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1 Introduction

Enhancement in the semiconductor industry enables the development of new areas of
work and studies in the fields of signal processing, statistical data analysis, computational
processing, image processing, artificial intelligence, high-performance graphics
rendering systems (such as graphic processing units (GPU)), complex systems on chips,
central processing units, biomedical equipment, fuzzy control, and space engineering
[1-14]. Signal and image processing environments utilize theoretical and applied
mathematics for algorithms and hardware that transform preliminary signals from
natural and artificial sources into constructive data, which is valuable for
application-specific purposes. Figure 1 illustrates the generalized block view of a sensor
package. The sensor package comprises a primary sensing element, input channel
interface, data conditioning/signal processing, signal/data transmission, storage,
reference clock, and power subsystem. The primary sensing element converts a physical
quantity into an electrical signal, generating the required information/data component
and noise. It requires further signal processing and noise cancellation to improve the
quality of sensor signals and extract the relevant properties (such as amplitude,
frequency or spectral content, phase, or timing information) from the varying electrical
signals [14].

Generalized Sensor Package Bias / Reference
Excitation Clock and

Power Timing

Source Source

Data Conditioning /

Primary Sensing\ Signal Processing

L
i Element Input

Physlc?l Ej) / E> Char;mel - Correction and Manipulation

Quantity / Element

Interface
Conversion Noise Cancelation
Element Element
Arithmetic -
ADC Element Operations Quantization

Element

*Addition *Subtraction Data { Signal e
St d
- o [::> Presentation

*Multiplication *Division Transmission

* Resistive
* Capacltive
*Inductive

* Other

Challenges

[—+Area and Physical Challenges
[—+Power Challenges

[—+Technological Challenges

—Time Challenges
Figure 1. Basic block diagram of the sensor package.

Analog filters have several significant disadvantages that affect filter performance,
such as component aging, temperature drift, and component tolerance, with a significant
drawback in the inflexibility of the system response. On the contrary, digital signal
processing (DSP) is adaptive and flexible, with a high tolerance for component aging and
temperature drift. To achieve good results, the DSP system must implement all
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mathematical operators in a thoroughly optimized way [1]. The evaluation of addition
and multiplication implementations typically falls into the latency range of 1 to 10 clock
cycles. The performance evaluation of division operation implementation typically falls
into the latency range of 10 to 100 clock cycles [15-19], which is also referred to as
‘execution time’. When executing division on n-bit operands, recursive subtraction is
required for n iterations to get the n-bit quotient.

The division operation can be replaced by several methods using iterative approaches,
such as sequential subtraction (numerical iteration applications) and multiplication
(functional iteration applications). Execution time and implementation area are the two
basic parameters of comparison. Existing Dividers can be classified into subtractive
iteration or functional iteration dividers. Digit recurrence dividers were the first to use
successive subtractions, beginning with the least significant bit to calculate the required
quotient. For n-bit operands, the division requires n recursive subtraction iterations to
produce the n-bit quotient. Digit recurrence dividers are easy to implement for larger bit
size operands, due to subtractive iterations, but require extensive conversion time, chip
implementation area, and a critical selection logic and overlapping region for quotient
bit selection. The SRT (Sweeney-Robertson-Tocher) divider, named after the researchers,
is one of the most implemented non-restoring digit recurrence type dividers. SRT divider,
also known as the radix-n divider. The radix number (n) determines how many quotient
bits are calculated in a single iteration. In SRT dividers, the radix size is typically kept small
because increasing the radix not only increases the number of quotient bits generated
per iteration but also significantly complicates the quotient bit selection logic. This
complexity arises from the need to handle a larger set of quotient values and manage
overlapping regions [15, 20-21]. High-radix division algorithms are implemented with
different architectures (e.g., the array structure or cascading architecture) but require a
comparatively higher chip implementation area [15]. Overflow, due to overcompensation,
causes the selection of a quotient digit out of the range [22-25] and is one of the possible
drawbacks of the Svoboda and Svoboda-Tung algorithm-based radix-n divider, that only
requires a few Most Significant Bits (MSBs) of the partial remainder for the quotient
selection logic.

Functional iterations compute the quotient bit based on the estimation or
approximation of series expansion functions, such as the Newton-Rapson [26-27],
Goldschmidt [11, 28-31], and Taylor series [11, 32-35]. These require the selection of a
reciprocal value at the initial iteration of the conversion. It makes the quotient bit
selection logic critical and complex. Nevertheless, the precision of the outcome and the
possibility of error are contingent on the proximity of the initial reciprocal selection and
rounding off the approximate solution values, rather than infinitely precise ones.
The error depends on the accuracy of the initial estimation. Reducing the error requires
introducing a trade-off between the additional chip area for the look-up table and the
latency of the divider. The Goldschmidt algorithm is a second functional iterative divider
that is only effective for floating-point division because it does not provide the remainder
[31]. Taylor series expansion calculates an accurate anti-divisor (reciprocal) to reduce the
error in the least significant bits of quotient precision with a parallel powering section,
causing extra hardware overhead. The upcoming application areas of high-speed
computation, embedded systems, artificial intelligence [3, 7-8, 36-37], complex SOC [9],
vision systems [1, 5-6, 36-37], automotive control [9], telecommunications [36-37],
the internet of things (loT), cryptography [4, 36-37], and many others, offer the
possibility and requirement of further improvements in division implementation.
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However, a research gap exists for simultaneously utilizing multiple performance
improvement techniques with individual input operands. This provides the possibility of
developing a new technique or combination of a fast or moderate, less complex quotient
selection logic and methods to reduce the chip implementation area. Reducing the
implementation area of the divider block can enhance the overall resource utilization of
the larger system in which it is integrated.

The work presented in this thesis contributes to the significant challenges of quotient
selection logic criticality, the chip implementation area reduction of hardware, and
circuit implementation for the divider, by proposing a novel division algorithm.
The ultimate target of the research is to provide simple quotient selection logic, with
dynamic separate scaling operations for the dividend and divisor, to reduce the
possibility of devastating and costly problems (causing system failure) and reducing the
implementation area for digit recurrence divider implementation. The proposed novel
divider implementation includes a detailed step-by-step conceptualization, outlining
the implementation requirements, and provides resource utilization statistics for further
study and implementation with various applications.

1.1 The scope and the organization of the thesis

A A
( Chapter 1 \ 4 Chapter 2 and 3

A
N\ Chapter 4 \

Proposed

Review
Study

Implementation Results and

Idea Experiments Future Goals

Chapter 1 and 2 ) Chapter 2,3 and 4

Y

\

Figure 2. The scope and the organization of the thesis.

Figure 2 illustrates the progression of the concept of a new divider toward a physical
implementation and evaluation through its various phases. The scope of the overall
thesis is focused on the research required to provide simple quotient selection logic in
order to reduce the possibility of devastating and costly problems, which could cause
operation failure and reduce the implementation area for digit recurrence divider
implementation.

Chapter 1 presents a detailed study of the major concepts, methods, techniques, and
algorithms regarding divider implementation, including the working idea, requirements,
and implementation statistics. This chapter provides a comprehensive overview
of division operation and explains various ways of classifying division operation
implementation with detailed information on specifications, advantages, and
disadvantages.

Chapter 2 describes the definition and conceptualization of the proposed novel
USP-Awadhoot divider implementation.

Chapter 3 presents a detailed description of the application of the novel
USP-Awadhoot divider for complex number division using the Baudhayan-Pythagorean
triplet algorithm.

Chapter 4 presents a detailed comparative analysis study of the implementation
statistics for resource utilization of the proposed novel USP-Awadhoot divider. Waveform
analysis explains the idle working state of each signal in the novel USP-Awadhoot divider.
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It also describes the road map for future research activities to refine the implementation
along with different applications.

Appendix 1 to Appendix 7 present publication details, examples of the proposed novel
USP-Awadhoot divider, and functional waveforms.

1.2 Problem statement and research objectives

Division is a derived operation, similar to multiplication. The division operation can be
replaced by several methods using iterative approaches, such as sequential subtraction
(numerical iteration applications) and multiplication (functional iteration applications).
Multiplicative or functional iterative algorithms are faster than subtractive algorithms
but require a larger area on a chip for implementation; whereas, subtractive algorithms
require less area but have longer execution time. The overlapping region refers to a range
of partial remainder values, where the selection of the next partial quotient is ambiguous
due to the step size of a radix-n divider. It could cause a problem in selecting the true
quotient value. Research and implementation have been carried out for alternative
approaches to design a quotient selection logic, which requires only a few MSBs of the
partial remainder. Because of this, the final remainder value cannot be calculated at the
end of the division. Thus, such a divider is limited to the applications that do not require
remainder data.

Many researchers have worked on various performance improvement techniques,
such as pre-scaling operands, carry-save remainders, array implementations, truncations,
cascading, and differential LUTs. However, these performance improvement techniques
have yet to be fully explored to address the research gap of utilizing multiple performance
improvement techniques simultaneously with individual input operands. This approach
could potentially lead to the development of a new technique or a combination of fast
or moderate methods to optimize conversion time and implementation area. Thus,
the main objective of the present research is to provide a combination of multiple
techniques that can be simultaneously utilized on the individual input operands to
achieve an area-efficient solution for divider circuit implementation. This Ph.D. research
focuses on the following research objectives (RO).

e RO1 - Investigate the currently existing divider solutions to understand the different
concepts of conversion logic, conceptualize the trade-off between area, speed,
and power, and propose a suitable option or combination of options to develop
an efficient divider.

e RO2 - Develop the theory of conversion logic to implement dynamic separate
scaling operations for input operands. Here, a separate scaling operation means
simultaneously using different scaling operations for input operands. A partitioning
operation is used for the dividend. An operation composed of “Veshtanam Sutra
(by osculation) and Lopanasthabhyam sutra (by elimination and retention)” is used
for the divisor. ‘Dynamic’ refers to the different values of “Flag Digit (FD) and
Number of Zeros Cancelled (NZC)”, used in Veshtanam Sutra (by osculation) and
Lopanasthabhyam sutra (by elimination and retention), depending on the
combination of input operands.

e RO3 - Divider algorithm formulation to reduce the criticality of conversion logic by
eliminating overlapping regions in quotient selection.

e RO4 - Implement the divider based on the formulated algorithm, and improve the
area requirements to compose the operand-dependent divider circuit design.
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1.3 Thesis contribution

The main objective of this doctoral dissertation is to explore the research gap in the
simultaneous use of multiple performance enhancement techniques with individual
input operands, aiming to design and implement a divider circuit block with reduced
area. It also intends to provide a solution, based on the divisor and the dividend
relationship, that improves the quotient bit calculation logic and avoids rounding-off
errors. As stated before, this Ph.D. research work relate to the derivation of a new
algorithm for reduced area implementation of the divider circuit block. The design is
developed by simulating the proposed approach and cross-verifying it by performing
regular sequential and pseudo-random performance analyses against standard result

tables generated by simulations and the theoretical study of the proposed idea. Table 1

summarizes the thesis contributions, in relation to the research papers. The novelty and

main contributions of the Ph.D. thesis are as follows:

e In association with RO1, RO2, RO3, and RO4, this thesis contributes to the
development of a novel algorithm for implementing a divider circuit block.
The innovative concept of dynamic separate scaling operations for the dividend and
divisor reduces resource requirements, resulting in a divider circuit block with a low
area footprint.

e In association with RO2, RO3, and RO4, | developed an easy Group Quotient (GQ,,)
value selection logic in the proposed divider circuit block based on the unique
relation derived between Dividend Groups (GD,), Modified Divisor (MD,.), and Flag
Digit (FD) without any critical overlapping.

e Inassociation with RO2, RO3, and RO4, | developed a clear process for selecting the
final quotient based on the Group Quotient (GQ,,), Partial Quotient (PQ,), and
Additional Quotient (AQ) values without critical overlapping regions.

e In association with RO2 and RO3, | implemented a complex divider based on the
Baudhayan-Pythagorean triplet algorithm with the proposed USP-Awadhoot divider
circuit block.

e The described steps reduce the criticality of the conversion logic by eliminating
overlapping regions in the quotient bit selection logic.

Table 1. Publications containing the thesis’ contributions.

Contributions Publication Publication Publication | Publication

I I n v

RO1- Review V4 V4 V4

RO2- Develop dynamic

separate scaling v v v

operations

RO3- Divider Algorithm

formulation ) v 4

RO4- Divider

Implementation and v v v

Improvements
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2 Division circuit block — overview of division algorithms

This chapter is based on publications I, Il, and IV. In the past, limited communication and
transportation made it difficult to establish uniform mathematical standards worldwide.
Hindu-Arabic numerals, which comprise the ten symbols -1, 2,3,4,5,6,7,8,9,and 0,
are based on India's decimal number system. They were mentioned in Aryabhata’s
‘Aryabhatiya’ and Brahmagupta’s ‘Brahmasphuta Siddhanta’ in the 6" and 7" centuries,
and, according to al-Qifti, they were introduced to the Arab world in the late 7 century.
Later, in the 12t century, these were transmitted to Europe via the chronologies of the
scholars, particularly al-Khwarizmi, al-Kindi, and the Italian mathematician Leonardo
Pisano (also known as Fibonacci) [38-41].

Although new concepts, operations, logic, and relations have been developed in
mathematics, ‘addition’, ‘subtraction’, ‘multiplication’, and ‘division’ are still the firm
foundations of applied mathematics [1, 10]. Due to the commutative and associative
properties of addition and multiplication, operands can be rearranged flexibly without
affecting the result [42-43]. The division operation is a derived operation in the same way
that multiplication is also but, instead of successive addition, it is derived by successive
subtraction, along with some controlling conditions. Similar to subtraction, division also
lacks commutative and associative properties, making its implementation in electronic
circuitry critical and challenging. Thus, it is essential to understand the importance of the
critical parameter requirements and problems associated with the implementation of a
division circuit block.

2.1 Importance of division circuit blocks

A Field Programmable Gate Array (FPGA) is an advanced technological feature.
It provides hardware re-programmability, which reduces implementation time and
hardware costs. It gives the flexibility to implement a system on a chip for different
purposes. The Arithmetic and Logical Modules (ALMs) of FPGAs are essential building
blocks for implementing desired logic [44]. FPGA applications are more critical for
automotive control, online data processing, and a wide range of computational tasks,
which could be solved by implementing a small, complex system (such as a computer
system) on a single chip. In general-purpose applications, central processing units
(CPU/processor) perform division with several iterations, even for a few bits. This
problem becomes critical, along with an increasing bit count [10]. Such issues are even
more severe in the graphics processing unit (GPU) and Intel’s many integrated core (MIC)
architecture, which provides parallel architecture [45]. The CPU’s working frequency has
increased to 3 GHz over time; however, this has also led to higher power dissipation [12].

Complex division used in various applications in essential engineering works, such as
earth fault distance protection, acoustic pulse reflectometry, astronomy, non-linear
radio frequency measurements [46,53], and control theory applications (e.g. investigating
root locus, Nyquist plot, Nichol's plot, and microwave system frequency response) [47].
It is also required in digital signal processing and numerical computation applications,
such as Vertical Bell Laboratories layered space-time detection (V-Blast), orthogonal
frequency division multiplexing, and channel equalization of the MIMO system [48].
Earlier, the lack of a dedicated divider (due to its low usage and high chip area
requirements) resulted in an emphasis on division operations performed by software
[6, 18, 49-51]. Designers also have to consider the implementation technology for the
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algorithm as it is directly related to the area and time concerns of divider circuit
implementation [51-52].

As per the studies presented in [15-19] and [51-52], the typical latency for addition
and multiplication ranges from 2 to 8 clock cycles. In contrast, division latency ranges
from 8 to 80 clock cycles [53]. The division could be performed using adders and
multipliers, instead of creating separate hardware for the divider. Such an arrangement
to perform a division operation comes with a significant risk of extended overhead and
possible error in the final result due to rounding off. The algorithms and architectures
studied in [52, 54] show that the focus was placed on improving adders and multipliers
rather than developing a dedicated divider circuit. However, solely prioritizing these
improvements can lead to undesirable behavior, including numerical vulnerabilities and
a higher risk of overflow. [51, 52, 54].

Even if it were possible to build a multiplier to compute in a single cycle, finding a
matching adder would be difficult. Fast-operating multipliers, such as array multipliers,
can have low cycles to execute at the cost of significant area overhead, which would not
be a cost-effective area solution for implementing division operation [51, 52]. This
indicates that the area distribution among the adder, multiplier, and divider circuits
should be proportionally balanced to have an efficient and optimized system. As per the
study presented in [51, 52], iterative algorithms are preferred over pure combinational
algorithms, for implementing division circuit blocks to achieve a low area footprint
system. The study also suggested that neglecting improvements in division operation
implementation is a key factor contributing to performance loss in embedded systems,
digital systems, digital circuits, computer systems, and integrated circuits. Thus, it is
necessary to focus on low-area footprint divider circuit implementation, as the
implementation area introduces critical delays and timing issues in its standard
execution. Also, the increase in the application demand and development of new
application areas encourage the development of area-efficient divider circuit blocks.

2.2 Division circuit block taxonomy

A study conducted by [55] demonstrated that the installation of division circuit blocks
influences the performance of a complicated system. In addition, even the slightest
change, such as a 1% improvement in the performance of the division circuit block, might
affect the system’s performance by up to 20%. Division operations were performed
based on sequential, linear operations and digital circuitry in the applications with low
computation requirements, to express logic functions with high accuracy on account of
the large area and latency [56-58]. Implementation area, computation time, and power
consumption are the three main topics of interest from a system implementation point
of view. The applications developed at this stage required area reduction for the division
because their current implementations lack area and latency efficiency [59-61]. Area
efficiency refers to the percentage of the available hardware resources utilized to
implement the divider. An algorithm can be specified as a computer program or a
hardware circuit design with specifications that describe the computational procedure
to be followed during implementation [62]. Thus, many methods or algorithms have
been researched, designed, and implemented over time, with the common goal of an
efficient divider circuit implementation for an efficient system.
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Figure 3. Division algorithm taxonomy.

In the studies described in [7, 15, 31, 63-65, 71-73], numerous mathematical algorithms
were devised and analyzed over several decades. Many algorithms are difficult to
distinguish precisely, but they may be divided into two categories: digit recursion and
functional iteration [65]. Still, depending on the quotient conversion logic, they can be
broadly summarised into multiple divider classes. The study presented in [15] showed
that division algorithms can be categorized into five distinctive classes. The hierarchical
distribution of various classes of division algorithms is expressed as division algorithm
taxonomy in Figure 3 and described based on the four factors representing conversion
logic, hardware architecture, performance, and execution type [6, 15, 66-67]. There are
five broad categories of division algorithms: digit recurrence, functional iteration, very
high radix, look-up table, and variable latency. Based on the hardware architecture and
access techniques, they can be further classified as serial, sequential, parallel, pipeline,
slow, fast, iterative, and predictive.

2.2.1 Digit recurrence class (DRC)

The digit recurrence class (DRC) of the division algorithm is the earliest and most
pioneering class among all division algorithms [15, 20]. The quotient is calculated using a
series of successive subtraction operations, beginning with the least significant bit [1-3,
15, 20, 66-70]. The digit recurrence class of algorithm-based dividers is categorized into
two types of dividers, commonly known as ‘restoring’ and ‘non-restoring’ algorithm-based
dividers.

Many processors such as Intel Pentium, HP PA 8000, and Sun UltraSPARC [70] initially
implemented a restoring type DRC algorithm-based long division divider concept.
Thus, the remainder and quotient values remain either positive or zero [1, 3, 20, 61, 68,
71-73]. The SRT algorithm is one of the most popular non-restoring digit recurrence
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division algorithms to implement. Furthermore, many attempts [74-105] have been
orchestrated to develop, investigate, and discuss the original concept of the SRT
algorithm, in order to improve it. The trade-off between the components of the choices
to be made is mainly the radix, quotient, and partial remainder representation [15, 50,
97-98], resulting in diverse application selections ranging from less critical to crucial,
which impacts time-cost requirements. A rise in radix value increases the size of the
quotient selection logic table, beyond the practical limits of the implementation. It is
evident that Intel has lost millions of dollars due to the Pentium processor’s flaw in the
overlapping region of the floating-point divider [92, 104]. In 1963, Svoboda devised
another digit recurrence division algorithm based on the partial remainder alone.
It considers quotient digit selection logic based on the remainder’s MSBs [8, 22-25,
119-122]. Tung [22-24, 119, 121] investigated the potential of implementing the Svoboda
algorithm using a signed digit number system.

2.2.2 Very high radix digit recurrence class (VHRDRC)
Unlike SRT and other radix-n divides, these very high radix algorithms have different
hardware and circuitry for quotient selection and partial remainder generation. The high
radix algorithm proposed by Wong and Flynn [123] requires at least one look-up table,
Comprising(Z(m'l) X m) bits. The high radix algorithm proposed by Lang and Nannarelli
[124] shows the construction of a radix-2* divider to implement a radix-10 divider whose
quotient digit is partitioned into two sections, one in radix-5 and the other in radix-2.
The Cyrix 83D87 arithmetic co-processor utilizes a short reciprocal algorithm similar
to the accurate quotient approximation method, to obtain a radix-217 divider [15].
The possible methods, which are applicable to high radix dividers, include the use of:
different look-up tables for quotient digit selection logic [23, 93, 125], pre-scaling
operands [126-131], Fourier division [132-133], alternative digit codes (like BCD digits
instead of decimal and basic binary digits [105]), cascading multiple stages of lower radix
dividers [45], overlapping two or more phases of low radix [85, 94], a truncated schema
of exact cell binary shifted adder array [100, 134-135], on-line serial and pipelined
operand division [136], the parallel implementation of low radix dividers [137], and array
implementation [4].

2.2.3 Look-up table class (LTC)

Look-up tables can hold the pre-computed values, standard values and exact values of
the approximation of the reciprocal for the quotient bit finalizing technique. The latest
development described in [138] pertains to the bipartite reciprocal table, which can be
utilized for reciprocal approximation in dividers. It uses two separate look-up tables for
positive and negative values. The look-up table class is a hybrid class of dividers, as
look-up tables are used to improve dividers from different classes.

2.2.4 Functional iteration class (FIC)

This division method uses successive multiplications instead of subtractions. It is possible
to get multiple quotient digits in a single iteration but at the cost of accuracy, due to the
rounding off of solution values and implementation area [139]. The Newton-Raphson
method is used in IBM 360/91 and Astronautics ZS-1 [26-27]. Taylor Series Expansion is
used in IBM RS/6000 and AMD K7 processors [33, 35]. Later, J. Liu et al. [33] presented a
hybrid algorithm that combined prescaling, series expansion, and Taylor series expansion
for the implementation of a divider.

22



2.2.5 Variable latency class (VLC)

The DEC Alpha 21164 is one of the best examples of a variable latency class algorithm
implementation based on the basic normalizing non-restoring division algorithm [15, 50,
145]. Sometimes, multiple stages are cascaded together with a self-timing partial
remainder in the self-timing technique [118, 146]. The Hal SPARC V9 processor and
Sparc64 are examples of practical implementations of the variable latency self-timing
division algorithm [15, 50]. Richardson [147] described a mechanism for caching results
that can be used with the divider to accelerate calculations in applications involving
repeating operands. In [89], Cortadella mentioned implementing the SRT divider with
variable latency, detecting a variable number of quotient bits at each iteration.

2.3 Hardware architectures

The three primary classifications of hardware architecture are: sequential or serial,
parallel or concurrent, and pipelined or hybrid. The serial hardware architecture consists
of the sequential implementation and processing of the components required for
algorithm implementation and is primarily used for general purposes. Subtractive
iteration-based digit recurrence division algorithms are the best examples of serial
dividers [20, 36, 136, 148]. The parallel hardware architecture consists of multiple
hardware units implemented and processed concurrently to get the desired result with
fewer iterations. This approach is mainly used for graphical processing units (GPUs) and
in Intel's many integrated core (MIC) processors [6, 10, 13, 149-150]. A parallel divider,
based on the Jebelean exact division algorithm [149-151], is another example of a parallel
hardware architecture class divider. The third approach provides parallel processing by
executing the instruction level overlapping of a computational approach [4, 9, 20, 91,
136]. This architecture allows the simultaneous performance of several instructions of
the computation process to achieve some degree of parallelism. Pipeline work structure
can be achieved by designing a computational logic that provides functional overlap in
the execution stage and arranging pipelined hardware, like a fully pipelined array structure
[4, 9].

2.4 Performance improvement techniques

Performance-improvement techniques, like simple staging, overlapping/pipelined
execution, overlapping quotient selection, overlapping partial remainder computation,
range reduction, operand scaling, and circuit family effects are significant in divider
implementation. HP PA-7100 [15, 106] and AMD 29050 [15, 107] microprocessors are
examples of two radix-4, clocking faster than the system clock to perform radix-16 work
in every machine cycle [15, 108]. The AMD 29050 microprocessor also exhibited the same
logic of achieving higher radix. The study presented in [85, 109] showed that many
circuit-level implementations of the SRT algorithm yield different performances, depending
on the choice of circuit family. In the overlapping/pipelined execution, the partial
remainder-dependent pipelined form of execution is performed when a redundant format
represents the partial remainder. In contrast, the quotient selection execution-dependent
pipeline is suitable when a non-redundant format represents the partial remainder [110].

The technique of reducing the divisor by a fixed factor, to bring it as close as possible
to one, is known as ‘divisor pre-scaling’ [15, 111]. The basic concept of the pre-scaling
divisor and dividend, by common pre-scaling factor, is explained in [112-113]. A similar
concept was explained in [102] and it was suggested that the user uses six digits of the
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redundant partial remainder to generate quotient bit selection logic in implementing the
Radix-4 divider. Performance improvement techniques can also be considered for other
classes of division algorithms depending on the particular requirements of individual
algorithm class-based dividers [83, 102, 109-118]. However, no single performance
improvement technique can concurrently address all performance factors, and one has
to decide what type of option to select based on the particular application.

2.5 Summary of comparative analysis

An efficient divider is required for an effective and efficient computation system. Table 2
summarizes a comparative study of the different division algorithm-based dividers.
The initial distribution gives digit recurrence, functional iteration, very high radix,
a look-up table, variable latency, serial/sequential, parallel, and pipelined classes of a
divider [6, 15, 23, 50, 68]. Digit recurrence is the most trusted, implemented, researched,
and commercially used division class amongst all divider implementation classes.
The restoring, and some non-restoring, algorithms implement simple conversion logic
but require a long time and a large area. Functional iterative class dividers compute
the quotient bits by estimating or approximating series expansion functions such as,
Newton-Rapson [26-27], Goldschmidt [11, 28-31], and Taylor series [11, 33-35], where
an approximated reciprocal multiplies the dividend to converge toward the required
quotient. They use multiplication instead of subtraction, which decreases the number of
iterations and provides several quotient digits with minimal latency in a single iteration.

However, multipliers require a larger footprint than adders or subtractors.
Multiplication makes functional iteration dividers more complicated than basic digit
recurrence dividers. This divider has the significant drawback of the quotient bit’s
inaccuracy because of direct rounding off of the approximate solution values, rather than
infinitely precise ones. In the Newton-Raphson iteration, which is limited to two
multiplications and must proceed in series, a significant error is generated. The generated
error depends on the accuracy of the initial estimation. Reducing the error requires
introducing a trade-off between the additional chip area for the look-up table and the
latency of the divider.

Unlike the Newton-Rapson method, which only multiplies the dividend,
the Goldschmidt algorithm multiplies the dividend and the divisor by the anti-divisor.
It is only useful for floating-point division because it does not offer the remainder [31].
Another drawback is that 1’s complement can avoid carry propagation delay but it adds
a new approximation error in each iteration. In Taylor series dividers, series expansion
computes an accurate anti-divisor (reciprocal) to reduce the error in the least significant
bits of quotient precision, with a parallel powering section that calculates high-order
terms, increasing the hardware overhead. Variable latency class [89, 124, 145, 147]
dividers are uncommon due to their complexity and large area. High radix [124] reduces
the latency but requires a large capacity look-up table, which is impractical for
implementation. The look-up table class [67, 138] involves storage like ROM, which
increases the area requirements for implementation. Dividers can be implemented using
one of three distinct hardware architectures.

The serial hardware architecture [20, 36, 136, 148] necessitates increased latency and
conversion time, making it unsuitable for mission-critical applications. In contrast to
serial architecture, parallel hardware architecture [6, 10, 13, 149-150] requires the
concurrent operation of multiple cores, precise synchronization, and a significant
implementation area, resulting in a higher implementation cost.
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Table 2.

Summary of a comparative study of different dividers.

Sr.
No.

Algorithm

Equations

Important Points

Restoring
Divider
[1-3, 15, 20,
61, 66-73].

For J*" iteration
g =0 if R;<0
g =1 if R; =0
R, = 2R, ifq;=0

R =R ifq;=1

It is similar to the long-division algorithm.

Simple logic for implementation.

No requirement for a look-up table.

Iterative subtraction is performed.

The non-redundant number system is used
to write a quotient.

If the partial remainder value not positive or
zero, then the divisor is restored by the
subtraction result performed in that

iteration.

It requires a full-width comparator in each
iteration, and the subtractor, shift register,
and multiplier give the approximate area
requirement for algorithm implementation.

Possible loss of most significant bit (MSB)
and checks for overflow are required.

Requires full-width comparison in every
iteration to get one bit of quotient.

The quotient needed to be rearranged to
get the actual quotient.

Non-
Restoring
Divider
[1-3, 15, 20,
61, 66-73,
174].

For Jt" iteration
g=-1 if R <0
q=1 if R, =0

-1

R;=2R;_; + D, ifq;

R, = 2R

;=2Rj_, — D,ifg;= +1

Like the restoring algorithm, it does not
require the restoring of the partial

remainder if subtraction becomes negative.

No requirement for a look-up table.

Based on the previous iteration sign value of
the partial remainder, only one addition or
subtraction can be performed in each
iteration.

Partial remainder kept between -Dr to +Dr
and quotient digit is -1 or 1.

It requires a sign bit to decide whether to
perform addition or subtraction; the adder,
subtractor, and shift register give the
approximate area requirement for

algorithm implementation.

Requires an extra bit to be added with the
partial remainder, to have a track on a sign.

It requires a separate adder and subtractor
in each iteration.

Area utilization of implementation is
approximately equal to the area required to
implement an adder, subtractor, and shift

register.
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SRT
Divider
[15, 50, 66
74-105]

For Jt" iteration
;=1 if 2R, <-D,

q;=0 if —D. <2R;; <D,

q;=1 if 2R_, =D,

Has one of the values -m, -m+1... -1,
0, +1. . . m-1, m, where m is an
integer comprising k digits of radix-
nas

1

E(n—l) <m<n-1

n=2 and k= *Ib

k
Q= Z qn’
=1

Quotient g is generated as a
dividend division by a divisor of x
most significant bits retiring b bits
of the quotient in each iteration. It
is called a ‘radix-n performing k
iterations’
quotient.

to get the desired

It is a non-restoring algorithm based on
radix-n.

Named after Dura W. Sweeney [74], James
E. Robertson [75], and Keith D. Tocher [7].

For x bits, integer division requires k=x/b
iterations, b is the number of bits detected
in each iteration.

n decides how many quotient bits are
detected in each iteration; if n=2, then one
quotient bit is detected per iteration. Radix—
n is typically selected as a power of base 2.

Each quotient digit has a value from {-m, -
m+1, ....,-1,0, 1, ....... , m-1, m}.

The algorithm implements 2’s complement
value of D, instead of D,., which provides
shifting over zeros to eliminate extra adders
and subtractors.

It needs an extra subtractor to find out the
next partial remainder.

Error results due to few MSBs being used to
predict quotient bits as in low radix, which
decreases with the increase of radix.

Quotient select table plus carry-save adder
(CSA)
requirement for algorithm implementation.
It shows the iteration time of accessing the

gives the approximate area

select quotient table plus multiple forms and
subtraction. It requires a quotient selection
look-up table.

Selecting higher quotient bits causes
complexity in quotient selection logic, and
higher radix implementation is complex due

to impractical multiples of the divisor.

It needs to convert the last remainder to
conventional representation to find the sign
bit, and the quotient correction stage
selection depends on the sign bit.

Very high
radix
[4, 15, 23,
85, 93-94,
100,
123-137]

3 % 3k %k ok %k ok

It retires more than ten quotient bits in one
iteration and requires a large look-up table
with a bigger capacity for quotient selection
logic. A lookup table is required for obtaining
an initial approximation to reciprocal and
quotient digit selection logic.

It uses multiplication to form divisor

multiples.

It differs from the regular radix-n divider

regarding the number and type of

operations used in each iteration and

quotient digit selection logic.

High radix makes quotient selection logic
more complex and impractical to implement
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Taylor
Series
[11, 33,
35, 144]

D,
q= d/Dr and X, = l/D,
q = DaXo{1+ (1 - D.X,o) +
(1= D,X)* + (1 — Dy X)%}
D, = Dividend and D,. = Divisor
1/D, = Antidivisor

It is a multiplicative iteration-based

algorithm, hence requiring a large area.

The precision depends upon the closeness
to the anti-divisor (reciprocal) estimation.

It provides a parallel powering section that
computes high-order terms faster with
minimal extension to hardware overhead.

Quotient digit selection logic look-up table
and three full word length multiplier gives
the approximate area requirement for

algorithm implementation.

Newton-

Raphson
[26-27,

139-141]

Q= Dy/Dy=px(q)™"
fX)=1/X-q7'=0

i)
XD

X=X

a/xi-a™"
X =Xi— = 2 =Xix(2-
a7t xXp)
€n=€ (@)

p = Dividend and (q)!
= Antidivisor

The accuracy can be improved by selecting
a proper root at the beginning.

Latency and error in convergence are
directly dependent on the root selected at
the beginning of the convergence and show
the iteration time approximately equal to
two serial

the time required for

multiplications.

Multiplier, quotient select look-up table,
and control logic give the approximate area
requirement for algorithm implementation.

The final quotient is derived by multiplying
the approximated reciprocal and dividend.

Shows error due to inaccuracy of quotient
digit prediction or estimation.

It requires multiplication and addition or
subtraction at each iteration; using 1's
complement includes more error.

Goldschmidt
(31, 142-
143]

D,/D,=N/D = A/B

Xne1 = X0 (2 = W) = Xy,

Ynt1 = V(2 = ) = YTy,

It is a convergence-based functional

iterative class divider algorithm.

It multiplies both dividend and divisor by
the anti-divisor or reciprocal.

It originates from the Taylor-Maclaurin
seriesof 1/(x + 1).

It does not provide a remainder.

1's complement can be used instead of (2 -
¥n) to avoid carry propagation delay, but it
adds a new approximation error in each
iteration.

Quotient digit selection logic look-up table,
one full word length multiplier, and one full
word length adder/subtractor logic give the
approximate requirement  for
algorithm implementation.

area

Variable
Latency
[15, 50,
89, 118]

% %k %k %k k

Variable conversion times for different sets
of dividends and divisors due to the varied
rate of quotient bit retiring

Self-timing, result cache, and speculation of
quotient digit are some techniques used to
provide variable latency.
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8 Variable The DEC Alpha 21164 is one of the best
Latency examples of variable latency class algorithm
[145-147] implementation, based on the concepts of
the simple normalizing non-restoring
division algorithm.
9 Svoboda mn The quotient digit is predicted based on the
Algz:(tjhm {(m+ Dn—-1) < D, p.ar.tlal remainder without considering the
m(n—2) divisor; one or two MSBs of the partial
Svoboda- m} remainder are used for generating the
Tur.1g quotient digit selection logic.
Algorithm {—m/n —1 <k <m/n- 1} It can select a quotient digit out of the radix
[18i9221_2225]' Range = {0, %1, .......,+m} range as an overflow occurred due to
Boundry limit ={n/2+1 < compensation.
m<n-—1} It requires pre-scaled operands and can
m = Range of SBD and n work on conventional and signed digit
= Radix ranges.
It is also a radix-n-based algorithm with sign
binary digit numbers, like the SRT algorithm.
It is applicable to more than radix 4 and pre-
scaled operands are required; it needs extra
multipliers, resulting in more hardware
overhead.
10 Smaller a1 It is the simplest parallel computing
DivEg]end N, = Z gy 220 ilhgorithm.‘ : :
= e basic phenomenon behind this
n-1 algorithm is to consider division as a
N, = Z 20 fraction.
i=0 It requires an actual dividend greater than
Dy=N, +N, the divisor, i.e., the dividend bit counts as 4n
and the divisor bit counts as n.
Da/Dy = (N, + NZ)/D_r N,/D We can represent dividends in terms of fixed
IN:/D: partitions based on associated weights, as
per the dividers' radix.
The area is directly dependent on the
number of dividend partitions related to the
dividers' radix.
11 Jebelean It applies when a completed division is
Exact bi=d*Q i d long integer rands in
performed on long integer operands
Division Dy = Dgypin® + Dy, digital computation, even after knowing that
[149-151].

by = (—=1n"*Dai) moaa

b = (=150 aDaie) mod d

the remainder is zero.

It works from the least significant digit of the
operands.

Remarkable performance is observed when
radix is a prime or a power of 2.

It takes constant execution time to access a
fixed word-length lookup table.

It takes O(log n) execution time and for short
division, O(n/p +logp ), where n is the
word length of the dividend and p is the
number of processors.

It needs synchronization for borrowing
calculation in parallel.
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12 Proposed Division(Q,R) = f(Dg, D,) It is a digit recurrence class, operand

USP- = f(Awadhoot matrix, Condition) | data-dependent variable latency divider.
Awgt?lhoot It is a non-restoring algorithm based
divider Awadhoot matrix(GQy, Ry) divider but it could be implemented as a
= f(GDg, MD,, FD) restoring algorithm-based divider with

particular changes in the Awadhoot

f(GDq, MD,, FD) matrix and conditions.

= {[(Ry-111GDay)
+ (P —Term),] It implements the novel concept of the
— (8§ —Term),} dynamic separate scaling operations for
the dividend and divisor.

Condition(Q, R)
= f(NDgn, PQ, AQ) The average clock cycle could be reduced
with the help of LUTs.

Division(Q, R) - — - -
= (PQ,0) if NDgp =0 No overlapping region in the quotient bit
’ an selection logic.

Divisi ,R - - -
;v[z(sngn(Q ) Simple conversion logic as the Awadhoot

+1),0 if NDo. = D matrix is defined with a simple adder,
), 0] f NDqn = D subtractor, and multiplier.

Division(Q,R)

= (PQ,NDgy,) if NDg, <D,

Division(Q,R)

=[(PQ
+ AQ), Rag] if NDgy > Dy

A pipelined architecture [4, 9, 20, 91, 136] achieves parallelism in sequential architecture
with parallel processing. Some or all processes of division algorithms can be pipelined to
achieve partial parallel processing. The radix-based SRT division algorithm is among the
most often used non-restoring digit recurrence algorithms. The SRT algorithm is widely
utilized in serial, parallel, pipelined, or cascading architectures and various applications
[15, 20, 50, 70-83, 85-86, 97]. Although the SRT algorithm was the first choice for
commercial implementation in the majority of soft and modern processors, like Intel’s
Pentium processor [92], Xilinx’s FPGA controllers [152], and ALU units of complex
hardware, it is restricted to specific low radix values, significantly less than 10. Radix-2
and radix-4 are the most implementable formats of the SRT algorithm. The primary
reasons for restricting SRT algorithm implementation to specified low radix values are
the increase in the criticality of the quotient selection logic and the significant increase
in storage area requirements for lookup tables for this logic.

Primarily, low-radix implementation is limited to one or two quotient bits per
iteration. In order to decrease division latency, more bits must be retired per cycle.
Increasing the radix can improve the cycle time but raises the divisor multiplier formation
complexity. The alternative is either a pipelined structure or two-stage lower radix stages
merged to generate higher radix dividers through simple staging or, possibly, overlapping
the quotient selection logic and partial remainder computation hardware. The use of
architecture is not limited or restricted to a particular application. Maximum division
algorithm-based dividers can be implemented by a serial, parallel, or pipelined architecture
depending on the application’s cost, area, and complexity suitability. Generally,
improvement in one of these aspects worsens the others; thus, one has to select a
particular algorithm based on the specific application requirements. Many researchers
have worked on various SRT parameter improvement techniques, such as pre-scaling
operands, carry-save remainder, array implementation, truncation, differential look-up
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tables, and pre-computed values, but they have not worked on two different performance
improvement techniques simultaneously with individual input operands. This gap in the
research (i.e., not simultaneously utilizing multiple performance improvement techniques
with individual input operands to improve divider implementation) presents an opportunity
to develop a new technique or combination of fast or moderate methods that are also
area-efficient. | propose a digit recurrence divider based on a state-of-the-art novel
USP-Awadhoot algorithm, for improving distinctive divider implementation with moderate
operation speeds that are suitable for area critical application. The USP-Awadhoot
divider algorithm developed the dynamic separate scaling operations for input operands.
In the following sections, | discuss the implementation of a state-of-the-art novel
USP-Awadhoot divider, developed according to the ancient theories provided by Vedic
mathematics [164] centuries ago. | also discuss the statistical analysis of implementation
resources and elaborate on the comparative discussion with different dividers, followed
by a conclusion and suggested future work directions.

2.6 Chapter conclusion

A detailed analysis of the different dividers has been presented to understand the needs
of the divider circuit block. It helps to decide the fundamentals of the dynamic separate
scaling operations. This chapter covers RO1 — Investigate the currently existing divider
solutions to understand the different concepts of conversion logic, conceptualize the
trade between Area, Speed, and Power, and propose a suitable option or combination of
options to develop an efficient divider. Publications |, I, and IV cover a detailed review
of the different divider implementations.
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3 Design methodology — objective, hypothesis, and algorithm
for the proposed divider circuit block implementation

This chapter is based on publications Il, lll, and IV. All mathematical operations have been
implemented by using electronic or digital platforms. However, it is still critical to
implement division operations, even though more focus has been put on developing
high-performance, faster adders and multipliers than the divider logic. As per Oberman
and Flynn’s article [15], the electronic implementation of multiplication and addition
requires considerably fewer clock/machine cycles and falls into a range of less than ten
clock cycles. On the contrary, division operations require more than tens of clock cycles,
particularly in the range of 10 to 80 clock cycles. Recursive subtraction or multiplication
is at the core of every division algorithm used for the electronic implementation of a
divider. Details of the proposed novel USP-Awadhoot divider are discussed further in this
chapter.

3.1 Objective

The division operation is the most complex and essential arithmetic operation for digital
circuits, computer systems, and embedded systems. Attempts have been made to
improve its implementation by optimizing hardware resources or latency cycles.
Generally, improvements in one aspect worsen the others, requiring the selection of a
particular technique based on application requirements. Implementing division
operations in FPGA is necessary because these devices are increasingly employed to
develop essential system-on-chip applications or enhance current systems, and indirect
division operation results are insufficient. Over the past five years, minimal research has
been conducted and presented in the direction of designing a better division algorithm.
Most have been developed on the SRT algorithm, based on radix-n and high radix
dividers. In the past decade, a few efforts have been based on different theories,
alternate physical designs, application-specific parallel computation, and functional
iterations, to develop a state-of-the-art algorithm for efficient divider implementation.
This has motivated the development of a new technique or combination of improving
latency time and implementation area reduction techniques.

3.2 Hypothesis

There are two primary approaches to enhancing the electronic implementation efficiency
of a divider circuit block. The first involves optimizing the algorithms that govern the logical
data flow and computational processes within the hardware. The second focuses on
improving the hardware design, including the interconnectivity of components and the
overall architecture of the divider circuit block. The first form of improvement is favored
because it is more time and cost-efficient compared to hardware upgrades, which can be
up to 100 times more expensive than soft modifications, such as algorithm enhancement.
Due to the interdependence of software and hardware changes, better algorithms can
be developed based on the best hardware; the best hardware can be developed based
on algorithmic requirements, even though we must consider a better trade-off between
soft and hardware changes for better improvements. Depending on technological
advancements, new algorithms are concurrently being developed with older algorithms
to accomplish the same function more effectively. Based on the application requirements,
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previous algorithms could be improved, a new algorithm could be constructed, or a new
hardware architecture could be created.

Scaling down the operands with a static (fixed) scaling factor is a primary choice in
most schemes used to enhance the performance of divider circuit blocks. There may be
different methods of calculating the scaling factor but the same factor has scaled down
both operands (divisor and dividend). Thus, even after scaling down, the relationship (or
ratio) between the divisor and dividend remains the same.

If the dividend is (x) and the divisor is (y) and both the operands are scaled down by
a common scaling factor (m) then the relation between the dividend and divisor is
expressed as

(x =y) = (tm = Ym) (1)

For example, if the dividend (x) = 500 and divisor (y) = 50, this is scaled down by a
common factor (m) =5. So, the scaled down value of the dividend (x,,,) = 100 and divisor
(3) = 10. The ratio of the initial value of the dividend (x) and divisor (y) is given as:

(x) _ <500> — 10 2)

y/ \s50/)

and the ratio of the scaled-down value of the dividend (x) and divisor (y) is presented as
xm) (100)
—)=(—)=10 3
<ym 10 ®)

There may be several ways of finalizing the scaling factor but, as the state-of-the-art,
the same scaling factor is used to scale down the operands. By scaling the operands,
we can reduce their values which, in turn, decreases the number of iterations needed to
calculate the quotient bits. However, after a certain point, further scaling becomes
impossible because one of the operands reaches its limit, even though the other operand
could still be scaled down further. Nevertheless, it increases the area overhead. Thus,
in the present research, we hypothesized that a novel concept of the dynamic separate
scaling operation or factor could be utilized for operands, lowering the number of
iterations necessary for quotient computation and ensuring area reduction.

Additionally, it is believed to be advantageous to divide the initial dividend value into
multiple group dividends to ease the quotient bit selection logic. It is also hypothesized that
using Vedic sutras can derive a new and constant logic for quotient bit selection. | also
considered a hexadecimal system frame structure in developing the quotient selection
logic, which is expected to provide easy computation. The following sections describe the
novel algorithm for divider implementation, developed based on the above-considered
hypothesis. This chapter is concerned with the following research objectives.

e RO2 — Develop the theory of conversion logic to implement dynamic separate
scaling operations for input operands. Here, a separate scaling operation
means using different scaling operations simultaneously for input operands.
A partitioning operation is used for the dividend. An operation comprising the
“Veshtanam Sutra (by osculation) and Lopanasthabhyam sutra (by elimination
and retention)” is used for the divisor. ‘Dynamic’ refers to the different values
of “Flag Digit (FD) and Number of Zeros Cancelled (NZC)”, used in the Veshtanam
Sutra (by osculation) and Lopanasthabhyam sutra (by elimination and retention)
depending on the combination of input operands.
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e RO3 - Divider Algorithm formulation to reduce the criticality of conversion logic
by eliminating overlapping regions in quotient selection.

3.3 Introduction to the Vedic sutras

This section describes the basics of some Vedic sutras that were used for developing the
novel USP-Awadhoot divider. Vedic Mathematics is an ancient system of mathematics
that originated in India, derived from the Vedas, the oldest Indian scriptures. It is a
collection of mathematical techniques and shortcuts designed to simplify and speed up
calculations. The system was rediscovered in the early 20" century by Swami Bharati
Krishna Tirthaji, who compiled and explained these methods in his book “Vedic
Mathematics” [164, 167]. Vedic sutras are generally the equations that define relationships
between variables or quantities. The following Vedic sutras were used in the development
of the novel USP-Awadhoot divider:

e Veshtanam sutra (by osculation)
e Lopana-Sthapanabhyam sutra (by elimination and retention)
e Aanurupyen sutra (proportionately or by suitable ratio)

3.3.1 Veshtanam sutra (by osculation)

The Veshtanam sutra is a key principle in Vedic Mathematics; it emphasizes the concept
of ‘wrapping’ or ‘encircling’. The word Veshtanam means “to encircle, enclose, or wrap
around” in Sanskrit. This Sutra is often applied in solving equations, particularly in
algebra, and in operations involving multiplication, division, and factorization. The Sutra
suggests that a solution or simplification can often be achieved by encircling or grouping
terms in a convenient way, to simplify calculations. It is especially useful in cases where
operations involve recurring patterns or cyclic properties. The sutra can be applied to
wrap numbers around a convenient base for easier computation.

3.3.2 Lopana-Sthapanabhyam sutra (by elimination and retention)
The Lopana-Sthapanabhyam sutra is a profound and versatile principle in Vedic
Mathematics. The Sanskrit phrase can be broken down as follows:

e Lopana: elimination or removal
e Sthapanabhyam: retention or substitution

Thus, the sutra translates to “by elimination and retention” and it provides a systematic
approach to simplifying and solving problems by strategically eliminating and retaining
terms or variables.

3.3.3 Aanurupyen sutra (proportionately or by suitable ratio)
The Aanurupyena sutra is an important principle in Vedic mathematics. Its meaning can
be derived from the Sanskrit term:

e Aanurupyena: proportionately or by a suitable ratio

This sutra is often applied in mathematical operations where proportions, patterns,
or ratios can simplify calculations. It emphasizes solving problems by finding a proportional
relationship or a convenient scale or identifying patterns that make the computation
easier. It reduces complex division problems into simpler equivalent ratios.
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3.4 Introduction to the proposed novel USP-Awadhoot divider circuit
block

Digit recurrence division has been proven to be utilized in most processors. Commercial
users like IBM, Xilinx, Intel, AMD, Quartus, and HP use many digit recurrence
implementations for their processors, as seen in [15, 50, 70, 75, 83, 88, 92-105, 109-118,
152], due to its simple logic for conversion. It gives the root thought of working with digit
recurrence division. As per [154], a division is one of the most complex and slowest
arithmetic operations performed electronically. Even though division occurs less
frequently than other arithmetic operations, an efficient divider is required for optimal
system performance. While working with large digital systems, there are new
possibilities for reading and writing errors. One common way to solve this problem is to
put the binary numbers in a predetermined order [153]. In the proposed novel
USP-Awadhoot divider, the Dividend (D), Divisor (D,), Quotient (Q), and Remainder and
Residue (R) are presented in hexadecimal format, similar to the concept of using
alternative BCD coding in a radix-10 SRT divider implementation [105].

Input l
—_
101- Select Dividend and Divisor I

¥ 109

I 102-New Divisor and Flag Digit |

‘ 110 | Pre-Processing
Circuit Stage

103-Modified Divisorand
Number of Zeros Cancelled

111

— I 104-Dividend Grouping |
—
112
116
Qo
113
1 1
Processing 0 USP-Awadhoot Matrix 0
Circuit Stage
6 6

107-Condition
Check?

Post-Processing
Circuit Stage

108-Rearrangement and
Finalization of the Result

1 Result l

Figure 4. Functional block diagram of the proposed novel USP-Awadhoot divider.
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Figure 4 illustrates the functional block diagram of the proposed novel USP-Awadhoot
divider circuit block, which consists of three circuit stages: pre-processing, processing,
and post-processing. The pre-processing circuit stage consists of number blocks {101 to
104}. Block {101} represents the dividend and divisor selection; block {102} represents
new divisor and flag digit calculation; block {103} represents modified divisor calculation
and number of zeros cancellation; and block {104} represents a dividend grouping
operation. Block {101} accepts the input data (dividend and divisor values) and performs
initial processing to verify that the operands are in the proper format for further
calculations. In the pre-processing circuit stage, blocks {102 to 104} implement the
different scaling operations or factors on the input operands. These different scaling
operations, or factors, introduce a nonlinear relationship between the dividend and
divisor, effectively reducing the number of iterations required to calculate the quotient.
In the proposed novel USP-Awadhoot divider, the dividend grouping circuit plays an
essential role in delivering variable latency, as the quotient digit is generated based on
dividend grouping, and the size of the dividend groups varies based on the input operand
and the number of zeros cancellation (NZC) circuits. This variable nature of the dividend
group determines the number of input operand bits used to calculate a group quotient.
Hence, the output latency is correlated with the distance between input operands. This
partitioning dividend and divisor operand flexibility improves the scaling impact and
minimizes the instances required to generate a quotient.

The processing circuit stage consists of number blocks {104 to 107}. Block {105} and
{107} work as condition checks and control units. Block {106} represents the Awadhoot
matrix; a detailed explanation is given in Subsection 3.6. Block {105} manages the data
received from the pre-processing circuit stage and condition check unit for the Awadhoot
matrix. After performing dividend grouping, iterations, and condition checks, the
Awadhoot matrix circuit works on each dividend group in sequence. After performing
the last iteration, which is nothing but the last dividend group, all individual dividend
group results are provided to the post-processing circuit stage. The post-processing
circuit consists of number blocks {107 to 108}. Block {108} represents the rearrangement
and finalization of the results. It receives separate quotient bits (hereafter termed group
quotient bits) and the last iteration remainder to formulate the final quotient and
remainder. Additionally, it generates a controlling signal output that validates the
correctness of the division operation performed by the proposed divider circuit block.
Detailed explanations of the key terms and working principles of the proposed novel
USP-Awadhoot divider are presented in the subsequent sections of this chapter.

3.5 Important terms of the USP-Awadhoot divider circuit block

Pre-processing circuit elements perform input processing and provide data for
processing circuit stage elements. This covers input data storage, control, number of
zeros cancellation, and modified divisor circuits. The multiple outputs yielded by the
pre-processing circuit stage are further fed into the processing circuit stage.
The processing circuit stage iteratively constructs the core conversion logic
demonstrated by the Awadhoot matrix. This Awadhoot matrix consists of dividend
groups, P-term, S-term, net dividend, group quotients, and the remainder, arranged
within each iterative circuit stage. At the end of the processing circuit stage, all individual
dividend group quotients and the remainder are passed to the post-processing stage.
In the post-processing stage, all the individual dividend group quotients are re-arranged
to form the final quotient and remainder. A detailed description of the three stages is
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provided but it is essential to understand the vital terms or elements used in these three
circuit stages of the USP-Awadhoot divider circuit implementation. The important signals
and terms used in the proposed novel USP-Awadhoot divider are:

Dividend (D;) = Divisor (D,.) X Quotient (Q) + Remainder (R) (4)

e D; = [dydy......d]; where “D;” represents dividends with a maximum
size of “k” digits.

o Q = [q1qp e qx); where “Q” represents the quotient with a maximum
size of “k” digit.

e D, =[didy.... di]; where “D,” represents the divisor with a maximum
size of “k” digits.

e R =[rr... 1% ]; where “R” represents the remainder with a maximum
size of “K” digits.

e ND, = [ndr, ndr, ...........ndn,]; where “ND,” represents the “New Divisor”

with a maximum size of "m" digits. The range is defined as:
“k—1<m< k+1".

e FD = [fd, ]; where “FD” represents the “Flag Digit” with the maximum size of
a single digit in a fixed range of [1,2......9].

e MD, = [mdlmd2 ......... mdp]; where “MD,” represents the “Modified
Divisor” with a maximum size of “p” digits. The range is defined as:
Ilp S k — 111.

e NZC = [nzc1 NZCy wur en e nch]; where “NZC” represents the “Number of
Zeros Cancelled” with a maximum size of “p” digits. The range is defined as
“p < k—-1".

e ND,; = [ndd, ndd, ... ... .. ndd,,]; where “ND,” represents the “Net Dividend”

with a maximum size of “k” digits.

e G.D; = [gdd, gdd, ... ... .. gdd,]; where “G.D,;” represents the “Gross
Dividend” with a maximum size of “k” digits.

e GD,; = [gd, gd, ...... .. gd,l; where “GD,” represents the “Group Dividend or
Dividend Group” with a maximum size of “k” digits.

e GQ,= 1991992 - - 9qx]; where “GQ,,” represents the “Group Quotient”
with a maximum size of “k” digits.

e (P—Term) =[(p—term); ... (p — term),]; where “(P — Term)”
represents the product term with a maximum size of “k” digits.

e (S—Term) =[(s —Term); ... (s — Term),]; where “(S — Term)”
represents the sum term with a maximum size of “k” digits.

o PQ= [pq,pqz Pqi]; where “PQ” represents the partial quotient with a
maximum size of “k” digits.

e AQ = [aq, agy ... ... ... aqy]; where “PQ” represents the additional quotient
with a maximum size of “k” digits.
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®  Rug = [rag1Tagz o Tagk-1]; Where “R,,” represents the remainder
generated during the calculation of the additional quotient with a maximum size
of “k” digits.

3.6 The Awadhoot matrix for iterative circuit elements of the processing
circuit stage

Figure 5 illustrates the particular arrangement of the elements of the processing circuit
stage of the proposed novel USP-Awadhoot divider. The structure is defined as the
Awadhoot matrix. Awadhoot means a ‘different than normal’ or ‘unique’ arrangement.
The Awadhoot matrix provides a computational arrangement of various aspects of the
processing circuit stage of the proposed novel USP-Awadhoot divider. The Awadhoot
matrix is a vital element of the proposed novel USP-Awadhoot divider. Figure 5 shows
that each column represents an individual iterative circuit stage, and each row
represents the elements of the corresponding iterative circuit stage. The logical
interconnection between different aspects of the Awadhoot matrix is described in the
inset picture of Figure 5. Depending on the hardware architecture to be used, we can
either use a single set or multiple sets of iterative circuit elements. The Awadhoot matrix
arrangement is composed of the previous remainder (R,,_;), group dividend (GDy,),
previous iteration group quotient (GQ,_,), gross dividend (G,Dy,), flag digit (FD),
modified divisor (MD,.), net dividend (ND,,), the present quotient (GQ,) and the
present remainder (R,).

Group
Dividend

Iterative circuit stage - 1 Iterative circuit stage - 2 Iterative circuit stage - n
Group Dividend 1 Group Dividend 2 Group Dividend n
GrDd1 GDd2 GeDdn
P - Term1 P - Term: P - Termn
NDa1 NDaz NDdn
S-Term1 S-Term: S-Termn
GQ1 GQ: GQn

Figure 5. The Awadhoot matrix.
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The hardware requirements of the proposed divider circuit depend on the possible
number of dividend groups created during the pre-processing circuit stage of the
proposed divider; the maximum number of dividend groups is related to the maximum
width of available operands. This Awadhoot matrix arrangement provides a detailed
structure of the processing circuit stage, which can be realized by serial, parallel, or
pipeline hardware architecture. During the execution of the first iterative circuit stage,
both the previous remainder (R,,_;) and the previous iteration group quotient (GQ,,_1)
are assumed to be zero, to avoid computation errors. Upon completing the first iteration,
the generated remainder and group quotient are passed to the next iteration circuit
stage, where they serve as the previous remainder (R,,_;) and the previous iteration
group quotient (G Q,,—,). This process is repeated for each subsequent iteration, until the
final iteration circuit stage is reached.

A detailed description of the Awadhoot matrix is given in the patent application [166].
In short, the gross dividend (G,-Dg,,) is derived from the previous remainder (R,,_;) and
the present value of the group dividend at the first level of the iterative circuit stage of
the Awadhoot matrix. Further simple addition and multiplication operations are
performed with gross dividend (G, Dy,,), previous iteration group quotient (GQ,_;) and
flag digit (FD), to derive the value of the net dividend (ND,,), which is indicated by the
P-term terminology in the Awadhoot matrix. Further multiplication operations are
performed, depending on the condition of the present net dividend (NDg,,) value in
comparison with the value of the modified divisor (MD,), to obtain the value of the
S-term. Depending on the comparison, the final value of the group quotient (GQ,,) and
the present remainder (R,,) are calculated and presented for the next iterative circuit
stage or post-processing circuit stage. During the execution of the post-processing circuit
stage, all individual group quotient values are re-arranged together, along with the
associated weights, to form the final quotient value. Later, this final quotient and the
remainder values are displayed or transmitted to other circuits if necessary.

In the USP-Awadhoot divider, the dividend grouping circuit is crucial for providing
variable latency features. Unlike others, the proposed USP-Awadhoot divider converts
the dividend into group dividends, which are not required to add up to the primary
dividend value. Dividend = (group dividend 1, group dividend 2, ..., group dividend n),
where Dividend # (group dividend 1+group dividend 2+---+group dividend n). For example,
if the dividend is 1055, it can be partitioned into two group dividends, such as 10 and 55,
where the sum of these two group dividends, i.e., 10 + 55 = 65, is not equal to the original
dividend value. This dividend grouping mechanism works as a separate dividend scaling
factor or operation. After completing the dividend grouping, iterate through each group
sequentially, performing calculations and condition checks on each. After the final
iteration, which is the final set of dividends, the post-processing circuit stage calculates
the final quotient and remainder. | considered the hexadecimal number system to
implement the proposed system due to its ease of use in digital systems and computer
applications. In digital electronics, hexadecimal numbers give better readability and
provide a fixed bit size frame structure to represent each decimal number in digital form.

The binary representation of decimal numbers or digits provides multiple modes of
representation. Sometimes, it can be represented by a one-bit equivalent binary number
or multiple-bit binary number; whereas, in the case of hexadecimal representation, every
hexadecimal digit is defined as a frame of four binary bits. The fixed frame of
representing hexadecimal numbers in digital or binary form provides better support to
perform operations like shifting, comparing, and giving a simple logic for quotient bit
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selection in the processing circuit stage. A hexadecimal system also simplifies internal
operations, such as concatenating digits in digital computation. A binary system could
also be used but hexadecimal numbers give the advantage of working with four bits per
digit each time. In the binary system, the minimum number of bits to be considered for
computation is one; in the hexadecimal system, four binary bits are used, which provides
greater clarity for comprehending the computation process performed on a digital
system containing long bitstream data.

As expressed in equations (5) to (7), the conversion of any digit value of any number
system into a single digit by the repetitive addition of all digits is called ‘Beejank’ or
‘Digital root’. Beejank does not indicate a deficiency in minimum (zero) and maximum
numbers. If the place of a digit(s) in a number is/are interchanged, then this change is
not indicated by the Beejank.

(F89A0BCD),s = (F+8+9+A+0+B+C+ D)y, (5)

=(4E)16 = (4 + E)16 = (12)16 = (316 (6)
Beejank calculations are helpful for confirming the correctness of the quotient
calculated in the Awadhoot matrix. As shown in equation (7), if the left side value equals
the right side value, then it is confirmed that the calculated quotient is correct.

Beejank(D,) = Beejank(Q) * Beejank(D,) + Beejank(R) (7)

For example, let us consider a dividend D;=9216, a divisor D,=72, a calculated
quotient (Q)=128, and a remainder (R)=0. The Beejank values are as follows:
Beejank(9216)=9, Beejank(72)=9, Beejank(128)=2 and Beejank(0)=0.

Beejank(9216) = Beejank(128) * Beejank(72) + Beejank (0) (8)

9=2%x9+0=18=9 (9)

Table 3. Hexadecimal representation of addition.

Add
1 1 2 3 4 5 6 7 8 9 A
2 2 3 4 5 6 7 8 9 A B
3 3 4 5 6 7 8 9 A B C
4 4 5 6 7 8 9 A B C D
5 5 6 7 8 9 A B C D E
6 6 7 8 9 A B C D E F
7 7 8 9 A B C D E F 10
8 8 9 A B C D E F 10 11
9 9 A B C D E F 10 11 12

The operation of Beejank (digital root) and alternate representation of addition and
subtraction, which we perform during the iteration of the processing circuit stage,
exhibits great ease in the quotient bit selection logic developed with the hexadecimal
system. Table 3 expresses the hexadecimal representation of addition. Hence, we consider
a hexadecimal number system in quotient bit selection logic, to confirm the correct
selection of the quotient bit in a particular iteration.
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3.7 The working principle of the proposed novel USP-Awadhoot divider

circuit block
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Figure 6. Schematic block diagram of the proposed USP-Awadhoot divider.
Division(Q,R) = f (D4, D,) (10)
= f(Awadhoot matrix, Condition)
Awadhoot matrix(GQ,, R,,) = f(GD4,MD,,FD) (11)
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f(GDg,MD,,FD) = {[(Ry-11|GDgy) + (P — Term),]

— (S —Term),,} (12)

Condition(Q,R) = f(NDgy, PQ, AQ) (13)

where PQ is the partial quotient, AQ is the additional quotient and Ry, is the
remainder generated during the calculation of the additional quotient. Therefore, after
the last iteration of the Awadhoot matrix, based on the condition function, the final
quotient and remainder value are calculated and represented as

Division(Q,R) = (PQ,0) if NDgn = 0 (14)
Division(Q,R) = [(PQ + 1),0] if NDgy, = D, (15)
Division(Q,R) = (PQ,NDg,) if NDgy < D, (16)
Division(Q,R) = [(PQ + AQ), Raq] if NDgy, > D, (17)

Equations (10) to (17) represent the proposed USP-Awadhoot divider algorithm
formulation. This indicates that the actual division is a function of the input operands,
depending on the conditions explained in the function of the Awadhoot matrix and
controlling conditions. Figure 6 illustrates the schematic block diagram of the proposed
novel USP-Awadhoot divider derived from the functional block diagram presented in
Figure 4. The key functional block {101} represents the dividend and divisor input register
with the control circuit block, while functional block {102} handles the flag digit (FD) and
the new divisor (ND,.) calculation circuit. Functional block {103} manages the modified
divisor (M D,.) and the number of zeros cancelled (NZC) calculation circuit, while functional
block {104} performs the dividend grouping (GD,) operations. Functional blocks {105,
106, and 107} execute the Awadhoot matrix calculations and condition checks, and
functional block {108} handles the quotient and remainder re-arrangement, along with
the output display circuit.

After providing all inputs, at numbered block {101}, the pre-processing circuit stage
obtains the divisor (D,) and dividend (D;) with a maximum word size of “k” digits.
The width of the dividend and divisor determines the circuit hardware requirements.
Prior to storing inputs in the dividend and divisor operand register, the divisor (D,.) and
dividend (D,;) operands undergo an input normalizing process to verify that the width
size of the input operands is within permissible limits and in the required frame format.
The use of hexadecimal numbers simplifies the implementation of this phase. This
stipulation is not a limitation. Multiple number systems were utilized in SRT divider
implementations, to reduce the criticality of the input circuitry. One of the best ways to
show this is with BCD numbers, as shown in [105], which explains how BCD numbers are
used to implement the radix-10 SRT divider. A hexadecimal number format is used with
the proposed algorithm, to offer a robust framework for electronic implementation. It is
not limited to hexadecimal number systems and may also be used with binary, decimal,
and octal number systems. The controlling signal circuit generates reference signals for
regulating the individual elements of the three circuit stages of the proposed divider,
then the divisor (D,.) undergoes the condition check for invalid conditions, i.e., dividing
by zero. This would indicate an error signal at numbered block {108}, as indicated
by signal 115, and this would be redistributed for display or transmission in the
post-processing circuit stage, upon detecting the invalid condition. In a false scenario,

41



signal 109 passes the divisor (D,.) to numbered block {102}, where the circuit acquires
the flag digit (FD) and new divisor (ND,.) and follows the basic concept of obtaining the
flag digit (FD) and new divisor (ND,.).

Later, at numbered block {103}, the flag digit (FD) and new divisor (ND,.) are used to
obtain the modified divisor (MD,.) and the number of zeros cancelled (NZC). This step
follows the basic concept of obtaining the MD, and the NZC. The MD, works as a
separate divisor scaling factor or operation. Furthermore, the FD and NZC values are
delivered to the numbered block {104} by the 111 path. At this stage, dividend
sectioning/regrouping is carried out, and dividend groups are distributed based on the
NZC value generated in the previous stage. Unlike the various SRT implementations
that utilize operand pre-scaling or truncation [92, 134, 147], a fixed number of
dividend sectioning or partitioning operations [4], the proposed divider performs a
cross-combination of pre-scaling of the divisor and sectioning or partitioning of the
dividend. This simultaneous cross-implementation of two different procedures yields the
innovative concept of the dynamic separate scaling operation or factor for the dividend
and the divisor.

As discussed, the hardware requirements depend on the operand size; the maximum
number of elements in an iterative circuit stage never exceeds the maximum operand
size. It is recommended that, if the operand size is 8 bits, a maximum of eight iterative
circuit stages may be used and yet, the number of iterative circuit stages used in a
particular conversion depends on the NZC value. Similar to the variable latency class
algorithms, the dynamic nature of iterative circuit stages provides flexible conversion
clock cycles for every dividend-divisor combination, with the possibility of a variable
quotient bit retiring rate in different iterations or some iterations requiring less execution
time. This results in different conversion times in different sets of dividends and divisors.

Once the NZC value has been determined, the circuit completes the pre-processing
stage and sends the data to numbered blocks {105-107}, to arrange the dividend,
MD,,and FD in separate dividend groups, as shown by the Awadhoot matrix.
As illustrated in Figure 6, the Awadhoot matrix is employed in the processing circuit stage
of the proposed divider, to calculate the group quotient and remainder. The number
block {106} represents the iterative circuit steps. As previously mentioned, the maximum
number of iterative circuit steps cannot exceed the width of the operand. The condition
checker, numbered block {107}, confirms the end of computation in the iterative circuit
step of the processing circuit stage. Once block {107} completes the calculation and the
data is passed to the post-processing circuit stage at block 108. Figure 6 shows the group
re-arrangement circuit, followed by a distribution circuit, allowing separate visualization
or transmission of the quotient (Q) and the remainder (R). After computing the
Awadhoot matrix block {106}, via equation (11), the individual group quotients are
re-arranged as per their relative weights, to generate the final group quotient (Q).
The final residue or remainder is obtained from the last iterative circuit step, depending
upon the conversion status.

e First: Net Dividend (NDy;) = 0. Shows that the dividend (D) is completely
divisible by the divisor (D,), with the Remainder (R) = 0 and the Quotient
(Q) = the Partial Quotient (PQ,,) formed by concatenating the individual group
quotient (GQ,,).
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e Second: Net Dividend (ND,;) = Divisor (D,). Shows that the dividend (D) is
completely divisible by the divisor (D,.) with the Remainder (R) = 0 and the
Quotient (Q) = the Partial Quotient (PQ,,) + 1.

e Third: Net Dividend (ND) > Divisor (D,.). The Remainder (R) = Ry, is the value
obtained during the calculation of the additional quotient (AQ) and the
Quotient (Q) = the Partial Quotient (PQ,,) + the Additional Quotient (AQ), where
the Additional Quotient (AQ) is derived by initializing the count to zero and
subtracting the Divisor (D,.) from the last iteration Net Dividend (ND,) number,
incrementing the count by one. Continue the same process until we get a
subtraction result of zero or less than the divisor (D,).

e  Fourth: Net Dividend (ND;) < Divisor (D,.). Remainder = value of the last iteration
ND, and the Quotient (Q) = the Partial Quotient (PQ,,).

In the postprocessing circuit stage, the final step of the proposed divider rearranges
the individual group quotient (GQn). At the end of the division process, the final quotient
and remainder are generated, accompanied by an error signal indicator to verify the
accuracy of the data. Figure 7 presents a detailed explanation of the data flow and critical
circuit path of the proposed divider circuit speculated in Figure 6. Inputs include the
dividend (D,) and divisor (D,.), in addition to the control inputs (reset, fd_enable, and
clock). The logic flow state diagram of the proposed divider circuit contains twenty-four
states, of which twenty-three are functional logic states, and one is an error state.
The green track represents the critical path of the proposed divider circuit implementation,
the red track represents the feedback path, and the purple track represents the
conditions. Multiple iterations must be performed depending on the conditions indicated
by the purple track. Details of individual states are given as:

e  St0: This is the initial state of the proposed divider circuit indicating the idle
condition of operation, where the outputs are deactivated, and the previous
rest and quotient values are set to zero prior to initializing circuit operation.
Both fd_enable and RST control signals are active high signals. The divider circuit
maintains its idle state StO until the fd_enable control signal is turned to logic
one, and RST is turned to logic 0, indicating that when the circuit overcomes its
idle state and continues the process. If the RST control input is activated (RST = 1)
during operations, the course returns to the idle St0O state until the RST control
input is deactivated and a new fd_enable is applied to the circuit. No input data
is transmitted until fd_enable is applied to the circuit; information is available
on the input data lines.

e  St1: This logic flow state represents dual responsibilities to delineate. After the
activation of the fd_enable control signal, the circuit allows the data available
at the input data lines to be stored at input registers. The most significant bits
(MSB) and the less significant bits (LSB) are stored as an array of hexadecimal
integer elements for the dividend and divisor. FD is formulated by only working
on the hexadecimal LSB part of the divisor. This process further extends and
computes the value of ND,.. Another responsibility is to investigate an invalid
condition, which is considered to be divided by zero. If the invalid condition
appears in the existing computation, the circuit activates the error signal state
in the logic flow represented as the StEr signal. In the absence of the invalid
division condition, the computation continues to execute the next stage (5t3).
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Figure 7. The logic flow state diagram of the proposed USP-Awadhoot divider.
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St2: This logic flow state is not used for computation; instead, it is used as a
buffer state and reserved for future computation improvements with extended
operand widths.

St3: This logic flow state represents the dual responsibilities of obtaining values
of NZC and MD,. from the provided operands. Depending on the value of NZC,
there are one, two, or multiple dividend groups (GD,;,). The formation of
dividend groups (GDg;,) is based on the relative weights of the hexadecimal
operand. Every operand group is represented as an iterative circuit stage. Thus,
the hardware requirement depends on the number of dividend groups expected
to be computed based on the provided operand width. If the MD, value is
greater than the first iterative circuit stage (GDgy,) value, then the next logic
flow state to be executed is St5, otherwise St6 is selected.

St4: This logic flow state is not used for computation; instead, it is used as a
buffer state and reserved for future dynamic computation improvements with
extended operand widths.

St5: Every iterative circuit stage is associated with an individual group quotient
(GQ,) and partial group quotient. The partial group quotient precedes the
group quotient in order to store partial results during individual iterative circuit
stage computation, with the idle value set to zero. The residue is the first
element of (GDg,,). Upon completion, it performs the next state, St6.

St6: This reflects the concatenation effect in computing the (GD,,,) value. Upon
completion of the computation of (GD,;,,) the next logic flow state is St7.

St7: This iterative circuit stage computes the value of ND;. G_Q is an array
where an individual group quotient(G@Q,,) is stored. Upon completion, if the
counter is greater than the number of groups, it performs the next state, St14;
otherwise, the next state is St8.

St8: This iterative circuit stage maintains the counter value and acts as a buffer
stage. Upon completion, it performs St9 as the next logic flow state.

St9: This iterative circuit stage computes the P—term value. If the value of
P-term < the value of ND, then the next state is St10, and if the value of
P—term > the value of ND,; then the next state is St11, else St12.

St10: This iterative circuit stage maintains the counter value and acts as a buffer
stage. Upon completion, it performs St9 as the next logic flow state.

St11: This iterative circuit stage computes the iterative circuit stage’s expected
residue. Upon completion, it performs St13 as the next logic flow state.

St12: This iterative circuit stage is performed if the residue is zero. Upon
completion, it performs St13 as the next logic flow state.

St13: This iterative circuit stage maintains the counter value and acts as a buffer
stage. Upon completion, it performs St6 as the next logic flow state.

St14: This iterative circuit stage executes an additional quotient’s computation
whose idle value is set to 0. Upon completion, if ND, is zero, it performs St16;
else, it performs St15 as the next state.
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e St15: This state computes the value of residue and additional quotient.
If ND; = D, then it performs St21; else, it performs St17 as the next state.

e  St16: This state computes residue value and additional quotient in the standard
case, then it performs St21 as the next state.

e St17: This state decides the comparative study of the ND; Value. If it is less
than D, then it performs St19 as the next state; else, it performs St20a as the
next state.

e  St18: This state acts as a buffer stage and is not used for active computation.
Upon completion, it performs St9 as the next logic flow state.

e  St19: This state computes the value of the additional quotient when the residue
value equals the ND, value. Upon completion, it performs St21 as the next logic
flow state.

e  St20a: This state acts as a buffer stage and is not used for active computation.
Upon completion, it performs St20b as the next logic flow state.

e  St20b: This state computes residue value and performs St21 as the next state
upon completion.

e  St21: This state computes the final values for quotient and residue as per the
display, transfer, or storage requirements.

e  St22: This state acts as a buffer stage and is not used for active computation.
It is used to transmit results to the output data lines.

e  StEr: This logic flow state acts as an error indicator, especially indicating invalid
computation. It is an active high logic controlling signal endorsing the correct
calculation at the end.

3.8 Summary of the proposed USP-Awadhoot divider realization

The proposed divider consists of three circuit parts: the pre-processing circuit stage,
the processing circuit stage, and the post-processing circuit stage. All the data operands
and control inputs are connected to the pre-processing circuit stage of the proposed
divider. Upon receiving input operands and control signals, the pre-processing circuit
stage performs the preliminary action of generating data for the processing circuit stage.
During the pre-processing circuit stage application or operation, the Modified divisor
(MD,.) and dividend grouping, based on NZC, works as a separate scaling factor or
operation for the divisor and dividend. It helps to reduce the distance between the
dividend and divisor beyond the linear relation. The proposed divider converts the
dividend into group dividends, unlike others that are not required to add to the primary
dividend value. Dividend = (group dividend 1, group dividend 2, ..., group dividend n)
where dividend # (group dividend 1+group dividend 2+:--+group dividend n). The execution
of the processing circuit stage depends on the Awadhoot matrix, which derives the
relation between variably scaled operands and provides quotient bit selection logic.
The last step of the proposed divider re-arranges the individual group quotient (GQ,,) in
the post-processing circuit stage. Upon completing a division, the final quotient and
remainder are available, along with an error signal, to indicate the correctness of the
division and presented data.
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In Summary, the proposed novel USP-Awadhoot divider circuit implementation
generally has 11 steps, depending on the input operands’ values, which are as follows:
Step 1 — Define Dividend (D) and divisor (D,.).

Step 2 — Derive New Divisor (ND,.) and Flag Digit (FD).

Step 3 — Obtain Modified Divisor (M D,.) and Number of Zeros (NZC).

Step 4 — Dividend Grouping.

Step 5 — Arrange the Awadhoot Matrix. At the beginning of the 1% iteration, the remainder
and previous quotient values are equal to 0, considering the idle condition at the start.
Step 6 — Start Iteration 1 circuit by checking that MD,.> value from 1% group dividend
(GD,) and derive gross dividend (G,-Dg4;,,) by concatenating the remainder.

Step 7 — Derive p-term from the previous iteration quotient; if it is the 1% iteration, then
the value of the last quotient is considered to be an idle condition.

Step 8 — Derive net dividend ( NDy), check for a positive value, and compare MD,. value
with ND, value to get group quotient (G@,,) value and group remainder value. The group
remainder generated in the current iteration acts as a carry-forward value for the next
iteration.

Step 9 — Every iteration circuit stage contains steps 6 to step 8.

Step 10 — In the last iteration circuit stage, check the value of ND, and validate the
conversion.

Step 11 — Re-arrange the group quotient values and residual values from the iteration
circuit stages to provide valid quotient and remainder values.

3.9 Chapter conclusion

A detailed explanation of the basic working concept of the proposed novel USP-Awadhoot

divider is described in this chapter. Modified divisor (MD,.), flag digit (FD), and the group
dividend (GDg ;) operations of the pre-processing circuit stage implement the dynamic
separate scaling operations for input operands. In the processing circuit stage,
the Awadhoot matrix calculates the group quotients (GQ,), while the post-processing
circuit stage provides a clear process of selecting the final quotient based on the group
quotient (GQ,,), partial quotient (PQ), and additional quotient (AQ) values without
critical overlapping regions.

This chapter covers RO2 — “Develop the theory of conversion logic to implement
dynamic separate scaling operations for input operands”. Here, a separate scaling
operation means using one conversion operation for the dividend and another
conversion operation (a different one in the general case) for the divisor. ‘Dynamic’ refers
to the resulting different scaling operations, depending on the input operand value
combinations. RO3 — “Divider algorithm formulation to reduce the criticality of
conversion logic by eliminating overlapping regions in quotient selection”. Publications
I, 11, and IV cover detailed information on the proposed novel USP-Awadhoot divider.
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4 Complex division by Baudhayan-Pythagoras triplet method
using a novel USP-Awadhoot divider

This chapter is based on publication IV. Complex number arithmetic computation is
crucial in electrical and electronic applications, such as signal processing, control theory,
microwave systems, complex orthogonal transformations, astronomy, automatic gain
control (AGC) systems, and demodulators in receivers [46-49, 56, 155-157]. A complex
number is represented as a combination of real and imaginary parts. Its real and
imaginary parts must be treated separately, making it very complicated to perform
arithmetic operations on a complex number. It makes a complex divider critical and
space-intensive, which could limit its hardware implementation. There have been several
attempts to implement different logical approaches, by recommending an alternative
number system to represent a complex number as a unique and combined entity instead
of base 2. Examples of this are, the quarter-imaginary number system with a 2j, —4,
(=14 /) and j+/2 base, a complex binary number system with a (—1 + j) base, and a
redundant complex number system [158-159]. The main problem associated with the
quarter-imaginary number system with 2j, —4, and (—1 + j) base is to derive a definitive
division process where the quarter-imaginary number system with j\/f base partially
generates the solution. This is because the even power of the base generates the real
part and the odd power of the base generates the imaginary part. A complex binary
number system with a (—1 + j) base and a redundant complex number system requires
more complex conversion logic for division, resulting in higher area requirements for
implementation [158-162].

As the current state-of-the-art, we must implement two sets of dividers for the real
and imaginary components of complex numbers in the case of a complex divider.
A software or hardware divider forms complex numbers based on the conventional
formula mentioned in equation (19), where z; and z, are two complex numbers that may
lead to overflow or underflow conditions when the operands are near the extreme ends
of the representable range [46].

zy =x, +iy,and z, = x, + iy, (18)

Z (122 + ¥1Y2) | (X2y1 — X170

Z O +y5) (x5 +y3)
There have been several attempts to implement dividers such as digit recurrence
SRT dividers and functional iteration-based multiplicative dividers, which resemble the
Newton-Raphson and Taylor series. These dividers require two separate dividers to
perform the division on the real and imaginary parts of the complex number, giving rise
to critical quotient selection logic and extra overhead, to generate the final quotient and
remainder in complex numbers. SRT base radix-2 divider implementation is discussed in
[46] but it is restricted to low radix values, due to the impracticable quotient digit
selection logic. In the case of functional iteration dividers, the correctness of the result
depends on the closeness of the reciprocal value selected in the initial iteration.
A pre-scaled divider [46, 163], where the divisor and dividend are multiplied by the same
scaling factor so that the resultant divisor must be in close proximity to unity, is one of
the best approaches for a high-radix complex divider. This method has the primary
drawback of requiring an additional full-width divider for calculating the scaling
factor. In this chapter, | discuss the method of complex division based on the

(19)
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Baudhayan-Pythagorean triplet method and the proposed novel USP-Awadhoot divider
circuit block. The use of the Baudhayan-Pythagoras triplet algorithm is possible because
of the geometric properties of the complex numbers, which can be used to represent
them via real and imaginary axis. The proposed complex division implementation is
partitioned into three parts.

The Baudhayan-Pythagorean triplet algorithm is used for the input circuit stage,
ensuring the separation of the real and imaginary parts of complex numbers for further
calculation. The second stage consists of a novel USP-Awadhoot divider circuit
block, which divides the real and imaginary parts of the complex number. The third
stage involves rearrangement, representing the final results in complex numbers.
The Pythagorean theorem was known long before Pythagoras (570-500/490 BCE);
Baudhayan (800-740 BCE) is said to be the pioneer of the Pythagorean theorem.
Baudhayan formulated the relation between the hypotenuse and other sides of a
triangle, in terms of the area, in his book titled “Baudhayan Sulbas(itra” [164]. In contrast,
Pythagoras presented proof of the relationship between the hypotenuse and other sides
of a triangle in terms of length [164-165], giving the equation:

Bodhayan — Pythagorean Triplet (x,y,z) = T (x,y,2) (20)

Here T (x,y,z) is represented as the area of the square formed by hypotenuse or
larger side and (z) equals to the area of squares formed by the first side (x) plus the
area of squares formed by the second side (y) of a triangle. The Vedic formula
proportionately tells us that if one triplet is a multiple or sub-multiple of another triplet,
then they are called equal triplets because the triangles of these triplets have the same
shape and angles, e.g.,, 5,12,13 =10,24,26 = 25,60,65. When transposing
the first two triplet elements, they get converted into a complementary triplet,
e.g., 3,45 &4,3,5 are complementary triplets after transposing 3 and 4. Similarly, it is
possible to apply addition, subtraction, multiplication, and division operations to triplets,
to solve more complex computational problems.

4.1 Complex division by Baudhayan-Pythagorean triplet method using
the proposed USP-Awadhoot divider

A complex number is a number of the form (x + iy), where x and y are any real numbers,
and i is called an imaginary unit, where i = v/—1 or i? = —1. x is the real part coefficient
of a complex number and y is the imaginary part coefficient.

Asi =+/—1ori? = —1, and based on the proposed novel approach, we can correlate
the Baudhayan-Pythagorean triplet T (x,y,z) function with the complex number,
representing a given complex number in terms of T (x,y,z). The real and imaginary
coefficients of a given complex number are represented by the first two variables
of a triplet, e.g.,, the complex number r =x + iy can be represented in the
Baudhayan-Pythagorean triplet T (x, y, z). The following equations are used to develop
the input circuit stage.

rn=x+iy;andr, = x, + iy, (21)
T(r) =f (x1,Y1,21) (22)
T(ry) = f (x2,¥2,22) (23)

zi = (x + %) (24)
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As per the equations (19) and (22) to (24), the triplet of the division can be found as:

[T ((ﬁ))] [ (x1,¥1,21)

(25)

=== [(x12, + y1¥2), (1 — X1¥2), 25 ]

(r2) f (x2,2,22)
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Figure 8. Schematic block diagram of the complex divider.
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A detailed list of the essential terms associated with the complex divider are given as:

Complex number one is termed as 1y = x; + y;1i.

Complex number two is termed as 1, = x5 + y,i.

Dividend complex number is termed as “C_D,;".

Divisor complex number is termed as “C_D,.”.

The real number coefficient of the dividend complex number is termed as
“xDg".

The imaginary number coefficient of the dividend complex number is termed as
“yD,".

The real number coefficient of the divisor complex number is termed as “xD,.”.
The imaginary number coefficient of the divisor complex number is termed as
“yD,.”.

The first triplet product term is named as “TP_Term1”.

The second triplet product term is named as “TP_Term?2”.

The third triplet product term is named as “TP_Term3”.

The fourth triplet product term is named as “TP_Term4”.

The triplet term is named as “T_Term”.

The first triplet matrix term is named as “Mat_Term1”.

The second triplet matrix term is named as “Mat_Term?2”.

The USP-Awadhoot Dividend complex number is termed as “C_Dg,"”.

The USP-Awadhoot Divisor complex number is termed as “C_D,,"”.

The real number coefficient of the USP-Awadhoot quotient is termed as “C_Q,”.
The real number coefficient of the USP-Awadhoot remainder is termed as
“C_Rem,”.

The Imaginary number coefficient of the USP-Awadhoot quotient and termed
as “C_Q;".

The Imaginary number coefficient of the USP-Awadhoot remainder and termed
as “C_Rem;”.

The final quotient complex number is termed as “C_Q".

The final remainder complex number is termed as “C_Rem”.

Figure 8 illustrates the process of complex division implementation based on the
Baudhayan-Pythagorean triplet algorithm and the proposed novel USP-Awadhoot divider
circuit block. The implementation consists of three sections: the Baudhayan-Pythagorean
triplet algorithm circuit block, the novel USP-Awadhoot divider circuit block, and the
complex number re-arrangement circuit block. Unlike Smith and Stewart’s algorithm,
which provides an additional pre-scaling by a factor of y, and x, [46], as expressed in
equations (26) and (27), the initial part of the proposed complex division is similar to the
generalized formula but it is interpreted differently, in terms of the Baudhayan-Pythagoras
triplet form (as expressed in equations (21) to (25)).

Y2 Y2
T_I_x1+iy1_x_2(x1+y1) x_z(}’1_x1)

= - = i if (xz=y2) (26)
T2 Xty %(xz +¥2) %(xz +¥2)

xZ xZ
r X +i —(x1+y1) _(xl_yl)
ALt Y +i22 if (z<y)  (27)
T, Xyt iy y—z(xz +y,) y—z(xz +2)
2 2
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Despite the addition of pre-scaling to enhance robustness, the implementation of
Smith and Stewart’s algorithm for complex numbers requires a significantly larger area.
Smith and Stewart’s algorithm does not always ensure the precise rearrangement of the
real and imaginary components in the resulting complex quotient and the remainder.
This issue arises from the underflow and overflow conditions caused by a larger difference
between the divisor and dividend [46, 163]. The need for additional full-width dividers
to compute the different scaling factors, underflow, and overflow conditions is a significant
drawback of the Smith and Stewart’s complex divider implementation. | used the
Baudhayan-Pythagorean triplet algorithm as an input circuit stage of the complex divider.
Thus, the first stage of the Baudhayan-Pythagorean triplet algorithm circuit block of the
proposed divider separates the real and imaginary parts of the input operands.
It calculates the intermediate terms by processing the input operands and provides the
Mat_Term1, Mat_Term2, and T_Term values to the proposed USP-Awadhoot divider in
the next stage. The Mat_Terml, Mat_Term2, and T_Term values are essential for
keeping the operations in bounded conditions and to avoid underflow and overflow by
using the proposed novel USP-Awadhoot divider, which works on reducing the distance
between the divisor and the dividend. During the second stage, the USP-Awadhoot
divider circuit block generates two sets of the quotient and remainder values/signals
separately as an output. In the final stage of the proposed complex divider, the complex
number re-arrangement circuit rearranges the real and imaginary parts of the quotient
and the remainder of the complex number. It provides calculated quantities for other
displays, storage, or further communication.

4.2 Circuit illustration and state diagram

Figure 9 shows the state diagram of the proposed Baudhayan-Pythagorean triplet
algorithm, illustrating the circuit’s logic flow in the first part of the complex divider circuit
implementation. Figure 10 illustrates the FPGA circuit implementation of the proposed
Baudhayan-Pythagorean triplet algorithm according to the complex divider’s schematic
block diagram and logic flow state diagram.

0000

Complex Division
OJ'P Mat_Term1, Mat_Term2, and T_Term

Figure 9. State diagram of the proposed Baudhayan-Pythagorean Triplet algorithm.
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The State diagram of the proposed Baudhayan-Pythagorean triplet algorithm indicates
the present and next stage conditions depending on the situation of the input operands
and control signals. The complex divider circuit’s input operands include the dividend,
divisor, reset, clock, and cd_enable signals. The FSM stages for the proposed circuit
comprise the following states:

e st0: This is the initial state. This state takes the input values and transfers them to
registers. It waits until cd_enable is one and reset (RST) is O to pass to the next state
(st1_2); else next state is st0.

e stl_2: If the clock and cd_enable signals are applied, and the reset (RST) signal is
low, this stage converts the standard logic vectors x;, x,, v, and y, received from
the input operands to integers xD;, yDy, xD,, and yD,, respectively. If the reset
(RST) signal is still at zero, the next state is st3.

e st3: If the clock and cd_enable signals are applied, and the reset (RST) signal is low,
it calculates TP_term1. If the reset (RST) signal is still at zero, the next state is st5a.

e st3a: If the clock and cd_enable signals are applied, and the reset (RST) signal is low,
it calculates TP_term?2. If the reset (RST) signal is still at zero, the next state is st3a.

e st3b: If the clock and cd_enable signals are applied, and the reset (RST) signal is low,
it calculates TP_term3. If the reset (RST) signal is still at zero, the next state is st3c.

e st3c: If the clock and cd_enable signals are applied, and the reset (RST) signal is low,
it calculates TP_termd4. If the reset (RST) signal is still at zero, the next state is st4a.

e stda: If the clock and cd_enable signals are applied, and the reset (RST) signal is low,
it partially calculates T_term. If the reset (RST) signal is still at zero, the next state is
stdb.

e stdb: If the clock and cd_enable signals are applied, and the reset (RST) signal is low,
it fully calculates T_term. If the reset (RST) signal is still at zero, the next state is st5.

e st5: If the clock and cd_enable signals are applied, and the reset (RST) signal is low,
it calculates Mat_term1. If the reset (RST) signal is still at zero, the next state is st5b.

e st5b: If the clock and cd_enable signals are applied, and the reset (RST) signal is low,
it calculates Mat_term?2. If the reset (RST) signal is still at zero, the next state is st6.

e st6: The final state, used to indicate, hold and transfer the results from the calculations
to the outputs to connect with the USP-Awadhoot divider as a second part of the
complex divider.

The schematic diagram of the proposed circuit implementation of the Baudhayan-
Pythagorean triplet algorithm is shown in Figure 10. For the sake of easier understanding,
the implementation of the proposed Baudhayan-Pythagorean algorithm is illustrated by
three subsequent stages: input, intermediate, and output stages (see Figure 10).
The different signals used in the circuit implementation of the Baudhayan-Pythagoras
triplet algorithm are grouped into input operand, control, output, and indicator signal
groups.
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All signals are divided into groups such as input operand data signals (ry, 13),
computation completion acknowledgment (Valid_O/P), and error (Error) indicator
signals. Enable (cd_enable), clock (CLK), and reset (RST) are considered to be control
signals, and Mat_term1, Mat_term2, and T_term are output signals. The control group
clock signal (CLK) provides the timing reference signal for the computation and the
reference clock signal’s period value depends on the operating frequency of the circuit.
When the CLK signal continues generating the reference signal and the control group
signals (cd_enable and RST), both possess low logic values; the operation of the circuit is
then in an idle state. The input operand, output, and indicator group signal values are in
a high-impedance tri-state condition during the idle state.

As shown in Figure 10, the input operand signals r; and r, provide two complex
numbers, which are used to perform division operations based on the current states of
the cd_enable, CLK, and RST control signals. In the input circuit stage, all real and
imaginary parts of the input operands are separated and stored in the input buffer and
wait until the cd_enable signal is high (1) and reset (RST) is low (0). The output circuit
stage initializes the Mat_Term1, Mat_Term2, and T_Term signals from the output and
indicator signal group to 00, assuring that the previous computation results are not
involved in the current computation. Once the cd_enable signal is applied, this signal is
used to develop a select signal and is stored in the control register to connect with further
circuit stages. The input operand data is provided for further computation in the input
circuit stage. The input operand data gets stored into xy,x,,y, andy, buffers
respectively to extract xD;, yDg4, xD,, and yD,. values for the generation of B to G
signals.

The intermediate circuit stage receives the signal B to signal G data from the input
circuit stage. The forward signals B, C, D, F, H, and G are generated from the TP_Term1
to TP_Term4 computation. The computed data is stored in separate buffers and made
available for further computation, based on the select signal data required to calculate
partial Mat_Term1, partial Mat_Term2, and partial T_Term values. Signals K, L, and N
indicate the partial Mat_Term1, partial Mat_Term2, and partial T_Term values and
transfer respective data to the next circuit stage.

The output circuit stage receives signals K, L, and N from the intermediate circuit stage
and stores the respective data in Mat_Term1, Mat_Term2, and T_Term buffers. The
output circuit initializes the indicator signals for computation completion
acknowledgment (Valid_O/P) and error (Error) to a value of 00, to ensure that no residual
data from previous computations is included. When the reset (RST) signal is deactivated,
and the cd_enable signal is activated during the initial state, the partial values are further
converted into the final Mat_Term1, Mat_Term2, and T_Term values, based on the
selected signal logic, and further utilized as Mat_term1, Mat_term2, and T_term output
group signals. These signals are further connected with the USP-Awadhoot divider circuit
block and complex number re-arrangement circuit, to receive the final division results of
complex input operands. The Valid_O/P and Error signals indicate computation completion
and invalid operating conditions, respectively. If a logic high signal activates a reset (RST)
signal, the divider circuit suspends its current state of computation operation and resets
itself to the initial state. After completing the computation operation, depending on the
completion of data computation, Valid_O/P and error (Error) are updated, and validating
the computation and O/P results, i.e., whether values are correct or incorrect.
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4.3 Summary
The basic steps involved in the proposed complex divider can be summarized as:

Step 1 - Define the dividend complex number (C_D,) and Divisor complex number (C_D,.)
from given complex numbers r; = x; + y,i and r, = x, + y,i; where C_D; =7; and
C_DT = rz.

Step 2 - Derive Cartesian coordinates: xDy4, yDy, xD,., and yD,..

xDg = x;
yDa =y
xD, = x,
yD, =y,

Step 3 - Derive the triplet product term (TP_Term) values.

TP_Terml = (xD; X xD,)
TP_Term2 = (yDy X yD,.)
TP_Term3 = (xD, X yDg)
TP_Term4 = (xD; X yD,.)

Step 4 - Derive the triplet term (T_Term) value.
T_Term = (xD,)? + (yD,)?
Step 5 - Derive the triplet matrix term (Mat_Term) value.

Mat_Term1 =TP_Terml + TP_Term?2
Mat_Term2 =TP_Term3 - TP_Term4

Step 6 - Supply Mat_Terml, Mat_Term2, and T_Term values to the USP-Awadhoot
divider for the final division sub-process.

Step 7 - USP-Awadhoot divider one receives Mat_Term1 and T_Term values to perform
the division sub-process.

C_D4, =Mat_Terml
C_D,;=T_Term

Giving the computation results C_Q, and C_Rem,.

Step 8 - USP-Awadhoot divider two receives Mat_Term2 and T_Term values to perform
the division sub-process.

C_Dg, = Mat_Term?2
C_D,, =T_Term

Giving the computation results C_Q; and C_Rem;

Step 9 — Concatenate the step 7 and step 8 computational results to restructure the
Cartesian coordinates to get the final quotient and remainder of the complex division.

Quotient=C_Q =( C_Q, concatenate C_Q; ) and
Remainder = C_Rem = ( _Rem,. concatenate C_Rem; )
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4.4 Chapter conclusion

A detailed explanation of the basic working concept of the proposed Baudhayan-
Pythagoras triplet algorithm, used in association with the proposed novel USP-Awadhoot
divider, is described in this chapter. The proposed Baudhayan-Pythagorean triplet
algorithm helps to simplify inputs, ensuring the separation of the real and imaginary parts
of complex numbers for further calculation. This chapter covers RO3 — “Divider algorithm
formulation to reduce the criticality of conversion logic”. Publication IV covers detailed
information on the proposed Baudhayan-Pythagoras triplet algorithm associated with
the novel USP-Awadhoot divider.
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5 Implementation and performance statistics

This chapter is based on publications |, Il, and IV. Very-large-scale integration (VLSI) plays
a critical role in the integration of millions of transistors onto a single chip, providing the
foundation for today’s cutting-edge devices. A crucial aspect of the VLSI design flow is
the use of hardware description languages (HDLs) such as VHDL, which serve as the
cornerstone for defining and simulating hardware functionality during the front-end
design process. The front end involves creating high-level abstractions of system behavior,
requiring precise algorithms to ensure logical correctness, optimized performance, and
scalability. Conversely, the back-end process focuses on translating these abstractions
into physical realizations, including circuit layout, synthesis, and the detailed
specifications necessary for fabrication. Algorithms bridge these domains by serving as
an intermediate representation that facilitates the logical-to-physical transformation,
enabling the efficient and reliable implementation of the hardware. As previously
mentioned, cost, area, execution time, and energy consumption are the essential
evaluation metrics for any divider implementation. In some applications, such as consumer
electronics and embedded systems, the focus is often on minimizing the area and cost to
achieve compact, affordable designs. In contrast, high-performance applications, such as
biomedical computations, prioritize low latency and fast execution times to ensure
timely and accurate results.

Implementation and performance statistics can be divided into two essential
parts: implementation area and latency time analysis. | implemented the synthesizable
architecture of the proposed divider to analyze its functionality and verify the correctness
of its calculation logic. This approach also helped determine the resources required to
deploy the proposed divider on an FPGA and enabled a comparison with various other
divider implementations. The behavioral simulation results were compared with
standard theoretical calculations, to verify the correctness of the proposed divider
algorithm. Additionally, timing/waveform analysis confirms the execution time/latency
of the divider implementation. This analysis is especially critical for data-dependent
divider implementations, where the operand values directly influence latency.

Figure 11 provides a generalized architectural illustration of FPGA building blocks.
Configurable logic blocks (CLB) are the core building blocks of an FPGA. The architecture
of CLBs is crucial for the FPGA’s ability to implement various digital logic functions. While
the exact architecture varies across FPGA families from different manufacturers, most
CLBs share standard configuration features. Considering Figure 11, one CLB consists of
two logic slices, and each slice contains four look-up tables (LUT), four flip-flops, latches,
and two multiplexers (F7MUX and FBMUX). A LUT is a collection of hard-wired logic gates
on an FPGA. LUTs store a predefined list of outputs for every possible combination of
inputs and provide a fast way to retrieve the output of a logic operation. A flip-flop is a
memory circuit which is capable of two stable states with a single bit. A multiplexer, or
‘mux’, is a circuit that selects between two or more inputs and outputs the selected input.
Different FPGA families implement slices and LUTs differently. For example, a logic slice
on a Virtex-1l FPGA has two LUTs and two flip-flops; whereas, a logic slice on a Virtex-5
FPGA has four LUTs and four flip-flops. In an FPGA, a fixed number of identical transistors
(N,.) is required to build each LUT, flip-flop, and multiplexer. Thus, knowing the number
of each LUT, flip-flop, and multiplexer used in implementing a particular circuitry on an
FPGA ultimately leads to a resistor-transistor circuit level, giving us the final count of
required transistors.
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FPGAs (e.g., the Xilinx XCZU7EV-FFVC1156-2-E) consist of millions of programmable
logic gates (which are constructed from transistors) but are described at a much higher
level of abstraction like CLBs, the number of slices, LUTs, FFs, and multiplexers.
It provides an accurate estimate of the required transistor number and a precise value of
the implementation area, as the transistor area is fixed. The datasheet of the Xilinx
XCZU7EV-FFVC1156-2-E FPGA states that it has approximately 230,400 LUTs and 460,800
FFs. In the UltraScale+ architecture, including the XCZU7EV, the LUTs are typically 6-input
LUTs (LUT6), which can be stored using 64 SRAM cells and accessed by a 64:1 multiplexer.
Generally, six transistors are needed for one SRAM cell and two transistors are needed
to build a 2:1 multiplexer; thus, approximately 384 (for SRAM) + 126 (for MUX) = 510
transistors are needed to build one 6-input LUT.
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Figure 11. Generalized architectural illustration of FPGA building blocks.

Similarly, in the Xilinx UltraScale+ architecture, including the XCZU7EV-FFVC1156-2-E,
each slice contains flip-flops (registers) used for storage and sequential logic [172, 173].
The flip-flops in these slices are often similar in design to conventional D flip-flops,
requiring around 20 transistors per flip-flop [172, 173]. This number gives a rough estimate,
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and the actual count might vary slightly, depending on specific optimization in the CLB
slice implementation within the UltraScale+ architecture. In the chosen FPGA family,
LUTs usually have two to six inputs. A register is a group of flip-flops used to store a bit
pattern. A register on an FPGA has a clock, input data, output data, and enabled signal
ports. Logic slices, look-up tables (LUTs), flip-flops (FFs), and multiplexers are fundamental
resources in FPGA architectures. Their utilization provides an effective basis for evaluating
and comparing the divider circuit designs.

5.1 Implementation and performance analysis of the USP-Awadhoot
divider circuit block

The proposed novel USP-Awadhoot divider is implemented in VHDL (Very high-speed
integrated circuits Hardware Description Language). In order to realize the theoretical
concept and idea of the proposed novel USP-Awadhoot divider, we developed a
synthesizable architecture, which is also referred to as the USP-Awadhoot divider circuit
block. This synthesizable implementation provides a unified way of comparing and
testing the divider. To implement and test the proposed USP-Awadhoot divider, we used
two vendor architectures to cross-verify the simulation results by comparing the outputs
separately with the truth table.
1. Vivado 2016 simulation tool with the Zybo development board based on Xilinx*
Zynq XC7Z010, XCZU7EV-FFVC1156-2-E with Zynqg UltraScale + MPSoC.
2. Quartus Prime Lite simulation software with the Cyclone IV development board
based on the EPACEGE22C8N Cyclone IV FPGA manufactured by Altera?.

Here, two different FPGAs (Xilinx and Altera) were used to test the correctness of the
logical results when implemented with differently structured FPGAs. Unless otherwise
specified, the Xilinx implementation and simulation statistics of the proposed divider are
considered further for comparisons, as most available data for the applications used
Xilinx FPGA to test and implement various dividers.

~LEDI2
- LEDI6

»
’
b

-

Figure 12. Logic test bench board.

A truth table, covering all possible combinations of the operands comprising the valid or
theoretical results, was referred to in order to check the validity of the generated output.

1 AMD acquired Xilinx in 2022.
2 Intel acquired Altera in 2015.
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After connecting the test bench board to the FPGA test board, the proposed divider
was tested with all possible input operand combinations. Operand values are selected
from the test bench and provided to the divider’s input ports. Control signals generated
by the test bench trigger the divider to perform the division operation, producing the
quotient and remainder. These outputs are then sent back to the test bench board for
displaying. Finally, the results are compared against the truth table to verify the accuracy
of the divider results. Both experimental FPGA test boards were used to verify all possible
input operand conditions. During verification, the input operand values were selected in
both sequential and random orders. A random number generator (RNG) and a sequential
number generator (SNG) were used to evaluate the random and sequential operation of
the proposed divider implementation. As shown in Figure 12, | designed and used a logic
test bench board which was capable of providing input and output operands with varying
word sizes, to test the proposed implementation. The FPGA test board is connected to
the test bench board through connectors, which supply the input operands and display
the generated quotient and remainder outputs on LEDs. We tested the operation of the
proposed novel USP-Awadhoot divider in multiple ways.

As illustrated in Figure 13, the first method involves utilizing the test bench board’s
dual in-line package (DIP) switches as input operands and displaying output through
indicator LEDs. This configuration is created to manually test the sequential and random
operation of the proposed divider. Figure 14, shows that the second technique,
the automatic sequence generator (sequential and random), and the controlling signal
are connected to the input operands of the proposed divider built on the development
boards, and the output operands are connected to the test bench board for result
verification. This configuration is meant to automatically test the sequential and random
operation of the proposed division. An automatic sequence generator (sequential and
random) and the controlling signal are created using Arduino or other embedded systems;
an external function generator provides a working clock signal. In the third method, we
used simulation tools (Vivado and Quartus Prime Lite) to verify the sequential and random
operation of the proposed divider. Finally, the output accuracy is validated by comparing
the results provided by three verification methods to the theoretical results truth table.

After verifying the simulations and hardware implementation of different versions of
the proposed divider circuit, the implementation statistics of every version are mapped
to the LUTSs, flip-flop registers, multiplexers, latches, basic gates, and clock frequency.
It specifies the number of transistors or gates used, indicating the quantity of implemented
area or hardware resources used in the proposed novel USP-Awadhoot divider.
As explained previously in Chapter 2, all processes involved in the pre-processing,
processing, and post-processing circuit stages are implemented sequentially. Bounded
input-outputs (I/Os) are divided into two data operands: input and output data lines.
Input control lines are used to control the divider’s operation, and output status lines are
used to report an error if it occurs during computation.

The pre-processing circuit allows data from input data lines, i.e., dividend (D) and

divisor (D,), to be stored in input registers. The most significant bits (MSB) are stored as
a separate hexadecimal integer number. The least significant bits (LSB) are stored as
another hexadecimal integer in an array of hexadecimal integer elements for the
dividend. The same process is applied to both the dividend (D), and the divisor (D,.).
Concurrently, the pre-processing circuit stage formulates the FD and ND,. values by only
working on the least significant hexadecimal part of the divisor.
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The processing circuit stage concurrently executes the ND; and GQ,, calculation step
for each group dividend (GD,) and utilizes the pre-defined values for error conditions.
In the last group dividend (GD,), the processing circuit stage concurrently executes the
residue/remainder and additional quotient calculations if needed. The processing circuit
stage introduces an extra buffer and counters to improve the expected group
residue/remainder and additional quotient calculations. Once the last group dividend
(GD,) calculations are completed, the condition selection and rearrangement circuits
are activated in the post-processing circuit stage to compute the final values for quotient
and residue as per the display/storage requirements.

Figures 15-17 show the resource requirements, power, and frequency estimations
of multiple versions of the proposed USP-Awadhoot divider implementations; each
implementation is referred to as a‘version’. Version V8.1 is an 8-bit operand
implementation of the proposed USP-Awadhoot divider, while versions V16.1, V24.1,
and V31.1 are the 16-bit operand, 24-bit operand, and 31-bit operand implementations,
respectively, based on the V8.1 version. The V31.1 implementation uses 31-bit operand
due to software configuration limitations to avoid overflow conditions during conversion.
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Figure 15. Hardware resource utilization.

Figures 15-17 illustrate the actual data for the proposed circuit implementation based
on the Xilinx FPGA simulation tool. This is used as a baseline for comparing the numerous
alternatives and enables the drawing of a comparative analysis, as in Sections 5.3 and
5.4.
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Figure 16. Estimated power consumption.

A study of different implementation versions indicates the total trade-off between
area, time, and power estimation. So, depending on the application, one must decide
which implementation version must be utilized. As per Figures 15-17, the V8.1 version,
which represents the 8-bit implementation of the proposed divider, requires 266 slice
logic LUTs, 146 slice register flip-flops, and 37 bounded input-outputs with zero latches,
DSPs, or eight-input multiplexers. It utilized 0.12% of the available LUTs and 0.03% of the
available slice register flip-flops, in total. Simulation confirms that it operates at a moderate
divider clock frequency of up to 285 MHz and consumes 3.366 watts of estimated power.
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Figure 17. Divider clock frequency.
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As the bit size increases, there is a progressive increase in resource usage, which is
nearly double that of the prior version. The V16.1 version, which represents the 16-bit
implementation of the proposed divider, requires 622 slice logic LUTs and 241 slice
register flip-flops. Simulation confirms that it operates at 76 MHz clock frequency and
consumes 3.601 watts of estimated power. It utilized 0.26% of the available LUTs and
0.05% of the available slice register flip-flops in total. Similarly, the V24.1 and V31.1
versions of the proposed divider, which represent 24-bit and 31-bit implementations,
require 1274 and 1836 slice logic LUTs, as well as 821 and 1352 slice register flip-flops,
respectively. It utilized 0.55% to 0.79% of the available LUTs and 0.17% to 0.29% of the
available slice register flip-flops in total. Furthermore, we used versions V8.1 and V16.1
of the proposed divider circuit in all of the comparative implementation resource
utilization studies.

The divider uses the divider clock frequency as a reference for performing division
operations. The proposed USP-Awadhoot divider’s behavior is mapped with a latency
time performance function, designed to keep track of the number of clock cycles
required for a given pair of input operands. So, the latency analysis is performed in terms
of clock cycles. Simulations identify the performance of the proposed divider latency
time by analyzing the clock cycle calculation of the best and worst conditions. We
consider two ways to evaluate the proposed divider’s latency time performance. The first
is a sequential truth table, which ensures that each combination of input operands is
considered during execution and its associated data is saved. The second option, RNG,
is suitable for evaluating operands with larger word sizes. The execution time of the
data-dependent divider is decided by how far the divisor is from the dividend rather than
by the value of the dividend. The greater the distance between the dividend and the
divisor, the longer the execution time.

Variable latency can be used to provide a variable conversion rate or time. Achieving
variable latency in the divider is critical, due to the difficulty of synchronizing iterations
to get the correct results. To understand the nature of the variable latency in the
proposed divider, | performed a clock performance analysis of the entire range of 8-bit
operands using the RNG and the sequential truth table, with 65K possible combinations.
The RNG method is only considered for larger bit sizes, due to the possibility of billions
of combinations. The clock performance analysis of the proposed USP-Awadhoot divider
is performed at a 125MHz clock frequency.
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Figure 18 illustrates the proposed divider’s behavior based on the difference between
the dividend and divisor values. It demonstrates that the proposed divider circuit uses
the fewest clock cycles (approximately 1 to 3) when the divisor value is 0, as division by
zero results in an invalid condition. When the distance between the divisor and dividend
values is small, the minimum necessary average number of clock cycles remains in the
range of thirteen to twenty-four clock cycles. When the divisor value is one, the smallest
number of clock cycles is required (7 clock cycles). If the dividend value was previously
confirmed to be non-zero, the final quotient value is calculated directly after ensuring
that the divisor value is unity. Mid-range operand combinations required fifteen to
thirty-five clock cycles, whereas large-range operand combinations required twenty-eight
to sixty-eight clock cycles. A dividend value of zero is an exception to the invalid
condition; when the input operand value indicates that the dividend and divisor values
are both zero, the proposed divider circuit needs slightly longer clock cycles (17 clock
cycles) to complete the execution process. The main reason for this is that the circuit first
detects the dividend value to identify it as a nonzero value. If a zero dividend value is
detected, the temporary output is set to zero and it checks the divisor for a non-zero
value. If it detects a non-zero value, the quotient is set to zero; otherwise, the error signal
indicates an invalid condition.

5.2 Waveform analysis

The functional waveform analysis of the proposed divider based on the USP-Awadhoot
division algorithm is discussed in this section. The operating conditions of the various
signals used or generated by implementations in various scenarios, such as idle/initial
and off/on states, are presented in Figure 19. We consider multiple dividend and divisor
combinations in order to better understand various signals and data during an individual
conversion process. The nine signal data were studied using waveform analysis,
to provide a clear picture of the proposed divider's working conditions based on the
USP-Awadhoot division algorithm. The nine signals required for waveform analysis are:
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the reference clock (CLK), dividend (Dy), divisor (D,), enable (fd_enable), quotient
(Q_Result), the remainder (Rem_Residue), computation completion acknowledgment
(Valid_0O/P), error (Error), and reset (RST). These nine signals are divided into five groups
based on their nature: the reference group, the I/P operand group, the control group,
the O/P results group, and an indicator group.

Different dividend and divisor combinations require different clock cycles for
computation; the timing reference signal for computation execution is provided by the
reference group CLK signal. The dividend (D) and divisor (D) signals are part of the I/P
operand group. The Control group consists of fd_enable and RST signals, to provide start
and end control signals for the computation process. The indicator group consists of
Valid_O/P and Error signals, which indicate computation completion and notify the
system of invalid working conditions or erroneous execution. The final and most important
O/P results group consists of the Q_Result and Rem_Residue signals, which provide the
quotient and remainder values as the result of the division operation conducted by the
proposed USP-Awadhoot divider.

Idle Initialisation Operation Next

ok \ / \ / \ ]\ / \ / \ / \
“ ), Divdend ] Dafa =Value ! Next Data
g b Duderd [[Daa = Vae I Nex Data
o //
g e Q Resut = Iniial Value Setto 00| i Q Result=Valug
g Rem_Residve 777717777/} Rem Residue = Initia Value Setto 00H i Rem_Residue = Value
gl aor g, / / (I
: Err [ / (U
g[ RS / /A U S

Figure 19. Waveform reference for initial operating condition.

Figure 19 indicates a reference functioning waveform for the initial working conditions.
The working waveform is primarily segmented into an idle state, an initialization state,
an operation state, and the ‘next’ state. The idle state shows the proposed divider
circuit’s non-working or stationary status and the beginning state after a shutdown when
only a power source is applied to the circuit. In the idle state, the CLK signal continues to
generate the reference signal and the dividend (D) and divisor (D,) signals of the I/P
operand group are in the high-impedance tri-state condition. The Control group fd_enable
and RST both have low logic values, suggesting no operation. Similarly, the value of the
indicator group and O/P results group’s Q_Result and Rem_Residue signals are in a high
impedance tri-state condition, indicating a stationary working condition. After applying
the fd_enable control signal to the proposed division, the initialization state signals the
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next stage. The proposed circuit resets the signal value of the O/P results group to the
initial value of 00H during the initialization stage, implying no results at the start. As stated
previously, it fetches the dividend (D) and divisor (D,.) data from input data lines and
stores them in the input operand registers for further computation. The Valid_O/P and
Error signals in the indicator group are set to logic low values, indicating that no
calculation operations have yet been completed. During the operation state, the proposed
divider circuit computes the Q_Result and the Rem_Residue signals. After completing the
computing process, the Valid_O/P and Error signals are modified, and the accuracy of the
computation and quotient values is validated. The proposed USP-Awadhoot divider
suspends its current computing state and resets to its initialization state if a high-logic
signal triggers the RST signal. The RST signal is set to low logic, signifying an inactive reset
signal, allowing the ongoing computing process to compute the final quotient values.
Once the quotient value has been determined, the proposed divider is ready to proceed
to the next computation, depending on the control group signal.

5.3 Summary of comparative analysis

This section includes a study of the various divider implementations, providing a
comprehensive overview of the other implementations that could be used to compare
the performance of the proposed divider implementation. It demonstrates the need to
establish a good trade-off between time, cost, area, and complexity while selecting a
suitable division algorithm for a required application. The Vivado 2016 simulation tool
with the Zybo development board based on Xilinx Zyng XC72010, XCZU7EV-FFVC1156-2-E
with Zynq UltraScale + MPSoC and the Quartus Prime Lite simulation software with
the Cyclone IV development board based on the EP4CE6E22C8N Cyclone IV FPGA
manufactured by Altera were used to develop and implement the proposed novel
USP-Awadhoot divider. The simulation results and FPGA implementation were
cross-verified by separately comparing the outputs with the truth table indicating
results for all input combinations. Here, two different FPGAs (Xilinx and Altera) were used
to test the correctness of the logical results when implemented with different structured
FPGAs. Unless otherwise specified, the Xilinx implementation and simulation statistics of
the proposed USP-Awadhoot divider are considered further for comparisons, as most
applications used Xilinx FPGA to test and implement various dividers.

Restoring and non-restoring algorithms are comprehensive concepts. The restoring
algorithm is identical to the actual long division algorithm or the theoretical paper and
pencil algorithm, and the non-restoring algorithm is similar to the restoring algorithm
except for the restoring stage. These algorithms are the fundamental algorithms of the
dividers in the digit recurrence class. Many scholars have investigated the complexity,
timing, area, and other properties of the implementations of simple restoring and
non-restoring algorithms [1, 3, 66, 68]. Many non-restoring algorithms have been
designed and implemented, but the SRT algorithm is the most implemented approach.
Many algorithms that appear later are either entirely or partially derived from the digit
recurrence concept and functional iteration class division algorithms.
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Figure 20. Comparative analysis of the proposed USP-Awadhoot divider with the radix-n based SRT
divider.

The basic SRT algorithm was implemented in [5, 9, 12, 17, 19, 21, 35, 51, 58, 68, 76-83]
for different applications utilizing different aspects of the algorithm. Figure 20 illustrates
the comparative analysis regarding the hardware resource utilization of the proposed
USP-Awadhoot divider and other SRT-based radix-n dividers. The proposed USP-Awadhoot
divider requires 266 slice logic LUTs and 146 slice register flip-flops. In contrast, the radix-2
to radix-16 divider implementations require 1500 to 2100 slice logic LUTs and 1100 to
1200 slice register flip-flops [7]. This indicates that the concept of different pre-scaling
operations or factors for the input operands used in the proposed novel USP-Awadhoot
divider helps to reduce its chip area requirements.
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Figure 21. Comparative analysis of the proposed novel USP-Awadhoot divider with different
functional dividers.

Figure 21 illustrates the comparative analysis of hardware resource utilization of the
proposed USP-Awadhoot divider implementation with functional iteration and different
algorithm-based dividers. For this comparison, we considered the implementation of the
proposed USP-Awadhoot divider on Altera EP4CE6E22C8N Cyclone IV FPGA, as other
dividers also implemented Altera FPGA and were feasible for other modern FPGA
devices. The illustration considers the study by Md. F. Kasim, T. Adiono, Md. Fahreza and
Md. F. Zakiy, which discussed a divider block with pre-computed values stored in a
read-only memory as a look-up table [67]. J. Liu, M. Chang, and C-K. Cheng discussed the
PST (DSP/non-DSP) algorithm that utilizes pre-scaling, series expansion, and Taylor series
expansion together [33]. The comparison also considered the Mega Wizard IP core
divider, Goldschmidt’s algorithm-based divider, and the Quartus Mega function divider.
The Altera EP4CE6E22C8N Cyclone IV FPGA implementation of the proposed novel
USP-Awadhoot divider is used for the comparison. This implementation requires
406 LUTs / total logic elements (TLE) but zero memory and DSP elements.

In contrast, the PST (non-DSP) algorithm-based divider requires 213 TLEs / LUTs and
768 bytes of memory; whereas, the PST (DSP) algorithm-based divider needs 1437 TLEs
/ LUTs, 768 bytes of memory, and 28 DSP elements [33]. The pre-computed divider and
Goldschmidt’s algorithm-based divider require 647 and 816 TLEs / LUTs, respectively.
The Mega Wizard IP core, DSP, and non-DSP dividers significantly delay the results,
as their maximum clock frequencies are limited to 50-73 MHz. These dividers require
relatively more resources than the proposed USP-Awadhoot divider. Additionally,
the pre-computed values introduce rounding errors in the calculation process.
The proposed USP-Awadhoot divider displays better implementation area requirements
and maximum clock frequency performance.

Table 4 and Table 5 illustrate a resource consumption comparison of the proposed
USP-Awadhoot divider and the Xilinx LogiCORE IP Divider Generator V4.0 [171]. Xilinx
LogiCORE IP Divider Generator V4.0 creates a circuit for integer division based on a
non-restoring radix-2 division algorithm or a high-radix division with pre-scaling [171].
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The implementation statistics for the proposed USP-Awadhoot divider are obtained with
Error and Valid_O/P signals. The Valid_O/P signal indicates that the computation has
been completed, but the Error signal shows that an invalid condition has occurred due
to a zero divisor value, i.e., the divide-by-zero condition. The proposed USP-Awadhoot
divider implementation’s resource requirements are analyzed with XilinxLogiCORE IP
Divider Generator core V4.0, based on a non-restoring radix-2 division algorithm.
Xilinx is the top candidate in the IC business, with a comprehensive set of Intellectual
Property (IPs).

Table 4. Comparative analysis of the proposed USP-Awadhoot divider and the Xilinx LogiCORE IP
integer divider generator V4.0 (8-bit).

Dividend Width 8 8 8 8 8

Divisor Width 8 8 8 8 8
Remainder 8 8 8 8 8

And Quotient Width

LUT6 -FF Pairs 223 218 217 215 000

No. of LUTs 203 205 203 197 266

No. of FFs 288 288 288 288 146

IC Name Virtex7 | Kintex7 | Virtex6 | Spartan6 Xilinx Zyngq XC72010

Table 5. Comparative analysis of the proposed USP-Awadhoot divider and the Xilinx LogiCORE IP
integer divider generator V4.0 (32-bit).

Dividend Width 32 32 32 32 32

Divisor Width 32 32 32 32 32
Remainder 32 32 32 32 32

And Quotient Width

LUT6 -FF Pairs 2196 2209 2195 2185 000

No. of LUTs 2068 2060 2126 2130 1836

No. of FFs 3202 3202 3202 3202 1352

IC Name Virtex7 | Kintex7 | Virtex6 | Spartan6 Xilinx Zyng XC72010

During the comparison, we considered Xilinx Virtex 6 and 7, Kintex 7, and Spartan 6
FPGA with a LogiCORE IP Divider Generator V4.0. The number of slice register flip-flops
used in each FPGA IC is constant at 288, although the number of LUTs used changes from
197 to 205, and the number of six input LUT-FF pairs used changes significantly from 215
to 223, for 8-bit implementation in Virtex 7, Kintex 7, Virtex 6, and Spartan 6. Similarly,
the number of slice register flip-flops used in each FPGA IC is constant at 3202, although
the number of LUTs used changes from 2060 to 2130, and the number of six input
LUT-FF pairs used changes significantly from 2185 to 2209, for 32-bit implementation in
Virtex 7, Kintex 7, Virtex 6, and Spartan 6. The proposed USP-Awadhoot divider requires
266 to 1836 slice logic LUTs and 146 to 1352 slice register flip-flops. The power
consumption of the LogiCORE IP Divider Generator V4.0 is not mentioned in the
document, but the recommended divider based on the USP-Awadhoot division algorithm
simulation estimates 3.366 Watts.

Based on the statistics presented in [9], the proposed novel USP-Awadhoot divider
implementation shows improvements in its FPGA resource utilization, i.e., 77-88%
improvement in the number of required slice logic LUTs (depending on the use of 8-bit
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or 16-bit operands) and 96-96.36% improvement in the number of slice register flip-flops
required (depending on the use of 8-bit or 16-bit operands) in the Xilinx IP core pipelined
divider. The proposed novel USP-Awadhoot divider implementation uses 266 to 622 slice
logic LUTs and 146 to 241 slice register flip-flops, depending on 8-bit or 16-bit operands,
compared to the 2247 to 2742 slice logic LUTs and 4020 to 4904 slice register flip-flops
of the IP core pipelined divider by Xilinx.

In [6], K. Tatas, D. J. Soudris, D. Siomos, M. Dasygenis, and A. Thanailakis discussed
different concepts involved in partitioning the actual dividend into segments, to
represent an actual division of a numerator by a denominator as a series of smaller
divisions with a necessary requirement for the numerator to meet (Numerator N= N; +
N, +...), as in equations (28) and (29). All intermediate operations are performed by
considering the weight of the dividend bits. This concept of a series of divisions,
showcases a smaller dividend division algorithm, where we must perform shifting,
partisan division, and accumulation operations. Any existing division algorithm can be
utilized for the small division process; the best-suited option must be selected depending
on the trade-off between cost and area. This algorithm can be implemented in both
series and parallel ways [6]. At last, add all the small division's results to get a combined
result.

N N, N, N; N,

_ = —_ —_— b Cee e ees s 28
D D + D + D + D + (28]
where, N=N; + N, + N3 + - (29)

This algorithm is implemented with an N=32-bit dividend and parallel array divider,
a sequential divider with two partitions, or a parallel divider with two sections in the
partial division stage. Its respective implementation requires 4316, 2136, and 3050 slices
on Xilinx Virtex-E 1000. From the above data, it is clear that the sequential implementation
of this algorithm requires more hardware resources. Compared to this divider,
the proposed USP-Awadhoot divider does not partition the given Numerator (Dividend)
into smaller dividends, like N; and N,, which requires the following N = N; + N,
relation. In contrast, the proposed USP-Awadhoot divider partitions the numerator
(dividend) into group dividends that do not need to sum to the actual dividend value,
as shown in the equations. (30) and (31).

Thus, Numerator = Dividend = X

= group dividend 1, group dividend 2, ... ... , group dividend n (30)

Where, X # group dividend 1 + group dividend 2 + -+ (31)
+ group dividend n
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Table 6. Summary of the comparison between standalone divider implementations year—2019 [5].

In [5], E. Matthews, A. Lu, Z. Fang, and L. Shannon discussed integer divider designs
for FPGA-based soft processors that influence the use of variable latency execution units
in their instruction pipeline. Implementation efforts focused on the Quick-Div divider,
which exhibits data dependency and variable latency in integer division. It is optimized
on FPGA and integrated into the Taiga RISC-V pipelined soft processor. They pointed out
that a 64-bit floating/fixed-point divider requires almost ten times more resources than
a 32-bit radix-2 integer divider [5, 168]. FPGA soft-core processors such as Micro Blaze
[152], NIOS Il [169], and the LEON3 processor [170], implemented fixed-latency radix-2
dividers with 32 cycles of latency for performing division operations. As illustrated in
Table 6, experimental implementations of the Quick-Div divider are performed over the
Xilinx Virtex UltraScale + VCU118 board (XCVU9P-L2FLGA2104E) using the Vivado 2018.3
synthesis tool. It also provides comparative statistics between the data-dependent
variable-latency Quick-Div dividers stand-alone implementation and fixed-latency
radix-n (n = 8, 16) divider implementations. Here, frequency is the divider clock frequency
used for the division operation.

Table 7. Summary of the Taiga soft processor divider implementation comparison  year—2019 [5].
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All dividers are realized with the RISC-V Taiga soft processor on Xilinx FPGA by
influencing variable latency execution units in their instruction pipeline. As illustrated in
Table 7, a comparative statistic is derived between the implementation of data-dependent
variable-latency Quick-Div dividers with the Taiga RISC-V soft-processor and fixed latency
radix-n (n = 8, 16) dividers. Considering Table 6 and Table 7, the variable-latency
Quick-Div dividers and fixed-latency radix-n (n = 8, 16) dividers require 5 to 7 times more
chip area than the proposed USP-Awadhoot divider, which is represented by the number
of LUTs and flip-flops used for implementation. In contrast, the maximum clock
frequency of variable-latency Quick-Div dividers and fixed-latency radix-n (n = 8, 16)
dividers is almost double that of the maximum clock frequency of the proposed novel
USP-Awadhoot divider. This indicates that the proposed novel USP-Awadhoot divider
implementation achieved improvements in FPGA resource utilization.

To summarize, compared to the existing state-of-the-art digit recurrence dividers,
the proposed novel USP-Awadhoot divider implements multiple performance
improvement techniques simultaneously (i.e., dynamic separate scaling operations) with
individual input operands. This approach achieves variable latency and a small area
footprint without overlapping regions in the quotient calculation logic. To implement and
test the proposed novel USP-Awadhoot divider, | used the Vivado simulation tool with
the Zyng XC72010 and XCZU7EV-FFVC1156-2-E Xilinx FPGAs, as well as the Quartus
Prime Lite simulation software with the EP4CE6E22C8N Cyclone IV Altera FPGAs.
All comparisons were conducted using the same synthesis tools and FPGA platforms.
More specifically, if another divider was implemented using the Xilinx Vivado synthesis
tool with Xilinx FPGAs, the proposed novel USP-Awadhoot divider implementation was
compared on the same platform. Similarly, if another divider was implemented using the
Altera Quartus synthesis tool with Altera FPGAs, comparisons were conducted using the
same Altera Quartus synthesis tool with the Altera FPGA platform.

5.4 Chapter conclusion

A detailed explanation of the proposed novel USP-Awadhoot divider implementation
statistics, verification test strategies, waveform analysis, and comparative analysis is
described in this chapter. This demonstrates how the proposed USP-Awadhoot divider
improves divider implementation, especially regarding implementation area requirements.
This chapter covers RO4 — “Implement the divider based on the formulated algorithm
and improve the area requirements to compose the operand-dependent area-efficient
divider circuit design”. Publications |, Il, and IV cover detailed information on the proposed
novel USP-Awadhoot divider implementation statistics, verification test strategies,
waveform analysis, and comparative analysis.
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Conclusion and future work prospects

The evaluation of addition and multiplication implementations typically falls within a
latency range of a few clock cycles to less than ten, while the performance evaluation of
division operations usually spans tens to hundreds of clock cycles and requires a
significantly larger implementation area. The main objective of this doctoral dissertation
is to address the research gap in simultaneously applying multiple performance-
enhancement techniques to individual input operands, with the goal of designing and
implementing a divider circuit that minimizes implementation area, avoids rounding
errors, and prevents overlapping regions in the quotient bit calculation logic. The details
presented in Chapters 3 and 5 confirm the successful implementation of the proposed
novel USP-Awadhoot divider circuit block. The USP-Awadhoot divider integrates multiple
performance-enhancing techniques (dynamic separate scaling operations) for each input
operand, achieving variable latency and preventing overlapping regions in the quotient
bit calculation logic. The design is developed by simulating the proposed technique and
cross-verifying the results against standard truth tables, which include all possible
combinations of input operands, generated from a theoretical evaluation of the proposed
idea. The main contributions highlighted in the thesis are as follows:

e |n association with RO1, RO2, RO3, and RO4, this thesis contributes to the
development of a novel algorithm for implementing a divider circuit block.
The innovative concept of dynamic separate scaling operations for the dividend and
divisor reduces resource requirements, resulting in a divider circuit block with a low
area footprint.

e In association with RO2, RO3, and RO4, | developed an easy Group Quotient (GQ,,)
value selection logic in the proposed divider circuit block based on the unique
relation derived between Dividend Groups (GD,), Modified Divisor (MD,.), and Flag
Digit (FD) without any critical overlapping.

e Inassociation with RO2, RO3, and RO4, | developed a clear process for selecting the
final quotient based on the Group Quotient (GQ,), Partial Quotient (PQ,,), and
Additional Quotient (AQ) values without critical overlapping regions.

e In association with RO2 and RO3, | implemented a complex divider based on the
Baudhayan-Pythagorean triplet algorithm with the proposed USP-Awadhoot divider
circuit block.

e The described steps reduce the criticality of the conversion logic by eliminating
overlapping regions in the quotient bit selection logic.

Future work prospects

e Asthe current implementation verifies the successful performance of the proposed
divider on different FPGAs, the next target is to design a dedicated chip. The first
step is to develop a physical layout and floor plan for the chip-level implementation,
which determines where each circuit component is placed and extracts parasitic
values to prepare the final design for fabrication.

e To develop a speed-oriented USP-Awadhoot algorithm-based divider circuit that
achieves low latency and conversion time, we need to fuse certain intermediate
functional blocks. For example, separate operations like addition and multiplication
can be performed in a fused mode, such as fused multiply-add (FMA). Additionally,
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the focus should be on improving the 24-bit and 32-bit implementations of the
proposed divider.

The current implementation validated its successful performance by using
combinational circuits. Certain processes in the proposed divider can be represented
using different hardware architectures, such as pipelined architecture, parallel
architecture, array structure, and cascade structure.

The performance of the proposed divider implementation needs to be verified in
various applications such as image processing, particle detection, telecommunication,
and signal processing.
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Abstract

Area Efficient Design and Implementation of a Novel Divider
Circuit Block

A better electronic system must implement all the essential mathematical operators and
indicate that addition, subtraction, multiplication, and division are vital building blocks
for modern theories. Division operation is also a derived operation like multiplication;
instead of successive addition, it is derived by successive subtraction or multiplication
and some controlling conditions. Time, area, and power are the basic requirements of
embedded systems, digital systems, integrated circuits, digital circuits, and computer
systems. Many techniques which have been designed and implemented to improve the
division operation can be classified into digit recurrence and functional iteration classes.
Digit recurrence algorithm-based divider techniques are the most commercially
implemented dividers, and SRT division is one of the most implemented non-restoring
digit recurrence division algorithms. Still, it is restricted to low-order radix due to the
requirement of a practically unfeasible quotient selection table. The overlapping region
in the quotient selection table can cause a problem in selecting the quotient value. Many
performance improvement techniques were researched and used, such as operand
scaling, simple circuit staging, overlapping, and pipelined execution, which helped to
improve execution time requirements but failed to improve a considerable amount of
implementation area requirements. Some studies have also researched and implemented
alternative approaches for designing quotient selection logic, such as the Generalized
Svoboda algorithm-based divider (GSA), Svoboda-Tung algorithm-based divider (STA),
and the new Svoboda-Tung algorithm (NSTA), which only requires a few MSBs of the
partial remainder for developing quotient selection logic. Despite using a few MSBs from
only a partial remainder to reduce the criticality of quotient selection logic, it has some
drawbacks. Overflow can occur due to overcompensation, causing the quotient digit
selection from out of the remainder digit range. Because of this, the final remainder value
cannot be calculated at the end of the conversion. Thus, the use of such a divider is
limited to applications which specifically do not require remainder data.

The implementation of a low area footprint division circuit is needed because of the
emerging applications where these devices are used to implement some critical
system-on-chip application or improve the existing application; indirect division
operation results are not enough. High radix reduces latency but requires a large capacity
look-up table, which is impractical for implementation. Furthermore, functional
iteration-based dividers use multiplicative algorithms, which are fast but require more
significant area requirements for implementation. Functional iteration-based dividers
are generally based on series expansion algorithms such as Newton-Raphson, Taylor series,
and the Goldschmidt division algorithm, which requires multipliers that add to area
overheads. Functional iteration-based dividers generate an error, depending on how
close the selected multiple of the reciprocal or anti-divisor value is at the beginning of
the initial iteration. Therefore, to reduce rounding-off errors, it needs many anti-divisor
values to choose the initial estimation of the quotient approximation, the iterative
process that approaches closest to the final value, and convergence to the anti-divisor,
i.e., the reciprocal.

Many researchers have worked on various performance improvement techniques,
including pre-scaling operands, carry-save remainders, array implementations,
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truncations, cascading, and differential LUTs. However, these performance improvement
techniques have yet to be fully explored in addressing the research gap for
simultaneously utilizing multiple performance improvement techniques with individual
input operands. This approach could potentially lead to the development of a new
technique or a combination of fast or moderate methods to optimize execution time and
implementation area.

This doctoral dissertation’s main objective is to design and implement a reduced area
divider circuit block with a solution based on the relation between the divisor and the
dividend that improves the conversion logic, avoiding rounding off errors and
overlapping regions. The design is developed by simulating the proposed technique and
cross-verifying it by performing regular sequential and pseudo-random sequential
analysis of implementation against standard result tables generated by simulations and
the theoretical study of the proposed idea.

Based on the comparative analysis presented, the proposed USP-Awadhoot divider
implementation uses 64% less FPGA hardware resources than the Handel-C built-in
divider. The variable-latency Quick-Div dividers and fixed-latency radix-n (n = 8, 16)
dividers require 5 to 7 times more chip area than the proposed novel USP-Awadhoot
divider. The proposed novel USP-Awadhoot divider implementation shows improvements
in its FPGA resource utilization in terms of 77% to 88% improvements in the number of
required slice logic LUTs (depending on the use of 8-bit or 16-bit operands) and 96% to
96.36% improvements in the number of slice register flip-flops required (depending on
the use of 8-bit or 16-bit operands) in Xilinx IP core pipelined divider. This indicates that
the proposed novel USP-Awadhoot divider implementation improved FPGA resource
utilization.

Similarly, we compared the proposed USP-Awadhoot divider with the LogiCORE IP
Divider Generator V4.0 on Xilinx Virtex-6, Virtex-7, Kintex-7, and Spartan-6 FPGAs for a
comprehensive evaluation. Xilinx LogiCORE IP Divider Generator V4.0 creates a circuit for
integer division based on a non-restoring radix-2 division algorithm or a high-radix
division with pre-scaling. The number of slice register flip-flops used in each FPGA IC is
constant at 288, although the number of LUTs used changes from 197 to 205, and the
number of six input LUT-FF pairs used changes significantly from 215 to 223, for 8-bit
implementation in Virtex 7, Kintex 7, Virtex 6, and Spartan 6. Similarly, the number of
slice register flip-flops used in each FPGA IC is constant at 3202, although the number of
LUTs used changes from 2060 to 2130, and the number of six input LUT-FF pairs used
changes significantly from 2185 to 2209, for 32-bit implementation in Virtex 7, Kintex 7,
Virtex 6, and Spartan 6. The proposed USP-Awadhoot divider requires 266 to 1836 slice
logic LUTs and 146 to 1352 slice register flip-flops.

To summarize, compared to the existing state-of-the-art digit recurrence dividers,
the proposed novel USP-Awadhoot divider simultaneously implements multiple
performance improvement techniques (i.e., dynamic separate scaling operations) with
individual input operands. This approach achieves variable latency and a small area
footprint while preventing overlapping regions in the quotient calculation logic.
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Liihikokkuvote

Uudne efektiivne jagamistehte riistvaraline realisatsioon

Kaasaegsetes elektroonilistes susteemides on vajalik rakendada k&iki pdhilisi
matemaatilisi tehteid. Liitmine, lahutamine, korrutamine ja jagamine on tanapdevaste
rakenduslike algoritmide olulised ehituskivid. Jagamistehe on sarnaselt korrutamisega
tuletatud tehe. Kui korrutamine on tuletatud jarjestikuse liitmise abil, siis jagamine
on tuletatud jarjestikuse lahutamise vOi korrutamise ja algoritmi spetsiifiliste
juhtimistingimuste kaudu.

Aeg, pindala ja vOimsus on pdhilised nduded nii manussisteemidele,
digitaalsusteemidele, integraallulitustele, digitaalliilitustele kui arvutisisteemidele.
Enamikku tehnikaid, mis on vilja tootatud ja rakendatud jagamistehte tdiustamiseks,
saab liigitada kahte klassi: numbri korduvkasutusel pd&hinev ja funktsionaalsel
iteratsioonil p&hinev  klass. Numbri korduvkasutuse algoritmidel pd&hinevad
jagamistehnoloogiad on koige laialdasemalt kasutatavad kommertsjagurid ning
SRT-jagamine on ks enimrakendatud mitte-taastavate numbri korduvkasutuse
algoritmide seas. Siiski on selle rakendamine piiratud madala astmearvuga (radix), kuna
korge astmete arv vajab praktiliselt teostamatut jagatise valiku tabelit.

Jagatise valiku tabeli katvusalad vdivad poOhjustada probleeme sobiva jagatise
vadrtuse valikul. Joudluse parandamise erinevaid tehnikaid on uuritud ja kasutatud,
sealhulgas naditeks operandide skaleerimine, lihtne jarjestikskeemide kasutamine,
kattuvad lahendialad ja jadatditmine (pipeline execution), mis on aidanud kiirendada
algoritmi tditmise aega, kuid pole suutnud oluliselt vihendada realiseerimiseks vajalikku
komponentide arvu — seekaudu ka kiibi pindala.

Monedel juhtudel on uuritud ja rakendatud ka alternatiivseid lahenemisviise jagatise
valiku loogika kavandamiseks, nditeks Generaliseeritud Svoboda algoritmil pShinev jagur
(GSA), Svoboda-Tung algoritmil pdhinev jagur (STA) ning uus Svoboda-Tung algoritm
(NSTA), mis vajavad jagatise valiku loogika loomiseks ainult osa jaagi kdige olulisematest
bittidest (MSB-dest). Kuigi jagatise valiku loogika kriitilisust on vahendatud, kasutades
ainult mdone MSB vaartusi osalisest jaagist, on sellel realisatsioonil siiski moningaid
puudusi. Ulekompensatsioon vib p&hjustada lletditumist, mille tdttu valitakse jagatise
number valjaspool jadgi numbrivahemikku. Selle tulemusena ei ole voimalik teisenduse
[6pus jadgi Ioplikku vaartust arvutada. Seetdttu on selliste jagurite kasutamine piiratud
rakendustega, mis ei nGua jadgiandmeid.

Vdikese pindala kasutusega jagamisahela realiseerimine on vajalik uute rakenduste
kasutusnduete tottu, kus neid seadmeid kasutatakse kas mdne kriitilise slisteemikiibil
(SoC) pGhineva rakenduse loomiseks voi olemasoleva rakenduse taiustamiseks. Sellisel
juhul kaudsed jagamistehte tulemused ei ole piisavad. K&rge astmearv (radix) vidhendab
latentsust, kuid nduab mahukat otsingutabelit, mis on praktilise rakenduse seisukohalt
ebaotstarbekas.

Lisaks kasutavad funktsionaalsel iteratsioonil p&hinevad jagurid multiplikatiivseid
algoritme, mis on kill kiired, kuid vajavad suuremat kiibipindala. Sellised jagurid
pohinevad tavaliselt jadalahutuse algoritmidel, nagu Newton-Raphsoni meetod, Taylori
rida vOi Goldschmidti jagamisalgoritm, mis eeldavad korrutite kasutamist, suurendades
seeldbi pindalandudeid.

Funktsionaalse iteratsiooni pohised jagurid tekitavad vea, mis séltub sellest, kui
lahedane on valitud podrdarvu (vastandarvu) vaartus tegelikule péordarvule iteratsiooni
alguses. Seetottu, et vdhendada Gimardamisvigu, on vaja mitmeid pddrdarvu vaartusi,
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et valida jagatise lahenduse algvaartus, mis viib iteratiivse protsessi kaudu véimalikult
Iahedale I6plikule vaartusele ning tagab Iahendamise pddrdarvule ehk vastandarvule.

Paljud teadlased on tootanud erinevate joudluse parandamise tehnikate kallal,
sealhulgas operandide eelneva skaleerimise, jadkide carry-save meetodi, arvumassiivide
teostuste, karpimiste (truncation), kaskaadimise ja diferentsiaalsete téevaartustabelite
(LUT) kasutamisega. Siiski ei ole neid joudluse parandamise tehnikaid veel tdiel maéaral
uuritud selles kontekstis, kuidas kasutada korraga mitut erinevat tehnikat koos
individuaalsete sisendoperandidega. Selline Iahenemine vdiks viia uue tehnika vai kiirete
ja mdddukate meetodite kombinatsiooni valjatddtamiseni, mis optimeeriks tditmisaega
ja teostuspindala.

Kaesoleva doktorit66 peamine eesmérk on projekteerida ja teostada vidikse pindalaga
jaguriahel, mis pGhineb jagaja ja jagatava vahelisel seosel, parandades teisendusloogikat
ning véltides Umardamisvigu ja kattuvaid piirkondi. Lahendus on vélja too6tatud
simuleerides pakutud lahendustehnikat erinevatel platvormidel ning seda on
kontrollitud tavalise jarjestikuse ja pseudo-juhusliku jarjestikuse analiiiisi abil, vGrreldes
tulemusi alternatiivsete algoritmide standardsete simulatsioonitabelite ja teoreetilise
kasitluse pdhjal saadud tulemustega.

Vordleva analiilisi pohjal kasutab pakutud USP-Awadhooti jaguri teostus 64% vahem
FPGA riistvararesursse kui Handel-C sisseehitatud jagur. Muutliku latentsusega Quick-Div
jagurid ja fikseeritud latentsusega radix-n (n = 8, 16) jagurid vajavad 5 kuni 7 korda
rohkem kiibipinda kui pakutud uus USP-Awadhooti jagur. Pakutud USP-Awadhooti jaguri
teostus nditab olulist paranemist FPGA ressursikasutuses: segment loogika LUT-ide
vajadus vdaheneb 77% kuni 88% (sGltuvalt sellest, kas kasutatakse 8-bitiseid v&i 16-bitiseid
operande) ning segment registri triger (flip-flop’ide) vajadus vaheneb 96% kuni 96,36%
(jallegi soéltuvalt operandide pikkusest), vorreldes Xilinx IP core jarjestikjaguriga. See
viitab sellele, et pakutud USP-Awadhooti jaguri teostus parandab oluliselt FPGA ressursi
kasutust.

Samamoodi vorreldi USP-Awadhooti jagurit ka LogiCORE IP Divider Generator V4.0
teostusega Xilinx Virtex-6, Virtex-7, Kintex-7 ja Spartan-6 FPGA-de peal, et tagada
pdhjalik hindamine. Xilinx LogiCORE IP Divider Generator V4.0 loob tdisarvude
jagamisahela, mis pohineb mitte-taastaval radix-2 jagamisalgoritmil voi kdrge radix’iga
jagamisel koos eelneva skaleerimisega. Iga FPGA kiibi puhul on kasutatud triger arv
konstantne — 288tk. 8-bitise teostuse korral —, kuid LUT-ide arv varieerub 197-st 205-ni
ning kuue sisendiga LUT-FF paaride arv muutub margatavalt 215-st 223-ni Virtex 7, Kintex
7, Virtex 6 ja Spartan 6 kiipide vahel. 32-bitise teostuse korral on triger arv igas FPGA-s
konstantne — 3202tk., kuid LUT-ide arv varieerub 2060-st 2130-ni ja kuue sisendiga
LUT-FF paaride arv 2185-st 2209-ni. Samas vajab pakutud USP-Awadhooti jagur vaid 266
kuni 1836 segment loogika LUT-i ja 146 kuni 1352 segment registri triger.

Kokkuvottes, vorreldes olemasolevate tipptasemel numbri korduvkasutusel
pohinevate jaguritega, rakendab pakutud uus USP-Awadhooti jagur samaaegselt
mitmeid joudluse parandamise tehnikaid (naiteks diinaamiline eraldi skaleerimine)
individuaalsete sisendoperandidega. Selline lahenemine saavutab muutliku latentsuse
(mis siiski suures osas vastab voi lletab ootusi lahenduskiirusele) ja vaikese vajaliku
komponentide arvu — mis valjendub kiibi vajaliku pindala vdhenemises, viltides samal
ajal katvusalade probleemi jagatise arvutusloogikas.
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Parameter/result Casel |Case2 |Case3 |Case4 Proposed divider version V8.9
Dividend width 8 8 8 8 8

Divisor width 8 8 8 8 8

Remainder and quotient width | 8 8 8 8 8

LUT6-FF pairs 223 218 217 215 000

Slice logic LUTs 203 205 203 197 266

Slice register flip-flops 288 288 288 288 146

IC name Virtex7 | Kintex7 | Virtex6 | Spartan6 | Xilinx Zynq XC7Z010

Table 5. Comparative analysis regarding the resource utilization of the proposed USP-Awadhoot algorithm-
based divider and Xilinx’s LogiCORE IP divider generator V4.0.

In?’, Kasim et al. discussed a divider block with precomputed values stored in ROM in terms of a LUT. This
divider operation is similar to the dividers based on functional iteration algorithms such as Goldschmidt’s algo-
rithm and Newton’s method?’. The result of this divider is also an approximate value, unlike those of iterative
subtraction class-based dividers. In*, Liu et al. discussed an algorithm that utilizes prescaling, series expansion,
and Taylor series expansion together; hence, it is sometimes called a phase stretch transform (PST) algorithm. At
the start, both operands are prescaled up to the suitable starting level. Operand prescaling is performed based on
a scaling factor EO, stored in a LUT. In the second stage of the PST algorithm, series expansion is applied to the
scaled operands to obtain an accurate antidivisor approximation. To calculate the partial quotient and the next
remainder in the iteration stage, it utilizes 0-order Taylor series expansion. The iterative process must continue
until a quotient is obtained with the required precision range of error. Three Taylor expansion iterations and a
LUTs are needed to finish one operation.

Figure 11 illustrates a comparative analysis regarding the hardware resource utilization of the proposed USP-
Awadhoot algorithm-based divider implementation and that of different functional iteration divider implemen-
tations, as discussed above. As per the performance comparison between the proposed USP-Awadhoot divider
and the Mega Wizard IP core, DSP, and non-DSP structures of the divider algorithm, the resource utilization
of the proposed USP-Awadhoot algorithm-based divider includes 266 slice logic LUTs, 146 slice register flip-
flops with a power dissipation estimation of 3.366 watts; whereas the PST algorithm-based divider requires 213
slice logic LUTs, 768 bytes of memory, and 28 DSP*, the PST algorithm-based divider without DSP needs 1437
slice logic LUTs and 768 bytes of memory. The precomputed divider and Goldschmidt’s algorithm-based divider
require 647 and 816 slice logic LUTS, respectively. The divider algorithm’s Mega Wizard IP core, DSP, and non-
DSP structures significantly delay the results, as their maximum clock frequencies are limited to 50 to 73 MHz.
This framework does not save sufficient area relative to the proposed USP-Awadhoot divider. Additionally, the
precomputed values introduce rounding errors in the calculation process. The proposed USP-Awadhoot divider
displays better implementation area requirements and maximum clock frequency performance.

Table 5 illustrates a comparative analysis regarding the resource utilization of the proposed USP-Awadhoot
division algorithm-based divider and the Xilinx LogiCORE IP Divider Generator V4.0°%. The proposed USP-
Awadhoot algorithm-based divider requires 266 slice logic LUTs, 146 slice register flip-flops, and a total of 37
bounded I/0’s for providing input operands and reading the quotient and remainder outputs. The operating
speed of the proposed divider is given in terms of its operating frequency, which is equal to 285 MHz, with a
power dissipation estimation of 3.366 watts. The implementation statistics are derived for the proposed divider
with a dividend width of eight bits, a divisor width of eight bits, a quotient width of eight bits, a remainder width
of eight bits, and Error and Valid_O/P signals. The Valid_O/P signal indicates the computation’s completion,
whereas the Error signal indicates an invalid condition caused by a divisor value of zero, i.e., the divide-by-zero
condition. The resource utilization analysis of the proposed divider implementation is conducted with Xilinx’s
LogiCORE IP Divider Generator V4.0. Xilinx is the leading candidate in the IC industry and has a wide range
of Intellectual property (IPs). We consider Virtex 6 and 7, Kintex 7, and the Spartan 6 FPGA from Xilinx during
the comparison. The number of slice register flip-flops used is constant at 288 for each FPGA IC, whereas the
number of slice logic LUTs used ranges from 197 to 205 and the number of input LUT-FF pairs used slightly
varies from 223 to 215 for Virtex 7, Kintex 7, Virtex 6 and Spartan 6. The document does not mention the power
consumption of the LogiCORE IP Divider Generator V4.0, whereas the proposed divider based on the USP-
Awadhoot division algorithm simulation estimates 3.366 Watts.

The proposed USP-Awadhoot algorithm-based divider implementation utilizes 64% less FPGA hardware
resources than the Handel-C built-in divider but, it requires 57% and 75% more FPGA hardware resources
than simple restoring and nonrestoring dividers. The proposed divider’s working frequency based on the USP-
Awadhoot algorithm implementation versions is approximatly 50% greater than other performances presented
in', indicating the FPGA resource utilization improvement achieved by the proposed USP-Awadhoot algorithm-
based divider implementation. Based on the statistics presented in’, the proposed USP-Awadhoot algorithm-
based divider implementation shows improvements in its FPGA resource utilization in terms of 86% to 88%
improvements in the number of required slice logic LUTs (depending on the use of 8-bit or 16-bit operands)
and 95% to 96% improvements in the number of slice register flip-flops required (depending on the use of 8-bit
or 16-bit operands). Based on the statistics presented in°, the proposed USP-Awadhoot algorithm-based 8-bit
divider implementation shows improvement in slice logic LUTs and slice register flip-flops requirement as the
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proposed divider implementation do not require any six input LUT-FF pairs. As compared to the variable-latency
Quick-Div dividers and fixed-latency radix-n dividers but the results exhibit a comparatively lower working
frequency of 285 MHz for the proposed divider. The power required for variable-latency Quick-Div dividers
and fixed latency radix-n dividers is not mentioned, but the proposed divider simulation estimates 3.366 Watts.

As per the comparative statistics presented in?’, the proposed USP-Awadhoot algorithm-based divider imple-
mentation exhibits an FPGA resource utilization improvement in terms of a 58% improvement in the number
of required slice logic LUTs compared to that of the precomputed divider, a 67% improvement in the number of
required slice logic LUTs compared to that of Goldschmidt’s algorithm-based divider, a 76% improvement in the
number of required slice logic LUTs compared to that of the divider developed from Quartus Mega functions.
The proposed divider does not induce any errors in the computed results and simulations estimated required
power of 3.366 watts. As per the statistics presented in* It achieves a 82% improvement over the IP core from
MegaWizard’s operating frequency as it is upto 50.16 MHz and a 75% improvement over the PST-DSP and non-
DSP dividers as it is upto 73 MHz. The proposed divider requires no extended memory or DSP compared to the
IP core from the MegaWizard and the PST divider.

Conclusion

The evaluation of addition and multiplication implementations typically falls into the latency range from a
couple of clock cycles to less than ten clock cycles, while the performance evaluation of division operation
implementations typically falls into the latency range from tens to hundreds of clock cycles and requires a high
implementation area. The primary focus of the problem statement is to design and implement a reduced-area
divider circuit block, providing straightforward dialectics between divisors, dividends, and quotients to avoid
round-off errors. A design is developed by simulating the proposed technique and cross-verified by performing
regular sequential and pseudorandom sequential analyses of the implementation against standard result tables
generated by simulations and the theoretical study of the proposed idea. The main contributions highlighted in
the article are as follows.

e Significant efforts were taken toward developing the state-of-the-art novel USP-Awadhoot algorithm-based
divider circuit block implementation.

e The proposed USP-Awadhoot algorithm-based divider circuit block implementation substantially reduces
the required implementation resources, resulting in better area efficiency.

e Successful implementation of a dynamic separate scaling operation/factor for input operands to reduce the
conversion complexity.

e A novel divisor-dividend relationship is demonstrated with the proposed USP-Awadhoot algorithm-based
divider circuit block implementation to derive dividend groups, modified divisors (MD;,), and FD terms.
This proves that the hypothesis of utilizing different scaling operation/factors for dividends and divisors can
improve the area requirements by reducing resource utilization.

e A comparatively straightforward group quotient (GQ,,) value selection logic is developed based on the unique
relations derived between the dividend groups, modified divisors (MD,), and FD terms of the proposed
technique or algorithm of the divider circuit block implementation; this is termed the Awadhoot matrix.

e A comparatively straightforward process for selecting the final quotient based on the group quotient (GQ,,),
partial quotient (PQ,,), and additional quotient (AQ) values is developed.

The second-most significant contribution is the design and verification of complex division via the Baudhayan-
Pythagoras triplet method using the novel state-of-the-art USP-Awadhoot divider circuit block implementation.

Future work road map

e As the current implementation verifies the successful implementation of the proposed divider on different
FPGAs, the next target is to design a dedicated integrated-circuit IP. The first step is to design a physical
layout, starting from the floor plan, which determines which circuit component is placed in which area and
extracts the parasitic values to prepare the final layout for fabrication.

e Another future work target is to improve the working frequency and conversion time. To do so, we must fuse
some intermediate functional blocks such as separate addition, and multiplication can be performed in the
fused mode such as fused-multiply-add (FMA). We need to test the implementation and verify the resource
utilization of the proposed divider to validate these changes.

e The current implementation validates its successful implementation using combinational circuits. Thus,
reducing the area and hardware resource utilization is also a future target. Some processes involved in the
proposed divider can be represented as different hardware architectures, such as pipelined architectures,
parallel architectures, array structures, and cascade structures. Thus, it is necessary to validate the usage of
different architectures and compare their resource utilization levels to prove the usability of the proposed
divider in different working environments with different requirements. Detailed implementation results
will be utilized to choose the most suitable architecture implementation of the proposed divider in various
applications based on their time, area, and power requirements.

e We must verify the performance of the proposed divider in various applications, such as image processing,
particle detection, and signal processing. Complex number arithmetic is critical and requires a careful design
and more hardware resources. It is also very helpful in various essential engineering applications, such as
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acoustic pulse reflectometry, astronomy, nonlinear radio frequency measurements, control theory applica-
tions such as finding root loci, Nyquist plots, and microwave system frequency responses.

Methods

Process of FPGA-based circuit integration.  The circuit constructed based on the proposed USP-Awad-
hoot division algorithm is preliminarily implemented on an FPGA, and the computational results are studied
and analyzed with the help of FPGA design simulation suites. We utilize the Xilinx Vivado design suite and
the Altera Quartus II design suite for the proposed design. Before utilizing the design suites, we subdivide the
complete computation into different FSM states. VHDL is utilized for the implementation, making it easier in
design and performance simulations to analyze the resulting behavior. The tests and implementations of the
circuits using FPGAs are parts of the design process for application-specific integrated circuit (ASIC) design.
The manufacturing of the USP-Awadhoot division algorithm implemented in an ASIC is possible. We develop
the proposed circuit implementation with the algorithm’s established flow, which is tested in behavioral and
implementation timing simulations to verify its performance and results. The post-simulation circuit is tested in
the real world by implementing it in different FPGAs, especially those from Altera and Xilinx.

Data availability
All data generated or analyzed during this study are included in this published article [and its supplementary
information files].
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Appendix 5

Sample examples of the proposed novel USP-Awadhoot divider.
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Example 1:-28 =7 =4

Step 1 Select Dividend (D) and Divisor (D,.)

Dy =28=028
D, =7

Step 2 New divisor (ND,) and Flag Digit
(FD)

ND,=7+3=10
FD =+3

Step 3 Modified Divisor (MD,.) and Number
of Zeros cancelled (NZC)

MD,=1
NZC=1

Step 4 Group Dividend

Group3 =0, Group2 =2, Groupl =8

Awadhoot Matrix processing

Iteration 1

MD,=1
FD =43

0 2 8 | Group Dividend

0 R,

Gross Dividend (G,Dg,,)

P-Term

Net Dividend (NDg,,)

S-Term

Group Quotient (GQ,,)

MD,=1
FD=+3

0 2 8 | Group Dividend

0 0 R,

Gross Dividend (G, Dg,,)

P-Term

Net Dividend (NDg,,)

S-Term

o O |0 |0 |Oo

Group Quotient (GQ,,)

MD,=1
FD=+3

0 2 8 | Group Dividend

0 0 R,

2 Gross Dividend (G, Dg,,)

3*0=0 P-Term

Net Dividend (NDg,,)

S-Term

o |O|Oo|o o

Group Quotient (GQ,,)
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MD,=1 2 8 | Group Dividend
FD =+3
0 R,
0 2 Gross Dividend (G, Dg,,)
0 P-Term
0 2 Net Dividend (NDg,)
0 1*¥2=2 S-Term
0 Group Quotient (GQ,,)
MD,=1 2 8 | Group Dividend
FD =+3
0 0 R,
0 2 Gross Dividend (G, Dg,,)
0 P-Term
0 2 Net Dividend (NDg,)
0 1*¥2=2 S-Term
0 2 Group Quotient (GQ,)
Iteration 2
MD,=1 2 8 | Group Dividend
FD =43
0 0 R,
0 2 8 Gross Dividend (G, Dg,,)
0 P-Term
0 2 Net Dividend (NDg,)
0 1*2=2 S-Term
0 2 Group Quotient (GQ,)
MD,=1 2 8 | Group Dividend
FD =43
0 0 R,
0 2 8 Gross Dividend (G, Dg,,)
0 6 P-Term
0 2 Net Dividend (NDg,)
0 1*2=2 S-Term
0 2 Group Quotient (GQ,)
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MD,=1 0 2 8 | Group Dividend
FD =+3
0 0 0 R,
0 2 8 Gross Dividend (G, Dg,,)
0 6 P-Term
0 2 14 Net Dividend (NDg,)
0 1*2=2 S-Term
0 2 Group Quotient (GQ,,)

In the last iteration net dividend (ND;) must always be less than the divisor or zero.
Last Net dividend (NDg,) is 14, which is greater than Divisor (D,.). The Remainder is
initialized to zero, i.e., (R) = Ryq . The final Ry, value is obtained during the calculation
of the additional quotient (AQ), and Quotient (Q) = Partial Quotient (PQ,,) + Additional
Quotient (AQ), where the Additional Quotient (AQ) is derived by initializing the count to
zero and subtracting the Divisor (D,.) from the last iteration of Net Dividend (ND;) and
incrementing the count by one. We continue the same process until we get a subtraction
result of zero or less than the divisor (D,.).

Count 1 2
Last Iteration Net dividend (LNDd) or copy Sub result

for next subtraction 14 7
Divisor (Dr) 7 7
Subtraction result 14-7=7 7-7=0
Is Sub Result > Divisor (Dr) 7=7 0<7

Last count Sub result=0 Count=2
.. Final Quotient=2+2=4 and Remainder=0
Answer-28/7=4

183



Example 2: - 3657 + 69 =53

Step 1 Select Dividend (D) and Divisor (D,.) | D; =3657 = 03657
D, =69

Step 2 New divisor (ND,) and Flag Digit | ND, =69+ 1=70

(FD) FD =+1

Step 3 Modified Divisor (MD,.) and Number | MD,=7

of Zeros cancelled (NZC) NZC=1

Step 4 Group Dividend Group5 =0, Group4 = 3, group3 = 6,
Group?2 =5, Groupl =7

Awadhoot Matrix processing

Iteration 1
MD,=7 0 3 6 5 7
FD = +1
0 0
0
(+1)*0=0
0
0
0
Iteration 2
MD,=7 0 3 6 5 2
FD = +1 As MD,>3
0 0
0 So, the
(+1)*0=0 Quotient
0 is zero,
and the
remainder
0 is 3
0
MD,=7 3
FD=+1 0 As MD, >3 6 > 7
0 0
0 So, the
(+1)*0=0 Quotient
0 is zero,
and the
remainder
0 is 3
0 0
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Iteration 3

MD,=7 o 3 ]
FD=+1 As MD,>3
0 3
0 So, the
Quotient is
(+1)70=0 zero, and
0 the
remainder
0 is 3
0 0
MD,=7 0 3 ]
FD =+1 As MD,>3
0 3
0 So, the 36
(+1)*0=0 Quotient is
0 zero, and
the
0 remainder
is3
0 0
MD,=7 0 3 ]
FD =+1 As MD,>3
0 3
0 So, the 36
(+1)*0=0 Quotient is (+1)*0=0
0 zero, and
the
0 remainder
is 3
0 0
MD,=7 0 3 ]
FD=+1 As MD,>3
0 3
0 So, the 36
(+1)*0=0 Quotient is (+1)*0=0
0 zero, and 36
the
0 remainder 7%5-35
is 3
0 0
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Iteration 4

MD,=7 3
0 6 5
FD=+1 As MD,>3
0 3 1
0 So, the 36 15
(+1)*0=0 Quotientis | (,1)x0=0 (+1)*5=5
zero, and
0 the 36 20
0 remainder | 74535 7%2-14
is3
0 0 5
MD,=7
s 0 3 6 5
FD=+1 As MD,>3
0 3 1
0 So, the 36 15
(+1)*0=0 Quotient is (+1)*0=0 (+1)*5=5
0 zero, and 36 20
the
0 remainder 7%5=35 7*%2=14
is 3
0 0 5 2
Iteration 5
MD,=7
- 0 3 6 5
FD = +1 As MD,>3
0 3 1
0 So, the 36 15 67
(+1)*0=0 Quotientis | (4+1)*0=0 (+1)*5=5
0 zero, and 36 20
the
0 remainder 7*%5=35 7*2=14
is3
0 0 5 2
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MD,=7 3
0 6 5 7
ED=+1 As MD,>3
0 3 1 6
0 So, the 36 15 67
Quotient is
(+1)*0=0 zero, and (+1)*0=0 (+1)*5=5 (+1)*2=2
0 the 36 20
remainder
0 is 3 7*5=35 7*¥2=14
0 0 5 2
MD=7 0 3 6 5 7
ED = +1 As MD,>3
0 3 1 6
0 So, the 36 15 67
(+1) * Quotient is (+1) *
0=0 zero, and (+1) *0=0 (+1) * 5=5 2=2
the
0 remainder 36 20 69
0 is3 7*5=35 7*2=14
0 0 5 2

Number in Quotient Row — 052 =52 and
Net dividend = 69, which is equal to the divisor, so we add 1 to the quotient.
Final Quotient = 52+1 = 53 and remainder =0

Answer - 3657 - 69 =53
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Appendix 6

Sample example of the proposed complex division by the Baudhayan-Pythagorean
Triplet Method.
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Example 3: - (1+18i) + (3+4i) = (3+2i)

Step 1 Select Dividend (C_D,) and Divisor
(C_Dy)

CDy=xy +yi= 1+18i
C_D,=x, +y,i=3+4i

Step 2 Cartesian coordinates of Dividend

xDg = x; =1

(C_D,) and Divisor (C_D,) yDg =y, =18
xDyg = x4, xDp = x; =3
¥Da = y1, YDy =y, =4
xD, = x, and

yD, = y,

Step 3 Derive the triplet product term
(TP_Term) value.

TP_Term1 = (xDy X xD,.)
TP_Term2 = (yDy X yD,.)
TP_Term3 = (xD, X yD,)
TP_Term4 = (xDy X yD,)

TP_Terml=(xD,; X xD,.) = (1X3)
3

TP_Term2 = (yD,; X yD,.) = (18X4)
72

TP_Term3 = (xD,. X yD;) = (3X18)
54

TP_Term4 = (xDy X yD,.) = (1X4)
4

Step 4 Derive the triplet term (T_Term)
value, where T_Term = (xD,.)? + (yD,.)?

T Term=32% + 42=25

Step 5 Derive the triplet matrix term
(Mat_Term) value.

Mat_Term1 =TP_Terml + TP_Term?2
Mat_Term2 =TP_Term3 - TP_Term4

Mat_Term1=3+72=75
Mat_Term2 =54 -4 =50

Step 6 Provide Mat_Term1, Mat_Term2, and T_Term values to the USP-Awadhoot

divider for the final division sub-process.

Step 7 USP-Awadhoot divider-1
C_D41 =Mat_Terml1l =75
C D,y =T_Term=25

Perform the division as explained by the
USP-Awadhoot divider 1 and get the value
for theresult C_Q,, and C_Rem,.

After processing USP-Awadhoot divider 1,
we get,

CQ,.=3

C_Rem, =0

Step 8 USP-Awadhoot divider-2
C_Dg4, = Mat_Term2 =50
C D,y =T_Term =25

Perform the division as explained by
the USP-Awadhoot divider 2 and get
the value for the result C_Q; and
C_Rem;.

After processing  USP-Awadhoot
divider 1, we get,

C—Qi =2

C_Rem; =0

Step 9 Concatenate the computational results from step 7 and step 8 to restructure
Cartesian coordinates, to get the final quotient and remainder of a complex division.

Final Quotient=C_Q=(C_Q, + C_Q; ) = (3 + 2i)
Final Remainder = C_Rem = (C_Rem, + C_Rem;) = (0 + 0/)
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Appendix 7

USP-Awadhoot divider functional waveforms.
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ok \ / \ / \ [\ / \ / \ / \

% Dd Z% Dividend /| Data = Value {__ Dividend Data
&
oL Dr m Divisor // Data = 00H X Divisor Data
%[ Fd_Enable ___/ i
(6]
£ QResut 777K Q_Resull = Iniial Value Set1o 001 I Q_Result= 00H
lid
% Rem_Residue Z% Rem_Residue = Initial Value Setto 00H X /i Rem_Residue = 00H
o vaidor I
= Emar // / \
%[ RST I
o
Waveform for divide by zero working condition.

ck Ji
e Dd Dividend )| Data = Valie
&
. Dr Divisor | Data = Value
%[ Fd_Enable [
(8]
£ aResut 777 Q Result ] =00H
li4
5 Rem_Residue m Rem_Residue ]/ = 00H
o[ vaigor |
E Emor //
%[ RST I
(6]

Waveform for inactive F;_enable working condition.

ck Ji
b od 700N Dividend | Data = 081
&
[ Dr m Divisor ]/ Data = 02H
g[ Fd_Enable Ji
o
2 Q_Resut 00 Q Result set [/to 00H X Q_resul=04H
I3
% Rem_Residue 20 Rem_residue [/ previous valus X Rem_Residue = 00H
s Valid_O/P // /
E Ermor //
%[ RST [
o

Waveform for a 4-bit operand, resulting in zero remainder.

195



fP Cperands

Control

O/P Results
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Control

I/P Operands

Control

(

OfP Results

Indicator

Control

/P Operands

Control

O/P Results

Indicator

Control

ck \ /

\ / \ [\
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Valid_O/P //
Eror //
RST //

Waveform for a 4-bit operand, resulting in a non-zero remainder.

ke J
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Q_Resut 0 Resultsel 10 00H X Q resut208
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Waveform for an 8-bit dividend and 4-bit divisor, resulting in zero remainder.
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Waveform for an 8-bit dividend and 4-bit divisor, resulting in a non-zero remainder.
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Waveform for an 8-bit operand, resulting in zero remainder.
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Waveform for an 8-bit operand, resulting in a non-zero remainder.
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Waveform for divider by unity.
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