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ABSTRACT

Developing wireless communication standards and applications grows need for a
flexible wireless testbed. Software defined radio platforms have programmable
hardware and software, so they are easy to use for the rapid development of
wireless communication algorithms. The software defined radios could be con-
sidered as the state-of-the-art wireless transceivers that can be used to run next-
generation wireless applications.

The scope of this thesis is to study the use of the Xilinx ML605 development
platform and the Nutaq Radio420S radio card integration as the software defined
radio platform. This work tries to combine the processing power of the ML605
Virtex-6 FPGA to the agile and the broadband RF front end of Nutaq Radio420S.
This combined platform formed by these two can be used as a modern software
defined radio solution for developing and testing the wireless communication al-
gorithms in practice.

This thesis represents an idea of the software defined radio, starting from
the early adaptations to the today’s modern software defined radio platforms.
The use of Xilinx ML605 and Nutaq Radio420S integration was studied in both
aspects, a real-time and an offline data processing. As the offline solution,
WARPLab made by Rice University, was ported to the new platform. The
WARPLab concept is to pre- and post-process the real-time wirelessly transmit-
ted data using Matlab. The implemented real-time applications that were an au-
tomatic gain control (AGC) and a spectrum sensing method called localization
algorithm based on double-thresholding (LAD) with an adjacent cluster combin-
ing (ACC). The AGC was implemented for the future physical layer application
development and the LAD ACC spectrum sensing method was implemented by
thinking of the future cognitive radio solution that takes advantage of the oppor-
tunistic spectrum usage.

During the implementation phase, the Xilinx tool set was used to create and
modify the digital logic of the physical layer. The control software was written in
C and the end-user’s client was made by using scripting language of the Matlab.
The final design was verified with the real-life measurements. Each part of the
implemented system were tested individually, to be sure that the system worked
as expected. The future development and the possible improvements of platform
and the implemented system were discussed based on the real-life measurements.

Keywords: Automatic gain control, Embedded system, OFDM, Software defined
radio, Spectrum sensing
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TIIVISTELMÄ

Tietoliikennestandardien ja sovellusten kehitystyö on kasvattanut tarpeen help-
pokäyttöiselle langattomalle testialustalle. Ohjelmistoradioissa on uudelleenohjel-
moitava ohjelmisto ja laitteisto, joten ne soveltuvat hyvin langattomien tietolii-
kenne algoritmien kehitystyöhön. Ohjelmistoradiot ovat kehittyneimpiä langatto-
man tietoliikenteen lähetin-vastaanotin ratkaisuja, joita voidaan käyttää tulevai-
suuden standardien ja sovellusten kehitys ja testaustyössä.

Tässä työssä tutkitaan Xilinxin ML605 kehitysalustan ja Nutaqin Radio420S
radiokortin käyttöä ohjelmistoradiona. Työn tarkoitus on yhdistää ML605:n
Virtex-6 FPGA-piirin laskentatehokkuus Nutaqin Radio420S radiokortin laaja-
kaistaiseen ja joustavaan RF-etupäähän. Tämä mahdollistaa alustan käytön ny-
kyaikaisena ja modernina ohjelmistoradioratkaisuna, jonka avulla voidaan hel-
posti kehittää ja testata langattomia tietoliikenne algoritmeja käytännössä.

Tässä työssä esitellään ohjelmistoradion idea ja alustojen kehitys ensimmäisis-
tä ohjelmistoradio ratkaisuista uusimpiin nykyaikaisiin ohjelmistoradio alustoi-
hin. Xilinxin ML605:n ja Nutaqin Radio420S radiokortin käyttöä ohjelmistora-
diona tutkitaan sekä reaaliaikaisen että jälkeenpäin tehdyn tiedonkäsittelyn kan-
nalta. Jälkeenpäin tehdyn tiedonkäsittelyn tapauksessa Ricen Yliopiston kehit-
tämä WARPLab kehitysympäristö sovitettiin ML605:n ja Radio420S:n muodos-
tamalle alustalle. WARPLabia käytettiin muuntamaan uusi alusta ohjelmistora-
dioksi, joka käsittelee langattomasti siirretyn tiedon jälkikäteen Matlabia avuksi
käyttäen. Reaaliaikaiset fyysisen kerroksen sovellukset jotka sovitettiin alustalle,
olivat automatisoitu vahvistuksen säätö Nutaqin radiokortille, sekä kahta kyn-
nystä käyttävä spektrinhavaitsemismenetelmä (localization algorithm based on
double-thresholding, LAD) vierekkäisten ryhmien yhdistelmä (adjacent cluster
combining, ACC) laajennuksella. Automaattinen vahvituksen säätö totetutettiin
ajatellen tulevaa fyysisen kerroksen kehitystyötä alustalla ja LAD ACC spektrin-
havaitsemismenetelmä toteutettiin taas ajatellen mahdollista oppurtunista spekt-
rin käyttöä tukevaa ohjelmistoradio toteutusta.

Työn toteutuksen aikana fyysisen kerroksen digitaalilogiikan suunnitteluun,
muokkaukseen ja toteutukseen käytettiin Xilinxin tarjoamia työkaluja. Kontrol-
liohjelmisto kirjoitettiin käyttäen C-kieltä ja loppukäyttäjän rajapinta toteutet-
tiin Matlabin komentosarjakielellä. Toteutuksen toimivuus varmistettiin lopulta
tosielämän mittauksilla. Jokaisen toteutuksen osan toimivuus varmistettiin erik-
seen, omilla mittauksillaan, jotta voitiin olla varma että kukin toteutettu sovellus
toimii oikein. Saatujen mittaustulosten pohjalta käytiin läpi alustan mahdollista
jatkokehitystä ja esiteltiin parannusehdotuksia.

Avainsanat: Automaattinen vahvistuksen säätö, OFDM, Ohjelmistoradio, Spekt-
rin havaitseminen, Sulautettu järjestelmä
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TCME threshold parameter
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ADC analog-to-digital converter
ADDS adaptive digital demodulation and synchronization
AGC automatic gain control
API application programming interface
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BER bit error rate
BFM buss functional model
BMM block RAM memory map
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BRAM block random access memory
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BSP board support package
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CPU central processing unit
CRUSH cognitive radio universal software hardware
DAC digital-to-analog converter
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DDR double data rate
DIP dual in-line package
DRAM dynamic random access memory
DSP digital signal processor
EDK Embedded Development Kit
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FFT fast Fourier transform
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FPGA field-programmable gate array
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GPIO general purpose input/output
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HDL hardware design language
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IEEE Institute of Electrical and Electronics Engineers
IIC inter-integrated circuit
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LNA low noise amplifier
LPC low-pin count
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LUT lookup table
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MDM MicroBlaze debug module
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MIPS millions of instructions per second
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OFDM orthogonal frequency-division multiplexing
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PH-SDR programmable hardware software defined radio
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RISC reduced instruction set computer
ROM read only memory
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SDK Software Development Kit
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SDRAM synchronous dynamic random-access memory
SEEMO secure mobile networking lab
SIMD single instruction multiple data
SISO single-input single-output
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SPI serial peripheral interface
SRAM static random access memory
SRRC square-root raised cosine
TCL tool command language
TEMAC Tri-Mode Ethernet MAC
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TXLPF transmit lowpass filter
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USB universal serial bus
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WARP wireless open access research platform
WLAN wireless local area network
XMD Xilinx microprocessor debugger
XML extensible markup language
XPS Xilinx Platform Studio
XST Xilinx Synthesis Technology
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1. INTRODUCTION

The spectrum usage in the existing commercial wireless systems is inefficient. This
is mainly caused by that in the last decade the data rates of wireless communications
have increased. Modern technology has been used to develop wide range of the
useful applications to the end users, such as wireless local area network (WLAN) and
third and fourth generation (3G/4G) cellular networks. Different wireless applications
use different wireless standards. These wireless standards include different set of
parameters, which are used to configure the wireless transceiver. These parameters may
include a carrier frequency, a bandwidth, and a modulation method. Classical wireless
transceivers usually have a hardware fixed solution for these settings, and because of this
they can only operate by using a single standard. This limits their use while developing
the new wireless algorithms, since they can provide only a single wireless service. [1][2
p. 69]

The increasing number of the available wireless standards and the services creates a
need for a modern wireless testbed. The testbed should be able to operate on multiple
frequency bands, with the varying bandwidth and with the multiple modulation schemes.
The use of the software defined radios (SDRs) as the wireless testbeds has gained a
much interest in an academic and an industrial world. The SDRs have programmable
hardware and software that allows fast reconfiguration of the transceiver. Due the
flexibility of the software and the hardware a SDR can be configured by the needs of
the wireless standard and the service. By using the SDR as the wireless testbed allows
easy and rapid prototyping and development of the new wireless algorithms in practice.
[3, 4][2 p. 71]

The purpose of this thesis was to study the use of the Xilinx ML605 field pro-
grammable gate array (FPGA) development board [5] and the Nutaq Radio420S radio
card [6] integration as a SDR platform. In this thesis, the SDR platform refers to
hardware architecture and a software framework that can be used to run software
defined radio applications, the SDR again refers to the ready software defined radio
transceiver. The use of the Nutaq Radio420S radio card as a wireless transceiver on
the SDR platform is very interesting because of the wide frequency range, on-the-fly
possibility to change the bandwidth and other state-of-the-art features that it offers like
support for full and half duplex operation modes. The Xilinx ML605 Virtex-6 FPGA
powered development board provides a high-speed computational power that can be
used to run physical layer algorithms and applications of the software defined radio.
The FPGA based SDR research and development allows a fast way to test and develop
the designed product. The FPGAs are cheap and cost-efficient to reprogram, that eases
the prototyping of the different physical layer algorithms. [7]

The new SDR platform was studied in an aspect of running offline and real-time
applications on it. Offline SDR solutions, such as WARPLab by Rice University
[8], allow over-the-air transmission and an offline post- and pre-processing for the
transmitted data. The real-time applications are again run on the FPGA and are more
close to the end-product than the offline applications. However, the offline applications
are good for the wireless algorithm development while they can be programmed using
higher level languages. The real-time applications studied with Xilinx ML605 and Nutaq
Radio420S were the automatic gain control [9] and the spectrum sensing method using
the localization algorithm based on double-thresholding (LAD) with the adjacent cluster
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combining (ACC) feature [10]. The received signal strength in wireless transceivers
may vary depending on the power and the distance of the transmitter. To cope with the
signal strength variations, the AGC in necessary part of the wireless transceiver. The
implemented LAD ACC spectrum sensing method is based on an energy detection from
the received signal power spectral density (PSD). The LAD ACC detects the spectrum
blindly, hence it does not need any a priori information about the received signal or the
channel noise. The LAD ACC could be considered to use in future with the spectrum
sensing cognitive radio, that is able to sense the white spaces on the spectrum for the
transmission. [8, 9, 10]

This thesis has a following structure. After this introduction Chapter 1, Chapter 2
discusses the software defined radios in generally, their history and the today’s modern
SDR solutions, also the related software defined radio applications are represented.
In Chapter 3 the used hardware, tools and the development work flow are look over.
Chapter 4 introduces the design flow of the implementation and Chapter 5 presents the
measured real-life results. Conclusions and discussion about the measured results and
the implementation are went through in Chapter 6 and Chapter 7 summarizes the thesis.
References for this thesis are represented in Chapter 8.
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2. SOFTWARE DEFINED RADIO

Future wireless communication systems are aiming to achieve a better reliability, a
higher data rate and an efficient spectrum usage. Significant amount of the effort is
put into a research for technologies such as the cooperative communication and the
cognitive radio. To develop these technologies, a hardware that is capable of prototyping
and testing is required. Software defined radios are widely adopted by the industry and
the academic world to evaluate these technologies, because of their adjustability and
programmability. With the SDR it is possible to demonstrate new technologies in a
fully working wireless environment. [3, 4]

It may be hard to define what the software defined radio is, because of the flexibility
that it offers as a transceiver. The software defined radio can take many different forms
that can be reconfigured by the requirements of the end application. [2 p. 69]

The fundamental idea still is to use software based techniques to perform signal
processing of the radio. Figure 1 describes the basic structure of the SDR [11 p. 4].
Received and transmitted radio signals are digitalized at some stage near the antenna in
the radio frequency (RF) section. Channelization and sampling rate conversion are done
after that for the digitalized signals. The signals baseband processing is done next in
the configurable hardware or software. General purpose digital signal processors (DSP)
or field programmable gate arrays are usually used for the hardware signal processing.
The software based signal processing can be done in a general purpose processor (GPP).
[12 p. 5-6][2 p. 69]

Flexible 
RF
End

ADC

DAC

Channelization 
and

Sample Rate
Conversion

Processing
Hardware

-FPGA
-DSP
-ASIC

Software

-GPP

Output

Input

Control

Figure 1. The basic structure of the software defined radio.

When the most of the signal processing is done digitally, the reconfiguration of the
SDR can be simple and efficient. In the analog end, space and resources limit the possi-
ble configuration options. In the digital domain a possible modulation and demodulation
schemes are more flexible when functions can be configured via software or hardware.
Still the processing power and the memory of the hardware limit configuration. Digital
functions are also more accurate because the precision depends on the number of used
bits. The digital domain is also more consistent for each manufactured system. Software
defined radios can go beyond the ordinary single channel and single mode transceivers
because of the flexibility and the adjustability through the software and the hardware.
[2 p. 78]
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2.1. Early applications

In the early applications, SDRs were designed for requirements of the military, where
the radio must be able to tune for multiple bands for communication and interception.
The United States military tried to fulfill these communication needs by creating a
multiband and multimode radio (MBMMR). The early design of the MBMMR tried
to put all components from the target radio systems into the same hardware to support
all the architectures. These were called Velcro radios. The main problem with these
devices was that their size increased when support for the different architectures was
added. [11 p. 444][2 p. 72]

To avoid the size issues of the MBMMR, a programmable digital radios (PDR)
were proposed. The PDRs allowed programming of the simple parameters on the
hardware, such as a forward error correction (FEC) selection from a read only memory
(ROM). Majority of the radio functionality was still on the hardware and this limited
the implementation of the multiband portion. [11 p. 444]

"Software Radio" name was first presented in the E-Team company newsletter in 1985.
They were created a data processor that was configured as the digital radio transceiver.
This was part of their proprietary concept called an adaptive digital demodulation and
synchronization (ADDS). The ADDS used matched digital filters to synchronously
demodulate received signals. Although the ADDS enjoyed performance and cost ration,
the prototype development still required much funding. This is why the concept of
the Digital signal processing Lab’s software radio with a low cost signal processing
software processor was created. The Digital signal processing Lab’s software radio used
sixteen FPS 5430 array processors as a processing power and DSP 2400 dimensional
processor to array and dearray the data to the processors. It was able to do end-to-end
signal processing that was not possible on the hardware based transceivers. [13]

Dr. Mitola came up independently with the term "software radio" in 1991 and
presented paper about the architecture of the "software radio" in the year after [14]. One
of the first software defined radios based on Dr. Mitola’s theory was the SpeakEasy
transceiver made by Hazeltine and Motorola. SpeakEasy was designed for tactical
military communications from 2 MHz to 2 GHz frequency bands to provide compatible
communication between the different air interface standards. To do this, SpeakEasy
needed to be able to operate multiband and multimode. The original SpeakEasy was
based on a mixture architecture of the four Texas Instruments C40 processors and 1 MB
of the shared memory between them. Control of the radio was done from a Sun SPARC
workstation. The RF end of the SpeakEasy was divided into three independent channels
with independent components, a low band from 2 MHz to 30 MHz, a middle band from
30 MHz to 400 MHz and a high band from 400 MHz to 2 GHz. [2 p. 70] [11 p. 452]

After the SpeakEasy Phase I the SpeakEasy Phase II was announced to implement a
software radio with a reconfigurable hardware, an open architecture and a cross-channel
connectivity. The RF end was defined to the same range as in SpeakEasy I, but the
hardware itself differed much. The SpeakEasy phase II used DSPs and FPGAs for the
baseband processing. The use of the FPGA was an important idea for software radios
because of its performance and ability to do parallel algorithm processing. The FPGA
also enabled reconfiguration of the software and the hardware. [11 p. 460]

In 1995 Dr. Mitola defined the SDR to be a fully digital radio except for an analog-to-
digital (ADC) and a digital-to-analog (DAC) converters [15]. The idea for this pure SDR
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canbeseeninFigure2.Thishighlydigitalizedradiowasdesignedtoprovidehighest
levelofthereconfigurability.However,theonlyimplementedSDRrelayingontheDr.
Mitola’spureSDRdefinitionistheUKDERAhighfrequencyradio.Itwasdesigned
formilitaryusecoveringfrequenciesfrom3MHzto30MHz.UKDERAusedthe
digitaldownconverterapplication-specificintegratedcircuit(ASIC)fordigitalfiltering,
downconversionanddecimation,andDSPsfordemodulationandpost-processing.
Itsmainadvantagewasitsprogrammabilityandtheabilitytosimultaneousreceive
multiplechannels.ThemainproblemofUKDERAandthepureSDRstillistodo
theanalog-to-digitalconversionanddigital-to-analogconversionwiththedatarateand

Flexible 

RF

End

ADC

DAC

Signal generation

De/modulation

Error control

Multimedia Services

Pure Digital

Radio

accuracyhighenough.[16,17,18,19]

Figure2.Dr.Mitola’sPuresoftwaredefinedradio.

Dr.Mitola’sfullydigitalizedradiocouldbeconsideredasanidealsoftwareradio
thathascontrolofallitscomponents,includinganantenna. Afterthis,schemes
ofaconsciousradioweredrawnaimingforthecognitiveradiothatisawareofits
environmentandindependentlydeterminesitsoperationmode.Figure3summarises

Single application 

radio Velcro Radio
Programmable 

Digital Radio

Software

Radio

Ideal 

Software

Radio

Idea of the

Cognitive 

Radio

Components 

for multiple

architectures

Read only memory

programmability

Field Programmable Gate Array,

Application-Specific Integrated Circuit,

Digital Signal Processor,

General Purpose Processor

Used technologies
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timelineofthesoftwaredefinedradios.[11p.445]

Figure3.Historyofthesoftwaredefinedradios.

2.2.Softwaredefinedradiostoday

Evolutionofthesemiconductorandtheanalogtechnologythroughthelate1990shas
beenthekeyoftheSDRtechnologyimprovements.TheearlySDRsusedmixtureofthe
architecturesincludingsingle-streamDSPs,hardcodedapplication-specificintegrated
circuitsandmicrocontrollersoptimizedforcontroltasks.[2p.78][7]
Today,DSPsandcentralprocessingunits(CPUs)costofthemillionsofinstruc-
tionspersecond(MIPS)hasdroppeddownbelow1.Regularcomputersandfield-
programmablegatearraysorDSPsarefastenoughtodothebasebandprocessing.This



15

makes them ideal for the platform that has a strict timing requirements and needs a low
latency computation like the SDRs. [20 p. 4][21]

Even that all the SDR platforms aim at heavy programmability, a grade of the
flexibility differs. There are three types of the SDRs on the market those are commonly
used in deployment: a general purpose processor software defined radio (GPP-SDR), a
programmable hardware software defined radio (PH-SDR) and mixture of these two a
hybrid SDR. [22, 8]

2.2.1. General purpose processor software defined radio

In the general purpose processor software defined radio all the signal processing blocks
are made up of the sequential operations that can run on a general purpose processor.
This limits the performance of the GPP-SDR, since all the signal processing blocks
above the RF and the ADC are implemented as the software. The GPP-SDR runs
on an operating system of the general purpose processor workstation and offers the
programmability of the higher level languages. This way a standard personal computer
(PC) environment can be used for developing and reconfiguration of the SDR. The
typical GPP-SDR architecture block diagram can be seen in Figure 4. The possibility to
use the standard workstation for the development of the SDR is the biggest advantage of
the GPP-SDR due the ease of the programmability, and the biggest disadvantage due the
performance of the SDR. Even though some instructions can be pipelined, difference
between a pure pipelined and a sequential data processing is huge. Once the sequential
data processing can execute only one instruction at time, the pipelined processing can
execute several instructions concurrently. [22][23 p. 84]

Figure 4. The block diagram of the general purpose processor software defined radio
architecture.

2.2.2. Programmable hardware software defined radio

The signal processing functions of the the programmable hardware software defined
radio are implemented on FPGA blocks or on a combination of the FPGA, the ASIC
and the DSP. The workstation can be used to generate the transmitted data for the
PH-SDR. Block diagram of the PH-SDR is represented in Figure 5. The use of the
FPGA as base of the design, enables the parallel or the pipelined data processing.
This makes the design capable of the high speed signal processing operations and
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increased throughput. Although the programmable hardware offers certain level of the
flexibility their programming requires use of the hardware close languages, such as
verilog and very high speed integrated circuit hardware description language (VHDL).
Even though some vendors simplify the programming by providing a library of the
hardware functional blocks like Xilinx providing System Generator Simulink blockset,
programming the PH-SDR is not as easy as the programming of the GPP-SDR. Another
problem with the PH-SDRs is the development time. A standard FPGA design flow
lacks features of the software build tools, which leads to a waste of the time while
recompiling unmodified part of the hardware, while compiling software the unmodified
code is not needed to recompile. The FPGA design size and speed are also limited by
capacity and performance of the platform. Also the hardware implementations are not
easily portable to newer generation boards, since different generations of the devices
varies with an architecture and a clock rate. [23 p. 84][22, 24]

Figure 5. The block diagram of the programmable hardware software defined radio
architecture.

2.2.3. Hybrid software defined radio

The hybrid software defined radio combines features from both the GPP- and the PH-
SDR. The shared architecture block diagram of the the hybrid SDR is represented in
Figure 6. The high speed signal processing operations can be placed on a programmable
hardware where ass the user interface and control operations can be processed by a
general purpose processor. The programmable hardware, e.g., FPGA will be closer to
the analog or the digital signal source, an ADC or a DAC, where the sample stream
rate is high. The FPGA will carry out the most of the physical (PHY) and a medium
access control (MAC) layer functionalities. The general purpose processor will be on a
downstream where the sampling rate is low and it carries out the light-weight signal
processing tasks and the control operations. The hybrid SDR can achieve the parallelism
at the data processing level, via paraller processing power provided by FPGA or ASIC
and the shared memory access, and also at the task level by sharing the tasks around the
available hardware resources. [23 p. 87]
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Figure 6. The block diagram of the hybrid software defined radio architecture.

2.2.4. Related applications

Good examples of the GPP-SDR platforms are the Universal Software Radio Peripheral
(USRP) powered by the GNU Radio and the high performance software defined radio
SORA. The Wireless Open Access Research Platform (WARP) and the OpenAirInter-
face could be considered examples of the PH-SDR platforms. The WARPLab can be
used to configure the WARP hardware as the GPP-SDR. The WARP and the Cognitive
Radio Universal Software Hardware (CRUSH) platforms could be also considered as the
hybrid SDRs, because of their ability to take advantage of the FPGA’s signal processing
power and hardware support for the external control signals. There are also several
commercial FPGA based SDR platforms on the market such as ones from Nutaq [6]
and 4DSP [25]. However, frameworks these include are closed. The Universal Software
Radio Peripheral by Ettus Research and the Wireless Open Access Research Platform
by Rice University are both popular open SDR platforms. Summary of the represented
software defined radio platforms can be seen in Table 1, after following subsections
describing the related SDR platforms and applications. [8, 26]

High performance software defined radio SORA

The high performance software radio (SORA) is a software radio platform project
carried out by cooperation between the Microsoft Research Asia and an university
students. SORA is a fully programmable software defined radio that tries to bring
high-speed wireless protocols to developers using standard workstations. This way
developers can program in a familiar environment. The SORA appears to user like a
network card that can be used for the data transmission. [27]

SORA relays on a new cost-efficient radio control board (RCB), that has a capability
to receive and transmit via a RF front end. Block diagram of the SORA architecture
can be seen in Figure 7. The RCB connects the RF front end and the antenna with the
workstation over a high-speed Peripheral Component Interconnect Express (PCIe) bus.
This couples the RF front end with a processing power and a memory available from the
workstation. The PCIe is capable of 16.7 Gigabits per second (Gbps) throughput with a
low latency, which meets requirements of the today’s wireless protocols. The processor
and the memory of the workstation are used for all the digital signal processing tasks.
To meet physical computation requirements of the processor SORA uses features from
the multicore architectures. Also look-up tables (LUT) are used to reduce the processing
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requirements by taking advantage of the general purpose processors caches. SORA also
uses a single instruction multiple data (SIMD) to speed up the physical data processing.
To provide the real-time communication requirements, SORA allocates the processor
cores of the workstation only for the SDR computation. [27]

Figure 7. The high-performance SORA architecture block diagram.

The SORA RCB is powered by the Virtex-5 FPGA and it contains the PCIe-×8
interface with 256 MB of the double data rate (DDR) 2 synchronous dynamic random-
access memory (SDRAM). The FPGA and the SDRAM works as a first in first out
(FIFO) buffer between the workstation and the RF ends ADC and DAC. The RCB can
also be connected to the various RF front ends. Software that is running the SORA
is written in assembly optimized C. The SORA software acts like a virtual Ethernet
interface. Any SDR implemented on it is shown as a network device to the end user.
This way any network application can use SORA for the wireless transmission without
any software modifications. [27]

Universal Software Radio Peripheral

The Universal Software Radio Peripheral is family of the products from Ettus Research
and they are used to implement different SDR platform solutions. The USRPs are
usually used as low-cost SDR platforms. The USRPs have a motherboard that contains
an ADC and a DAC for the digital to analog and analog to digital conversion, a FPGA
for the sampling rate conversion, an interface to a host workstation and a plug-in for the
RF front end daughterboards. [3]

Ettus Research products three different versions of the USRPs, the embedded series,
the bus series and the network series. The latest one of these is the embedded series and
it combines an embedded processor with RF features. Its bandwidth is slightly reduced,
compared to other USRPs, but its advantage is that all the signal processing functions
can be performed on the board. The bus series devices are targeted to be the legacy
support product for the original USRP 1 device. The bus series have a modern FPGA
and an updated software support. The network series is flagship of the USRP product
family. It interfaces with the workstation via Gigabit Ethernet that is connected to a soft
core processor on the FPGA. The network series hardware supports a plug-and-play
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multiple-input and multiple-output (MIMO) RF front end capability. On the USRP
network series device part of the signal processing or all of it can be moved into the
FPGA. [26]

For the plug-and-play RF front ends, there are wide range of the different frequency
range specific daughterboards available. Also custom made daughterboards can be
attached to the USRP devices. This way one USRP device can support many different
kind SDR applications by switching the daughterboard. There are for example daugh-
terboards available with frequency ranges of 1-250 MHz, 800-2300 MHz, 2.4-2.5 GHz
and 4.9-5.9 GHz. [26]

GNU Radio

GNU Radio is an open source SDR framework that provides signal processing blocks
to implement the SDRs. It fully supports the USRP platform and is commonly used
to analyze data from the USRP devices and control the USRP via transport layer. The
typical SDR block architecture formed by the USRP and GNU Radio combination
can be seen in Figure 8. GNU radio can be used to write applications to transmit
and receive data using the available hardware. Applications can be written using
high level languages such as C++ and Python. GNU Radio has filters, channel codes,
synchronization elements, equalizers, demodulators, decoders and many other signal
processing blocks, which are typically found in the radio systems. GNU Radio connects
these blocks together and forms physical layer of the software defined radio. [28]

One of the drawbacks of GNU Radio is the latency caused by the signal processing
blocks. The blocks structure is software designed and because of this there are large
buffers between the different blocks. Also the interface between the USRP and GNU
Radio can cause delays especially when the bus series USRP board is used. [3]

Figure 8. The block diagram of the software defined radio architecture formed by USRP
and GNU Radio.

Cognitive Radio Universal Software Hardware

The Cognitive Radio Universal Software Hardware is a project from University of
Massachusetts sponsored by Department of the Air Force. The CRUSH aims to combine
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the USRP SDR with the powerful Xilinx ML605 development board achieving this
way a computational load balance between the host computer and the FPGA. The block
diagram of the CRUSH architecture is represented in Figure 9. Signal processing is
shared between the ML605 board and the USRP, and the system is controlled from the
workstation via Ethernet. [29]

The CRUSH combines together USRP N210 versatile RF front end from the USRP
Network series with the ML605 Virtex-6 FPGA via custom made interface board. A
commercial off the shelf cables are used to connect these boards together. FPGAs of
ML605 and the USRP can be configured independently to perform different signal
processing tasks. The CRUSH tries to move the digital signal processing closer to the
RF end, by sharing the processing power between two FPGAs, and make the platform
ready for high-speed real-time wireless signal processing algorithms. [29]

The CRUSH can be used with or without the signal processing power provided by
ML605 and its firmware is modified to send an ADC data to all over the platform, to
the USRP, ML605 and the workstation. The workstation itself can be used to control
the system and analyze the results and the data. [29]

Figure 9. The block diagram of CRUSH software defined radio architecture.

OpenAirInterface

OpenAirInterface.org is a wireless network testbed with an open source software and
hardware developed by Eurecom. It is divided into two parts, a high level control module
and a digital signal processing engine. The digital signal processing engine is running
on the hardware and it consist of the highly configurable digital signal processing blocks.
Each signal processing block on the hardware is dedicated to specific algorithms. [30]

The latest OpenAirInterface hardware is called Express MIMO module and it has
two Xilinx Virtex 5 FPGAs, one for the control and one for the digital signal processing.
The RF board that it uses is called Agile RF, operating from 180 MHz to 8 GHz with
20 MHz bandwidth. The Express MIMO connects to workstation via PCI Express
interface. The block diagram of OpenAirInterface can be seen in Figure 10. [31]

OpenAirInterface uses an open source software modem written in C. The software
modem includes physical and link layer properties for the networking. It can be used
for simulations or run in real-time with the hardware. [3]
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The FPGA for the digital signal processing forms the digital signal processing engine
that consist of the different signal processing blocks. OpenAirInterface calls these
blocks as hardware accelerators and they can be used to perform signal processing
operations such as pre-processing, front end processing, mapping, detecting, channel
encoding, channel decoding and interleaving and deinterleaving. The control FPGA
is based on the open source LEON3 processor from Gaisler research with an external
memory and the PCIe card interface. The medium access control layer processing is
done on the workstation and the digital signal processing engine runs the physical layer
tasks on the hardware. [3]

Figure 10. The block diagram of OpenAirInterface software defined radio architecture.

Wireless Open Access Research Platform

The WARP is a SDR platform for the testing and prototyping the wireless networks and
it is developed and maintained by the Rice University. The WARP platform consists of
the four different parts: hardware, platform support packages, an open-access repository
and specific research applications. [32]

To satisfy the computational needs, flexibility and programmability needed by the
wireless systems, WARP hardware uses Xilinx Virtex-series FPGAs for the digital signal
processing and the system control. The WARP 2 boards uses Xilinx Virtex 4 FX100
FPGA, which included the embedded Power PC processor as a main processor for the
embedded programming. The most recent WARP 3 board is powered by Xilinx Virtex-6
FPGA and it uses MicroBlaze soft core processor as the main processor. [32, 33]

For the wireless transmission the WARP 2 board has four daughtercard slots that are
used to connect the radio cards. On the WARP 3 board the daughtercard slots were
removed and the radio cards were integrated directly on the board. It also has a high-pin
count (HPC) FPGA mezzanine connector (FMC) slot to mount external FMC modules
like radio cards. The WARP 3 board also has two Ethernet ports to support Gigabit
Ethernet communication, where the WARP 2 has only one Ethernet port available. [33]

The WARP orthogonal frequency-division multiplexing (OFDM) reference design
is available from the WARP repositories of the Rice University and it can be used to
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implement real-time network stack on the WARP hardware. The OFDM reference
design includes the full MAC interface and the MIMO OFDM physical layer. It can
be used to build custom protocols for the WARP hardware. When the WARP board
runs the OFDM reference design all the signal and data processing is done in real-time
on the hardware. The workstation can be used for traffic analysis and generation via
Ethernet. The block diagram of the WARP hardware architecture can be seen in Figure
11. [33]

Figure 11. WARP software defined radio architecture block diagram.

The WARP platform supports design flows from a low level register transfer level
(RTL) VHDL and Verilog coding into a higher level system modelling with Matlab.
System Generator from Xilinx is one of the tools that can be used with Matlab for
higher level system modelling. Xilinx System Generator provides Xilinx blockset that
can be used to build and debug high-performance digital signal processing systems.
The network and MAC layer programs and applications can be programmed in C. The
applications are powered by MicroBlaze soft core processor or PowerPC, depending on
the target hardware. [32, 24]

The open-access repository provides all source codes, models, research applications
and design files associated with the WARP. The Repository is maintained by the project
administrator from Rice University and it distributes designs and contributions between
the WARP users. [32]

WARPLab

The WARPLab combines Wireless Open-Access Research Platform and Matlab together.
With the WARPLab framework, it is possible to directly access hardware running the
WARPLab from the Matlab workspace. The WARPLab can be used to configure the
available hardware as both, the general purpose processor software defined radio and the
mixture of the GPP-SDR and the programmable hardware SDR. WARPLab intellectual
property core (IP core) on the FPGA works as a buffer between Matlab and the hardware
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and it can be accessed via Ethernet connection. The WARPLab server running in the
processor of the target hardware manages these connections. [34]

The WARPLab IP core has transmit and receive buffers for each of the antennas
connected to hardware. These buffers can be used to send and receive wireless data,
between boards running the WARPLab IP core and server. The processor running on the
FPGA maintains communication between Matlab and the WARPLab IP core using the
WARPLab server application. The WARPLab server handles all the data transmissions
between the FPGA and the workstation and it can be used to trigger the wireless
transmission between boards running the WARPLab IP core. The WARPLab server
can be used to access FPGA’s registers, load and unload data from the WARPLab IP
core, configure radio cards and control other possible IP cores. In Figure 12 WARPLab
design communication flow can be seen from the workstation to the RF end. [34]

Figure 12. The WARPLab general purpose processor software defined radio architec-
ture.

The WARPLab framework can be used to prototype the PHY layer algorithms in the
Matlab m-code and load the samples into a transmit buffer in the WARPLab IP core.
After this, the loaded samples are transmitted in a real-time over-the-air using the radio
cards attached to hardware. The received samples can be read back to Matlab from the
WARPLab IP core receive buffer and processed offline. This will ease rapid prototyping
of the PHY layer algorithms. After the prototype of the PHY layer algorithm is ready
it can be implemented with the HDL and moved to run real-time on the FPGA. This
way the WARPLab framework can be used as the hybrid SDR, where part of the digital
signal processing is done in the FPGA and the rest by using Matlab. [8]

Summary of the related SDR platforms

Summary of the represented related SDR platforms features can be seen in Table 1.
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Table1.Softwaredefinedradioplatformssummarized.

GNURadio,USRP CRUSH WARP2/3 SORA OpenAirInterface
Hardware XilinxSpartan3A

1400FPGA
(Busseries),
XilinxSpartan
3A-DSP1800
(Embeddedand
Networkseries)

USRPN210,
ML605,
CustomInterface
Board

XilinxVirtex-6
FPGALX240T
(WARP3)
Virtex-4FPGA
(WARP2)

CustomRCB,
XilinxVirtex-5
FPGA

SPARCCPU,
Virtex-5FPGA

License GPL GPLv2 BSD MSRSoftware
RadioKit

N/A

Samplerate 64MSps,12bits
(BusandEmbedded
series),
100MSps14bits
(Networkseries)

100 MSps,14bits
(Networkseries)

100MSps, 12bits
(WARP3)
40MSpstypical,
supports up to
65 MSps,14bits
(WARP2)

Dependsonaused
RFend

In:125MSps,
Out:500MSps,
14bits

RF
Bandwidth

8MHz(Busseries),
25 MHz(Network
Series)

25MHz(N210) 40MHz 20MHz 40MHz

Frequency
Bands

Dependsonaused
daughterboard.
Possible
configurations
1-250MHz,
800-2300MHz,
2400-2500MHz,
4900-5900MHz

50–2200MHz 2400–2500MHz,
4900–5875MHz

2400-2500MHz,
4900-5875MHz

2400–2500MHz,
4900–5300MHz,
5400–5875MHz

MIMO 2x2(Busseries),
8x8(Embeddedse-
ries)

Abilitytoconnect
multiplesystems
togetherforMIMO

4x4(WARP2),
1x1(default),
additional
radiocardsviaFMC
(WARP3)

Dependsontheused
RFend

4x4and8x8

Programming
language

Python/C++
(GNURadio)

Python/C++
(GNURadio)
HDL,XilinxSysgen
(ML605)

HDL,XilinxSysgen
(FPGA),
C(MAC),
Matlab(WARPlab)

C,Assembly C(Applications),
HDL(FPGA)

Interfaces USB(Busseries),
GigabitEthernet
(Embeddedseries)

GigabitEthernet
(N210&ML605),
UART(ML605)

GigabitEthernet
(×2onWARP3)

PCIExpress PCIExpress

Public
repository

Git/wiki Git SVN/wiki MicrosoftResearch
website

SVN/wiki

Price 570-745
(Busseries),
1140-1320
(Embeddedseries),
1320-1490
(Networkseries)

1490 N210,
1350 ML605

6400 (Academic)
(WARP2),
3700 (Academic)
(WARP3)

1100 RCB,
380-1500
Radiomodule

10000
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3. PLATFORM

In this work, use of the Xilinx Virtex-6 FPGA powered ML605 development board with
the Nutaq Radio420S radio card as the software defined radio platform is presented.
The purpose of this work is to combine the digital signal processing power provided
by the Xilinx Virtex-6 FPGA to agile RF front end of the Nutaq Radio420S radio card.
The use of the Nutaq Radio420S radio card as the wireless transceiver on the SDR is
very interesting because of the state-of-the-art features and the hardware that it offers.
In this Chapter the both, Xilinx ML605 development board and the Nutaq Radio420S
radio card are introduced and in the end of the chapter the used tools and general FPGA
design process are went through.

3.1. Xilinx ML605 development board

ML605 is an evaluation board from Xilinx. It works as a base platform for developing
high-performance applications for markets such as wireless infrastructure. It is powered
by the Virtex-6 FPGA and includes features commonly used in embedded systems
design like, a 512 MB DDR3 small outline dual inline memory module (SODIMM), a
Tri-Mode Ethernet PHY, a general purpose I/O and an universal asynchronous receiver
transmitter (UART). The ML605 board also supports additional features to be added
through a FPGA mezzanine connector high- or low-pin count connector (LPC). The
Xilinx ML605 development board and its most used features in scope of this thesis are
represented in Figure 13. [5]

FMC HPC FMC LPC
Power switch Power plug

Virtex-6 FPGA
under the fan

512MB DDR3 Ethernet

USB UART
USB JTAG

Figure 13. Xilinx ML605 FPGA development board overview.
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3.1.1. Field-programmable gate array

The FPGA uses the concept of configurable logic blocks (CLB). The CLBs allows
optimal routing and configuration of the each logic block in the FPGA. In Figure 14 a
typical CLB is shown [35 p. 8]. The CLB has a look-up table that can be programmed
to carry out a required logical function. A d-type clocked flip-flop allows the CLB to be
configured as synchronous or asynchronous. An enabling signal is used to enable the
use of the logic block and programmed logical function from the LUT. After the CLB
is enabled the output signal or signals are generated from the input signals those carry
out a corresponding logical function from the LUT. [35 p. 6]

Loop-Up
Table
(LUT)

State

Output

Clock

Enable

Inputs

Figure 14. Typical configurable logic block.

The typical FPGA has thousands of different types configurable logic blocks. This
will allow complex devices to be implemented on a single chip. Other programmable
resources FPGA has are I/O blocks (IOB) and interconnection wires and switches. By
using these resources desired applications or logical functions can be implement on the
FPGA. Designed applications can also take the advantage of the hardware board where
the FPGA is attached. The FPGAs are reconfigurable, so they can be reprogrammed
after every use and when the design changes. This shortens the design cycle and makes
the use of the FPGAs very cost efficient and profitable to prototype platforms. The use
of the FPGA during the platform development phase reduces the continuous need to
recreate the physical chip. [35 p. 7][36 p. 105]

The internal architecture of the FPGA can be seen in Figure 15. The CLBs are
arranged in a two-dimensional array and the programmable interconnections are or-
ganized horizontally and vertically between them. On the sides of the matrix are I/O
blocks, which can be configured as the inputs or the outputs of the circuit. An embedded
block random-access memory (BRAM) is also available in most of the FPGAs on
today’s market. The BRAM allows on-chip memory for the design and it can be used
for example as a soft core processor cache. Number of these resources vary between
the different FPGAs. [36 p. 105-106] The Xilinx Virtex-6 FPGA resources can be seen
in Table 2 [37].

The Virtex-6 FPGA family is one of the most advanced FPGA families on the
market. It offers high-performance logic with digital signal processing and embedded
system design capabilities. The Virtex-6 FPGAs have static random access memory
(SRAM) type internal latches, those can store a customized configuration. Size of the
configuration can be between 26 MB to 177 MB, depending on the size of the device.
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The Virtex-6 look-up-tables can be configured either form one 6-input and a single
output 64-bit ROM or two 5-input 32-bit ROMs with separate outputs. The outputs of
these ROMs can be optionally registered as flip-flops by forming a slice. Two slices
form one CLB of the Virtex-6.

CLB

CLB

CLB

CLB

BRAM

BRAM

CLB CLB

IOB

IOB

IOB

IOB

IOB

IOB

IOB

IOB

IOB

IOB

IOB

IOB

IO
B

IO
B

IO
B

IO
B

IO
B

IO
B

IO
B

IO
B

IO
B

IO
B

IO
B

IO
B

Figure 15. Internal architecture of the FPGA.

Table 2. Virtex-6 XC6VLX240T-1FFG115 Features.
Logic Cells 241,152
Block RAM 14,976 kB
Digital signal processing Slices 768
Transceiver Count 24
Ethernet MACs 4
PCI Express R© Interface Gen2x8
I/O Pins 720
Temperature Range C (Commercial)

3.1.2. Power

The ML650 development board requires an external 12 V power supply. The SW2
power switch on the board is used to turn the ML605 board on and off. When the
ML605 board is installed alternatively into a PCIe slot of the workstation, it is powered
from the ATX power supply of the workstation. The external power supply should not
be used then. [5]

3.1.3. Memory

The ML605 board has a 512 MB DDR3 SODIMM by default, but it supports the
SODIMM till the size of 2 GB. The DDR3 is accessed by the FPGA via a multi-
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port memory controller (MPMC) and it can be used for user defined applications.
The MPMC supports SDRAM, DDR, DDR2, DDR3 and low power DDR (LPDDR)
memories. The FPGA also includes a 128 MB platform flash and a 32 MB byte
peripheral interface (BPI) linear flash and 8 kB of the inter-integrated circuit (IIC)
electrically erasable programmable read-only memory (EEPROM). The flash memories
are available for the FPGA’s configuration. The memory interface provides connections
to the DDR3 and DDR2 SDRAM, quad data rate II+ SRAM and a reduced-latency
dynamic random access memory (DRAM) II devices those can be used as an external
memories of the design. [5]

3.1.4. Xilinx ML605 I/O interfaces

In the following subsection the common I/O interfaces of the Xilinx ML605 develop-
ment platform are presented.

Universal serial bus joint test action group

The ML605 board configuration is provided via an on-board universal serial bus (USB)
to a joint test action group (JTAG) logic. The workstation access the ML605 JTAG chain
through a type-A (host) to a type-mini-B (ML605) USB cable. The JTAG interface
provides programming of the FPGA for the hardware configuration and hardware,
software debugging. The FPGA is programmed by downloading a bitstream on it using
the Xilinx iMPACT software. In addition, it also provides a debugging interface for
hardware using ChipScope Pro analyzer tool or for software using software debugger
such as Xilinx Microprocessor Debugger (XMD). The BPI linear flash can also be
programmed via USB JTAG by using the Xilinx iMPACT software. [5]

FPGA mezzanine card connection

The FPGA mezzanine card is a VITA standard for I/O mezzanine module connections
to the FPGA. The LPC and HPC FMC connections on the ML605 board are VITA 57
compliant. They provide a connection for any VITA 57 standard based card supporting
2.5 V I/Os, such as Nutaq Radio420X. VITA 57 modules have fixed pins for serial and
parallel I/Os, clocks, JTAG signals, VCC and a ground. [38, 6]

Ethernet

The Marvell Alaska PHY device is utilized for the ML605 board physical layer network
communications. It provides 10 MB/s, 100 MB/s or 1000 MB/s communications for
networking. The medium access control layer uses hardened Tri-Mode Ethernet medium
access control (TEMAC). TEMAC is designed respecting Institute of Electrical and
Electronics Engineers (IEEE) 802.3-2008 specifications. It supports half-duplex and
full-duplex operation and optional configuration to work with the full-duplex only. It
can be configured via an optional independent microprocessor-neutral-interface. [5, 39]
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Other interfaces

The ML605 board also offers other I/O devices such as push-buttons, dual in-line
package (DIP) switches, light-emitting diodes (LED) and a liquid crystal display (LCD)
display. These can be accessed by default via a general purpose input/output (GPIO) IP
core by using the MicroBlaze soft core processor. [5]

3.1.5. MicroBlaze soft core processor

The LogiCORE MicroBlaze micro controller system is a FPGA-based 32-bit reduced
instruction set computer (RISC) Harvard architecture soft processor. It is a highly
integrated standalone processor system and well suited for controller applications.
Program and data are stored into a local memory of the processor. Debugging is
provided via the MicroBlaze debug module (MDM) and standard set of the peripherals
are included. The peripherals include an interrupt controller, an UART, timers and
general purpose inputs and outputs. Figure 16 shows the MicroBlaze controller system.
[40]

MicroBlaze

ILMB DLMB

Local 
Memory Bus

Local 
Memory Bus

Block RAM
(Dual Port)

LMB BRAM
Interface Controller

LMB BRAM
Interface Controller

MicroBlaze
Debug Module

IO Module

Figure 16. MicroBlaze microcontroller system.

Local memory of MicroBlaze is implemented by using Block RAM and it is used for
data and program storage. The size of the local memory can be between 4 kB to 64 kB.
Local memory bus (LMB) and LMB BRAM interface controller are used to connect
the local memory to MicroBlaze. [40]

The MicroBlaze debug module (MDM) is used to to connect MicroBlaze debug logic
with the low level debugger XMD. Xilinx microprocessor debugger can be used to
download software, set break points, view register values and examine the memory
contents. [40]

The I/O module is a set of the commonly used I/O functions in the MicroBlaze
processor sub-system. These functions include instructions such as I/O bus read and
write, interrupts and UART data transmit and receive. The UART offers support for an
asynchronous serial data transfers control interface and it can be configured via internal
registers. The I/O bus provides a 32-bit wide bus interface to access external modules
using load and store instructions of MicroBlaze. The I/O bus is mapped to address
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range from 0xC0000000 to 0xFFFFFFFF in the processors memory space and it directly
reflects to the byte address used by processors load and store instructions. The I/O bus
also takes care of the different wait state needs by a ready handshake. [40]

3.2. Nutaq Radio420X radio card

The Radio420X FPGA mezzanine card, single-input single-output (SISO) model seen
in Figure 17, is a state-of-the-art multimode SDR RF transceiver module. It is designed
around the Lime Microsystems LMS6002D multistandard, multiband, single chip RF
transceiver. The LMS6002D RF transceiver supports broadband coverage and time- and
frequency-division full duplex modes of the operation. It has a selectable bandwidth
on-the-fly between 1.5 to 28 MHz and a frequency range from 300 MHz to 3 GHz. This
makes it suitable for a narrowband and broadband applications with channel selectivity.
The Radio420X provides VITA 57.1 standard based FMC connection that makes it
easily integrated with the FPGA development boards, such as the ML605 board. The
SISO version of the Radio420X connects to LPC pairs and the MIMO to HPC pairs of
the FMC bus. The summary of the Radio420X features can be seen in Table 3. [41]

Figure 17. Nutaq Radio420S (SISO) radio card.

Table 3. Nutaq Radio420X (SISO and MIMO) features.
Frequency range 300 MHz - 3 GHz

300 MHz - 1.6 GHz low band
1.5 GHz - 3.0 GHz high band

Bandwidth 1.5-28 MHz, selectable on-the-fly
Channel resolution 12 bits
SISO dual-band,

one channel
MIMO 2x2,

two channels
Possible operation modes Supports frequency- and time divi-

sion full duplex modes.
FPGA connectivity VITA 57.1 compliant
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The Radio420X FMC interface can be seen in Figure 18. The Radio420X IP core is
made by Nutaq and it was received with the Radio420S and the Radio420M cards. The
Radio420X IP core interface is excepting 12-bit wide multiplexed I and Q data stream
for transmission. To demultiplex this stream for the digital-to-analog converter, one
bit wide I/Q selection signal is needed, where logical 1 means I data and logical 0 Q
data. The analog-to-digital converter provides 12-bit wide received multiplexed data
stream and I/Q-select signal as an output. Both, the ADC and the DAC can run up to
40 MSP when a phase locked loop (PLL) is locked at the 81.92 MHz clock. For the
PLL clock generation an onboard 30.72 MHz crystal is used. The clock frequency of
the crystal can also be directly used as clock of the system when the PLL is bypassed.
The clock provided by the PLL is also shared through the FMC to the FPGA as the
reference clock for the logic. The LMS6002D transceiver chip, clock generator (PLL)
and RF end gain are all configurable via a serial peripheral interface (SPI) bus interface
provided by the Radio420X IP core. [41]
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Figure 18. Nutaq Radio420X FMC interface.

The more detailed image of the Lime LMS6002D transceiver chip RF path can
be seen in Figure 19. The LMS6002D generates the analog I and Q signals from
multiplexed transmission stream using DACs. These analog signals are filtered with
a transmit low pass filter (TXLPF) to remove a zero hold images generated by the
DAC. Filtered signals are amplified by a TXVGA1 and LO leakage DACs are used to
cancel the LO leakage. The transmit phase locked loop (TXPLL) mixes the filtered and
amplified I and Q signals to create a modulated RF signal that is split. Two separate
power amplifiers are used to amplify the split RF signals that are provided as an RF
output. [42]

On the receiver side, the LMS6002D provides three separate inputs for low noise
amplifiers (LNA)s. After the LNAs, the received RF signal is mixed with the receive
PLL (RXPLL) output to downconvert it to the baseband. The RXVGA1 IF amplifier
can be used to amplify the baseband signal before it is fed to RXLPF channel select
filter. The filtered I and Q signals are amplified by a programmable gain amplifier
(RXVGA2) and the DC offset is applied at input of the RXVGA2. The resulting analog
I and Q signals are converted digital using ADCs. The LMS6002D also provides an RF
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loop back option, that can be used to fed the transmitted RF signal back to the baseband
for testing and calibration. [42]

Figure 19. Lime LMS6002D RF path architecture.

3.3. Tools and programming

The last decade the embedded systems designing has quickly changed. This is caused
by two individual factors: hardware and software co-design and a dynamic and re-
configurable hardware architecture. A typical target architecture where this kind of
design methods are applied is a FPGA, where software running on a general-purpose
microprocessor is used to control the IP cores. The hardware description of the IP core
and the microprocessor software forms an overall system. Using the FPGA as a base
architecture for the embedded system offers a fast and a low-cost prototyping. [43]

When designing the system on the FPGA the logical functions need to be mapped on
a low-level logical blocks formed by the CLBs. In order to do this following processes
are carried out.

• Mapping: Logical function is mapped onto configurable logic block;

• Placement: Configurable logic block is placed on FPGA;

• Routing: Connections between configurable logic blocks are routed.

Today it is impossible to design complex devices by a hand. This is why a synthesis
software is used to turn higher level design language, such as VHDL or Verilog, into
logic functions. Design flow made by the synthesis tools is iterative and it includes
design optimization. Every manufacture has usually its own software and tools to
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program the FPGA. With these tools the application specific bitstream is made and
loaded into the FPGA’s internal memory. This bitstream contains configuration data for
the FPGA. [35 p. 10] [36 p. 109]

3.3.1. Embedded Development Kit

The Embedded Development Kit (EDK) from Xilinx provides a wide selection of design
tools and standard peripherals required to design and build embedded systems using
PowerPC or MicroBlaze soft processor solution. Both PowerPC and MicroBlaze soft
processor are implemented using a IBM CoreConnect bus architecture. [43]

The IBM CoreConnect bus architecture simplifies integration and reuse of the pro-
cessor, system, and the IP cores. The versatility of the CoreConnect bus architecture
allows designers to assemble custom designs using IP cores designed regarding to
CoreConnect bus specifications. This approach will solve performance, functional and
timing pattern issues and the designer can focus on a product and reduce the cost and
the time. The CoreConnect architecture has three buses, a 64-bit wide high-performance
prosessor local bus (PLB), to interface directly to GPP, a 32-bit wide on-chip peripheral
bus (OPB) for non-time critical peripherals interaction with GPP, and a device control
register (DCR) bus to reduce the OPB and the PLB buses bandwidth. The custom made
IP core connected to CoreConnect bus needs to meet requirements of the PLB or OPB
bus. [43]

To simplify the design process the EDK includes tools such as Integrated Software
Environment (ISE), PlanAhead design analysis software and ChipScope on-chip debug-
ger. The EDK also includes drivers and libraries, and GNU compiler and debugger for
C/C++ embedded software development. This way the EDK can be used to implement
the whole embedded processor system targeted to the Xilinx FPGA. The typical EDK
system design flow can be seen in Figure 20. [44]

Figure 20. Xilinx EDK embedded system design flow.
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3.3.2. Base System Builder

The Base System Builder (BSB) is the wizard part of the Xilinx Platform Studio to
create a foundation for the embedded project. It can be used to create rapidly and
efficiently a working base design that can be modified afterwards by the needs of the
final design. With the BSB designer can save time by automating a part of the hardware
configuration and software platform settings. The design can be configured from a
selected general purpose processor to an I/O interface. There is also a possibility to
add internal peripherals to the design. The BSB can be used with ready made Xilinx
development platforms, like ML605, and with custom made hardware boards like
WARP 3. [44, 33]

3.3.3. Xilinx Platform Studio

The Xilinx Platform Studio (XPS) in the EDK tool chain is used to develop hardware
platforms. The embedded system design can be done by combining together different
IP cores that communicate through the CoreConnect bus architecture using the XPS.
The XPS also provides possibility to use custom made IP cores, extending this way
the availability of the possible cores. Custom made IP cores can be made using Xilinx
System Generator or hardware description languages (HDL) such as VHDL and Verilog.
The IP cores parameters can be changed in the XPS enviroment. The XPS also allows
general purpose microprocessor configuration of the embedded system. [43, 44]

The XPS maintains the hardware platform in a high-level language form called the
microprocessor hardware specific (MHS) file. The MHS is a text file that contains
information, parameters, connections, address spaces and the bus architecture of the IP
cores included in the embedded design. The XPS uses platform generator to synthesize
the MHS file into a netlist for the ISE place and route process. At the end of the
ISE implementation flow, a bitsream for the FPGA configuration and the block RAM
memory map (BMM) for the software development kit are generated. The generated
bitstream can be loaded to the FPGA via a JTAG cable by using Xilinx iMPACT
software. [44, 45]

3.3.4. Software Development Kit

The Software Development Kit (SDK) is used for software development of the em-
bedded platform that is build using the XPS. The SDK is based on the open source
project called Eclipse, by Eclipse Foundation, and it is included in the EDK or available
to download as a stand-alone version. The SDK uses workspaces to handle different
software projects. The workspace contains information about project metadata and
project data itself. The software project created by the SDK can contain multiple source
code files and necessary header files. When compiling the software project with the
SDK it produces a binary output elf-file that can be downloaded to hardware via JTAG
cable by using XMD. [44]

To compile software with different drivers or libraries every project needs a board
support package (BSP) that includes the lowest layer of the application software stack.
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The BSP can be created for two different run-time environments: a standalone and
Xilkernel. The standalone environment is single-threaded and has basic features like
input and output interfaces and access to processors hardware registers. The Xilkernel
is a lightweight kernel that has a portable operating system interface for Unix (POSIX)
style features like scheduling, threads, synchronization, message passing and timers.
One software can have multiple BSP packages for the different target platforms. [44]

Target hardware for the software is defined by "hardware platform" that is the em-
bedded hardware design created by the XPS and the ISE. The "hardware platform"
definition includes the file that has description of the hardware in an extensible markup
language (XML) form, generated by the XPS and the block RAM memory map (BMM)
file from the ISE implementation flow. When XML and BMM files are imported to
the SDK, the SDK has information of the available hardware on the workspace. The
Workspace can contain multiple hardware definitions in purpose to compile the software
for the different architectures. [44]

3.3.5. System Generator

The Xilinx System Generator brings a Xilinx blockset to a Simulink environment to
enable the hardware design. With the Xilinx System Generator, higher level designs can
be synthesized into the FPGA logic. Using the System Generator generated IP cores
it is possible to include complex functions to the design, like a fast Fourier transform
(FFT). The System Generator can be used to create a complete design or prove a part
of it. It is also possible to use the System Generator to explore a specific algorithm
hardware realization behavioral, without compiling it into the hardware. [24]

The System Generator allows hardware designs to be assembled from different
blocks. The Simulink models, hardware design language (HDL) written code and
Matlab functions can be compiled into the hardware design. Simulation results given
by the System Generator matches exactly with the results obtained when the compiled
IP core runs on the FPGA. [24]

3.3.6. Modelsim

The Xilinx Platform Studio can be used to create a behavioral HDL model of the
implemented system. This behavioral model can then be simulated by using a HDL
simulation tool such as a digital ASIC simulation and verification tool Modelsim from
MentorGraphics. Modelsim can be used to model and simulate the Verilog and VHDL
hardware designs. Designs are simulated using a testbench HDL-file that contains a
test-case based behavioral information of the the design inputs. When the simulation is
run, the signals defined on the testbench are feed to the behavioral model of the design,
and its state changes and outputs can be easily inspected. Modelsim offers a graphical
user interface with a tool command language (TCL) scripting support and has a wide
amount of debugging capabilities. [45, 46, 47]
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4. IMPLEMENTATION

The WARPLab framework that functionality was described in section 2.2.4 was used to
turn the Xilinx ML605 development board and the Nutaq Radio420S card integration
into a general purpose processor software defined radio. The main purpose of WARPLab
was to verify that the integration between ML605 and the Nutaq Radio420S card
works, and that the new platform can be used for over-the-air communication. The
automatic gain control was also implemented to the final system, and finally, the
localization algorithm based on the double-thresholding for spectrum sensing, originally
implemented by Hänninen [48], was ported to be a part of the new base system design
and the platform.

4.1. The base system design

The Xilinx Base System Builder was used to create a foundation for the base system
design. The system interconnection type was selected to be the PLB since the original
Radio420X IP core from Nutaq was build around the PLB bus. Yet, this does not rule out
use of the newer AXI based bus system. The base design also needs a processor to run a
server for Ethernet communications between the ML605 board and a workstation. Since
the Xilinx Virtex-6 FPGA does not anymore include an embedded PowerPC processor
cores, the new MicroBlaze soft core processor was selected to be the main processor of
the design. The MicroBlaze soft core processor was run by a clock frequency of 100
MHz, generated by using a clock generator connected to a 200 MHz embedded crystal
on the ML605 board. For the Ethernet communication the tri-mode Ethernet MAC core
was added to the base system to handle the MAC layer Ethernet traffic. The speed of the
MAC layer Ethernet traffic was improved by using a LocalLink point-to-point interface
for TEMAC, which enables the TEMAC use without direct memory access.

Because of the large stack and heap requirements of the open source LightWeight IP
(lwIP) library, the double data rate type three memory was added to be main memory for
the heap and stack memories of MicroBlaze. The external multi-port memory controller
was connected directly to the MicroBlaze processor through Xilinx CacheLink to enable
the best performance and high speed data transfer between the DDR3 memory and
the MicroBlaze soft core processor. The Block RAM was again used for MicroBlazes
instruction and data caches via the local memory bus.

For debugging purposes the XPS 16550 UART core was added to communicate with
the ML605 board via USB UART. Also ChipScope cores were used for debugging
and probe the internal signals of the design via USB JTAG. The MicroBlaze debug
module was used with the Xilinx Microprocessor Debugger to directly read and write
register values from a MicroBlaze address space. It was also possible to use the XMD
to download the program to the MicroBlaze memory and program the processor. The
complete list of the base system main IP cores can be seen in Table 4.
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Table 4. Base system IP cores.

IP Core Description Task of the IP core
microblaze MicroBlaze Soft Core

Processor
Main CPU of the design.

plb_v46 Processor Local Bus 4.6 A system bus that connects IP
cores.

lmb_v10 Local Memory Bus Local memory bus for block
RAM.

lmb_bram_if_cntlr Block RAM controller Local memory bus block
RAM controller.

bram_block Block RAM block Block RAM for MicroBlaze
instruction and data caches.

clock_generator Clock generator Generates design clocks.
mdm MicroBlaze debug module Enables JTAG debugging for

MicroBlaze.
chipscope_ila ChipScope logic analyzer Monitors internal signals of

the design.
chipscope_vio Virtual Input/Output for

ChipScope
Monitors and drives internal
FPGA signals in real-time.

chipscope_icon ChipScope Controller Controller for ChipScope ILA
and VIO cores.

xps_uart16550 Universal Asynchronous
Receiver/Transmitter

Enables use of USB UART.

xps_ll_temac LocalLink Tri-Mode Ethernet
MAC

Ethernet core for networking.

xps_ll_fifo LocalLink FIFO LocalLink interface for
Tri-Mode Ethernet MAC.

mpmc Multi-Port Memory
Controller

DDR3 memory interface for
MicroBlaze.

4.2. The WARPLab design

For the new WARPLab system design, the modified WARPLab and Radio420X IP cores
were added to the base system design built earlier. Functionalities of these cores were
first verified by using a Modelsim buss functional model (BFM) simulation. After this,
the WARPLab server application was rewritten using lwIP stack and the WARPLab
Matlab m-code based client was modified to support the new rewritten server. The new
WARPLab framework based system design architecture can be seen in Figure 21. The
ML605 Virtex-6 FPGA runs the physical layer IP cores and the Matlab running in the
general purpose processor workstation is used for the WARPLab’s signal processing.
The ML605 board and the workstation are connected together via Ethernet. Also the
debugging interfaces are seen in Figure 21. The more detailed description of the changes
made for the WARPLab and Radio420X IP cores and the WARPLab server and client
applications are represented in the following subsections.
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Figure 21. The new WARPLab system architecture.

4.2.1. WARPLab IP core

The original WARPLab IP core was made by Rice University [49] and it was designed
for the WARP 2 board and its radio cards. To make it function with the Xilinx ML605
board, the Nutaq Radio420S card and the Nutaq Radio420X IP core, it was need to be
modified with the Xilinx System Generator. Modifications made for the WARPLab IP
core are summarized in Table 5. The original WARPLab IP core has separate outputs
for transmitted I and Q vectors and one I and Q buffer for each of its four antennas.
Since the Nutaq Radio420S card has only one antenna for TX and one for RX, extra
buffers of the WARPLab IP core were removed. The transmitted I and Q vectors were
also multiplexed at the TX end and vice versa demultiplexed on the receiver side, at the
RX end, to meet the Radio420X IP core interface requirements. For multiplexing and
demultiplexing an additional one bit I/Q select signal was added as an input and output
for WARPLab IP core, to keep track on the I and Q data. On the I/Q select signal the
logical one state meant I data input/output and the logical zero state Q data input/output.
Also an extra feature was added to the WARPLab IP core to adjust delay when the
receiver-logic starts, since on the original IP core there was only a possibility to adjust
the delay for the transmission.

Table 5. WARPLab IP core modifications.
Original WARPLab Modified WARPLab

Buffers 4 × TX buffer and
4 × RX buffer

1 × TX buffer and
1 × RX buffer

Radio card interface Separate 14-bit I and Q
signals

Multiplexed 12-bit I and
Q signals and 1-bit wide
I/Q select signal.

Adjustable RX delay No Yes
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4.2.2. Radio420X IP core

The original Nutaq Radio420X IP core made by Nutaq, was designed for the Xilinx
EDK 12.1 tools. Since the Xilinx tool set for this project was targeted to be the EDK
13.4 family, some modifications for the original Radio420X IP core were made to make
it function properly with the new design suite. The way that Xilinx PlanAhead treats
IDELAYCTRLs was changed between these two versions of the EDK and this caused
errors during a mapping phase while compiling the bitstream. To fix this, an IODELAY
group constrain was used to group the existing IDELAYCTRL instances from the
Radio420X IP core together and enable an automatic replication and placement. After
this the Radio420X IP core was able to synthesize, and do the place and route process
properly with the new Xilinx EDK 13.4 tools.

4.2.3. Buss functional model

At the early stage of the work, before the Nutaq Radio420S cards were received, the
Modelsim bus functional model was used to prove the build system and modifications.
Mainly communication between the modified WARPLab and the Nutaq Radio420X IP
cores and the MicroBlaze soft core processor was tested with the bus functional model
simulation. With the BFM simulation it was possible to verify that the IP cores and their
interactions work properly before adding them to be a part of the larger final system.

The base for the BFM simulation was created using the Xilinx XPS. The BFM base
design included only a minimum number of IP cores since it was used only for the simu-
lation. In order to enable the MicroBlaze processor and the PLB bus BFM simulation in
Modelsim, the IBM-developed on-chip bus-communication CoreConnect libraries had
to be compiled. When the libraries and the simulated design were compiled, a simple
C-language program and a VHDL test-bench were written to verify the functionality of
the MicroBlaze, WARPLab and Radio420X IP cores and the communication between
them. With the BFM it was possible to verify that the transmission launched by the
C-program running on the MicroBlaze soft core processor, triggered the WARPLab IP
core TX-end and started the I/Q samples transmission. This I/Q stream went through
the Radio420X IP core to its external ports, which would be connected to the FMC bus
pins in the real design.

4.2.4. WARPLab server and client applications

The original WARPLab server was written using the Xilnet library but it has been
deprecated since the EDK 10.1 and replaced by the lwIP library. The whole WARPLab
server was rewritten for the MicroBlaze soft core processor and the modified WARPLab
core, using the lwIP stack RAW application programming interface (API). There was
also possibility to use a socket API for lwIP but it required the use of Xilkernel. When
comparing the connection speed between the RAW and socket API, the ping time was
2-3 times longer between a workstation and ML605 when the socked API was used.
This is why the RAW API was selected for the server. With the lwIP RAW API a simple
user datagram protocol (UDP) based server was written to establish a communication
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between Matlab running on the workstation and ML605. Message format of the UDP
packets were based on an original WARPLab framework packet format. The WARPLab
framework UDP packet format can be seen in Tables 6 and 7.

Table 6. The request packet format of the WARPLab Matlab client.
Part
(32-bit value)

Description

Packet number Identifies a single packet in sequence of the
packets those are send to the server under the
same command.

Command ID value of the command that is used to rec-
ognize the executed command on the server
side.

Optional
argument

Included for commands those need an addi-
tional information, for example an offset how
far the RX-buffer is read.

Optional
data part

When writing to buffers the data part contains
sequence of the I and Q samples. Each 32-bit
word uses the 16 most significant bits (MSB)
for an I sample and the 16 least significant bits
(LSB) for a Q sample.

Table 7. The response packet format of the WARPLab server.
Part
(32-bit value)

Description

Packet number Identifies a single packet in sequence of the
packets those are sent from the server under
the same command.

ACK Tells if packet is acknowledged.
Command In the response packet command is copied

from the request packet. Tells which command
was executed on the server side.

Optional
argument

In the response packet, the argument is copied
from the request packet, if it exists. Tells addi-
tional arguments of the executed command.

Optional
data part

When reading from RX or TX buffers the data
part contains sequence of the I and Q samples.
Each 32-bit word uses the 16-MSB for an I
sample and the 16-LSB for a Q sample.

When the WARPLab client sends a packet to the WARPLab server, the server always
responds with a correct message packet, or with an error message packet, if the requested
command is not recognized on the server’s side. The WARPLab client can this way
used access registers of the WARPLab IP core and write and read values to/from them.
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The WARPLab client is running on Matlab by using a TCP/UDP/IP toolbox written
by Peter Rydesäter [50]. The WARPLab client requires an ability to send a synchroniza-
tion packet to all the boards on the network, to start their transmission and receiving
operations at the same time. The synchronization packet is send to the broadcast address,
so all the network nodes can get it at the same time. To be able to send the synchro-
nization packet to a broadcast address Linux needs permission to open a socket with a
broadcast option. However, this option was not included in the original TCP/UDP/IP
toolbox so it was added. Also the synchronization packet format was modified so that it
included a command to execute the waiting commands on the server side at the same
time. The WARPlab client was also modified to work with the modified TCP/UDP/IP
toolbox and the rewritten WARPLab server.

4.3. Automatic gain control

The automatic gain control algorithm was implemented to control the receiver side RX
gain on the ML605 board and the Nutaq Radio420S integration platform. The Nutaq
Radio420S radio transceiver chip Lime LMS6002D does not offer any received signal
strength indication (RSSI) as an output, so the received signal strength (RSS) estimation
is done from the received I or Q values using an averaging infinite impulse response
(IIR) filter,

yi+1 = (1− α)× yi + xi. (1)

In equation (1) yi+1 represents a next value of the estimated signal strength from the
received I or Q values, yi is a current value of the estimated signal strength and xi is the
current received I or Q value. The parameter α defines the timing constant of the IIR
filter. When α is small the computed average is good, but the response for fast changes
is slow. On the other hand, when the α is large, the IIR filter tracks the changes fast, but
quality of the average is lower. [9]

To adjust the gain according to the estimated signal strength value, Lime Microsys-
tems suggests that the estimated power should kept as close as possible to maximum,
i.e, -3 decibels relative to full scale (dBFs) [51]. The ADC and DAC are both 12-bit
wide so the maximum value for estimated average of the signal strength can be solved
from

10× log
MAXRSS

(211 − 1)
< −3dBFs. (2)

4.3.1. Implementation of the automatic gain control

Implementation of the automatic gain control was divided into two different IP cores.
The first IP core calculates the RSS value for the received signal and the second one
adjusts the gain according to this value via external control ports of the Radio420S IP
core.

The first IP core that calculates the RSS value, was created using the Xilinx System
Generator. The IP core calculates the RSS, using the IIR filter from the equation (1) and
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then compares it with the allowed maximum and the minimum RSS values stored on its
registers. If the calculated RSS value is higher than the maximum value in the register,
the RSS IP core instructs the AGC IP core to decrease the gain. If the RSS value is
lower than minimum value, the RSS IP core instructs the AGC IP core to increase the
gain. The RSS IP core is controllable via the registers seen in Table 8.

Table 8. The RSS IP core registers.
Address
(from the base address)

Bits Description

0x800 0 1 Disable and reset the RSS core.
0 Enable the RSS core.

0x804 0-31 Minimum value of the RSS.
0x808 0-31 Maximum value of the RSS.

The AGC IP core was created by using the Xilinx XPS Create and Import Peripheral
Wizard. The wizard creates a base for the IP core with the IBM CoreConnect PLB bus.
The rest of the AGC core was created by using VHDL. The AGC IP core acts like a
state-machine and its state transition chart and communication between the RSS IP core
can be seen in Figure 22. After the control instruction from the RSS IP core is received
the AGC IP core will increase or decrease the gain by adjusting the RXVGA1 and
RXVGA2 amplifiers in the Lime LMS6002D. When decreasing the gain the sequence to
adjust the amplifiers is RXVGA2, RXVGA1 and when increasing the gain the sequence
is opposite RXVGA1, RXVGA2, as Lime Microsystems suggests. Possible register
values for the RXVGA1 and RXVGA2 amplifiers are listed in Table 9. The RXVGA1
gain is not recommended to be adjusted above 10dB. [52]

Figure 22. The gain adjustment state diagram of the automatic gain control.

When the new amplifier value is ready, it is written to LMS6002D via the Radio420S
IP core. The AGC IP core controls the Radio420S IP core via its external control ports.
These external ports give access to the SPI buses that control the Nutaq Radio420S card.
To give an external control to the AGC IP core MicroBlaze writes to the corresponding
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register of the Radio420S IP core and releases the selected bus for the use of the AGC
IP core.

Table 9. RXVGA1 and RXVGA2 possible gain values.
Address Bits Description
0x76 7 Not used

6-0 VGA1 Gain:
1111000 = 30dB
1100110 = 19dB
0000010 = 5dB

0x65 7-5 Not used
4-0 VGA2 Gain in 3dB steps as

follows:
00000 = 0dB
00001 = 3dB
...
01001 = 27dB
01010 = 30dB
...
10011 = 57dB
10100 = 60dB

The SPI connection to the Nutaq Radio420S card via external ports of the Radio420S
IP core is controlled with the three signals: SpiData, SpiStart and SpiBusy seen in
Figure 23. To write a data to the Nutaq Radio420S card, the AGC must wait for an
inactive state of the SpiBusy signal. After this, the new data is placed to the SpiData
bus and the SpiStart signal is risen to request a bus for a data transmission. When
the data transmission is started, the SpiBusy signal is risen to logical 1 during the
transfer. When the transmission is over the SpiBusy falls down to logical 0 and the
new transmission can be started again, if required. [41]

Clock

FpgaExtCtrl

SPIDATA[15:0]

Busy

Start

FPGA control given

Bus Request

XXXX

Start SPI transfer End SPI transfer

...

...

...

...

...

Figure 23. SPI bus interface for the automatic gain control.

The AGC IP core also has registers those can be accessed via the PLB bus. These
registers can be used to configure the AGC IP core. The registers functionalities are
described in Table 10. The debug mode means that the AGC writes prewritten values
from the register 0x04 directly to Lime LMS6002D. The normal mode indicates that
the gain adjustment is based on control instruction from the RSS IP core.
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Table 10. The AGC IP core registers.
Address
(from base address)

Bits Description

0x00 0-1 Select mode
10 write value from register
(debug mode).
11 write value from AGC core
(normal mode).

4-19 Delay between SPI writes.
0x04 0- 5 First SPI data

(when debug mode 10).
16-31 Second SPI data

(when debug mode 10).
0x08 0-7 Initial value for RXVGA1.

10-15 Initial value for RXVGA2.
16-23 Max value for RXVGA2.
24-31 Min value for RXVGA2.

0x0C 12-15 0001 automatic gain control
based on RSS value
0010 manual gain control,
gain adjusted via push but-
tons.

4.4. Spectrum sensing algorithm

In existing wireless commercial systems spectrum usage is inefficient. Efficient spec-
trum use can be enabled in wireless communication systems via opportunistic spectrum
usage. It is based on the use of the blank frequency bands called "white spaces" on a
spectrum. Secondary users can temporarily use unoccupied bands if the primary user is
not interrupted. Sharing the spectrum with the primary user releases spectrum into a
more efficient use and allows transmissions to secondary users. In order to choose the
available frequency band secondary user needs to use the spectrum sensing and be able
to identify the primary users. [53]

The LAD spectrum sensing method does not need any a priori information about the
channel noise level or the detected signals. Instead, it assumes that the noise is Gaussian.
Even though this is not the case in the real life situation, it has been proven by the actual
radio channel measurements that the LAD method can function properly. [53]

4.4.1. LAD method

The LAD method is an iterative and low-complexity energy detection based spectrum
sensing method and it does not need a priori information about the signals or channel.
It applies an adaptive thresholding, which estimates an upper and a lower threshold by
applying the forward consecutive mean excision (FCME) algorithm
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Th = TCME × x2, (3)

for the current set of the samples x. In Equation (3), x2 is the average of the current
set sample energy and Th is the resulting threshold. TCME is the threshold parameter
defined as

TCME = − ln (PFA,DES), (4)

where PFA,DES is the desired clean sample rejection rate. PFA,DES rate tells how many
of the samples are above the final threshold Th in the noise-only case. [54]

After estimating the thresholds the LAD method classifies the contiguous samples
above the lower threshold together forming a cluster. The cluster is accepted to be a
signal if at least one of the samples on it is above the upper threshold. [55]

4.4.2. LAD ACC method

The original LAD method may have a drawback. In detection of the signal it may
separate one signal into two or more different signals if some of the samples are below
the lower threshold. The distortion can be reduced using the LAD with the adjacent
cluster combining (ACC) method. The ACC method is implemented by adding an extra
condition to the original LAD method. In this case two accepted clusters and samples
between them are considered as one signal and joined together, if they are separated by
n or less samples (n = 1,2,3,...). The bigger the n gets, the higher the probability that
the two adjacent clusters are combined is. The optimal value of the n depends on the
scenario and requirements what are used. The flow chart of the LAD and LAD ACC
method can be seen in Figure 24. [55]

4.4.3. Implementation of the LAD ACC method

The LAD method was originally implemented by Hänninen [48] on the Xilinx Virtex-II
Pro XC2VP70 FPGA. The original LAD method IP core structure can be seen in Figure
25. The FFT is used to do a power spectral density estimation. After this the PSD
samples are sorted to be in increasing order and the lower and upper thresholds are
calculated using the FCME algorithm. The LAD decision making algorithm compares
the PSD samples to the thresholds and stores the sensed spectrum to a shared memory.

Because of the Virtex-II Pro FPGA limited resources the FFT size of the original
LAD implementation was limited to 64-points. This lead to that the initial set of the
LAD algorithm (10% of the samples) became only 6 samples. Such a small initial set
makes the first average calculation inaccurate and iteration prone to errors. This leads
to an uncertain sensing of the band. Hänninen suggests that the FFT minimum size
should be 256-points to get the correct results for the spectrum sensing [48]. When
implementing the LAD ACC on ML605 and the Virtex-6 FPGA, the original LAD
design made by Hänninen was modified and enhanced. Modifications for the original
LAD method are listed on the following subsections and finally the new updated LAD
ACC IP core and the spectrum sensing system is represented.



46

Start

Calculate upper and lower thresholds
 using the FCME algorithm once 

Group adjacent samples exceeding the 
lower threshold into the same cluster 

Is the largest 
element of a cluster

 above the upper 
threshold? 

No Cluster is
ignored

Cluster is
accepted

Yes

Any clusters
left?

Yes

No

Are any two accepted
 clusters separated 

by n or less samples? 

These clusters and n samples are then
 joined together to form a one cluster 

Yes

No

The normal LAD method

The LAD ACC method

Stop

Stop

Figure 24. LAD and LAD ACC method flowcharts.
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Figure 25. The original LAD method IP core structure.
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Modifications for the FFT

The FFT block was upgraded to newer 7.1 version and its size was increased to 1024-
points. The FFT computation method was also changed from a pipelined streaming
architecture to a more lighter radix-2 lite burst architecture. Compared with the original
pipelined streaming architecture, the radix-2 lite uses less hardware resources, but the
transform duration is longer. The radix-2 lite uses a time-multiplexed approach for the
butterfly and it uses only one shared adder/subtractor for one complex multiplication.
Because of this, one complex multiplication is made in two clock cycles, where one
cycle is used for the real part and one for the imaginary part computation. Only
one output, real or complex, is generated on each cycle. For the FFT performance
optimization the complex multiplier was implemented by utilizing DSP48E1 slice from
the Virtex-6 FPGA. [56]

Modifications for the sorter

The sorter that the LAD method uses was changed from an insertion sort to a bubble
sort. The main reason for this was that a Xilinx Synthesis Technology (XST) synthesis
tool was unable to synthesis the 1024 samples large insertion sort from the available
VHDL code.

The bubble sorter, also known as an exchange sort was added to the design as a black
box block. The black box block enables use of the user made Verilog or VHDL custom
blocks. The bubble sorter block structure can be seen in Figure 26. The bubble sorter
consists of the consecutive bubble units. Each bubble unit consists of the 30-bit wide
comparator and two 30-bit wide registers, upper and lower, for the sorted values. The
bubble sorter used with the modified LAD method was generated from the 1024 bubble
units. On each clock cycle one new sample is fed into the bubble unit and it is compared
with the sample in the lower register of the unit. If the fed sample is larger than the
sample in the lower register, the lower register value is read into the upper register and
the new sample is placed in the lower register. If not, the new sample is read in the
upper register. The comparisons are made simultaneously on each bubble unit. After
the last value of the data is fed to the sorter, the sorting is completed and the values are
in increasing order in the sorter registers. The sorted values can be read back from the
output of the sorter by feeding the maximum value stored in the register of the sorter, as
an input for the sorter. [57 p. 40]

Comparator

Lower
Register

Upper
Register

Comparator

Lower
Register

Upper
Register

Bubble Unit Bubble Unit

data in ...

Figure 26. Architecture of the bubble sorter.
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Other modifications

Because of the increased size of the FFT and the sorter, also all registers of the LAD IP
core had to be increased to support the 1024 samples. The control logic of the FCME-
algorithm was modified to take more samples (10% of the samples) for the initial set
and the threshold computation. The radio card interface was upgraded to support the
Nutaq Radio420X IP core and the I and Q samples quantisation was modified for 12-bit
wide bit vectors.

Modifications for the timing

Since the original implementation of the LAD method is very delay sensitive, the delays
had to be fixed for the processing time of the new FFT, the sorter and the new register
sizes. Also the original LAD was designed to run with the 40 MHz clock frequency, on
the new design the clock came from the Nutaq Radio420S card and it’s frequency was
increased to the 81.92 MHz. To get the LAD work with the new timing requirements,
the critical path of the system was modified. The critical path of the design was the
upper and lower threshold Th calculation with the FCME-algorithm.

The original threshold calculation was unoptimized and it used two non-delayed
multiplication units. One multiplication unit was used to compute the average of the
current set sample energy x2. The average was computed by multiplying the sum of the
current set sample energy with the inversion of the current sample set size. The another
one was used to multiply the average x2 with the TCME threshold parameter. For the
optimized version, the multipliers were implemented by using 1 clock cycle delayed
DSP48 slices to reduce the slack and increase the performance. Also the multipliers
word lengths were reduced from the full to the 32-bits.

Implementation of the ACC method

The LAD method that Hänninen implemented used the original LAD algorithm. To
improve the spectrum sensing, the original LAD method was enhanced to the LAD with
the adjacent cluster combining. The LAD ACC method was implemented by adding
an adjacent cluster combining block after the LAD decision making. The ACC block
combines the accepted clusters as one if they are separated by five or less samples. The
ACC block was written in VHDL and was added as a black box in the original design.
It compares the clusters distances with simple logic implemented with a shift register
and NOR and AND logic gates. The whole ACC logic implementation can be seen in
Figure 27. The X/Y box in Figure 27 proves the boolean algebra from Equation (5)
with the AND and NOR logic gates. The input that the LAD ACC block takes is the
original LAD method output of the logical 1s and 0s. The control signals f1, f2, f3
and f4 controls the output of the multiplexer. When there is logical 1 in the end of the
shift register and at least in one other slots in the shift register, output of logical 1s is
produced. Logical 1s are produced as long as there is only one logical 1 in the final slot
of the shift register and rest of the shift register slots are logical 0s. If there is only one
logical 1 in the shift registers memory or the shift register memory is full of logical 0s,
the output of the ACC block is the same as the value stored in the final slot of the shift
register.
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f1 = SRG(5)× SRG(3)× SRG(4)

f2 = SRG(5)× SRG(2)× SRG(4)× SRG(3)

f3 = SRG(5)× SRG(1)× SRG(4)× SRG(3)× SRG(2)

f4 = SRG(5)× SRG(0)× SRG(4)× SRG(3)× SRG(2)× SRG(1)

(5)
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X/Y

output

Combinational logic
of AND and NOR gates

Shift register

R

input

Control signals and

SRG(0)
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Figure 27. ACC register transfer level logic diagram.

4.4.4. The final LAD ACC core and design

The final upgraded LAD ACC IP core structure can be seen in Figure 28. The FFT size
is upgraded from 64-points to 1024-points, and all the register values and the sorter
sizes are increased as well. The sorter itself is changed from the insertion sort to the
bubble sort. Also the ACC block is added after the LAD decision making. After this
the output from the ACC block is read to the shared memory where it is easy to access
and read with MicroBlaze.

For the final LAD ACC design the upgraded LAD ACC IP core and the automatic
gain control IP cores were added to the base system design earlier created for the
WARPLab framework. The final LAD ACC design architecture can be seen in Figure
29. The cores were connected to MicroBlaze using the CoreConnect PLB bus. A simple
LAD ACC server was written to read the LAD ACC spectrum sensing method results
from the ML605 board back to Matlab for the spectrum sensing visualization. The LAD
ACC server was based on the earlier rewritten WARPLab server.
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Figure 28. The new LAD ACC method IP core structure.

Figure 29. The new LAD ACC system architecture.
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5. MEASURED RESULTS

The measured real-life results done with the new SDR platform, are presented in this
chapter. To see that the ported WARPLab framework and the LAD ACC system works
properly on the new SDR platform, several test cases were run. In addition, also the
functionality of the implemented automatic gain control was proven. The OFDM
implementation for WARPLab by Technische Universität Darmstadt Secure Mobile
Networking Lab (SEEMO) [58] was used to confirm that the WARPLab framework has
been ported successfully and verify that the over-the-air communication between two
ML605 boards and Nutaq Radio420S cards works correctly.

For the automatic gain control verification the WARP 3 board was used to send
the OFDM packet stream that was received using the ML605 board and the Nutaq
Radio420S card. The received I and Q samples were feed to the RSS IP core. After this
Xilinx ChipScope was used to inspect does the RSS IP core trigger the AGC IP core. If
the AGC IP core triggered, the SPI messages to Radio420 IP core were captured using
ChipScope. From the SPI messages it was studied did the AGC IP core adjust the gain
as supposed. The gain adjustment was studied in a possible practical situations when
the Radio420S transceiver RX gain need to be increased or decreased.

For the LAD ACC system verification a signal generator and the WARP 3 board were
used as a signal source for an occupied spectrum. After this the ML605 board with
Nutaq Radio420S attached to it was used to sense the spectrum with the implemented
LAD ACC system. The commercial spectrum analyzer was used to observe the same
band as the LAD ACC for the reference. To verify that the LAD ACC method worked
it was studied that did the LAD ACC sense the signal and the OFDM-packet stream
spectrum usage correctly. Finally, the used FPGA resources of the both implemented
designs were measured and analyzed.

5.1. WARPLab system verification

For the WARPLab system verification the following setup was used:

• 2 × Xilinx ML605s and 2 × Nutaq Radio420S cards connected together;

• 2 × Antennas connected to Nutaq Radio420S cards TX and RX ports;

• 1 × PC workstation running Matlab with OFDM implementation for WARPLab;

• 1 × Cisco router connected to ML605s and PC workstation via Ethernet cables.

Both Xilinx ML605 boards had Nutaq Radio420S cards attached to them. After this
antennas were assembled on the Nutaq Radio420S cards’ front panel TX and RX ports.
Only two antennas were used in this test case because one ML605 worked as the
transmitter and the other one as the receiver. For the Ethernet connection between
the WARPLab client and server, Cisco router was used to connect the workstation
and ML605s together. The workstation was running the OFDM implementation for
WARPLab on Matlab as a client and the MicroBlaze soft core processors on the ML605
boards were running the WARPLab server code. The WARPLab server managed the
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read and write operations to the WARPLab IP core. The OFDM implementation for
WARPLab was used the to generate a random OFDM-packet stream that was transferred
to transmitting side ML605 WARPLab IP core transmission register via Ethernet. After
this the synchronization packet was send to both ML605s and the transmission and
receiving operations were started simultaneously. After the transmission was over, the
received samples were read through Ethernet back to Matlab from the WARPLab IP
core of the receiving side ML605 board.

The WARPLab OFDM implementation generates a random OFDM signal for the
transmission, demodulates the received signal and calculates an error rate. The generated
OFDM signal consist of OFDM pilot and data symbols. The symbol timing and the
carrier frequency offset estimation and correction for the received signal are done based
on the OFDM pilots. For the OFDM signal generation it is possible to change settings
such as the number of the OFDM pilots and data symbols and oversampling rate. For
upsampling and oversampling WAPRLab OFDM implementation uses a square-root
raised cosine (SRRC) filter which length and roll-off factor can be changed. Beside the
error rate calculation, the WARPLab OFDM implementation also plots the received
constellation points, the signal spectrum and the signal amplitude.

Measurement results in Table 11, were done with the following configuration. For
the generated OFDM signal the number of the OFDM pilot symbols was set to 14
and the number of the OFDM data symbols was set to 10. The number of the OFDM
pilots were increased to improve the received signal carrier frequency offset correction.
The SRRC filter length was left as its default: 64 points with the roll-off factor of 0.3.
Oversampling rate was also left as its default value 8. The generated OFDM signal was
upconverted from the baseband to avoid direct current (DC) attenuation. The modulation
type for the transmission was switched between quadrature phase-shift keying (QPSK),
16 quadrature amplitude modulation (16-QAM) and 64-QAM. All constellation points
for the measurements were Gray coded. Furthermore, different sampling frequency
rates: 15.36 MHz, 30.72 MHz and 40.96 MHz were used for the measurements. The
Radio420S TX and RX lowpass filter (LPF) was configured according to the different
sampling frequency. Any error correction was not used to improve the bit-error-rate
(BER) and the average BER was calculated from the measurements where the phase
error was corrected successfully.

From the Table 11 results can be seen that when using the smaller sampling frequency,
BER stays at the quite acceptable range with the fewer constellation points. It must
also be noticed that when using the sampling frequency of 15.36 MHz, the clock is
generated directly from the 30.72 MHz onboard crystal and bypassed via the PLL.
All the other clock frequencies are generated by the PLL. The reason for the BER to
increase with larger constellations is that the constellations points scatter quite much,
as seen in Figures 30, 31 and 32, where the received constellations points are marked
as green, erroneous constellations points as red and the excepted constellation points
as black. It seems that when using the onboard crystal as the acquisition clock for
LMS6002D, the constellations points scatter less than with the PLL generated clock.
Still, the constellations scatter plot looks quite similar than the ones on the paper [59],
where the WARPLab OFDM implementation was originally used for the measurements.

However, these results prove that the over-the-air communication between two ML605
boards with the integrated Nutaq Radio420S cards is possible. Also these results prove
that the WARPLab framework was successfully ported on this new SDR platform. It
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must also be taken into account when looking at the measurement results that the Nutaq
Radio420S card and the WARPLab OFDM implementation settings might not have been
the most optimal for each of the measurement cases. By adjusting the settings more into
a correct direction the scatter could possibly be reduced and the BER could be improve
even more. The Radio420X reference design from the Nutaq and the Lime LMS6002D
Programming and calibration guide [52] offers features for TX LO leakage, TX single
side band and RF front end DC calibration, that could be used to achieve better results.
However, use of these functionalities requires the transmission to be on the baseband,
and the calibration is done during the transmission. Because of this requirement they
can not be used directly with the current WARPLab design and the framework, since
the transmission time is so short that there is no time for the calibration phase.

Table 11. WARPLab OFDM implementation measurement results.
Sampling
frequency

TX/RX
LPF

Upconversion Modulation Average
BER

15.36 MHz 7 MHz 2.8 MHz
QPSK 0.00%
16-QAM 0.43%
64-QAM 3.12%

30.72 MHz 10 MHz 3.0 MHz
QPSK 0.03%
16-QAM 0.66%
64-QAM 5.25%

40.96 MHz 14 MHz 4.0 MHz
QPSK 0.20%
16-QAM 0.95%
64-QAM 5.25%
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Figure 30. 16-QAM over-the-air transmission result with the sampling frequency of
15.36 MHz and the BER of 0.00%.
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Figure 31. 16-QAM over-the-air transmission result with the sampling frequency of
30.72 MHz and the BER of 0.078%.
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Figure 32. 16-QAM over-the-air transmission result with the sampling frequency of
40.96 MHz and the BER of 0.156%.
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5.2. Automatic gain control verification

For the AGC algorithm verification the following setup was used:

• 1 × Xilinx ML605 and 1 × Nutaq Radio420S card connected together;

• 1 × WARP 3 board running the OFDM reference design;

• 1 × Antenna connected to Nutaq Radio420S card RX port;

• 1 × PC workstation running Xilinx ChipScope.

The Automatic Gain Control was verified by setting Nutaq Radio420S attached to
ML605 to listen a WLAN channel where the WARP 3 board was adjusted to send a
signal. For the measurements the WARP 3 board was used to send a dummy OFDM
packet stream to the channel. The AGC block was studied to see if it is able to increase
and decrease the gain if the OFDM packet stream transmission got too strong or too
weak. From the equation (2) was solved that the maximum value for the RSS is 1024, if
the -3 dBFs is wanted to achieve.

For the measurements, the maximum value of the RSS was set to 768. This is little
lower than the computed value 1024. If the computed maximum value 1024 was used
the received signal clipped because it was amplified too much. This indicated that the
maximum RSS value was set too high. The minimum value of the RSS was set to 144.
The AGC effects to received signals can be seen in Figures 34 and 36. In these figures
the received signals I values are plotted as blue and Q values as red and the yellow
line indicates the computed RSS value. Figures 33 and 35 show the corresponding SPI
transfer sequences to external ports of the Radio420X IP core when the RSS IP core
triggers the AGC IP core.

In Figure 33 it can be seen that when the SPIstart signal is risen, the new data is
placed on the SPIdata bus, after this the SPIbusy signal rises and the transfer begins.
When increasing the gain second time the SPIdata first 8-bits "11100101" shows that
the RXVGA2 address 0x65 is written new value contained in last 8-bits "0000010".
The "0000010" refers to 6 dB, so in this case the RXVGA2 gain is increased from 3
dB to 6 dB and the resulting gain increment can be seen in Figure 34 where the latter
OFDM-packet is stronger than the first one.

In Figure 35 the SPI message "11110110", 0x76 as hexadecimal, indicates that the
new value of "0000010" is written to the RXVGA1 address. The bit pattern "0000010"
in this case indicates the mixer gain of 5 dB, so the RXVGA1 gain is decreased by 14
dB. The resulting gain decrement can be seen in Figure 36 where the signal strength of
the latter OFDM-packet is damped.

Figure 33. SPI interface communication when the gain is increased.
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Gain increased

Figure 34. Signal value change when the gain is increased.

Figure 35. SPI interface communication when the gain is decreased.

Gain decreased

Figure 36. Signal value change when the gain is decreased.
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5.3. LAD ACC system verification

For the LAD ACC method verification the following setup was used:

• 1 × Xilinx ML605 and 1 × Nutaq Radio420S cards connected together;

• 1 × WARP 3 board running the OFDM reference design;

• 1 × Agilent E4438C Vector signal generator;

• 1 × HP 8594E Spectrum Analyzer 9 kHz - 2.9 GHz;

• 1 × Antenna connected to Nutaq Radio420S card RX port;

• 1 × PC workstation running Matlab for results visualization.

The LAD ACC spectrum sensing method verification was done by listening to an
occupied WLAN channel using ML605 with the Nutaq Radio420S radio card attached
to it. An OFDM-packet stream from the WARP 3 board and a signal generated by the
signal generator were used as the signal source for the LAD ACC spectrum sensing
method. The WARP 3 board was used to send a random OFDM-packet stream to the
same WLAN channel that the Nutaq Radio420S radio card was listening. Alternatively,
the Agilent signal generator was used to create a 2 MHz wide signal to the WLAN
channel. The Nutaq Radio420S radio card was used to listen the selected WLAN
channel and the received signal I and Q samples were feed to the LAD ACC IP core for
the spectrum sensing. The LAD ACC processed the I and Q samples and the spectrum
sensing results were read via Ethernet to Matlab for the visualization. For the reference
the commercial spectrum analyzer was used to sense the same frequency band that the
LAD ACC listened.

The LAD ACC spectrum sensing cycle starts when the LAD ACC server software is
started. After this, Matlab can be used to poll the LAD ACC IP core LAD_ready reg-
ister to see if the LAD ACC spectrum sensing cycle is finished. When the LAD_ready
register has a logical 1 written on it, Matlab can be used to read the LAD_result
and LAD_FFT registers via Ethernet. The LAD_ready register contains the sensed
spectrum, where logical 1 means a band with a signal occupancy and logical 0 a white
space in the spectrum. The LAD_FFT register contains power spectral density of the
LAD ACC as the LAD ACC algorithm sees it. Also the computed upper and lower
thresholds are read to Matlab. After the LAD ACC results are received to the Matlab
workspace, the LAD ACC spectrum sensing cycle is restarted by sending a LAD_start
command to ML605 via Ethernet. Matlab plots the received LAD ACC data, the PSD
and the upper and lower thresholds for the visualization. After this Matlab starts polling
the LAD_ready register for next spectrum sensing results and the cycle continues until
it is manually stopped. While the LAD ACC spectrum sensing cycle was running the
Agilent signal generator was used to move the generated signal through the frequency
band to see if the LAD ACC is able to find it. Furthermore, the WARP 3 board was used
to generate the OFDM packet stream and it was studied that did the LAD ACC sense
the occupied bandwidth of the packet stream. The read PSD from the LAD_FFT
register was feed to the LAD Matlab scrip made by Vartiainen [10] for the LAD result
comparison.
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The LAD ACC spectrum sensign result can be seen in Figure 37. In Figure 37 the blue
area represents occupied spectrum sensed by the LAD ACC logic running on ML605.
The Red line indicates the PSD spectrum read from the LAD_FFT register. The green
line is the upper threshold and the yellow line the lower threshold computed by the LAD
ACC. From Figure 37 it can be seen that the LAD ACC is able to sense the occupied
spectrum generated by the OFDM packet stream from the WARP 3 board and the signal
from signal generator successfully. The WARP 3 board is set to send a OFDM packet
stream to the WLAN channel 12, at 2467 MHz, and the signal generator is set on the
frequency 2458 MHz. The LAD ACC can successfully see the occupied and unoccupied
bands. Tables 12 and 13 represent the upper and lower threshold results computed by
the LAD ACC on ML605 and the LAD Matlab m-code, made by Vartiainen [10] for
different signals. In Table 12 the signal source is the WARP 3 board and in Table 13 the
signal source is the signal generator with a varying amplitude. Results represented in
Tables 12 and 13 are very close to each other and the slight difference can be explained
by the fact that the LAD ACC uses fixed point numbers to calculate the upper and lower
threshold and the LAD m-code uses double precision numbers on Matlab. Figure 37
and Tables 12 and 13 prove that the hardware implementation of the LAD ACC method
works as excepted. However, the upper and lower thresholds are slightly low, so the
LAD ACC is prone to errors since it can easily detect small false spikes on spectrum,
those are above the upper threshold, as the signal. This could be reduced using the
higher thresholds by lowering the clean sample rejection rate in practice.
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Figure 37. The LAD ACC OFDM packet stream and signal generated by signal
generator spectrum sensing result.
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Table 12. The ML605 LAD ACC and the LAD Matlab m-code upper and lower
threshold comparison.

WLAN
Channel

Upper threshold Lower threshold

ML605
LAD ACC

Matlab
LAD m-code

ML605
LAD ACC

Matlab
LAD m-code

11 0.0150 0.015069 0.0031 0.0030813
12 0.0241 0.024132 0.0022 0.0021638
13 0.0368 0.037634 0.0038 0.0036849

Table 13. The ML605 LAD ACC and the LAD Matlab m-code upper and lower
threshold comparison.

Signal
Amplitude
(dBm)

Upper threshold Lower threshold

ML605
LAD ACC

Matlab
LAD m-code

ML605
LAD ACC

Matlab
LAD m-code

10 0.0067 0.0067060 0.0012 0.0012166
5 0.0032 0.0032242 0.00064474 0.0006488
0 0.0024 0.0023928 0.00058097 0.00058206
-5 0.0024 0.0023 0.00056958 0.00057056
-10 0.0023 0.0023265 0.00058465 0.00058578

5.4. FPGA resources

Used FPGA resources for the WARPLab design and the LAD ACC design with the AGC
can be seen in Table 14. The table shows the number of the available resources in the
Virtex-6 FPGA and the number and the percent of the occupied resources. According
to this table the implemented LAD ACC design with the AGC is much larger than
the implemented WARPLab design. This makes sense since the LAD ACC IP core
logic is much more complex than the WARPLab IP core logic. Since the WARPLab
design leaves most of the FPGA resources free, the implemented WARPLab design
could be used as a base for the real-time wireless algorithm development by moving
algorithm implemented on Matlab piece by piece to run real time on the FPGA by
using the available resources. The LAD ACC IP core should be optimized more to
get it fit better to a real-time cognitive radio physical layer. Good ways to start the
LAD ACC optimization is to reduce the FFT size to 256 that Hänninen [48] originally
suggested. This would also reduce the used sorter and register sizes. However, in
real life an adaptive FFT size may be required since the signal may have a variable
bandwidth depending on a channel conditions and the available spectrum. The sorter
could be also removed totally from the LAD ACC implementation, by using a LAD
with normalized thresholds (LAD NT) method for threshold computation. The LAD
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NT method computes a signal sample mean once from the whole set of the PSD
samples such that the sorting is not needed. After this, the LAD NT method uses fixing
coefficients to compute the upper and lower thresholds from the signal sample mean
[53].

The large RAMB36E1/FIFO36E1 usage number of the WARPLab design is caused
by the larger ChipScope buffer, 16384 samples, that it uses. On the LAD ACC design
with the AGC logic, ChipScope buffer was reduced to 4096 samples. The ChipScope
was used only for debugging purposes, so it could be completely removed from the
final design.

Table 14. Utilized FPGA resources.

WARPLab design LAD ACC & AGC design
Resource Available Used Utilization Used Utilization
Slice Registers 301440 15781 5% 77735 25%
Slice LUTs 150720 14619 9% 56121 37%
Occupied Slices 37680 7791 20% 19554 51%
Bonded IOBs 600 161 26% 160 26%
RAMB36E1/FIFO36E1s 416 338 81% 49 11%
RAMB18E1/FIFO18E1s 832 10 1% 29 3%
BUFG/BUFGCTRLs 32 10 31% 10 31%
ILOGICE1/ISERDESE1s 720 56 7% 56 7%
OLOGICE1/OSERDESE1s 720 107 14% 107 14%
BSCANs 4 2 50% 2 5%
BUFIODQSs 72 6 8% 6 8%
BUFRs 36 4 11% 4 11%
DSP48E1s 768 21 2% 51 6%
IDELAYCTRLs 18 5 27% 5 27%
IODELAYE1s 720 83 11% 83 11%
MMCM_ADVs 12 3 25% 3 25%
STARTUPs 1 1 100% 1 100%
TEMAC_SINGLEs 4 1 25% 1 25%
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6. DISCUSSION

This thesis studied the use of the Xilinx ML605 FPGA development platform and
the Nutaq Radio420S card integration as the software defined radio platform, porting
offline and real-time SDR applications for it. WARPLab was chosen as aspect of the
offline application since it is easy to use verify over-the-air communication between two
ML605 boards. The LAD ACC method acted as a real-time physical layer algorithm
implementation with the automatic gain control. The LAD ACC method and the AGC
implementations taught a lot about the physical layer algorithm development process
for the FPGA development board.

The WARPLab framework was used to verify the wireless communication be-
tween two ML605s and Nutaq Radio420S radio cards with the WARPLab OFDM-
implementation. The results represented on the chapter 5.1 prove that the over-the-air
communication between two ML605s works and that the WARPLab framework has
been successfully ported to the new SDR platform. However, by looking at the con-
stellation points in Figures 30, 31 and 32, it can be seen that the single transmitted
symbols scatter quite much, especially when the PLL generated clock is used. To
improve the transmission and symbols scattering, the more optimal Radio420S and the
WARPLab OFDM-implementation settings should be found. As said earlier, Nutaq
reference design and Lime LMS6002D programming and Programming and calibration
guide [52] offers calibration techniques those should be studied more, and should be
tried to implement to work with the new WARPLab design and framework. The biggest
challenge to use those calibration techniques is that they require the transmitted signal
to be on the baseband before the calibration can be started and successfully calibration
result is achieved. The WARPLab framework should be modified in a way that it first
sends the data on the loop to calibrate Radio420S and after this the actual WARPLab
transmission could be started.

The AGC implementation was verified to work by studying if it is able to increase
and decrease the receiver side gain when the received signal is too weak or too strong
compared to set maximum and minimum RSS values. The results represented on the
chapter 5.2 prove that the AGC works as it should. Still, there is a possibility that the
AGC does not found the satisfying values for the RXVGA1 and RXVGA2 amplifiers
and it will be stuck on the loop where it increases and decreases the gain continuously.
This problem could be avoided by setting the limit how many times the AGC is allowed
to adjust the gain. Another possible solution for this could be to set the RXVGA1 and
RXVGA2 gains at the maximum level when the system is started and allow the AGC
only decrease the gain to the satisfying level. The gain should never be increased on
this case and the loop is avoided. Another thing to do with the AGC is the add support
to adjust the LNA3 gain. Lime Microsystems [51] originally suggested that the gain
should be increased in order RXVGA1, RXVGA2 and LNA3, and decreased in order
LNA3, RXVGA2 and RXVGA1. However, an option to adjust also the LNA3 gain was
left out because when adjusting the LNA3 gain by writing to the corresponding LNA3
register the received signal got disturbed. This might have been caused by a possible
overwrite of the LO bias and a termination resistor value defined on the same register
than the LNA3 gain or a too small delay between the LNA3 setting time and the next
SPI write.
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TheLADACCspectrumsensingmethodwasanenhancedversionoftheoriginal
LADmethodimplementedbyHänninen[48]ontheWARP1board.Hänninendiscussed
onhisthesisthattheFFTlengthheusedwastoosmall,just64-points.Fortheenhanced
LADACCmethod,theFFTlengthwasincreasedto1024-points.AlsotheACC-logic
wasimplementedtobethepartoftheLADmethod.WhentheFFTlengthwasincreased
to1024-pointstheinitialsetsizealsoincreasedto102samples.Theresultsrepresented
onthechapter5.3provethattheLADACCwasabletosensetheoccupiedspectrum
causedbytheOFDM-packetstreamandthesignalgenerator. However,whenthe
measurementsfortheLADACCmethodweredone,thecomputedthresholdswerevery
low.ThisyieldedtothatthatevensmallpeaksonthePSDwereconsideredasasignal
althoughtheywerenot.Thisproblemwasstudiedanditwasnoticedthattheoriginal
LADMatlabm-code,madebyVartiainen[10]computedthethresholdstobeexactthe
samethantheFPGArealizationifthesamePSDwasfedintoit.Intheotherwords,
thelowthresholdswerecausedbythePSDcomputedbythehardwarerealizationofthe
FFT.TheproblemwastriedtofixbyusingdifferentscalingschedulesfortheFFT.The
scalingscheduledetermineshowmuchthedataisscaledoneachstageoftheFFT.On
thesimulationsitwasnoticedthattheFFTgavethebestPSDresultwhenthescaling
scheduleofthe0swasused.Thiswasthesamethatifnoscalingschedulewasnotused
atall,sofixingthePSDbyusingadifferentscalingscheduledidnotworked.However,
thequicksolutiontofixthisproblemwastoincreasetheTCMEthresholdparameter
byloweringthePFA,DEScleansamplerejectionrate.Thissolutionincreasedthefinal
thresholdsandmadethespectrumsensingmorereliable.
ThefuturedevelopmentoftheXilinxML605developmentboardandtheNutaq
Radio420ScardcouldincludeswitchingfromtheoldPLBbustoanewerAXIbased
bussystem.ThisrequireschangestothecodesincethePLBbususesbigendianbyte
orderingandtheAXI-buslittleendianorder.Still,thischangewouldallowtousethe
newerAXIbusbasedRadio420XIPcoreanddriversfromNutaq.Thesedriversand
theIPcorewerenotavailablewhenthisthesiswasstarted.ThenewerNutaqdrivers
aremorereliableandtheywouldalsoeasetheuseoftheRadio420MMIMOcardand
buildoftheWARPLabMIMOdesign.Inaddition,forthefuturedevelopment,the
Radio420Scalibrationshouldbestudiedandmaybethemoreoptimalsettingsforthe
wirelesstransmissioncouldbefound,theAGCshouldbemodifiedtosupportalsothe
LNA3gainadjustmentandthereasonablecleansamplerejectionratefortheLADACC
shouldbefoundortheFFTthattheLADACCusedshouldbestudiedmore.
Overall,thenewSDRplatformformedbyXilinxML605andtheNutaqRadio420S
cardwasproventowork.Thisnewplatformcouldbeconsideredtobeusedasa
real-timecognitiveradiodevelopmenttestbed.Inthefuturethisplatformcouldrunasa
baseforthereal-timecognitiveradiowithalreadyimplementedPHYlayerapplications,
theLADACCspectrumsensingandtheAGCincludedonit.TheWARPLabimplemen-
tationcouldbeusedforGPP-SDRpurposeswherethesystemisdevelopmentinMatlab
anditsperformanceismeasuredusingrealphysicalchannels.Ifthenewplatformis
comparedtootherrelatedapplicationssummarizedearlierinTable1,thisplatform
wouldhavethewidestfrequencyrangewiththeon-the-flyselectablebandwidthupto
28MHz,40MSpssamplerate,supportedinterfacesPCIeandGigabitEthernetandprice
around2650-5950 (ML6051350 ,NutaqRadio420S2300,NutaqRadio420M
4600 ). Withthepricerangeandfeaturesofferedbythisnewplatform,itcould
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be considered quite competitive compared to the other SDR platforms, especially the
GPP-SDR ones represented earlier in section 2.2.4.
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7. SUMMARY

The use of the Xilinx ML605 FPGA development board and the Nutaq Radio420S radio
card integration as the software defined radio platform was studied in this thesis. The
new platform was inspected as a base for both offline and real-time SDR applications.
First, SDR platforms and their history were studied in general and the related SDR
platforms and applications were introduced. After this the used hardware, Xilinx ML605
and Nutaq Radio420S radio card, were represented. Also the used development tools
and the FPGA design process were went through.

In the implementation part the implemented offline and real-time SDR applications
and the design phases were introduced. The WARPLab framework was used to turn
the ML605 and Nutaq Radio420S as the GPP-SDR. The WARPLab framework was
originally designed by Rice University for the Wireless Open-Access Research Plat-
form hardware. The WARPLab combines ease of the Matlab signal processing and
capabilities of the WARP hardware allowing the fast physical layer algorithm proto-
typing and development. The new implemented design combined the ease of Matlab
with capabilities of the Xilinx ML605 and the state-of-the-art radio transceiver Nutaq
Radio420S. In the scope of this thesis the WARPLab was used to study the over-the-air
communication between ML605s with the Nutaq Radio420S cards. Second, the simple
automatic gain control method was implemented to support the new SDR platform
and adjust the Nutaq Radio420S radio transceiver gain. The AGC implementation was
done by thinking of the future real-time application development for the PHY layer.
Finally, in the scope of this thesis, the real-time spectrum sensing application based
on the localization algorithm based on double-thresholding with the adjacent cluster
combining was ported and implemented to run real-time on the ML605 board and the
Nutaq Radio420S card. The original LAD algorithm was implemented by Hänninen
[48] for the WARP 1 board. For this thesis, the LAD algorithm was enhanced and
improved to take full advantage of the Xilinx ML605 development board resources
and to fix issues those Hänninen discussed on his thesis. One of these issues was that
the WARP generation one board was only able to run 64-point fast Fourier transform,
that decreased the performance of the original LAD method implementation. The FFT
length that the new and enhanced LAD ACC implementation used was 1024-point.

After the implementation part, the real-life test cases were run on the designed
systems. The measurements included verification that the designs worked as supposed.
The WARPLab framework was verified by using the WARPLab OFDM implementation
[58]. For the AGC simple test cases were run to see if it is able to increase and decrease
the gain when the received signal got too strong or weak. The LAD ACC was verified
by using the signal generator and the dummy OFDM-packet stream to see if it is able to
sense the occupied bandwidth they used. The signals were moved around the frequency
band and their amplitude was changed during the measurements to be sure that the
LAD ACC method works. The LAD ACC measurement results were compared with
the LAD Matlab m-code computed results to see if they match.

The real-life measurements proved that the implementations were done correctly and
that they worked. Still, there were some issues discussed for the future development
in Chapter 6. The Radio420S calibration should be studied and the ported WARPLab
framework should be improved to support the calibration phase of Radio420S. For the
AGC there was a possibility to get stuck on the loop where the gain is continuously
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changed and the detection thresholds the LAD ACC method computed stayed very
low. However, the fixes for these known problems were introduced. Also the future
development points for the whole system were presented, like moving from the old PLB
bus to the newer AXI bus and the advantages of these were discussed.
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