasons for discharging of dynamic
nodes. With the help of keepers at dynamic nodes, dynamic ip- ops can be changed into
static ip- ops. Figure 2.4 shows the schematic diagrams of static and dynamic ip- ops.

12



Figure 2.4: (a) Static Flip- op, and (b) Dynamic Flip- op [4].

2.1.3 Single Clock Phase Versus Multi Clock Phase Flip- op

As discussed previously that, in master-slave ip- ops, two latches are connected in cas-
caded manner which work in di erent clock phases. If master and slave both have same
structure then generally two clock phases are needed. However, by doing some modi ca-
tions in two latches number of needed clock phases can be dropped to one. For example
by using complementary latch of master for slave.

In this regard, true single phase clock ip- op is a single clock phase ip- op normally
operates at higher speeds than two clock phases ip- ops.

13



2.1.4 Single Edge Triggered Versus Double Edge Triggered Flip-
op

Single edge triggered ip- ops are ordinary ip- ops which work on every active edge of
the clock cycle, whereas in the case of double edge triggered ip ops data is captured on
both edges of the clock cycle. Figure 2.5 shows the block diagram of double edge triggered
D ip- op,in which positive edge triggered ip- op samples the data during positive edge

of the clock and negative edge triggered ip- op samples the data during negative edge of
the clock cycle.

Figure 2.5: Block Diagram of Double Edge-Triggered D Flip- op [5].

Generally, double edge triggered ip- ops are attractive for low-power applications; as
they utilized both edges of the clock signal to capture the input data, but each ip- op
needs multiplexer at its output and consume more area than ordinary D ip- op. Figure
2.6 is transistor level implementation of Figure 2.5 . Positive and negative latches composed
of transistors M1 to M4 and M5 to M8, respectively. Both these master latches conduct
on opposite phases of the clock. The multiplexer, used in the place of slave latch, chooses
the result of opaque master. Thus, data changes on both edges of clock.

14



Figure 2.6: Schematic Diagram of Dual-edge Triggered D Flip- op [6]

2.2 Recent Advanced Flip- ops

In this section, some recent advanced static CMOS ip- ops such as ACFF, S2CFF, TCFF,
TSPC18, 18TSPC, and LLFF will be discussed.

2.2.1 Adaptive Coupling Flip- op (ACFF)

ACFF is based on di erential master-slave topology with adaptive coupling scheme to make
state-retention coupling weaker if input state is di erent than its internal state. Adaptive
control element (ACE) has one PMOS and one NMOS transistors in parallel manner, and
same data signal is used to control the gates. Figure 2.7 shows the schematic diagram of
ACFF, where M7 and M8 represent the ACE.

Advantage of ACFF is that it operates on single clock phase without any local clock
bu er and pre-charging stage. Its adaptive coupling nature helps to weaken state retention
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Figure 2.7: Adaptive Coupling Flip- op (ACFF) proposed in [7].

coupling during a transition and makes it suitable for process variations. The circuit needs
total of 26 transistors. By adding few more transistors or increasing the width ratio of
transistors in slave latch, contention issue can be mitigated at the cost of increased area
and more power dissipation.

2.2.2 Static Single Phase Contention-Free Flip- op (S2CFF)

Static single phase contention-free ip- op is based on dynamic true single phase ip- op
and made static by adding a slave latch and few additional transistors. It was designed
for near threshold voltage operation in 2014 using 45 nm technology. It uses total of 24
transistors equivalent to TGFF, and improves power e ciency for all the range of data
activities. The schematic diagram of S2CFF is shown in Figure 2.8. When CK = "0",
node nl holds complement of D value, node X pre-charges through M8, and slave latch
stores the previous value of D. When CK = "1", M7/10 causes node nl to be low, while
M6 causes node X to be high. If previous value of Q is same as current value of D then
there is no transition at node n2, otherwise, node n2 discharges through M12-M14.

Advantage of S2CFF is that, it is a contention-free fully static CMOS circuit and
needs only one pre-charging node X, and drawback is that it requires 5 transistors for
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Figure 2.8: Static Single-Phase Clocked Flip- op (S2CFF) proposed in [S].

clock circuitry, which leads to higher clock tree capacitances and related power overheads.
S2CFF topology has improved its total and clock related power e ciency at high data
activities but at low data activities it still su ers with power and energy e ciency issues

as compare to other CMOS advanced ip- ops.

2.2.3 Topologically Compressed Flip- op (TCFF)

Topologically compressed ip- op is well known for its power e ciency. TCFF comprises
on di erent types of master and slave latches, its slave latch is Reset-Set (RS) type, and
master latch is asymmetrical single data input type [9]. The schematic diagram of TCFF
is shown in Figure 2.9 . When CK goes "1" to "0", PMOS transistors connected to it
turned on and master latch samples the data input. Both nodes VD1 and VD2 are pulled
up to VDD, and input data is stored in master latch. When CK goes "0" to "1", PMOS
transistors connected to it turned o and NMOS transistor turn on and slave latch becomes
data output mode. In this condition, data stored in master latch is shifted to the slave
latch and then outputted to Q.

Advantage of TCFF is that it operates on single clock phase, with 3 transistors clock
load, and total of 21 transistors. Moreover, it is also power e cient amongst all ip- ops
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Figure 2.9: Topologically Compressed Flip- op (TCFF) proposed in [9].

for low data activities. However, it has low-speed and low-voltage drawbacks, because of
temporary short circuit-path in circuit (shown through red line in the Figure 2.9) when CK

= "0" and data changes from "0" to "1", as a result it degrades source voltage of PMOS

transistor M5 (shown in blue line in Figure 2.9) and slowing down the charging process of
Node N2.

2.2.4 True-Single-Phase-Clock 18T Flip- op (TSPC18)

Figure 2.10 shows the schematic diagram of True-single-phase-clock 18T ip-op. This
ip- op has 4 transistors clock load and implemented in 28 nm FDSOI technology [10].

Two conditional feedbacks are implemented to allow data retention. In this regard, seven
additional transistors are used to make this happen without enhancing the clock load of the

ip- op circuit. First feedback path exists between node N3 and N2, and second feedback
path exists between output node and N3.

Advantages of this ip- op are that, it has total of 18 transistors and it improves the
energy as compared to conventional ip-op. Drawbacks of this ip- op are that it has
contention issues (through M7 with M6, and VGS of M15), needs interconnection in poly
(in feedback transistors), and gate biasing is required to manipulate the threshold voltage
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Figure 2.10: 18T Single-Phase Clocked Flip- op (TSPC18) proposed in [10].

of transistors in contention.

2.2.5 18-Transistor Fully Static Contention-Free Single-Phase Clocked
Flip- op (18TSPC)

Figure 2.11 shows the schematic diagram of 18-transistor fully static contention-free single-
phase clocked ip- op. when CK = "0", transistors on D only change the state of node
X in master latch. Switching of X does not prompt any data corruption in slave latch; as
slave is detached from D when CK = "0". When CK = "1", D is isolated, and previous
stored data in X of the master latch is outputted.

Advantage of 18TSPC is that, it is e cient pre-charging ip- op and has 4 transistors
clock load, which reduces its total power at high data activities. However, node X of ip- op
is pre-charged, and its power at low data activities is not as good as TCFF. Additionally,
when D = "0" and CK has low to high transition, then parasitic capacitances of seven
transistors charged through three PMOS transistors (shown in red path in Figure 2.11) as
a result its speed reduces compared to TGFF.
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