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Abstract

U ltra-w ideband wireless is an em erging com m unication technology w hich offers prom ise 

as a solution for high capacity short-range m ultiple access system s. M ultiple access in ­

terference for the tim e-hopping ultra-w ide bandw idth system s has been analyzed by m any 

literatures in recent years, where the conventional m atched filter ultra-w ide bandw idth re­

ceiver is adopted as the receiver detector. However, the conventional m atched filter ultra- 

w ideband receiver is not necessarily an optim al receiver since the m ultiple access interfer­

ence in the tim e-hopping ultra-w ide bandw idth system s is not G aussian distributed.

In this thesis, an ultra-w ideband receiver is proposed based intuitively on the sim u­

lated probability density function o f m ultiple access interference for the tim e-hopping ultra- 

w ideband system s. The new ultra-w ideband receiver dubbed the “zonal” receiver is shown 

to have better perform ance than the conventional m atched filter u ltra w ideband receiver in 

m ultiple access interference channels w ith or w ithout the presence o f the additive white 

Gaussian noise.
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Chapter 1

Introduction

1.1 History of UWB Wireless

A bout m ore than 45 years ago, a small group o f scientists worked to develop various tech­

niques o f sending and receiving short-im pulse signals betw een antennas. These kinds o f 

experim ents led to “im pulse radio” , later dubbed UW B radio.

Contributions to UW B industry w hich com m enced in the late 1960s were m ade by a 

num ber o f pioneering scientists such as H. F. H arm uth at Catholic U niversity o f A m erica, 

G. F. Ross and K. W. Robbins at Sperry Rand Corporation and R V. Etten at the U SA F’s 

Rom e A ir D evelopm ent Center. The basic design o f UW B transceiver structures were re­

ported in H arm uth’s books and papers. A t alm ost the sam e time, Ross and Robbins brought 

up several application areas UW B signals could be used in, including com m unications and 

radar using coding schemes, and R oss’ U.S. patent is a landm ark patent in the progress of

1
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UW B developm ent. E tten’s testing o f UW B radar system s resulted in the developm ent of 

system design and antenna concepts.

Since its beginnings at that time, ultra-w ide bandw idth technology has traveled an in ­

teresting road from  the lab, to the military, back to the lab, and finally to into com m ercial 

prototyping and im plem entation. Throughout its history, this technology was alternately re­

ferred to as baseband com m unication, carrier free com m unication, im pulse radio, large rel­

ative bandw idth com m unication, non-sinusoidal com m unication, and video-im pulse trans­

mission. The term  “U W B ” was not coined until the late 1980s, when applied to this tech­

nology by the U.S. D epartm ent o f Defense.

The developm ent o f UW B technology should be credited to m any innovative scientists 

over the last 50 years. M any experim ents and developm ents took place in the im pulse 

radar transm ission, w hich is the forerunner o f m odem  UW B technology, during this period 

o f time. There are m ore than 200 technical papers published in journals betw een 1960 and 

1999 on UW B related topics and m ore than 100 U. S. patents issued on UW B and UW B 

related technology. And this work continues w ith m any m ore investigators involved in this 

industry. Those inventions and petitions on UW B led to the landm ark FCC regulations 

o f 2002, w hich perm it low pow er ultra-w ideband operations for com m ercial developm ent. 

U nder such regulations, the unlicensed users can share the spectrum , w hich is previously 

assigned to other users, on a noninterference basis.

M ore recently, a new definition o f UW B focused on the “available spectrum ” was im ­

plem ented by the FCC. This definition is independent o f the type o f technique used to

2
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transm it the signal. Thus, the question o f how can UW B coexist w ith other services in the 

assigned spectrum  w ithout causing any harmful interference becom es very im perative.

After decades o f developm ent o f UW B technology, its standards are in place and the 

tim ing is right for m ass com m ercial adoption. UW B is an exciting technology since it 

could access the unprecedent, unlicensed, huge am ount o f spectrum. The UW B industry is 

on the verge o f m arket deploym ent.

1.2 Overview of UWB Wireless

U ltra-w ideband (UW B) com m unication system s are those kinds o f system s w hose instan­

taneous bandw idth is m uch greater than the m inim um  bandw idth required to deliver infor­

m ation at a certain rate. The characteristics o f UW B system s are defined by such excess 

bandw idth. A  conventional UW B system  use carrierless, short-duration (picosecond to 

nanosecond) pulses with a very low duty cycle, w hich is less than 0.5 percent, fo r trans­

m ission and reception o f inform ation. The duty cycle is defined as the ratio o f tim e that a 

pulse is present to the total transm ission time. The average transm ission pow er in UW B 

com m unications system s is very sm all because o f the low duty cycle. The average power 

is on the order o f m icrowatts, m uch sm aller than is the case for the narrow band transm itted 

signals. But since the pulse duration is very short, the peak o f the instantaneous power 

o f an individual UW B signal is relatively large. M oreover, as w e all know, frequency is 

inversely related to time, so short-duration UW B pulses spread their energy across a very 

wide range o f frequencies.

3
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W ithin the past 40 years, the merits o f UW B com m unication system s have spurred a 

growing interest in both academ ic and industrial institutes. Furtherm ore, the advances o f 

analog and digital electronics and UW B signal theory have enabled system  designers to 

propose som e practical UW B com m unication system s[l]. Before 2002, UW B was rele­

gated by regulatory bodies, such as the FCC (Federal Com m unication C om m ission) in the 

United States, to purely experim ental work for a very long time. In 2002, the FCC decided 

to change the rules to allow UW B system  to operate in a broad range o f frequencies.

A UW B system  is different from  conventional w ireless com m unications system s in the 

following ways:

1. The large bandw idth in UW B system s enables good tim e resolution for netw ork time 

distribution and precision location capability.

2. The UW B system s are able to achieve robust perform ance in m ulti-path environm ents 

since short duration pulses are used to exploit m ore resolvable paths.

3. The low pow er spectral density o f UW B signals can provide a low probability o f inter­

cept (LPI), w hich m akes coexistence w ith existing users possible.

UW B system s are unique because o f their large instantaneous bandw idth and the po­

tential for very sim ple im plem entations. W hat is m ore, the w ide bandw idth and potential 

for low-cost digital design enable a single system  to operate in different m odes as a com ­

m unications device, radar, or locator. Taken together, these properties give UW B system s 

a clear technical advantage over other m ore conventional wireless transm ission approaches 

in high m ultipath environm ents.

4
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1.3 UWB Regulations

The interplay betw een the radio acts and regulations have shaped the ways different users 

share the lim ited spetrum  and coexist w ith each other w ithout harm less interference. The 

traditional allocation o f spectrum  doesn’t fit UW B technology any m ore and the arrival o f 

the new technology has reshaped the concepts o f spectrum  m anagem ent.

1.3.1 Adoption of UWB in the United States

As wireless com m unication technology and science developed, research began to show 

that spectrum  m anagem ent could be m ore effective than sim ply allocating fixed narrow ­

band channels. Thus, regulations have appeared since 1985, w hich assigned blocks of 

nonchannelized spectrum  to m obile service providers. The m obile service providers sat­

isfy the dem ands o f their users by spreading each o f their signals over the entire allocated 

bandwidth. The separation o f different users could be accom plished by using special digi­

tal coding and m odulation techniques. The petition for the regulation o f UW B began in the 

1980s, and it culm inated in early 2002, when the FCC adopted the regulations for UW B 

perm itting the use o f UW B signals over a huge block o f spetrum  betw een 3.1 and 10.6 G 

Hz at pow er levels com m ensurate with those o f unintentional em itters. T he com m ercial de­

ploym ent o f UW B is perm itted on a noninterference basis over frequency spectrum  bands 

already occupied by existing radio services.

M anagem ent o f radio frequency spectrum  in the United States is shared by the FCC 

and the NTIA. The FCC oversees the non-Federal users, and allocates the spectrum  to

5
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com m ercial, private, amateur, state, and local public safety departm ents. The N TIA  over­

sees the Federal users. Since UW B signals spread energy over a w ide swath o f spectrum , 

they cannot avoid both Federal and non-Federal reserved spectra. The N TIA  is principally 

concerned with the “restricted” frequency bands that include national security and safety- 

of-life operations. The FCC m ust coordinate w ith the NTIA and then 3 UW B devices were 

granted waivers in 1999. They are as follows:

•  Tim e D om ain for through-w all im aging device

•  Zircon for a “stud-finder” for rebar in concrete

•  US Radar for a ground-penetrating radar.

In 2002, the First Report and O rder (R& O) was adopted by the FCC on Feb. 14 and 

released on Apr. 22. The R& O enables the introduction o f UW B technology w ithout 

causing harm ful interference to the incum bent users. It defines the UW B operations in 

terms o f the following:

•  UW B bandw idth. The frequency band bounded by the points that are 10 dB below 

the highest radiated em ission, as based on the com plete transm ission system  includ­

ing the antenna. The upper boundary is designated f j j  and the low er boundary is 

designated f i .  The frequency at which the highest radiated em ission occurs is desig­

nated f M .

•  Center frequency. The center frequency, f c ,  equals ( / h  +  / l ) /2 .

6
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TABLE 1.1

Signal classification principles

N arrow band B f <  1%

W ideband 1% < B f  < 2 0 %

Ultra-W ideband B f > 20%

•  Fractional bandw idth. The fractional bandw idth equals 2 ( f y  — / l ) /  ( / / /  + / / .) •

•  U ltra-w ideband (UW B) transmitter. An intentional radiator that, at any point in time, 

has a fractional bandw idth equal or greater than 0.20 or has a UW B bandw idth equal 

to or greater than 500 M Hz, regardless o f the fractional bandw idth. As for the frac­

tional bandw idth, it is defined to classify signals as narrowband, w ideband or ultra- 

w ideband according to the principles in Table 1.1.

•  EIRP. Equivalent isotropically radiated power, i.e., the product o f  the pow er sup­

plied to the antenna and the antenna gain in a given direction relative to an isotropic 

antenna.

•  Handheld. A handheld device is a portable device, such as a lap top com puter or 

a PDA, that is prim arily handheld w hile being operated and that does not em ploy a 

fixed infrastructure.

The regulations perm it indoor UW B system s and handheld devices. The em ission limits 

for the indoor UW B system s and the handheld devices are shown in Table 1.2.

7
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TABLE 1.2

FCC regulations about the em ission limits

Frequency Indoor EIRP H andheld EIRP(dBm )

(M Hz) (dBm) (dBm)

Below 960 Section 15.209 Section 15.209

9 6 0 -  1,610 -75.3 -75.3

1 ,610- 1,990 -53.3 -63.3

1,990-3,100 -51.3 -61.3

3,100-10,600 -41.3 -41.3

above 10,600 -51.3 -61.3
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TABLE 1.3 

Em ission lim its in UFZ

Frequency

(M Hz)

EIRP

(dBm)

Below 960 N ot intentional

9 6 0 -  1,610 -75.3

1 ,6 1 0 -1 ,9 9 0 -63.3

1,990-2,200 -61.3

2,200-10,600 -35.3

above 10,600 -41.3

1.3.2 Regulations in Asia

A lthough researchers in China, Korea, Japan, Singapore and m any other A sian countries 

are showing their interests in UW B industry, now in Asia, only the Infocom m  D evelopm ent 

Authority (IDA) in Singapore perm its UW B with a special experim ental license. The UW B 

Friendly Zone (UFZ) in Singapore is located in Science Park II. The em ission lim its in UFZ 

are given in Table 1.3.

The em ission regulation above are m easured in a resolution bandw idth o f 1 M H z using 

an RMS detector w ith a video integration tim e o f 1 ms or less. The lim its have an expanded 

lower frequency band edge than what is perm itted by the FCC.

9
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1.3.3 Regulations in the European Union

The European Technical Standards Institute (ETSI) deals w ith the technical standards and 

com patibility studies concerning the UW B technology. Its attitude towards UW B technol­

ogy is m ore conservative than the U.S., and the proposed draft for the em ission standards 

is significantly m ore restrictive than the FCC regulations. The proposed indoor em ission 

lim it o f the ETSI is the sam e as the FCC handheld limit, w hile the ETSI handheld proposal 

is as m uch as 20 dB m ore restrictive.

1.4 Literature Review

1.4.1 Gaussian Approximation of the Disturbance and the Adoption 

of the Conventional Matched Filter UWB Receiver

A tim e-hopping spread-spectrum  (TH-SS) system  transm its signals occupying an extrem ely 

large bandw idth, w hich is m uch larger than the data m odulation bandw idth and thus with 

a reduced pow er spectral density. The use of TH-SS im pulse radio in UW B system s is 

m otivated by the TH-SS im pulse rad io ’s ability to resolve m ultipath and the availability of 

technology to im plem ent and generate UW B signals w ith relatively low complexity.

In [3], W in and Scholtz’s (2000) used the TH-SS im pulse radio in UW B system s. A 

feasible m odulation schem e w hich can be supported by the technology at that tim e was 

described and then the receiver structure and processing was presented in this work. U nder 

the ideal m ultiple-access interference channel, the perform ance o f both analog and digi-
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tal data m odulation form ats were predicted. The digital data m odulation in this w ork is 

the same as the m odulation scheme refered to as the tim e-hopping pulse position m odula­

tion (TH-PPM ), and the receiver dubbed “Digital Im pulse Radio M ultiple-A ccess Receiver 

(D IRM A )” is based on the theory o f hypothesis testing for fully coherent detection. It was 

also m entioned in [3] that the decision rule for this receiver is no longer optim al w ith the 

presence o f m ultiple access interference which is not really G aussian distributed, and an 

optim al receiver design should use inform ation o f the statistics of the m ultiple access inter­

ference. However, since the optimal receiver for the m ultiuser system s is not feasible, [3] 

adopted the Gaussian approxim ation for the total disturbance and em ployed the D IRM A  as 

an optim al receiver structure based on the approxim ation. A lthough the assum ption is not 

strictly valid, the D IRM A  is a good suboptim al m eans o f m aking data decisions because it 

is simple and it suggests practical im plem entations. R am irez-M ireles’s (2001) w ork [11] 

extended the case to non binary PPM  schemes, but it still m odeled the m ultiple access 

interference as a G aussian random  process.

Taha and C hugg’s (2002) work [13] used the m odulation schem e o f TH-BPSK. The 

whole UW B system  was m athem atically m odelled. The SNR and bit error rate in the 

presence o f arbitray random  wide-sense stationary external interference was com puted. 

W hen it cam e to the bit error rate com putation, the central lim it theorem  was applied and the 

Gaussian approxim ation was adopted. The receiver structure in this work was also based 

on coherent detection and the conventional m atched filter UW B receiver was adopted. The 

bit error rate was predicted in such receiver structures.
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1.4.2 Invalidity of Gaussian Approximation for the Total Disturbance

Studies o f m ultiple access interference for tim e-hopping UW B system s have been con­

ducted in recent years. The Gaussian approxim ation for the total disturbance was firstly 

introduced and the conventional m atched filter UW B receiver was adopted in system s as 

the optimal receiver structure based on the assum ption that the total disturbance is G aussian 

distributed. However, it was shown in m any literatures that the m ultiple access interference 

is not Gaussian distributed, and the Gaussian approxim ations highly underestim ate the bit 

error rate perform ance of UW B system s for m edium  and large SNR values.

The m ultiple access interference in TH-PPM  system s was studied in [14]. It was 

assum ed in this work that the overall disturbance, including M A I and AW GN, was a 

zero mean G aussian random  process. The conventional m atched filter UW B receiver was 

adopted and an analytic expression for the bit error rate was obtained. The analytic re­

sults for the BER based on the G aussian approxim ation w ere com pared w ith the ones de­

rived from  sim ulation. It is obvious to note the extrem ely lim ited capacity o f the Gaussian 

approxim ation to describe the real perform ance o f TH-PPM  techniques, especially when 

the slot duration Tc is m uch larger than the pulse duration Tp . Thus, it is not reasonable 

to m odel the statistical characteristics o f the total disturbance as a G aussian zero mean 

random  process and the conventional m atched filter UW B receiver is not necessarily an 

optim al receiver for UW B systems.

Another im portant analysis concerning the perform ance evaluation o f TH -PPM  UW B 

systems in the presence o f m ultiuser interference was revealed in [15]. It was m entioned in
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this work that the G aussian approxim ation is not accurate enough to predict the BER perfor­

m ance o f UW B systems. Com pared w ith the BER perform ance obtained using Gaussian 

approxim ation, the sim ulation results showed that the G aussian approxim ation m ay sig­

nificantly underestim ate the BER o f UW B systems. A new m ethod to evaluate the BER 

perform ance o f TH-PPM  system s in the presence o f M A I and AW GN channel was pro­

posed in this work, w hich was based on G aussian quadrature rules (GQR). This technique 

can overcom e the problem  o f evaluating the exact pdf o f the m ultiuser interference, which 

was proved in [16] to be very cum bersom e. The technique proposed in this w ork requires 

only estim ation o f the m om ents o f the M AI, and it is able to predict the BER perform ance 

of TH-PPM  system s w ith necessary accuracy with lim ited com putational complexity. The 

results showed that the BER perform ances obtained by the G QR techniques perfectly agree 

w ith the sim ulation results, w hich confirm ed the accuracy o f the proposed m ethod. It was 

also showed in this work that the G aussian approxim ation highly underestim ates the BER 

perform ance o f the TH -PPM  systems.

In [17]- [19], the statistics o f the m ultiple access interference has been studied m ore 

system atically. An exact analysis was derived for precisely calculating the b it error rate for 

both tim e-hopping (both TH -BPSK  and TH -PPM ) and direct-sequence (DS) UW B system s 

in m ultiple access interference channels. Theoretical expressions for the bit error rate in 

TH-BPSK, TH-PPM , and D S-BPSK  UW B system s were obtained in their work, and the 

accuracy o f these expressions was confirm ed by sim ulation results. T he theoretical results 

were then used to test the validity o f G aussian approxim ation o f the total disturbance. It
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was shown that the Gaussian approxim ation is invalid to describe the statistics o f the total 

disturbance when m ultiple access interference is present in the channel, and the G aussian 

approxim ation highly underestim ates the bit error rate perform ance for m edium  and large 

values o f SNR in UW B com m unications system s. M eanw hile, it was seen in their work that 

the Gaussian approxim ation led to som e contradictions about the bit error rate perform ance 

o f UW B system s. According to predictions obtained using the Gaussian approxim ation, 

TH -BPSK  system s outperform  D S-BPSK  system s, whereas the theoretical results in their 

work showed that the D S-B PSK  system s’ bit error rate perform ances surpass those o f the 

TH-BPSK  system s for m edium  and large SNR values.

1.4.3 Other Approximations of the Disturbance and New UWB Re­

ceiver Structures

Since the G aussian approxim ation for the total disturbance is invalid, the conventional 

m atched filter UW B receiver w hich was originally introduced and w idedly used in UW B 

system s is not necessarily the optim al UW B receiver. Som e other approxim ations o f the 

statistics o f the total disturbance were introduced, and new receiver structures based on the 

new approxim ation have been proposed. The perform ances o f the new receiver structures 

were shown to surpass the w idely-used correlation (conventional m atched filter) UW B re­

ceiver in m ultiple access interference channels.

Note that the Laplace noise m odel is used to characterize im pulsive noise and the short 

bursts o f m ultiple access interference in UW B system s are im pulse-like, so the Laplacian
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approxim ation o f the total disturbance is then adopted. The optim al detection procedure 

considering additive noise w hose statistics are Laplacian was derived in [22]. The M L 

receiver principle was used and an optim al processor for the Laplacian noise m odel was 

obtained. Later in [23], the discrete-tim e detection o f tim e-varying, additive signals in in­

dependent Laplace noise was considered, and the N eym an-Pearson optim al detector for 

the signal em bedded in Laplacian noise was proposed. Beaulieu and Hu use this optim al 

Laplacian receiver in TH-UW B system s for the first time and a new UW B receiver dubbed 

the soft-lim iting UW B receiver was proposed in [24], The soft-lim iting UW B receiver 

achieves as m uch as 10 dB gain when only m ultiple access interference is present in the 

channel. In m ore practical m ultiple access interference plus AW GN channels, it underper- 

form s the conventional m atched filter for small to m oderate values o f SNR, but achieves 

m ore than 1 dB gain for practical m oderate and large values o f SNR. An adaptive version 

based on the soft-lim iting UW B receiver was proposed later [25], and this new receiver 

structure always m eets or outperform s the conventional m atched filter UW B receiver for 

all values o f SNR when both M A I and AW GN are present in the channel.

The use o f the soft-lim iting receiver structrue is intuitive since the distribution o f the 

m ultiple access interference is still unknown. Thus, there is no reason to believe that the 

soft-lim iting UW B receiver is the optim al receiver for UW B system s. Actually, if  we 

want to find the optim al receiver for UW B system s, the distribution o f the m ultiple access 

interference should be studied and the M L receiver principles should be applied to get the 

receiver structure. However, characterizing m athem atically the pdf o f the m ultiple access
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interference seem s difficult and it is not tractable to derive rigorously an optim al receiver 

design using M L receiver design principles. Still, a better receiver can be derived based on 

som e observations on the p d f o f the m ultiple access interference, and this is the m otivation 

o f our new receiver structure design.

1.5 Thesis Outline and Contributions

This thesis w ill intuitively propose a new UW B receiver dubbed the “zonal” receiver. 

Firstly, the sim ulated probability density function o f the total disturbance including m ul­

tiple access interference and additive w hite G aussian noise in the UW B system s will be 

analyzed and a new receiver structure will be derived based on observations o f the char­

acteristics o f the pdf for the total disturbance. The superiority o f the new UW B receiver 

will be shown by sim ulation results. The new UW B receiver structure outperform s both 

the conventional m atched filter UW B receiver and the soft-lim iting UW B receiver when 

only m ultiple access interference is present in the channel. In m ore practical m ultiple 

access interference-plus-noise environm ents, the new receiver structure’s bit error rate per­

form ance always surpasses that o f the conventional m atched filter UW B receiver, and it 

outperform s the adaptive threshold soft-lim iting UW B receiver for large values o f SNR.

C hapter 2 reviews the overall situation o f UW B system s. In this chapter, the advan­

tages o f UW B system s over tranditional narrow band com m unication system s will be sum ­

marized. Two form s o f UW B signals, the standard im pulse radio UW B signals and the 

m ulticarrier UW B signals are going to be discussed and com pared w ith each other. Since
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m odulation schem es and pulse-shaping are im portant in UW B system s, these contents will 

also be included in C hapter 2. Last but not least, conventional reception o f UW B signals 

will be briefly introduced, which is closely related to our work about UW B systems.

The m ultiple access interference, w hich is the m ain concern o f our work, w ill be d is­

cussed in C hapter 3 in detail. Previous works on this topic will be review ed and interesting 

and im portant conclusions will be recalled in this chapter. Some o f the conclusions which 

lead to our m otivations for the new UW B receiver design will be discussed.

In C hapter 4, system  m odels for tim e-hopping UW B wireless w ill be recalled and the 

general m athem atical close forms o f the correlator output are going to be developed. Some 

interesting phenom ena about the pdf o f the output correlator can be observed and the new 

UW B receiver will be derived based on them. Sim ulation results w ill be used to show the 

superiority o f the new receiver.

Chapter 5 concludes the results and achievem ents o f the thesis. Problem s w hich will 

m erit the future research are also going to be proposed in this chapter.

1.6 Summary

In this chapter, the history o f UW B wireless com m unications has been briefly described 

and overviewed, and new regulations on the UW B technology in the U nited States, Asia, 

and Europe have been introduced, respectively. Since our work focuses on the receiver side 

o f the UW B system s, som e im portant literatures related to the UW B receivers and the BER 

perform ances o f the receivers are also studied and reviewed in this chapter. This chapter is
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ended w ith the outline o f the thesis and the contributions that it makes.
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Chapter 2

Review of UWB Systems

2.1 Advantages of UWB Systems

UW B signals have the ability to share the frequency spectrum  with narrow band signals. 

As m entioned above, the FCC spectral em ission requirem ent for UW B signals is that the 

radiated em ission shall not exceed the average limits o f -41.3 dBm  when m easured using 

a resolution bandw idth o f 1 M Hz, which m eans that the signal pow er spectral density can 

not exceed 75 nanow atts/M Hz. This restriction puts UW B signals fall below the noise floor 

o f typical narrow band signals. Thus, UW B can coexist with current radio services w ithout 

harmful interference.

One o f the m ost m ajor advantages o f the UW B system s is the im proved channel capac­

ity. A ccording to the H artley-Shannon capacity form ula, the capacity o f a com m unications
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channel is given by [26]

C =  f ilo g 2 (1 +  SNR) (2.1)

where C is the m axim um  channel capacity, B is the channel bandw idth, and SNR is the 

signal-to-noise ratio. Observe that the m axim um  channel data rate increases linearly with 

the bandw idth B. Since the bandw idth o f UW B system s is on the order o f gigahertz, UW B 

system s can provide large channel capacity. The current power lim itation on UW B trans­

m issions m ake the high data rate only available for short ranges. This m akes the UW B 

system s perfect candidates for short-range, high-data-rate w ireless applications. The trade­

off betw een the com m unications range and the data rate m ake the UW B technology ideal 

in a wide range o f sections, such as military, civil and com m ercial areas. The Hartley- 

Shannon form ula also shows that the capacity o f the channel depends only logarithm ically 

on the SNR. Thus, even in harsh com m unication channels where the SN R is small, UW B 

system s can still offer large channel capacity because o f their large bandw idth.

The sm all average transm ission pow er o f UW B system s m akes it very hard for the 

eavesdroppers to detect the transm itted inform ation. Therefore, the UW B com m unication 

systems have high im m unity to detection and interception. In addition, the UW B signals 

are time m odulated w ith codes which are unique to each transm itter/receiver pair. The 

extrem ely narrow pulses m ake the UW B even m ore secure since the detection o f p icosec­

ond pulses w ithout any know ledge o f the arrival tim e is next to im possible. Thus, UW B 

system s can be designed to achieve high security, w hich is critical to m ilitary use.

The low duty cycle o f UW B signals can also bring other benefits to UW B system s. The
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effect o f m ultipath caused by the m ultiple reflection o f transm itted signals from  various 

surfaces is rather severe for narrow band signals, and it can cause up to -40 dB signal degra­

dation due to the out-of-phase addition o f LOS and NLOS waveforms. However, the low 

duty cycle and the short duration o f the UW B pulses m ake the UW B signals less sensitive 

to m ultipath effects. In m ost cases, the pulse duration is on the order o f nanoseconds and 

it gives a very short tim e w indow for the reflected pulse to collide w ith the LOS pulse and 

cause a degradation.

As m entioned before, the standard UW B signals are carrierless; this m eans that the 

transm itter doesn’t have to translate the transm itted signals to a h igher frequency, which 

m eans that few RF com ponents are required in UW B system s than the conventional carrier- 

based transm ission. For exam ple, there is no need for m ixers and local oscillators to trans­

late the carrier recovery stage at the receiver end. Therefore, the architectures o f the trans­

m itter and the receiver in UW B system s can be sim ple and cheaper to build.

2.2 Single Band vs. Multiband

There are two com m on form s of UW B, one based on sending very short duration pulses to 

convey inform ation, and refered to as the standard UW B, the other approach, w hich in con­

trast to standard UW B, uses carriers in an orthogonal frequency division m ultiplexing im- 

plem entation(O FD M ). The single-band techniques, backed by M otorola/X trem eSpectrum , 

supports the idea o f im pulse radio w hich is the original approach to UW B by using short- 

duration pulses that occupy a large swath o f bandw idth. The m ultiband approach, w hich
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is supported by several other com panies, including Staccato Com m unications, Intel, Texas 

Instrum ents, General A tom ics, and Tim e D om ain Corporation, divides the available UW B 

bandw idth into slots o f  spectrum  w ith bandw idths greater than 500 M H z [2], This ap­

proach has its relative technical m erits because OFDM  has becom e the leading m odulation 

for high data rate system s, and m uch inform ation on this m odulation type is available in 

recent technical literature.

2.2.1 Pure Impulse Radio

Unlike classic com m unications, pure im pulse radio transm its inform ation w ithout trans­

lating it to a higher frequency, thus it is called carrierless im pulse radio. T he transm itted 

signal is a series o f baseband pulses. Since the pulses are extrem ely short (com m only in 

the nanosecond range or shorter), the transm itted signal bandw idth is on the order o f g i­

gahertz or the fractional bandw idth is greater than 20%. Im pulse radio UW B prom ises 

simplicity, low cost, low pow er consum ption, and superior m ultipath rejection. All these 

characteristics m ake the im pulse radio UW B suitable for a broad range o f com m unications, 

positioning, and radar im aging applications.

2.2.2 Multicarrier UWB signals

M ulticarrier com m unications were first used in the late 1950s and early 1960s for higher 

data rate H F m ilitary use. Subsequently, OFDM  em erged as a special case o f m ulticar­

rier m odulations. However, OFDM  was not practical until som e innovations occurred.
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First, OFDM  needs precisely overlapping but noninterfering subcarriers, w hich requires a 

real-tim e Fourier transform  operation. Im provem ents in VLSI led to the real-tim e Fourier 

transform  becom ing feasible. There are other issues in OFDM  im plem entation, such as os­

cillator stability and com pensation o f channel effects as well as D oppler spreading caused 

by rapid tim e variations o f the channel w hich can cause interference betw een carriers .

OFDM  is now used in m any cases, such as ADSL, DAB, DVB in Europe, ISDB in 

Japan, IEEE 802.11 a/g, 802.16a, and Power Line N etw ork(H om ePlug). The fourth gen- 

eration(4G) wireless services and IEEE 802.1 In  and IEEE 802.20 are also considering 

adopting OFDM  since it is suitable for high rate data system s.

The basic concept behind m ultiband OFDM  divides the spectrum  into subchannels 

which have bandw idth o f 528 M Hz, since each o f the subchannel occupies m ore than 500 

M H z for all the transm ission time, it obeys the UW B regulations o f  the FCC. This com ­

m unications m ethod takes advantage o f frequency diversity and has necessary robustness 

against interference and m ultipath. A m ultiband OFDM  system ’s architecture is sim ilar to 

other conventional O FDM  systems. It benefits a lot since OFDM  has been w idely accepted 

by other standard organizations.

The m ulticarrier UW B baseband signal m odel is

s ( t )  =  £  d i ( t ) e j2ni{T/Ts) (2.2)
i ' = — oo

where Ts =  NT/, is the sym bol duration, and (t) is the data sym bol stream  m odulating the 

t'th subcarrier.
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2.2.3 Comparison between I-UWB and MC-UWB

I-UW B and M C-U W B system s have their own m erits and dem erits respectively. W hen the 

particularly im portant issue o f how to m inim ize the interference transm itted and received 

by UW B system s is considered, M C-UW B system s w ork quite well since their carrier fre­

quency can be precisely chosen to avoid the narrow band interference. But such system s 

need an extra layer o f control in the physical layer. W hat is m ore, continuous variations in 

power over a very w ide bandw idth will com plicate the im plem entation o f M C-UW B sys­

tems. For exam ple, in an O FDM  system, high-speed FFT processing is necessary, requiring 

significant processing power.

As for I-UW B system s, high precise synchronization is required. The transm itter and 

receiver o f such system s need fast sw itching tim es. Since the im pulse duration is very 

short, the instantaneous pow er during the brief interval is good for the signal to overcom e 

the interferences from  UW B systems, but it can easily interfere w ith the transm ission in the 

narrowband system s. I-UW B system s also have m erits, they are very sim ple and inexpen­

sive to construct.

2.3 Pulse-Shaping for Ultra-Wideband Communication Sys­

tems

In UW B system s, pulse-shaping is very im portant since it w ill strongly affect the spectral 

em ission, the design o f filters, the choice o f receiver bandw idth and the bit error rate per-
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form ance. UW B signals should spread the energy as w idely in frequency as possible so the 

pow er spectral density (PSD) is as small as possible, and the interference to other users is 

m inim ized.

2.3.1 UWB Signals Regulations

The regulations for UW B system s have shaped the charateristics o f UW B signals. The 

UW B system s m ust operate in the frequency bandw idth 3.1 G H z to 10.6 GHz. M oreover, 

the device m ust be designed to ensure that the operation can only occur indoors or it m ust 

designed for peer-to-peer operation using handheld devices. International UW B radiators 

m ust be designed to guarantee that the 20-dB bandw idth m ust be contained in the UW B 

frequency band. The bandw idth m easured at 10 dB below the peak em ission level should 

be at least 500 M Hz. The m axim um  em ission level for UW B signals in the UW B band is 

set at -41.3 dBm /M Hz.

A variety o f pulse shapes has been proposed for UW B system s. A set o f G ausssian 

m onocycles were originally proposed for UW B com m unications system s and now have 

been w idely adopted in UW B applications, and then the M anchester m onocycle was pro­

posed for UW B system s [4], w hich is designed to approach an ideal transm ission power 

spectrum  and avoid DC com ponent. An orthogonal pulse set was proposed by [5], and the 

pulse design is based on m odified Herm ite polynom ials (HP). A  pulse design algorithm  

utilizing the concepts o f prolate spheroidal (PS) functions was proposed by [6], And m ore 

recently, a novel pulse design paradigm  for ultra-w ideband com m unication system s was
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proposed by [9]. The average bit error rate o f tim e-hopping UW B system s em ploying the 

different pulses w hich can m eet the FCC regulations (possibly w ith frequency translation) 

are exam ined and com pared in [10].

2.4 Pulse Modulation Techniques

2.4.1 On-Off keying(OOK)

O n-off keying is the sim plest kind o f m odulation, in w hich data bit 1 is represented by a 

UW B pulse w hile 0 is represented by the absence o f the pulse. The O O K  signal is

M
s ( t ) =  £ b m - P ( t - T ) (2.3)

m=l

where P{t )  is the UW B pulse, bm is the data bit, w hich assum es a value o f 0 or 1, and 

M  is the m axim um  num ber o f transm itted bits. OO K  m odulation’s m ain advantages are 

sim plicity and low im plem entation cost, but it is very sensitive to noise and interferences.

2.4.2 M-ary Biorthogonal Keying Modulation (M-BOK)

M -ary biorthogonal keying m odulation is a com bination o f clever coding w ith pulse polar­

ity. In this m odulation scheme, N  m oderate length codes correspond to M  sym bols. If the 

set only consists o f 2 codes, the m odulation schem e works the sam e as BPSK, while when 

the code length is long, the chip sequence acts as a direct-sequence spreading code.
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2.4.3 Pulse Amplitude Modulation(PAM)

Pulse am plitude m odulation encodes the data bits on different levels o f  am plitude. Two 

level PAM, or 2-PAM, works the sam e as the 2-BO K  m odulation scheme. However, as M 

increases, the m odulation becom es m ore fragile and requires higher SNR per bit. A lthough 

PAM are less sensitive to noise in the com m unication channel than OOK, the attenuation 

in the channel can effectively convert it into the latter m odulation scheme. Thus, it has the 

sam e disadvantages as OOK.

2.4.4 BPSK and QPSK modulation

Transm ission of an inform ation bit sent individually w ith polarity m odulation is the same 

as the BPSK m odulation in conventional carrier-based signaling. It works the sam e as the

2-BOK and 2PAM. In a QPSK m odulation schem e for UW B signals, im pulses can also 

be designed to be orthogonal to each other, then these can m ay be superim posed in time 

and frequency to form  a m odulation schem e which is equivalent to conventional QPSK  

m odulation.

2.4.5 Pulse Position Modulation(PPM)

PPM  m odulation has been developed in the form  o f tim e m odulation (TM ) and was intro­

duced at the end o f 1980s by Tim e D om ain Corporation. The pulses o f this m odulation 

scheme are not necessarily evenly spaced in tim e dom ain. Actually, the signals are pseu- 

dorandom ly encoded based on the position o f the transm itted pulse trains by shifting the
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pulses in a predefined window in time. A version o f PPM  presents 0 by no shift and 1 by a 

certain shift w ith respect to a specific reference point in time.

This m odulation schem e creats a noiselike signal in both the tim e and frequency do­

mains. UW B system s adopting this m odulation technology with low pow er levels have 

dem onstrated im pressive position m easurem ents in both short and long-range data links, 

which can be precise to a few centim eters. Pulse position m odulation UW B signals are less 

sensitive to the channel noise than PAM signals, but they are vulnerable to the catastrophic 

collisions caused in m ultiple access interference channels.

2.4.6 Transmitted Reference Modulation (TR)

Transm itted reference (TR) m odulation offers different advantages than the m odulation 

schemes above, and it has been playing an increasingly im portant role in UW B system s. 

This m odulation schem e em ploys differentially encoded im pulses sent at a precise spac­

ing D. TR  m odulation signals consists a pair pulses or doublets w here the first one is the 

reference pulse and the second one is the data pulse. Each pulse here can be any kind of 

w ideband pulse. At the receive side, the pulses, including propagation induced m ultipath 

replicas, are detected using a self-correlator w ith one input fed directly and another input 

delayed by the spacing D.

An im portant advantage o f TR  m odulation is that it sends the sam e signals tw ice 

through the unknow n channel. Both pulses experience the same type o f channel distor­

tion, thus, detection with a correlation receiver becom es easier. TR m odulation works quite
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well in m ultipath environm ents since the reference and data pulses are correlated w ith each 

other.

TR m odulations also have disadvantages. First, this kind o f m odulation can suffer from  

a m ajor draw back caused by the overlap o f the reference and data pulses in certain channels. 

Second, for every data bit, the system  should send it tw ice, and consequently the data rate 

is slower. Furtherm ore, although a TR  receiver doesn’t need strict synchronization, its 

perform ance depends largely on its integration window.

2.5 UWB Multiple Access Schemes

UW B technology can deliver a large am ount o f inform ation data w ith low pow er spectrum  

density. In UW B applications, several transm itters should coexist in the sam e covered 

area. The received signal in such system s is the superposition o f all the signals in the same 

channel, with different attenuations and delays. A m ajor factor in the m ultiuser receiver is 

the m ultiple access interference (M AI). It is caused by the unw anted signals in the sam e 

channel. The effect o f M A I is quite severe in UW B system s because o f the transm it pow er 

restriction. Certain m ultiple access techniques can be adopted to elim inate M A I. Thus, 

m ultiple access schemes have drawn significant research interest. Various m ultiple access 

schemes and their perform ance have been reported in [3], [12]. T im e-hopping (TH) and 

direct-sequence (DS) have proved to be two attractive m ethods for m ultiple access in UW B 

systems.
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2.5.1 Time-Hopping for Multiple Access

There are various m odulation schemes available for TH-UW B system s, such as TH-PAM  

and TH-PPM , w hich will later be explained in detail. As m entioned in previous chapters, 

the duty cycle o f UW B signals is sm all and the transm itter is gated o ff for a large portion 

o f a symbol period. In tim e-hopping, one divides the tim e fram e T f  into subunits called 

chips w ith duration Tc and appropriately assign a unique hopping sequence to each user to 

avoid catastrophic collisions due to m ultiple access. Certain additional tim e shifts based on 

each user’s hopping sequence will be added to dim inish the M AI. In a TH -PPM  scheme, 

inform ation bits are carried by the absence and presence o f the additional tim e shift 5, 

while in TH-PAM  system s, inform ation bits are transm itted by changing the am plitude of 

the tim e-hopped pulse. The general m athem atical signal m odel o f TH -PPM  and TH -BPSK  

(which is a special case for TH-PAM ) can be expressed as

4pm (0 = Jjj- E p{<-JTf -  cf  Tc -  d[j/Ns\5) (2-4)
V  ̂ j = - »

and

AkW-# I <C*.jp(‘ - j Tf - cT T') <2-5>V S  j = - c o

respectively. The notations and term inologies will be explained in the follow ing chapter.

2.5.2 Direct-Sequence for Multiple Access

D irect-sequence has also proved to be a useful schem e for m ultiple access in UW B system s. 

This schem e can be used in various m odulation m ethods such as PAM and PPM . In this
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m ultiple access techique, speading codes are used for accom m odating m ultiple users, and 

each sym bol is represented by a series o f pulses that are pulse-am plitude-m odulated by 

a chip sequence. The transm itted waveform s carry the useful inform ation either in the 

am plitude (DS-PAM ) or in the relative positions (DS-PPM ) o f each sequence o f pulses.

2.6 Conventional Reception of UWB signals

2.6.1 Noncoherent Detection

Noncoherent detection use energy detectors w hich detect the energy o f a signal and dem od­

ulate the signal by com paring it to a threshold level. The noncoherent detection in UW B 

system s uses the sam e principle as the noncoherent detection in conventional narrow band 

com m unication systems. The noncoherent receiver consists o f a squaring device, follow ed 

by a finite integrator and a decision threshold com parator. Once the transm itted signal 

reaches the receiver, its energy is calculated by the squaring device. This energy passes 

through the detector and then the inform ation bit is dem odulated based on the threshold.

2.6.2 Coherent Detection

D etecting a UW B signal coherently is a m atter o f m atching the received energy to a pre­

determ ined tem plate. This technique is a m athem atical operation m easuring the sim ilarity 

between two signals, and it is w idely used in all types o f pattem -recognition and signal- 

processing problem s. Coherent detection was originally introduced and w idely used in the
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detection o f UW B signals. If  we know the expected shape o f the signal and w hen the signal 

is expected at the receiver side, the shape and tim e are m atched. In coherent detection, a 

classical m atched filter is adopted. It perform s a correlation operation on the received sig­

nal, r (t ), w hich com prises the transm itted signal and the noise term. T he classical m atched 

filter m axim izes the received signal’s SNR when the signal is corrupted by AW GN [28], 

However, if  the signal is corrupted by other form s o f disturbances, such as m ultiple-access 

interference (M AI) or narrow band interference (NBI), w hich do not have AW GN statistics, 

the classical m atched filter is not necessarily optimal.

The follow ing equations show the m atched filter’s suboptim al perform ance in a two- 

user system  w here the received signal, r( t ) ,  consists o f user one’s signal, sq (t ), user tw o’s 

signal, S2 (t),  and random  noise in the channel, w (t),

Assum e that the signal from  user one .sq is the desired signal. Then the m atched filter 

w ill m ultiple the received signal by sj (/) and integrate the product over a finite time.

In eq. (2.8), the first term  is useful signal energy. The second term  is the correlation be­

tween the desired signal and the unw anted signal, known as m ultiple access interference. It 

can not be ignored and will seriously dam age the perform ance o f the coventional m atched 

filters in m ultiple access systems. So m odulation schem es should attem pt to m inim ize

r ( t )  =  s i ( t )  +  s2 {t) +  w ( t ) . (2 .6)

(2.7)

(2 .8)
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the overlap o f unw anted signals with the desired signal to m ake the conventional m atched 

filters perform  better. This is the purpose o f tim e-hopping or direct-sequence in UW B sys­

tems. The third term  in eq. (2.8) is receiver noise unrelated to m ultiple access interference 

and is well m odelled as G aussian noise. N ote that the second term  in eq. (2.8), the m ultiple 

access interference does not have G aussian statistics w hich is shown by m any literatures 

recently. If an optim al receiver is to be designed to replace the conventional m atched filter 

UW B receiver, w hich is not necessarily an optim al receiver for UW B system s, the statistics 

o f the total disturbance should be studied and then the M L receiver design principles can 

be used to get the optim al receiver structure.

2.7 Summary

In this chapter, the overall situation o f UW B system s has been reviewed. Firstly, the ad­

vantages o f UW B system s were introduced. Then, two different form s o f UW B signals, 

im pulse radio and m ulticarrier UW B signals, were briefly described. Pulse-shaping and 

UW B signal regulations were also included in this chapter because the pulse-shaping is 

im portant and it strongly affects the spectral em ission, the design o f filters, the choice o f 

receiver bandw idth and the bit error rate perform ance. Later, several m odulation scheme 

and UW B m ultiple access schemes, w hich are used to avoid the catastrophic collisions be­

tween different users, were briefly described. Last but not least, conventional detection o f 

UW B signals, including noncoherent detection and coherent detection, w ere discussed.
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Chapter 3

Multiple Access Interference

3.1 System Model

In this chapter, the characteristics o f m ultiple access interference o f UW B system s w ill be 

studied. We only consider two w idely used UW B system s, the asynchronous TH-PPM  and 

TH-BPSK. These UW B system s have been described and studied in m any literatures. The 

same notation and term inology are used here and a unified fram ew ork is introduced [3], 

[13].

As m entioned in previous chapter, in a tim e-hopping UW B system, each bit duration 7& 

is divided into N s disjoint fram es with duration o f Tf.  In each fram e, a UW B waveform  is 

placed w ith its position being chosen random ly inside the frame. A fram e is further divided 

into N/j chips w ith duration o f Tc. Each user is assigned a unique tim e-hopping code j  

w ith each uniform ly distributed in [0, • • •, — 1], and the position o f the w aveform  in
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each fram e is decided by the tim e-hopping sequence. The tim e-hopping m ultiple access 

m echanism  is illustrated in Fig. 3.1.

Two com m only used m odulation schem es w ith tim e-hopping UW B system s are BPSK 

and PPM . In B PSK  system s, the pulse corresponding to a 1-bit rem ains unaltered, w hile a 

-1-bit is represented by the inverted pulse. In a PPM  scheme, 0 is expressed by a unaltered 

pulse, w hile the pulse corresponding to a 1-bit is shifted in tim e by a sm all quantity S.  The 

BSPK  and PPM  schemes are illustrated in Fig. 3.2 and Fig. 3.3, respectively.

Thus, a TH-PPM  UW B signal has the form

» S j = —oo

and a TH -BPSK  UW B signal is represented as

4 ‘psk ( ')  =  ( / ¥  £  d w « . \ p  ( '  -  iT l  -  C? T‘ )  (3 '2)» S j= — co

where t is the transm itter clock tim e, and (t) is the signal of the Ath user. The function 

p  (t) is the transm itted UW B pulse w hich takes form s o f the arbitrary pulse shapes pro­

posed for UW B system s, such as the B eaulieu-H u pulses [9], the G aussian m onocycles, 

the modified H erm ite polynom ial based pulses and the prolate spheroidal functions-based 

pulses. The pulse function is norm alized to have unit energy, i.e. / * “  p ( t ) d t  =  1. O ther 

notations are as follows:

•  Eb is the bit energy, and N s is the num ber o f fram es used to transm it a single infor­

m ation bit, which can also be refered to as the length o f repetition code. The term 

y / E b / N s is the norm alization factor w hich assures that all the system s have the same
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Fig. 3.1. T im e-hopping m ultiple access m echanism  with bit duration Tf,, fram e duration 

Tf,  and chip duration Tc. The tim e-hopping sequence in this case is { 1 ,4 ,0 ,3 } .
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Fig. 3.2. BPSK m odulation w here b it -1 is transm itted by inverting the pulse.
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Fig. 3.3. PPM  m odulation w here b it 1 is transm itted by shifting the pulse by a small 

quantity 8  in time.
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energy per bit, £),.

•  Tf  is the duration o f a single fram e, w hich is divided into hop w idth w ith duration Tc 

in the TH-UW B system s. The hop w idth in TH-UW B system s satisfies the condition 

N hTc =  Tf,  where TV/, is the num ber o f hops.

•  The sequence j is the tim e-hopping sequence for each bit o f the M i user w hich 

takes integer values in the range 0 <  The product c ^ T c represents an

additional tim e shift added to the TH pulses to avoid catastrophic collisions.

•  In the TH-UW B system s, the bit duration 7), satisfies the condition Tb — N sTf.

•  The yth binary transm itted inform ation b it o f the kth user is represented by the no­

tation d jk\  In the TH-PPM  system s, takes values in {0, +  l} , w hile in the TH- 

B PSK  it assum es values in { —1, +  1}.

Assum ing ideal free-space propagation for clarity, when there are N u transm itters in the 

same coverage area, the received signal can be w ritten as

Nu
r ( t ) =  ( t - T k) +  n ( t )  (3.3)

k=l

where the am plitudes are the channel attenuations associated w ith the users. The

random  variable T*, for k  =  1 ,2, • • • , N u, is the delay o f the M i user w hich can be assum ed 

to be uniform ly distributed on [0,7),), and n (?) is a white G aussian noise process w ith 

two-sided pow er spectral density N q/2 .
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3.2 Previous Works on Evaluating the Validity of Gaus­

sian Approximation

The coherent detection was originally introduced in UW B system s and the conventional 

m atched filter is w idely adopted as the UW B receiver. However, the conventional m atched 

filter is only optim al when the signal to be recovered is corrupted by additive w hite G aus­

sian noise [28], Since there is no evidence showing that the total disturbance in UW B 

system s is G aussian distributed, the conventional m atched filter is not necessarily the op­

tim al UW B receiver. Evaluation o f the validity o f G aussian approxim ation for the total 

disturbance will help to answ er the question w hether the conventional m atched filter UW B 

receiver is the optim al receiver for UW B system s or not.

3.2.1 Evaluation Based on Characteristic Function

Evaluating m athem atically the true pdf o f M AI in UW B system s seems to be difficult. Sev­

eral other m ethods have been proposed to evalute the BER perform ance o f UW B system s 

and the validity o f G aussian approxim ation for the total disturbance. An exact analysis 

was derived for precisely evaluating the BER perform ance for tim e-hopping and direct- 

sequence UW B system s in [19]. In this work, correlation detection o f the UW B signals 

was adopted. In the correlation detection process, a correlation tem plate v (t ) is adopted by 

the receiver. The receiver structure is shown in Fig. 3.4.

As m entioned before, detecting a UW B signal coherently is a m atter o f m atching the
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Fig. 3.4. The block diagram  o f the conventional m atched filter UW B receiver.

received energy to a predeterm ined tem plate, and the coherent detection is a m athem atical 

operation m easuring the sim ilarity betw een two signals. N ote that in TH -PPM  system s, the 

inform ation bit 0 is represented by an unaltered pulse p ( t ) ,  and the corresponding pulse for 

bit +1 is the pulse shifted by 8, p  (t — 8).  So, the correlation tem plate is

v { t ) = p ( t ) - p ( t - 8 ) .  (3.4)

If the inform ation bit +1 is sent, the received signal should have m ore sim ilarity w ith the 

pulse p ( t  — 8)  w ith the absence o f M AI and AW GN in the channel; thus in this case, the 

form er part o f the correlator output r originating from the sim ilarity w ith the pulse p  (t ) 

should be sm aller than the latter part originating from  the sim ilarity w ith p ( t  — 8)  if  the 

channel is not too distorting. Therefore, the correlator output, w hich is also refered to as 

the final decision statistic, is m ore likely to be sm aller than 0 when the inform ation bit +1 

is sent, and larger than 0 when the inform ation bit 0 is sent.
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D enoting the autocorrelation function o f the UW B pulse waveform  p ( t )  by R (x ) ,  then 

another function R  (At) is defined as

/ oo

p ( t  — A t ) v ( t ) d t  (3.5)
-oo

=  R ( A t ) - R ( A t - 8 ) .  (3.6)

The signal from  the first user is assum ed to be the desired signal and d ^  is the transm itted

symbol. A t the receiver side, the conventional single-user m atched filter, w hich adopts v (t )

as the correlation waveform , is used to coherently detect the signal to be recovered. The 

correlator output is

Ns~ 1 r (m + l)T f

L  >
m= 0 JmTf

=  Sppm +  / ppm +  Nppm (3.8)

Ns—l Am+\ )T f
=  L  /  r ( t ) v ( t - m T f ) d t  (3.7)

m= 0 JmTf

where Sppm is the desired signal term  in the correlator output, which equals A  i y/Ef,NsR  (0) 

when the inform ation bit 0 is sent, and —A \ ^ E f , N sR (0) when the inform ation bit 1 is sent. 

The RV Appm is G aussian distributed w ith zero m ean and variance (J„ =  N qNsR  (0). The 

param eter 7ppm> w hich represents the total M A I originating from  all N s fram es, can be 

written as

7ppm =  £ ^ * 4 pm (3-9)
^  k=2

( k )where /pPM is the interference from the M i user and can be expressed as

4 m =  E' E R(cf 'Tc + S d lff/ t /A +-cl ~ ( m - j )Tf )  . (3.10)
Ns- l  +■

L I
m—0 j = —°°

We make the follow ing assum ptions:
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•  N hTc <  T f / 2 — 2 Tp, w hich m eans that the pulse can only hop over an interval of 

one-half o f a fram e time.

•  xk is uniform ly distributed on [0 , N sT f ) [27].

•  The chip sequences and the data inform ation bits are independent.

The first assum ption above im plies that only 2 adjacent bits o f the fcth user, d ^ j  and can 

interfere w ith the transm itted inform ation bit o f the desired user. Recall the partition 

theorem  (the theorem  o f total probability). If  the sets - ,Bk form  a partition

which m eans they are m utually exclusive and their union U*=1 Bk is the entire sam ple space 

Cl, i.e. one and only one o f these k  events w ill occur, the probability o f an event A can be 

represented as
k

P{ A)  =  Y ,P {A\Bi )P(B i) .  (3.11)
i =  1

Using the theorem  o f total probability, the characteristic function (CF) can be expanded 

and expressed as
k

(3-12)
i=i

(k) (k)Since only 2 adjacent bits of the &th user, d_{  and dG ', can interfere w ith the transm itted 

inform ation bit <7q  ̂ o f the desired user, the interference originating from  d ^ \  and d ^  form 

a partition o f the total interference. Thus, conditioning on the delay o f the kth user r ,  the 

CF o f the m ultiple access interference can be expressed as [19]

< * >  k (®) =  ^ x |t ( ® ) ^ k|t ( « )  (3-13)
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(k)where X denotes the interference com ponent com ing from  the inform ation bit d_{  and Y

(k)denotes the interference com ing from  the inform ation bit d q .

(k)C onditioning on the delay o f the kth user and the inform ation bit d _  [, the conditional 

characteristic function, ®x\d,x (w)> ° f  the interference X, can be derived as [19]

4>w<»)= i n i  E 'n ^ “s(‘r'+s‘,+'-'!'/)]' 0.14)
1=1 h = 0 j= l

(k)In sim ilar fashion, conditioning on the delay o f the kth user and the inform ation bit d q , 

the conditional characteristic function, ^y\d ,x  (w)> ° f  the interference originating from  d ^ \  

can be derived as

, Ns- \  Nh- \ N , - l - \
n (3.15)

N h 1=0 h = 0  7 = 0

Using the partition theorem  for the characteristic function, eq. (3.12), again, ‘J’x i r M  and 

<t>Y\T (w) can be expressed as

$ x |t ( ® )  = ^ x \ d = o , z ( o ) ) P r ( d  =  0) +  ^ x \ d = i , x ( w ) P r ( d =  1) (3.16)

and

3 V |t (®) =  ^Y\d=o,x (® ) P r { d  — 0) +&Y\d=\,x { (o )Pr (d  — 1) (3.17)

respectively. Putting (3.16) and (3.17) back into (3.13), the conditional characteristic func­

tion <!> (*) (to) can be obtained.
' p p m It

Averaging (3.13) over t , the CF o f the total m ultiple access interference can be ex­

pressed as
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where T is assum ed to be uniform ly distributed over [0,NsTf).

Because o f the independence o f the interference from  different users and the charater- 

istics o f the CF, the CF o f the total interference originating from  all the interferers can be 

represented as

® ' ™ ( “ > = n  * , « ( * * • / ! “ ) •  ( 3 1 9 )

The sam e procedure can be followed to get the CF o f the total interference in TH -BPSK  

systems. In TH -BPSK  system s, the correlation tem plate is p  (t ) because the inform ation bit 

+1 is represented by an ualtered pulse, p(t), and -1 is represented by the inverted pulse, -p(t). 

S im ilar to the case for TH-PPM , the signal from  the first user is assum ed to be the desired 

signal and is the transm itted sym bol. A t the receiver side, the conventional single-user 

m atched filter, w hich adopts p ( t )  as the correlation waveform , is used to coherently detect 

the signal to be recovered. The correlator output is

Ns - 1 f {m+\)Tf
r =  ^  / r ( t ) p ( t  — m T f ) d t  (3.20)

m=0 JmTf

=  Sbpsk +  ̂ BPSK +  NbPSK (3.21)

where S b p s k  =  M y f E b N s d ^  is the desired signal term  in the correlator output, which

depends on the desired inform ation bit sent by user 1. The RV N is G aussian distributed

w ith zero m ean and variance cyf =  N qN s/ 2 .  The param eter I, w hich represents the total 

M A I originating from  all N s fram es, can be w ritten as

^bpsk =  ^ ^ / bpsk (3.22)
k=2
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where is the interference from the kth user and can be expressed as

jik) _
BPSK — (3.23)

We adopt the sam e assum ption as in TH -PPM  system s

•  N h T c <  T f / 2 — 2 T p , w hich m eans that the pulse can only hop over an interval of 

one-half o f a fram e time.

•  r* is uniform ly distributed on [ 0 , N s T f )  as in [27].

•  The chip sequences and the data inform ation bits are independent.

(k) (k)The first assum ption above im plies that only 2 adjacent bits o f the kth user, d _  [ and dQ can 

interfere with the transm itted inform ation bit d ^  o f the desired user. Since only 2 adjacent

bits can interfere w ith the transm itted inform ation bit the interference originating from

(k) (k) (k)d  j x and form  a partition o f the total interference. D enoting the interference from  d _  {

(k)by X and the interference from  dq by Y, and conditioning on the delay o f the £th user T, 

the final form  o f the CF o f the m ultiple access interference can be expressed as

where <J>X|T((o) and <f>K|T (ft>) are the characteristic function o f the interference X and Y 

conditioned on the delay t  of the kth user, respectively.

If the probabilities o f sending the inform ation bit +1 and -1 are known, the partition 

theorem  can be used again. The two conditional characteristic functions and

^ ) k,  (®) =  ® x \t (®) ®r\x  (®) (3.24)
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4>yjT (co) can be further written as

=  ^?x\ d=- \ , x{ (£>) P r {^ — _ 1) + <&x\d=+\,-c(C0) P r (d =  + 1 )  (3.25)

and

^ r |r ( ® )  =®r\d=+i ,A<D)Pr(d  =  +  1) +  <I>Y\d=-i ,x(a>)Pr(d =  - 1 )  (3.26)

respectively, where ^x \d ,x  (®) ar>d ®y\d,x (®) can be represented as [19]

* w a ° » = ( 3 - 2 7 )

Ns Nh- \  Nt

r n(EC
N h 1=1 h = 0 j= l  

and
, A^-1 A r*-1A^-/-14>ykT(co) = * n [ I  n  e ^ dRihT̂ f \  (3.28)

N h 1=0 h = 0 j = 0

Putting (3.25) and (3.26) back to (3.24), the conditional CF o f the total interference can be 

obtained. Averaging (3.24) over x  , the CF o f the total m ultiple access interference can be 

expressed as

<& (*) (fl>) =  T7^=r /  '  f ®jW h ( w ) d z  (3.29)
'BPSK l \ s l f  JO 'BPSK IT

where x  is assum ed to be uniform ly distributed over [ 0 , N s T f ) .

Because o f the independence o f the interference from  different users and the charater- 

istics o f the CF, the CF o f the total interference originating from all the interferers can be 

represented as

«ISPSKM=n*CK(^vf“)- <3-30>
If the conventional m atched filter UW B receiver is adopted to detect the signal to be

recovered in the UW B system s, the decision rules o f the coherent correlator output for
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TH-PPM and TH-BPSK systems should be expressed as

f > 0 = ^ 4 1)= °  (3.31a)

r < 0 = > d ^  =  + 1 . (3.31b)

and

r  > 0 => d ^  =  +  1 (3.32a)

r < 0 = ^ 4 1) =  _ 1 - (3.32b)

respectively. Thus, the average probability o f error for TH-PPM  system s is

Pe =  P r ( r <  0 | 4 1} =  o )  (3.33)

w hile the decision error for TH -BPSK  system s is

Pe =  P r [ r <  OI^q15 =  l )  . (3.34)

Since the characteristic function o f m ultiple access interference in TH -PPM  and TH- 

BPSK system s have already been obtained, the exact BER perform ance o f these system s 

can be derived using the relationship betw een the CD F and the CF o f a RV. The relationship 

between the CF and CD F can be expressed as [29]

Fy I +  (3-35)
2 JC Jo (O

Thus, once the CF o f the total disturbance is obtained, the bit error rate can be derived.

Denote the total disturbance by Y,  and Y  can be expressed as

Y — I p p m + N p p m - (3.36)
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Since the m ultiple access interference and background noise are independent, the CF o f the 

total disturbance (M AI-plus-AW GN) can be w ritten as

0>k (£0) =  < £ /((» )-<I>aK<u) ■ (3.37)

The bit error rate based on the decision rule for TH-PPM  system s can be expressed as

FepPM =  P r { r  <  0)

=  Pr (Sppm +  fppM +  M>pm <  0)

=  P r ( A \  \ J E i , N s R  (0) +  /ppm  +  Nppm <  0^

=  Pr  (jppM +  N ppm <  —A i \ /E f ,N sR  (0) j

=  \ —Fy ^ A i y E[,NSR (0 )j  . (3.38)

Use the relationship betw een the CF and CDF, the bit error rate can be rew ritten as

1 1 sinAi y/EbNsR (0) ft) ,
P .p p m  =  » - - /  ---------  ~ ■■■■■— & Y ( t o ) d c o

2  n  J q ( o

=  (3 39)
2 Tt Jo ft) \  2 J

In sim ilar fashion, the bit error rate can be represented by the CF o f the total disturbance in

the following way

1 1 f°° sin ( A \ J E b N s(o) ,  ̂ / —<X?RPcjf ft)2 \
PeBPSK = 2  -  -  yo -----------  (®) exP  2----) d0> ( *

for the TH -BPSK  systems.

Since the analytical expression o f the average bit error rate has been obtained based on 

the characteristic function o f m ultiple access interference in [19], the BER perform ances
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of UW B system s and the validity o f the Gaussian approxim ation can be evaluated. In 

[19], the CF shown above was used to get the theoretical BER o f the UW B system s, and 

the Gaussian approxim ation o f the total disturbance was adopted and the validity o f GA 

was evaluated. The num erical results in [19] showed that the BER o f the UW B system s 

com puted using the exact analysis and the sim ulated BER are in excellent agreem ent w ith 

each other for all the SNR values, w hich confirms the accuracy of the theoretical analysis o f 

the BER perform ance o f the UW B system s. On the other hand, the G aussian approxim ation 

fails to predict the error rate floor o f the UW B system s. The G aussian approxim ation was 

shown only in good agreem ent with the exact analysis for small SNR values. The failure 

o f the Gaussian approixm ation could be explained as follows. W hen the SNR is small, 

the AW GN is the dom inant term  in the total disturbance, so the disturbance can be well 

described by a G aussian distributed RV. On the other hand, when the value o f SNR get 

larger and the noise term  becom es sm aller and no longer dom inates the M A I term  in the 

total disturbance, the disturbance cannot be well predicted by the G aussian RV since the 

dom inant term  in this case, the m ultiple access interference, is not G aussian distributed. 

Therefore, the G aussian approxim ation is not a reliable m ethod for predicting the BER 

perform ances for UW B system s. Actually, the G aussian approxim ation underestim ates the 

b it error rate for m edium  and large values o f SNR and can underestim ate or overestim ate 

the im provem ent obtained using a longer repetition code as shown in [19]. In [19], DS- 

BPSK  system s are also considered and som e other interesting results w hich confirm ed the 

invalidity o f the G aussian approxim ation o f the total disturbance in UW B system s have
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also been shown. The results reported in [30] shown that the TH -BPSK  achieves the same 

m ulti-user perform ance as the DS-BPSK  system s according to predictions obtained using 

the Gaussian approxim ation, w hile the actual perform ance o f D S-BPSK  system s is better 

than that o f TH -BPSK  system s for m edium  and large values o f SNR.

O ther literatures concerning the m ultiple access interference in UW B system s also 

showed that the G aussian approxim ation is not so reliable to predict the perform ance of 

the UW B system s. D urisi and Rom ano [14] considered the TH -PPM  UW B system s in 

their work, the additional tim e shift utilized by binary pulse position m odulation was op­

tim ized to get the BER perform ance o f the TH -PPM  system s. The overall disturbance in 

this work was assum ed to be a zero m ean G aussian random  process. U nder the hypothesis 

and decision rule based on this assum ption, the BER perform ance o f the TH -PPM  system s 

was obtained and com pared w ith the sim ulation results. The sim ulation results showed the 

invalidity and the extrem ely lim ited capacity for the G aussian approxim ation to describe 

the real perform ance of TH-PPM  technique, especially when the fram e duration is m uch 

larger than the pulse duration.

3.2.2 Evaluation Based on GQR

Another useful m ethod for evaluation o f the bit error rate probability o f a TH -BPSK  UW B 

system s was proposed in [15]. This m ethod is based on G aussian quadrature rules, w hich 

has been w idely em ployed for the perform ance evalution o f m ultilevel digital signals w ith 

intersym bol interference [7], and o f noncoherent receivers in optim al com m unications [8],
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The cum bersom e problem  o f analyzing m athem atically the exact p d f o f M A I in UW B 

system s can be overcom e by using this m ethod, since only estim ation o f the m om ents of 

the M AI is required. It is shown in [15] that this schem e can predict the BER perform ance 

o f UW B system s with satisfactory accuracy and lim ited com putational complexity.

If TH -PPM  system s is considered and the same general m athem atical signal m odel as 

m entioned above is adopted, the signal can be expressed as eq. (3.1)

The receiver is also assum ed to be a single-user correlator that adopts v ( t )  — p ( t )  — p ( t  — S)  

as the correlation tem plate. Thus, the correlator output is the sam e as eq. (3.9)

where Sppm is the desired signal term  in the correlator output and /ppm represents the total 

M A I originating from  all N s frames. The RV A/ppm is G aussian distributed w ith zero m ean 

and variance =  NqNsR  (0).

A ssum e that the M A I term  is known, and the average bit error rate Pe can be expressed 

in terms o f the conditional probability as

Since m athem atically analyzing the pdf of M A I was proved to be a cum bersom e problem , 

it is not tractable to evaluate eq. (3.41) based on the true p d f o f the interference term. A 

practical m ethod based on G Q R can be introduced [15]. A ccording to the G Q R techique,

r  =  Sppm + /p p m  +  A/ppm

S ppm  +  / ppm (3.41)
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an integral containing a certain p d f can be represented as

f b n
/  8  M  f x  (x) dx  =  £  wig (x t ) + E n  (3.42)

Ja i=i

where and { w ,} ^  are the abscissas and the w eights obtained by the GQR rule,

and their values depend on the integration interval and the form  o f the pdf. T he param eter 

Epj is the truncation error. A dopting the algorithm  in [20], only the first 2N-1 m om ents of 

the RV X need be known to calculate eq. (3.42). Follow ing the sam e procedure in [15] 

and adopting the assum ption that the delays { t * } ^  are uniform ly distributed on the bit 

transm ission duration, the m om ents o f the RV M A I can be obtained w ith the aid o f the 

technique described in [21], and the BER perform ance can be evaluated using eq. (3.41) 

and eq. (3.42). The m ethod’s accuracy was confirmed by sim ulation results since the BER 

curves obtained by GQR perfectly agree with sim ulated curves. Subsequently, the actual 

BER perform ances were com pared w ith the results obtained based on G aussian approx­

im ations. It was shown that G aussian approxim ations highly underestim ate the BER o f 

TH-PPM  system s for m edium  and large values o f SNR, w hich confirms the invalidity of 

the Gaussian approxim ation for the M A I in UW B system s.

3.3 Other Approximations of the Multiple Access Inter­

ference and New Receiver Designs

Since the Gaussian approxim ation is invalid and not suitable to describe the BER perfor­

mance o f UW B system s and the conventional m atched filter UW B receiver, w hich was
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w idely adopted in the UW B systems, is not necessarily the optim al receiver, studies con­

cerning the statistics o f the m ultiple access interference are still going on, and the search 

for the optim al receiver or at least a better receiver for UW B system s continues.

Note that the short bursts o f m ultiple access interference are im pulse-like, and the 

Laplace noise m odel is used for im pulsive noise. Therefore, the adoption o f the Laplacian 

approxim ation for the m ultiple access interference in UW B system s becom es reasonable.

Schwartz and Shaw [22] gave a good exposition o f the problem  o f detecting the pres­

ence or absence o f a signal em bedded in Laplacian noise. We will repeat this theory here 

and then describe how it was adopted in [24] and [25] to the data com m unication problem .

Recall the N eym an-Pearson optim al detector for detecting the presence or absence o f 

an additive signal in independent Laplacian noise in [23]. The p d f o f the Laplace noise 

m odel is given by

f { x ) =  l e ~ ^  L (3.43)

For a Laplacian distributed RV, the m ean and variance are E ( x )  =  n  and v a r ( x )  =  2 / y 2, 

respectively. C onsider the hypothesis test

Hq : Yj =  N j ,  i =  1 ,2, •• • ,«

/ / , :  Y i = N i  +  Si

where n is the num ber o f sam ples, the RVs {V,}”=1 are independent sam ples o f Lapla­

cian distributed noise and the {5,}”=1 are sam ples o f the additive signal. That is, H q is 

the hypothesis that only noise is present, and H \  is the hypothesis that signal plus noise
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is present. Som e notations and term inology are used here as in [23]. Let a  denote the 

false alarm  probability w hich is defined as the probability o f announcing H \ w hile H q was 

true, and the detection probability j3 is defined as the detection probability, w hich is the 

probability o f announcing H i  when H \  is true. A detector is said to be optim al in the 

N eym an-Pearson sense if  the detection probability j3 is m axim ized subject to a constraint 

on the false alarm  probability. The final partial decision statistics are obtained from  the 

single sam ple log-likelihood ratio logL; (y) given by

where the sequence o f RVs {y/}”= j represents the data sam ples. The optim al test com pares 

T to a prescribed threshold Ts  and declares H q if  the final statistic T  < T S and declares H \  if 

T  <  T s . If T  =  Ts , the optim al test declares H q w ith probability q and H \  with probability 

p, w here p  +  q =  1.

Beaulieu and H u [24] introduced the optim al receiver for the signals corrupted by 

Laplacian noise in UW B system s for the first tim e by adopting the signal detection m odel

(3.44)

The partial decision statistics gi (y) can be sim plified as

/

— y S i  y <  o  

£ < 0 0 = <  2 y y - y S i  0 < y < S ; (3.45)

ySj y  > Si

and the final decision statistic can be expressed as

n
(3.46)
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and analysis in [22] to the binary data com m unication problem . The proposal to use it 

in UW B system s was new and m otivated by the im pulse-like m ultiple access interference 

in the system s. TH -BPSK  UW B system s was considered. The decision statistic o f the 

conventional single-user correlation receiver was obtained in this w ork as

=  S +  I  (3.47)

where the notations are the sam e as defined before. The assum ptions that the delays { t * } ^  

are uniform ly distributed in the region [0,N sTf)  is adopted, and the condition N^TC <  y  — 

2 Tp, which m eans that the pulse can only hop over an interval o f one-half o f a fram e tim e, 

is also assum ed. Then the final statistic r can be rewritten as [24]

Ns- l
r =  £  rm

m=0 
Ns- l

=  £  Sm +  Im (3.48)
m=0

where rm is the correlator output o f a single fram e w hich is the sum  o f Sm and Im, w hich 

are the desired signal com ponent and the total interference com ponent in the mth fram e, 

respectively. The interference term  Im can be further expressed as

=  J f  L  ^  ■ <3 -4 9 >
” s k = 2

Assum ing that the interference {7m}^=oI_1 are independent from  each other, and that the 

m ultiple access interference in each fram e can be m odeled as Laplacian distributed, the 

optim al receiver proposed in [23] can be introduced to detect TH -BPSK  signals [24], The
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final decision statistic o f this new receiver is different from  the conventional m atched filter 

UW B receiver, w hich m akes its decision based on r =  Ym=o rm- Its decision statistic was 

obtained as
Ns- l
E  (3.50)

m=0

where rm is the optim al detector nonlinearity obtained from  the single sam ple log-likelihood 

ratio and can be written as
/

|Sm| \Sm\ < r m

f m =  rm — |5m| < r m <  |5m| (3 -51)

- | 5 m| rm < - \ S m\.

The sim ulation results in [24] showed that the new receiver, dubbed the soft-lim iting UW B 

receiver, can achieve large gains in the absence o f AW GN. In m ore practical environm ents

where both M A I and AW GN are present, it underperform s the conventional m atched filter

UW B receiver for sm all SNR values. However, its BER perform ance surpasses that o f the 

conventional m atched filter UW B receiver for m edium  and large values o f SNR.

Note that if the lim iter thresholds are set to infinity, the soft-lim iting receiver is the 

same as the conventional m atched filter. Thus, if  the threshold o f the soft-lim iting receiver 

is adaptive, the resultant receiver structure should always perform s at least as well as the 

conventional m atched filter UW B receiver at arbitrary values o f SIR and SNR. A new 

receiver design based on these observations was proposed in [25]. The sim ulation results 

in this work showed that the new receiver, dubbed the adaptive threshold soft-lim iting UW B 

receiver, can always achieve better perform ance than the conventional m atched filter UW B
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receiver.

3.4 Summary

In this chapter, the fram ew ork and the general m athem atical expressions o f tim e-hopping 

UW B system s were introduced. Then the previous w ork on the BER perform ance o f UW B 

system s were briefly recalled, including the m ethod o f evaluating the BER perform ance of 

UW B system s using the characteristic functions o f the M A I proposed in [19], and the one 

using GQR proposed in [15]. These w ork all showed that the G aussian approxim ation for 

the M AI is not valid to predict the BER perform ance o f UW B system s. Thus, other approx­

im ations and the corresponding receiver design proposed recently were also discussed in 

this chapter. The recently proposed UW B receivers were shown to have better perform ance 

than the conventional m atched filter UW B receiver although they are still the suboptim al 

receiver for UW B systems.
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Chapter 4

Novel Zonal UWB Receiver

It was explained in previous chapters that the m ultiple access interference o f UW B system s 

cannot be well approxim ated by a Gaussian distributed RV, and G aussian approxim ations 

can highly underestim ate the BER perform ance o f UW B systems. The studies concerning 

the statistics o f the m ultiple access interference continue and researchers want to find the 

exact pdf o f the M A I based on which an optim al receiver design can be derived . However, 

it has been shown that evaluating the exact pdf o f the M A I is cum bersom e. Thus, other 

distributions are introduced to approxim ate the p d f o f the M A I in UW B system s. For ex­

ample, the Laplacian approxim ation for the M A I was proposed based on the observations 

that the short bursts o f m ultiuser interference in UW B system s are im pulse-like. The opti­

mal receiver structure based on the Laplacian approxim ation has been introduced in UW B 

systems. The newly proposed UW B receiver was shown to have better BER perform ance 

than the conventional m atched filter UW B receiver in pure M A I channels. This fact im plies
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that the Laplacian approxim ation works better than the Gaussian distribution for predicting 

the BER perform ance o f UW B system s. However, the adoption o f the Laplacian approx­

im ation and the introduction o f the corresponding UW B receiver were ad hoc intuitive 

choices since there was no evidence showing that the M AI in UW B system s is Laplacian 

distributed. Hence, there is no reason to believe that the optim al Laplacian receiver is the 

optim al UW B receiver in the m inim um  probability o f error sense for the M A I alone, or for 

a m ixture o f M A I and AW GN. A lthough it is not tractable to derive rigorously an optim al 

receiver design using M L receiver design principles based on the exact p d f o f the M A I, a 

better UW B receiver can still be designed based on the observations o f the sim ulated pdf 

o f the M A I in UW B systems.

A novel UW B receiver structure dubbed the “zonal” receiver is proposed in this way to 

detect TH-UW B signals in M A I channels. The zonal receiver outperform s the conventional 

m atched filter UW B receiver and the recently proposed soft-lim iting UW B receiver in m ul­

tiple access interference chanels. In m ore practical m ultiple access interference-plus-noise 

environm ents, the zonal UW B receiver achieves better perform ance than the conventional 

m atched filter UW B receiver and its bit error rate perform ance surpasses that o f the recently 

proposed adaptive threshold soft-lim iting UW B receiver for large values o f signal-to-noise 

ratio.
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4.1 System Models

In this developm ent, only tim e-hopping binary phase-shift keying (TH -BPSK) is consid­

ered. The analysis and results are sim ilar for a binary pulse position m odulation (PPM ) 

system. A TH -BPSK  signal can be described as [19]

I T7 H-OO

(0 = VW I  - iTf - cJh'a (4J)V " S  j = - o o

where t is the transm itter clock time, (t) is the signal o f the kth user, and the other

notations and term inologies are as follows

(k)•  dj  is the ;th  inform ation bit o f the kth user, w hich takes values from  { + 1 , - 1 }  with 

equal probabilities.

•  The function p(t )  is the transm itted UW B pulse w ith unit energy, i .e . / * ”  p 2 (t ) d t  =  1.

•  Et, is the bit energy, N s is the num ber o f fram es w hich are used to transm it a single 

inform ation bit, w hich is also known as the length o f the repetition code. As m entioned in 

previous chapters, \J E f , / N s is the norm alization factor that m ake all the system s have the 

sam e energy in the inform ation bit.

•  Tf  is the duration o f a single frame. Each tim e fram e is divided into chips w ith duration 

Tc. The relationship betw een Tf  and Tc is TcNf, =  Tf,  w here is the num ber o f hops in 

each time frame.

•  The sequence j c 'p  j is the tim e-hopping sequence for each bit o f the fcth user w hich

(k) (k)takes integer values in the range 0 < C j  < Nf,. The product Cj Tc represents an additional

tim e shift added to the TH pulses to avoid catastrophic collisions betw een m ultiple users.
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Assum ing ideal free-space propagation for clarity, when there are N u transm itters in the 

sam e coverage area, the received signal can be w ritten as

Nu

r (0 =  E  A k*ik) (t -  Tjt) +  n (0  (4.2)
k =  1

where n ( t )  is AW GN w ith tw o-sided pow er spectral density N q/ 2 ,  and the sequences 

and {xk} ^ ^  are the attenuations and delays o f the fcth user, respectively. The ran­

dom  variables (RVs) { t * } ^  can be assum ed to be uniform ly distributed on [0,7),) [19], 

[27],

4.2 Receiver Structure

A t the receiver side, w e assum e that the signal from  the first user is the desired signal and 

is the transm itted symbol. W ithout loss o f generality, is set to zero, for all j [15]. 

W hen the conventional single-user m atched filter is used to coherently detect the signal to 

be recovered, the received decision statistic is

Ns — l r(m+l)Tf+Xi
r =  L  /  r (t) p ( t  — 1 \ — m T f )  dt

m= 0  7 m 7 ) + T 1 

— 1 Nu y* 1

= I I / A ks (t -  xk) p  (t -  X\ -  m T f )  dt
m = 0k= l

=  S +  I  +  N  (4.3)

where N is a G aussian RV with zero m ean and variance NoNs/2 ,  and S — A \ ^ / E kNsd ^  

where is the inform ation bit transm itted by the desired user. The param eter I is the
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total M AI originating from  all Ns frames, which can be represented as

7 = \ / ? X > * /W <4-4)V ^  k=2

where /(*) can be expressed as

/(  ) =  £  /  5 ) ( ^ - ^ ) p ( t - T i - m T f j d t .  (4.5)
m = 0  • ' « 7 > + t 1

Substituting (4.1) into (4.5) and denoting the autocorrelation function o f the UW B pulse 

waveform  p  (t) by R (x),  /(*) can be rewritten as

/<*>= I '  £  / ^ R U - T t  + mTf-JTf-cfrX  (4.6)
m= 0  j = — oo

N ote that there are two large tim e uncertainties in the argum ent o f /?(•), w hich are the 

transm ission reference time %\ and t*. These two RVs are concerning the times when the 

radios begin transm ission in asynchronous operation, and the uncertainty related to their 

difference m ay span an interval o f length m any times the fram e duration Tf.  The tim e shift 

difference betw een different users can be m odeled as [3]

x x - x k =  m kTf  +  a k (4.7)

where m k is the value o f the tim e uncertainty rounded to the nearest integer, and a k is 

the error and fractional part in the rounding process, w hich is uniform ly distributed in the 

interval (—T f / 2 , T f / 2 ] ,  Then the argum ent o f R (•) is

magnitude<NhTc
magmtuae<Tf /2

(m +  m k — j )  Tf  - c f ^ T c  +  'a T '  • (4.8)
v ...... v

magnitude<Tf /2+Nf,Tc
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We now adopt the assum ption N kTc < T f / 2  — 2 T p  in [3], which m eans that the pulse can

( k )only hop over an interval o f one-half o f a fram e time. Thus, the term  — C j  T c  +  a k satisfies

the condition that

Then 7®  can be expressed as

Ns- 1 +■

E 1
m = 0  j= -<x  

N s—\ + o °

E E
m = 0  j= —'

- c f T c +  a k < T f - 2 T p . (4.9)

jik) =  £  £  d ^ / m R ( x x - X k +  mTf - j T f - c f T c)

/  \

I?
l(m+mk)/N s\L  L  d \(m+ mk)IN s \R (m +  mk — j )  Tf  - c f ^ T c  +  Ok (4.10)

y  magnitude<Tf—2Tp J

The waveform  p ( t )  is only nonzero in the tim e interval [0 ,rp], and the support o f the 

autocorrelation function R  (•) is [— T P , T P \ .  Since T p  T f ,  only one term  in the sum  o f j in 

eq. (4.10) can be nonzero, and this nonzero term  appears when the condition j  =  m +  m k is 

satisfied. Thus, the interference from  the £th user can be rewritten as

N s— 1 + ° °

m = 0  j= —oo

= e'<!+»,)«]* (“‘-4‘Û) <4-n>
m=0

On the other hand, if the condition (4.7) is not satisfied, then there m ight be m ore than one 

nonzero term  in the sum  o f j, and the actual value should be determ ined by the RV involved.
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Putting (4.11) back into (4.4), the total interference term  can be expressed as

[~F~ Nu Ns-i . .
1 = ] l j f l l Ak 11 d[{m+mk)/Ns\R{ak~Cm+mkTc)

'  15 k= 2 m = 0

= 11 H \f^~Akd[m+mk/Ns\R ~ C<'m+mkTcSj
m = 0 k= 2 ' s 
Ns-l

=  H i m  (4.12)
m = 0

where Im is the interference term  on each fram e, w hich is given by

'»  =  £  ( ° *  ■- c<i U T‘ )  ■ <4 -13>
k= 2 ' s

Then the final receiver decision statistic can be expressed as a sum m ation o f statistics in 

each frame

Ns-i Ns-1
f  =  I ' ,  rm — Y  {Sm + I m + N m)

m = 0 m = 0

Ns~ 1
=  E  (Sm +  Ym) (4.14)

m = 0

where Sm = A \  \ J E b / N sdq1̂  is desired signal com ponent in the mth fram e, N m is a G aussian 

distributed RV with variance /Vo/2, and Im is the total interference com ponent in the mth. 

fram e from  all interferers given in (4.13). The RV Ym is the overall disturbance (M AI plus 

AW GN) in the mth frame.

If w e consider the case w here the M A I dom inates the AW GN, the noise term  is negli­

gible com pared with the M A I com ponent and rm can be expressed as Im +  Sm. Fig. (4.1) 

shows an exam ple o f the form o f the conditional probability density function (pdf) o f  the

chip correlator output r m when the inform ation bit +1 was sent, /  =  + l ) . These
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Amplitude of the chip correlator output (rm)

Fig. 4.1. The sim ulated conditional probability density function 

of the am plitude o f the chip correlator output rm =  Sm + I m, 

mth  fram e, the SIR = 10 dB, and c is a constant.
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-4  -th  sm -tl 0 tl sm th 4 
Amplitude of the chip correlator output (r )

Fig. 4.2. The sim ulated conditional probability density functions (pdfs) /

and /  ( r m\ d ^  — — 1^ o f the am plitude o f the chip correlator output rm =  

where Im is the M A I in mth frame, the SIR = 10 dB, and c is a constant.
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results are obtained by sim ulation. The follow ing observations can be noted. There is

an im pulse at the point r m  =  S m  and the probability that r m  assum es values in the region

( . )  is significant, as large or larger than the probability that rm falls outside o f (//,?/,), 

where ti and th are two thresholds shown in Fig. 4.1. Fig. 4.2 shows /  =  + 1  j

and /  =  —1 j  together, w hich are the p d f o f the chip correlator output rm when the

inform ation bit +1 and -1 were sent, respectively.

Recall that the optim al, m inim um  probability o f error, decision rule operating on N s 

independent sam ples, {rm}^~Q,  specifies that the receiver decides w hich inform ation bit 

was sent according to following principles [28],

N  — 1 N  —1

n / ( r m| 4 1}- + l )  >  n / ( r m| 4 1) =  - l ) ^ 4 1) =  + 1 (4 -15a)
m= 0 m=0

n 1/( ^ m |r f j1) =  - l )  >  Nf i  f  ( r m l d ^  = + l )  = > <4 1) =  - 1 .  (4.15b)
m= 0 m=0 V '

Observe in Fig. 4.2 that if  rm falls outside ( —th, —t{) and (t[,th), it is unreliable to decide 

the transm itted inform ation bit a s +1 o r - 1 because f  ( r m\dQ^ = + l )  and / ^ m |^ o ^  =  — 

are small and alm ost the same outside these regions, w hile if  rm falls inside ( —th, —ti), there 

is a relatively large probability that the transm itted inform ation bit is -1 and if  rm falls into 

(ti,th), the corresponding inform ation bit is m ore likely to be +1.

Based on these observations and considerations, we propose a new UW B receiver struc­

ture. Instead o f m aking a decision based on the statistic r =  Em=o t*ie  new receiver will

decide the transm itted signal based on a new final decision statistic r, w hich is calculated
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r(f)

Pulse
Generator

Threshold

A ccum ulator

Baseband 
Processing Tim ing

The zonal correlator 
output transform , hm (•)

Fig. 4.3. The block diagram  o f the zonal UW B receiver.

as
N s - \  

m=0
(4.16)

where the new partial statistics rm are obtained as

rm =  < (4.17)
rmi rm €  ( tf,, t[) or rm 6  

0, otherw ise.

Eq. (4.17) defines a transform  o f the chip correlator output, rm, into a partial receiver 

statistic, rm. The transm itted inform ation bit is detected based on the new decision 

statistic r according to the rule

r >  0 =£> d.( i )
o + 1

/(')r < 0 = ^ 4 '  =  - l .

(4.18a)

(4.18b)
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Fig. 4.4. The transfer characteristic o f the receiver chip correlator output transform .

If r — 0, a fair coin is tossed to decide w hich inform ation bit was transm itted. A block 

diagram  showing the structure of the zonal UW B receiver is given in Fig. 4.3. Fig. 4.4 

shows the transfer charateristic o f the receiver chip correlator output transform .

The zonal receiver design rule (4.17) is intuitive. If the chip correlator output rm falls 

into the region (t/,1/,), there is a relative large probability that the transm itted inform ation 

bit is + 1 , and if rm falls into ( - / / , , —?/), the transm itted inform ation bit is m ore likely to 

be —1. So if  the chip correlator output rm falls into (t/,0,) or (—th, —ti), the zonal UW B 

receiver uses the sam ple unaltered and lets it contribute to the final receiver decision statistic 

r. On the other hand, if  rm falls outside o f these two regions, one can hardly discern
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which inform ation bit was transm itted; in this case, the receiver discards the sam ple and 

adds 0 to r to elim inate rm’s effect on the final decision statistic. O bserve also that a large 

im pulse o f interference in a fram e is com pletely elim inated from  the decision statistic if  it is 

greater than \th\ in am plitude. This feature gives the zonal receiver robustness in im pulsive 

interference, regardless o f the distribution o f the im pulsive interference.

We em phasize that the design o f the new UW B receiver structure is based intuitively 

on the qualitative nature o f the sim ulated pdf o f the chip correlator output rm. That is, 

the zonal UW B receiver is not necessarily optim al. The design o f the optim al receiver for 

UW B system s requires knowledge about the exact pdf o f the m ultiple access interference. 

However, characterizing m athem atically the pdf in Fig. 4.1 seems difficult. H ence, it is not 

tractable to derive rigorously an optimal receiver design using M L receiver design princi­

ples. Observe, however, that if  we set the lower threshold f/ to 0 and the upper threshold th to 

infinity, the zonal receiver becom es exactly the conventional m atched filter UW B receiver. 

This im plies that if  we m ake the thresholds t; and th adaptive, the zonal UW B receiver can 

always m eet or outperform  the conventional m atched filter UW B receiver. This w ill be true 

for arbitrary additive signal disturbances, including M AI, AW GN, and M AI-plus-AW GN .

4.3 Validity of Zonal UWB Receiver Design

The sim ulated pdfs o f  the M A I in UW B system s shown in Fig. 4.1 and Fig. 4 .2 are the 

basis o f  the zonal UW B receiver design. Since N u and N s all assum e sm all values in the 

sim ulations, one m ay be concerned that in pratical system s with larger values o f N u and
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N s, the central lim it theorem  m ay be applied and the M A I is thus G aussian distributed. 

If  this concern is true, the conventional m atched filter UW B receiver should w ork better 

than the zonal UW B receiver, and then the design o f the zonal UW B receiver m ay be less 

significant.

It is shown in Fig. 4.1 and Fig. 4.2 that there is an im pulse at the point rm =  Sm when 

the transm itted inform ation bit is +1, w hile the im pulse appears at the point rm =  —Sm 

when the inform ation bit -1 is sent. A sim plified exam ple used to analyze the M A I term  

originating from  a single interferer can be used to explain the existence o f the im pulse. 

Single user detection is used at the receiver side. The duration o f the UW B pulse p(t) is xp, 

the frame duration is T f ,  and the tim e shift difference between the desired signal and the 

interfering signal is t .  The attenuations o f the desired user and the interfering user are A q 

and Ak, respectively. Thus, in this case, the received signal can be expressed as

where « o (0  is AW GN w ith two-sided power spectral density N q/2 .  Let /?(•) denote the 

autocorrelation function o f the UW B pulse p(t). A ssum ing perfect synchronization o f the 

desired user, the partial decision statistic rm in a single fram e can be obtained after the 

coherent correlator as

r(t)  =  A 0p ( t)  + A kp ( t  -  t )  +  n0(t) (4.19)

[  f  r ( t)p { t)d t  
Jo

A qR (0) +AkR{%) +  [  f  n o (t)g (t)d t  
Jo

(4.20)

72

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



T
where Sm =  A qR{0) is the desired signal com ponent, and N m — f 0f  n o (t)g ( t)d t  is the

AW GN com ponent. The m ultiple access interference term  in this case, Im, in the partial

decision statistic is expressed as I  =  AicR ( t ) ,  where the argum ent o f the autocorrelation

T T
function /?(•), T, is a RV uniform ly distributed in the region [ - y ,  -y], The relationship 

between the tim e shift difference T and the interference Im is illustrated in Fig. 4.5.

0.5

-0 .5

-1

-8 -6  - 4  -2

[ 4

I = R ( t )

^ LI  _ T I

■ i t i

x  1 0

Fig. 4.5. The relationship betw een the time shift difference T and the interference term  Im.

From Fig. 4.5, it is obvious that the probability that the interference assum es the value

0 is

Pr{Im =  0} =  Pr { z e { - T f / 2 , - X p ) OT X e { T p , T f / 2 ) }  

2Xn
=  1

l f
(4.21)
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Since in practical UW B system s, %p <C Tf ,  there is a very large spike at the origin. The 

analysis for larger N s and N u is the sam e as above. The spike at the origin point m akes 

the central lim it theorem  effect converge very slowly w ith the increase o f the num ber o f 

users and the length o f repetition code. Furtherm ore, UW B is suited to enhance com m er­

cial products w ith wireless connectivity or to im plem ent wireless personal area networks 

(W PAN), w hich are connected in a short range. Thus, the num ber o f users in the sam e 

coverage area is not large enough for the central lim it theorem  to apply. In this case, the 

conventional m atched filter UW B receiver is not necessarily the optim al receiver, and the 

design o f the zonal UW B receiver is superior.

4.4 Performance Results

In this section, w e evaluate the average bit error rate (BER) perform ance o f the zonal UW B 

receiver and com pare it to the conventional m atched filter UW B receiver, the soft-lim iting 

UW B receiver proposed in [24] and the adaptive threshold soft-lim iting UW B receiver 

proposed in [25]. The signal waveform  is restricted to the second-order G aussian m onocyle 

with param eters give in Table 4.1. Sim ulations are carried out for 2 cases. The first case is 

when only M A I is present in the channel, representing interference-lim ited operation. The 

second case is when both M A I and AW GN are present in the channel. In both cases, we 

assum e perfect synchronization o f the desired user, i.e., the delay o f the desired user, Z\, is 

known to the receiver, and the receiver will use the inform ation for coherent correlation.

The BER perform ance will be evaluated in term s o f the SIR and SNR, w here the SNR

74

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE 4.1 

Param eters o f the UW B system

Param eter Notation values

Tim e N orm alization Factor ?p 0.2877 ns

Fram e width Tf 20 ns

Chip width Tc 0.9 ns

No. o f Users N u 4

No. o f Chips per Fram e N h 8

Repetition Code Length N s 4

is defined as

SN R Eb
No

The variance o f the total interference can be expressed as [3]

var[I\ =  E[I2] - E 2[I]

=  E
Nu

y/Eb/Ns 'EAklW
k=2

Nu
=  Eb <Ja ^ Afc

k=2

where a 2 is defined as [3]

1 r+ o o  r  r+ oo  
2 1 ‘

-  j
l f
l r +

Tf J —

/ + o o  r - l-oo

/ p ( x  — t ) p  (x) dx
-o o  J — oo

[ +°°R2 { t)d t
J  —oo

dt
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where R  (t) is the autocorrelation function o f the second-order G aussian m onocycle. Thus, 

it is reasonable to define the SIR as

A ]E bNs 
SIR  =  1 ° *

var [/J

=  A ‘N‘ (4 25)

4.4.1 Performance in pure MAI channels

We evalute the BER perform ance o f the zonal UW B receiver in channels w here only M AI 

is present, and com pare it to those o f the conventional m atched filter UW B receiver and 

the recently proposed soft-lim iting UW B receiver. M onte-Carlo sim ulation is used for 

estim ating the BER, and as m entioned above, the waveform  used in TH -B PSK  system s is 

restricted to the second-order G aussian m onocycle and the param eters are as in Table 4.1.

First, BER perform ances o f the TH -BPSK  system s w ith 3 interferers are plotted versus 

SIR. Fig. 4.6 shows the BER curves for the conventional m atched filter UW B receiver, the 

soft-lim iting UW B receiver and the zonal UW B receiver w ith fixed thresholds when only 

M AI is present in the channel, and Sm — 0.05 and Sm +  0.05 are adopted as the lower and 

upper thresholds. Observe that in the SIR region [-8 dB, 14 dB], the zonal UW B receiver 

w ith fixed thresholds outperform s the other two UW B receivers. The perform ance gains 

are significant when the SIR is small. The BER o f the zonal UW B receiver is as m uch as 

50 times sm aller than the BER o f the conventional m atched filter UW B receiver, and as 

m uch as 10 tim es sm aller than the BER o f the soft-lim iting receiver in this SIR region. We 

hasten to point out that these large gains can not be achieved when there is AW GN in the
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-*—  Conventional matched filter
-0—  Soft-limiting receiver
-a—  Zonal receiver with fixed thresholds
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Fig. 4.6. The average BER versus SIR o f the conventional m atched filter UW B receiver, 

the soft-lim iting UW B receiver and the zonal UW B receiver w ith fixed thresholds 

with N s=4 and Nu=4 when only M A I is present.
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-*—  Conventional matched filter UWB receiver
-0—  Soft-limiting UWB receiver
•a—  Zonal UWB receiver with adaptive thresholds
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SIR (dB)

Fig. 4.7. The average BER versus SIR o f the conventional m atched filter UW B receiver, 

the soft-lim iting UW B receiver and the zonal UW B receiver w ith adaptive thresholds 

with Ns=4 and Nu=4 when only M A I is present.
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system  as subsequent results w ill show. As the SIR becom es larger, the BER curve for the 

zonal receiver rem ains level while those o f the conventional m atched filter UW B receiver 

and the soft-lim iting UW B receiver decrease rapidly and cross below the BER curve o f 

the zonal receiver when the SIR exceeds 14 dB. The zonal receiver w ith fixed thresholds 

underperform s the conventional m atched filter UW B receiver and the soft-lim iting receiver 

for large values o f SIR.

If we m ake the thresholds o f the zonal receiver adaptive and use com puter search to 

obtain the optim al low er and upper thresholds that m inim ize the BER, the zonal receiver 

m ust always m eet or surpass the perform ance o f the conventional m atched filter UW B 

receiver. This is because, as stated previously, when lower threshold // =  0 and upper 

threshold th =  °°, the zonal receiver becom es the conventional m atched filter UW B receiver. 

Som e exam ple BER curves for the conventional m atched filter UW B receiver, the soft- 

lim iting UW B receiver and the adaptive zonal receiver are shown in Fig. 4.7. It is seen 

that the zonal UW B receiver with adaptive thresholds outperform s both the conventional 

m atched filter UW B receiver and the soft-lim iting UW B receiver for all SIR values in this 

case. W hen the SIR is small, the perform ance gains are the sam e as those o f the zonal 

receiver with fixed thresholds seen previously in Fig. 4.6. The gains decrease as the SIR 

increases. For exam ple, when SIR = 1 8  dB, the zonal receiver w ith adaptive thresholds 

achieves 1/3 the BER o f the conventional m atched filter UW B receiver and the soft-lim iting 

UW B receiver.

A lthough the zonal UW B receiver w ith fixed thresholds doesn’t perform  as well as
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the zonal UW B receiver with adaptive thresholds and it underperform s the conventional 

m atched filter UW B receiver and the soft-lim iting UW B receiver when the SIR is large, it 

is still very useful because the structure is sim ple and easy to im plem ent since no search 

is needed to obtain the optim al thresholds. The zonal UW B receiver w ith fixed thresholds 

can be used to effectively detect UW B signals when the SIR is less than 16 dB.

Fig. 4.8 shows the optim al lower and upper thresholds o f the zonal UW B receiver for 

all SIR values in the exam ple o f Fig. 4.7. Som e very interesting observations and con­

clusions follow from  this figure. N ote that in the SIR region [—8 dB, 14 dB], the optim al 

lower threshold tf and upper threshold tf, are well approxim ated by Sm —0.05 and Sm +  0.05, 

respectively. Considering Figs. 4.1 and 4.2, and the associated discussion, it is to be ex­

pected that w ith the optim al lower and upper thresholds, (t/,0 ,) and {—tf,, —tf) w ill enclose 

small regions centered around Sm and —Sm. One can explain the near independence o f 

(,t[,tf,) on SIR in the following way. In the interference-lim ited case, consider the statistics 

o f the M A I to be fixed, and then increasing the SIR corresponds to increasing the value 

o f |Sm|, or translating the conditional pdf o f  the M AI. N ote that the distribution o f rm then 

rem ains the sam e in the region (Sm — 0 .0 5 ,Sm +  0.05). Hence, the probability that rm falls 

into (Sm — 0.05, Sm +  0.05) is not changing w ith the SIR in this case. This explains why the 

lower and upper thresholds o f the zonal UW B receiver are well approxim ated by S m — 0.05 

and Sm +  0.05, and why the perform ance o f the zonal UW B receiver w ith fixed thresholds 

Sm — 0.05 and Sm +  0.05 is alm ost constant (Fig. 4.6), and why the perform ance o f the 

zonal UW B receiver w ith adaptive thresholds changes little as the SIR increases from  -8
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Fig. 4.8. The optim al lower and upper thresholds o f the zonal UW B receiver w ith Ns=4 

and N u=4 when only M A I is present.
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dB to 14 dB (Fig. 4.7). However, as the SIR becom es larger than 14 dB, the left tail of 

the conditional pdf /  =  + 1 ^  m oves increasingly above rm — 0. N ote that rm, the

am plitude o f the chip correlator output has a lower bound and the p d f o f rm w ill be zero 

below this lower bound. This m eans that the perform ance o f the zonal receiver w ith fixed 

thresholds will level off for large values o f SIR. On the other hand, the BER curves for the 

conventional m atched filter UW B receiver and the soft-lim iting UW B receiver converge 

and decrease rapidly as the SIR increases above 14 dB. Therefore, the zonal UW B receiver 

with fixed thresholds will underperform  the conventional m atched filter UW B receiver and 

the soft-lim iting UW B receiver for large values o f SIR, w hich is shown by Fig. 4.6. H ow ­

ever, the zonal receiver structure with adaptive lower and upper thresholds w ill outperform  

the other two receivers. Observe in Fig. 4.8 that both optim al lower and upper thresholds 

o f the zonal UW B receiver m ove farther away from  the value S m as the SIR gets larger than 

14 dB, w hich m akes the zonal receiver structure sim ilar to the conventional m atched filter 

UW B receiver. Fig. 4.7 shows that, w ith optim al low er and upper thresholds, the zonal 

UW B receiver’s BER perform ance im proves with increasing SIR and surpasses those o f 

the conventional m atched filter UW B receiver and the soft-lim iting UW B receiver.

4.4.2 Performance in mixed MAI and AWGN channels

Note that the zonal UW B receiver can achieve large gains for small values o f SIR. However, 

such large gains cannot be achieved in practical environm ents where both M A I and AW GN 

are present. The BER o f TH -BPSK  system s w ith 3 interferers using the zonal UW B re-
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ceiver are evaluated in this subsection as a function o f SNR showing the BER perform ance 

o f the newly proposed UW B receiver in m ixed M A I and AW GN environm ents.

Fig. 4.9 shows the BER curves for the conventional m atched filter UW B receiver, the 

adaptive threshold soft-lim iting UW B receiver and the zonal UW B receiver w ith N s =  4 and 

N u =  4 for a value o f SIR = 10 dB where both M A I and AW GN are present in the channel. 

Observe that when the SNR is small, i.e. the AW GN dom inates the M AI, Ym =  Im +  N m 

can be approxim ated as G aussian distributed RV, and the conventional m atched filter UW B 

receiver works essentially as well as the optimal receiver [28]. U nder such circum stances, 

the adaptive threshold soft-lim iting UW B receiver and the zonal UW B receiver can adjust 

their thresholds to m eet the BER perform ance o f the conventional m atched filter UW B 

receiver. But as the SNR gets large enough that the noise term  stops dom inating the M AI, 

the adaptive threshold soft-lim iting UW B receiver and the zonal UW B receiver begin to 

outperform  the conventional m atched filter UW B receiver. Fig. 4.9 shows that in the SNR 

region [14 d B ,20  dB], both the adaptive threshold soft-lim iting UW B receiver and the zonal 

UW B receiver w ith adaptive thresholds outperform  the conventional m atched filter UW B 

receiver, and the adaptive threshold soft-lim iting receiver has a slightly better perform ance 

than the zonal receiver. A fter the SNR reaches 20 dB, the BER curves o f the conventional 

m atched filter UW B receiver and the adaptive threshold soft-lim iting receiver both reach 

error rate floors before the zonal UW B receiver reaches an error floor. W hen the SIR = 10 

dB, the error rate floor o f the zonal UW B receiver is 1.8 x  10- 3 , w hich is 10 tim es sm aller 

than the error floor o f the conventional m atched filter UW B receiver (1.8 x  10~2) and 4.1
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■*—  Conventional matched filter UWB receiver 
P —  Adaptive threshold soft-limiting UWB receiver 
A—  Zonal UWB receiver with adaptive thresholds
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Fig. 4.9. The average BER versus SNR o f the conventional m atched filter UW B receiver, 

the adaptive threshold soft-lim iting UW B receiver and the zonal UW B receiver with 

Ns=4 and Nu=4 when both M A I and AW GN are present.
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Fig. 4.10. The optim al lower and upper thresholds o f the zonal receiver w ith N s=4 and

N u=4 when both M A I and AW GN are present.
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times sm aller than that o f the adaptive threshold soft-lim iting UW B receiver (7.5 x  10- 3 ).

Fig. 4.10 shows the optim al lower and upper thresholds of the zonal UW B receiver 

w ith Ns =  4  and N u = 4  for the exam ple o f Fig. 4.9. It is seen that, w hen the AW GN dom i­

nates the M AI, w here Ym — Im + N m can be approxim ated as a G aussian distributed RV, the 

optim al lower threshold o f the zonal UW B receiver is close to zero and the upper threshold 

is large, w hich m akes the zonal UW B receiver very sim ilar to the conventional m atched 

filter UW B receiver. As the SNR gets larger and the M A I becom es m ore significant in 

Ym =  Im + N m, the optim al lower and upper thresholds m ove towards S m. W hen the SNR 

is large enough that the M AI dom inates the AW GN, the optim al low er and upper threshold 

becom e close to Sm, and then the zonal UW B receiver structure is the sam e structure as 

first proposed for the case where only M A I is present in the channel.

4.5 Zonal Receiver Structure Design

In our analysis on the zonal UW B receiver design, the channel is assum ed to be stable 

and time-invariant. That is because, for UW B system s, the bandw idth o f the signal is very 

large, w hich is on the order o f gigahertz, and the data rate o f UW B system s is usually on 

the order o f hundreds o f m egahertz. In this case, the transm ission tim e is so short that 

UW B channels can be assum ed to be static during the transm ission time.

The analysis above shows how a zonal UW B receiver can be designed for a certain 

UW B system s. W hen the param eters o f the UW B system  are known, then sim ulations 

could be carried out to obtain the optim al thresholds o f the zonal UW B receiver. Once the
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thresholds are obtained, the values can be put into the zonal UW B receiver structure for the 

signal detection. Based on the fact that UW B channels can be assum ed to be static during 

the transm ission, one can say that, although the process o f obtaining the optim al thresholds 

adds a bit o f com plexity to the receiver design, it is w orth the cost since once the optim al 

thresholds are obtained, the zonal UW B receiver should always w ork well in the system.

4.6 Summary and Conclusions

In this chapter, a new UW B receiver structure dubbed the “zonal” receiver has been pro­

posed based on observations o f the pd f o f the M A I in TH-UW B system s. It was shown to 

achieve better BER perform ance than the conventional m atched filter UW B receiver and the 

soft-lim iting UW B receiver for all SIR values when only M A I is present in the channel. In 

m ore practical environm ents where both M A I and AW GN are present, the zonal receiver 

always m eets or outperform s the conventional m atched filter UW B receiver. It achieves 

better perform ance than the adaptive threshold soft-lim iting UW B receiver for large values 

o f SNR.
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Chapter 5

Conclusions and Future work

Gaussian approxim ations for the M AI have been w idely adopted in UW B system s and the 

corresponding optim al receiver, the conventional m atched filter UW B receiver was origi­

nally introduced and widely used in UW B systems. However, it is shown by m any litera­

tures on UW B system  perform ance that the G aussian approxim ation is not valid to predict 

the BER perform ance o f UW B system s and it highly underestim ates the BER o f UW B 

systems. O ther approxim ations for the M A I in UW B have been introduced and the cor­

responding optim al receiver structures have been derived. However, the actual p d f o f the 

M A I in UW B system s is still unknown, therefore, there is no evidence show ing any one 

o f the existing receiver structures is the optim al receiver for UW B system s. O n the other 

hand, although evaluating the actual pdf o f the M A I has been proved cum bersom e and it 

is not tractable to derive an optim al receiver structure based on the true pdf, a better re­

ceiver can still be designed based on observations o f the sim ulated p d f o f the M A I in UW B
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system s, and on this basis, we have proposed a new receiver structure. The new receiver, 

dubbed the “zonal” UW B receiver, is shown to have superior perform ance in m ultiple ac­

cess interference channels. In this chapter, the principal conclusions o f our research will be 

enum erated, and problem s that m erit furture research will be suggested.

5.1 Conclusions

1. W hen only M A I is present in UW B channels, the correlator output rm can be ex­

pressed as Im +  Sm, w here Im and Sm are the M A I com ponent and the desired signal 

com ponent in the /nth fram e, respectively. The sim ulated p d f o f the chip correlator 

output rm in this case shows that there is an im pulse at the point rm =  Sm when the 

inform ation bit +1 was transm itted and the im pulse apprears at the point rm — —Sm 

when the transim itted inform ation bit was -1, as expected.

2. The sim ulated pdfs show that, if th and ti assum e certain values, in the region (//,//,), 

the conditional pdf o f the chip correlator output rm when the inform ation bit +1 was 

sent, /  =  + 1 ^ ,  is as large or larger than the conditional p d f o f rm when the

transm itted inform ation bit is -1, /  ( r m\ d ^  =  —1^.  On the o ther hand, in the region 

where rm e  {—th, —ti), the conditional pdf f  [rm\d.Q  ̂ =  —1 j  is as large or larger than 

f  [rm\ d ^  =  + l ) -  This im plies that if  rm falls inside (//,//,), there is a relatively 

large probability that the transm itted inform ation bit is +1, while if  rm falls inside 

{—th, —ti), the corresponding inform ation bit is m ore likely to be -1.
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3. Outside the two regions and ( - th ,  —t{), the conditional pdfs /  =  + 1 ^

and /  =  — 1^ are both sm all and alm ost the same as each other, thus if  rm

falls outside these two regions, it is unreliable to use this inform ation to decide the 

transm itted inform ation bit as +1 or -1.

4. The new UW B receiver dubbed the “zonal” UW B receiver is derived intuitively 

based on observations o f the sim ulated pdf. It uses the chip correlator output sam ­

ple rm unaltered and lets it contribute to the final receiver decision statistic when the 

sam ple falls into the region (ti,th) or (—th, —ti). On the other hand, if  rm falls outside 

o f these two regions, one can hardly discern w hich inform ation bit was sent, and the 

zonal UW B receiver discards the sam ple and adds 0 to the final decision statistic in 

this case.

5. The design o f the zonal receiver is intuitive and m otivated by som e im portant ob­

servations o f the sim ulated p d f instead o f evaluation o f the exact pdf. Thus, there is 

no reason to believe that the zonal receiver is the optim al UW B receiver. However, 

if  we set the lower threshold ti to 0 and the upper threshold th to infinity, the zonal 

UW B receiver becom es exactly the conventional m atched filter UW B receiver, which 

m eans if  the thresholds o f the zonal UW B receiver are optim ally adopted, it should 

perform  at least as well as the conventional m atched filter UW B receiver.

6. M onte-Carlo sim ulation is used to estim ate the BER o f UW B system s. The sim ula­

tion results show that the zonal UW B receiver w ith fixed threshold outperform s the
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conventional m atched filter UW B receiver and the recently proposed soft-lim iting 

UW B receiver in pure M A I channels when the SIR is small. The perform ance levels 

off when the SIR gets larger and the zonal UW B receiver underperform s the conven­

tional m atched filter UW B receiver and the soft-lim iting UW B receiver when the SIR 

is larger than 14 dB. However, the zonal UW B receiver with optim al thresholds al­

ways outperform s the conventional m atched filter UW B receiver and the soft-lim iting 

UW B receiver for all the SIR values. The perform ance gains are large in the region 

w here the SIR is small, and decrease as the SIR gets larger.

7. A lthough it is shown that the zonal UW B receiver can achieve large perform ance 

gains in pure M A I channels, such large gains cannot be achieved w ith the presence of 

AW GN in M A I channels. In M AI-plus-AW GN environm ents, the sim ulation results 

show that the zonal UW B receiver always m eets or outperform s the conventional 

m atched filter UW B receiver and its BER perform ances are better than the recently 

proposed adaptive threshold soft-lim iting UW B receiver in the region w here the SNR 

is large.

8. In pure M A I channels, if  com puter search is used to obtain the optim al thresholds 

o f the zonal UW B receiver, the optim al lower and upper thresholds enclose sm all 

regions centered around Sm and —Sm when the SIR is small, w hich is the sam e as 

the expectation based on observations o f the sim ulated pdf o f the chip correlator out­

put. W hen the SIR increases and the left tail o f the conditional p d f /  ^rm\ d ^  =  + 1  j  

m oves increasingly above rm =  0, the conventional m atched filter UW B receiver
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and the soft-lim iting UW B receiver outperform  the zonal UW B receiver w ith fixed 

thresholds. In this case, the optim al lower threshold tj becom es close to 0 and the op­

tim al upper threshold th becom es very large, which m akes the zonal receiver structure 

sim ilar to the conventional m atched filter UW B receiver. W ith these optim al thresh­

olds, the zonal UW B receiver outperform s both the conventional m atched filter UW B 

receiver and the soft-lim iting UW B receiver for all the values o f SIR in pure M AI 

channels.

9. In m ore practical M AI-plus-A W GN  channels, when the SN R is small, the AW GN 

term  is dom inant in the total disturbance. Thus, the total disturbance can be ap­

proxim ated by a G aussian distributed RV, and the conventional m atched filter UW B 

receiver should be the optim al receiver. In this case, the optim al lower threshold o f 

the zonal UW B receiver is close to 0 and the optim al upper threshold is very large, 

w hich m akes the structure o f the zonal UW B receiver sim ilar to the conventional 

m atched filter UW B receiver. W hen the SNR gets larger and the AW GN term  stops 

dom inating the M AI, the total disturbance starts to show the characteristics o f the 

M A I in the channel and cannot be approxim ated by a G aussian distributed RV. In 

this case, the optim al lower and upper thresholds t[ and th o f the zonal UW B receiver 

becom e very close to Sm, and the resultant receiver structure is the sam e as firstly 

proposed for the case where only M AI is present in the channel.
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5.2 Future Work

1. In our work, som e particular scenarios are not considered. For exam ple, in pure 

M AI channels when the SIR is very small, the two regions (//,/*) and (—th, —t[) m ay 

partially overlap w ith each other. It hasn’t been considered in our w ork because with 

the values o f SIR and SNR we considered, such a scenario d idn’t appear. However, 

if it does happen, som e small m odifications can be m ade to the zonal UW B receiver 

to assure its perform ance superiority.

2. O ur design o f the zonal UW B receiver is intuitive. It is only based on observations o f 

the sim ulated pdf and the inform ation o f the exact pd f o f the M A I in UW B system s 

is not considered. If  m ore inform ation can be extracted from  the statistics o f the true 

p d f o f the M AI, receiver design principles o f statistical com m unication theory can 

be applied to derive a new receiver structure. The corresponding receiver structure is 

surely to have better BER perform ance than the existing receivers.

3. O ur design d idn’t consider the UW B receiver design in m ultipath fading channels. If 

m ultipath fading channels are considered, Rake receiver should be introduced for the 

signal detection. In each finger o f the Rake receiver, a zonal UW B receiver can be 

adopted to im prove the BER perform ance o f the receiver. The perform ance o f this 

new UW B receiver in m ultipath fading channel can be evaluated and com pared to 

that o f  the traditional Rake receiver.
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