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This thesis discusses the problem of the large area consumption required to perform fast Fou-
rier transform (FFT) operations. Fast Fourier transform architectures require a large amount of
processing elements to perform its operation. The larger the required FFT size, the more pro-
cessing elements needed and, therefore, alarger implementation area needed. The main sources
for the area consumption are the large number of multiplications FFT computations.

In this thesis, a study has been made about most common FFT architectures like memory
based FFT architectures and pipelined FFT architectures. Moreover, some studies have been
made about the previously implemented FFT butterfly architectures, and some ideas about how
to optimize area in the entire FFT system and inside FFT butterflies.

The objective of the thesis is to optimize the area usage inside a single FFT butterfly. Area
optimization is achieved by developing a unified FFT butterfly architecture that contains multi-
radix FFT architectures. That concept enables the usage of fewer amount of FFT butterflies inside
the system to achieve larger FFT operations. In addition, by using shift-add concept instead of
multipliers, the area can be optimized significantly. Memory organization has been put into con-
sideration when implementing the proposed FFT architectures, which implied the need of sequen-
tial version of the FFT butterflies. All these concepts were mixed together toresult in afinal version
that is the best area-optimized in this thesis.

After implementing the various versions of FFT architectures using sharing resources, sequen-
tial processing, and shift-add concepts, their results were compared into the previously imple-
mented traditional version. The final proposed architectures, which are sequential and multiplier-
less radix-2, 3, 4, 5, and multi-radix FFT architectures. From the comparison results, the proposed
implementations achieved thesis objectives, resulting in about 60% of area reduction compared
to the previously implemented FFT butterflies’ architectures.

Keywords: System on Chip, fast Fourier transform, FFT butterfly, low complexity, area,
optimization, multi radix, memory based FFT architectures
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1. INTRODUCTION

Integrated circuits are complex and expensive field of research. Because of its im-
portance in every day’s life, the integrated circuits industry began to develop continu-
ously. It started to adopt and get the best use of new design and reuse methodologies
in system-on-chip (SoC) design. It makes significantly positive improvements in the very
large-scale integrated (VLSI) circuits field. In order to manage and adopt the increased
complexity in SoC design level, intellectual property (IP) blocks, and IP reusability con-
cepts are used. This helps in splitting the functionality between them and allowing many
parties to use it in their separate systems. These IP blocks can include any needed part
of the functionality, and it can be combined on single chip [21].

One of the most important applications of the integrated circuits and SoC design is
communication systems. Communication systems are crucially needed in the daily life
of most of the people nowadays. That’s why it requires very big focus from SoC applica-
tions. One of the main concerns in communication systems SoC designs is easing the
data processing. Data processing consumes area, time, and power. Data domains con-
versions are used to simplify many data operations. Hence, fast Fourier transform (FFT)
algorithm and its inverse are used to ease the conversions between data domains in an
efficient way. Many efforts have been exerted to make FFT algorithms much efficient
and suitable for nowadays applications. One of the efforts to optimize FFT algorithm’s
SoC implementation is presented in this thesis.

This Thesis work was done in Tampere University, information technology depart-
ment, in Tampere, Finland. This thesis work has four main phases. First, literature review
in FFT architectures area. Followed by the second stage of implementing some of the
already designed FFT architectures on FPGA. The third stage was to design new opti-
mized architecture for some FFT algorithms. the fourth and the final stage was to imple-
ment the proposed FFT architectures on FPGA and get the results.

In this thesis, Chapter 2 gives a brief introduction about fast Fourier transform, its
usages, and the most common architectural concepts used to implement it. Chapter 3
discusses the already designed radix 2, 3, 4, and 5 FFT architectures, proposes new
multi-radix FFT architectures, and shows their implementations in detail. Chapter 4 in-
troduces the new proposed radix 2, 3, 4, 5, and multi-radix FFT architectures, and dis-
cusses its implementations. Chapter 5 discusses the FFT_multi_radix top-level architec-
ture, which uses the proposed multi-radix FFT architecture. Chapter 6 illustrates the re-
sults of the implemented architectures and discusses the possible future work. Chapter
7 gives a conclusion of the thesis.



2. FAST FOURIER TRANSFORM

2.1 Definition

Fast Fourier transform (FFT) is an efficient method of computing Discrete Fourier
transform (DFT) [11], [12], and [13]. FFT is used in the digital systems to transform the
waveform or signal representation between time and frequency domain. The same data
signal can propagate in the system in its representation in time domain or its frequency
domain. Data processing’s complexity depends on the data’s domain. Hence, the choice
of data’s domain in a specific processing element depends on the complexity of the op-
eration in the current data domain. FFT is used in systems to perform this time-frequency
domain transformation operation [11], and [13].

FFT algorithm is an efficient method to compute Discrete Fourier Transform (DFT)
algorithm [11], [12], and [13].

DFT algorithm is represented mathematically in the following form:

N-1
21 - [2m
X = Z Xp cos(— kn) — i.sin (— kn)
N N
n=0
N-1
X, = Z X, e ~i2mkn/N 1)
n=0

forn=0,1,...,. N-1; k=0,1, ..., N—1.
While FFT algorithm in mathematical representation could be in the following form:

N-1

Xk = Z Xn WN_kn (2)

n=0

where W is the twiddle factor.

From the previous mathematical equations, it could be noticed that FFT algorithm
sums up products all over the FFT size. Therefore, FFT implementation is consuming a
large amount of processing elements especially in big FFT sizes. That is why in thesis
area consumption is going to be discussed.

2.2 Applications

Nowadays in digital signal processing (DSP) systems, the need of transform a signal
between frequency and time domains always exists. Hence, Fast Fourier Transform is
considered as main processing algorithm to be used in DSB systems. Many FFT algo-
rithms has been introduces and discussed in [1], [6], [7], and [8]. Communication systems
especially orthogonal frequency division multiplexing (OFDM) systems are considering



FFT as an important algorithm inside it. OFDM is a modulation technique, which is type
of digital modulation. It encodes digital data on multi-carrier frequencies. Main usages of
OFDM are digital audio broadcasting (DAB), digital video broadcasting terrestrial (DVB-
T), digital video broadcasting-handheld (DVB-H). Also, OFDM systems have a wide
range of communication applications, such as OFDM-based 3GPP applications like Long
Term Evolution (LTE), and New Radio (NR). They are some of the most important OFDM
applications, which employs FFT algorithm to elaborate data for its data processing pur-
poses.

Two main types of FFT algorithms are used. The first and the most commonly used
is the power-of-two FFT algorithm, like 512, 1024, 2048, 4096-point FFTs. The another
is non-power-of-two FFT algorithms such as 1536, 2560-point FFTs. The power-of-two
FFT algorithms are the preferred type because it is simpler. While non-power-of-two FFT
algorithms’ design is more complex in the prospective of data management and data
computation irregularity [4], [7], [9], and [10].

2.3 Architectures

The main types of FFT architectures are two types, memory-based FFT architectures,
and pipelined FFT architectures [14], [15], [16], [17], [18], [19], and [20]. Pipelined FFT
architectures relatively high throughput, and large area consumption, compared to
memory-based FFT architectures [14], [15], [16], and [17]. On the other hand, memory-
based FFT architectures have relatively small area consumption, while they have low
throughput, compared to pipelined FFT architectures [14], [18], [19], and [20]. This sec-
tion discusses introduction about these two FFT architectures principles.

2.3.1 Pipelined FFT Architectures

Pipelined FFT architectures [14], [15], [16], and [17] process continuous flow data.
These architectures are most suitable for real time processing systems. They provide
low latency and high throughput.
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Figure 1 Signal flow graph and pipelined FFT architecture for 16-point
FFT system [14]




Pipelined FFT architectures represents the FFT computation system by one stage of
FFT architecture per one stage of FFT algorithm. That concept helps to get the required
high throughput from the FFT system, despite its large area consumption.

2.3.2 Memory-Based FFT Architectures

Memory-based FFT architectures [14], [18], [19], and [20] contains the least number
of FFT butterflies (processing elements) for processing all the needed FFT operation in
the system, it could be one butterfly or bit more. Input data is stored in the memory at
the beginning, then FFT butterfly reads the data from it and process it. After one FFT
butterfly processing, data is stored again in the memory. After the current FFT stage is
processed, data is read from the memory into the FFT butterfly to be reprocessed again,
until all required FFT processing is done. Memory-based FFT architectures provide low
area consumption and low throughput due to the usage of sequential FFT cores to pro-
vide conflict-free memory access.

Input

Output

Memory FFT Core

Figure 2 Memory-based FFT architecture [14]



3. PREVIOUS IMPLEMENTATIONS

In this chapter, traditional architectures of radix 2, 3, 4, and 5 FFT butterflies intro-
duced in [1] [2]. The common building blocks used in implementation are discussed in
section 3.3. The detailed implementations of those butterflies are discussed in this chap-
ter, and one proposed architecture and its implementation, as well. This proposed archi-
tecture is an architecture combines all mentioned radices; it can calculate any of these
FFT radices operations without the need of separate butterflies.

3.1 FFT Butterfly Architectures

In this section, some FFT butterflies’ architectures are introduced. The discussed FFT
butterflies are radix 2, 3, 4, and 5. The following sections discuss the straightforward
approaches of FFT butterflies introduced in [1] [2]. The architectures are not area opti-
mized; these architectures use complex-valued multipliers, which are expensive area-
wise. The architectures process all the elements concurrently, providing the outputs in
the same clock cycle in parallel.

3.1.1 Radix-2

Radix-2 FFT butterfly has two data inputs and two data outputs; one for each data
sample. It has one adder and one subtractor. Radix-2 FFT architecture is simple as
shown in Figure 3, that it has only one level of processing in the input to output path.

x(0) @ > X(0)
x(1) _@ > X(1)

Figure 3 Radix-2 FFT butterfly architecture.

The following radix-2 FFT butterfly’s equations are achieved in Figure 3:

X0 = x0 + x1. (1)

X0 = x0 — x1. (2)



3.1.2 Radix-3

Radix-3 FFT architecture has three data inputs and three data outputs. From Figure
4, some repeating pattern could be noticed easily in the data path twice, which is the
same as the radix-2 FFT data path with one adder and one subtractor. Radix-3 FFT
architecture has two adders, two multiplies, and two reused combinational radix-2 FFT
butterflies.

Additionally, there are two multipliers in the data path which have one data input and
another input is the twiddle factor multiplied by it. Twiddle factors in radix-3 FFT butterfly
are C30, C31, as shown in (9), and (10).

x(0) ? k/L »  X(0)
x(1) @ : ;/>_<\ ,\—l—/ @ > X(1)
30 J
x(2) —@ «(X) _@ > X(Q2)
c3>fJ
Figure 4 Radix-3 FFT butterfly architecture.
Figure 4 achieves the following equations for calculating the radix-3 FFT op-
eration correctly:

X0 =x0 + x1 + x2 (3)

X1 =x0+x1(cosu + isinu) + x2(cos2u + isin 2u) (4)

X2 = x0+ x1(cos 2u + isin2u) + x2(cos4u + i sin 4u) (5)

2m
= —— 8
u 3 (8)
2
C30 = cos (— ;) -1 =15 9)
. 21 .
€31 = sin (- ?) -~ —i0.866 . (10)
3.1.3 Radix-4

Radix-4 FFT architecture has four data inputs and four data outputs. Radix-4 FFT
butterfly uses one multiplier, and four combinational radix-2 FFT butterflies. The needed
twiddle factor in radix-4 butterfly is C41, which is shown in (15).

The architecture in the following Figure 5, represents the radix-4 FFT butterfly:
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Figure 5 Radix-4 FFT butterfly architecture.

The previous architecture represents the following equations for radix-4 FFT opera-
tion:

X0=x0+x14+x2+x3 (11)

X1=x0+x1(cosv+isinv)+ x2(cos2v + i sin2v) (12)
+ x3(cos3v + isin3v)

X2 = x0+ x1(cos 2v + isin 2v) + x2(cos4v + i sin 4v) (13)
+ x3(cos6v + isin 6v)

X3 =x0+ x1(cos3v + isin 3u) + x2(cos6v + isin 6v) (14)
+ x3(cos9v + isin9v)

c41=—1. (15)

3.1.4 Radix-5

Radix-5 FFT architecture has five data inputs and five data outputs. Radix-5 FFT but-
terfly has four adders, one subtractor, five multipliers, and six combinational radix-2 FFT
butterfly. Radix-5 FFT architecture needs five twiddle factors C50, C51, C52, C53, and
C54, which are illustrated in (22), (23), (24), (25), and (26).



x(0)

x(1)

x(3)

x(4)

x(2)

Architecture of the combinational version

Figure 6.

of the

radix-5 FFT butterfly is presented in

)

\r

T

>

+

e

Pat

(@]
w1
o

v

+

(9

3

+

an

)

(@]
ul
w

S
&

Pat

C54

+

Figure 6 Radix-5 FFT butterfly architecture.

T

This architecture is achieving the following required equations for radix-5 FFT opera-

tion:

X1 =x0+ x1(cosv + isinv) + x2(cos2v + i sin 2v)
+ x3(cos3v + isin3v) + x4(cos4v + i sin4v)

X1 = x0+ x1(cos 2v + i sin 2v) + x2(cos4v + i sin 4v)
+ x3(cos6v + isin6v) + x4(cos 8v + i sin 8v)

X1 =x0+4+x1(cos3v+isin3v)+ x2(cos6v + isin6v)
+ x3(cos9v + isin9v) + x4(cos12v + isin12v)

X1 =x0+x1(cos4v + isin4v) + x2(cos8v + i sin 8v)

+ x3(cos12v + isin12v)
+ x4(cos16v + isin16v)

2m 2
€50 = (cos (—?) + 0052(—?))/2 —1 = —-1.25

X1=x0+x14+x2+ x3 + x4

2 2m
C51 = (cos(— ?> — cos2(— ?))/2 = (0.559

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

X(0)

X(1)

X(2)

X(3)

X(4)
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€52 = i (sin (=) + sin2(-2%)/2 = —11.5388 (24)
€53 =i sin2(-2) = — 105878 (25)

5
c54 =i (sin(- 25—”) — sin2(—2%)) = —10.3633 . (26)

3.1.5 Multi-Radix Combined Architecture

The combined architecture aims for combining the previously discussed FFT butter-
flies’ architectures in 3.1.1, 3.1.2, 3.1.3, and 3.1.4 into one FFT butterfly. The combined
architecture supports the usage interchangeability between the different FFT radices us-
ing control signals to route the data through the shared resources according to the re-
quired FFT radix.

The multi-radix combined architecture shown in Figure 7. has five inputs and five out-
puts. The only difference from radix-5 FFT butterfly ports is the existence of selector
signal to control the data flow inside the butterfly, to get the required FFT radix operation.
It contains four adders, one subtractor, eight multipliers, and seven radix-2 butterflies.

D

Figure 7 Proposed Multi-radix FFT butterfly architecture.

3.2 Data Formats

In this thesis, the used data format in all the architectures is fixed point representation
for complex numbers [1] [2]. Q1.3.14 format is used for each part of the complex number,

X(0)

X(1)

X(2)

X(4)
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the most significant 4 bits represent the integer part and the rest 14 bits represent the
factor part as represented as following:

X: complex number

a: real part

b: imaginary part

x=a+ib, (6)

where x is 36-bit signed fixed point, 18 most significant bits for the real part, 18 least
significant bits for the imaginary part:

a is 18-bit signed fixed point, 4-bit integer.14-bit fraction, and

b is 18-bit signed fixed point, 4-bit integer.14-bit fraction.

3.3 Common Building Blocks

Architectures of 2, 3, 4, and 5 radices FFT butterflies are quite like each other. The
basic building bricks of all architectures’ bodies are the same, except for radix-2 butterfly,
which doesn’t have any multipliers. Basic general implemented architectural blocks for
FFT butterflies are: 1-bit adder, complex-valued adders, subtractors, half-complex-val-
ued multipliers, and complex-valued multipliers. The implementations of mentioned
building blocks are described in the following sections.

3.3.1 Complex-Valued Adder

Complex-valued adder module is performing the addition for two complex numbers of
generic widths. It is suitable to deal with the numbers’ format a + i b, which requires two
separate paths of addition operation. One of the paths processes the inputs’ real parts
and another path is for the imaginary ones.

Complex-valued adder behaves as the following equation:

(al+ibl)+ (a2+ib2)= (al+a2)+ i(bl+ b2). (7)

Implemented adder uses ripple carry adder architecture, which is implemented using
multiple 1-bit full adder components. Internally, each complex number is provided to the
module as one stream. Afterwards, the module slices it inside into two parts one for the
real part and the another for the imaginary part.

This module has two data input ports, and one data output port, all of them with the
same generic-valued widths. Adder’s architecture consists of generic number of 1-bit full
adders instances connected to each other to perform N-bit inputs addition operation.
Number of the full adders are generated depending on the number of input data bits
width. The module contains two identical adders one for the real part, and the another
for the imaginary part, then module collects them together in one stream to form the
output result.
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3.3.2 Complex-Valued subtractor

Complex-valued subtractor module is performing subtraction operation for generic
width complex numbers. Subtractor module has almost the same internal implementa-
tion as the adder has, because it uses ripple carry subtractor architecture, and it mainly
uses the 1-bit full adder component with the same generic method. Subtractor module
has also two data input ports, and one data output port, and all ports have the same
generic data width.

Subtractor’s architecture’s main difference than adder’s architecture is the additional
level to get the 1’s complement of the second module’s input, this level contains of XOR
gates which have the second module’s data input’s bits as an input. In other words, each
gate gets one bit of the module’s second input, and another input is 1’s, adding this to
the other input normally as the addition operation proceeds. However, setting the first
carry in for the first 1-bit full adder to 1, gets the negative version of the number of this
input. When adding the negative version of the number to another number is the same
as subtracting them from each other.

The adder, and the subtractor modules could have been implemented in a single
module, which is identical to the subtractor module with the first carry in input setto 0 in
case of adder and to 1 in the subtractor version. But the previous approach found to be
more expensive in the case of being used as an adder, than the stand-alone adder ar-
chitecture.

3.3.3 18-Bit Multiplier Unit

18-bit multiplier unit is an arithmetic multiplier unit used to perform the actual multipli-
cation of two 18-bit inputs resulting of an 18-bit output. 18 is the width of one part of the
complex number real or imaginary. One of the multiplier unit's inputs is a data input,
which represents one half of the complex data input. The upper level complex multiplier
discussed in section 3.3.4 decides on the inputs of this unit. Another multiplier unit’s input
is a twiddle factor, which is only real or imaginary number. The inputs and the output are
all 18-bit numbers to preserve the data width the same in the whole data path.

Data multiplication for 18-bit by 18-bit results in 36-bit data. However, in this imple-
mentation, signed-numbers array multiplier is used only for the calculation of most pre-
cious data. In this case, the most precious data is the most significant 18-bit after the
most 4 redundant signal bits.

In this module’s implementation, 1-bit full adders and 2’s complement components
have been used. It is checked if any of the inputs are negative, then 2’s complement is
applied on both inputs and chosen the right ones to be multiplied. Partial products are
generated for all bits of both inputs by ANDing them together bit-by-bit. Afterwards, par-
tial products are added through 1-bit full adder components according to the multiplica-
tion order and generating the final module’s multiplication 18-bit data result.
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3.3.4 Complex-Valued Multiplier

Complex-valued multiplier is an arithmetic multiplication module used inside FFT but-
terfly processing elements to multiply internal signals with the internal twiddle factors.
Twiddle factors inside processing elements are stored in simple registers with the width
of only half of the data path width, which means that they are represented asa+i0or 0
+ i b. That reduces the number of needed multiplications to be two instead of four.

It uses two 18-bit multiplier unit instances. After multiplications, 2’s complement for
the imaginary multiplier is provided as a result.

3.4 FFT Butterfly Implementations

This section discusses the implementations of the mentioned FFT butterflies in sec-
tion 3.1. The architectures process all the elements concurrently, providing the outputs
in the same clock cycle in parallel.

In FFT butterflies’ implementations, adder implemented as the complex-valued adder
module mentioned in section 3.3.1. Subtractor mapped into the implementations as the
complex-valued adder module mentioned in section 3.3.2. complex-valued multiplier
module mentioned in section 3.3.4 represents the multipliers in the architectural view.
Due to the repeating pattern in the data paths of higher radices FFT butterflies, radix-2
module is reused in building them.

The required twiddle factors are stored in registers inside the FFT butterfly module
and connected to their specified multiplier.

The multi-radix combined architecture supports the usage of different FFT radices
using routing signals for the data through internal processing elements. It utilizes sharing
resources concept, by saving redundant resources in the case of some resources are
idle.
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4. IMPROVED IMPLEMENTATIONS

In this chapter, some novel proposed architectures and their implementations are in-

troduced. The proposed architectures are improved than the architectures discussed in
chapter 3 from area point of view.
Through this chapter, for each FFT radix butterfly, four different architectures are pro-
posed. As mentioned in introduction that the area consumption is the main concern of
this thesis, the main architectural features are classified according to two aspects: (a)
combinational or sequential architecture and (b) with multipliers or multiplier-less archi-
tecture.

The first combination is the combinational architecture with multipliers, and that was
discussed in chapter 3. The other architectures are introduced in this chapter.

41 Common Building Blocks

In addition to the building blocks implementations discussed in section 3.3, there are
extra common building modules needed to implement FFT butterflies introduced in this
chapter.

41.1 Complex-Valued Adder-Subtractor

Complex-valued adder subtractor module is an arithmetic operation module. It aims
to perform complex numbers’ addition and subtraction operations inside the FFT butter-
flies in the sequential butterflies’ architectures.

It has three inputs and one output. Two inputs are for the data to be processed by the
module and one input as the arithmetic operation done by the module. Data ports have
the same width, while the width of the other selector input is one bit, as the module can
choose between only two arithmetic operations, addition, or subtraction. The width of the
module’s inputs and output are defined as generic value that could be decided and
changed by the module designer easily.

At the beginning, each of the data inputs are sliced into two halves. One half is for the
real part and the anther half is for the imaginary part. Data inputs are split because each
of the two halves will be processed separately and gathered after processing. Before
performing the arithmetic operation, a logical operation is performed to the second data
input. This module can do addition as well as subtraction, hence simple bitwise XORing
operation is applied to the second input to accommodate it to addition or subtraction
operation. The adjustment operation of the second input is done using the select input
bit, which equals to 0 when the desired operation is addition, and it equals to 1 when the
required operation is subtraction. When operation is addition XORing stage will not affect
the second input. However, in subtraction case, XORing stage will invert the second
input and produce 1’s complement of it. In order to make subtraction operation valid it
requires 2's complement for the second input. Hence, in the first adder, select input bit
is considered as carry in input to add 1 in the subtraction operation to validate it, while it
will not affect the addition operation at all.
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Afterwards, the arithmetic operation of the module is done by instantiating generic
number of 1-bit full adder components depending on data ports widths. Two sets of ad-
ders are needed. One set is for the real part, and the another one is for the imaginary
part processing. After processing ends, the real result part and imaginary result part are
concatenated together to produce the module’s result.

41.2 2’s Complement

2’s complement module is a simple logical module, used to get the 2’s complement
of any number, or as known as the negative version of it. It is used inside the swappers
modules as will be shown in section 4.1.3. Moreover, sometimes it's needed inside FFT
butterflies’ top architecture. The module passes the input through bitwise NOT gates to
get the number’'s 1’s complement then, it uses the adder to add one to get its 2's com-
plement and take the LSBs to get the final output.

2’s complement module has one input and one output both have the same width which
equals to half of the data width in FFT data path, as it is applied to only half of the complex
number real or imaginary part.

4.1.3 Complex-Valued Swapper

Complex-valued swapper module’s functionality is a multiplier-less substitution for X
*jor X *- i multipliers, where X is a complex number. Its operation is based on swapping
the real and the imaginary parts of any complex number according to the sign of the
multiplicand imaginary unit whether it is j or - /. It is used in multiplier-less version of the
FFT butterflies’ architectures to reduce complexity.

This module has two inputs and one output. The output and one of the inputs are data
ports. Another input is a selector to determine whether the multiplicand is i or - i.

Firstly, input data is sliced into real part and imaginary part. Two 2’s compliment com-
ponents are instantiated, one for each of the real and imaginary parts of the input. 2’'s
complement instances swap the two input parts depending on the sign input bit (MSB),
which controls their order of concatenating them together.

2’s complement usage is explained in the following pseudo code:

{

X =a+1b
kl = 3
k2 = -7

if K = k1 then

Y =-Db + 1 a

//2"'"s complement is needed for b
else if K = k2 then

Y =Db - 1 a

//2"s complement is needed for a
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4.2 Combinational Multiplier-less Architecture

In this section, the set of combinational architecture and multiplier-less is introduced,
which is the first proposed version of architectures in this thesis. Multipliers is considered
as the bottleneck of most of FFT butterflies’ architectures area-wise, as it mainly consists
of huge number of adders.

This proposed combination of architectures focuses and solves the problem of the
huge area of multipliers. The used approach is removing the multipliers from the archi-
tecture’s data path, and by replacing them with shifters and adders. Area optimization is
achieved, because shifters cost is negligible, and adders’ cost are too small to be com-
pared to multipliers cost, for reasonable number of adders.

The approach in these architectures, is to apply the effect of twiddle factors’ multipli-
cation using canonical-signed-digit (CSD) conversion technique for multiplication dis-
cussed in [3]. CSD technique utilizes binary numbers shifting property, when shifting left
or right is equivalent to multiplying or dividing the decimal number by 2, respectively.

For more clarification, an example for using CSD technique for multiplication is dis-
cussed. Multiplication by 2 requires only one left shift, while dividing by 2 requires one
shift of data t right. In case of fraction numbers multiplications, it is adjusted by multiple
divisions, additions, and subtractions. The following pseudo code is describing the oper-
ation of performing a multiplication by 1.5.

{
Y =X * 1.5
YO = X > 1 //shifting X to right by 1, Y0 = X/2
Final_Y=X+YO // Y =X + X/2 =X 4+ (X*0.5)

}

Division of the number by two is done by shifting it one bit right, to get 0.5 of it. Then,
adding it to the original number which represents 1 of its value, to get 1.5 of its value.
That provides the same results as multiplier's result, by using only one shifter and one
adder instead of using one multiplier, which is great optimization of area achieved.

The same technique is followed for different fraction numbers. Depending on the twid-
dle factor value, there will be different amounts of shifters, adders, and subtractors.

421 Radix-3

Radix-3 FFT multiplier-less module has the exact 1/O ports as in radix-3 FFT butterfly
in combinational architecture with multipliers discussed in chapter 3. Also, this module
uses the same two instances of adder component, and two instances of the combina-
tional version of 2-point component. Instead of the multiplier used before, the module
uses five shifters, two adder instances, two subtractor instances, and one instance of 2’s
complement component.

Twiddle factors consist of only one half of the complex numbers, real or imaginary in
this architecture. Hence it needs only one set of add shift operations for each multiplica-
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tion operation. Twiddle factors were split into many parts to ease the usage of CSD tech-
nique for multiplication. These parts don’t get the exact effect as the multipliers’, but it is
rounded to get a reasonable result very close to the original one.

For radix-3 operation, two multiplication operations are needed, first multiplicand is
the factor - 1.5, and the another is - i 0.8660.

To optimize area consumption by multiple add-shift operations as in Figure 8, twiddle
factors are split into many parts like in equations:

€30=—15= -2+ 05 = —2*1 + 2~ -1 (25)

€30 = —i0.8660 = —i0.8671 = —1 + 0.1329 = -2*1 + 2" -3 + (26)
2r =17

x(0) >/—|3

A 4

v

T -
x(1) << 1 g@ ,\_b
1)

A 4

v

A 4

é}ﬂ‘@
& %

>
1

@ K ;@ 1)
> 3 > 4 > \1/

Figure 8 Radix-3 FFT multiplier-less architecture

4.2.2 Radix-4

Radix-4 FFT multiplier-less module functions the same as the radix-4 FFT combina-
tional architecture variant using multiplier discussed in chapter 3. This module has four
data inputs and four data outputs. All ports have the same generic data width. This mod-
ule uses four instances of the combinational version of 2-point component. Multiplier was
excluded from this architecture, and twiddle factor multiplication was calculated in an
area-optimized way, using add-shift operations.

There is one twiddle factor multiplication in this architecture’s data path, its multipli-
cand is the factor of - i. Because twiddle factor here is simpler than other twiddle factors
in other FFT radices architectures, it does not need any shift-add operations.

As shown in Figure 9, twiddle factor multiplication effect can take place by swapping
the imaginary and real halves of the complex number, followed by getting 2’s comple-
ment for the real half.

{
X=a+1b //The complex number
K= -1 //The twiddle factor
Y = X * K //Twiddle factor multiplication
Y = (a+1b) * -1
Y =b -1 a

v

X(0)

X(1)

X(2)
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Figure 9 Radix-4 FFT multiplier-less architecture
4.2.3 Radix-5

Radix-5 FFT multiplier-less module has the same ports and components as the com-
binational architecture of radix-5 FFT with the multipliers has, but multipliers were re-
placed by shifters and adders. This module has five data inputs and five data outputs.
All data inputs and outputs have the same data width that is generic. The module con-
tains four instances of adder component, one subtractor instance, and six instances of
the combinational version of radix-2 FFT component, as shown in Figure 10.

Instead of five multipliers used in architecture in chapter 3, shift-add operations have
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Figure 10 Radix-5 FFT multiplier-less architecture

replaced multipliers. Hence, sixteen shifters, eight adder instances, five subtractor in-
stances, and three instances of 2’s complement component, were used inside the archi-
tecture to achieve the same effect of multiplication operation.

Twiddle factors in radix-5 FFT architecture consist of one half of the complex num-
bers, real or imaginary part. To make the add-shift operation easier, twiddle factors were

X(0)

> Xd)
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split into many parts. Rounding is done to get the closest results to the multiplication
operation’s results.
For 5-point operation five multiplication operations are needed, such as multi-
plication by the following factors: - 1.25, 0.559, - 1.5388, -i0.5878, - 0.3633.
Twiddle factors are split in the following equations:

€50= —15 = —2+0.75 = —2"1+2" —1+2"—2 (26)

C51= 0559 = 0.5586 = 0.5+00586= 2"~ 1 + 2" —4+ .,
27— 4

€52= —i15388 = —i1531=2-0469= 2"1 - 2" =1+ 0
2 -5

€53 = —i0.5878 = —i0.5937 = —1 +0.4063 (29)

=-1+2"-1-2"-4-2"-5
C54= —i03633 = —i03593 = —1+06407= —1+ 2"~ .

1+ 2"-3+2"—-6 .

4.2.4 Multi-Radix Butterfly

Multi-radix FFT butterfly using combinational multiplier-less architecture module com-
bines radix-2, 3, 4, and 5 FFT multiplier-less architectures into one optimized architec-
ture. The module uses the multi-radix combinational variant using the multipliers, which
is discussed in 3.3.5 as a base architecture, with the same functionality. It removes the
multipliers and substitute it with adders and shifters applying CSD technique for multipli-
cation. This module achieves the same equations (3), (4), (5), (6), (7), (8), (9), (10), (11),
(12), (13), (14), (15), (16), (17), (18), (19), (20), (21), (22), (23), and (24).

As shown in Figure 11, module uses seven radix-2 FFT instances, twelve adder in-
stances, six subtractor instances, six multiplexers, seventeen shifters, and five complex-
valued swappers instances. The module has five data inputs, operation selector input,
and five data outputs. All data inputs and outputs have the same generic port width.
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Figure 11 Multi-radix FFT multiplier-less architecture

4.3 Sequential Architectures

In this section, sequential architecture variants are introduced. They aim to provide
the output of the FFT butterfly and transfer it to the in-place memory discussed in section
5.1 in series, one sample per clock cycle. This approach provides better results in the
prospective of area optimization, and improving the resources’ efficiency, by providing
continuous-flow output, with output provided every clock cycle. Unlike combinational var-
iants having idle times occurring on the output side, data comes out of these variants
sequentially.

In this architecture variants, area is mainly optimized using resource sharing concept.
They use the minimum number of processing elements needed to evaluate only one
sample per clock cycle. That reduces the number of idle processing elements in each
clock cycle, with almost no idle elements in most of the cases.

Unlike combinational architectures, sequential architectures are not receiving data
sequentially. They get the best benefit of the wasted time of the latency happens in com-
binational architectures, due to the waiting time for the complete input points to be re-
ceived and process all outputs in one clock cycle. Architecture variants receive all input
points concurrently, start calculating output points one a time, and provide the output as
one sample per clock cycle. Meanwhile input data is fixed in input side without any
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(1)

X(2)

X3)

X(4)
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change, until the whole outputs are calculated. Afterwards, the next points are received,
with the help of a register file, which will be discussed in section 5.1. This register file
stores the input points every clock cycle until the previous process ends completely.

Sequential architectures were inspired from the combinational architectures, by split-
ting the whole data path FFT butterfly into number of parts equal to the number of points
processed by this butterfly. Every output sample has its own data path containing only
the processing elements used to calculate it regardless of the rest of other output points.
After splitting the data path into one-output-sample oriented data paths, the several data
paths were gathered again by noticing the mutual processing elements between them.
The mutual elements are represented in the final data path by one element, adding the
nonmutual processing elements afterwards to the data path. After placing processing
elements, final data paths were routed using some control signals, to direct the flow to
adopt all needed calculations, and process all output points correctly.

4.3.1 Sequential Architectures with Multipliers

In this section, the architectures using multipliers in the sequential variants of FFT
butterflies are introduced. This approach uses multipliers for twiddle factor multiplication
inside FFT butterflies, receives the input points in parallel, and provides the output points
one sample per clock cycle.

4.3.1.1 Radix-2

Radix-2 FFT sequential architecture has two data inputs, clock, reset inputs, and one
data output. All data ports widths are the same and defined as generic value. This mod-
ule uses one instance of adder subtractor component, instead of one instance of adder
and one instance of subtractor in the combinational architecture of the same module
discussed in 3.3.1.

As seen in Figure 12, both the data inputs are connected to the input ports of the
adder-subtractor component. Operation selector is set through a multiplexer to decide
on the arithmetic operation of the component whether addition or subtraction.

|

o,

Figure 12 Radix-2 FFT sequential architecture

The approach used in this architecture is to separate each output path from the orig-
inal data path, then combine them together.

In (3), X0 calculations need only one adder. In (4), X1 computations need only one
subtractor. Because adder’s and subtractor’s implementations are almost the same, both
could be merged into one adder subtractor module with 1-bit control signal decides on
its functionality. When control signal is set to 0 the addition operation is done in the first
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clock cycle to get X0 output, then setting it to 1 to in the second clock cycle to get X1
output from subtraction operation.

This architecture achieves equations (3), and (4). Compared to the combinational ar-
chitecture it takes two clock cycles instead of one. On the other hand, better area opti-
mization is achieved, using the adder subtractor component.

4.3.1.2 Radix-3

Radix-3 FFT butterfly sequential architecture variant has three data inputs and one
operation selector, in addition to clock and reset inputs, and one data output. All data
inputs and outputs have the same generic width. The module as shown in Figure 13
contains three instances of adder, one instance of subtractor, and one instances of the
adder subtractor, and two instances of the multiplier. This architecture provides data out-
put in three clock cycles instead of three outputs in one clock cycle combinational archi-
tecture. which means that performance would decrease to almost one third of the com-
binational variant’s performance.

x(0) +
x(1) @ ’7/ » X i

|+
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Figure 13 Radix-3 sequential architecture

This module has the same functionality of the combinational variant of radix-3 architec-
ture, and achieves the same equations (5), (6), (7), (8), (9), and (10).

From equations, it is noticed that there is no output sample data path uses all the pro-
cessing elements inside the butterfly. for example:

X0 calculations need two adders,
X1 calculations need four adders, one subtractor, and two multipliers, and
X2 calculations need three adders, two subtractors, and two multipliers.

Operation selector represents the port number of the FFT butterfly. It indicates which
symbol should be in processing, output should be provided by the module in each clock
cycle, exact operations should be done in the specified cycle, and which factor would the
multiplier have as twiddle factor input. Multiplier instance’s both inputs are going through
two 4 to1 multiplexers, Multiplexers decide which data would be processed, and which
output would be provided. Multiplexers’ selector is the operation selector input, chooses
which data would pass to the multipliers and when. Also, operation selector is used as a
selector for the other multiplexers used in the architecture. It is used for routing inputs to
two adder subtractor instances to decide its operation whether to be an adder or sub-
tractor every clock cycle. The rest of adder subtractor instances are fixed to adders all
the time.
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4.3.1.3 Radix-4

Radix-4 FFT sequential architecture has four data inputs, one operation selector in
addition to the clock and reset inputs, and one data output. All data inputs and outputs
have the same generic width. The module contains three instances of adder subtractor
component, and one instance of the multiplier component. It has same functionality as
the combinational architecture of radix-4 FFT butterfly, and achieves the equations (11),
(12), (13), (14), and (15). The difference is in optimization in architecture and perfor-
mance and area consumption. In this architecture, this module provides data output in
the period of four clock cycles instead of one. Hence, performance decreases to almost
one fourth of the combinational architecture’s performance, but in return enhances area
consumption.

Equations of radix-4 FFT butterfly have noticeable unused resources by the combi-
national architecture in every clock cycle:

X0 calculations need three adders,

X1 calculations need one adder, two subtractors, and one multiplier,
X2 calculations need two adders, one subtractor, and

X3 calculations need three subtractors, and one multiplier.

As shown in Figure 14, operation selector, represents FFT butterfly port number, in-
dicates processing symbol, module’s output, internal blocks operations, and some inter-
nal routes. Multiplier's instance’s both inputs in this architecture pass through two 4-to-1
multiplexers to decide on its inputs using the 3-bit operation selector.
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Figure 14 Radix-4 FFT sequential architecture
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chitecture has five data inputs, one operation selector, clock, reset inputs, and one data
output. All data inputs and outputs have the same generic width. This module contains
three instances of adder subtractor component, four instances of multiplier component,
five adders, and three subtractors. It has same functionality as the combinational variant
of radix-5 FFT architecture, with optimization in area and performance.

In this architecture variant, the module takes five clock cycles to provides all data
outputs instead of one clock cycle. As a result, performance falls to almost one fifth of
the combinational architecture.

Considering equations of radix-5 FFT butterfly (16), (17), (18), (19), (20), (21), (22),
(23), (24), (25), and (26), not all the resources of the combinational architecture are used
in every clock cycle, for example:

XO calculations need four adders,

X1 calculations need eight adders, four subtractors, and four multipliers,
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X2 calculations need eight adders, four subtractors, and four multipliers,
X3 calculations need seven adders, five subtractors, and four multipliers, and
X4 calculations need seven adders, five subtractors, and four multipliers.

Operation selector identifies number of FFT butterfly port, some processing symbol,
module’s output, internal blocks operations and some routing. As can be noticed in Fi-
gure 15, multipliers instances’ inputs are routed through 4-to-1 multiplexers using the
operation selector to get the suitable inputs.
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Figure 15 Radix-5 FFT sequential architecture

4.3.1.5 Multi-Radix Butterfly

Multi-radix FFT sequential architecture has five data inputs, one operation selector,
clock, reset inputs, and one data output. All data ports have the same generic width. As
in Figure 16, this module has three radix-2 FFT instances, three adder instances, three
adder subtractor instances, one 2-to1 multiplexer, and four multipliers.
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Figure 16 Multi-radix FFT sequential architecture

The module’s output rate is one sample per clock cycle to optimize the area used in
the architecture. As a result, performance falls to almost one fifth of the combinational
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architecture. It has same functionality as the combinational variant of multi-radix FFT
architecture. and it achieves the same equations (3), (4), (5), (6), (7), (8), (9), (10), (11),
(12), (13), (14), (15), (16), (17), (18), (19), (20), (21), (22), (23), (24), (25), and (26).

Operation selector input represents FFT butterfly port number, module’s output, inter-
nal blocks operations, multiplexers’ selectors, and some internal routing.

4.3.2 Sequential Multiplier-less Architecture

In this section, multiplier-less sequential architectures are introduced, which are the
most area-optimized architectures of the four described variants in this thesis. They use
no multipliers within, and provide sequential outputs using the minimum number of idle
processing elements in the data path. In these variants the multipliers in sections 4.3.1.2,
4.3.1.3, 4.3.1.4, and 4.3.1.5 were substituted with shifters and adders and CSD tech-
nique to emulate twiddle factor multiplications inside FFT butterflies. they also receive
input points in parallel and provide the output points sequentially one sample per clock
cycle.

4.3.2.1 Radix-3

Radix-3 FFT sequential multiplier-less architecture module is the most optimized ra-
dix-3 FFT architecture among the discussed in this thesis. The module combines both
optimization approaches of sequential architectures and using CSD technique for multi-
plication.

This module has three data inputs, operation selector, clock, and reset inputs, and
one data output. All data ports’ widths are equal and generic. As seen in Figure 17, the
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Figure 17 Radix-3 FFT sequential multiplier-less architecture

module has three adder instances, two subtractor instances, two adder subtractor in-
stances, two multiplexers, and five shifters. Output data is provided as one output per
clock cycle, as all sequential FFT architectures introduced in this thesis. Hence, Radix-
3 FFT sequential multiplier-less architecture module provides the whole set of outputs in
three clock cycles.

This architecture variant applies the same functionality as the combinational multi-
plier-less variant discussed in section 4.2.1. Also, this module uses the same CSD tech-
nique using adders and shifters to replace multipliers, the same as illustrated in equa-
tions (6), (7), (8), (9), and (10).
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4.3.2.2 Radix-4

Radix-4 FFT sequential multiplier-less architecture module combines optimization
methods used in this thesis. It uses CSD technique for multiplication, along with sequen-
tial architecture approach. Hence, it is considered as the most optimized variant of radix-
4 FFT architectures discussed in the thesis.

As shown in Figure 18, the module uses three adder subtractor instances, one multi-
plexer, and one complex-valued swapper instance. This module’s inputs are four data
inputs, one operation selector, clock and reset. While its output is only one data output,
changing every clock cycle to provide different sample of the radix-4 data. As all sequen-
tial architectures discussed in this thesis, output is provided as one sample per clock
cycle, and n radix-4 FFT butterfly in four clock cycles.

Radix-4 FFT sequential multiplier-less architecture module uses the same concept
mentioned in section 4.2.2 in substituting multiplier usage. The module uses the com-
plex-valued swapper component, and 2’s complement component to apply the same ef-
fect of multiplying data by — .
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Figure 18 Radix-4 FFT sequential multiplier-less architecture

4.3.2.3 Radix-5

Radix-5 FFT sequential multiplier-less architecture module utilizes the approaches of
area optimization explained in this thesis. It is considered as the most optimized archi-
tecture variant of implementing radix-5 FFT butterfly. This module uses CSD technique
for multiplication, and sequential architecture method to optimize the architecture imple-
mentation area-wise.

The module achieves the same equations (16), (17), (18), (19), (20), (21), (22), (23),
(24), (25), and (26), using adders and shifters to implement its effect. and applies the
same functionality of radix-5 FFT combinational version mentioned in section 4.2.3.

This module has five input data, operation selector, clock, and reset inputs, and one
data output. All data inputs and outputs have the same generic width value. As shown in
Figure 19, the module uses three radix-2 FFT butterfly instances, twelve adder instances,
six subtractors, three adder subtractor instances, four complex-valued swappers, two 2-
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to-1 multiplexers, two 4-to-1 multiplexers, and nineteen shifters. Data output is provided
as one output per clock cycle for five clock cycles long.
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Figure 19 Radix-5 FFT sequential multiplier-less architecture

4.3.2.4 Multi-Radix Butterfly

Multi-radix FFT sequential multiplier-less architecture module is the FFT butterfly ar-
chitecture module used in the top-level architecture introduced in this thesis. It is the
most area optimized FFT butterfly architecture introduced in this thesis. The module
combines radix 2, 3, 4, and 5 architectures, uses sequential architecture approach, and
CSD technique for multiplication instead of multipliers.

The module in Figure 20 contains three radix-2 FFT butterfly instances, seven adders,
twenty shifters, nine adder subtractor instances, nineteen multiplexers, and three com-
plex-valued swapper instances.

Multi-radix FFT sequential multiplier-less architecture module has five data inputs,
operation selector, clock, and reset inputs, and one data output. All data inputs and out-
puts have the same generic width value.
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The module achieves the same equations (3), (4), (5), (6), (7), (8), (9), (10), (11), (12),
(13), (14), (15), (16), (17), (18), (19), (20), (21), (22), (23), (24), (25), and (26). It receives
all five inputs at the same clock cycle and provides one output per clock cycle. Operator
selector routes data inside the data path, chooses which operations should be applied
on it and which output should go out.

Y

Figure 20 Multi-radix FFT sequential multiplier-less architecture



28

5. TOP-LEVEL IMPLEMENTATION

This Chapter discusses the fft_multi_radix top-level architecture proposed in this
thesis. In the beginning, the basic building blocks, which are used to implement
fft_multi_radix top-level are discussed. Then, fft_multi_radix top-level architecture is de-
fined with its elements and connections. Afterwards, data and control flows are explained
in detailed steps as illustrated in Figure 23, Figure 25.

5.1 Multi-Stage FFT Architecture

FFT operation can be performed with various methodologies. In this thesis, the FFT
operation methodology discussed and implemented is the multi-stage FFT operation dis-
cussed in [4].

Input data is in 1Q format (in-phase, and quadrature), or in other words, real and im-
aginary data. This IQ data forms one sample data. One symbol data is the whole data
needed to be processed by the fft_multi_radix top-level.

Decimation in time (DIT) algorithm is used in this thesis implementations. DIT algo-
rithm means that the output data points are in-order, while the input data points are per-
muted.

FFT operation in this methodology based on dividing the FFT operation into multiple
FFT stages after each other. Each stage is performing radix-N FFT for all input data
points. Permutations are done between stages to secure that points are in the right order
and fed to the right FFT butterfly.

Number of stages is flexible and could be decided at the beginning of the architecture
depending on the available resources [4].

As shown in Figure 21, 30-sample FFT operation is performed. Instead of performing
radix-30 FFT operation at once, it is done on three stages. Data is already permuted
respectively at the input side. First stage applies radix-5 FFT processing on the whole
data symbol, and data is being stored in intermediate memory. Afterwards, permutation
is performed to get the right data order, and multiplications by twiddle factors are applied.
Second stage is performing radix-3 FFT, and the third is performing radix-2 FFT opera-
tions. Permutations and twiddle factors multiplications are performed between all stages.

The exact radix for each stage is decided depending on number of points per data
symbol, number of stages, and the availability of resources. In the case shown in Figure
21, it has three stages. On the other hand, the FFT butterflies’ implementations intro-
duced in this thesis are radix 2, 3, 4, and 5 FFT butterflies. The FFT radices chosen were
radix-5 FFT, followed by radix-3 FFT, then radix-2 FFT. If radices are multiplied by each
other (5 * 3 * 2), it produces 30, which is the number of points per data symbol.
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Figure 22 fft_multi_radix top-level architecture
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As shown in Figure 22, this thesis introduces a system to implement this architecture
with low area consumption. This area consumption reduction is achieved by using only
one FFT butterfly in the whole system, instead of many FFT butterflies. System performs
FFT operation in extended period as a cost of area reduction. System performs one FFT
operation at a time and stores its results, then does the next FFT operation after it, until
the whole stage processing is finished. Afterwards, it starts in the next stage processing,
until the whole FFT operations are performed. The FFT butterfly used was introduced in
section 4.3.2.4, and it can perform radix 2, 3, 4, or 5.

5.2 Basic Building Blocks

In this section, fft_multi_radix top-level building blocks are introduced, and their im-
plementations are discussed. These modules are used in fft_multi_radix top-level archi-
tecture alongside with some modules discussed beforehand in previous chapters. Some
of these building blocks can be seen in Figure 22, and some are used inside some other
modules.

5.2.1 Real-Valued Adder

A real-valued adder module is a ripple-carry adder, which has two data inputs and
one data output. All the ports have the same configurable data width. This module uses
the 1-bit full adder component described in 3.2.1.1. The number of 1-bit full adder com-
ponents instantiated equals to data input width, to provide the required addition result.
This module aims to perform the addition operation for two real numbers.

5.2.2 In-Place Memory

In-place memory is a dual port RAM (Random Access Memory), itis used to store the
intermediate results coming out from FFT butterfly. Memory has three inputs and one
output. One input for writing data and one output for reading data, the rest of the two
inputs are being used for reading address and writing address.

The used RAM depth is configured depending on the FFT size that system is sup-
posed to process per stage. Every clock cycle, FFT butterfly calculations produce one
output sample, FFT butterfly writes this output sample to the in-place memory through
the RAM write port, in the same time FFT butterfly reads an input from it.

5.2.3 Twiddle Factor Multiplier

Twiddle factor multiplier module has one complex-valued data input, one complex-
valued twiddle factor as a data input, and one complex-valued data output. All ports have
the same generic data width. This module contains four instances of 18-bit multiplier unit
component, one instance of 2’'s complement component, and two instances of a real-
valued adder component. Symbol data input is read from in-place memory or input
memory, and twiddle factor data is coming from twiddle factor memory. The module aims
to perform the twiddle factor multiplication required between stages. In Figure 22, be-
tween any stage and the following one, there’re some multiplications needed to be done
for every sample before next stage processing. The performed multiplication a complex



31

multiplication of the data points and the specified twiddle factors for them. Both of the
multipliers’ inputs are in the form of a + i b, hence, multiplication operation requires four
multipliers as it requires the following procedure:

{
X =al + 1 bl //The complex sample data
K=a2 + 1 b2 //The complex twiddle factor
Y = X * K //Twiddle factor multiplication
Y = ((al * a2) - (bl * b2)) + 1 ((al * b2) + (bl * a2))
partial yl = al * a2
partial y2 = bl * b2
partial y3 = al * b2
partial y4 = bl * a2
partial y4 negative = - partial y4 = - (bl * a2)
Y = (partial yl + partial y4 negative)
+ 1 (partial y2 + partial y3)
}

5.2.4 Register File

Register file is used to buffer the input data, which comes from the twiddle factor mul-
tiplier to the FFT butterfly’s inputs. Buffering is storing amount of data in register elements
until the next module can use it, hence it is released from register elements to the desti-
nation module. Register file has one input data port, port number, current stage counter,
read enable, clock and reset inputs, and five data outputs. Its data inputs and outputs
have the same generic data widths. The port number, current stage counter, and read
enable inputs are all provided from the controller module. Data input is coming from the
output of the twiddle factor multiplier module. While data outputs are being fed to the
FFT butterfly block in fft_multi_radix top level as five points, which is the same number
of the used FFT butterfly.

The register file works as a serial-to-parallel buffer. It has a register array of five ele-
ments, each element has the same width as the FFT data input. The register file is re-
ceiving one data sample every clock cycle from the twiddle factor multiplier module.
When read enable input is triggered by the controller module, contents of the register file
are provided into its output to the FFT butterfly. Data input's address in the register bank
is decided based on the destination port name and the current stage counter, which is
provided by the controller module. That stage counter provides the register file about
information related to which FFT radix is in process in that time.

An example for the register file operation could be illustrated through the calculations
of radix-2 FFT. Data is stored in register element number 1 of the register bank in the
first clock cycle, and in the second clock cycle the incoming data input is stored in register
element number 3. The rest of the register elements are set to zeroes to provide data to
FFT butterfly block in x7 and x3 input ports, and the rest of inputs equal to zeroes, in
order to ensure that calculations are done properly.

Like radix-2 FFT, when the current stage is radix-3 FFT, the register file stores the
data inputs in register elements 0, 1, and 3, and the rest are set to zeroes. Inradix-4 FFT
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case, data is stored in register elements 1, 2, 3, and 4, and the rest is zeroes. While in
radix-5 FFT, there are no register elements filled with zeroes, because FFT butterfly re-
quires five input points, and the input is stored in register elements 0-5 in-order.

5.2.5 Shift-Add Counter

Shift add counter module is a simplified multiplier, which uses shift-add method with-
out excessive number of adders. This module has three inputs and one output. One input
data, one input for coefficient, one selector for choosing the required multiplication result,
and one output data.

The main purpose of this module is to be used inside the binary-coded multi-radix
(BCMXR) counter discussed in section 5.4.1. The shift add counter module is used to
multiply stage radix number in the BCMXR counter by other radices multiplication results.
This module is also used to multiply these radices multiplication results with the other
real numbers.

The module applies two simple left shifters on the data input to get the multiplication
results of 2*x and 4*x, then apply addition of the data input to each of them to get the
multiplications results 3*x and 5*x. It uses the coefficient and mult_type selectors to se-
lect which output to get out from the module.

5.3 fft_multi_radix Top Level Architecture

This section introduces fft_multi_radix top-level architecture implemented in this the-
sis work. fft_multi_radix top-level architecture main target is to perform an FFT non-mul-
tiple-of-two operation. While the FFT process is divided into multiple FFT stages, each
stage processes all data symbols but with different configurations applied. If top-level
architecture instantiates all the FFT butterfly required to perform all stages after each
other, that will result in huge area consumption. While in this thesis the proposed archi-
tecture uses only one process element, which can perform radix 2, 3, 4, and 5. In this
case, FFT butterfly receives 2-5 points and apply FFT operations on them. This proce-
dure is repeating for each FFT butterfly and for each stage needed in FFT process.

fft_multi_radix top-level architecture shown in Figure 22, contains the following mod-
ules:

e Controller: it is discussed in section 5.4. It controls all modules in fft_multi_radix
top-level and produce control signals to each module to perform its specified op-
eration.

e Sequential multiplier-less multi-radix FFT butterfly: it is discussed in section
4.3.2.4. It is the main processing element in the architecture which perform FFT
for the data according to control signals coming from the controller

e In-place memory: It is discussed in section 5.2.2. it is an inter-stages storage ele-
ment. It stores data coming out from FFT butterfly and provide it to the twiddle
factor multiplier to process the following stages, depending on control signals and
addresses from controller.

e Twiddle factor memory: it is a memory contains twiddle factor data. It provides
data to twiddle factor multiplier according to the twiddle factor address generated
by the controller.
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o Twiddle factor complex multiplier: it is discussed in section 5.2.3. It is the element
responsible for needed inter-stages multiplication operation. It receives points
data and multiply it by the twiddle factor stored in twiddle factor memory, depend-
ing on configurations coming from the controller.

o Register file: it is discussed in section 5.2.4. It is responsible for buffering the data
before the input side of FFT butterfly, according to the control signals coming from
controller.

5.4 Control Unit

The control unit module is the omniscient module in fft_multi_radix top-level architec-
ture after FFT butterfly. It knows all the phases of each module in fft_multi_radix top-
level architecture. It decides on most of the operations done by the modules and supports
them by control signals as shown in Figure 23.

The control unit contains a binary-coded mixed radix (BCMXR) counter, which is de-
scribed in detail in section 5.4.1. The counter values used by the controller to decide on
the current FFT operation stage and calculate some factors and control signals needed
by other modules.
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Figure 23 Control flow in fft_multi_radix top-level architecture

5.4.1 Binary-Coded Mixed-Radix Counter

Binary-Coded Mixed-Radix (BCMXR) Counter module is considered as the main con-
trol source in fft_multi_radix top-level architecture. BCMXR counter in concept is the
points’ counter, it represents the current points being processed by the system and in
which phase.

This module uses shift add counter and real adder modules inside its implementation
to ease the calculation of some outputs. BCMXR counter module’s only inputs are clock
and reset ports. However, it has many outputs to serve and control all other modules in
the architecture.

BCMXR counter module’s outputs are described as follows:
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“i“: 3-bit output: it specifies the FFT butterfly’s input port index, which the butterfly
reads in the current clock cycle 0, 1, 2, 3, or 4.

“i_w*": 3-bit output: it specifies the FFT butterfly’s output port index, which the butterfly
writes in the current clock cycle 0, 1, 2, 3, or 4.

“‘perm“: 3-bit output: it specifies the sample address in the in-place memory, which
butterfly reads in the current clock cycle.

“perm_w*: 3-bit output: it specifies the sample address in the in-place memory, which
butterfly writes in the current clock cycle.

“phi“: 3-bit output: it specifies the twiddle factor address in the twiddle factor memory,
which butterfly reads in the current clock cycle.

“stage_counter_o": it is 3-bit output, specifies the number of the current stage in the
whole FFT multi-stage process.

“current_stage®: 3-bit output: it specifies the current stage radix in the whole FFT multi-
stage process.

“‘write_enable“: it is 1-bit output, controls the operation of the register file, set to 1
when writing on the register file is needed.

“sel”: it is 20-bit selector vector, represents the control stream from the control unit to
FFT butterfly. This vector contains the selectors needed inside the butterfly for internal
multiplexers and components.

The main idea of the mixed radix counter implemented was introduced in [4][5].
BCMXR counter module’s main idea is to count the current sample number however the
current FFT radix is, and to route it into the right butterfly with the right configurations. In
BCMXR counter internal implementation, each digit of the counter has different ceil or
radix needs to be reached before it starts to accumulate in the next digit.

The following example explains the functionality of BCMXR counter:

Assuming that “count” is a 4-digit counter 0 0 0 O.

Total number of points per FFT symbol is 120 sample, divided into four FFT levels
radix 2, 5, 3, and 4 stages as shown in Figure 24.

& »u

Figure 24 Example of 120-point FFT Architecture

Radix of the first stage is represented in the first digit as “2” and for the second as “5”
and for the third as “4” and for the fourth as 3.

Counter will count in the first digit from 0 to 1 then accumulate in the next digit, when
reaching the upper limit 1. Next digit will count from 0 to 4 then starts to accumulate in
the next digit and the same for the rest of the counter digits as follows:

0000-0001-0010-0010-0011-0020-00210030-0031-0040-0041-0100-0101-0110-
0111-0120...
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Another difference between binary-coded mixed radix counter and binary counter is
that each digit is coded into three binary bits. That number of bits were chosen to repre-
sent every digit, because the used radices in this architecture are only 2, 3, 4, and 5,
which could be represented in 3 bits only.

The number of digits in the counter is decided based on number of FFT stages. It
equals number of FFT stages + 1. Each digit in the counter base pattern represents one
stage radix and equals to its ceil, while the last extra digit represents the number of FFT
stages in the architecture.

Simply, when counting, counter is pointing into the current port number of the current
FFT butterfly.

Using the same radices of the last example:

0000 points to the first port of the first FFT butterfly,

0001 points to the second port of the first FFT butterfly,

0010 points to the first port of the second FFT butterfly, and so on.

The counter runs for the whole stage port numbers, which equals to FFT size. When
one stage is totally processed, counter waits for some number of clock cycles equals to
the difference between the current stage and the next stage radices numbers. Then
counter accumulates +1 in the stage counter at the end of the counter. Afterwards, the
counter shuffles its digits to suit the new stage radix, butterfly number, port number, and
the required permutation. The least significant digit representing the radix of the previous
stage will be swapped with the digit with the index of the current stage counter

For example:

for stages pattern 3452 in each stage shuffles would be like:

0-3452

Swapping 2 and 5 (the current stage’s radix and the next stage’s radix)

1-3425

Swapping 5 and 4 (the current stage’s radix and the next stage’s radix)

2-3524

Swapping 4 and 3 (the current stage’s radix and the next stage’s radix)

3-4523

Hence, the least significant digit in the counter always counts the port number of the
current FFT butterfly. The other digits also suit the flow of permutations for every FFT
butterfly, and butterflies order of the whole architecture.

“i“ output: it is the port number. It could be easily derived from this concept directly,
which is simply equals to the least significant digit.

“i_w* output: It could be derived from (i) which is in this design simply registered ver-
sion of i. the amount of registers putin between i andi_w to geti_w is decided depending
on the current stage radix number and previous stage radix number using the stage
difference between each stage radix number and the precedent stage radix number
which is calculated and saved in an array.

“stage_counter_o" output: It could be extracted from the most significant digit of the
counter, because the MSB of the counter represents the index of the current stage in the
stages’ pattern.

“current_stage“ output: could be derived based on the most significant digit of the
counter as it is the radix pointed by the index stage_counter_o.
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“‘wirte_enable“ output: It goes high after the last read of register file. Register file last
read is when the last sample of the current butterfly is read from the in-place memory,
the corresponding twiddle factor is read from the twiddle factor memory, multiplied by
each other, and stored in the register file. Afterwards, register file have number of data
elements equals to the current stage radix. Hence, setting write enable output high lets
FFT butterfly read the data from the register file.

“sel” output: It is a vector contains the required selectors signals concatenated to-
gether, it controls the FFT butterfly multiplexers, and components. Mainly, this is for the
use of the sequential version of the FFT butterflies.

It controls which inputs should be processed each clock cycle by multiplier compo-
nents for data and twiddle factor inputs, and it decides on the inputs of the adder sub-
tractor components. Also, it controls the operation assigned for some of the adder sub-
tractor components each clock cycle.

The most complex output computation is the calculation of “phi” output (twiddle factor
memory address), “perm” output (in-place memory read address), and “perm_w” output
(in-place memory write address). These outputs’ calculations depend on the current
stage radix number, current FFT butterfly number in the current stage index, previous
stages radix numbers, and the number of FFT size in the whole FFT process.

Example study case is shown as follows step by step:

- If FFT size per symbol are 30

- If stage radices pattern is 5 3 2

- Stage radices pattern accumulative multiplication array is created. It is created

- by multiplication of element n by element n+1

2 3 5
2*3*5*1 3*5*1 5*1 1
30 15 5 1
- Last array element is truncated results in
15 5 1
- This array is multiplied by the current counter fields
c2*15 c3*5 c5*1
while:

c2 is the counter field with base 2
c3 is the counter field with base 3
c5 is the counter field with base 5

- Ofield is concatenated at the left most

c2*15 c3*5 c5 0
- Resulted array from last step is accumulated by adding the element n to the el-
ement n+1
c2*15 + c3*5 + ¢c5 c3*5 + ¢5 cd 0

- This is the main array that will be used to obtain the desired parameters.

Last element of the array (c2*15 + ¢3*5 + ¢5) represents “perm” output providing the
read address of the in-place memory.

The rest of the array is multiplied by FFT butterfly port number (i) and considered as
“phi” output signal in case of last stage. For other stages it needs to be multiplied by the
standard stage pattern, to provide the read address of twiddle factor memory. Then,
“perm_w” output is derived from “perm” output the same way “i_ w” output was derived
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from “i” output, by buffering it by amount of clock cycles depending on the current stage
radix number, and previous stage radix number.

5.5 DataFlow

In this section, the data flow in computations is discussed in detail, as shown in Figure
25.

Input_data Xmem_to _mux

In-place Memory —

Perm_r we Perm_w

Stage_counter

Controller

phi

Twiddle

Factor Counter
memory

Pe_to_xmem|

Current_stage| Current_stage rite_enable
tf 5 . sel
i rite_enable !

Twiddle . 1
mux_to_tf MUL Factor ||.Tf_mul_to_rej Reg-ister [ >

File x3

FFT Butterfly
Multiplier

Figure 25 Data flow in fft_multi_radix top-level architecture for first FFT stage

Multiplexer selects input data to pass over any data comes from in-place memory.
Input data is fed into the twiddle factor multiplier through the data multiplexer.

Twiddle factor data comes from twiddle factor memory to twiddle factor multiplier. In-
put data and the twiddle factor data are multiplied by each other in twiddle factor multi-
plier.

Data points are fed to register file as one sample per clock cycle. Data points are
stored in register file in the same order they should have in FFT butterfly input’s side. If
data points number in the current FFT stage is less than five points, the rest of register
file elements are set to Os.

When the register file receives all the required data from twiddle factor multiplier, and
enable control from controller, it pushes the data into FFT butterfly’s inputs. The five data
points are fed in one clock cycle

FFT butterfly processes the data points and provides it to the in-place memory one
sample per clock cycle. Data is fed into the in-place memory one by one until it contains
all FFT data points. This data represents the input data for the next FFT stage process.

Stored data in the in-place memory goes through data multiplexer, which chooses it
over any input data coming from the input side.

Same data flow is repeated for each stage, until the data points are completely pro-
cessed by all stages. Then, final version of processed data is stored in the in-place
memory and provided to the output side
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6. RESULTS AND FUTURE WORK

6.1 Results

This section illustrates the results for the implemented modules in this thesis. Post-
synthesis results are provided after synthesis is done on Vertix-7 FPGA.

6.1.1 adder_subtractor Optimization

From section 6.1.1.2, adder component is consuming 36 LUTs. Section 6.1.1.3 shows
that subtractor component is consuming 72 LUTs. While the adder_subtractor compo-
nent implementation in section 6.1.1.4 shows intermediate area consumption. This mod-
ule combines adder and subtractor components in one module and synthesis results
shows that it uses 54 LUTs when operation selection is not tied to fixed value all the time.

This area consumption results in the general case shows that It gives better results
than the separate subtractor component's area consumption by 25% of LUT count. While
it has worse results than the separate adder component's area consumption by 25% of
LUT count.

On the other hand, as shown in threepoint_opt implementation's results in section
6.1.1.19, adder_subtractor component has three kind of implementations. One instance
has its operation selector as a variable signal which can use the component as an adder
or subtractor and that shows its LUT count as 54 LUTs. Other instance's operation se-
lector is tied to the usage of the adder only, and it consumes 36 LUTs. The third kind of
instance was used as a subtractor only with 72 LUTs area consumption.

From this instances’ different area consumption, it can be concluded that adder_sub-
tractor component is flexible enough to save area, especially when used as adder only
or as adder subtractor.

That is why in some FFT butterflies' implementations when subtractor is needed, the
adder_subtractor component is used instead. In this case, operation selector is left vari-
able to get the optimized version of adder_subtractor. When the component is needed it
is been set to do subtraction, when it is not needed to operate it is been set as adder.
This reduces the area consumption of the subtractor by 25% of LUT count. While in case
that the adder_subtractor component is needed always as an adder, the adder_subtrac-
tor component’s operation selector is tied to use adder only. That usage does not waste
any area compared with the adder component. When the adder_subtractor instance is
needed to perform as an adder or a subtractor in different clock cycles, adder_subtractor
component is used with variable operation selector.

6.1.2 Radix-2 FFT Butterfly

Two architectures of radix-2 FFT were implemented. From Figure 3, and Figure 12,
the combinational architecture uses one adder and one subtractor, Adder and subtractor
components were replaced by one adder subtractor component in the sequential archi-
tecture.
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Synthesis results in previous sections and Table 1, Table 2 show the optimization
done in the sequential architecture. The results show that sequential architecture of ra-
dix-2 FFT uses about 50% area less than the area used in the radix-2 FFT combinational
architecture.

Table 1 Radix-2 FFT architectures’ resources comparison

radix-2 combinational 1 1 -
radix-2 sequential --- --- 1

Table 2 Radix-2 FFT architectures’ area consumption comparison

radix-2 combinational 108
radix-2 sequential 56

6.1.3 Radix-3 FFT Butterfly

Four architectures of radix-3 were implemented. They are shown in Figure 4, Figure
8, Figure 13 ,and Figure 17. The combinational multiplier-less architecture optimizing
area from the architecture using multipliers, by replacing multipliers with shifters, adders,
and subtractors. This optimization results in about 40% less area than the first architec-
ture.

Sequential architecture reduces the number of adders, and subtractors, and uses ad-
der subtractors instead. In the architecture using multipliers, area optimization wasn’t too
much because all the multipliers are needed in the sequential architectures. However, in
the sequential multiplier-less architecture multipliers are replaced by shifters, adders,
and subtractors. That action reduced the are consumption compared to the first archi-
tecture by about 60%.

Architectural resources are shown in Table 3, while implementation area consumption
are shown in Table 4.

Table 3 Radix-3 FFT architectures’ resources comparison

radix-3 combinational 4 2 oo 2 ——
radix-3 combinational muliplier-
5 4 5
less
radix-3 sequential 3 --- 2 2 ---
radix-3 sequential multiplier-less 4 2 2 5
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Table 4 Radix-3 FFT architectures’ area consumption comparison

radix-3 combinational 951
radix-3 combinational muliplier-less 535
radix-3 sequential 935

radix-3 sequential muliplier-less 339

6.1.4 Radix-4 FFT Butterfly

Four architectures of radix-4 FFT butterflies are implemented. Those architectures
are shown in Figure 5, Figure 9, Figure 14, and Figure 18. In the combinational multiplier-
less architecture area wasn’t optimized so much. The reason behind this is that radix-4
combinational architecture is using only one multiplier by -j and replaced by swapper to
swap real and imaginary data parts.

However, sequential architectures optimize the data significantly by sharing re-
sources, because not all resources are needed all the time for all four FFT points. Hence,
replacing the adders, and subtractors by adder subtractor components resulted in dou-
bling the area consumption of the first combinational architecture, due to the generic
multiplier. When using swapper instead of multiplier in the sequential multiplier-less ar-
chitecture, area consumption has been reduced into almost 60% of the first combina-
tional version area consumption.

Architectural resources are shown in Table 5, while implementation area consumption
are shown in Table 6.

Table 5 Radix-4 FFT architectures’ resources comparison

radix-4 combinational 4 4 --- 1 —-- ---

radix-4 combinational multiplier- a 4 N . . q
less

radix-4 sequential --- 3 1 -

radix-4 sequential multiplier-less --- 3 oo 1

Table 6 Radix-4 FFT architectures’ area consumption comparison

radix-4 combinational 537
radix-4 combinational multiplier-less 467
radix-4 sequential 963

radix-4 sequential multiplier-less 197

6.1.5 Radix-5 FFT Butterfly

Four architectures of radix-5 FFT butterflies were implemented. Those architecture
are presented in Figure 6, Figure 10, Figure 15, and Figure 19. The combinational mul-
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tiplier-less architecture replaces multipliers with shifters, adders, subtractors, and swap-
pers. This replacement resulted in about 40% area reduction compared to the first archi-
tecture.

The sequential architectures use adder subtractor components instead of adders, and
subtractors. They also use four multipliers instead of five ones saving one multiplier.
Despite this resources’ sharing and reduction, the area have not optimized in the archi-
tecture using multipliers. That's because multipliers’ inputs are not fixed, that makes the
multipliers more complex when they are synthesised. While in the sequential multiplier-
less architecture, there are no multipliers, but shifters, adders, and subtractor instead.
The result of this that area consumption has been reduced by about 60% of the first
architecture’s area. Architectural resources are shown in Table 7, while implementation
area consumption are shown in Table 8.

Table 7 Radix-5 FFT architectures’ resources comparison

radix-5 combinational 10 7 --- 5 -
radix-5 combinational multiplier-less 17 12 --- --- 15 3
radix-5 sequential 6 3 3 4 -

radix-5 sequential multiplier-less 15 9 3 19 4

Table 8 Radix-5 FFT architectures’ area consumption comparison

radix-5 combinational 2635
radix-5 combinational multiplier-less 1557
radix-5 sequential 3069

radix-5 sequential muliplier-less 1197

6.1.6 Multi-Radix FFT Butterfly

Four architectures of multi-radix FFT butterflies were implemented. They were shown
in Figure 7, Figure 11, Figure 16, and Figure 20. Area is optimized in the combinational
multiplier-less architecture by using shifters, adders, and subtractors instead of multipli-
ers. That usage improved area consumption by about 40% less than the combinational
architecture using multipliers.

Sequential architectures are using adder subtractor components instead of adders,
and subtractors. Also, number of multipliers are reduced by 50% compared to the com-
binational variant. Despite the architectural resource’s reduction, the area consumption
wasn’t optimized because multipliers in the sequential architecture have more inputs op-
tions, which makes it more complex. This drawback vanished in the sequential multiplier-
less architecture due the removal of multipliers and using shifters, adders, and subtrac-
tors instead. In the sequential multiplier-less architecture, area consumption is about
60% less than the first multi-radix architecture’s area consumption.

Architectural resources are shown in Table 9, while implementation area consumption
are shown in Table 10.
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Table 9 Multi-radix FFT architectures’ resources comparison

multi-radix combinational 11 8 --- 8 ——— —

multi-radix combinational multiplier- 20 13 . . v =
less

multi-radix sequential 6 3 3 4 - ---

multi-radix sequential multiplier-less 12 3 9 20 3

Table 10 Multi-radix FFT architectures’ area consumption comparison

multi-radix combinational 3637
multi-radix combinational multiplier-less 1927
multi-radix sequential 4102
multi-radix sequential multiplier-less 1611

6.2 Future Work

In this thesis, memory based FFT architectures were discussed. To add more features
to the discussed architectures for more usability, some future work recommendations
are suggested in this section.

Twiddle factor memory size in the proposed architecture equals to the processed FFT
size. That means that each FFT point has its corresponding twiddle factor stored in the
twiddle factor memory. However, twiddle factors could be the same for many FFT points.
That means that some redundant twiddle factors are stored in the memory. Unique twid-
dle factors can be 1/8, 1/4, or 1/2 of the FFT size [4]. That would optimize area consump-
tion in the whole architecture.

Higher radices FFT butterflies could be added to the current multi-radix FFT butterfly,
as well. In addition to radix-2, 3, 4, and 5 FFT butterflies, radix-7, and higher prime num-
bers radices could be added to the sequential multiplier-less multi-radix FFT butterfly.
However, that this addition would increase the complexity of the FFT butterfly, but it
would increase the flexibility of the FFT butterfly to perform more FFT sizes. This flexi-
bility would increase the ability to integrate in more complex systems and reduce the
need to round up data sizes to higher sizes that FFT can process.

Additionally, pipelining concept could be integrated with the resource sharing concept
inside FFT butterflies. Pipelining stages could be added inside the FFT butterflies be-
tween its internal processing elements like adders and subtractors. Pipelining stages
wouldn’t cost a lot of area, because it will be just small registers containing few data bits.
However, this addition would break the critical path, and reduce the clock frequency.
That would result in improvements in power and performance prospective.
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7. CONCLUSION

the objective of this work was to optimize the existing FFT architectures from the area
point of view. Some future work was recommended and discussed briefly. It was suc-
cessfully proven that area can be optimized in memory based FFT architectures inside
FFT butterflies. After implementation of the proposed FFT architectures on FPGA, area
was optimized as expected in both architectural and implementation point of views. Area
reduced in the final proposed FFT architectures by about 60% of the already designed
FFT architectures’ area consumption.

During this thesis work, some studies were made on fast Fourier transform (FFT) al-
gorithm and its importance in real life. Furthermore, a study on the most commonly used
FFT architectures such as memory based FFT architectures and pipelined FFT architec-
tures was made. Moreover, the problem of huge area consumption was studied along
with the study of previously implemented radix 2, 3, 4, and 5 and multi-radix FFT archi-
tectures. Hence, the concepts of resource sharing and shift-add multiplication were used
inside the FFT architectures. Those concepts produced the new proposed radix-2, 3, 4,
5, and multi-radix FFT architectures, all in sequential and multiplier-less versions, which
are implemented on FPGA. A top-level architecture was implemented on FPGA, as well.
This resulted in the desired area savings aimed in this thesis.
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