
An 8 GHz Ultra Wideband Transceiver Testbed

by

Deepak Agarwal

Thesis submitted to the Faculty of the

Virginia Polytechnic Institute and State University

in partial ful�llment of the requirements for the degree of

Master of Science

in

Computer Engineering

Dr. Peter M. Athanas, Chair

Dr. Steven W. Ellingson

Dr. Cameron D. Patterson

October 7, 2005

Blacksburg, Virginia

Keywords: ultra-wideband, software radio, FPGA, high-spe ed datapath

Copyright 2005, Deepak Agarwal



An 8 GHz Ultra Wideband Transceiver Testbed

Deepak Agarwal

(ABSTRACT)

Software de�ned radios have the potential of changing the fu ndamental usage model

of wireless communications devices, but the capabilities o f these transceivers are of-

ten limited by the speed of the underlying processors and FPG As. This thesis presents

the digital design for an impulse-based ultra wideband comm unication system capa-

ble of supporting raw data rates of up to 100 MB/s. The transce iver is being developed

using software/recon�gurable radio concepts and will be im plemented using commer-

cially available off-the-shelf components. The receiver u ses eight 1 GHz ADCs to

perform time interleaved sampling at an aggregate rate of 8 G samples/s. The high

sampling rates present extraordinary demands on the down-c onversion resources.

Samples are captured by the high-speed ADC and processed usi ng a Xilinx Virtex-

II Pro ( XC2VP70 ) FPGA. The testbed has two components: a non real-time part

for data capture and signal acquisition, and a real-time par t for data demodulation

and signal processing. The overall objective is to demonstr ate a testbed that will al-

low researchers to evaluate different UWB modulation, mult iple access, and coding

schemes. As proof-of-concept, a scaled down prototype rece iver which utilized 2 ADCs

and a Xilinx Virtex-II Pro ( XC2VP30 ) FPGA was fabricated and tested.
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Chapter 1

Introduction

1.1 Overview of Ultra Wideband (UWB) Radio

Ultra wideband (UWB) is a fast emerging technology with uniq ue features that make

it an attractive alternative for a variety of short-range hi gh data rate applications. An

ultra wideband system can be broadly classi�ed as any commun ication system whose

instantaneous bandwidth is many times greater than the mini mum required to de-

liver a particular information rate. Despite the renewed in terest in the last decade,

UWB systems have a long history of use in military applicatio ns and radio. The basic

research in this �eld was done in 1960s by Gerald Ross [3] whil e working for Sperry

Rand Corporation, who was granted the pioneering patent for a UWB transceiver in

1973 [4]. Hence this technology has been around for more than 30 years. However,

1
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the scarce bandwidth resources meant that the inef�cient us e of bandwidth relegated

UWB systems to experimental work for a very long time. This ch anged with the FCC's

2002 First Report and Order (R&O) [5] that released huge spec tral range between 3.6-

10.1 GHz at the noise �oor for UWB applications. In this appro ved frequency range,

the UWB radios can coexist with present RF systems using low p ower pulses.

FCC gave a formal de�nition of UWB as any wireless scheme with instantaneous

spectral occupancy in excess of 500 MHz, or fractional bandw idth ( BW /f c) of more than

20%, where BW is the transmission bandwidth and f c is the center frequency. Further-

more, this system must meet the spectrum mask shown in Figure 1.1. These Effective

Isotropic Radiated Power (EIRP) levels are established by c onsidering the power spec-

trum of emitting sources in each frequency range and keeping it low enough to avoid

any interference. Further experiments are required to dete rmine the actual interfer-

ence cause by UWB signals. UWB communication systems have th ree key features

which distinguish them from conventional narrowband syste ms [6].

� Large instantaneous bandwidth enables �ne time resolution for use as a radar,

for imaging, or for precision location capability.

� Short-duration pulses prevent signal fading (�uctuations in the received signal

power) in very harsh communication environments.

� Low transmitter power and very wide bandwidths allows coexi stence with exist-
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Figure 1.1: FCC mandated spectral mask for UWB communicatio n systems.
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ing users and provides Low Probability of Intercept (LPI).

The advantages of UWB technology have been recognized by the radar and communi-

cation community for a long time [3][7][8]. It offers unique capabilities which can be

harnessed for applications in communications, radar, posi tioning systems and imag-

ing. The large spectral bandwidth opens the door for a large n umber of bandwidth-

hungry applications and high data rate communication syste ms. UWB signals have

low spectral density with low probability of detection (LPD ), which makes it espe-

cially useful for military applications. It can resolve mul tipath delay values in the

nanosecond range, which allows for �ner resolution in preci sion imaging and naviga-

tion systems. This property is also exploited for imaging of steel structures embedded

within walls, for surveillance, and for medical monitoring . The spread spectrum ca-

pability of UWB along with the ability to resolve multipath f ading makes it ideal for

short range wireless communication in harsh environments.

Traditionally, UWB system implementations are impulse bas ed and utilize a variety

of modulation schemes to transfer data. Despite the FCC inte rvention to regulate the

frequency range and power levels of UWB signals, there is sti ll no industry consensus

on other aspects of these communication systems. There is a m ajor effort underway

by the IEEE 802.15 group to standardize UWB wireless radio fo r indoor multimedia

applications. There are two competing standards: orthogon al frequency division mul-

tiplexing (OFDM) where the information is conveyed by sprea ding data transmission
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across multiple carriers; and impulse-UWB where impulse li ke signals in the time-

domain are used. Multiple access schemes such as Time Hop Mul tiple Access (THMA)

can be used to provide communication access to many users sim ultaneously.

1.2 Contributions

This thesis presents the digital design for a �exible UWB tra nsceiver testbed using

a Xilinx Virtex-II Pro XC2VP70 FPGA. Although all blocks for this design were not

tested in hardware, this thesis gives an adequate insight in to the proposed design.

The communication system was designed to sample the UWB puls e at 8 Gsps, and

the FPGA designs are capable of demodulating it in real-time . As an intermediate

step, a scaled down version of the testbed was fabricated and successfully tested with

lower data rates. The main contributions of this thesis are l isted below.

� Provided an insight from the digital design perspective int o a feasible Printed

Circuit Board (PCB) design which can handle high I/O bandwid th and sample

rates expected from the system.

� Implemented the digital design and debugged the proof-of-c oncept initial pro-

totype Software De�ned Radio (SDR) receiver. This prototyp e consists of a Xil-

inx XC2VP30 FPGA and samples the incoming analog signal at 2 GHz using
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two Time-Interleaved Analog to Digital Converters (ADC). T he Xilinx Embed-

ded Development Kit (EDK) and ML310 FPGA prototyping board w ere used as

the development platform for these designs.

� Developed an acquisition and synchronization scheme that c an be controlled by

the embedded PowerPC processors in non real-time mode. Thou gh this task

is performed in non real-time using a PowerPC processor, the oscillator drift

creates timing constraints that limit the amount of process or cycles available to

complete this task.

� Developed a feasible data�ow architecture for the Advanced SDR Receiver. To

handle data rates of 64 Gbps in real-time, the entire synchro nous design should

be capable of clocking at 250 MHz. There are 16 ADC sample data buses which

are clocked using 16 different clock domains; hence, a caref ul design that avoids

metastability issues is essential. It also includes an earl y-late gate technique

for real-time tracking between transmitter and receiver.

� Implemented the datapath for the �nal SDR receiver and ensur e that it is ca-

pable of clocking at the target frequency of 250 MHz. This sho uld be done us-

ing minimal FPGA resources so that future developers can add error correction,

multiple access and modulation schemes. Additional constr aints and techniques

that were required by Xilinx tools to achieve the target thro ughput were also de-

termined.
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1.3 Organization of Thesis

Chapter 1 contains an overview of UWB Radio, motivation for t he project and contri-

butions of the thesis. Chapter 2 provides the background inf ormation on Software

Radios, and surveys state-of-the-art in UWB architectures and high-speed datap-

ath FPGA implementations. Chapter 3 contains a detailed dis cussion of the pro-

posed digital design for the UWB transceiver. The sampling s cheme, limitations of

Commercial-Off-The-Shelf (COTS) based designs, ADC and cl ock networks, acquisi-

tion and synchronization, demodulator design, real-time t racking of the UWB pulse

train and external interfaces are discussed. In Chapter 4, t he design of the prototype

board is discussed. The motivation for fabricating this int ermediate board, design

considerations, the testing and evaluation and some result s are provided. Chapter 5

gives a summary of research efforts and discusses future res earch directions in this

area.



Chapter 2

Background

This chapter presents an overview of the underlying concept s for the implementa-

tion of the SDR-based UWB transceiver testbed. It discusses the characterstics and

bene�ts of a software de�ned radio. The next section outline s the evolution of UWB

technology and lists some of the state-of-the-art UWB syste ms. A Xilinx FPGA was

used to implement the digital datapath for the UWB communica tion system. The last

section discusses the advantages of using an FPGA for implem enting high through-

put datapaths, along with a discussion of some recent such im plementations.

8
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Figure 2.1: Block diagram of a Software De�ned Radio

2.1 Software De�ned Radio

The advent of Software De�ned Radio (Figure 2.1) has brought a paradigm shift in the

way communication radios are designed. The research in this �eld was kick started

by US Defense Advanced Projects Research Agency (DARPA) and targeted military

applications [9]; however, in the last decade these ideas ha ve percolated from defense

applications into the mainstream and are considered to be im portant links in solving

problems in commercial wireless applications. An SDR trans ceiver performs most

of the baseband processing tasks like modulation/demodula tion, error correction, en-

cryption/decryption and timing control in software. An ide al SDR, commonly known

as Software Radio (Figure 2.2), goes one step further and has a A/D and D/A converter

at its receive and transmit antennas; hence, the transceive rs perform up-conversion

and down-conversion between baseband and RF carrier exclus ively in the digital do-

main [10].

Software De�ned Radio Forum [10], an international organiz ation dedicated to pro-

moting the adoption and use of SDR, de�nes SDR as a collection of hardware and
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Figure 2.2: Block diagram of an ideal Software Radio

software technologies that enable recon�gurable system ar chitectures for wireless

networks and user terminals. There still remains a lack of fo rmal design methodol-

ogy for Software De�ned Radios and most designs are based on a n ad-hoc approach

that leverage the �exibility of the underlying hardware in t he best possible way.

Software de�ned radios are considered an enabling technolo gy that promote �exibil-

ity across the spectrum of wireless applications and offer n umerous advantages over

conventional �xed radio architectures [11]. The operating parameters such as carrier

frequency, modulation schemes, error correction, and powe r output can be changed

without replacing the system hardware. This improved adapt ability opens oppor-

tunities for reducing the cost of communication and improvi ng services. Firmware

updates can be used to �x bugs, send upgrades, or add new featu res to the radio at

low cost. Such a programmable radio can also be made more secu re against malicious

attacks by altering the software to make it invisible and qui ckly respond to such

threats. SDR allows for variation in modulation schemes and can accommodate a

number of algorithms for acquisition and synchronization, depending on the changes

in operating environment.
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SDR-based systems �rst gained popularity in base stations r ather than handsets

which provided the perfect platform for evaluating varied r adio design techniques.

The technology was considered unsuitable for mobile wirele ss applications like cell

phones because such applications have stringent size, weig ht and power requirements

that presented dif�cult challenges; however, over the last decade, the advances in

available hardware have helped migrate this design methodo logy to mobile applica-

tions. The Joint Tactical Radio System (JTRS) [12] is a US Dep artment of Defense

initiative to design �exible radios to meet the diverse comm unication needs of war-

�ghters. This organization has designed sophisticated com munication devices that

use software programmable techniques to create high perfor mance radios for defense

needs. Some of the capabilities [11] that have pushed softwa re radio towards wider

acceptance are:

1. Seamless global coverage over multiple standards.

2. Support for multiple services on common hardware.

3. On-the-air upgrade capability for newer standards and pr otocols as well as bug

�xes.

4. Power ef�cient designs.
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5. Reduced cost of manufacturing and testing by using COTS co mponents.

6. Run-Time Recon�gurability (RTR).

In context of this thesis, a SDR radio is an adaptable radio wh ere the recon�gura-

bility is provided by a Field Programmable Gate Array (FPGA) . The characteristics

of such a radio can be altered by downloading complete or part ial bitstreams to the

embedded FPGA [13]. Although this is different from the clas sical view of a SDR that

is software programmable, it is considered a soft radio beca use the recon�gurability

accomplishes a similar objective, i.e. it provides a mechan ism to alter the functional-

ity of the radio without replacing the hardware. A Con�gurab le Computing Machine

(CCM) based implementation has distinct advantages compar ed to an Application

Speci�c Integrated Circuit (ASIC) or Digital Signal Proces sor (DSP) based implemen-

tation. The conventional software radios achieve �exibili ty by using software which

runs over static hardware like DSP or microprocessors; howe ver, this approach leads

to inef�cient utilization of hardware because different al gorithms have distinct hard-

ware requirements. While one signal processing task might r equire a large number

of MAC operations, another might require fast bit twiddling or a Fast Fourier Trans-

form (FFT) core.

Lack of support for the common signal processing tasks, high power usage and low

throughput make general purpose microprocessors an unattr active choice for soft-
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ware radio designs. Even commonly used signal processing pr imitives like MAC are

implemented as software macros, which makes them unwieldy f or DSP applications.

Digital Signal Processors (DSP) present a more attractive a lternative for SDR de-

signs. They have specialized functional units which target common signal processing

applications and provide higher levels of parallelism. For comparable performance,

DSPs tend to have lower power consumption and are available a t lower cost compared

to general purpose microprocessors. However, even the high -end DSPs are incapable

of supporting some of the computationally intensive demand s of high throughput sys-

tems like UWB. A multi-DSP platform can provide higher perfo rmance, but these

systems will need complicated inter-processor communicat ion, which increases the

cost and complexity of the receiver.

COTS components like DSPs provide �exibility and shorter de sign cycles, but lack

performance. ASICs, on the other hand, can provide the optim um power usage,

parallelism and support for DSP tasks. They can be used to bui ld custom circuits

which are �ne tuned for the algorithm to give an optimum imple mentation. How-

ever, this increased performance comes at the expense of sig ni�cantly longer design

cycles, high initial cost and lack of �exibility. An ASIC-ba sed approach will require

a dedicated piece of silicon for each radio mode. This can qui ckly escalate the area

and cost for the wireless device if the radio needs to support multiple standards and

operating environments. A SDR communication system that us es a single �xed ASIC
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for modulation-demodulation cannot change its characteri stics without replacing the

hardware. This defeats one of the primary objectives of buil ding a SDR as opposed

to a �xed implementation radio. Moreover, the upfront cost o f designing an ASIC is

huge and the economy of scale might not kick in until large vol umes are achieved.

Field Programmable Gate Arrays (FPGAs) are the mainstream c on�gurable comput-

ing technology used to rapidly implement digital logic. The se are prefabricated COTS

components that can be reprogrammed to change the hardware b ehavior by down-

loading a bitstream. An FPGA-based SDR implementation prov ides signi�cant ad-

vantages as compared to a DSP or ASIC based implementation. I t can morph the

hardware functionality to suit the needs of a particular bas eband processing task for

a software radio, while still retaining maximum �exibility . Another distinguishing

feature of this technology is run-time recon�gurability. U sing a modular design �ow

[14], a section of the chip can be recon�gured to change the ha rdware functionality,

while the rest of the chip operates uninterrupted. This can e liminate any downtime

for the radio while it is being upgraded. The limitations of s uch architecture include

limited Input/Output (I/O) bandwidth, high per unit cost as compared to ASICs or

DSPs, higher power dissipation and lower throughput compar ed to ASICs.
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2.2 Ultra Wideband Systems

UWB has experienced over 40 years of technological advancem ent since the �rst work

was conducted in the �eld of time domain electromagnetics in the 1960s. In fact, one

can reasonably argue that the origins of the technology stem from spark discharge

transmission designs done by Marconi in the 1890s. Impulse- based radios similar to

this were the principal mechanism for sending information a cross air waves for more

than two decades. Though they continued to be researched and used in niche applica-

tions, eventually vacuum tubes and solid state oscillators became popular and could

be used to generate sinusoidal waves and modulate them for di scriminating receivers.

In the 60s and 70s, impulse radio technology further matured and was being used for

non-communication applications and showed potential for c ommercial wireless appli-

cations as well.

The pioneering patent by Ross in 1973 was among the �rst ones t hat demonstrated

the utility of radio systems utilizing wide instantaneous b andwidth [4]. It transmit-

ted information by encoding an impulse train using pulse pos ition modulation. Subse-

quent patents by Ross and other inventors further re�ned the subsystems required to

build this UWB radio. It was widely recognized that the baseb and pulses can carry in-

formation utilizing a variety of modulation and radio schem es. Since there was prior

art involved, the patents were granted on the speci�c instan ces detailed for building
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the UWB system, rather than the baseband carrier technology itself.

With bandwidth resource being scarce, interest in UWB devic es was restricted to

radar systems for military applications till the late 90s. F CC regulations restricted

the spectrum usage and the narrowband systems operate betwe en exclusive frequency

ranges. There were a few unlicensed frequency spectrum band s, but they were not

large enough to build a wideband system. However, over the ye ars, it was realized

that the UWB systems can co-exist without interfering with t he FCC regulated nar-

rowband communication. This not only required that UWB radi os have low signal

power, it also assumes that the conventional systems operat e at a higher average

power and are also not subject to upsets by relatively high pe ak power UWB tran-

sients. In 2002 the FCC allocated a huge bandwidth spectrum b etween 3.1 and 10.6

GHz with regulated power levels, for UWB applications. Sinc e then, diverse modula-

tion and access schemes have been proposed to build practica l UWB communication

systems. Today, UWB systems not only exploit the available k nowledge of building

impulse radios, researchers are also exploring new techniq ues to employ this band-

width in a useful manner. Hence, UWB is considered more of an a vailable spectrum

for unlicensed use rather than a technology in itself. Curre ntly, only the United States

permits the operation of UWB devices, while there are simila r ongoing efforts with

the regulatory authorities in Europe and Japan.
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During ongoing negotiations for IEEE 802.15.3a standards, UWB has emerged as the

leading contender for the underlying technology. This stan dard will provide the spec-

i�cation for wireless connectivity between Personal Area N etwork (PAN) devices. It

is envisioned as the wireless equivalent of the Universal Se rial Bus (USB) standard

and will complement the 802.11 standard, not replace it. It c an be used to provide

wireless connectivity in applications such as home network ing and multimedia, wear-

able computing and wireless desktops. The long term vision f or UWB is a low power

high speed standard that provides wireless connectivity fo r battery operated devices.

Due to this underlying potential, ultra wideband technolog y has attracted wide spread

interest from the research community in recent years and ach ieved notable progress.

The advances in fabrication techniques, improved digitize rs, and denser and larger

digital circuits have contributed towards improving the pe rformance of these devices.

Despite this, any practical UWB system has to deal with imple mentation feasibility

issues like limited ADC bandwidth and sampling speeds, inad equate baseband pro-

cessor throughput and increased effects of digital noise. M oreover, to meet the size,

power consumption and cost demands for the mass consumer mar kets, a higher level

of integration is desired. A UWB system like Bluetooth, whic h utilizes a single chip

solution with few external, components will help drive this technology into consumer

applications.
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Presently analog/RF components of a UWB system are mostly im plemented in high-

performance SiGe technology, while the digital circuits ar e custom designed using

standard Complementary Metal-Oxide Semiconductor (CMOS) . As compared to other

fabrication technologies like SiGe, CMOS is particularly c ompelling due to its low-

cost, low power consumption and wide availability. Any syst em which utilizes it au-

tomatically bene�ts from the rapid shrinking of CMOS device s which follows Moore's

law. To reduce time-to-market, it is desirable that the anal og components be built

using common-place CMOS COTS components like ADCs, DACs, os cillators and am-

pli�ers. Using COTS only components signi�cantly reduces e ngineering time and re-

sources needed to build these components. It bene�ts from ec onomy of scale and can

also utilize the standard production quality procedures al ready in place. As the level

of integration increases, this becomes even more pertinent since the overall device

will primarily host digital circuits built using CMOS techn ology. A more thorough

discussion of physical layer issues is beyond the scope of th is thesis and reader is re-

ferred to [2].

A number of companies have already announced UWB products, b oth in the mili-

tary and consumer application domain. In the commercial dom ain, Xtreme Spec-

trum released the �rst commercial UWB solution called Trini ty [15] in 2002. It

promised data rates of 100Mbps while consuming less than 200 milliwatts of en-

ergy. In 2004, Freescale released the �rst FCC approved comm ercially available
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UWB chip set XS110 [16] [17]. It is based on Direct Sequence UW B (DS-UWB) and

is targeted towards wireless home entertainment systems an d mobile multimedia de-

vices. Freescale is part of a consortium of 40 companies who a re building DS-UWB

based systems, which is one of the two competing standards in the commercial UWB

space. The other standard is Multiband Orthogonal Frequenc y Division Multiplexing

(OFDM) which is led by companies like Intel, Texas Instrumen ts, Nokia and Philips

Semiconductors. The �rst silicon for Multiband OFDM Allian ce (MBOA) standard

was demonstrated by Alereon Corporation in October 2004 wit h commercial produc-

tion expected by late 2005. Other companies who have announc ed prototypes are

Mobile Ad hoc Network by Multispectral Solutions Inc. and Pu lsON by Time Domain

Corporation. Pal650 [18], is the �rst commercial precision asset location system de-

veloped by Multispectral Solutions Inc. which complies wit h FCC regulations.

In the military domain, the Low Probability of Detection (LP D) applications have be-

come increasingly sophisticated with higher bandwidth req uirements. DRACO is a

prototype high-speed multi-user UWB network which has a ran ge of 1-2 km, depend-

ing on the environment [19]. It provides a high level of trans mission security by using

a unique UWB waveform design. The latest version of DRACO use s an FPGA to im-

plement all the digital transceiver functions as well as the networking algorithms.

Another UWB network radio transceiver, ORION [20] [19], was designed with short

range and long range capabilities. It utilizes the 1-2 GHz sp ectrum with 30% frac-
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tional bandwidth. It is modular in design and uses an FPGA to i mplement the digital

part of transceiver functionality. AWICS UWB transceiver [ 21][19] was designed to

meet the operational wireless communication requirements of Department of Navy

onboard Navy and Marine helicopters. The requirements were especially stringent

due to multipath emanating from re�ections within aircraft fuselage and rotor sys-

tem. UWB was chosen over the other available technologies du e to its robustness

to multipath interference and LPD, which would prevent unau thorized intercepts.

The instantaneous bandwidth of this system was 400MHz with a n effective EIRP of

+26 dbM. This system was successfully tested in February 200 3 onboard multiple air-

crafts.

2.3 High Performance FPGA Designs

FPGAs have evolved at a very rapid pace over the last decade, w ith vendors releasing

larger and more sophisticated devices. Until the late 80s an d early 90s, they were pri-

marily considered as test platforms that were used for ASIC c haracterization to work

out timing and functional bugs before sending the design for fabrication. FPGAs had

some niche low volume applications but those were far and bet ween. However, with

rapid shrinking of CMOS feature size, FPGAs have not only pac ked more logic gates,

but integrated PowerPC cores, hard multipliers and sophist icated high speed I/O ca-
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pable of supporting multiple I/O standards. With this rapid integration, they have

reached the critical size that makes them feasible for desig ning complete applica-

tions. The �ne grained architecture of an FPGA allows the des igner to customize the

digital logic for the algorithm and extract large amount of p arallelism. Dynamically

con�gurable FPGAs can even adapt to various computational t asks through hard-

ware reuse.

Ef�cient biological sequencing is one such bioinformatics task where researchers have

reported huge increase in performance by utilizing FPGAs. I n one such implementa-

tion [22], the time complexity of the problem was reduced fro m O(mn) to O(m + n),

where m and n are the lengths of the two sequences being compared, yieldin g an or-

der of magnitude improvement in performance while maintain ing the same level of

sensitivity. FPGAs are also ideal for high-bandwidth, high -performance streaming

applications where the processing elements must keep pace w ith the sensor output.

Such applications are abundantly found in the signal proces sing rich domains of video

streaming and signal acquisition. These real-time systems require the subsystem like

adaptive �lters [23], fast Fourier transforms [24] and digi tal beamformers [25][26] to

keep up with the high input data rates. Video encoding accord ing to the H.263 stan-

dard for video conferencing is one such application, where c ompression speeds of 120

Mbps can be achieved [27]. This is more than twice the speed of software compression

and opens doors for multi-video streaming applications usi ng a single recon�gurable
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device.

High-performance decryptor/encryptor cores for Advanced Encryption Standard (AES)

have been demonstrated which can achieve high throughput of 4.2 Gbps using a mod-

est Xilinx Virtex-E device [28]. For elliptic curve cryptog raphy, the point multiplica-

tion can be computed almost 500 times faster than a dual Xeon P rocessor [29]. These

are not isolated examples but a sustained trend over a large c lass of applications

varying from image processing [29] to �oating point operati ons [30].

While speed is one of the strengths of FPGAs, there are other c ompelling advantages

of using them as well. These include lower power consumption as compared to a gen-

eral purpose microprocessor, faster time to market and impr oved upgradeability and

Run-Time Recon�gurability (RTR). These factors are decisi ve advantages for embed-

ded applications, and the developers of such systems have sh own a growing interest

in using the recon�gurable devices. Hence, it can be safely s tated that FPGAs, with

their unique ability to provide an ideal mix of functional an d storage elements to

match an application, will continue to attract growing inte rest.



Chapter 3

Advanced Ultra Wideband Receiver

This chapter presents an outline for the design of a �exible U WB transceiver testbed,

with a speci�c focus on the digital datapath of the communica tion system. The ad-

vanced UWB communication system has been built using Softwa re De�ned Radio

concepts which provide tremendous �exibility and rapid pro totyping capabilities over

a �xed hardware implementation. The heart of a SDR UWB transc eiver is the digi-

tal processing hardware, as it must be capable of handling hi gh-speed data streams

from the Analog to Digital Converters (ADCs) and then proces s the data in real-

time. To implement the digital part of the baseband processo r, a top-of-the-line high-

performance Xilinx FPGA Virtex-II Pro XC2VP70 was chosen.

23
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3.1 Introduction

The overall objective of this project was to design a impulse based UWB transceiver

that could meet the following design objectives.

� Flexible implementation, so that it can be used as a testbed f or experimenta-

tion with different modulation/multiple access schemes, f rame structures and

receiver topologies.

� Achieve an effective raw data rate of 100 Mbps at a range of 10 m eters.

� Seamless signal acquisition and synchronization between t wo UWB devices.

� Real-Time tracking capability to compensate for oscillato r drifts between the

wireless devices.

� Capable of supporting multiple receiver topologies like Di gital Leading Edge

Detection and Digital Pilot-Based Matched Filter.

� Built using only COTS components.

Currently, state-of-the-art UWB communication systems ar e composed of custom-

developed hardware and do not use SDR architectures. The cha llenges involved in

developing such as communication testbed — extremely high s ampling rates, huge

amounts of input/output data, and a tremendous amount of dig ital processing power

— have been fairly daunting. These challenges become partic ularly poignant when
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COTS components are used in the development of such a system.

The use of COTS components places extra constraints on an alr eady complex sys-

tem, but offers signi�cant advantages as well. It offers sig ni�cant time and resource

savings compared to building custom integrated circuits fo r use as a baseband pro-

cessor. Individual components can be quickly and easily upg raded without the need

to redesign any of the underlying circuits. It also allows us to leverage the existing

experience that Virginia Tech's Mobile and Portable Radio R esearch Group (MPRG)

and Con�gurable Computing (CCM) labs have in board-level an d FPGA design, while

relegating the component design, fabrication and quality i ssues to the outside ven-

dors.

The center-piece of this design is the digital baseband proc essor which should be capa-

ble of handling multiple data streams from Time-Interleave d (TI) ADCs and process

the sample values in real-time. Besides speed, the other imp ortant design objectives

that in�uenced the choice were the need for recon�gurabilit y and COTS-only design.

Given these constraints, a high-performance FPGA was consi dered an ideal choice

to implement the digital hardware. It would provide the �exi bility demanded by a

Software De�ned Radio and can be recon�gured by downloading a new bitstream.

The state-of-the-art FPGAs have large number of user Input/ Output pins and con�g-

urable logic resources available for the implementing larg e applications. They also



Deepak Agarwal Chapter 3. Advanced Ultra Wideband Receiver 26

contain embedded hard processors, multipliers and memory w hich can be customized

for any DSP style operation. After careful consideration, a Xilinx XC2VP70 FPGA

was chosen for implementing the digital processor.

3.1.1 Digital Receiver Topologies

The SDR based radio design gives the user �exibility for usin g different receiver con-

�gurations. These choices can be in�uenced by various facto rs like BER speci�ca-

tions, environment issues like high noise or even functiona l requirements. Two of

these topologies are brie�y discussed below while a more det ailed explanation can be

found in [1] [2].

Digital Leading Edge Detection

In this simplest of UWB receiver topologies, the incoming pu lse strength is compared

with a pre-determined value. Depending on whether it crosse s the threshold or not,

it is demodulated as a `1' or `0'. This can be implemented as co mparison logic using

FPGA design primitives; however, such a receiver implement ation is susceptible to

noise spikes and is less secure against interference and jam ming.
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Digital Pilot-Based Matched Filter (DPBMF)

In this technique, the expected sample values correspondin g to a bit are determined

by averaging the pilot pulses. This template not only includ es the original UWB

pulse, but also contains pulse distortion, multipath signa ls and distortions generated

by the antenna or propagation environment. For data demodul ation, a matched �lter

operation is performed using this template on the received d ate pulses.

3.2 Sampling and Clock Distribution

3.2.1 Sampling Techniques

The receiver design is based on a sampling architecture with data demodulation. The

input analog signal is sampled at a rate higher than twice the Nyquist frequency

and demodulation is performed in the digital domain. A Direc t or Time-Interleaved

approach can be used to accomplish the sampling, and a detail ed discussion of the

advantages/disadvantages is provided in [1][2].
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Direct Sampling

In this approach, a single ADC is used to sample the analog wav eform at the target

sample rate. This is ideally suited for low bandwidth signal s or a custom IC design

approach where the system requirements are not stringent. H owever, since a UWB

wireless signal has a bandwidth of several gigahertz, the sa mpling rates can be of the

order of ten gigahertz making this implementation infeasib le for the testbed.

Time Interleaved (TI) Sampling

In TI sampling approach, multiple ADCs are used to sample a wa veform at different

points in time in a round robin fashion. These ADCs operate in parallel and their

clocks are slightly offset from each other. Hence, the effec tive sampling rate is the

sampling rate of an ADC multiplied by the total number of ADCs . The signal is re-

constructed by the digital hardware as if it is being sampled by a single high speed

ADC. TI-Sampling is advantageous in a COTS implementation a s it signi�cantly re-

laxes the requirements on the interface between the ADCs and the FPGA while still

preserving the quality of the received signal, as illustrat ed in Figure 3.1 [1][2]. While

this approach increases hardware area and power consumptio n, the data bus and

clocks run at a much lower rate. For comparison, if an analog s ignal is sampled at 4

GHz with a 4-bit ADC using a Direct Sampling approach; it will require a 4 GHz 4-bit
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wide bus that connects the ADC output to the FPGA pins and a 4 GH z clock. How-

ever, if four of these ADCs are used, each sampling the signal at 1 GHz, then four

independent buses will carry the data to the FPGA, each runni ng at 1 GHz. Hence

the complexity of the system has increased but the design tim ing is relaxed by an

order of magnitude. For these reasons, TI sampling was chose n over Direct-Sampling

for implementation on the UWB Receiver.

(a) The �rst ADC samples the received
signal at Point A, the second at Point B,
the third at Point C, and the fourth at
Point D.

(b) The FPGA is then able to reconstruct
the received signal as if it were sampled
by a single ADC

Figure 3.1: TI sampling and reconstruction of an analog sign al using an array of four
ADCs [1]
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3.2.2 Analog to Digital Converter

After careful consideration, MAXIM MAX104 ADC [31] was chos en for the Advanced

SDR Receiver. This ADC offers an input bandwidth of 2.2 GHz wi th a maximum sam-

pling rate of 1 GHz. The samples have 8-bit quantization and c an be demultiplexed

over two output data buses, each running at half the sampling frequency. The aper-

ture delay for these ADCs is 100 ps with less than 30% part-to- part variation and the

gain and offset is adjustable so that a bank of ADCs can be matc hed accurately. More-

over these high-performance ADCs were available for a reaso nable cost as compared

to similar offerings from other major vendors.

3.2.3 PCB Clock Distribution

The performance of TI sampling technique is highly dependen t on sampling the re-

ceived signal at precisely spaced intervals. An ultra-low s kew clock distribution net-

work with tight tolerances on jitter values is required to ac curately reconstruct the

received signal. Additionally, since the successive ADCs r equire a clock out-of-phase

by 125 ps, precise delay needs to be inserted in each clock sig nal. In most cases, the

FPGA Digital Clock Manager (DCM) can be used to drive such hig h precision clock

networks, hence eliminating the need for any extra delay com ponents. However, the

current state-of-the-art FPGAs have DCMs with jitter specs in the order of 100ps and
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they cannot meet the stringent tolerance requirements for t his design.

The clock network [2] for this board was achieved using On Sem iconductor's MC100LVEP14

1:5 low-skew clock driver. This clock distribution chip has a typical Output-to-Output

skew of 25 ps while the clock jitter value is less than 2 ps RMS. The clock delay for

successive ADCs is adjusted using On Semiconductor's MC10E 195 programmable de-

lay chip. This chip provides a maximum delay of 10 ns with a dig itally selectable

delay step resolution of 10 ps, with a less than 5 ps RMS jitter value. Additionally,

constraint driven routing of the clock signals on the PCB ens ures that all clock traces

are synchronized and the skew values are low.

3.3 RF Front End

The RF front end [2] is comprised of several broadband ampli� ers, variable atten-

uators and �lters and feeds the received signal to the ADCs; h owever, a thorough

discussion of this subsystem is beyond the scope of this thes is.
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3.4 ADC to FPGA Interface

3.4.1 UWB Pulse Characteristics

Since the maximum input bandwidth for the Maxim ADCs is 2.2 GH z (minimum

pulse width of 480 ps), the UWB pulse width for this communica tion system was cho-

sen to be 500 ps corresponding to bandwidth of 2 GHz. A UWB puls e is transmitted

every 10 ns to achieve the target data rate of 100 Mbps.

3.4.2 Receiver Sampling

To accurately reconstruct the 500 ps wide UWB pulse in the dig ital domain, the sig-

nal should be sampled at well over twice the Nyquist frequenc y. A sampling rate of 8

GHz was chosen and was implemented with eight Maxim ADCs usin g a TI sampling

approach described above. Each ADC operates in parallel at 1 GHz, where the suc-

cessive ADCs sample the signal at an offset of 125 ps, giving a n effective sampling

rate of 8 GHz. This is illustrated in the Figure 3.2. The demul tiplexer feature allows

one to clock the data buses at half the sampling frequency, i. e. 500 MHz, which eases

the input timing requirements for the FPGA. The use of more bu ses makes the digital

hardware more complex, but as subsequent analysis will show , this is essential, since

even at 500 MHz databus rates, the envelope for FPGA design is being pushed.
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Figure 3.2: Block diagram of the Software-De�ned Ultra Wide band Communication
System, from [2]

3.4.3 ADC FPGA Interface Timing

The MAX104 ADCs have an integrated demultiplexer that produ ces samples on a

primary and auxiliary bus, each operating at half the sampli ng frequency (i.e. 500

MHz). The ADC also asserts a data ready (DREADY) signal, whic h is in-phase with

the data. The DREADY signals are offset by 125 ps and are used a s a clock in the

FPGA to capture the ADC sample data. To input data at such high speeds, the FPGA

uses Double Data Rate (DDR) registers operating at half the D READY frequency (i.e.
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250 MHz). Due to analog RF constraints, all of the ADCs buses a re connected to

I/O Buffers (IOBs) on only two quadrants of the FPGA. Even tho ugh the use of DDR

registers relaxes the clock requirement to 250 MHz, the data remains stable for 2 ns

and must be latched within this time frame; however, the foll owing factors reduce the

available time to reliably capture the data.

1. Due to the asymmetric placement of the ADCs with respect to the FPGA, the

differential data bus signals have unequal lengths. Hyperl ynx simulations [2]

demonstrated that the worst case difference in wire lengths translates into a

skew of approximately 200 ps.

2. Inside the FPGA, the sampling clocks are routed over the gl obal clock network

resources, where the skew has been minimized by design. Neve rtheless, the

balancing is not perfect and some skew exists, the worst case estimate for which

is 200 ps.

3. The ADC data bus drives the FPGA pins using the LVDS I/O logi c standard.

Simulations showed the worst case signal rise time for these data buses as 200

ps [2].

4. The setup time for the IOB registers for a Xilinx XC2VP70 FPGA with speed

grade � 6 is 860 ps [32]. Hence, the data needs to be stable 860 ps befor e the

clock edge for it to be latched appropriately.

5. The DCMs used to deskew and phase align the incoming clock h ave a worst
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case clock jitter of 200 ps on clock outputs and this can adver sely effect the

functioning of the DDR registers.

6. The phase shift feature of the DCMs is used to align the samp le clock edge to the

ADC data bus for latching the data appropriately. At a freque ncy of 250 MHz,

the minimum time resolution for phase shift is approximatel y 15 ps.

7. The clock to data delay for the ADCs has a part-to-part vari ation of 400 ps;

however, since each data bus will use its own respective samp le clock, this delay

remains constant for a particular ADC and will not effect the timing.

8. The hold time for the FPGA IOB registers is � 630 ps [32]. A negative hold time

implies that the data is not expected to stay stable after the clock edge, and

since its magnitude is less than the setup requirement, it do es not affect design

timing.

Factoring in all the skew and jitter (which is additive), the available time window for

latching in the data is reduced to 325 ps.

Tavailable = Tvalid � Tskew � Tj itter � Tsetup � Tphaseresolution

Tavailable = 2ns � 200ps(1) � 200ps(2) � 200ps(3) � 860ps(4) � 200ps(5) � 15ps(6)

Tavailable = 325ps

To meet these stringent timing requirements, the constant p hase shift feature of the

DCM will be used to optimally place the clock edge so that the d ata integrity is main-
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tained. Since such precise control over the clock phase is re quired, each ADC clock

uses a different DCM, and the exact phase shift will be determ ined experimentally.

3.5 FPGA Clock Domains

The Xilinx XC2VP70 FPGA has eight DCMs and sixteen global clocking networks.

Out of these, eight independent clocks can be routed to any of the four quadrants of

the Xilinx part on the global low skew network. For other cloc ks or high load lines,

synthesis directives can be used to route them over the secon dary low skew network.

The FPGA receives eight pairs of data buses (primary and auxi liary bus from an

ADC) clocked at 500 MHz. Each clock will have a dedicated DCM t hat will deskew

the clock and phase shift it to align it with the incoming data . The CLKIN DIV BY 2

attribute will be used to divide the incoming clock to 250 MHz . Each DCM produces

2 clock outputs (Clk0 and Clk180), yielding a total of 16 loca l clocks in the FPGA. The

phase relationship between incoming data, DCM clocks and DD R Register values is

illustrated in Figure 3.3. In the �gure, PReg0 refers to the D DR register that latches

data from the Primary ADC Bus (PBus) using DCM output Clk0. Si milarly, PReg180

is the DDR Register that latches data from PBus using DCM outp ut Clk180. Similar

signals have also been shown for the Auxiliary Data Bus (ABus ). Besides these local

clocks, the FPGA design uses three global clocks which are ro uted over the global low
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Figure 3.3: Timing diagram illustrating the ADC data buses a nd the FPGA DDR
clock signals.

skew network:

1. 300MHz clock for the PowerPC core and related logic.

2. 100MHz clock for the Processor Local Bus (PLB) and PLB peri pherals.

3. 250 MHz clock for performing data demodulation.

3.6 UWB Communication Protocol Frame Structure

For development purposes, a communication protocol frame s tructure for the UWB

testbed was chosen so that the performance and stability of t he system could be eval-

uated. This speci�c frame structure does not in�uence any de sign decisions that may

preclude the user from developing custom interfaces suitab le for their task. Figure

3.4 illustrates the experimental UWB frame structure. It co nsists of a frame which

has 48 pilot pulses, 960 data pulses and guard time slots at th e end of pilot pulses

as well as at the end of the frame. The length of these guard slo ts is equal to time

duration of eight pulses, but no pulses are transmitted in th is duration. Two such
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Figure 3.4: The experimental communication protocol Frame Structure chosen for
advanced SDR receiver, from [2]

frames are combined together to form a superframe, allowing the system to provide

multiple users access to the radio using TDMA.

The DPBMF receiver topology, which was chosen for implement ation on the Advanced

UWB receiver, has four important aspects: acquisition, syn chronization, data demod-

ulation and real-time tracking. Figure 3.5 is a block diagra m for the digital processing

hardware for the advanced UWB radio.
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Figure 3.5: Block diagram of the Digital Processing Hardwar e for the UWB Commu-
nication System

3.7 Acquisition

Data demodulation in a DPBMF based scheme requires that the r eceiver locks onto

the phase of the transmitted signal. It should precisely kno w when the transmitter

starts sending a new bit so that the template can be aligned to the incoming sample

values for data demodulation. This functionality is provid ed by the acquisition stage.

To establish the communication link, User 1 broadcasts an acquisition signal, which

consists of N UWB pulses that are amplitude modulated by a maximal-length se-

quence (m-sequence) [33]. User 1 will continue broadcasting the acquisition sequence

until it receives an acknowledgement signal from the receiv er User 2. To acquire

the transmitted signal, the FPGA in User 2's receiver will capture a set of samples
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equal to N UWB pulses and stores them in Block RAM (BRAM) internal to the FPGA.

Capturing N samples guarantees that at least one complete m-sequence will be cap-

tured, though the starting point of the m-sequence will be unknown. Control is then

passed to the embedded PowerPC processor. The acquisition s tage is performed in

non real-time mode, i.e. once the pre-determined number of s amples is collected, the

receiver does not capture any new incoming sample values but processes the captured

sequence.

3.7.1 Data Capture Infrastructure

On receiving a trigger signal, the FPGA starts registering t he ADC buses and cap-

tures a pre-determined number of samples for communication system signal acquisi-

tion and stores it in FPGA internal BRAMs. Figure 3.6 shows th e block diagram for

ADC data capture infrastructure. Each DDR register is assoc iated with an exclusive

16 kB dual port memory; each implemented using eight FPGA BRA Ms. The memory

has two access ports; Port A is running off the global clock an d stores the incoming

DDR data, while the Port B is connected to the Processor Local Bus (PLB) and ac-

cessed by PowerPC to read the sample values. Since Port A has a 64-bit data width,

the capture controller collects eight sample values from ea ch ADC and writes it the

memory every 8th cycle. Once the BRAM is full, it goes into the suspend state an d

waits for the next trigger.
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Figure 3.6: Block diagram of FPGA data capture for Acquisiti on

3.7.2 Coarse Acquisition

Once the sample values are stored in the FPGA memory, the Powe rPC processor per-

forms a sliding correlation operation using the stored temp late waveform. The tem-

plate sample values are initialized as a constant array and s tored in the PowerPC

data cache for quick access. While the PowerPC is performing sliding correlation, the

sample values stored in BRAMs do not change. SampleCount , which is a PowerPC
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readable Device Control Register (DCR), helps keep track of the number of samples

that have been skipped while the PowerPC is performing coars e acquisition. The

strongest correlation between the template waveform and th e received signal occurs

when they are perfectly aligned, and provides the starting i ndex for the m-sequence.

The SampleCount is a free-running sample counter which initializes to an all -zero

value when the receiver starts �lling the FPGA Memory with sa mple values and

wraps around at NP , where N is the number of UWB pulses in m-sequence and P is

the number of samples in a single UWB pulse. Since the m-sequence is sent repeat-

edly, if the PowerPC �nds the starting index for the m-sequence at index K , the next

m-sequence will occur when the SampleCount holds the identic al value K .

Even though acquisition is performed in non real-time, the n umber of processing cy-

cles that can be used is signi�cantly restricted. The master oscillators for User 1 and

User 2 are not precisely synchronized and they may drift apart duri ng acquisition.

This drift creates a window of uncertainty about the calcula ted start time of the next

m-sequence. The width of this uncertainty window is given by:

Umax = 2f oscSosctelapsed

Where

Umax is the uncertainty window [Number of Samples]
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f osc is the frequency of the transceiver master oscillators [Hz]

Sosc is the stability of the transceiver master oscillators [Par ts Per Million(PPM)]

telapsed is the time required to complete acquisition [seconds]

Experimentally, it was determined that the maximum uncerta inty window that could

be tolerated was half the number of samples in a UWB pulse (i.e . 40 samples). The

master oscillator on the receiver has a frequency of 1 GHz and a stability of 20 parts

per million (ppm). Thus, the maximum allowable acquisition time is 1 ms. The Pow-

erPC processor operates at a frequency of 300 MHz. An acquisi tion time of 1 ms

gives the receiver 300,000 processor cycles to complete the �rst stage of acquisition.

For all possible starting points in the captured sample data , the PowerPC processor

computes the result of the following equation:

CK =
P 80N � 1

i =0 x i + K yi

Where

K is the starting index in the captured sample data

CK is the magnitude of the correlation

x i is a captured sample value at position i

yi is a template sample value at position i

N is the number of pulses in acquisition sequence



Deepak Agarwal Chapter 3. Advanced Ultra Wideband Receiver 44

Because the duration of the received pulse is only 2 ns (16 sam ples), and the time

between pulses is 10 ns (80 samples), 64 samples in the templa te pulse have a value

of zero and contribute nothing to the correlation amplitude . To save processor clock

cycles, these extraneous samples are ignored, and the corre lation is performed only

on the 16 samples that make up the ideal received UWB pulse. Th e m-sequence has

N UWB pulses, hence the PowerPC processor calculates C K using a nested loop with

16N iterations, where each iteration is estimated to require 25 cycles. With a UWB

pulse, successive samples are strongly correlated; thus, t he starting index K can be

incremented by 8. Incrementing K by a number greater than one results in an error

of � 4 samples between the calculated and the true starting index o f m-sequence. The

number of possible starting indices K is equal to:

K MAX = N ( 80
8 ) = 10N

Therefore, the total number of PowerPC cycles ( Pcycles) required to complete the ac-

quisition is equal to

Pcycles = (25cycles=loop)(16N )(10N ) = 4000N 2

M -sequences are only of length N = 2r � 1, where r is any positive integer; hence N

can be (3, 7, 15, 31 ). A N = 7 m-sequence requires 196,000 processor cycles, whereas

a N = 15 m-sequence requires 900,000 processor cycles. Thus, N = 7 was chosen.

This processor delay yields an uncertainty window Umax of approximately 28 samples.
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3.7.3 Fine Acquisition

Knowing the index of maximum correlation, the number of samp les missed, and the

window of uncertainty, the PowerPC processor can calculate the expected starting

point of the next m-sequence transmission. The FPGA will then capture another set of

N UWB Pulses, starting at the point in time it expects the m-sequence transmission

to begin, minus the duration of the uncertainty window. For p recise triggering of

BRAMs, a mechanism using a second DCR register TriggerCount is provided. This

register has a default value of all `1's which indicates an un armed trigger. After

the coarse acquisition step, PowerPC writes the expected st arting index value to the

TriggerCount . Writing the value to the sample register sets the trigger co unt as well

as arms it. When the SampleCount value is equal to the TriggerCount , the following

events take place:

� A single-cycle pulse is generated which then triggers the ca pture controller,

which starts �lling the FPGA memory with new set of ADC sample data.

� The TriggerCount register gets set to all `1's, hence disarming it.

� The SampleCount register gets reset to all `0's, to keep it in step with the cap -

tured samples.

For example, if the m-length sequence has NP samples, where N is the number of

UWB pulses in m-sequence and P is the number of samples in a single UWB pulse,
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the coarse acquisition will �nd the starting index at i where 0 � i < NP . If the win-

dow of uncertainty is calculated as 28 cycles, the starting i ndex i capture for capturing

the next set of samples for �ne acquisition is given by i capture = ( i � 28) mod NP. i capture

is written to the TriggerCount DCR register, which arms the trigger mechanism and

captures a new set of samples.

To �nd the starting index of the m-sequence, the processor will again perform a slid-

ing correlation similar to coarse acquisition step, with th e exception that K is incre-

mented by 4. This creates an uncertainty window of � 2 sample offset, which will

be compensated by the tracking loop outlined in the subseque nt synchronization and

data modulation steps. The maximum number of correlations p erformed for the �ne

acquisition step is 0:25Umax . With Umax = 28, seven correlations will be performed,

which will require a total of about 20,000 processor cycles.

Once �ne acquisition has successfully completed, User 2 will send an acknowledge

signal to User 1. The User 1 receives the acknowledge signal and transmits a series

of test frames that contain a special pilot sequence. These t est frames are demodu-

lated by User 2, and the output veri�ed to ensure it was received error free. If so,

User 2 will send a second acknowledge signal to User 1 and data transmission will

commence. If the coarse or �ne acquisition step fails, the Po werPC will trigger the

capture controller, obtain a fresh set of samples and perfor m the entire acquisition
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sequence again.

3.8 Synchronization

The PowerPC Processor takes 20,000 cycles to perform �ne acq uisition, which creates

an uncertainty window of three samples due to oscillator dri ft between the receiver

and transmitter. This is �ne tuned by the synchronization ro utine using the tracking

loop and data demodulation hardware described in subsequen t sections.

Once User 1 receives the acknowledge signal indicating that User 2 has successfully

performed �ne acquisition, it sends a series of test frames, the starting time for which

is the next scheduled transmission of the m-sequence. These test frames contain a

set of pilot pulses whose structure is known to the receiver b eforehand. User 2, after

sending the acknowledge signal to User 1 indicating the end of acquisition step, waits

for a reasonable amount of time and demodulates the incoming test frames. This

demodulation step achieves two objectives.

� The tracking module �ne tunes the synchronization between r eceiver and trans-

mitter by using the data demodulation hardware.

� After successful demodulation of pilot pulses, the samples are averaged to form

a template which compensates for any pulse distortions and m ultipaths.
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3.9 Real-Time Tracking

Once the synchronization is established, the receiver and t ransmitter are locked and

the communication system is ready for data transfer. Howeve r, due to oscillator drifts,

the receiver and transmitter can lose synchronization over time. The receiver com-

pensates for this gradual loss of synchronization using an e arly-late gate algorithm

[1]. Matched template correlation is performed using three template waveforms gen-

erated as follows:

1. One template advanced in time by one sample

2. One template with ideal timing

3. One template delayed in time by one sample

The template with the strongest correlation has the best ali gnment with the trans-

mitter. If the Case 1 template shows the strongest correlation, the receiver has fallen

behind by one sample while if Case 3 shows the strongest correlation, the receiver is

ahead by one sample. If the strongest correlation occurs wit h delayed or early tem-

plate consistently, the receiver needs to adjust timing to c ompensate for it. An early

and late count register is updated every time the non-ideal t emplates correlate better

than the ideal one, and if this count crosses a threshold valu e, the dynamic scheduler

and the coef�cient template shift register chains are shift ed to compensate for the

loss of synchronization.
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3.10 Data Demodulation

Data demodulation is performed by a Digital Pilot-Based Mat ched Filter (DPBMF)

receiver, which is similar to the Matched Filtering receive r that has been used in

narrowband communications for many years [34]. Matched �lt ering is performed by

multiplying and integrating the received pulse with the tem plate waveform, and then

comparing the result to the receiver decision statistic thr eshold [34].

Mathematically, the operation is given by:

Z =
P 79

i =0 x i yi

Where

x represents the i th ADC sample value

y represents the i th template sample value

In the case of binary signal transmission, Z > 0 means that a `1' was transmitted and

Z < 0 means that a `0' was transmitted. The data demodulation cons ists of a number

of elements which have been described below.
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3.10.1 DDR Registers

Inside the FPGA, the incoming ADC samples are evenly spread o ver 32 DDR Input

registers corresponding to the 16 incoming ADC data buses (P Bus and ABus for each

of the eight ADCs). Because the number of samples per pulse is 80, which is not a

multiple of the number of DDR registers (32), the registers a lternate between captur-

ing three samples and two samples. For example, consider ADC 0 PBus. If the DDR

register running on Clk0 captures sample numbers f 3, 35, 67g on the even numbered

UWB pulses and sample numbers f 19, 51g on odd numbered pulses, the DDR register

running on Clk180 will capture sample numbers f 19, 51g on even numbered pulses

and sample numbers f 3, 35, 67g on odd numbered pulses. All other ADCs follow an

identical sequence. The DDR registers which provide sample s in between 0 and 15

for the even numbered pulse are called in-phase DDR pipeline s, while the ones which

provide 16-31 samples are labeled out-of-phase. Hence in th e example above, ADC0

PBus DDR0 is in-phase while ADC0 PBus DDR180 is out-of-phase .

3.10.2 Data Synchronizers

The ADC data bus is aligned to the incoming ADC sample clock, a nd is latched into

the DDR registers using the positive and negative edge of thi s clock. Since �nding the

complete correlation over the entire UWB pulse requires com bining the partial sums
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Figure 3.7: Block diagram of the Synchronizer that transfer s data from local sample
clock to global clock domain

from each DDR data pipeline, the DDR data has to be moved from t he local sample

clock domains to a global clock domain. To avoid metastabili ty issues, the DDR reg-

isters are fed into a simple synchronizer which can move data safely from the local

sample clock domain to a global clock domain. The global cloc k is the ADC0 clock

whose leading edge comes earlier in time than all the other AD C clocks.

In the �rst step, the synchronizer demultiplexes the incomi ng sample onto two buses,

each running at 125 MHz and out of phase by 180� . A divide-by-2 counter is used
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to generate the clock enable signals as illustrated in Figur e 3.7. Once the data has

been down-sampled to 125 MHz, a multiplexer alternately sel ects the data bus which

changed on the last local clock edge, and hence is the more sta ble of the two buses.

The output of the multiplexer is then latched safely into the global clock domain.

When the clocks are perfectly offset from each other by 125 ps , in the worst case, this

scheme will provide 3 ns to move data between local and global clock domains, while

avoiding any metastability issues.

3.10.3 Partial Correlation Unit (PCU)

Each DDR register has three identical dedicated data proces sing pipelines, which can

compute the partial correlation sum from the samples from th at particular register

for the on-time, early, and late templates. The main compone nts of this pipeline are

illustrated in Figure 3.8. It is comprised of one 8 � 8 multiplier, two 8-bit registers

to store the incoming sample values and template sample valu es, one 16-bit adder,

a 16-bit Multiplexer and a partial sum 16-bit output registe r. The control input is

driven by the dynamic resource scheduler and has two purpose s.

1. It is used as the Select input for the multiplexer whose output drives one of the

accumulator inputs. For the in-phase DDR register, a sequen ce of f 0,1,1,0,1g is

generated on the control input, which generates the partial sum every 3rd and
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Figure 3.8: Block diagram of the Partial Correlation Unit (P CU)

5th cycle. For an out-of-phase pipeline a sequence of f 0,1,0,1,1g is generated on

the control input which generates a partial sum every 2nd and 5th cycle.

2. A `0' on the control input indicates that a valid partial su m is available at the

accumulator output and the pipeline output register is upda ted with this new

value.

The Template Shift Register Chain, which provides the corre ct coef�cient values to

the PCU for calculating the partial correlation, is describ ed below.
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3.10.4 Dynamic Resource Scheduler

The Dynamic Resource Scheduler provides control input for t he Partial Correlation

Unit (PCU). Conceptually, the resource scheduler is a simpl e state machine which has

�ve states and transitions from state zero to four in round ro bin fashion. Depending

on the alignment of the samples for the UWB pulse with the DDR r egisters, the sched-

uler sends the appropriate control signals to each of the 32 D DR PCUs to accumulate

two or three correlation values before latching it into the P CU output register. The

schedules for both in-phase and out-of-phase pipelines are illustrated in Table 3.1.

Since real-time tracking shifts the start index for the puls e sample values, the sched-

ule can dynamically change with time. For example consider t he case where ADC0

PBus DDR0 (PBus0 0) is in-phase and provides the f 0, 32, 64g sample for the even

numbered pulse and f 16, 48g for the odd numbered pulse. In this case, the ADC0

Pbus DDR180 (PBus0 180) is out-of-phase and will provide the f 16, 64g samples for

the even numbered pulse, and f 0, 32, 64g for the odd numbered pulse. If the real-time

tracking module detects a better correlation with delayed c oef�cient template, the re-

ceiver has drifted by one sample and ADC1 PBus DDR0 (PBus1 0) will now provide

the �rst sample. Hence PBus0 0 pipeline will now follow the out-of-phase schedule,

while the Pbus0 180 pipeline is in-phase and the corresponding schedules ha ve to be

adjusted.
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The scheduler can be implemented as a 1-bit circular shift re gister of length 180 (5

bits for each of the 32 DDR registers). The bits f 0, 32, 64, 96, 128g correspond to the

Pbus0 0, f 1, 33, 65, 97, 129g correspond to Pbus1 0 and so on. At reset the sched-

uler shift register chain is initialized assuming Pbus0 0 is the start index for the

even-numbered pulse. After synchronization, if the �rst sa mple for the UWB pulse is

predicted to arrive at position j , where 0 � j < 80, the shift register chain is shifted

right j times to align the schedule with incoming sample values.

Table 3.1: Partial Correlation Unit Resource Schedule [35]
State Register (R) Multiplier (M) Adder (A) Final Result (FR)

0
x 0 (R,y � 32) (0,M) FR[Pulse � 2]
x16 (R,y� 16) (A,M)

1
x 32 (R,y 0) (A,M)
x48 (R,y16) (A,M)

2
x 64 (R,y 32) (0,M) FR[Pulse � 1]
x80 (R,y48) (0,M) FR[Pulse � 1]

3
x 96 (R,y 64) (A,M)
x112 (R,y80) (A,M)

4
x 128 (R,y 96) (A,M)
x144 (R,y112) (0,M) FR[Pulse 0]

Entries in Bold are speci�c to the in-phase PCU
Entries in Italics are speci�c to the out-of-phase PCU

3.10.5 Coef�cient Template

The coef�cient template values are stored in an 8-bit circul ar shift register chain of

length 80. It has a 8-bit data input InitVal , and three control signals, ShiftRight ,

ShiftLeft and LoadEn . To initialize the shift register chain, the LoadEn control input
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is asserted for 80 cycles and the consecutive template value s are driven to the InitVal

data port. The ShiftLeft and ShiftRight control inputs are asserted by the early-late

tracking module to align the template waveform to the incomi ng samples.

3.10.6 Adder Tree and Comparator

In the second stage of processing, a pipelined adder tree of d epth �ve is used to com-

bine the results from all the DDR PCUs and produce a single cor relation value. This

result is compared to the decision statistic threshold and t he result is stored in a

BRAM. Since the �rst stage of adder tree is driven by the PCU ou tput registers which

only change every two or three clock cycles, the synchronous paths from the PCU out-

put to stage one adder output is declared as a multi-cycle pat h with period equal to

twice the global clock frequency. A clock enable is used to up date the adder output

registers whenever a new partial correlation value is avail able. This does not have

any functional signi�cance, but improves timing for the ent ire design. The same prin-

ciple is used throughout the �ve stages of adder tree to decla re multi-cycle paths and

improve design timing.



Deepak Agarwal Chapter 3. Advanced Ultra Wideband Receiver 57

3.11 Output Interface

Two output interfaces are provided for debugging and data tr ansfer functionality. Af-

ter data demodulation, the data bits are stored in a PLB BRAM. The second PowerPC

processor can then read these values and send them over a USB 2 .0 interface to the

host computer. A RS-232 interface is also provided as a backu p debugging interface.

3.12 Design Timing and Results

The digital baseband processor presented the daunting chal lenge of designing a com-

plex datapath capable of clocking at 250 MHz. Though the indi vidual building blocks

like adders, multipliers, multiplexers are all capable of c locking at this high frequency

on an FPGA, the timing degrades quickly once they are combine d together. Placement

and routing of a design on an FPGA is a NP -complete problem; hence, it is not possi-

ble to explore the entire solution space to �nd the best possi ble solution. Instead, the

back-end tools use a set of heuristics to achieve a solution t hat is close to optimum.

However, this approach might not work for high-speed FPGA de signs where the tim-

ing constraints are very stringent. The following measures were taken to make sure

that timing closure was achieved.

1. The fanout for the nets in the design was restricted to �ve d uring the front end

synthesis stage. For high fanout nets like clock enable, the synthesis tool was
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forced to replicate logic which dramatically improved timi ng on these paths.

2. After the �rst place-and-route run, the timing critical p aths were identi�ed and

additional pipeline registers were added.

3. Though the entire design is clocked at 250 MHz, some of the s ynchronous paths

like adder trees change value every other cycle. All these pa ths were identi�ed

and appropriate clock enable signals were generated and add ed. These were

declared as multi-cycle paths in the Xilinx constraints �le .

4. Area constraints were added for the PCU Units associated w ith each ADC, so

that they are placed in a cluster near the corresponding IOBs .

5. The design was slightly over-constrained, i.e. a clock cy cle of 3.9 ns was speci�ed

instead of 4.0 ns (250 MHz).

6. Guided place-and-routing was used once the results from t he back-end tools in-

dicated that the design had very few timing errors.

3.13 Results

Using the techniques outlined in the previous section, the d esign consisting of the

data demodulation unit was able to achieve the target freque ncy of 250 MHz. Figure

3.9 is the timing section of Xilinx place-and-route report. It illustrates that the slow-

est single-cycle critical path in the design is capable of cl ocking at 254 MHz (3.928 ns).
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Figure 3.9: Timing report extracted from the Xilinx place-a nd-route results for the
data demodulation unit

Another important design objective was to keep the FPGA util ization low, so that fu-

ture developers can utilize the unused FPGA resources to imp lement different UWB

schemes. Figure 3.10, a screenshot of the area section of the Xilinx PAR report, shows

that the FPGA slice utilization for the entire data demodula tion unit is 25%. This

leaves ample unused FPGA logic resources that can be utlized for future UWB sys-

tem development. Figure 3.11 is a snapshot of data demodulat ion logic loaded on
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Figure 3.10: Area report extracted from the Xilinx place-an d-route results for the
data demodulation unit

Xilinx FPGA editor. Note that the design is restricted to one half of the FPGA due to

area constraints used during place-and-route. This proper ty is especially useful since

logic can be densely packed in the left half of the FPGA withou t affecting the timing

of the data demodulation units.
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Figure 3.11: A snapshot of Xilinx FPGA Editor: The ADC data bu ses drives pins on
the right quadrants of the FPGA



Chapter 4

Prototype UWB Receiver

4.1 Motivation

The COTS-based implementation of the advanced UWB radio out lined in the previous

chapter is a challenging design, both from PCB and digital de sign perspective. The

ADCs drive sixteen 8-bit data buses and eight clock signals a t 500 MHz across the

board to the FPGA I/O pins. Due to the large number of high spee d transmission lines

routed on the PCB, ensuring adequate Signal Integrity (SI) i s of utmost importance.

Moreover, the TI sampling approach outlined requires very � ne control over clock

delays as well as skew and jitter, which is challenging to imp lement on a PCB using

discrete components. The ADC to FPGA interface has to be desi gned appropriately

such that the FPGA can latch the LVDS signals at 500 MHz, and th e digital datapaths

62
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inside the FPGA should be capable of processing the 8 Gsps dat a rate and demodulate

the received UWB transmission in real-time.

The design and fabrication of the advanced receiver board ha s a high engineering

design time and component cost. An architecture or design is sue identi�ed late in the

design cycle can result in huge cost and time overruns. Hence , it was decided that as

an intermediate step, a scaled down prototype of the advance d radio receiver would

be developed. The prototype board would help mitigate risk b y providing developers

a reference platform where the various components of the adv anced receiver can be

tested in an environment that closely mimics the �nal design . It can potentially result

in huge time and cost savings, increase the con�dence level a nd allow us to make

tweaks to the advanced radio design. This prototype will ser ve multiple purposes:

� Test the feasibility of the underlying TI sampling approach at multi gigahertz

clock frequencies.

� Verify that the power distribution systems and the clock dis tribution networks

meet the design objectives and identify the potential probl ems.

� Identify the potential Signal Integrity problems by compar ing the actual trace

behavior with the simulation results obtained from the Hype rlynx simulator.

� Verify the FPGA timing and DCM behavior, including any metas tability issues

that may arise due to data moving across clock domains.
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� Serve as a development platform for the Advanced UWB receive r where radio

design related experiments can be performed.

4.2 Prototype Receiver Board Overview

As a �rst phase of development of the advanced UWB radio testb ed, a prototype re-

ceiver has been developed (Figure 4.1). This prototype rece iver is a scaled down ver-

sion (Figure 4.2) of the proposed �nal design. It utilizes an array of two MAXIM

MAX104 ADCs, with each ADC sampling at 1 Gsps in a Time-Interl eaved fashion,

to achieve an effective sampling rate of 2 Gsps. The clock dis tribution network and

the power supplies on the prototype are built using the same c omponents that will

be used in the advanced receiver board. This provides an oppo rtunity to evaluate the

performance of these components on the PCB at high clock freq uencies. For data cap-

ture and demodulation, a Xilinx Virtex-II Pro XC2VP30 FPGA with speed grade � 6

has been chosen. This is smaller than the XC2VP70 FPGA that will be used for the

�nal board design, but provides adequate logic and I/O resou rces for the prototype

board. UART and USB interfaces have been provided for the deb ugging and data

transfer functionality.
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Figure 4.1: Prototype Ultra Wideband Receiver

Figure 4.2: Block diagram of the prototype receiver board
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4.3 Prototype Development Design Methodology

4.3.1 Development Platform

A ML310 FPGA board and Xilinx Platform Studio (XPS) were used as the develop-

ment platform for developing the digital designs for the pro totype UWB receiver.

Hardware Platform

The ML310 board is a Xilinx Virtex-II Pro XC2VP30 FPGA based system develop-

ment board in an ATX form factor. It has onboard Ethernet MAC/ PHY, DDR memory,

RS-232 interface and multiple PCI slots which can be utilize d for complete embed-

ded system development. Since the prototype receiver also u ses a similar XC2VP30

FPGA and UART for communication, the ML310 board provides th e ideal platform

to develop and test the prototype digital designs even befor e the receiver boards are

fabricated. The prototype receiver board has four 8-bit dif ferential 500 MHz ADC

buses driving the FPGA input pins, which provide the sample s tream for data demod-

ulation. On a ML310 board, only a small number of high-speed I /O pins are made

available to the user. Driving all the data buses from an exte rnal source, which mim-

ics the ADC data buses, is not possible. A pseudo sample gener ator built inside the

FPGA itself was used to provide the sample vectors for functi onal testing of the de-
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signs.

Software Platform

The Xilinx Embedded Development Kit (EDK) provides the hard ware/software co-

design framework and Intellectual Property (IP) for design ing Xilinx FPGA designs

with embedded IBM PowerPC hard cores [36]. The Base System Bu ilder (BSB) fea-

ture, which has native support for the ML310 board, can be use d to create a base

system consisting of the processor core along with the Proce ssor Local Bus (PLB),

On-chip Peripheral Bus (OPB) and the Device Control Registe r (DCR) buses. IP cores,

PLB memory and the RS-232 core, can be easily added to the desi gn. The system is

customizable, and features such as program and data cache fo r the PowerPC proces-

sor, the UART Interrupt behavior and DCM characteristics ca n be modi�ed using the

XPS Graphical User Interface (GUI). Besides generating the hardware design �les,

the XPS also creates software libraries, a C-routine to test the system memory and

peripherals and a Make�le for compiling the hardware as well as software.
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4.3.2 Design Migration

Once the digital designs were generated and veri�ed on the ML 310 board using inter-

nally generated test data, the designs were migrated to the p rototype receiver board.

This step requires the following changes to the design:

1. The pseudo sample generator was removed and the data ports were connected

to the FPGA I/O pins that are driven by the ADC data buses.

2. The FPGA interface to the PCB components like the UART, LED s and Reset

switch on the ML310 board is different from the prototype rec eiver board; hence,

the FPGA pin location constraints, drive strengths and I/O s tandards were mod-

i�ed according to the receiver board schematics.

3. The ML310 board has an onboard oscillator which provides t he FPGA with a

clock signal whose frequency is 100 MHz. On the other hand, th e prototype radio

FPGA receives an input clock with a frequency of 500 MHz which is divided

down to 250 MHz using the DCM attribute CLKIN DIV BY 2. Hence, DCMs

with additional attributes were added for the sample clocks , and the lock signals

were driven to LEDs on the prototype board for debugging purp oses.

4. The timing constraints were modi�ed to re�ect the prototy pe board clocks and

the phase relationship between the two incoming ADC sample c locks.



Deepak Agarwal Chapter 4. Prototype UWB Receiver 69

4.4 Test and Evaluation

An outline of the evaluation methodology for the prototype b oard along with the test

results is presented below. 1

4.4.1 Initial FPGA Con�guration

To verify that the JTAG (IEEE 1149.1) [38] interface was conn ected properly to the

FPGA, a simple FPGA bitstream was generated, and downloaded via iMPACT. This

initial testing phase was set up to verify that the FPGA could be programmed suc-

cessfully, and that the FPGA operated as intended.

JTAG Interface

Early in the design process, it was decided that the FPGA con� guration would be per-

formed using the JTAG interface, which is connected to J10 on the receiver PCB [38].

IMPACT and a Parallel IV cable were used to scan the JTAG chain (which consisted

of only the FPGA), and it successfully recognized the on-boa rd Xilinx FPGA. At this

point, the bitstream was downloaded to the FPGA. LED D10, which is connected to

the FPGA's DONE signal, turned off when the con�guration was complete, and s erved

as a simple mechanism during the remainder of the testing pro cess to verify that the

1A portion of this section appears in [37]



Deepak Agarwal Chapter 4. Prototype UWB Receiver 70

FPGA con�gurations were properly downloaded.

FPGA Operation

The downloaded bitstream used a single-ended LVCMOS clock s ignal from the ex-

tra global clock pins located on J14 as an input to one of the FPGA's Digital Clock

Managers (DCMs). The clock was driven by an external off-boa rd oscillator �rst at a

frequency of 25 MHz, and then at 100 MHz. The downloaded bitst ream divided down

the clock signal and �ashed eight of the LEDs in a speci�c patt ern. A reset signal

from the trigger pushbutton switch ( S2) was used to reset the DCM as well as the

�ashing light pattern. Observation of the blinking LEDs (Fi gure 4.3) veri�ed that

the following components were operating properly.

� JTAG based FPGA con�guration was successful and the FPGA ope rated as de-

signed.

� The correct power supply voltages were connected to the corr ect FPGA pins.

� The FPGA Digital Clock Manager (DCM) was able to lock onto the input Global

Clock signal.

� Pressing the trigger pushbutton was able to trigger the user global reset for the

FPGA.
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Figure 4.3: LEDs blinking in a programmed pattern veri�ed th at the FPGA had been
properly con�gured

� No solder joint failures on the FPGA pins connected to power, ground, or signals

used by the bitstream.

As a secondary test of the DCMs, the blinking lights bitstrea m was regenerated to run

off the ADC DREADY output signal (which is used as a differential clock input to the

FPGA). The ADC input clock was slowly ramped up to a maximum of 1 GHz (which

was the target operating frequency for the ADCs on the protot ype receiver). Testing

the DCMs at the maximum frequency was a critically important stage, as a higher

potential for signal integrity problems exists at higher cl ock frequencies. In addition

to the blinking lights, the DCM's lock signals were driven to external LEDs. The

DCMs were able to lock onto the ADC's DREADY signal, meaning that the DREADY
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signal met all of the minimum timing and signal integrity req uirements of the DCMs.

Passing this test was extremely important, as the DREADY signals are used as the

primary clock source in the FPGA.

4.4.2 Verify Power Distribution System Operation

The primary function of the Power Distribution System (PDS) is to meet all the static

and transient current demands of all the IC's on the PCB. Larg e transient current

demands are generated when multiple outputs in a given IC swi tch logic states simul-

taneously (known as Simultaneous Switching Outputs, or SSO s). The large transient

current demands caused by SSO—if not compensated for by the P DS—can cause tem-

porary drops in voltage levels, leading to logic errors. On t he prototype receiver, three

PDSs contained a signi�cant number of potential SSOs: the 1. 5V FPGA core PDS,

the 2.5V FPGA I/O PDS, and the 3.3V ADC output PDS.

Each of these PDSs had a special connector so that a spectrum a nalyzer could observe

the frequency response of the PDS. Large spikes in the spectr um indicate an unmet

current demand at that particular frequency. The PDS's were tested with a 1 GHz

square wave input to the ADCs (which maximized the number of S SOs on the ADC

outputs), and the ADC clock inputs to the FPGA running at 500 M Hz, along with

an external global clock signal of 100 MHz. The analysis of th e frequency spectrum

for the 1.5V PDS, 2.5V PDS and 3.3V PDS showed that the amplitu de of the spikes
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ranges from about � 80 dBm to a maximum of � 50 dBm. This represents a transient

voltage drop of less than 1 mV which is well within tolerable l imits.

4.4.3 RS-232 Interface

The RS-232 interface is used primarily as a debugging and ver i�cation interface, as

well as an alternative to the USB interface. To test the RS-23 2 interface, a null-

modem cable was used to connect the RS-232 interface on the pr ototype board ( J13)

to a serial port on the host PC. A simple FPGA design was implem ented that used

the embedded PowerPC processor to perform a simple memory te st and transmit the

results to the host PC via a UART soft core. The UART core used i s a proprietary Xil-

inx core which incorporates features described in National Semiconductor PC16650D

device. A Maxim MAX3388 was used to translate the LVCMOS FPGA outputs into

RS-232 compatible signaling levels. The data stream was cap tured using the Mini-

com terminal program running on a PC and determined to be error fr ee, as shown in

Figure 4.4
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Figure 4.4: Output from Minicom which veri�ed that the FPGA w as able to commu-
nicate to a host PC using the RS-232 interface
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4.4.4 FPGA Data Capture Infrastructure

Data Capture with Pseudo-ADC Inputs

Figure 4.5 is a block diagram for the ADC data capture. The ADC sample values are

read into the FPGA's internal Block RAM (BRAM) memory. The BR AMs have two

access ports, Port A is running off the ADC DREADY signal, and Port B runs off the

Processor Local Bus (PLB) clock. The dual-port architectur e allows the FPGA to use

independent clocks for data read and write operations: ADC DREADY for the write

operation and the PLB clock for the read operation. Once the B RAMs are full, the

embedded PowerPC processor extracts the data from the BRAMs and streams it to

the host PC over the RS-232 interface. For initial testing pu rposes, a pseudo-sample

sequence was generated inside the FPGA and fed to the BRAMs in place of the ADC

samples. Test results are shown below in Figure 4.6 and indic ate that all operations

pertinent to data capture happened successfully.

Data Capture with True ADC Inputs

The next step in verifying the data capture infrastructure w as to determine if the

FPGA could successfully latch in data from the ADC outputs. A new bitstream was

generated that connected the FPGA pins to the BRAM Port A controller. Data capture

was initiated by pressing the trigger pushbutton switch. On ce the BRAMs are full,
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Figure 4.5: Block diagram of FPGA data capture infrastructu re tested using a pseudo-
sample generator
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Figure 4.6: Output from Minicom which veri�ed that all FPGA d ata capture in-
frastructure was fully operational. Infrastructure was te sted by inputting a pseudo-
sample sequence which is seen in the data stream above.
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the PowerPC outputs the data to the host PC using the RS-232 in terface. For initial

testing purposes, a 50 
 dummy load was connected to the UWB In input ( J6) connec-

tor, to prevent accidentally overdriving the ADC analog inp ut. The captured data was

output to the host PC and saved to a �le. Test results show nois y data centered on

the midrange of the ADC's output (output code 127), as seen in Figure 4.7.

4.4.5 DC Input Data Capture

DC voltages were connected to the prototype receiver PCB sig nal input ( J6) to test

the following:

� ADC full-scale analog input range.

� Solder joint failures (leading to outputs that are stuck hig h or low).

� ADC DC Offset Calibration

ADC Analog Range

The ADC input was connected to a DC voltage source that was set equal to either the

maximum or minimum allowed analog input voltage ( + 250 mV for the maximum,

� 250 mV for the minimum). The resulting output should have bee n either an all `1's

code or an all `0's code for their respective cases. During te sting, it was observed that
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(a) Output of ADC#1

(b) Output of ADC#2

Figure 4.7: Output of the ADCs when a 50 
 dummy load is connected to the UWB In
input. Note the slight gain and offset mismatch
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the ADC overrange output was being asserted, meaning that th e analog input was be-

ing overdriven. The overrange bit remained high until the in put voltage was reduced

to � 63 mV, which was not the expected behavior for the ADC. After c onsulting with

MAX104 datasheets and Maxim application engineers, it was d iscovered that in the

prototype receiver's design, the ADC's internal bandgap re ference pin, REFIN , was

inadvertently left �oating. Not connecting the REFIN pin resulted in minimization of

the ADC analog input range; however, the functionality of th e ADC remained essen-

tially unchanged. This problem could not be reworked on the P CB since the REFIN

pin was located such that it could not be accessed once the ADC had been soldered.

Solder Joint Failure

To test for solder joint failures, the ADC inputs were connec ted to a variable DC power

supply, and DC voltages were varied over the ADC's input rang e (� 63 mV). During

this test, it was observed that on Board #002, ADC #2's output code always showed

noisy data and did not track the changing input. Further inve stigation revealed that

the analog input of ADC#2 was inoperative. On Board #001, sev eral outputs on the

primary bus of ADC #002 were unresponsive to the changing DC i nput voltage. Close

inspection of the PCB revealed cold solder joints in the resi stive voltage divider net-

work adjacent to the ADC. The solder joints were repaired and the ADC outputs were

observed to behave as expected.



Deepak Agarwal Chapter 4. Prototype UWB Receiver 81

ADC DC Offset Calibration

The MAX104 ADC's provide a mechanism for matching the ADC off sets in a Time-

Interleaved Sampling array. On the prototype receiver, a va riable resistor (R27 for

ADC#1 and R39 for ADC#2) are used to adjust the DC offset on the analog side of the

ADC. The MAX104 has an adjustment range of � 5:5 Least Signi�cant Bits (LSBs).

Calibration involved inputting a �xed DC voltage and matchi ng the ADC output codes

by adjusting the variable resistors.

4.4.6 Data Capture with Sinusoidal Input

Waveform Reconstruction from Individual ADCs

Each of the ADC's output data is synchronous with their respe ctive clock signals. In

the Time Interleaved Sampling architecture, the clock sign als are intentionally out of

phase; hence, each ADC output must be latched into the FPGA us ing its respective

clock signal. Inside the FPGA, the single BRAM controller ca n be driven by either

of the ADC clock signals. To test the individual ADC data capt ure, two different bit-

streams were generated: one to read in data only from ADC#1 (a s illustrated in Figure

4.8), and a second to read in data only from ADC#2 (Represente d by the dotted line
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Figure 4.8: Block diagram of FPGA data capture from individu al ADCs

in Figure 4.8). Using separate bitstreams for each ADC avoid ed metastability issues

that would have occurred if the controller, running off ADC# 1's clock, attempted to

latch in data from ADC#2, or vice-versa. The individual ADC s ampling clocks were

set to a frequency of 500 MHz, and a 12 MHz sinusoidal signal wa s input to the re-

ceiver's UWB In input. The captured data was transmitted to the host PC and sa ved

to a �le. The waveforms and their spectrums were reconstruct ed using a MATLAB

routine, and are shown in Figure 4.9.
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(a) ADC#1 Time Domain Output (b) ADC#1 Frequency spectrum of cap-
tured samples

(c) ADC#2 Time Domain Output (d) ADC#2 Frequency spectrum of cap-
tured samples

Figure 4.9: Captured output from ADC#1 and ADC#2 for a 12 MHz C W input at a
sampling frequency of 500 MHz
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Figure 4.10: Block diagram of FPGA data capture with ADC samp le de-interleaving.

Waveform Reconstruction from Time Interleaved ADCs

As discussed above, metastability issues arise when the con troller tries to read in

ADC#1's output data when running on ADC#2's clock. To avoid m etastability, a syn-

chronizer is used to move data safely across clock domains, a s illustrated in Figure

4.10.

A C routine written for the embedded PowerPC processor de-in terleaves the data

while reading it from the BRAMs. To test the operation of the d e-interleaving routine,
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several Continuous Wave (CW) tones were input to the UWB In input of the receiver.

For the �rst round of testing, the individual ADC clocks were driven from an Agilent

ESG-D3000A signal generator at a frequency of 500 MHz. The pr ogrammable clock

delay chips for the ADCs were adjusted to provide an effectiv e sampling frequency

of 1 GHz. The waveforms and their spectrums were reconstruct ed with a MATLAB

routine, and one example is plotted below in Figure 4.11. In t he �gures, note that

several spurious signals are present, the strongest of whic h occur at 250 MHz and at

f c � f in (where f c is the ADC clock signal and f in is the frequency of the input signal).

These spurs are caused by slightly mismatched delays, as wel l as clock jitter present

on the output of the Agilent signal generator. Nevertheless , the dynamic range of the

receiver is approximately 35 dB.

For the second round of testing, the individual ADC clocks we re set to a frequency of

1 GHz, yielding an effective sampling frequency for the rece iver of 2 GHz. As above,

several CW signals were input to the receiver, and one exampl e of the resulting re-

constructed waveform and its spectrum is shown below in Figu re 4.12. Note that the

dynamic range is approximately 38 dB, whereas the ideal dyna mic range (if a single

2 GHz 8-bit ADC was used on the receiver) is 48 dB. The reductio n in dynamic range

is primarily due to timing jitter (since the Agilent oscilla tor is somewhat noisy), but

is also due to minor gain and offset mismatches between the tw o ADCs.
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(a) De-interleaved time domain output (b) Frequency spectrum of the De-
interleaved output

Figure 4.11: Time-Interleaved output of the prototype rece iver PCB for a 127 MHz
CW input at an effective sampling frequency of 1 GHz.

(a) De-interleaved time domain output (b) Frequency spectrum of the De-
interleaved output

Figure 4.12: Time-Interleaved output of the prototype rece iver PCB for a 151 MHz
CW input at an effective sampling frequency of 2 GHz.



Deepak Agarwal Chapter 4. Prototype UWB Receiver 87

4.4.7 Data Capture with a UWB Pulse Input

The �nal test of the prototype receiver board was to successf ully capture and recon-

struct a UWB pulse generated by a MultiSpectral Solutions In c. (MSSI) UWB pulser

available in the MPRG lab. To prevent overdriving the ADCs, t he pulser output was

attenuated before connecting it the UWB In input of the prototype receiver. The

individual ADC clocks were set to a frequency of 1 GHz, yieldi ng 2 GHz effective

sampling frequency for the receiver. Captured data was outp ut to the host PC and

post-processed in Matlab as with the CW signals. For compari son purposes, the same

UWB pulse was also digitized using a Tektronix TDS580D at a 2 G Hz sampling fre-

quency. The voltage recorded by the oscilloscope was conver ted into an equivalent

ADC output code level, based on the measured analog input ran ge of the ADCs of 63

mV. Both signals are plotted together in Figure 4.13. Note th at the two pulses are

nearly identical in both shape and time duration indicating a properly functioning

design.

4.4.8 Conclusions

The tests performed successfully demonstrated that all of t he critical hardware com-

ponents on the prototype UWB software radio receiver are ful ly functional. Data

capture of both CW and UWB pulses was used to demonstrate that Time-Interleaved
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Figure 4.13: Comparison of a UWB pulse sampled by a Tektronix oscilloscope and the
same UWB pulse sampled by the prototype receiver.
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sampling at such high frequencies and using off-the-shelf c omponents is feasible. Ad-

ditionally, it was demonstrated that data paths inside the F PGA could operate at

clock frequencies of 250 MHz, which is critically important when the individual ADC

sampling clocks are set to 1 GHz.



Chapter 5

Conclusion and Future Work

This thesis detailed the design of the digital part of a impul se-based ultra wideband

testbed. The radio was based on software radio design concep ts, and was built using

COTS-only components; hence, an FPGA was considered an opti mal choice to imple-

ment the digital components of the communication system. Ch apter 1 presented an

introduction to UWB communication systems and a discussion of its advantages over

traditional narrowband radios.

Chapter 2 provided the background information on software r adios and an insight

into the trade-offs involved in selecting the underlying te chnology. The advantages

of using con�gurable computing devices like FPGAs, as compa red to general purpose

microprocessors, DSPs or ASICs, for building software radi os were highlighted. The

90
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research as well as commercial development of UWB systems ha s picked up steam

since FCC released the necessary bandwidth for UWB systems. A more in-depth dis-

cussion of UWB, along with a survey of state-of-the-art UWB s ystems was presented.

FPGAs, due to their �exibility, can be easily customized to i mplement optimal dat-

apath speci�c to an application. A number of high-speed data path implementations

where FPGAs show a distinct performance advantage as compar ed to other architec-

tures, were discussed.

The Advanced UWB receiver board design was discussed in Chap ter 3 with special

focus on the digital design. The receiver contained two crit ical parts; the Time-

Interleaved sampling implemented using high-performance ADCs and very low-skew

and low-jitter clock distribution system and a Xilinx Virte x-II Pro FPGA for baseband

processing. Time-Interleaved sampling is used to sample th e incoming signal using a

bank of eight ADCs. The sampling scheme, limitations of COTS -based designs, ADC

and clock networks, acquisition and synchronization, demo dulator design, real-time

tracking of the UWB pulse train and external interfaces were discussed. Some design

results were provided which illustrate that the proposed de sign is capable of running

at 250 MHz, which is essential to process the sample inputs in real-time.

The feasibilty of TI-Sampling scheme at high frequencies wa s demonstrated by build-

ing a proof-of-concept receiver. This prototype receiver i s a scaled down version of the
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advanced UWB communication radio. It uses two ADCs, each sam pling at 1 GHz,

to achieve an effective sampling rate of 2 GHz. To implement t he digital part of the

receiver, a Xilinx Virtex-II Pro FPGA was chosen. Chapter 4 o utlined the motivation

for fabricating this intermediate board and its design cons iderations, with emphasis

on digital design. The methodology for testing and evaluati on of this board, the prob-

lems discovered during debugging, and some results were pro vided.

Chapter 5 gives a summary of the research efforts and discuss es future research di-

rections in this area.

5.1 Future Work

This thesis has laid the groundwork for the digital designs n eeded for the advanced

UWB receiver, though it is yet to be fabricated. This leaves t he door open for design

changes that can implement this baseband processor more ef� ciently by using fewer

FPGA resources. The high-speed FPGA design techniques used in this thesis are ex-

perimental and a more formal design methodology is desirabl e for implementing high

throughput data�ow architectures. On the prototype board, the deinterleaving of CW

tone and UWB waves was performed successfully at the rated sa mple clock frequency

of 1 GHz; however, it still needs to be ascertained that the ac quisition and synchro-
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nization scheme proposed in this thesis will be able to lock t he phase of receiver and

transmitter.

5.2 Conclusion

This thesis presented the design and implementation of the d igital section of an

impulse-based software-de�ned UWB radio communication sy stem. This communi-

cation system was designed to be used as a powerful, general p urpose radio testbed.

Future students and researchers can use it for the evaluatio n of the impact of pulse

shaping, channel coding, error control, and network algori thms on UWB communi-

cation since the testbed is highly recon�gurable. In additi on to communications, the

receiver can be used for propagation research, for Radar or i maging, or for more tra-

ditional narrowband/broadband communications.

As an intermediate step, a prototype SDR receiver, which is a scaled down version of

the advanced UWB system, was designed and fabricated. Succe ssful deinterleaving

of CW tones and UWB pulse was performed at an effective sampli ng rate of 2 GHz. It

was demonstrated that TI-sampling based approach for wideb and signals is feasible

using COTS components. Some valuable lessons were learned b y discovering design

mistakes, which will now be recti�ed in the advanced receive r design.
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