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Abstract
This paper presents a reconfigurable FFT architecture for variable length and
multistreaming WiMax wireless standard. The architecture processes 1 stream of
2048-pt FFT, up to 2 streams of 1024-pt FFT or up to 4 streams of 512-pt FFT.
The architecture consists of 11 SDF pipelined stages and radix-2 butterfly is calcu-
lated in each stage. The sampling frequency of the system is varied in accordance
with FFT length. The wordlength and buffer length in each stage is configurable
depending on the FFT length. Latch-free clock gating technique is used to reduce
power consumption.

The architecture is synthesized for Virtex-6 XCVLX760 FPGA. Experimen-
tal results show that the architecture achieves the throughput as required by the
WiMax standard and the design has additional features compared to the previ-
ous approaches. The design used 1% of the total available FPGA resources and
maximum clock frequency of 313.67 MHz was achieved.
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Table 1. Abbreviations

CLB Configurable Logic Block
DFT Discrete Fourier Transform
DIF Decimation In Frequency
DIT Decimation In Time
DSP Digital Signal Processor / Digital Signal Processing
FB Feedback
FF Feedforward
FFT Fast Fourier Transform
FPGA Field Programmable Gate Array
HDL Hardware Description Language
OFDM Ortogonal Frequency-Division Multiplexing
RAM Random Access Memory
ROM Read Only Memory
SNR Signal-to-noise Ratio
UWB Ultra Wide Band
VHDL Very high speed integrated circuit Hardware Description Language
VLSI Very Large Scale Integration
WiMax Worldwide Interoperability for Microwave Access
WLAN Wireless Local Area Network
WMAN Wireless Metropolitan Area Network
WPAN Wireless Personal Area Network





Chapter 1

Introduction

We are living in an era of electronics and communication. Since the development
of long distance communication techniques in the 19th century, evolution of com-
munication has always been striving towards higher data rates and better quality
of information exchange. This has necessitated the invention of new and newer
communication technologies in a very rapid phase. As advancement, it can be seen
that most wired communication systems are being replaced with wireless commu-
nication systems. Though wired transmission can offer much higher data rates,
wireless solutions are preferred due to its flexibility and when communicating de-
vices are mobile.

Wireless communication is a rapidly developing high speed and high fidelity
technology, which allows short range and long range transmission, enabling multi-
media communications between portable devices. Initially wireless communication
was popular only for cellular communications. Later a wide range of new wireless
services such as cordless telephones, Wireless Local Loop (WLL) [1] were intro-
duced. These services were using analog signals and later revived to use digital
signals.

Since 2003, several advancements led to a fresh interest in wireless communi-
cations. Other than cellular and voice transmission, many other wireless services
such as broadband wireless access systems, including the Wireless Local Area
Networks (WLANs) [2] [3], Wireless Personal Area Networks (WPANs) [3] and
Wireless Metropolitan Area Networks (WMANs) [4] [3] were introduced. This
domain has turned out to be a subject of extensive research and hence many stan-
dardization activities are undertaken throughout the world.

Wireless applications require complex digital signal processing algorithms, which
demand strong design constraints in terms of clock frequency, hardware resources,
power consumption, latency, throughput and complex computations [5] [6]. To
meet all these requirements, high speed and complex computation hardware fab-
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4 Introduction

ric such as Field Programmable Gate Arrays (FPGAs) or Application Specific
Integrated Circuits (ASICs) are required. These devices can be clocked at very
high frequencies and they can be used to calculate sophisticated signal processing
algorithms.

In recent years, Field Programmable Gate Array has been the cornerstone for
benchmarking digital signal processing algorithms. High gate densities, parallel
computing hardware fabrics and dedicated cores for signal processing makes the
FPGAs ideal for signal processing.

FPGAs are preferred to conventional Digital Signal Processors (DSPs) due to
the flexibility of reprogramming and capability to perform parallel computations.
The flexibility to manage the logical problems at gate level enhances the construc-
tion of a custom processor to proficiently implement a desired signal processing
algorithm. Most digital signal processing algorithms are characterized by multi-
plications, followed by additions, subtractions and accumulations. Typical clock
speeds are between tens of MHz to 1GHz. Performance, as measured by millions
of Multiply And Accumulate (MAC) operations per second, typically ranges from
10 to 4000. Given these requirements, the FPGAs can work up to thousand times
faster than conventional processors, as conventional processors are prone to se-
quential computations. Also, DSPs are one time programmable, whereas FPGAs
can be reprogrammed infinite number of times. The reprogramming consumes only
a very few seconds. Design changes for a given circuit can be incorporated and
implemented quickly. Reconfiguration helps to minimize hardware. Also FPGA
synthesis tools allow “parameterisable” cores that accept word length changes of
signals to meet the accuracy of signal processing algorithms.

The Fast Fourier Transform (FFT) [7] [8] is arguably the most important signal
processing algorithm in wireless application. FFT is a mathematical algorithm to
efficiently compute Discrete Fourier Transform (DFT). FFT is an integral part
of the Orthogonal Frequency Division Multiplexing (OFDM) based wireless sys-
tems [3]. In an OFDM system, a very high rate data stream is divided into
multiple parallel low rate data streams. Each smaller data stream is then mapped
to individual data sub-carrier and modulated. The modulation of sub-carriers is
performed by the FFT algorithm. The FFT size depends on the number of sub-
carriers used in the wireless standard. Considering a specific wireless standard,
the Wimax, FFT length varies from 256 to 2048.

In literature many different hardware architectures have been proposed for dif-
ferent wireless standards and implemented in FPGAs since the advent of wireless
communications. The architectures are usually designed for very concrete design
specifications in terms of signal length, precision, performance etc,. Further, they
target different wireless standards. In this thesis work, a reconfigurable FFT hard-
ware architecture is proposed that can be applied to different OFDM-based wire-
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less standards. The regularity in the existing pipelined architectures is exploited
to calculate FFTs of different lengths. The proposed architecture is designed to
support various FFT lengths, ranging from 64-point to 2048-point, for different
OFDM wireless standards using a single hardware architecture. The proposed
scheme uses clock gating techniques and powers down unused hardware to mini-
mize power consumption. It is illustrated that the proposed architecture achieves a
more flexible and simpler design in comparison with the architectures in literature.

This thesis report is organised as follows. In Chapter 2 a brief explanation
about the wireless communication standards is presented. Different wireless stan-
dards designed by IEEE are studied. The frequency of operation, data rates and
bandwidth of each wireless standard is provided. The chapter also explains briefly
the main concepts of wireless communication systems, such as the Orthogonal
Frequency Division Multiplexing (OFDM) and Multiple Input Multiple Output
(MIMO). As the scope of this thesis is to develop a FFT architecture supporting
different FFT lengths for Wireless systems, a table summarizing the FFT require-
ments for different wireless standards is provided.

Chapter 3 gives a short introduction to FPGAs and FPGA reconfigurability.
Different reconfiguration techniques such as static reconfiguration and dynamic
partial reconfiguration are explained. Xilinx Virtex 6 FPGA is the target device
for this thesis work. The different reconfiguration methods and reconfiguration
ports of Xilinx Virtex-6 FPGAs are provided in this chapter.

In chapter 4, a brief introduction to the FFT algorithm is provided. The chap-
ter also presents a comparative study of different hardware architectures found in
literature for computing FFT in wireless OFDM transceivers.

In Chapter 5, a new FFT architecture is proposed for the Wimax wireless stan-
dard. The design considerations covering all the requirements of the standard are
tabulated. The architecture can compute 512, 1024 and 2048 point FFTs. The ar-
chitecture can process one 2048-pt FFT, two 1024-pt FFTs and four 512-pt parallel
continuous flow FFT streams. Techniques such as reconfigurability clock gating
and powering down unused modules are used to reduce the power consumption.
The building blocks of the proposed hardware architecture as well as the imple-
mentation results are discussed in detail.

The experimental results are presented in Chapter 6. The test scenario to val-
idate the functionality of the hardware is explained in detail. The area and speed
constraints of the hardware with respect to Xilinx Virtex 2 FPGA are shown. A
detailed analysis of the power consumption and how power consumption can be
reduced by reconfigurability techniques is discussed. A comparative study of the
proposed architecture and previous architectures found in literature is presented.
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Chapter 7 focuses on improvements and future work. An alternate architecture
to the proposed architecture is presented.

Finally Chapter 8 concludes the report.



Chapter 2

Wireless Communication
Standards - FFT
Requirements

2.1 Introduction
Wireless communication is a rapidly developing high speed and high-fidelity tech-
nology, which allows short range and long range transmission of data between
portable devices. Recently, the attention of engineers across the globe has been
pointing towards broadband wireless access systems, including the Wireless Local
Area Networks (WLANs), Wireless Personal Area Networks (WPANs) and Wire-
less Metropolitan Area Networks (WMANs). This domain has turned out to be
a subject of extensive research and hence many standardization activities are un-
dertaken throughout the world.

The Institute of Electrical and Electronics Engineers (IEEE) 802 committee
has played a key role in the standardization of wireless access systems. The
various IEEE 802 family of wireless standards include IEEE802.11 (WLAN/Wi-
Fi), IEEE802.16 (Wi-MAN), IEEE802.16m (WiMax), IEEE802.15.3a (MB-OFDM
UWB) etc. The European Telecommunication Standard (EUTS) organization and
the International Telecommunications Union has formalized further advanced 4G
standards like the Long Term Evolution (LTE), LTE-Advanced and Ultra Wide
Band (UWB) wireless communication.

The scope of this thesis would be to inspect the modulation scheme involved
in the mentioned wireless standards and come up with an adaptive FFT hardware
architecture that is reconfigurable and capable of processing variable length FFTs
and multiple streams, to suit the WiMax wireless standard and later be extended
to other wireless standards.
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8 Wireless Communication Standards - FFT Requirements

A study of the wireless standards reveals that Orthogonal Frequency Division
Multiplexing (OFDM) is the preferred technology used for high speed data rates.
This thesis chapter reviews various prominent wireless standards in the market,
analyses their associated OFDM modulation scheme and details the requirements
of FFT operations involved in it.

2.2 Global Wireless Standards
Based on the application and range of communication, the wireless communica-
tion technology can be broadly classified into Personal Area Network (PAN), Local
Area Network (LAN), Wide Area Network (WAN) and Metropolitan Area Net-
work (MAN). Driven by various commercial requirements, different methods of
implementation and standards have been evolving across the globe, for the spec-
ified wireless technologies. Next the wireless standards considered for this thesis
project are reviewed.

2.2.1 IEEE 802.11 - WLAN
IEEE 802.11 defines a family of wireless LAN standards that were designed, devel-
oped and maintained by the group 11 of IEEE LAN/WAN committee [2]. Based
on the operational frequency and data rates, there are several variations of the
IEEE802.11 family. The most used versions of this family of standards are,

• IEEE 802.11a is an extension of 802.11 and applies to wireless LANs in the
5 GHz band and provides data rate upto 54 Mbps. OFDM is the prominently
used modulation scheme. Typical data rates includes 6, 9, 12, 24, 36, 48 and
54 Mbps.

• IEEE802.11b is an enhancement to 802.11 and was defined to support 5 Mbps
and 11 Mbps data rates in the 2.4 GHz band. It is commercially certified as
“Wi-Fi” by the Wi-Fi alliance group. Direct Sequence Spread Spectrum is
the only technique used.

• IEEE 802.11g is a short distance communication version of wireless LANs,
allowing to reach a data rate of 54 Mbps in the 2.4 GHz band. It uses OFDM
as the modulation scheme.

• IEEE 802.11n [9] is similar to 802.11a-g, with an additional concept of Multi-
ple Input Multiple Output (MIMO). MIMO is the concept of using multiple
transmission and reception antennas to increase the throughput of the sys-
tem by using spatial multiplexing techniques. The typical data rate ranges
from 108 Mbps upto 600 Mbps in the 2.4 GHz to 5 GHz band.
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2.2.2 IEEE 802.16 - WMAN
Wireless Metropolitan Area Network (WMAN) [4] is a family of standards, framed
and maintained by the 802.16 group of IEEE. Unlike the 802.11 family, they are
used for long range communication in the order of a few kilometers. Initially the
physical specification was defined to operate in the frequency band of 10-66 GHz.
Later the standard updated the frequency of operation to the 2-11 GHz band.
The standard supports both single carrier modulation scheme and multi-carrier
modulation scheme such as OFDM and OFDMA. The variants of the family of
standard includes,

• IEEE 802.16 - Also called WirelessMAN-SC2, as it uses a single carrier
modulation scheme. The data rate supported is up to 134 Mbps in the
10-66 GHz band with 28 MHz channelization.

• IEEE 802.16a - Enhancement to IEEE802.16, operating in the 2-11 GHz
frequency band. Employs an OFDM modulation scheme with a 256-pt FFT.
The peak data rate supported is up to 75 Mbps with 20 MHz channelisation.

• IEEE 802.16e - Uses scalable OFDMA with a 128, 512, 1024 or 2048 point
transform. Peak data rate is upto 15 Mbps with the 5 MHz channelization
mode. The typical channel bandwidths are 1.25 MHz, 5 MHz, 10 MHz,
20 MHz or 28 MHz.

2.2.3 Long Term Evolution (LTE - 3GPP)
Long Term Evolution (LTE) [10] is a leading 3G mobile network technology stan-
dard developed by the 3rd Generation Partnership Project (3GPP), a division of
the European Telecommunications Standards Institute. The standard was a result
of increasing appetite for high speed data rates in mobile services. The modulation
schemes used are OFDMA and SC-FDMA. It supports high data rates of up to
150 Mbps downlink and up to 75 Mbps uplink in 20 MHz data bandwidth. LTE
also supports a range of bandwidths from 1.25 MHz to 20 MHz.

LTE adopts advanced technologies like OFDMA and MIMO for higher data
rates and throughput. Table 2.1 presents the data rates achieved by LTE using
different MIMO techniques.

Table 2.1. LTE Data Rates

Data Bandwidth (MHz) No. of Tx Antennas x No of Rx Antennas Peak Data Rate (Mbps)

10
SISO 45

MIMO 2× 2 85
MIMO 4× 4 162

20
SISO 90

MIMO 2× 2 172
MIMO 4× 4 325
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2.2.4 Long Term Evolution - advanced
LTE-advanced [10] is an enhancement of the LTE-3GPP mobile communication
standard, a 4G technology. LTE-advanced achieves high data rates and spec-
trum efficiency by a hybrid architecture combining advanced technologies such
as OFDMA, MIMO and SC-FDMA. LTE-advanced achieves a peak data rate of
1Gbps downlink and 500 Mbps uplink. The standard supports scalable bandwidth
ranging from 20 MHz to 100 MHz.

2.2.5 IEEE802.16m - advanced
IEEE 802.16m is an enhancement of IEEE 802.16, to cope up with the advanced
specification of 4G technology. Scalable OFDMA modulation scheme is used. It
also incorporates extended and improved MIMO concepts for high throughput.
Most used bandwidths are 5 MHz, 10 MHz and 20 MHz. Peak data rates of
350 Mbps down-link and 200 Mbps uplink can be achieved.

2.2.6 MB-OFDM UWB
Ultra Wide Band (UWB) [11] is a recent technology, used in short-range com-
munication in the order of a few meters. The Multiband-OFDM standard for the
UWB technology was formulated by the IEEE 802.15.3a group in alliance with the
Multiband-OFDM Alliance (MBOA). It uses 128 sub-carriers out of which 100 are
data carriers. The theoretical bandwidth is 528 MHz and supports data rates upto
600 Mbps.

2.3 The OFDM technique of the Wireless Stan-
dards

Orthogonal Frequency Division Multiplexing (OFDM) [3] [12] [13] is a multi-carrier
digital transmission scheme that combines modulation and multiplexing. Multiple
sub-carriers at different frequencies are used to carry data [12]. The sub-carrier
frequencies are carefully chosen such that they are orthogonal to each other. A
generic OFDM-based transmission scheme using Fast Fourier Transform is de-
picted in Figure 7.1.

In a conventional OFDM system, the input data sequence is first base band
modulated. The modulation schemes used are Quadrature Phase Shift Keying
(QPSK), Binary Phase Shift Keying (BPSK), 16-ary Quadrature Amplitude Mod-
ulation (16-QAM) and 64-ary Quadrature Amplitude Modulation (64-QAM) with
several different constellations. The coded data symbols are then parallelised into
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Figure 2.1. A OFDM-based Receiver

N sub-streams. Each sub-stream of coded data will then modulate a separate car-
rier through the Inverse Fast Fourier Transform (IFFT) modulation block. The
FFT block is the main block of an OFDM transmission system. A cyclic prefix
of length L, which is a circular extension of the FFT-modulated symbol is then
added to the data to avoid inter-symbol interference (ISI). The data is then seri-
alized and modulated by a high frequency carrier and transmitted.

At the receiver, the inverse operations are performed. The received data is
down converted, parallelised and the cyclic prefix is extracted. Data symbols are
obtained from the stream by using a coherent FFT demodulator block. These
data symbols are serialized and an appropriate demodulation technique is used to
estimate the received data.

2.4 The MIMO technique of the wireless stan-
dards

The demand for very high data rates and fidelity has motivated the use of Mul-
tiple Input Multiple Output (MIMO) technique in wireless systems. MIMO [14]
is the concept of using multiple transmitter and receiver antennas. The MIMO
configuration uses spatial multiplexing to enhance the communication between
wireless systems in terms of high data rate, throughput and spectral efficiency.
Spatial multiplexing is the concept of dividing a stream of high rate signal into
streams of lower rate signals and transmitting each stream in the same frequency
channel. These streams arrive to the receiver antenna with different spatial signa-
tures. This allows the receiver antenna to treat these streams almost as parallel
channels. MIMO has different configurations based on the number of antennas
used at the transmitter and receiver as follows,
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• Single Input Single Output (SISO) is a system configuration where both the
transmitter and receiver have only one antenna each.

• Single Input Multiple Output (SIMO) is depicted using a single antenna at
the transmitter and multiple antennas at the receiver.

• Multiple Input Single and Single Output (MISO) is the case characterized
by multiple antennas at the transmitter and a single antenna at the receiver.

2.5 FFT and MIMO-OFDM wireless systems
After a brief study of the modern wireless systems, Tables 2.2 and 2.3 sums up
the different parameters required to design an adaptive FFT architecture for 3G
and 4G standards respectively. The tables summarises the wireless standards,
the modulation scheme used, the wordlength used depending on the modulation
scheme. It is noted that the wireless standards transmit data in different channel
bandwidths. The sampling rate varies depending on the channel bandwidth and
FFT length.

The scope of this thesis work is to design and implement a reconfigurable FFT
architecture that covers all the cases of a WiMax wireless standard. Table 2.3
shows that the WiMax standard requires variable length FFT processing of a 512-
pt, a 1024-pt or a 2048-pts. The number of parallel streams can be up to four.
The required sampling frequencies are 5.71 MHz, 11.42 MHz and 22.8 MHz for
a 512-pt, 1024-pt and 2048-pt FFTs respectively. The input wordlength of the
system is three or four bits depending on the modulation scheme used.

To conclude, the study on wireless systems has revealed the fact that, the
hunger for high data rates and efficiency has necessitated design of complex and
hybrid wireless architectures, combining advanced and adaptive techniques such
as OFDM and MIMO. The new generation of wireless communications, say the
4G technology have come up with adaptive wireless technology, where the sys-
tems are able to migrate between different standards. Adaptive wireless systems
require dynamic parametrization of the basic operations involved in the standard,
such as IFFT/ FFT specific to the scope of this thesis work. This motivates the
propasal and design of an FFT architecture that is capable of processing variable
FFT lengths and multiple streams at different sampling frequencies, as required
by the WiMax standard.
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Table 2.2. FFT requiremnets for 3G Standards

Wireless Data Modulation Coded No. Wordlength Nfft No. of Sampling Throughput
Standard Rate bits of data in bits Streams freq

(Mbps) carriers Real Imag Tx Rx (MHz) (Msps)

IEEE 6 BPSK 48 48 1 0 64 1 1 20 20
802.11a 9 BPSK 48 4 1 0 64 1 1 20 20

12 QPSK 96 48 1 1 64 1 1 20 20
18 QPSK 96 48 1 1 64 1 1 20 20
24 16-QAM 192 48 2 2 64 1 1 20 20
36 16-QAM 192 48 3 3 64 1 1 20 20
48 64-QAM 288 48 3 3 64 1 1 20 20
54 64-QAM 288 48 3 3 64 1 1 20 20

IEEE 54 64-QAM 288 48 3 3 64 1 1 20 20
802.11g 54 64-QAM 288 48 3 3 64 2 2 20 2 ×

20
54 64-QAM 288 48 3 3 128 1 1 40 40
60 BPSK 48 48 1 0 64 1 1 20 20

IEEE 60 16-QAM 192 48 3 3 64 1 1 20 20
802.11n 60 16-QAM 400 100 2 2 128 1 1 40 40

120 64-QAM 2 ×
288

2× 48 3 3 64 2 2 20 2× 20

180 16-QAM 3 ×
400

3×100 2 2 128 2 3 40 3× 40

480 64-QAM 4 ×
288

4× 48 3 3 64 4 4 20 4× 20

600 16-QAM 4 ×
400

4×100 2 2 128 4 4 40 4× 40

IEEE 2 QPSK 48 24 1 1 64 1 1 5 5
802.16 4 QPSK 2×48 2× 24 1 1 64 2 2 20 2× 20

12 QAM-16 96 24 2 2 64 1 1 20 1× 20
75 QAM-16 96 2× 24 2 2 128 2 2 40 2× 40
75 QAM-64 144 24 3 3 64 1 1 20 1× 20
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Table 2.3. FFT requirements for 4G wireless standard

Wireless Modulation Wordlength Nfft No. of Bandwidth Sampling Throughput
Standard in bits Streams (MHz) freq. (Msps)

Real Imag Tx Rx (MHz)

IEEE 16-QAM 2 2 512 5 5.71 5.71
802.16 1024 1 1 10 11.42 11.42
(WiMax) 64-QAM 2048 20 22.8 22.8

1024 2 2 10 11.42 2× 11.42
3 3 512 4 4 5 5.71 4× 5.71

LTE -
3GPP

16-QAM 2 2 128 1.4 1.6 1.6

256 3 3.42 3.42
512 1 1 5 5.71 5.71
1024 10 11.42 11.42
1536 15 17.142 17.142
2048 20 22.85 22.85

64-QAM 128 4 2 1.4 1.6 4× 1.6
512 2 2 5 5.71 2× 5.71

3 3 1024 2 2 10 11.42 2× 11.42

MB
OFDM

QPSK 1 1 128 1 1 528 603 603

UWB QPSK 1 1 128 2 2 > 500 > 571 2× 571



Chapter 3

Reconfigurability

Reconfigurable Computing [15] is a technology dealing with hardware architec-
tures that can adapt at logic levels to solve specific problems. Reconfigurable
computations are done by combining the flexibility of high performance software
and high speed computing hardware such as Field Programming Gate Arrays
(FPGA). The use of programmable logic to accelerate computation is now pop-
ular with the widespread commercial availability of Field Programmable Gating
Arrays (FPGAs) . Initially, FPGAs were used only for prototyping purposes and
ASIC substituted them in products. Later, with the advancement in the FPGA
techniques, they are now used in a wide sector of applications such as digital signal
processing, wireless communications, defense and automotive.

Current FPGAs have a very high density of transistors. This allows to im-
plement a complete system design in a single FPGA. However, complex system
design may have multiple functional units and sometimes these units do not need
to operate at the same time. Such units can be powered off. An unused module
in the FPGA means compromising area, cost and power. This situation can be
solved if the FPGAs have the ability to allow the user to load the functional mod-
ules only when needed. This necessity drived the research and development of the
Partial Reconfiguration (PR) technique in FPGAs.

With the evolution of adaptive wireless systems, partial reconfiguration plays
a vital role in wireless system design. As the scope of this thesis is to study
and implement an adaptive and partially reconfigurable FFT architecture in a
suitable FPGA, this chapter of the thesis report introduces reconfiguration, partial
reconfiguration, types of partial reconfigurations and the different methodologies
to implement them in FPGAs. The investigations made to find a suitable FPGA
that supports Dynamic Partial Reconfiguration (DPR) are also reported.

15
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3.1 FPGA reconfiguration
An FPGA is an integrated circuit that contains an huge volume of identical logic
cells. These cells can be programmed to exhibit a desired circuit behaviour. The
cells are interconnected by a network of programmable switches. The circuit to
be implemented in an FPGA cell is defined by a hardware description language
(HDL) or a schematic. The HDL schematic is synthesised by computer aided
design automation tools and a binary file is generated. The binary file contains
the necessary configuration data to realise the circuit in the FPGA. The process
of downloading the configuration data into a FPGA is called FPGA configuration.
The configuration data is usually stored in a flash memory device. The FPGA has
dedicated port for configuration. At power up, parallel data from the flash memory
are streamed into the configuration port of FPGA. The configuration initialisation
process is controlled by a microcontoller. A configuration schematic is shown in
3.1.

Flash Memory

Configuration 

Controller

Configuration 

Port

FPGA

Figure 3.1. FPGA Configuration

Partial Reconfiguration is the flexibility to reconfigure only pre-selected parts
of an FPGA, anytime after its initial configuration, without disturbing the func-
tioning of the FPGA operation. Partial reconfiguration is motivated by benefits
such as efficient hardware re-usage, low power consumption and the advantage to
remotely configure devices. Also, partial reconfiguration techniques have signifi-
cantly brought down the time span of FPGA design cycle. Earlier, a small design
change in the implemented logic required a complete synthesis of the entire system.
PR techniques have enabled users to synthesize only the module that requires an
update and load it without affecting the other parts of the design.
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Figure 3.2. FPGA Partial Reconfiguration

3.2 FPGA Partial Reconfiguration

Figure 3.2 shows an FPGA with a single reconfigurable partition. To partially
reconfigure an FPGA, an area of the FPGA is first preselected for partial reconfig-
uration and the remaining area is used for static logic. The full and partial bit files
are stored in a flash memory. Initially, the bit file containing the complete system
design is loaded to the FPGA. For time invariant systems, the partial bit files can
be loaded to the reconfigurable partition anytime after the initial configuration is
made, without disturbing the logic in the static region.

Currently there are two modes of partial reconfiguration: the static and the dy-
namic modes. Static Partial Reconfiguration (SPR) is reconfiguring a pre-selected
area of a FPGA, when the device is inactive. The operation of the FPGA is halted
when the device is reconfigured and the device resumes operation once the recon-
figuration is done. In a static configuration, the flash memory that contains the
configuration data is completely erased and reloaded.

Dynamic Partial Reconfiguration (DPR) is a way to partly modify the im-
plemented logic, while the rest of the logic is still functional and active. Only
the preselected area to be reconfigured is erased and re-programmed. DPR logic
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contains the static and dynamic IP cores at the same time, the dynamic core is
loaded according to an execution schedule which will be discussed in detail in 3.5.
DPR is done in cases where the hardware system has to adapt design changes to
improve resource utilization, fault tolerance or to enhance performance. DPR is
much valuable in designs where certain operations of the device are very critical
and cannot be halted.

3.3 FPGA Vendors Supporting DPR
Not all FPGA manufacturers and not all FPGA families of a particular manu-
facturer support dynamic partial reconfiguration. Here are a few leading FPGA
vendors and their progress in developing devices that support partial reconfigura-
tion.

3.3.1 Xilinx
Xilinx [16] is a worldwide leader in the FPGA industry. Since the evolution of par-
tial reconfiguration techniques, Xilinx has been the sole manufacturer to support
dynamic partial reconfiguration at least until 2007. Spartan-3 was the first Xilinx
FPGA to support dynamic and remote reconfiguration. Later, with the Virtex-2,
Virtex-4, Virtex-5 and Virtex-6 family of FPGAs, Xilinx supports dynamic partial
reconfiguration. Xilinx has also advanced design tools to simplify partial recon-
figuration design flow. The partial reconfiguration design styles of Xilinx will be
discussed in 3.4 and in the later chapters.

Xilinx Virtex series of FPGAs are the most preferred for dynamic partial re-
configuration applications [17]. As shown in 3.3, the basic component of a Virtex
FPGA is called a Configurable Logic Block (CLB). Each CLB contains four slices.
Each slice is in turn made up of two 4-input function generators, arithmetic logic,
storage elements and connecting multiplexers as depicted in Figure 3.3. The slices
are linked to a global switching matrix, which enables the routing to be done at
the slice level, rather than the CLB level. The Xilinx FPGAs are fine grained
architectures, where the LUTs store the implemented function. These FPGAs al-
low reconfigurability as well as partial reconfigurability of the LUTs, the routings,
block RAMs and the inputs/outputs.

The extensive use of Virtex FPGAs is attributed to the flexibility of configuring
them through internal and external configuration ports and the flexibility in how
the designs get mapped into their architecture.

3.3.2 Altera
Altera is a pioneer in semiconductor industry and a close competitor of Xilinx
in the FPGA market. Stratix V will be Altera’s first FPGA family to support
dynamic partial reconfiguration. According to the Altera’s website, no other Altera
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Figure 3.3. Architecture of a Configurable Logic Block (CLB) of a Xilinx FPGA

FPGA supports partial reconfiguration, as their architectures do not have the
ability to reconfigure a certain portion of the reconfiguration memory. When
configuration is started, the previously loaded logic is completely erased before the
new one is loaded. In Stratix V devices, a portion of the device can be reconfigured
on the fly.

3.3.3 Atmel
Atmel Corporation, another worldwide leader in the semiconductor industry, sup-
ports DPR in its AT6000 and AT40k series FPGAs. These devices support both
on-chip and off-chip partial reconfigurations. Atmel devices can be configured in
master mode or slave mode. A master mode alows these devices to reconfigure
themselves. In a slave mode, an external device such as a microprocessor will
be required to reconfigure them. Though these devices support dynamic partial
reconfiguration, they have a limited usage owing to their small logic size.

The previous study on various FPGAs available in literature reveals the fact
that Xilinx Virtex series of FPGAs are the most suitable ones for this thesis work.

3.4 Xilinx DPR Approaches
Xilinx Virtex series are the most widely used FPGAs for dynamic partial recon-
figuration. From their origin, Virtex architectures have been designed for partial
reconfiguration. As reconfiguration speed depends on the length of the recon-
figuration bit-stream, Xilinx design tools and FPGA architectures have come up
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with two design styles, namely fifference-based and modular-based dynamic partial
reconfiguration, to speed up the reconfiguration.

3.4.1 Difference-Based Partial Reconfiguration
Difference-based partial reconfiguration [18] is used when a very small change in
the implemented system design is made. This style is useful when a part of the
Look Up Table (LUT) realization equations or dedicated memory block elements
needs to be changed. There are two ways to implement this style. The first one is
to edit the Hardware Description Language (HDL) that describes the design and
the second one by making necessary changes in the netlist file. The Xilinx syn-
thesis tools allow to make these changes by simply editing the netlist files. When
the changes are made, the configuration data contains information only about the
differences between the current design structure and the new design structure (de-
sign in which changes are made). The reconfiguration time is very quick as the
bit-stream differences can be very small compared to the entire device bit stream.

3.4.2 Module Based Partial Reconfiguration
Modular design allows independent work on modules and later interconnect them
into a single FPGA system design. Modular design allows parallel development
of modules. Also, a change can be done in a specific module without disturbing
other modules [18].

Module-based partial reconfiguration style uses modular design concepts to re-
configure large blocks of data where communication is required between modules.
The design consists of a number of reconfigurable modules. Here each module will
correspond to a distinct reconfiguration area of the FPGA and each module will
have a separate bit file. Inter-module communication is established by a special
bus macro communication. Bus macro provides a fixed bus. However, for com-
pletely independent modules, bus macros are not required.

Modular-based design is the prominent technique suggested by Xilinx and is
explained in [19] .

3.5 Partial Reconfiguration techniques
Generally, Xilinx FPGAs require either a serial JTAG interface or some parallel
interface like Select MAP for reconfiguration [20] [21] [22]. All these interfaces
provide an external access to the chip. With the evolution of Self Partial Re-
configuration (SPR) techniques, Xilinx Virtex architectures included an internal
configuration port called the Internal Configuration Access Port (ICAP). Based
on the usage of these ports and the type of configuration used, the FPGAs can be
reconfigured internally or externally.



3.5 Partial Reconfiguration techniques 21

3.5.1 Externally configured Partial Reconfiguration
An FPGA is configured by loading application specific configuration data into its
internal memory. The initial configuration of the FPGA is usually done using a
subset of the device pins dedicated for configuration purposes. These pins gener-
ally include the serial JTAG pins or the parallel SelectMAP. Xilinx FPGAs have
different solutions for configuration. The most prominent technique is the use of
a flash memory and a configuration controller [20].
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Figure 3.4. External Partial Reconfiguration of a FPGA

As shown in Figure 3.4, in an externally configured partial reconfiguration tech-
nique, a micro processor or a CPLD is used to arbiter the initiation and delivery of
partial bit-stream to the FPGA. Initially, the bit stream containing the complete
system design is loaded to the FPGA. Once the complete configuration image is
loaded into the FPGA, Slave SelectMAP or JTAG interfaces are chosen for partial
reconfiguration anytime after the initial configuration has been made. The partial
configuration bit files are stored in a flash memory. The partial configuration bit-
stream contains complete information about re-configuration partition area and
data necessary for partial reconfiguration. This method is used to partially recon-
figure Spartan-III devices which are fully or partially reconfigurable, but do not
have the internal configuration port. This technique is also used in Virtex series
of FPGAs.

For external partial reconfiguration, SelectMAP is preferred to serial ports,
owing to its high performance [21]. The port is an integral part of Xilinx FPGAs,
providing an 8-, 16- or 32-bits bi-directional data bus for configuring the FPGA
and also used for readback. Virtex-II and Virtex-II pro devices support only 8 bit
data width. Virtex-5 and Virtex-6 devices support upto 32 bits.
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Figure 3.5. A (slave) SelectMAP interface for Partial Reconfiguration

A SelectMAP port shown in figure 3.5 allows multiple devices to be connected
as a daisy chain network, allowing a maximum of three devices to be programmed
at a time. The maximum clock rate of the port is 100 MHz, allowing a 3.2 Gbps
data bandwidth. A SelectMAP interface has four different configurations and the
slave SelectMAP mode is used for partial reconfiguration [23]. A detailed descrip-
tion of the port configurations and its pin details are described in [21].

JTAG is a serial port standardized as IEEE 1149.1, embedded in the FPGA
for reconfiguration. JTAG port is a serial interface and is also commonly used for
external partial reconfiguration. The maximum clock rate is 66 MHz and the data
bandwidth is 66 Mbps.

3.6 Internally Self-Configured Partial Configuration
With the evolution and design of partial reconfiguration, self reconfiguring tech-
niques were developed. FPGAs have parallely developed advanced architectures to
incorporate this technique. The recent Xilinx Virtex-5 and Virtex-6 series FPGAs
have come up with architectures that allow internal partial reconfiguration with-
out the aid of an external controller. A self partial reconfiguration architecture
is shown in Figure 3.6 This is possible due to the ICAP interface residing in the
FPGA. The configuration control logic is implemented in an FPGA co-processor
(e.g. Micoblaze or Power PC in Virtex series) or in the static reconfigurable area of
the FPGA. The configuration logic includes timing information to load the partial
bit files. The partial bit streams are stored in the internal memory of the FPGA
or in a FLASH memory.

The Internal Configuration Access Port (ICAP) [20] [22] [21] is a subset ver-
sion of the SelectMAP interface that allows access to the configuration registers of
the FPGA. The ICAP enables the self reconfiguration feature of the FPGA. The
ICAP has a 32-bit data bus allowing parallel data transfer. The configuration data
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Figure 3.6. Self Partial Reconfiguration

transfer is supported with a clock input, write, chip enable and busy signals. The
access and data transfer process are similar to that of SelectMAP. ICAP interfaces
are used only for partial reconfigurations and not for initial configuration. The
ICAP is a simplified version of the SelectMAP without the done, Mode select pins
of the SelectMAP interface. Also the bidirectional data bus is split into separate
input and output data buses.

The maximum clock rate of an ICAP interface is 100 MHz with a data band-
width of 3.2 Gbps.

To conclude, an increasing trend in the development of multi-standard flex-
ible and adaptive technologies in signal processing applications such as wireless
communications, has necessitated FPGA vendors to come up with an advanced
feature termed Partial Reconfiguration. PR techniques makes a design efficient in
terms of limited power consumption and resource re-usage. In this thesis work,
these advancements in the FPGA are exploited to design a reconfigurable FFT
architecture for WiMax wireless standards.





Chapter 4

State of Art of the FFT
Architectures for Wireless
Standards

In this chapter, a brief introduction to the FFT algorithm is provided. The chap-
ter also presents a comparative study of different FFT hardware architectures pro-
posed for wireless OFDM transceivers. FFT is explained in detail in [7] [24] [25]
and the FFT architectures in [25] [26] [27] [28]

4.1 FFT - Theoretical Background
J.B Fourier, a renowned mathematician of the 19th Century discovered that it is
possible to decompose a periodic function into an infinite sum of trigonometric
functions namely sines and cosines [7] [24]. This way of representing signals and
functions served as a powerful tool for the analysis of the signals. Hence Fourier
representation of signals is considered as a major advancement in the signal pro-
cessing field. Subsequently the mathematical operation “Fourier transform” was
named to honor J.B Fourier. The Fourier transform transforms a time domain
samples of a signal into frequency domain samples of the signal. This transfor-
mation is important for signal analysis as the frequency domain representation
provides the spectral information about the signal. The transformation contains
the same information as the original signal and differs only in the way the signal
is presented.

The Fourier transform of a signal x(t) is

X(f) =
∞∫
−∞

x(t)e−j2πftdt (4.1)

25
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Where X(f) is the signal in frequency domain, x(t) is the signal in time do-
main. The equation holds good for continuous signals. For discrete time signals,
the transformation is called Discrete Fourier Transform (DFT) and is given by the
equation,

X[k] =
N−1∑
n=0
x[n]e−j 2π

N nk (4.2)

Where, N represents the number of points of DFT, x(n) are the samples in time
domain and X[k] represents the signal in frequency domain. The term e−j 2π

N nk is
called the twiddle factor and is usually represented as W kn . The twiddle factors
are simply cosine and sine functions represented in polar form.

In a DFT algorithm [24] [8], the sequence of N complex numbers x0, ..., xN−1
(time domain samples) are transformed into the sequence of N complex numbers
X0, ..., XN−1 called frequency domain samples. DFT can be computed efficiently
using the Fast Fourier Transform (FFT) algorithm. While a DFT computation of
length N takes N2 arithmetic operations, a FFT for the same length takes only
NlogN operation.The most common FFT algorithm is the Cooley-Tukey algo-
rithm, named after J.W.Cooley and John Tukey [24]. The algorithm decomposes
a DFT of length N into two half length DFTs of size N/2. The DFT is split into
even index terms and odd index terms. The decomposition process is repeated
M = logrN times, Where r is the radix.

The FFT algorithm decomposes the DFT in different methods. Radix-2 Dec-
imation in Time (DIT) and Decimation in Frequency (DIF) are the simplest and
the most commonly used forms of the Cooley-Tukey algorithm [7] [8]. The DIT
decomposition of the sequence x[n] results in even and odd samples according to
the equation

X[k] =
N/2−1∑
i=0
x[2i]e

2π
N/2 ik + e−j 2π

N n

N/2−1∑
i=0
x[2i+ 1]e

2π
N/2 ik (4.3)

A radix-2 DIF algorithm re-expresses the DFT equation into an even-numbered
discrete frequency samples and an odd-numbered discrete frequency samples as
given in equations 4.4 and 4.5.

X[2k] =
N−1∑
n=0
x[n]e 2π

N 2kn, k = 0, 1, 2, ...(N/2)− 1 (4.4)

X[2k] =
N−1∑
n=0
x[2n]e 2π

N (2k+1)n, k = 0, 1, 2, ...(N/2)− 1 (4.5)
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For easier understanding of the FFT computations, the operations are repre-
sented using a flow graph. A flow graph for a radix-2 FFT is shown in figure 4.1.
The basic operation of a radix-2 algorithm is called butterfly due to the shape of
the data flow diagram. The butterfly operation comprises of one addition, one
subtraction and one multiplication operations.
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Figure 4.1. Radix-2 Butterfly

Figure 4.2 depicts the signal flow graph of a 16-point radix-2 DIT FFT. The
signals at the input represent the time domain sequence x(n) and the signals at
the output represent the frequency domain sequence X[k]. The numbers between
the stages represents the rotation. Also, it can be noted from the graph that the
inputs are in order, whereas the outputs are in a different order. The output se-
quence is in the bit reversal order of the input sequence. Bit reversal of a binary
number b0, b1, b2...bn−1 is given by bn−1, ..., b2, b1, b0.
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4.2 FFT Hardware Architectures
FFT is a block processing algorithm and is performed on a sequence of data. A
FFT algorithm is characterized by a set of addition, subtraction and multiplication
operations [24] [8]. In a block processing algorithm, when the data flow is contin-
uous, data management becomes the most critical part in the hardware design. A
control unit is necessary for clocking and synchronizing the different blocks of the
FFT. When designing FFT architectures, there are a number of design specifica-
tions to be considered. First is the basic computational block. This is determined
by the radix chosen. The computational block also influences the choice of the
memory subsystem required.

Circuits for data management usually include storage elements such as mem-
ories and buffers, interconnects like the multiplexer and other switching circuits.
Next comes the signal wordlength and the FFT length. The memory requirements
for an N-point FFT are N locations for the real data, N locations for the imagi-
nary data, and N locations for the twiddle factors. Once the memory requirements
are met, the hardware must perform the necessary operations in a specific time
as required by the end application. This is termed as latency of the system. The
selection of architecture also depends on system performance requirements such as
throughput and latency. FFT hardware design is also limited by area and power
constraints of the target device.

Considering the hardware constraints and the end application, the choice of the
FFT algorithm is made. In a radix-2 implementation, the computational block is
a simple two point butterfly as shown in 4.1. The butterfly involves one adder,
one subtractor and one rotator, whereas a radix-4 butterfly as shown in figure 4.3
consists of four complex adders, four subtractors and three complex multipliers.
Radix-4 algorithm can be used if the data sequence N is a power of 4. The data
sequence can be split into a stream of 4 samples each. This enables all the elemen-
tary computations to be 4-point FFTs. As compared with the radix-2 algorithm,
radix-4 reduces one multiplier but requires extra adders.

x[0]

x[1]

x[2]

x[3]

X[0]

X[1]

X[2]

X[3]
-1

-1 -1

-1

e-j*pi/2

Figure 4.3. A radix-4 butterfly

As long as the input data sequence N is a power of r, the data sequence can
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be divided into a stream of r samples and computed with a radix-r(r-points) FFT.
There is a tradeoff between the hardware usage and the design complexity with
the increase in the radix. The design complexity is attributed to the memory
access and data management. Owing to the design complexity, lower order radix
algorithms are preferred for ASIC or FPGA designs. To eliminate the trade off
and to take the full advantage of the radix-r, hybrid algorithms that combine the
different radix-r structures in a specific order have been proposed. This includes
the split-radix and the mixed-radix algorithms. A Split-radix algorithm uses dif-
ferent radices for different decimation products. A mixed-radix algorithm employs
different radix butterflies for different stages.

FFT hardware archtitectures are classified based on the radix structure used
and the direction of flow of data [8] [29]. The most common FFT architectures
found in literature are the memory based FFT architectures and the pipelined-
buffer based architectures.

Pipelined architectures [27] [29] [30] [28] consists of a series of a set of stages.
A pipelined architecture reads a series of FFT samples, processes them sequen-
tially and outputs the samples in series. In contrast to memory based architectures,
pipelined architectures can be used for processing a continuous flow of data. Hence,
pipelined architectures are the most preferred ones for real time signal processing
applications like the OFDM wireless systems.

In literature, many different architectures have been proposed and implemented.
The architecture proposed in [28] is a 2-parallel feedforward architecture for IEEE
802.11n WLAN standard. The architecture can compute two streams of 64-pt
FFT. Radix-2 butterfly is calculated in each stage. Multi-stream processing is
achieved by re-timing scheme. The regularity of the radix-2 structure is used to
reshare the butterfly, complex multiplier and the First In First Buffers (FIFO)
between the two input streams. The wordlength of the input streams is 10 bits.

In [31] a dynamic voltage and frequency scaling (DVFS) FFT processor is pro-
posed. The processor is a 4-parallel feedforward architecture. It processes up to
8 parallel streams of 256-pt FFT. Radix-24 is the basic FFT computational unit.
The processing engine consists of two FFT cores, an input scheduler and level
shifters. FFT core 1 consists of five butterfly units, four trivial multipliers and a
complex multiplier in each data path. The FIFO size is configured according to
the number of streams. The second FFT core consists of sixteen butterfly units,
eight FIFOs and eight trivial multipliers. The first FFT core is used to calculate
the first four stages of radix-22 algorithm and core 2 is used to calculate the last
three steps of the radix. Input scheduler is used to order data depending on the
stream number and to distribute the data in eight parallel paths. The design also
uses voltage scaling technique to reduce power consumption.
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The architecture proposed in [32] is targeted for WiMax systems. The SDF
pipelined architecture is scalable and can support variable lengths of 512, 1024,
2048 and 4096. A mixed radix-2/2/2/4/2/4/2/4/2 (MR-9 stages) decomposition
is proposed to support variable length. Depending on the FFT length, the input
stage of the architecture is varied.

A variable length and multi-streaming pipelined architecture is proposed in [30].
It is designed as a 4-parallel Multipath Delay Feedback (MDF) architecture and
supports 128-pt and 256-pt FFTs. Upto four multiple streams are supported. For
four channels of data, each channel is processed on a parallel data path. For a
single stream of data, the stream is split and passed through four parallel paths
to achieve a throughput of four samples per clock cycle. The architecture consists
of four stages. In stage 1, four streams of data are parallely processed using the
four radix-4 butterflies. Stage 2,3 and 4 calculate a radix-4 butterfly. The design
performs a fixed point calculation and the wordlength is 10 bits.

A 512-pt feedforward FFT architecture is proposed in [33] for WPAN. Eight
samples of data can be processed in parallel thereby achieving a high throughput.
A direct mapping of the radix-8 signal flow graph is used to calculate samples in
parallel. Data shuffling units are used for data flow management. The architec-
ture proposes frequency scaling, voltage scaling and optimisation of area for power
reduction. Multi-streaming is not supported in this architecture.

Table 4.1. Comparison of architectures in literature for wireless systems

Pipelined FFT Length No.of Power reduction
Architecture Streams scheme

Variable Length Architectures

FB (SDF) MX
Radix-2, 4 [32]

4096, 2048, 1024, 512 1 No

FB(SDF)
MX Radix-
2,4,8 [34]

8192, 2048, 1024, 512 1 No

Multi Streaming Architectures

2P FF (MDC)
Radix-2 [28]

64 up to 2 No

4P FF (MDF)
Radix-24 [31]

256 up to 8 Frequency scaling

Variable Length and Multi-streaming

4P FB (MDF)
Radix-22 [30]

128, 256 up to 4 No

4P FB (MDF)
MX Radix-2,
8 [35]

64, 128 up to 4 No



4.2 FFT Hardware Architectures 31

Table 4.1 shows the comparison of various architectures proposed and imple-
mented for wireless standards. It can be observed from the table that a few
architectures support only either variable length or multi-streaming. Two of the
architectures support both variable length and multi-streaming. But they are
targeted for other wireless standards and the maximum FFT length that can be
calculated is only 256-pt. WiMax standards require FFT processing of either one
stream of 2048-pt or up to two streams of 1024-pt or up to four streams of 512-pt
FFTs. As far as we know, there is no architecture in the literature that covers all
the cases of WiMax standard.





Chapter 5

Proposed Design

In this chapter an FFT architecture is proposed to address the FFT requirements
of WiMax wireless standard. All design considerations required to meet the spec-
ification are tabulated. The proposed architecture can compute variable length
and multiple streams of FFT. The architecture can process up to four parallel
continuous flow data streams depending on the size of the FFT (one stream of
2048-pt FFT, two streams of 1024-pt FFT or upto four streams of 512-pt FFT).

Techniques such as reconfigurability, clock gating and powering down of un-
used modules are used to reduce the power consumption. The building blocks of
the proposed hardware architecture are discussed in detail. The implementation
details and the design flow of the proposed architecture are elucidated.

5.1 Problem Definition
In wireless communication systems, a key factor influencing performance is the
data transmission rate. Transmission rate is directly associated with the system
throughput. In recent days, wireless systems have been rapidly developed and
key research is done to increase the transmission rate of the system. WiMax is a
wireless standard that combines the MIMO technology and the OFDM technology
to achieve high throughput rates, thereby achieving higher data transmission rates.

In a WiMax MIMO-OFDM system, the FFT is the key signal processing algo-
rithm. Multiple spatial streams are used in MIMO systems to increase the system
performance. Transmission of multiple spatial streams requires FFT processing of
multiple data streams. In general, multiple FFT processors are added to the wire-
less system to handle multiple data streams. In comparison to the use of a single
FFT processor, usage of multiple processors demands more hardware resources
and increases the power consumption.

33
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WiMax wireless standards transmit data in different defined channel band-
widths (5 MHz, 10 MHz or 20 MHz). This necessitates to vary the FFT length for
the defined channel bandwidths to maintain a constant carrier spacing. Constant
carrier spacing is important to achieve high spectrum efficiency in wide channels
and cost reduction in narrow band channels. Hence the FFT lengths are varied
according to the channel bandwidth. Table 5.1 presents the channel bandwidth
and the associated FFT length and sample rate.

Different channel bandwidths in a WiMax system require the FFT to be sam-
pled at different sampling frequencies. Table 5.1 presents the sampling frequencies
associated with the channel bandwidths. This requires generation of different
clock frequencies for variable FFT lengths. Multiple clock generation and high
clock rates consume high power. To minimize power consumption it is required to
gate unused clocks.

Table 5.1. WiMax channel bandwidths and FFTs

Channel Bandwidth (MHz) FFT Length FFT sample rate (MHz)
5 512 5.71
10 1024 11.42
20 2048 22.8

An architecture that processes several samples in parallel can achieve high
throughput by using multiple data paths and multiple computation units. But
multiple computation units and data path means more hardware resources in
terms of complex adders, complex multipliers and memories. High hardware us-
age results in high power consumption. On the other hand a feedback architecture
achieves reasonable throughput as required by a WiMax wireless system with min-
imal hardware resources. This motivates the use of a Single Feedback Delay (SDF)
pipelined architecture for the proposed design.

When using a radix-2 structure, the involved complex multipliers and butterfly
units are not used all the time. In certain stages, the utilization is only 50 percent.
Clocking these circuits when not in use results in power wastage. For certain FFT
lengths, many stages of the pipelined FFT are not used. These stages can be
powered down when not in use.

In literature many different hardware architectures have been proposed and
implemented for different wireless standards. The architectures are usually de-
signed for very concrete design specifications in terms of signal length, precision,
performance, etc. Furthermore they target different wireless standards. Certain
architectures [32] [30] support variable length FFTs, but multilple streams are not
supported. Architectures in [28] and [31] support multistreaming but not variable
FFT lengths. The architecture in [35] supports both multiple streams and variable
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length FFTs, but is limited to 64-pt and 128-pt FFT lengths.

In this thesis work, a reconfigurable FFT hardware architecture is proposed
that can be applied to WiMax 802.16 wireless standards and can be extended
to support other OFDM-based wireless standards. The regularity in the existing
pipelined architectures is exploited to calculate FFTs of different lengths and to
process upto 4 streams of parallel data depending on the FFT length involved.
The proposed architecture can process one continuous stream of 2048-pt FFT, up
to two streams of 1024-pt FFT and up to four streams of 512-pt FFT.

The proposed architecture takes advantage of the flexibility of FPGAs in terms
of reconfigurability, to support various FFT lengths ranging from 512-point to
2048-point using a single hardware architecture. The proposed scheme uses clock
gating techniques and powers down unused hardware to minimize power consump-
tion. It is illustrated that the proposed architecture achieves a more flexible and
simpler design in comparison with the architectures in literature.

5.2 Proposed Architecture
Figure 5.1 shows the proposed variable-length and multi-stream FFT architecture.
The architecture is a modified single delay feedback pipelined architecture. Each
stage calculates a radix-2 butterfly. The FFT is computed using the decimation-in-
time algorithm. Decimation-in-time algorithm is chosen so that the initial stages
of the pipelined architecture could be shared between schemes with different FFT
length and multiple streams. The design expands into a multi-stream processing
architecture by interleaving the input streams and changing the system sampling
frequency as specified by the table 5.1.
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Figure 5.1. Proposed Architecture
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Figure 5.2. FFT input schemes for the proposed architecture

The number of stages required to calculate a 2048-pt FFT is log22048. Hence
the architecture consists of eleven stages. The FFT schemes for the input x(i) to
the architecture is shown in Figure 5.2. The architecture can process a 2048-pt
FFT or two interleaved streams of 1024-pt FFT or four interleaved streams of 512-
pt FFT at 22.8 MHz. At 11.4 MHz, one stream of 1024-pt FFT or two interleaved
streams of 512-pt FFT can be calculated. Also a single stream of 512-pt FFT can
be calculated at 5.71 MHz. Nine stages are required to calculate a 512-pt FFT
and hence the output is selected from the 9th stage by a multiplexer. Stage 10 and
stage 11 are powered down. Similiarly ten stages are required to calculate 1024-pt
FFT and the output is selected from the 10th stage and stage 11 is powered down.
As DIT algorithm is used, the rotations are calculated at the input of the lower
bound in the butterfly.

Figure 5.3 shows a single stage of the proposed pipelined architecture. Each
pipelined stage consists of a radix-2 butterfly element, a complex multiplier, com-
plex co-efficient memory, an address generator for the co-efficient memory and
data management units. This results in a total of eleven butterfly elements and
ten complex multipliers for the entire design. Additionally, the design consists of
a centralized control unit to synchronize the data flow.

The butterfly unit in the proposed design consists of a complex adder and a
complex subtractor. The butterfly unit produces the complex sum and complex
difference of the real and imaginary parts of the inputs in accordance with the
equations 5.1, 5.2 and 5.3, 5.4. The process is synchronized on the rising edge of
the clock. Figure 5.4 illustrates the basic entity of the butterfly unit implemented.
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Figure 5.3. A modified SDF stage of the proposed architecture

Out1real = Xreal + Yreal (5.1)

Out1imag = Ximag + Yimag (5.2)

Out2real = Xreal − Yreal (5.3)

Out2imag = Ximag − Yimag (5.4)

The functional implementation of the complex multiplier can be explained by
the equations 5.5 and 5.6

Prodr = ar ∗ br − ai ∗ bi = ar(br + bi)− (ar + ai)bi (5.5)
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Figure 5.4. Butterfly entity

Prodi = ar ∗ bi + ai ∗ br = ar(br + bi) + (ar − ai)bi (5.6)

Direct implementation of the complex multiplier requires four multipliers [36].
By exploiting equations 5.5 and 5.6 one multiplier can be reduced [37]. The mul-
tiplier is replaced with three adders. The output is truncated to match the input
wordlength. As mentioned in [36], a 16x16 complex multiplier uses 3 DSP48E
slices.
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Figure 5.5. Entity of the buffer

The buffer strcuture used in this design is shown in Figure 5.5. The basic
component of the buffer designed is a shift register. Two separate registers are
used to store the real values and imaginary values. As the depth of the buffers
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Table 5.2. Buffer length for the pipelined stages

Stage Buffer length
Stage 1 1024
Stage 2 512
Stage 3 256
Stage 4 128
Stage 5 64
Stage 6 32
Stage 7 16
Stage 8 8
Stage 9 4
Stage 10 2
Stage 11 1

are different for different stages of the pipelined design, the inputs of the buffer
are parameterisable to use the same design in all the pipelined stages. The buffer
outputs can be selected at one of the three locations N/2s, N/(2∗2s) or N/(4∗2s)
for 2048-,1024- or 512-pt FFTs respectively.

Table 5.2 presents the buffer length for various stages of the proposed archi-
tecture. The depth of the buffer can be varied to store a minumum of one word
to a maximum of 1024 words. The input data is written to the first register and
shifted to the consecutive registers.

To store the twiddle factors, Read Only Memories (ROMs) are used. The size
of the ROM in each stage is 2s−1, where s is the stage number. The ROM is a
single port memory and clock enabled. On a positive clock edge the ROM outputs
a word. The output of the ROM is not registered. Two ROMs are used for each
stage to store the real and imaginary values separately. The input wordlength
and the depth of the ROMs are parameterisable. The twiddle factors stored in
the ROM are generated by a matlab function. The twiddle factor wordlength is
quantised to match the input wordlength.

To address the ROM a simple up-counter is used. The output width of the
counter depends on the stage in which it is used. The output of the counter resets
to zero when it reaches its maximum value. The enable to the counter is controlled
using a centralised control unit.

Complex multiplexers are used as switching circuits. The multiplexer passes
one of the complex inputs to the output based on the select signal. The select sig-
nal is driven by the control unit. The wordlength of the inputs are parameterisable.

A centralised control unit is used to synchronise and control the data flow
path. The control unit consists of an eleven bit up-counter and few other logical
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control signals. When the FFT input data arrives, the counter is enabled. When
the maximum eleven bit value is reached, the counter output is reset to its intial
value. The multiplexers in each stage switches the input every N/2s clock cycles.
Hence each bit of the counter output can be directly connected to the select pin of
the multiplexer in each stage. The mapping of the control signal and multiplexers
is shown in Table 5.3

Table 5.3. Control signals associated with output switching multiplexer

Control Signal Multiplexer Stage
Controlcounter(0) 11
Controlcounter(1) 10
Controlcounter(2) 9
Controlcounter(3) 8
Controlcounter(4) 7
Controlcounter(5) 6
Controlcounter(6) 5
Controlcounter(7) 4
Controlcounter(8) 3
Controlcounter(9) 2
Controlcounter(10) 1

The control unit also provides the clock gating conditions to power down the
stages. The values loaded in the counters of the control unit depends on the length
of the FFT and the number of streams.

5.3 Implementation considerations
5.3.1 Clock Generation
The frequency of the clock used for the proposed design is 25 MHz. As the WiMax
application uses different samples rates, a clock synthesizing circuit is necessary to
generate the required sampling frequencies:5.71 MHz, 11.42 MHz and 22.8 MHz
for 512-pt, 1024-pt and 2048-pt FFTs, respectively. The clock synthesizer was gen-
erated using Xilinx core generator tool (Version4.01a) [38]. The clock generator
takes in the input parameters and accordingly generates the specified frequencies.
The functional diagram of a Xilinx clock generator IP core is shown in figure 5.6.

As shown in 5.6, CLKIN is the input clock to the clock generator. This system
clock can be generated by an on-chip source or an off-chip source. In our case, the
clock is generated off-chip and is 25 MHz. The input clock is fed to a clock source
module and Delay Locked Loops (DLLs) are used to generate different frequencies
as specified by the input parameters.

A RST input is connected to all the clock sources to reset the input ports.
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Figure 5.6. Clock Generator module block diagram

Locked output of individual clock sources indicates the successful generation of
the desired output clock frequency. When multiple clock sources used, the Locked
output of all the clock sources are connected to a AND logic to generate the final
Locked output signal.

5.3.2 Power Minimisation Techniques
A clock gating circuit is a well understood and a common technique used to power
down unused or less frequently used modules [39]. Generally, FPGA designs are
synchronous and the clock net is connected to all the flip-flops in the design. The
clock input to the FFT pipelined stages can be provided only when the flip-flop
operations are required. This technique is called clock gating.

A traditional way to implement clock gating is using an AND or an OR gate.
An AND gate implementation may lead to glitches when higher clock frequencies
are used. In the proposed design a BUFCE primitive of the Xilinx FPGAs is
used for clock gating. A BUFCE-based implementation of clock gating is shown
in figure 5.7. In the proposed design, clock gating is used to power down individ-
ual modules of a pipelined stage (butterflies, complex multipliers) or a complete
pipelined stage when required. A separate counter is used to drive the clock enable
(CE) signal for the clock gating logic. The number of clock cycles for which the
modules are idle is calculated manually. The number of idle clock cycles serve as
the count value to the clock gating counters.These counters are enabled by the
control unit.
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Figure 5.8. Clock gating timing diagram

Figure 5.8 shows the timing diagram of clock gating circuit. The gated clock
is the same as the input clock as long as the input clock enable is high ( except
for the slight gate delay). When the clock enable is driven to a logic low, the
input clock is gated. The generation of CE signal is critical in the design. It is
ensured that the CE signal goes low before the rising edge of the next clock cycle.
Violations can lead to glitches.
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5.3.3 Variable Length and Multi-streaming
To illustrate that the proposed architecture can process both variable length and
multi-streaming, Figure 5.9 presents a signal flow graph for a scheme with one
16-pt DIT FFT and two streams of 8-pt DIT FFT by the proposed architecture.
16-pt and two 8-pt FFTs are choosen for the simplicity of explanation. Four stages
of the proposed pipelined architecture are used. In the signal flow graph, x[n]16
represents the 16-pt input data sequence and X[k]16 represents the corresponding
FFT output samples. x[n]8 represents the two streams of 8-pt input data sequence.
X[k]8 is the FFT output of the two streams. To compute 16-pt, the complete signal
flow graph is used by joining stage-4 with stage-3.

Figure 5.9. Variable length DIT FFT signal flow graph

In the case of two 8-pt FFTs, the inputs indexed as 0, 1, 2, 3, 4, 5, 6, 7 are the
data samples of the first 8-pt FFT stream and the inputs indexed as 0′, 1′, 2′, 3′, 4′, 5′, 6′, 7′
are the data samples of the second stream. The input streams are interleaved and
given as input to the system. In the signal flow graph, the solid lines indicate the
data flow of the first stream of FFT and the dotted lines indicate the data flow
of the second 8-pt FFT. As three stages are required to calculate 8-pt FFT, the
output X[k]8 is taken from the third stage. The outputs are also interleaved. It



44 Proposed Design

can be observed from the flow graph that the twiddle factors are the same in a
stage irrespective of the FFT length or the number of streams.

Figure 5.10 illustrates the stagewise operations and timing diagram of the
buffer, butterfly, rotator and the switching multiplexer for computation of the 16-
pt FFT. In stage-1, the first eight samples of the input sequence are buffered. On
arrival of the 9th sample, the butterfly operation is enabled by the control unit.
The butterfly calculates the complex sum and complex difference of the 0th sample
(stored in the buffer) and the 9th sample. One of the outputs of the butterfly is
propagated to the next stage by the switching multiplexer. The second output of
the butterfly is fed back to the buffer and stored. As DIT algorithm is used, trivial
rotations are calculated at the input of the second stage.

The above steps are repeated for the rest of the samples in the input stream.

To compute the FFT of two 8-pt streams using the proposed architecture, the
input data samples of the streams are first interleaved and then fed to the input
stage. The buffer stores the first four samples of stream-1 and the first four samples
of stream-2. The order of the samples stored in the buffer is 0, 0′, 1, 1′, 2, 2′, 3, 3′.
On arrival of the 5th sample of the first stream, the butterfly is enabled by the
control unit. The butterfly performs the sum and difference operations of the
samples 0 and 4. The output of the butterfly that does not require rotation is
passed on to the next stage by the multiplexer with appropriate select signal from
the control unit. The second output of the butterfly is fed back to the buffer and
stored in the 0th location.

In the next stage the radix-2 structure performs the same operations as stage-
1. The timing diagram in Figure 5.11 illustrates the sequence of operations to
perform FFT of two interleaved input streams. The number of stages required
to calculate a 8-pt FFT is log2 8, which is 3 stages. Hence the last stage of the
pipelined architecture can be powered down. The output of the 3rd stage is the
FFT of the input streams.

The operations explained for calculating one stream of 16-pt FFT and two
streams of 8-pt FFT can be expanded to calculate multiple streams of higher
order FFTs with more stages of the proposed pipelined architecture.
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Figure 5.10. Timing Diagram for one stream of 16-pt using the proposed architecture
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Figure 5.11. Timing Diagram for one stream of 16-pt using the proposed architecture



Chapter 6

Experimental Results and
Comparison

The experimental results of the proposed FFT hardware architecture are presented
in this chapter. The test scenario to validate the functionality of the hardware is
explained in detail. The area and speed constraints of the hardware with respect
to Xilinx Virtex 6 FPGA are shown. A detailed analysis of the power consump-
tion and how power consumption can be reduced by reconfigurability techniques
is discussed. A comparative study of the proposed architecture and previous ar-
chitectures found in literature is presented.

6.1 Test Bench
As discussed in chapter 5 the proposed architecture was described in VHDL. Func-
tional verification of each VHDL module developed was done using Modelsim
(Version SE 6.3c). Each stage of the architecture was tested using a test bench as
shown in Figure 6.1.

The input to the FFT module is stored in a test file. The input test file consists
of a sequence of samples containing real and imaginary values corresponding to
a sinusoidal frequency. The samples are quantised to match the twiddle factor
width. The length of the test file depends on the length of the FFT. The test file
was generated using a Matlab/Simulink sine wave generator. The wordlength of
the samples is parameterisable. The samples from the test file are read by a VHDL
file read module in the test bench. The file read module reads a sample from the
test file and inputs it to the FFT module every clock cycle. The test bench also
enables the FFT module and specifies the FFT length and wordlentgh of the sam-
ple. Depending on the FFT length, the system clock is selected. Table 6.1 lists
the clock frequency according to the FFT length and number of streams.
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Figure 6.1. FPGA Simulation Setup

Table 6.1. FFT length and clock

FFT Length No. of Streams FFT Clock (MHz)
2048 1 22.8

1024 1 11.42
2 22.8

512
1 5.71
2 11.42
4 22.8

The FFT module processes the input samples and generates the correspond-
ing output samples. The output samples are written to a file using a VHDL file
write module. The samples in the output file are in bit reversal order. A matlab
function aligns the samples to its natural order. The output samples are verified
by comparing them with the output of a standard FFT function in matlab. This
testing holds good for a single input stream.

For multiple streams, the sine wave generator is used to generate real and imag-
inary samples for different frequencies. For two streams, two different frequencies
are generated and for four streams, four different frequencies are generated. The
samples are then interleaved and written to a test file using a matlab function.
This serves as input to the FFT module. Similiarly, the output file is processed by
a matlab function to deinterleave the samples and compare them with the output
of a standard matlab FFT function.
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6.2 Area and Performance
To analyse the dynamic performance of the FFT architecture implemented, the
VHDL implementation of the FFT architecture was synthesised using Xilinx Inte-
grated Simulation Environment (ISE) (Version 12.4i) tool. Virtex-6 (Part Num-
ber: XCVLX760) low power FPGA was the target device. Virtex 6 FPGAs are the
latest in the market and specialised for low power applications. The device is fab-
ricated using 40nm CMOS process technology. The architecture was synthesised
with the following specifications and settings in the tool.

• The FPGA clock is 25 MHz.

• The input and output wordlength of the samples is 16.

• The synthesis tool can optimise the architecture either for speed or area.
The optimisation goal of the synthesis tool was set for “area” to minismise
the hardware resources.

Table 6.2 summarises the device utilisation of the proposed architecture after
synthesis. Of the 118,560 available slices on the Xilinx Virtex-6 FPGA, model
XClVX760, the FFT architecture consumes around two percent occupying 3,178
slices. Out of 948,480 flip flops, the architecture uses 6,650. The number of look
up tables (LUTs) available is 474,240 and the FFT uses one percent available
resources. The number of DSP48E elements used is 33 consuming three percent of
the total available 864 elements. The complex rotations of the FFT are synthesised
to fit in the DSP slices of the FPGA.

Table 6.2. FPGA Device Utilization

Hardware Resource Utilized Resources Available Resources Utilization (%)

Slice registers 6,650 948,480 1
Number of slice LUTs 6,614 474,240 1
Number used as Memory 4,392 132,480 3
Number of occupied slices 3,178 118,560 2
Number of DSP48 elements 33 864 3
Number of bonded IOBs 67 1,200 5

The results of timing analysis using the timing analyser in the Xilinx ISE tool
indicates a maximum clock frequency of 313.67 MHz.

6.3 Power Consumption
Power estimation of a circuit is an important aspect of a system design. The power
consumed by the circuit largely affects the dynamic performance of the circuit. To-
tal power consumed by a design implemented in the FPGA is the sum of two power
quantities namely static power and dynamic power [40]. The transistor leakage
current of the device results in static power consumption, whereas dynamic power
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of a circuit is associated with the design activity, switching input/ output nodes
and the clock frequencies associated with the FPGA. Dynamic power of a circuit
is calculated using equation 6.1

Dynamic power = 0.5αfclkCLV 2
dd (6.1)

where α is the switching activity, CL is the node capacitance, Vdd is the supply
voltage and fclk is the clock frequency.

The power estimation of the implemented architecture was done using the Xil-
inx power analyser tool [40]. Xilinx power analyser is an integrated tool of the
Xilinx ISE that does power analysis on post-implemented place and routed designs.
The tool takes information of the clock nets and its corresponding frequencies en-
tered in a power constraints file. The tool imports simulation data from Modelsim
in VCD and SAIF file formats. These files help in a quick set up time and provide
information about toggling nets in the design.

Other environmental settings such as temperature are set to the chip produc-
tion values. The tool allows to set clock frequencies for individual design elements
such as clocks, logic, I/Os, BRAMs, and DSP elements of the implemented design.

Figure 6.2 presents the power consumption details for different inputs and de-
sign scenarios. The peak power consumption of the design for 2048-pt FFT is
64.46 mW. The peak power consumption is attributed to the FFT length and the
clock frequency. For 2048-pt FFT the clocking frequency is 22.8 MHz. Also the
number of input samples is more and hence the resources consumed is also more.
When powering down the modules using clock gating, the power consumption re-
duced to 60.98 mW achieving power saving of 5.39%.

For a 1024-pt FFT, the power consumption was 56.55 mw. The power con-
sumption considerably reduced compared to a 2048-pt FFT. This is because the
input samples are half that of 2048-pt FFT and hence less hardware resources
are utilised. The clock frequency is 11.42 MHz. Further powering down unused
modules reduced the power consumption to 49.26 mW and the power savings is
23.58%. In this case the last stage of the design is powered down.

Similiarly for a 512-pt FFT the power consumption was 52.32 mW (31.15%
power savings) due to less resource utilisation and smaller sampling clock than
2048-, 1024-pt FFTs. The sampling frequency was 5.71 MHz. On powering down
unused stages and using clock gating the power consumption reduced to 44.38 mW.
For two interleaved streams of 1024-pt FFT the power consumption was 56.55 mw
for normal operation and 49.26 mW (12.27% power savings) on powering down
unused modules. For four interleaved streams of 512-pt FFT, normal operation
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Figure 6.2. Power consumption for various FFT schemes

consumed 64.46 mW and powered down operation consumed 58.98 mW (8.53%
power savings).

Table 6.3. Area and Performance of the implemented architecture

AREA PERFORMANCE
Complex Complex Complex Memory Latency Throughput

ARCHITECTURE Rotators Adders Samples Rotations (cycles) (samples/cycle)
FB Radix 2 log2N − 1 2(log2N) N N N 1

Table 6.3 presents the area and performance of the implemented architecture.
The area occupied by the architecture is measured in terms of complex adders,
complex rotators and complex memory locations. Throughput and latency deter-
mine the performance of the architecture. Throughput is defined as the number of
samples processed per second. Latency is the time delay between the input sample
and its corresponding output. The implemented architecture has a throughput of
1 samples/clock cycle and latency of Nclock cycles, where N is the FFT length.
The number of complex rotators and adders is log2N and the number of memory
elements required is N .





Chapter 7

Future Work

Following the investigations, proposal and design of a reconfigurable FFT archi-
tecture for WiMax systems following activities can be taken up for future work.

• The design work can be expanded to support other wireless standards. This
requires calculation of 64-, 128- and 256-pt FFTs. This can be achieved
by making changes in the data path and by generating additional clock
frequencies of 20 MHZ, 40 MHz and 3.42MHz for 64-, 128- and 256-pt FFTs,
respectively.

• Radix-2 used in the current design can be replaced with higher radixes to
minimise hardware resources. The choice of the radix should be made de-
pending on the FFT lengths requirement for the standards. For example the
FFT length 2048 is not a power of 4. Hence if using radix-4, a stage of radix-
2 is required to calculate 2048-pt FFT. In the current design, the twiddle
factors for the radix-2 DIT algorithm is the same in all stages irrespective
of the FFT length and number of streams. When using other radixes, the
twiddle factors must be studied to use the same architecture for variable
lengths and multi-streaming.

• Clock gating implemntation used in the current design can suffer glitches
with higher frequencies of clock. The clock gating circuit can be refined
and redesigned with a latch based implementation. The latch based circuit
provides an additional level-sensitive latch that holds the value of the clock
enable. The latch captures the state of the enable signal for a complete
clock cycle generation. This satisfies the set-up time requirement of the
clcok enable signal. This avoids glitches.

• As the current design is described in VHDL, the next phase can be im-
plementation in ASIC using CMOS technology. The design can be further
optimised in terms of speed and area.

• The current implemented system has a throughput of one sample/clock cycle.
An architecture that can output two samples/ clock cycle as shown in Figure
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Figure 7.1. A OFDM-based Receiver

can be implemented. A throughput of two is achieved at the cost of 2N
memory locations for storing the samples.

• Partial reconfigurability of FPGAs can be exploited to implement a power
efficient and dynamically reconfigurable FFT processor. In the current de-
sign, unused stages are clock gated. But the hardware resources are phys-
ically present in the device and this can result power wastage. To avoid
this, partial bit files can be generated for a 512-pt FFT with nine pipelined
stages and a 1024-pt FFT with ten pipelined stages. The FPGA can be
dynamically reconfigured depending on the FFT length.



Chapter 8

Conclusion

To conclude,

• A reconfigurable FFT architecture to cover all the cases of WiMax wireless
OFDM standard was proposed, designed and verified in this thesis work.

• The FFT requirements was tabulated after a brief study of the OFDM wire-
less standards. The FFT architecture was designed based on the WiMax
FFT requirements table.

• Decimation-in-Time FFT algorithm was used. The architecture was designed
with eleven modified Single Delay Feedback stages. Each stage calculates a
radix-2 FFT.

• The FFT architecture is reconfigurable for variable length and multiple
streams. The architecture processes a single stream of 2048-pt FFT, up
to two streams of 1024-pt FFT or up to four streams of 512-pt FFT.

• The architecture processes a continuous streams of data.

• The architecture is power efficient. Clock gating technique was used to re-
duce power consumption. Clock gating was used to power down individual
modules (butterflies and complex multipliers) or a complete stage, when not
in use.

• As far as it is known, the architecure proposed in this thesis work is the first
architecture to cover all the cases of the WiMax wireless standard.
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