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High Performance CMOS Circuits for Fast Carry Generation with Power Optimization

Dissertation Abstract — Idaho State University (2019)

Carry Look-ahead adders (CLA) are used in the broad spectrum of applications from electronics
to medical industry. The critical parameters for the designers of CLA are their speed, size and
power. CLA are the core of the arithmetic logic units, graphic processing units of the
microprocessors and to perform higher bit addition using CLA in these units of the computers,
cascaded structures are commonly used. In this kind of structures, for an instance, a 16-bit addition
could be performed by connecting four of 4-bit adders in series. The trade-offs of these structures
are, the propagation time of the carry signal is higher and they need more transistors to realize the
logic. Increase in the transistor count leads to higher switching activity and higher power
dissipation. This research presents new stand-alone design topologies for CLA carry generation
circuits for 1, 2, 4, and 8-bit addition using complementary metal oxide semiconductor technology.
These designs have both input and output signals connected on a single net, in a single architecture.
They provide better efficiency compared to the cascaded structures. This work presents, the
schematics and the layouts of the proposed stand-alone CLA carry generation implementations
and reference stand-alone CLA implementations at various CMOS technology nodes. The
proposed stand-alone CLA carry generation circuits are evaluated and compared in terms of their
transistor implementation and propagation delay with the reference stand-alone CLA circuits
which have been published. Both analytically and practically the proposed stand-alone CLA carry
generation circuits outperform, the reference stand-alone CLA carry generation circuits.

Key words: Carry Look-ahead Adder (CLA), Carry Generation Circuits, Propagation Delay,

Stand-alone Design Topology, Complementary Metal Oxide Semiconductor (CMOS) and Speed.
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Chapter 1. Introduction

1.1 General Introduction:

Over the years, digital adders have been widely used in a range of applications from electronics,
controls, automobiles, and telecommunications to the medical and aviation industries. They are
the building blocks of the Arithmetic Logic Unit (ALU) and Graphic Processing Unit (GPU) of
various types of computers and digital signal processors.

Digital adders play a vital role in high-performance computing. There are various types of digital
adders in the market. As the number of bits to be added increases, the fastest digital addition is
possible by direct addition of the augends and addends, using a two-level logic adder. This is

shown in Figure 1.1 (a).

Two-level logic adder Ripple carry adder
oz ;1\3 Bf lln Bf T T T Bf
| 1-bit | | 1-bit | | 1-bit| | 1-bit
<— Full [« Full < Full < Full <—
e C+| Adder | © | Adder| C2 | Adder| C! [Adder| C0
° S3 S2 S1 So
[ J
[ J
(a) (b)

Figure 1.1: (a) Two-level logic adder [20]; (b) Block diagram of a 4-bit Ripple carry adder [15]
A two-level logic adder is implemented by feeding a level of AND gates into the level of OR gates.
It is hard to implement the high-level bit addition logic using a two-level logic adder since it

requires millions of transistors to implement it at the circuit level. For instance, a two-level logic



adder requires two million transistors to implement a 16-bit adder [3] [20]. Hence, in a two-level
logic adder, the transistor count increases exponentially as the number of bits to be added increases.
This increases the size of the device.

One solution for reducing the size of the device is to use a ripple carry adder instead of a two-level
logic adder. Ripple carry adders use full-adder logic blocks for processing each bit addition and
the carry bits between each adder are cascaded and propagated. Figure 1.1 (b) represents a 4-bit
ripple carry adder, where A3A2A1Ao and B3B2B1By represent two 4-bit binary inputs, S3S2S1So and
C4C5C,Ci denote the output sum and carry bits of each corresponding bit addition. The addition
takes place from right to left in the order of least significant bits to the most significant bits. Figure
1.1 (b) shows that the carry-out signal of each full-adder serves as the carry-in input signal of the
next most significant full-adder. This rippling of the carry signal from one stage to the other does
not allow the full-adders to operate simultaneously. Each full-adder has to wait for its input carry
signal to be available from its preceding full-adder block, which leads to the propagation delay of
the carry signal from input to output. Hence, the ripple carry adder reduces the size of the device

but escalates the propagation delay. As, the propagation delay of the adder increases, its speed

decreases.
Af Bf /12 Blz AJ Ell Af Bf
1-bit 1-bit 1-bit 1-bit |
full full full full
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Figure 1.2: Block diagram of a 4-bit carry look-ahead adder [4] [7]




The Carry-Look Ahead Adder (CLA) is one of the fastest digital adders. Figure 1.2 represents a 4-
bit CLA. It computes the carry signals ahead of the sum signals. Each full-adder block addition in
the CLA is independent of the output carry signal of its preceding full-adder block as shown in
Figure 1.2. This reduces the propagation delay of the carry signal compared to the ripple carry
signal. Apart from the sum (S3S2S1So) and carry (C4C3C2Cy) output signals, the CLA uses
additional circuitry to improve the speed of the adder. It generates two additional signals, generate
(G3G2G1Go) and propagate (P3P2P1Po) signals as seen in Fig 1.3. This adder acts as a compromise
between the speed of the two-level logic adder and the size of the ripple carry adder. Hence the
CLA is considered throughout this study.

A CLA can be implemented using several technologies. Among them, Complementary Metal
Oxide Semiconductor (CMOS) technology is the most widely used. High noise immunity and low
static-power dissipation are the striking features of CMOS technology. These features help CMOS
technology to stand-out from other technologies and make it popular among designers to realize
various logic specifications. In this dissertation, all schematics are implemented in CMOS
technology. CMOS ON Semi C5 process technology node and 180nm process technology node
are used to design the schematics and perform the simulations. Simulation is the process of using
simulation software (a simulator) to verify the functional correctness of a digital design that is
modeled using an HDL (hardware description language) like Verilog.

1.2 Problem Statement:

The addition operation of most ALU’s of microprocessors and digital signal processors is realized
physically by using a CLA [7]. The major factors influencing the performance of the CLA are
propagation delay, layout area, and dynamic power dissipation.

The propagation delay of the carry signal is a measure of the time taken for an input carry signal



to traverse through the circuit to the output end. The propagation delay factor of CLA also depends
on the number of transistors used to implement the logic and the design topology of the adder
circuit. As the transistor count increases, the propagation delay of the CLA increases and it affects
the speed of the circuit.

The layout size of the CLA also largely depends on the transistor count of the design and the
structure of the CLA. As the layout size of the circuit increases, it occupies more area on the chip.
This makes the chip costlier.

Dynamic power dissipation of any CMOS circuit depends largely on the switching activity of the
circuit. Switching activity of the circuit is a factor of the number of transitions taking place in the
circuit. Dynamic power dissipation of the CLA circuit can be reduced by decreasing the transistor
count of the design and turning off unwanted signals during the circuit operation.

For implementing the addition of a higher number of bits using CLA, cascaded carry chain
structures are used. In these cascaded circuits, the output carry signal is generated after all the
intermediate carry signals are computed from the preceding blocks as shown in Figure 1.3. This
concept of determining the intermediate carry signals increases the number of transistors required
to implement the carry look-ahead logic in CLA. As the number of bits to be added rises, the
propagation delay of the carry signal, layout size and the dynamic power dissipation of the
cascaded CLA carry generator circuit increase significantly. These issues make the modern IC
design more complex.

The purpose of this dissertation is to reduce propagation delay, layout size and dynamic power
dissipation of CLA carry generator circuits by introducing proposed stand-alone CLA carry
generation circuits. These proposed stand-alone CLA carry generation circuits are circuits whose

input and output carry signals are within a single architecture, with simple circuitry. Here the carry



signal of CLA directly propagates from input to output, within a single circuit. In this study, a

variety of stand-alone CLA carry generation circuit topologies are introduced.

Cluster 1 Cluster 2 = Adder Adder Adder Adder Li2 -
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o + Adder ~ Adder <= b « Adder = Adder donbigld [ .. ::f ﬁ:“ A:“ :::f t':i :Mdﬁ —
qu + Adder ~ Adder +* \IN‘EIS + Adder = Adder st r Adder Adder r &st " Adder
' ‘ Instruction & Instruction : Instruction
Data memol Data memo Data memol
" memaory ry memory Y memory
Multicore GPU FPGA

Figure 1.3: Block diagrams of multicore, GPU processors and FPGA with adders [5]
Similarly, in graphically-related applications, the GPU needs faster adders for higher performance,
and also in FPGA’s in their configurable logic blocks, and in a multicore processor. Adders are
also used to generate memory addresses that help the Program Counter (PC) to point to the next
instruction to be executed It is typical that adders take a large area on the circuit as seen in Figure
1.3. All of the example circuits in Figure 1.3 have the same issues discussed in this dissertation.
The performance of the circuits in Figure 1.3 can be improved by incorporating the proposed stand-
alone CLA carry generation circuits.

1.3 Dissertation Objective and Outline

The objective of this dissertation is to reduce the carry propagation delay by introducing proposed
stand-alone CLA carry-generation circuits for 1-bit, 2-bit, 4-bit, 8-bit and 16-bit CLA. To
demonstrate the benefits of proposed stand-alone CLA carry generation designs, they are
compared with current CLA carry implementation designs by simulation.

The outline of this dissertation is as follows:

Chapter 2: History and the State of Art in CLA, provides an overview of CLA operation, it is

generated and propagate signals, and the mathematical equations of CLA. The previous



implementations of CMOS CLA carry-generation circuits for 1, 2, 4, 8 and 16-bit carry-generation
circuits and their critical path delays are compared and their tradeoffs are described.

Chapter 3: Proposed Stand-alone Carry Generation Circuits. In this section of the dissertation, the
schematics of the design implementations of proposed stand-alone carry generation circuits are
introduced. They are designed using Electronic Computer-Aided Design (ECAD) tools and are
analyzed based on their propagation delay, layout size, and power dissipation. The rise and fall
delays are computed across each transition path of the proposed stand-alone circuits. Throughout
the process, the performance of the designs in various CMOS technology nodes is analyzed.
Transistor resizing is done in the process of optimization. Layouts of the proposed design
configurations are presented. Critical path propagation delays are computed both empirically and
theoretically.

Chapter 4: Comparative Results and Analysis, presents comparative results of the proposed stand-
alone CLA carry-generation design topologies and the previous CLA design implementations
based on their propagation delay, layout area, and dynamic power dissipation. It explains the
benefits of proposed stand-alone CLA carry generation circuits over the previous CLA carry
generation implementations in a complete CLA adder circuit and its application in the adder
circuit.

Chapter 5: Conclusion and Outlook. This chapter summarizes and clarifies the work done in this
dissertation by elucidating the importance of the proposed stand-alone CMOS CLA carry
generation circuits and by a brief outlook of potential applications.

Chapter 6: Recommended Future Work, lists areas for further study, and enhancements that could

be made to these designs and their implementation using various design technologies and nodes.



1.4 Glossary

For the sake of clarity, the basic terminology used throughout the dissertation is defined here:
Rise Time (tr): It is defined as the time is taken for a signal to rise from 10% to 90% of its power
supply voltage. In this dissertation, it is used to analyze the speed of proposed stand-alone circuits.
Fall Time (tr): It is defined as the time taken for a signal to fall from 90% to 10% of its power
supply voltage. In this dissertation, it is used to analyze the speed of proposed stand-alone circuits.
Propagation Delay (tp): It is defined as the time taken for the logic signal in a digital circuit to
travel from its input to its output. It is computed by the difference in the transition times of the
input and output signals at 50% of its power supply voltage. In this dissertation, the average
propagation delay is considered throughout.

Carry Rippling: The traverse of the carry signal from one circuit to another.

Critical Path: The longest delay path across the circuit from the input to the output.

Mobility of the transistor: It is defined as the speed of movement of the charge carriers per unit
voltage gradient across the channel. For an NMOS, transistor, electrons are the charge carriers and
for PMOS transistor, holes are the charge carriers.

Switching Speed of the transistor: It is defined as the frequency at which the transistor switches
the logic from one state to the other state.

Design Metrics: The parameters used by the designers to evaluate the performance of the design
topology.

Aspect Ratio: The ratio of width to length of a transistor is known as the aspect ratio of the
transistor.

1.5 Tools Used

Throughout this study, various tools have been used for design implementation, simulation, and



analysis.

Tanner Tools: Professional ECAD tool. During this study, S-editor, T-editor, and L-editor tools
are used for schematic implementation, net-list generation and layout correspondingly on 0.25um
processing node.

Electric VLSI: An open-ended ECAD tool used for drawing schematics and integrated layout. In
this dissertation, all proposed stand-alone carry generation circuits are designed and laid out using
this tool.

LTspice: A freeware Spice tool used for circuit design. All the schematics and layouts

implemented in this study are designed using Electric VLSI tools and simulated using LTspice.



Chapter 2. Background and Literature Review
2.1 Arithmetic Logic Unit (ALU):
Various types of computers and electronic circuits use ALU to compute all the arithmetic and
logical operations. It is a digital circuit which is comprised of adder, shifter and multiplexer
components. All the addition operations in ALU are performed by a digital adder. There are many
progressive adders that have come into existence for this operation. CLA is one among them,
which is considered to be one of the optimal digital adders. It is known for its look-ahead carry

computation feature. The major chip area of ALU is occupied by adder circuitry as seen in Figure

2.1
=
e — M, modules CLA madules
Il —
50 — D
=

BRI las- s
I,
annﬁ»() :DD}D
[

i :-ﬁﬁ} Tg}[}_
ABC- )))]—‘ \
=)
B8 oo —H '_D]j}
D.

A o[>
Mo—

e '

Figure 2.1: Logical Diagram of 4-bit ALU [29]

Figure 2.1 represents the logical gate-level implementation of 4-bit ALU with a 4-bit carry look-
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ahead adder in it. This chapter illustrates the mathematical implementation, applications and the
design issues of CLA.

2.2 Literature Research

This section illustrates the glimpses of literature research of this study.

2.2.1 Intel 8008 Microprocessor

Intel’s first 8-bit 8008 microprocessor includes 8-bit CLA in its architecture for its arithmetic
operations. Figure 2.2 shows the block diagram of this microprocessor with CLA highlighted.
Limitation: The CLA circuit in this block occupied as much die space as the ALU itself, which is

the major drawback of this processor [30].
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Figure 2.2: Block diagram of Intel 8008 microprocessor [30]
2.2.2 74181 Bit-Slice Arithmetic Logic Unit
74181 is a 4-bit parallel ALU chip, which performs 16 arithmetic and 16 logical operations. It uses

a look-ahead logic to realize all the arithmetic operations. To satisfy this feature CLA is
10



incorporated into 74181 ALU, which could be noticed from the figure 2.3 [31] [32].
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Figure 2.3: Logical Circuit Diagram of 74181 Integrated Circuit. [31] [32]
74181 ALU is also used in several processors such as Data General Nova, the Xerox Alto, the
VAX-11/780 and Texas Instruments-990.
Limitation: For 8-bit and 16-bit operations, multiple 4-bit slices of 74181 ALU chip are connected
serially or cascaded [32]. Hence for higher bit 74181 ALU circuitry, the size and the delay of the
integrated circuit increases to a greater extent.
2.2.3 Zilog Z.80 microprocessor
780 microprocessor is an 8-bit processor. The program counter updates, increment, decrement of

the instructions and loop counter functions are served by using a 16-bit incrementer/ decrementer.
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It uses CLA to generate the carry from bits 0-7, 7-11 and 12-14. The size of the Z80 ALU is 4-
bits, so each 8-bit operation requires two iterations to complete the processing through ALU.
Limitation: The limitation of this processor is it requires higher processing time to complete the
execution of higher bit operations. The proposed high—bit stand-alone CLA designs in this study,
would eliminate this drawback by replacing 4-bit CLA structures with 8-bit CLA structures.
2.3 Operation of CLA
The addition operation of CLA is similar to its other contemporary adders, but it stands out from
other adders in computing the carry generate and propagate signals ahead of the sum computation.
Figure 1.1 presents the 4-bit CLA block diagram. The sum computation in this figure is done by
using full-adder blocks for each bit addition discretely and the carry computation is done based on
the following principle. The carry signals of each full-adder stage are calculated independently of
the carry signals generated in their preceding stages. This principle can be clearly explained by the
logical carry equations of the CLA [3] discussed below.
A general Boolean equation for carry generation of CLA is
Civ1 =G+ (P - ) (2.1)
Where i represents the number of the adder block, G; and P; denote generate and propagate signals
respectively, they are defined based on the input bits of the corresponding adder block.
G, =A4A; B (2.2)
P, =A; + B; (2.3)
Where A; and B; represent the inputs signals of each adder block.
For a 4-bit CLA, as seen in Figure 1.1, the carry signal equations for each full-adder block, are as
follows:

Cy=Go+ (Py- Cy) (2.4)

12



Cz = Gl + (Pl . Cl) (25)
C3 = Gz + (Pz . Cz) (26)
C,=G3+ (P;-C3) (2.7)

Equations (2.4) to (2.7), can be re-written by using equations (2.2) and (2.3) as follows [5] [6] [7]:

Cl = Go+(P0'Co) (2.8)
C, =G+ (Go- P)+ (Py- Py - Cp) (2.9)
C3=0G,+ (Gy-P)+ (Go-Py-Py)+ (Py- P+ Py- Cyp) (2.10)

Co =063+ (G2 P3)+(Gy-Pp-P3)+(Go-Py-Pp-P3)+(Po- PPy P3-Cp) (2.11)
From all the above equations, it is evident that the carry signals of each stage are independent of
the carry signals computed in their previous stages. They only depend on generate and propagate
signals, which are computed by the input bits and hence, all the carry signals are anticipated ahead
of time, overcoming the limitation of the carry signal rippling in ripple-carry adders. Logical gate-

level implementation for regular 4-bit CLA for equations (2.8) to (2.11) shown in Figure 2.4 [8].
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Figure 2.4: Gate-level implementation of 4-bit CLA [8]
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2.4 CMOS Implementations of CLA

Digital design flow of any circuit starts from a design specification and then its behavioral
description of the specification, which is then converted to Register Transfer Level (RTL)
description using Hardware Description Language (HDL) to gate-level implementation using logic
gates. This implementation is further converted to transistor-level implementation normally by
logic synthesis function.

Designers often describe a process by its feature size. Feature size refers to the minimum transistor
length. All the schematics designed and simulations performed in this chapter are done using ON
Semi C5 process technology node, which is CMOS 500nm technology. The minimal channel
length of this technology node is 0.6um. So, all the PMOS and NMOS transistors of the schematics

presented in this chapter maintain the same gate length of 0.6um.

2.4.1 Basic CMOS Inverter

CMOS transistor technology is one of the most popularly used transistor technologies to realize
the logic specifications. The features like low dynamic power dissipation, high fan-out capability,
high operating speed and ease of implementing the logic at transistor level make CMOS, a proven
technology. The basic CMOS structure used for implementing logic design is the inverter structure.

Simple CMOS inverter schematic is seen in Figure 2.5.
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Figure 2.5: Schematic of CMOS Inverter

It comprises of both PMOS and NMOS transistors, which are complementary in nature. They are
used in tandem. In Figure 2.5 ‘VDD’ represents the power supply voltage, for ON Semi C5 process
VDD is equal to 5 volts. ‘DGND’ represents the digital ground signal, which by default is
equivalent to 0 volts. A common input signal is applied to their gate terminal and the drain
terminals of both PMOS and NMOS transistors tied together to form an output side. The source
terminal of the PMOS transistor is connected to the power supply voltage, ‘VDD’, whereas the
source terminal of NMOS is connected to ground. PMOS transistor is known as pull-up transistor
since it pulls-up the output to power supply voltage when turned on. NMOS transistor is known as
a pull-down transistor since it pulls-down the output to the ground when activated.

Normally, the mobility of NMOS transistor is higher than the PMOS transistor and hence this
increases the resistance of the PMOS transistors. To have symmetrical rise and fall times of the

output voltage signal in a CMOS inverter circuit and to achieve the desired switching speed of the
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transistors, the size of the PMOS transistor is maintained higher than NMOS.
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Figure 2.6: Input and Output waveforms of a CMOS inverter

The propagation delay of a CMOS inverter defines how quickly the inverter responds to the
transitions in the input. It is measured by the difference in the time taken for an input and output
signal of the inverter to reach 50% of the VDD. It can be noticed from Figure2.6 that the
propagation delay from high to low (tynr) is the delay when output switches from high-to-low
when input switches from low-to-high and the propagation delay from low-to-high (tpLu) is the
opposite of it. The average propagation delay (t,) is computed by taking the average of tpur and
toLu. In this study, the average propagation delay is computed throughout for all the schematics
designed.

The dynamic power dissipation of a CMOS inverter largely depends on the switching activity
factor. The switching activity is the factor of the frequency at which the transistors in the inverter
switch from one logic state to the other logic state. In other CMOS circuits, it also relies on the
number of transistors required to implement the logic. In this study, the dynamic power dissipation
of the CLA carry generator circuits is reduced by reducing the number of transistors required to
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implement the carry-generation logic and by reducing the switching activity.

Figure 2.7: Layout of a CMOS inverter
The layout of a CMOS inverter is represented in Figure 2.7. Layout is a representation of an
integrated circuit in terms of planar geometrical shapes, which correspond to metal, oxide and
semiconductor layers that make up the components of an integrated circuit. In Figure 2.6, for an
NMOS design, green color represents n-diffusion layer for both source and drain, pink represents
polysilicon wire which is used for representing the gate. When polysilicon layer crosses across the
n-diffusion layer it forms an NMOS transistor and when it crosses the p-diffusion layer it forms a
PMOS transistor. The blue color in Figure 2.7 represents the metal-1 layer. Metall layer is used
for connecting the transistors to the power supply and ground rails. The input signal is connected
to the polysilicon wire, which acts as a common gate for both PMOS and NMOS transistors. The
drains for both PMOS and NMOS transistors are tied together using a metall layer and output is

measured across it.
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2.4.2 Cascaded 4-bit CLA

In order to realize 4-bit CLA logic seen in Figure 1.3, initially each 1-bit CLA is implemented at
CMOS transistor level and then they are cascaded together to form a 4-bit cascaded CLA. The
sub-circuits for producing generate, propagate, sum and carry generation signals of 1-bit CLA are

seen in Figures 2.8, 2.9, 2.10 and 2.11. They are further connected together.
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Figure 2.8: Schematic for realizing a generate signal
In Figure 2.8, Ao and Bo represent the input signals of the full- output end inverts the output signal
coming from the schematic and provides a non-inverted output adder in the stage-1 of 4-bit CLA
block-diagram seen in Figure 1.3. The inverter connected at the generate signal Go. Figure 2.8

realizes the logical equation (2.2).
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Figure 2.9: Schematic for realizing the propagate signal

Figure 2.9 presents the schematic required to implement the logic of equation (2.3). The inverters
for isolation and signal clean up are added at the input and output end of the schematics. The
inverters at the beginning of the schematic generate the inverted input signals, which are directly
applied to the transistors in the propagate circuitry. This schematic enables the output to propagate
signal Po when either of the input signals is high.
The sum of each bit of CLA can be logically implemented by

Si=A,®B; D (2.12)
Substituting equation (2.5) in equation (2.12) and re-writing it we get

S; =P, ®C; (2.13)

The sum circuitry realizing the logic in equation (2.13) is represented in Figure 2.10. Similar to
Figure 2.9, this schematic has inverters in the input and at the output end for isolation and signal
cleanup. The signal CO in the summing circuitry represents the input carry signal of the stage-1 of

4-bit CLA in Figure 1.3, and signal PO, is the propagate signal output derived from Figure 2.9. The
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output signal SO here represents the sum of the stage-1 full-adder block in the 4-bit CLA block
diagram in Figure 1.1. The inverter at the output end here acts as a capacitive load, to simulate the

effect of additional circuitry in an actual implementation.
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Figure 2.10: Schematic for realizing the sum signal
The output carry signal of the stage-1 in the block diagram of 4-bit CLA is generated and
propagated by the schematic in Figure 2.11. Equation (2.4) is realized in Figure 2.11. The input
signals GO is derived from Figure 2.8. The output signal C1 in this schematic denotes the output
carry signal of the first stage 1-bit adder. The propagation delay of this output carry signal is
measured at port C1 in Figure 2.11 and is 0.43ns. The inverter at the output end adds a capacitive

load to the schematic. Combining the circuitry in Figures 2.8 to 2.11 forms a 1-bit CLA.

20



+—VDD

L1 A
B

GO e :
PMOS
D? o—a

ey
PO NMOS
S
f———
G0+__NMOS __J M3 I
co ,_J.NMOS

L

Figure 2.11: Schematic for realizing the carry signal

The schematic of the cascaded 4-bit CLA is designed using LTspice and is seen in Figure 2.12.
This schematic cascades four 1-bit adder blocks to form a 4-bit cascaded CLA. This adds two 4-
bit binary inputs A3A2A1A0 and B3B2B1B0. Each block diagram in Figure 2.12 represents the
combined circuitry of generate, propagate and sum signals from Figures 2.8 to 2.11 for
corresponding input bits. The corresponding input binary bits in levelO, levell, level 2 and level3
are AOBO, A1B1, A2B2, and A3B3. This combined circuitry of the block diagram is shown in
Figure 2.13. Once the input signals are given, it generates the output sum signal S3S2S1S0 and

output carry signal C4 along with the intermediate carry signals C1, C2, and C3.
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Figure 2.12: Schematic of 4-bit cascaded CLA

The block diagram of each level in Figure 2.12 is shown in Figure 2.13.
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Figure 2.13: Block Diagram for Sum Computation in Cascaded-CLA
In this case, the consecutive carry signals are computed with a carry signal from intermediate
stages as inputs. This leads to the delay in the carry-generation and carry-propagation of CLA. The
propagation delay across the cascaded 4-bit CLA is computed through transient analysis. The
transient analysis of the four-bit cascaded CLA is presented in Figure 2.14. Here V (c0) represents
the input carry signal and V (c4) denotes the output carry signal generated from the 4-bit cascaded
CLA in Figure 2.12. A piecewise linear function is given as an input carry signal voltage source,

V (c0). The measured propagation delay of the output carry signal V (c4) in Figure 2.12 is 0.95ns.
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Figure 2.14: Transient Analysis of 4-bit cascaded CLA.
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Figure 2.15: Layout of 4-bit cascaded CLA [5]
The layout of the 4-bit cascaded CLA schematic represented in Figure 2.12 is presented in Figure
2.15 [5]. The component color representations in Figure 2.15 are similar to the color
representations used in CMOS inverter layout as seen in Figure 2.7.

It is apparent from the above 4-bit cascaded structure of CLA that, it takes time for the input to
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carry signal ‘C0O’ to propagate all the way to the output carry signal ‘Cout’, propagating through
all the level of the CLA represented in Figure 2.12. This increases the propagation delay of the
carry signal to a large extent. Also, the cascaded 4-bit CLA requires 104 CMOS transistors to
implement the logic, which is high. This leads to an increase in the layout size, further increasing
the chip cost. As the transistor count of the 4-bit cascaded CLA is high, the switching activity of
the adder is higher. This increases the dynamic power dissipation of the CLA. Continuous research
has been going on to augment the performance of CLA by reducing the propagation delay of the
carry signal, decreasing the layout area and dynamic power dissipation

2.5 Previous Work

In this section, the state of art of the CLA design with respect to the above-mentioned issues are
described, along with elucidating, how this dissertation research gives better results than the
previous work done so far in those parameters.

2.5.1 Replacing AND gates with NAND gates in CLA architecture

In a structured approach for optimizing a 4-bit CLA AND gates in Figure 2.4 are replaced by
NAND gates in [10] to reduce the propagation delay, dynamic power dissipation, and power-delay
product. Power-delay product is also known as the switching energy. It largely depends on the
switching activity factor in the circuit, which is directly related to the number of transistors as
explained in chapter 1. This replacement of the AND with NAND gates reduce the number of
transistors required to implement the 4-bit CLA logic. Generally, a CMOS implementation of the
CLA provides inverted output signals, since they are implemented with CMOS inverter structure
as a base. An inverter is used at the output end to get a non-inverted output signal. Replacing AND
gates with NAND gates eliminates the need of using inverters at the end of the AND gates used

throughout the logical circuit diagram of CLA. This replacement decreases the transistor count
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required to implement the CLA compared to the conventional implementation of CLA shown in
Figure 2.4 and which further reduced the layout size. This reduction in the number of transistors
reduces the switching activity and the dynamic power dissipation of CLA in this case. In [10] all
the components except the propagate (P) and sum (S) outputs, which are implemented using XOR
gates are replaced by NAND gates. In this case, the delay caused by the carry-generation and
propagation signals in the cascaded structure used for the implementation is not focused. It focuses
on reducing the delay through the full adder circuits of CLA. This is the major drawback of this
research in [10] since the delay caused by XOR gates used and the propagation delay of the carry
signal in CLA is not reduced by the greater extent. As this design is extended to 8-bit, the factor
of improvement in the design issues wouldn’t be significant.

Table 2.1: Design issues comparison for [10]

Method Adopted | Propagation Delay | Layout Size | Dynamic power

dissipation

Replacing AND -—-- ok ok

with NAND gates
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2.5.2 Realizing CLA using NAND gates
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Figure 2.16: Implementation of CLA using NAND gates [11]
In the work discussed in the [11], all the AND, OR, XOR gates used in Figure 2.4 are swapped
with NAND gates as shown in Figure 2.16. In Figure 2.16, MPFA stands for Modified Proposed
Full-Adder structure, which is a basic arithmetic adder circuit implemented with NAND gates.
NAND is a universal logic gate, as any digital gate logic can be implemented by a NAND gate.
As, stated in section 2.4.2, replacing the AND gates in Figure 2.4 with NAND gates reduces the
transistor count, similarly swapping OR and XOR gates with NAND gates also reduces the
transistor count. This reduces the layout size, better than the research discussed in section 2.4.1.
As the transistor count reduces, the switching activity reduces and dynamic power dissipation
decreases. Also, the 8-bit CLA implementation in [11] is done by using recursive circuits. Here
two 4-bit CLA’s are cascaded to design an 8-bit CLA. The author in [11] mentions that using
recursive circuits by cascading reduces the propagation delay of the CLA carry signal. But clear

evidence showing the drop in the propagation delay is not provided. It is obvious that using
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recursive circuits the layout size increases and dynamic power dissipation increases. This is the
drawback of using recursive circuits.

Table 2.2: Design issues comparison for [11] [12]

Method Adopted Propagation Delay | Layout Size | Dynamic power
dissipation
Replacing AND, OR -—-- ok --
and XOR with
NAND gates

2.5.3 Block-based carry in CLA
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Figure 2.17: (a) Carry generator of 3-bit cascaded CLA; (b) Carry generator circuit of sectional
carry based CLA [13]
The block-based carry in CLA [13] introduces the section-carry based CLA topology as a high-
speed alternative to the cascaded CLA structure. The sum computation circuitry here is similar to
the cascaded CLA structure. In [13], the cascaded structure CLA, discussed in Figure 2.12 is

referred to as conventional CLA. In the sectional- carry based CLA, the look-ahead carry signal
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computation is done in the 3-bit block architecture. In this case, the computation of intermediate
carry signals for 1-bit and 2-bit are avoided. It generates the carry signal for 3-bit in a single circuit,
without cascading intermediate carry signals. Figure 2.17 shows the architectural difference
between the carry signals generator logic implementation in cascaded-3 bit CLA and in 3-bit
sectional-carry based CLA. For instance, in section-based CLA an 8-bit carry look-ahead logic is
implemented by cascading two 3-bit carry blocks and a 2-bit carry block.

This kind of block representation of the carry-generator circuit of CLA paves the way for the
reduction of the propagation delay and improvement in the throughput of the circuit. This study
acts as a good initiative for this kind of design topologies for carry look-ahead computation in
CLA. The drawback of this section-based CLA topology is as, the number of bits to be added
increases, the design metrics like layout area and dynamic power dissipation also increase. These
are the metrics used to evaluate the design. Since, the cascaded-structures are still used here, for
higher bit additions 3-bit carry generation blocks are cascaded, which requires more layout area.
The cost of the chip using this adder circuitry for its applications increases. As, the layout area
increases, the dynamic power dissipation also increases.

Table 2.3: Design issues in block-based design [13]

Method Adopted | Propagation Delay | Layout Size | Dynamic power

dissipation

Block-based Better -—- —
carry signal
computation
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2.5.4 Reference CLA Design Representations
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Figure 2.18: Representation of a 3-bit CLA [14]
Based on the different architectures of CLA discussed accordingly, it is apparent that the
performance of the CLA largely depends on its design metrics. In a novel implementation of 4-bit
CLA [14], a new design topology for carry-generation is introduced. The sum circuitry in CLA
requires full-adders for each bit addition. This study focuses on accelerating the carry generation
logic in CLA. The 3-bit carry generator design topology introduced in [14] is shown in Figure
2.18. Though it is mentioned as a dynamic CMOS logic structure in [14], it is a static CMOS
structure, as one of the input signals acts as a clock signal here. In dynamic logic structures, a clock
signal is used to enable the operation of CLA and disable the operation of CLA. The carry signal
generation design topology introduced as seen in Figure 2.18 doesn’t have a specific clock signal
as an input, and it considers one of the input signals as the clock signal. It is a static CMOS structure

design. As static CLA structures optimization is described throughout this dissertation, the above-
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mentioned topology can be considered for reference. In Figure 2.16, though the logic structure of
carry-generator of CLA looks simplified, the logic circuitry to realize the input signals G>', (P2G1)',
(P2P1Go)' and (P2P1Po Go)' is not presented.

During the literature review of this dissertation, the design topology used in Figure 2.16 is

considered and the 2-bit carry generation logic from [14], represented by the equation (2.14)

6, = |G+ Go)| + [P+ Buco (2.14)
is taken and a 2-bit CLA reference carry generation circuit is developed. This schematic is
represented in Figure 2.17. It requires 19 transistors to realize 2-bit carry generation logic using
the design configuration used in [14] and all the input signals are generated individually, which

needs more transistors.
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Figure 2.19: Representation of a 2-bit CLA reference carry generation circuit
This design topology requires a higher transistor count to implement the carry generation logic.
Even the 2-bit cascaded structure does not require 19 transistors to implement a 2-bit design. In
this case, implementing a 4-bit CLA carry generation circuit using the design topology in Figure
2.19, would be more complex, in terms of the transistor count, and dynamic power dissipation. As

the transistor count increases the layout size of the device increases and the dynamic power
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dissipation increases. This is the drawback of this design topology.

Table 2.4: Design issues comparison for design topology in [14]

Method Adopted | Propagation Delay | Layout Size | Dynamic  power

dissipation

Design topology ok - —

in [14]

A static CMOS implementation of carry generation and propagation circuit in [15] is represented

in Figure 2.20. Figure 2.20 represents a 2-bit CLA carry generator and propagator circuit

Figure 2.20: Representation of a reference 2-bit CLA carry generator and propagator
The 2-bit CMOS CLA carry generator circuit represented in Figure 2.20 needs 12 transistors to
implement the logic excluding the inverter at the output end. In the aspect of the transistor count,
this design is better than the design topology described in Figure 2.19. As the transistor count
reduces, the switching activity of the design reduces and hence the dynamic power dissipation is

low. The propagation delay value of this 2-bit CLA carry generation design measured through
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simulation is 0.23ns, which is better than the design topology in Figure 2.19. The sum circuitry in
the CLA is the direct implementation using full-adder circuits. The major complexity lies in the
carry look-ahead logic block,

Table 2.5: Design issues comparison for design topology in [15]

Method Adopted | Propagation Delay | Layout Size | Dynamic power

dissipation

Design topology ok ok ok
in [15]

The current state of the art in the carry based adder designs using any technology focuses on the
optimization of their design metrics. As all three design metrics focused in this dissertation are
better compared to the other previous works discussed in this section, this design is considered as
the reference topology throughout this dissertation. It is used to evaluate the performance of the
proposed stand-alone CLA carry generation circuits described in the further sections.

2.6 CMOS Implementation of 1-bit, 4-bit, 8-bit and 16-bit reference stand-alone circuits
Considering the design topology in Figure 2.20 [15] as a base, 1, 4, 8 and 16-bit reference stand-
alone CLA carry generation circuits are developed. Stand-alone carry generation circuits here
represent a single architecture circuit, with both input and output carry signals connected in the
same circuit. These circuits do not generate intermediate carry signals. 2-bit reference stand-alone
carry-generation circuit is seen in Figure 2.20. Figure 2.21 to Figure 2.25 represent the schematics

of reference stand-alone carry generation circuits for 1, 4, 8 and 16-bits accordingly.
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Figure 2.21: 1-bit reference CLA stand-alone carry generation circuit

In Figure 2.21, GO, PO, and CO represent the input carry generate, carry propagate and the input
carry signals. The output carry signal generated in this circuit is C1. The propagation delay is
measured across the port C1. The inverter at the output end acts as a capacitive load for the actual
implementation of the circuit. It requires 6 transistors to implement the one bit carry generation
logic presented by equation (2.8).

Figure 2.22 presents the 4-bit reference CLA stand-alone carry generation circuit. It realizes the
logic presented in equation (2.11). Nine input signals GO0, G1, G2, G3, PO, P1, P2, P3 and CO are
required to implement this design. It requires 30 transistors to implement the carry generation

logic.
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Figure 2.22: 4-bit CLA reference stand-alone carry generation circuit
Figure 2.23 represents 8-bit CLA reference stand-alone carry generation circuit. It requires 90
transistors to implement the carry generation logic. The inputs signals, in this case, are doubled,
as of 4-bit representation seen in Figure 2.22. It requires to generate inputs from G7 down to GO,

propagate inputs from P7 down to PO and an input carry signal C0. All the output signals in Figure

2.21 to Figure 2.25 correspondingly, drive an external inverter load.
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Figure 2.23: 8-bit CLA reference stand-alone carry generation circuit
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Figure 2.24: 16-bit pull-up block of CLA reference stand-alone carry generation circuit
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Figure 2.25: 16-bit pull-down block of CLA reference stand-alone carry generation circuit
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The 16-bit CLA reference stand-alone carry generation circuit requires 306 transistors, each of 103
transistors in its pull-up and pull-down blocks. Figure 2.22 and Figure 2.23 represent the pull-up
and pull-down blocks accordingly.

The sizing of the reference stand-alone carry generation configurations is done based on their
placement. The transistors driving the output have higher widths compared to the other transistors
in the circuit. The transistor count and the propagation delay of all the schematics of reference
stand-alone carry generation circuits are tabulated in Table 2.1.

Table 2.6: Reference Stand-alone Carry Generation Circuits Preliminary Data

Reference Stand-alone No. of Propagation Delay (ns)
Carry Generation Transistors of the schematic at ON
Circuits Semi C5 technology
(500nm)
2-bit 12 0.23
8-bit 90 2.74
16-bit 306 10.5

It could be observed from Table 2.1, that as the number of bits to be added, the transistor count
and the propagation delay of the circuit increases exponentially. This would also lead to higher
dynamic power dissipation. This might diminish the performance of the circuit for the higher bit
carry generation circuits, beyond 4-bit. Hence, proposed stand-alone carry generation and
propagation circuits are introduced in the later chapters of this dissertation, to optimize the carry

generation circuits of CLA by resolving the design issues, propagation delay, layout size, and
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dynamic power dissipation to a large extent. Proposed stand-alone carry generator and propagator
circuits described further in chapter 3 are supposed to eliminate the cascading structure problem
discussed in section 2.3.

2.7 R-C Delay Model:

The delay across the CMOS circuits is modeled theoretically in various ways [17]. One among
them is the distributed RC delay. The analytical RC delay model provides the estimation of the
timing analysis of the circuit.

2.7.1 R-C Delay of a CMOS NOR logic gate.

In R-C delay model, all the transistors of the CMOS circuit, are replaced by a switch in series with
a resistor. Each transistor comprises a gate capacitance and source and drains diffusion
capacitances. The realization of the CMOS circuit using R-C delay model can be demonstrated in

this sub-section with an example.
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Figure 2.26: R-C Delay model of a two-input CMOS NOR logic gate
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Figure 2.26 represents the two-input CMOS NOR logic gate and its equivalent RC delay model.
It can be noticed that each transistor is replaced by a resistor with the corresponding diffusion
capacitance across each node. The resistance, capacitance and propagation delay calculations in
the delay model are discussed in the later sub- sections. The R-C delay models of a digital circuit
are also known as R-C transmission networks.

2.7.2 Resistance and Capacitance Computations in the RC delay model

Normally, according to the semiconductor physics, the resistance of the transistor relies inversely
on the width of the transistor, whereas the diffusion capacitance varies directly with the width of
the transistor. During the computations of the resistance and capacitance of the RC network
structure, the following assumptions are made:

e PMOS transistor with the minimum length and width in the circuit is defined as a Unit
PMOS transistor.

e NMOS transistor with the minimum length and width in the circuit is defined as a Unit
NMOS transistor. The resistance of the Unit PMOS transistor is known as the PMOS
effective switching resistance (R;) and likewise, the resistance of the Unit NMOS transistor
is known as the NMOS effective switching resistance (Ry).

The mathematical equations for calculating the effective switching resistance and effective

switching capacitance are seen in the equations (2.15) and (2.16)

, vdd
Rn'= [(Kpn/Z)x(Wn/Ln)x(Vdd—vthn)Z] (2.15)

R

vdd ]

P [(Kpp/z)x(Wp/Lp)X(Vdd—lvthp|)2 (2.16)
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Here, K, and Kj,denote the NMOS and PMOS trans-conductance parameters and are defined
byKyn = tnCox, Kpp = UpCox where ppand prepresent the mobility of electrons in NMOS and
PMOS transistors respectively. W, /L, and W, /L, are the aspect ratios of the Unit NMOS and Unit
PMOS transistors.V;p,and Vi, are the threshold parameters of the NMOS and PMOS transistors.
The resistance across each PMOS and NMOS transistors are computed using equations (2.17) and
(2.18)
Ry = Ry X (Ln/Wy) (2.17)
R, =R, X (Ly,/W,) (218)
And the diffusion capacitance of NMOS and PMOS transistor are calculated using below equations
Coxn = Coyx X scale X W,, X L, (2.19)
Coxp = Cox X scale X W, X L,, (2.20)
For ON Semi C5 process technology node used to design all the delay models, all the necessary
parameter values to compute the delay are tabulated in Table 3.3.

Table 3 List of parameters

Parameter Value
Eox 34.5aF/um
tox 0.14um
Cox 2.48fF/um?
R, 22k
R, 38.5k
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2.7.3 Elmore Delay
Elmore delay is a widely used model to compute the propagation delay of the signals in the digital
circuits. It provides the approximation of the delay through the R-C transmission networks. The
propagation delay time from high-to-low transition and low to high-transition of the R-C delay
model according to Elmore model is computed using the formula shown in below equations:
tpy, = 0.7 X T (Ri.x Ci) (2.21)
tpn = 0.7 x ¥ (Ri.X Ci) (2.22)
In the above equation the product of (Ri.x Ci) denotes time constants across each node ‘i’ in the
pull-up and pull-down networks of CMOS circuits. The time constant across the node in the
circuits is computed by the product of the resistance and capacitance across the node. The average
propagation delay of the CMOS circuit using Elmore model is computed using equation 2.8.

tdelay = 035tp = 0.35 X (Tplh + Tphl) (223)
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Chapter 3. Proposed Stand-alone CLA Carry Generation Circuits
3.1 Research approach
This chapter illustrates the research procedure and the historical data that led to the fulfillment of

the dissertation goal.

Establish the Suggest and compare Further optimize the

reference CLA various CLA stand- best topology with

design alone topologies to —¥| systematic resizing of
Implementations find the best the transistors

A

Demonstration of stand-alone
circuits in  180nm CMOS
technology to show similar
benefits as in C5 process
technology.

Compare the best stand-alone
circuits with reference for 1, 2, 4,
8, and 16 bits in ON Semi C5
CMOS process  technology

Recommend to
optimize the sum
computation circuitry

Figure 3.1: Flow-chart of the research procedure.
Figure 3.1 represents the flow-chart of the research procedure followed in this dissertation.
Initially, during the literature research the reference CLA design implementations are established
using CMOS technology. Then, the four different stand-alone design topologies for various CLA
carry-chains are introduced. They implemented using CMOS ON Semi C5 process technology
node and their performance is compared in terms of the propagation delay of the input carry signal
to the output carry node. Based on their performance one of the proposed stand-alone topologies
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is considered to be the best. This topology is further optimized by systematic resizing of the
transistors in the schematic and extended for 4, 8 and 16-bits. Further, they are compared with
reference CLA design implementations in terms of the transistor count and power dissipation
analytically and practically through simulations. The proposed designs are re-implemented using
180nm CMOS technology node to show the similar advantages as of C5 process technology.
Finally, the future research to optimize the proposed stand-alone CLA designs is recommended.
3.2 Proposed Stand-alone Design Topologies

In digital design, a simple Boolean logical equation can be represented in infinite ways without
modifying its logic. Similarly, the carry generation logic stated in equation (2.1) can be presented
in many fashions. In this study, taking CMOS inverter design as a base, initially, four different
stand-alone design configurations have been developed and proposed to realize the 2-bit CLA
carry generation logic noted in equation (2.5). They are presented from Fig. 3.4, to Fig.3.7
sequentially. Considering, the design topologies both in the pull-up and pull-down structures, the
designs are named using alphabets ‘A’ and ‘V’. Figure 3.2 and 3.3 represent the PMOS blocks
which represent the alphabet ‘A’ and ‘V’ respectively in shape. Similarly, the NMOS blocks are

also named.
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Figure 3.2: PMOS block, type ‘A’ [2]
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Figure 3.4: Stand-alone 2-bit ‘A,V,’ CLA carry-generation Circuit
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Figure 3.7: Stand-alone 2-bit ‘VpA,’ CLA carry-generation Circuit

Proposed stand-alone carry generation circuits are named based on the pull-up and pull-down
structure design topologies. For instance, the configuration with PMOS block representing
alphabet ‘V’ and NMOS block representing alphabet ‘A’ is named as VA, configuration.

The rise time delay, fall time delay and the propagation delay of all the four proposed
configurations across the critical path are listed in Table 3.1. All the transient analysis simulations
are performed using ON Semi C5 process technology. All the NMOS transistors in all the four
circuits are uniformly sized with a gate length of 0.6u and width of 1.2u maintain the aspect ratio
of 2:1, whereas all the PMOS transistors are sized with a gate length of 0.6u and width of 2.4u,
maintaining the aspect ratio of 4:1. The rise delay, fall delay and propagation delay across each

critical path are computed.
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Table 3.1: Delay analysis of 2-bit proposed stand-alone CLA carry generation circuits

CLA Configuration Delay (ns)
Rise Time (t;) | Fall Time (tf) | Propagation Delay (tq)
ApVn 1.09 0.68 0.17
VpVa 0.75 0.77 0.13
ApAn 1.12 0.63 0.17
VpAn 0.77 0.66 0.11

3.2.1 Delay analysis of the proposed stand-alone CLA Configurations

The analysis of the delay results recorded in Table 3.1, is done extensively to select a better
topology between the four proposed stand-alone CLA carry generation circuits. From Table 3.1, it
is evident that amongst the rise time delays of all the four configurations, V,Vi and V,An took
lower time to raise the output signal from 0.1VDD to 0.9VDD and among both the design
topologies the common factor is that their pull-up blocks denote pattern “V’. The fall time delays
are better in ApAn and VpAn design configurations. The time taken for the output signal to transmit
from 0.9VDD to 0.1VDD is lesser in these topologies compared to the other two topologies. In
both ApAn and V,An, the NMOS block denotes pattern ‘A’. Hence, the design configuration that
has its PMOS block representing pattern ‘V’ and NMOS block representing pattern ‘A’ gave the
finest results in terms of the speed, amidst the proposed stand-alone CLA carry generation circuits.
It is obvious from Table 3.1, that VpAn, took lesser time to propagate from input carry signal to
output carry signal and hence, this design topology is considered for the further experiments of
this dissertation. The same kind of analysis is done with 4-bit representations of the proposed

stand-alone CLA carry generation circuits. This whole study of 3.2.1 is also done using CMOS
48



0.25u technology [2].

3.2.2 ‘VpAn’ CLA Carry Generation Circuit Implementations for 1, 4, 8 and 16-bits

In view of the analysis from sub-section 3.2.1, the topology ‘VpAy’ is considered and developed
for realizing 1-bit,4-bit, 8-bit and 16-bit carry generation logic of CLA. The logic in the equation
(2.8) for 1-bit CLA is realized and the schematic is shown in Fig. 3.8, and the equation (2.11) of
4-bit is implemented and is presented in Fig. 3.9. Here GO, PO, and CO represent the input generate,

propagate and carry signals.
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Figure 3.8: 1-bit stand-alone ' VpArn’ design implementation
Figure 3.9 represents the 4-bit stand-alone design implementation. This design requires 18

transistors to implement the 4-bit CLA carry generation logic. Here, the critical path for raising
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the signal from low to high across the pull-up block is through G3-G2-G1-G0-CO0 and the critical

path for pulling down the output signal from high to low is through P3-P2-P1-P0-CO.

=

Figure 3.9: 4-bit stand-alone 'VpA,’ design implementation
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Figure 3.10: 8-bit stand-alone 'VpAs’ design implementation
Figure 3.10 represents the 8-bit stand-alone 'V,An’ design implementation. This schematic requires
34 transistors to implement the carry generation logic. The critical path across the pull-up structure
is G7-G6-G5-G4-G3-G2-G1-GO-CO and for the pull-down structure, it is P7-P6-P5-P4-P3-P2-P1-

P0-CO. The transistor count across this schematic in Figure 3.10 is small compared to the 8-bit
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design schematics described in chapter 2. This reduction in the transistor count reduces the

switching activity and power dissipation in the circuit.
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Figure 3.11: 16-bit stand-alone 'V,A,’ design implementation
Figure 3.11 represents the 16-bit stand-alone 'VpA,’ design implementation. This design requires
66 transistors for the 16-bit CLA carry generation design implementation. The critical path across

the pull-up structure in Figure 3.10 is G15-G14-G13-G12-G11-G10-G9-G8-G7-G6-G5-G4-G3-
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G2-G1-GO-CO0 and for the pull-down structure, it is P15-P14-P13-P12-P11-P10-P9-P8- P7-P6-P5-
P4-P3-P2-P1-P0-CO.

All the schematics in this section are designed using the Electric VLSI Design System, an ECAD
tool, which allows the circuit design from schematic to layout. Initially, all the "VpA,™ design
configurations are simulated by maintaining the aspect ratio and physical dimensions of the PMOS
and NMOS transistors the same as in section 3.2.1, uniformly.

3.2.3 Transistor Resizing

As in the course of optimization of the proposed 'VpA,’ design configurations, for reducing the
propagation delay, the transistor-resizing is done all over. The transistors are re-sized depending
upon the placement of the transistors. The transistors that are driving the output, the ones which
are closer to the outputs have higher widths compared to the transistors that are placed farther from
the output. The resistance of the transistor is inversely proportional to its width, higher the width
of the transistor, lower is its resistance. For an instance for a 4-bit 'V,A,’ CLA circuit, the aspect
ratio of PMOS transistors of 4:1 with a gate length of 0.6u, is raised to 7.2:1 by augmenting the
width of 0.2u across each consecutive vertical path [2]. The corresponding NMOS transistors
across each vertical path maintain half the width of the PMOS transistors in that vertical path.
Simulations of all the design configurations discussed in this dissertation are done by raising the
generate signals to 1 and zeroing the propagate signals, to see how quick the carry output signals
are generated and propagated across the circuit. This method of turning off the unwanted gate
signals in the non-critical path also reduces the dynamic power dissipation. Transient analysis of
the schematic is performed for all the Proposed ‘VpAn’ Stand-alone design configurations at ON
Semi C5 process technology node and CMOS 0.18um technology node. The propagation delay

and the transistor count of each proposed ‘VpAn’ schematic is listed in Table 3.2.
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Table 3.2: Schematic ‘VpAn’ Simulation Delay

Proposed Design No. of Propagation Delay Propagation Delay
(VpAn) Transistors (ns) of the schematic (ns) of the
at ON Semi C5 schematic at
process 0.18um
1-bit 6 0.11 0.05
2-bit 10 0.13 0.06
4-bit 18 0.25 0.08
8-bit 34 0.67 0.19
16-bit 66 1.96 0.57

3.2.4 Layout Designs of Proposed ‘VpAn’ Design Configurations
All the proposed stand-alone ‘VpAn’ design configurations are laid out using the Electric VLSI
ECAD tool. Fig. 3.12, to Fig. 3.16 present the layout designs of 1, 2, 4, 8 and 16-bit designs

respectively.
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Figure 3.13: 2-bit Stand-alone 'V,A,’ Layout Implementation
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Figure 3.14: 4-bit Stand-alone 'V,A,’ Layout Implementati
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Figure 3.15: 8-bit Stand-alone "VpA,’ Layout Implementati
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Figure 3.16: 16-bit Stand-alone 'VpA,’ Layout Implementation
The layout simulations of all the ‘“VpAn’ configurations are performed at both On Semi C5 process
technology and at CMOS 0.18um technology node for the propagation delay with and without
including RC delay, caused by the device are computed and recorded in Table 3.2.2.

Table 3.3: Layout ‘“VpAn’ Simulation Delay at 500nm CMOS technology

Proposed Design (VpAn) | Propagation Delay (ns) of | Propagation Delay (ns) of
the layout without device layout including device
parasitics parasitics
1-bit 0.22 0.30
2-bit 0.36 0.57
4-bit 0.77 1.25
8-bit 1.80 3.27
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Table 3.4: Layout ‘VpAn’ Simulation Delay at 180nm CMOS technology

Proposed Design Propagation Delay (ns) | Propagation Delay (ns) of
of the layout without layout including device
(VpAn) device parasitics parasitics
1-bit 0.12 0.14
2-bit 0.19 0.22
4-bit 0.38 0.45
8-bit 1.05 1.26

3.3 Analytical RC delay of proposed stand-alone CLA carry generation circuits

Propagation delay of the CMOS circuits can by computed analytically through R-C delay model.

The simulated propagation delays are calibrated and recorded as discussed in section 3.1 for the

proposed stand-alone CLA carry generation circuits.

In this section, the analytical delay models for the proposed stand-alone CLA carry generation
circuits is developed from an existing model for an extensive analysis of the proposed stand-alone

circuits. Based on the R-C delay model presented in the section 2.6.1, the delay models of the CLA

carry generation circuits are developed.
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3.3.1 RC Delay Model for 2-bit CMOS Stand-Alone ‘VpAn’ Configuration
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Figure 3.17: (a) 2 -bit stand-alone ‘V,A,” CMOS design implementation and its

(b) RC delay model across the critical path
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Figure 3.18: RC delay model for 4-bit proposed stand-alone CLA carry generation circuits

Fig. 3.16(b), represents the RC-delay model for the 2-bit “VpA,’ design configuration across the
critical path of the pull-up network, G1-Go-Co and across the critical path of the pull-down network
P1-Po-Co. Likewise, the RC-Delay models of the critical paths of 4-bit, 8-bit Pull-up and Pull-down
networks of proposed stand-alone CLA carry generation circuits are represented in Fig. 3.17 to

3.19 correspondingly.
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R-C Pull-up Delay Model for 8-bit
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Figure 3.19: RC delay model for 8-bit proposed stand-alone CLA carry generation circuits
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Figure 3.20: RC delay model for 8-bit proposed stand-alone carry generation circuit pull-down

structure

The time constant across the pull-up and pull-down networks of the 2-bit ‘V,A,’ circuit in Fig.

3.17 (b), is calculated by the summation of the RC time constants across the network. Rise-time

constant and the fall-time constant across the pull-up network in Fig. 3.17 are

Tplh S Rlcl + (Rl + Rz)C4 + (Rl + RZ + R3)Cload S 0.33715

Tpnlt = R6C3 + (Rﬁ + RS)CZ + (R6 + R5 + R4)Cload = 0.3ns

The propagation delay across the 2-bit stand-alone ‘VpA,’ circuit is

tp, = 0.35 X (Tpy + Tpn) = 0.22ns
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Using the same method, the analytical propagation delay values across 1-bit, 4-bit and, 8-bit
proposed stand-alone CLA carry generation circuits are computed and listed in Table 3.4.

Table 3.5: Analytical delay of proposed stand-alone CLA carry generation circuits

Proposed Design Analytical Delay (ns) of
(VpAn) the schematics designed
at C5 process node
1-bit 0.14
2-bit 0.22
4-bit 0.43
8-bit 0.92
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Chapter 4. Comparative Results and Analysis
This chapter delves deep into the results of the proposed stand-alone CLA carry generation circuits
and the reference stand-alone CLA carry generation circuits and comprehensive analysis of their
results is presented.
4.1 Comparative analysis of the size
Post-recording the simulated data of both reference stand-alone CLA carry generation circuits and
proposed stand-alone CLA carry generation circuits, a comparative analysis is done based on their
propagation delay and layout size. Table 4.1, represents the number of transistors required to
implement the CLA carry generation and propagation logic for 2, 4,8 and 16-bits carry chain length
using ON Semi C5 process technology in the proposed pattern and the reference pattern. It also
shows the percentage decrease in the device size.
Table 4.1: Size of reference stand-alone CLA carry generation circuits and proposed stand-alone

CLA carry generation circuits

Carry chain length Reference stand- Proposed | Decrease in
(bits) alone CLA carry stand-alone | transistor count
generation circuits | CLA carry | (%)
generation
circuits
2 12 10 17
4 30 18 40
8 90 34 62
16 306 66 78

It could be observed from Table 4.1 that for all the carry-chain lengths implemented, the proposed
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stand-alone CLA circuits require a lesser number of transistors compared to the reference stand-
alone CLA carry generation circuits. There is a significant decrease in the layout size of the CLA
carry-generator, as the carry-chain length increases. Majorly, a notable difference in the sizes could

be identified in the 8-bit and 16-bit.

Size of Proposed vs Reference circuits

350 306
4 300
<)
':z,’ 250
2 200
S 150
g 90
o 100 66
S 0 10 18
0 -
0 5 10 15 20

Carry chain length

—@— Reference circuits Proposed circuits

Figure 4.1: Graphical Analysis of reference stand-alone CLA carry generation circuits and
proposed stand-alone CLA carry generation circuits
The graphical analysis of the data provided in Table 4.1 is presented in Figure 4.1. It could be seen
from Figure 4.1 that there is a significant decrease in the transistor count of the proposed stand-
alone CLA carry-generation circuits. The switching activity in these circuits is very less compared
to reference stand-alone CLA carry-generation circuits as the transistor count decreases
significantly. Hence, the power dissipation in the proposed stand-alone CLA carry generation

circuits is very less compared to the reference stand-alone CLA carry generation circuits.
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4.2 Comparative Analysis of the speed
Table 4.2: Propagation Delay of reference stand-alone CLA carry generation circuits and

proposed stand-alone CLA carry generation circuits.

Carry Chain Reference Proposed stand- Improvement in
length(bits) stand-alone | alone CLA carry- speed (%)
CLA carry- | generation circuits
generation
circuits
2 0.16 0.13 19
4 0.57 0.25 56
8 1.91 0.67 65
16 8.16 1.96 76

The propagation delay measurements for the various carry-chain lengths of 2, 4, 8 and 16-bits
recorded and listed in Table 3.2 and Table 3.5 are compared in Table 4.2. Table 4.2 also, represents
the percentage improvement in the speed of the CLA carry generators by using the proposed stand-
alone circuits. Observing Table 4.2, it is evident that the propagation delay of the proposed circuits
is much lower than the reference CLA circuits. Similar to the size of the circuit, using ‘VpAy’
design topology compared to the reference stand-alone CLA carry generation circuits, there is a
significant increase in the speed of the carry generation and propagation, as the carry-chain length

Increases.

64



Propagation Delay of Proposed vs
Reference circuits

12 10.5
10

Propagation Delay(ns)

Carry Chain Length

—@— Reference circuits Proposed circuits

Figure 4.2: Graphical analysis of propagation delay of reference stand-alone CLA carry
generation circuits and proposed stand-alone CLA carry generation circuits

The difference in the propagation delay of the reference stand-alone CLA carry generation circuits
and proposed stand-alone CLA carry generation circuits is shown in Fig. 4.2. As, the propagation
delay of the reference stand-alone CLA carry generation circuits grows exponentially, for the
increase in the carry-chain length, the propagation delay of the proposed stand-alone CLA carry
generation circuits grows linearly.

The proposed stand-alone CLA carry generation circuits when connected along with the adder
logic circuitry of CLA, perform the high-speed logic addition compared to the reference stand-

alone CLA carry generation circuits when connected to the adder block.
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4.3 Application of a Proposed Carry Chain Circuit in a 4-bit Adder
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Figure 4.3: Four-bit Carry Look-ahead Adder using Proposed Carry Chain Circuit.

A four-bit carry look-ahead adder with proposed carry chain circuit for carry generation and
propagation is designed using LTspice tool and is presented in Fig. 4.3. Here, the initial blocks
represent the schematic of carry generation and propagation signals, and an instance of a block

diagram of levelO is shown here in Fig. 4.4.
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Figure 4.4: Generate and Propagate Signals Schematic Block Instance
The proposed single stand-alone CLA carry generation circuit is used in this adder and it generates
the output carry signal ‘C4’ using the schematic in Fig. 3.13. The sum computation of levelO is

shown using the circuitry in Fig.4.8. Similarly, the sum bits across each level can be generated
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using the logic hardware used in Fig 4.8, with the corresponding inputs of that particular level.
The transient analysis of Fig. 4.5, is performed and the input and output carry signal waveforms

are represented in Fig 4.6.
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Figure 4.5: Sum Computation Circuitry
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Figure 4.6: Transient analysis of a 4-bit Adder with stand-alone carry chain circuit.
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The average propagation delay of the output carry signal, in this case, is 0.42ns.

Table 4.3: Propagation Delay of 4-bit Cascaded CLA and 4-bit adder with proposed stand-alone

CLA carry generation circuit

Propagation Delay of | Propagation Delay of 4-bit Difference Improvement in Speed
4-bit Cascaded-CLA | CLA with proposed stand- (%)
alone CLA carry
generation circuits
0.95ns 0.42ns 0.53ns 56

By, the insertion of 4-bit proposed stand-alone CLA carry generation circuit into the cascaded

adder block the delay of the carry look-ahead Adder carry signal is reduced by 0.53ns and the

speed is improved by 56% as seen in Table 4.3. It is evident from this table that proposed stand-

alone CLA carry generation circuits could be used in the applications wherever adder is needed

for enhanced performance.
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Chapter 5. Conclusion and Outlook

In the current world of microelectronics, there is always a need for high performance, lower power
consumption, and portable computing devices. High-performance digital devices have become a
part of our daily life and the processors used today are measured based on their ability to perform
computations. The addition is the vital operation performed in the computational devices like
ALU, GPU and DSP architectures and hence, digital adders are widely used. CLA is one of the
high-speed digital adders. The cascaded carry generator structure used for carry generation and
propagation operation in multi-bit CLA adders require more time to generate and propagate a
signal from input to output. The design topology used for cascading needs more amount of the
transistors. As the transistor count increases, the switching activity increases. This increases the
layout size, propagation delay of the carry signal and power dissipation factors Theses parameters
raise the design complexity to the designers. This is the trade-off of the CLA carry generation
circuit design. Proposed stand-alone CLA carry generator circuits have a single architecture to
generate and propagate the carry signals. The proposed stand-alone CLA carry generation circuits
for 2-bit, 4-bit, 8-bit and 16-bit have been introduced in this work with a lesser number of
transistors compared to the reference CLA structures used.

5.1 Summary

This dissertation presents an approach to reduce the propagation delay, the layout size of the carry
generation circuits. The patterns proposed does not rely on the carry of the preceding block. It
helps to reduce the delay caused due to the propagation of the signals across large circuits. The
major contribution of the work is introducing the stand-alone carry generation circuits and
analyzing their performance both analytically and empirically. Optimization of the proposed stand-

alone CLA circuits is done as part of the design by resizing the transistors repeatedly. During this
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research, the proposed circuits are designed, simulated and their delays are calibrated using various
CMOS process technologies from lum, ON Semi C5 process design, 0.25um to 180nm. Physical
layouts of the proposed circuits are designed. The time taken by these designs to propagate the
carry signals from input to the output and generate the carry signals including the device parasitic
is measured. Analytical RC delay models are developed for the proposed circuits. Reference CLA
carry generation circuits are developed, optimized and their delays are calibrated, and the
performance of the proposed stand-alone CLA circuits is compared to the reference stand-alone
CLA circuits based on their design issues.

5.2 Contributions to the research problem

e The overall goal of the research is to introduce single architecture carry generator circuits
of the CLA of various carry-chain lengths for better performance and the device size, to
overcome the limitations of the cascaded carry generator circuits. This is achieved by
developing four different stand-alone patterns and investigating them in the aspects of their
propagation delay, layout size, and dynamic power dissipation.

e The performance of the proposed pattern carry generation circuits for various carry chain
lengths are compared to the reference carry generation circuits in virtue of showing their
improvement in the context of their layout size and speed. This is a significant research
question which is answered.

e The application of the proposed carry generation and propagation circuit in the complete

CLA adder unit is realized and its carry output is evaluated.
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5.3 Outlook

Optimization of the carry look-ahead logic structures is an interesting and advantageous field of
research. Even though the research in this area has been going on for years, there is still scope for
the research in solving the design issues. Proposed stand-alone CLA carry generation circuits
solves some of these design issues. The CLA adders used in ALU’s, GPU’s for memory
generation, in PC are supposed to have high-efficiency and performance. The author of this
dissertation believes that using CLA with the proposed stand-alone carry generator circuits would
be a stepping-stone to provide a concrete solution for the limitations created due to vast cascaded-
CLA structures. As the designers designing the IC’s use the library cells for their design, this study
would help design researches to synthesize new library cells for carry-generation in CLA. During
the process of optimizing the performance of CLA carry-chain circuits, the sum generation circuit
isn’t much concentrated. Enhancing the speed of the adder circuit, and integrating it with the
proposed stand-alone CLA carry generation circuits, would make this CLA best fit for any high-

performance processing applications in the variety of computers.
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Chapter 6. Recommended Future Work

In this study, the proposed stand-alone CLA carry generation circuits are investigated at various
CMOS process technologies and they facilitated the speed and the layout size-reduction
requirements of the cascaded-structures. These patterns enhanced the performance of the CLA
carry generator circuits to a greater extent.

Optimizing the summing circuitry in terms of its design issues is a highly-recommended future
work for some researcher who is interested to continue this study. This will enhance the
performance of many application chips using the CLA structures for their arithmetic applications.
Implementation of these proposed circuits on silicon is a potential area of work to be done. This
can be done by submitting this design to MOSIS, a fabrication service which prototypes the design

on a shared mask with other designs at a low cost to the designers and academicians.
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