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Abstract— This paper gives a tutorial review of physics-

based ultra-wideband signals and their optimum and sub-
optimum detection. A balanced treatment of theoretical results 
and practical implementations is attempted.  
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I.    INTRODUCTION 
 

odern communication theory originated from the 
attempts of communication engineers to 
understand what they were doing in the most 

general terms. The limit of digital wireless 
communication networks depends primarily on four 
basic laws and their underlying theories, which 
attributed respectively to: Maxwell and Hertz, Shannon, 
Moore, and Metcalfe [1].  The first laws are laws of 
nature, while the last two are laws of behavior. The 
order is in the sequence of their discovery and their 
importance. As the field of wireless communications 
has matured, the emphasis and immediate relevance 
have shifted gradually downward in the list. Without an 
appreciation for Maxwell and Hertz’s theories, there 
would be no controlled wireless propagation of 
electromagnetic waves. Without an understanding of 
Shannon’s theories, efficient use of the spectrum 
through sophisticated signal processing could not have 
been achieved. Ultra-wideband (UWB) is experiencing 
this shift, probably from the first two laws, while the 
narrowband communication has shifted to the last two 
laws.Although often considered as a recent 
breakthrough in wireless communications, UWB has 
actually experienced well over 40 years of 
technological developments. The physical cornerstone 
for understanding UWB pulse propagation was 
established by Summerfield a century ago (1901) when 
he attacked the diffraction of time-domain pulse by a 
perfectly conducting wedge. In fact one may reasonably 

argue that UWB actually had its origins in the spark gap 
transmission design of Marconi and Hertz in the late 
1890’s. In other words, the first wireless 
communications system was based on UWB. Due to the 
technical limitations, narrowband communication was 
preferred to UWB. Much like spread spectrum or code 
division multiple access (CDMA), UWB followed a 
similar path with early systems designed for military 
covert radar and communication. After the accelerating 
development since 1994 when some of research 
activities were unclassified, UWB picked up its 
momentum after an FCC notice of Inquiry in 1998. The 
interest in UWB was “sparked” since the FCC issues a 
Report and Order in February 2002 allowing its 
commercial deployment with a given spectral mask 
requirements for both indoor and outdoor applications. 
The first special issue of UWB was published in Dec. 
2002 [2]. Communication theory has developed mainly 
on mathematical lines. At this point we understand that  
Maxwell’s equations are valid for UWB phenomena1. 
Because Maxwell’s equations are linear and the 
propagation medium is usually linear, the mathematical 
model of the linear system theory, which is the corner 
stone of the narrowband communication, can also be 
applied to UWB communication. In other words, 
channel models for UWB signal propagation and thus 
linear system models can be treated as a linear system 
(filter). Linear signal processing and detection also 
follows. This claim seems to be a common sense that 
everyone takes for granted. But from a communication-
theoretic point of view, this understanding may be the 
most significant milestone in the UWB communication 
history. This understanding means the vast existing 
narrowband system work based on linear system 
assumption can be used to connect the Maxwell and 
Hertz’s theories with Shannon’s theories. The 

                                                 
1 A $6 millions project was funded by US DARPA to investigate this 
claim in late 1980’s [3].  
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conventional signal processing work (e.g., detection 
and estimation) for a narrowband system can be 
naturally borrowed and applied in UWB systems. From 
a mathematical and physical perspective, that is almost 
the end of the story. The rest is apparently just the 
details: one needs only to substitute the UWB channel 
model for the conventional channel model and then 
apply the existing techniques   developed in the last half 
century. However, from an engineering point of view, 
the story is just the beginning. For one thing, 
mathematical models are often significant 
simplifications/idealizations of complex physical 
problems.  The major engineering goal is to obtain 
structural insights into the mathematical solutions of 
classes of special problems, with the hope that these 
insights can be then used to intelligently modify and 
adapt the mathematical solution to the particular 
physical problem at hand [4]. It is the development of 
such insights that we hope to describe in the paper, 
rather than just cataloging all the important results and 
papers in UWB for multiple-access communications.      
 

II.   APPLICATIONS OF UWB TECHNOLOGY 
Unlike many other systems, the main limiting factor of 
UWB systems being power spectral density, rather than 
the bandwidth, causes a low fading property. Thus, the 
initially targeted  application was short-range (<10 m), 
high-data rate (>100 Mbps) within the standard body 
IEEE 802.15.3a [5][6]. Due to implementation 
limitations, moderate-range (100 to 300 meters), low-
data rate (< a few Mbps) received significant attention 
since the end of 2003 within IEEE 802.15.4a.  
Applications also include safety/health monitoring, 
personnel security, logistics, industrial inventory 
control, industrial processes control and maintenance, 
home sensing, control and media delivery [7]. The 
standard activities for IEEE 802.15.4a  kicked off  at 
the end of 2003. At this point the channel model will be 
finalized in July 2004. Alternate Physical layer 
proposals will be made in July 2004.  
Based on FCC regulation, pulsed UWB is a form of 
bandpass communications [8]. This transmitter sends 
pulses with a bandiwdth (10dB) that is at least 500MHz 
and edge frequencies within 3.1-10.6GHz. Multi-band 
OFDM solutions are described in [9].  We will only 
discuss pulsed-based UWB systems [8,10-30].  

II.   UWB CHANNEL AND SIGNAL MODEL 
A. Statistical Channel models 
UWB represents a major shift in design considerations 
when we deal with signal propagation. A conventional 
narrowband system typically operates for a bandwidth 
of less than 20 MHz (GSM, W-CDMA, IEEE 802.11). 
However UWB systems operate using a bandwidth of 
up to 7.5GHz. Although the current implementations 
preclude a direct use of such a large bandwidth,  one 
must understand the significance of such a large 

bandwidth.  The characteristics of the channel model 
have  strong impacts on the system receiver structure. A 
typical channel model that is obtained within the IEEE 
802.15.3a Task Group [5] is shown in Fig. 1.    
A radical difference of a UWB channel from the 

narrowband channel is the number of resolvable multi-
paths. With a 0.167 ns multi-path resolution (about 6 
GHz bandwidth), more than 30 significant paths exist in 
a typical indoor environments. Collecting all multi-path 
energy for reliable detection represents a major 
challenge for UWB receivers. In addition, maximum 
excess delay values of greater than 60-70 ns (RMS 
delay of 20-25 ns) were commonly observed for indoor 
environments. For high speed, short range applications 
such as 100 MHz (10 ns symbol repetition interval), the 
multi-path delay will lead to at least 6-7 overlapping 
symbols. This symbol overlapping requires mitigation 
via (symbol-rate) equalization following the matched 
filter (RAKE receiver).  To illustrate the ISI, we 
transmit two consecutive UWB pulses which are 

25sT =  apart. The pulse duration is  0.5pT =  ns. 
Assume the impulse response of the channel is similar 
to Fig. 1. After the two pulses pass through the channel, 
the received signals are shown in Fig.2 [32].  
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Another potential problem of UWB is the per-path pulse 
distortion. Mathematically the generalized channel model 
is expressed by [17] [18] [30] 

1

( ) ( ) ( )
L

n n n
n

h A hτ τ δ τ τ
=

= ∗ −∑        (1) 

where L generalized paths are associated with amplitude 

nA , delay nτ , and per-path impulse response ( )nh τ . 

( )nh τ  represents an arbitrary function that has finite 
energy. Symbol “∗ ” denotes convolution and ( )xδ  is the 
Dirac Delta function. Statistical parameterization of 

Figure 1. CM3 channel model for NLOS (4-10m) channel 
measurements (with average RMS delay spread of 15 ns). 
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( )nh τ is a challenging task. Turin’s model (assumed in 
Fig. 1) expressed as  

1

( ) ( )
L

n n
n

h Aτ δ τ τ
=

= −∑                 (2) 
 

is a special case of Eq. (4) when ( ) ( )nh τ δ τ= . Pulse 
distortion is not so severe for indoor applications such as 
those targeted by IEEE 802.15.3a.  But it could cause 
serious problems for IEEE 802.15.4a systems. Pulse 
distortion was debated within IEEE 802.15.4a Task Group. 
From a theoretical point of view, the notion of per-path 
pulse distortion provides a framework to unify the 
deterministic physical models of time-domain 
electromagnetics. The physics-based unified model forms a 
new basis for future system and signal processing models, 
as Turin’s model does to narrowband systems. The 
physical origins of pulse distortion due to diffraction of a 
UWB pulse by some simple structures were well 
understood now [17].  
Different from a narrowband system, a UWB system must 

include antennas as pulse shaping filters. In addition, 
antennas act as different pulse shaping filters for different 
angles. Due to unpredictable arriving angles of multi-path, 
antennas “distort” or “shape” the transmitted pulses 
differently for different paths, as experimentally observed. 
Thus, both antennas and propagation environments suggest 
channel models of (1).  

 
B. Physics-Based Channel and Signal Model  
 
A theoretical problem of UWB channel modeling is the 
insufficient bandwidth of channel sounding signals. The 
current measurement equipment can provide up 6 GHz 
bandwidth (0.167 ns time-domain resolution), as used in the 
last section within IEEE 802.15.3a standard body 
framework. It is believed that this bandwidth is insufficient 
for some scientific and practical applications. To illustrate 
this problem, let us use a narrowband as an example. In 
modeling the channel for a narrowband system (system 
operating bandwidth is less than a few MHz), we usually 
use a channel sounding signal that is of at least 200 MHz 
[31].   However the channel sounding signal has the 
bandwidth of the same order as the UWB system bandwidth 
(7.5 GHz). Using the same principle as the narrowband, the 
channel sounding signal bandwidth is insufficient. Bear in 
mind that we are measuring the “channel impulse response” 
that has a infinite bandwidth in principle. Narrowband 
experiences indicate that when the sound signal bandwidth 
is much (200 times bigger) bigger than the system operating 
bandwidth, we can use the measured pulse response to 
approximate the impulse response.  
Since this insufficient bandwidth problem will exist for a 
long time, thus limiting the system theory development, we 
explore a novel alternative approach to circumvent this 
infinite bandwidth requirement. Physics-based channel 

modeling approach is such one. Since very often we are 
interested in small regions, e.g., 10 meters for indoor 
applications, we can use ray-tracing approach to derive the 
physics-based channel model. In principle such a model is 
bandwidth-scaleable since a ray corresponding to a path is 
obtained when the wavelength approaches zero (or 
bandwidth is infinite). The challenge is to trace all the rays 
that hold meaningful multipath energies. Fortunately we can 
use the experimental setup to calibrate and verify the ray 
tracing model that is used for obtaining the channel impulse 
response. One advantage of the physics-based approach is 
that explicit expressions are available for some simple 
environments [20,21]. These explicit expressions lay the 
foundation for understating the limits of UWB 
communications.  
The physics-based model can be statistical as well. However 
it is the deterministic feature that makes the model more 
useful than the statistical model in some applications.  
Mathematically we can express the physic-based 
generalized model as shown in Eq. (1). The model 
parameters such as path delays and amplitudes can be 
described statically as in Turin’s model. The per-path 
impulse response can be parameterized statistically, too. 
Rather than working on the statistical properties of 
the ( )nh τ , we restrict ourselves to a class of UWB signals 
that are typically obtained by asymptotic solutions of 
Maxwell’s equations using Geometric Theory of Diffraction 
(GTD) and Uniform Theory of Diffraction (UTD)2.    
The ( )nh τ can be obtained through exact, 
experimental, numerical or/and asymptotic methods.  
As an example, let us take a look at the diffracted rays.  The 
geometric optics rays can be treated as a special form of a 
generalized diffracted ray [21].  If in the neighborhood of 
the singularity ατ τ=  any field component has the 
behavior  
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where ( )ξ τ and ( )η τ are rather general, then the 
corresponding asymptotic frequency response has the form 
[17] 

                                                 
2 UTD is valid for transition regions in which GTD breaks down but 
GTD is mathematically simpler. Practically we use both. 
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where ( , , )x y zΨ determines the wavefront at the (x,y,z) in 
question, i.e., ( , , ) 0x y z ctΨ − =  is the discontinuity 

hypersurface on which ( )nh τ has a finite jump. For an 
important class of diffracted UWB signals, we have   

(1 )( ) ( )
( )

nn
n

n

Ah Uατ τ τ
α

− +=
Γ −

, ( ) ( ) n
nH j αω ω=  (4) 

where nα assumes an arbitrary real value and (.)U and 

(.)Γ are, respectively,  the Gamma function and the unit 
function.   
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III. Optimum Detection of Physics-based Signals 
 
We will incorporate the per-path impulse response into the 
optimal receiver when ISI is present. In the following 
framework, we pay special attention to the ( )nh τ . For  
PAM signals in a single-user system, the transmitted signal 
is expressed  as  

( ) ( )n s
n

s t b x t nT
∞

=−∞

= −∑  

where nb  represents the n-th discrete information symbol  

with  duration of sT .  The received signals are represented 
as 

0

( ) ( ) ( )n s
k

r t b y t nT n t
∞

=

= − +∑                     (5)  

where ( )n t  is AWGN. It has been shown for a narrowband 
system [4] that the optimum receiver structure is illustrated 
in Fig. 4.   
 
The received signal ( )r t  first passes the matched filter 

followed by a sampler of sampling rate of 1/ sT . The 
sampled sequence is further processed by a maximum 
likelihood sequential estimator (MLSE) detector that was 
first studied by Forney (1972). This receiver structure is 
optimal in terms of minimizing the probability of 
transmission error in detecting the information sequence. If 
in the UWB receiver design we assume that y(t) is of finite 
energy, the structure of Fig. 4 can immediately be applied to 
our UWB problem [19]. The output of the matched filter is 
expressed as 

0

( ) ( ) ( )n yy s
n

q t b R t nT v t
∞

=

= − +∑               (6) 

where ( ) ( ) * ( ) ( ) ( ) * ( )yy xxR t y t y t R t h t h t= ⊗ − = ⊗ ⊗ −                      

is the autocorrelation of ( )y t  and ( )v t is the response of 

the matched filter to AWGN noise ( )n t . ( )xxR t is the 

autocorrelation of ( )x t . Denote  

( ) |
sk n yy s t kTR R t nT− == − .3 

After the sampler in Fig. 4, the discrete signals at times 

st kT= of (6) are given by 

0
k n k n k

n

q b R v
∞

−
=

= +∑ , k=0, 1, 2, …              (7) 

                                                 
3 Sometimes it is more convenient and informative to work on the 

continues function of ( )yyR τ .   
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Figure 2.Simulated received signal for two transmitted
UWB pulses (0.5ns duration) spaced at 25ns apart. 

Figure 3 Pulse waveform as a function of α  
defined as in Equation (4).  
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0R (the energy of the n-th symbol) can be regarded as an 
arbitrary scale factor and conveniently set to 1, from (7) we 
obtain 

0,
k k n k n k

n n k

q b b R v
∞

−
= ≠

= + +∑                   (8) 

where kb term represents the expected information symbol 

of the k-th sampling period, the 2nd term is the ISI, and kv is 
the additive Gaussian variable at the k-th sampling point.  
The sequence of kq will be further processed by MLSE 
(Viterbi algorithm) before being sent to decision circuits.  
 
If the duration of each symbol is smaller than the multipath 
spread DT , i.e., s DT T> , these is no ISI, thus 0k nR − = for 

n k≠ . Then (8) reduces to  

k k kq b v= +  
It is, therefore, sufficient to detect the symbols 
independently one-by-one for each given instant st kT= .  
This is the famous matched filter for isolated symbol 
detection. As expected, once matched, the detection depends 
on the energy 0 (0)yyR R= of the symbol, not the received 

composite pulse waveform ( )y t . Thus, per-path pulse 
distortion has no impact on the single symbol matched filter 
detector. However, according to (8), we will find that this is 
not the case when ISI is present. We will evaluate this effect 
using some closed-form expressions for system 
performance.  
If the number of the overlapping symbols is less than ten, 
the MLSE (in Fig.4) may be even feasible for the state-of-
the-art signal processing capability. 
 

 
Figure 4. Optimal receiver structure in presence of ISI in an 

AWGN channel. 
 
 

IV. Sub-Optimum Detection of Physics-based Signals 
Let us simplify optimum receiver structures in two 

directions: simplifying matched filter and sub-optimum 
decisions. First the matched filter can be simplified in a sub-
optimum manner. Since the per-path pulse waveform has 
been included in the channel impulse, the resultant matched 
filter is sometimes called “Generalized RAKE” receiver 
structure [18], of which Altes’ receiver structure is a special 

case [18]. When per-path pulse distortion is included, the 
suboptimum implementation of the matched filter is the 
RAKE receiver structure. In absence of per-path pulse 
distortion, the matched filter is identical to the RAKE 
receiver of Price & Green (1958). Different sub-optimum 
structures can be used to approximate the front end or the 
mathematical operation of  ( )yyR t in Eq. (6). Transmitted 
reference [13-15], the autocorrelation scheme [10], or 
differential scheme with energy detector [24], time-reversal 
[16] are special sub-optimum forms. Secondly, sub-
optimum linear equalizers such as zero-forcing, decision 
feedback, adaptive equalization can be used to replace the 
optimum MLSE. The receiver structure of RAKE plus 
MMSE equalizer [28], as proposed by Motorola in IEEE 
802.15.3a, is a simplified implementation of the optimum 
receiver shown in Fig. 4.  
   
Let us follow Kailith and Poor [4]  and restrict ourselves to 
a linear detector with a matched filter front end [4]. The 
detected bits are 

ˆ ( )n nb sign z=                         (9) 
where =z My , matrix M is arbitrary, and vector y has 

elements of ( ) |
st nTy t = . Further we assume nb to take on 

the values of 1± with equal probabilities. For zero-forcing, 
the probability that nb is in error is simply  

,

( )
( )

n
e

n n

aP n Q
σ

 
 =
 
 

-1R
               (10) 

where σ is the noise density, matrix  ]k-n= [RR defined in 

(6), and 2
na is the energy of ( )sy t nT− .  

 
Under some general conditions, the error probability of the 
linear MMSE detector  

,

( )
( )

n n,n
e

n n

a
P n Q

σ

 
≈  

 
 

M
MRM

           (11) 

where 2 2 1( )Dσ − −= + aM R and ( )ndiag a=aD .  
It is observed from (10) and (11) that per-path pulse 
distortion affects the system performance through the output 
of the matched filter. The time-domain overlapping of 
distorted pulses make the matrix R  non-diagonal. When 
R  is diagonal, the per-path pulse distortion affects each 
simple energy separately. Inter-pusle overlapping combined 
with per-path pulse distortion makes receiver design very 
challenging.  
To gain some insights, let us consider a two-symbol case. 
Denote 

1

2

1 11
1 11
ρ ρ

ρ ρρ

− −   
= =   −−   

-1R      (12) 

Matched
filter

)(* ty −

)()()( tntytr +=

Received
signal

Sampler
MLSE
(Viterbi

algorithm) Output
data

clock
kTt =
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where              1 1 ( ) | 1

syy TR R R τρ τ− =±= = = ≤     (13). 
In (1) the performance only depends on the diagonal 
elements of -1R , which are inversely proportional to 

21 ρ− .  Compared with the isolated single symbol 
detector, the performance loss in SNR for zero-forcing 
detector can be defined as   

( )
,

1/n n n
β -1R                            (14) 

and 21nβ ρ= − for two symbol case. Thus nβ depends on 

per-path pulse distortion ( )nh τ through ( )yyR τ in (13) and 

(6). The nβ depends on the whole physics-based channel 
model (Eq. (1)) and symbol rate. It may be informative if 
the physics-based model is in closed form and thus nβ will 
be explicitly connected with physical time-domain 
propagation problems. For narrowband systems, this 
connection may be unfeasibly complicated since most 
propagation mechanisms are overlapping in time domain. 
However, for UWB communications, most propagation 
mechanisms are separable in time domain. Explicitly 
connecting these mechanisms with system performance 
metrics helps us to understand the limits of UWB 
communications deterministically. One day the system can 
be designed to adapt itself to specific environments for 
optimum network performance.       
The formulas of (5)-(14) are of course valid in absence of 
per-path pulse distortion, i.e. ( ) ( )nh τ δ τ= . The non-ISI case 
was studied in [20][21]. With suitable manipulation as in 
[4], the formulation of (5)-(14) is valid for multi-user 
detection. The formulation there forms a unified framework 
that connects physics-based time domain channel model [2] 
[17] [22] with detection theory [4].  
Multi-path capture 
In Sections III and IV we implicitly assume the matched 
filter is used. We may take it for granted and think this is 
easy. For narrowband communications, this is usually the 
case. But for UWB communication, this is very difficult, 
one of the most difficult problems. In narrowband, the front-
end filters at a transmitter and a receiver are designed to be 
matched before hand to avoid ISI or interference of other 
spectrum bands. In UWB, filtering short pulses (in a 
fractional nanosecond) is costly. In addition, the system 
introduces pulse shaping in different parts such as antennas 
and propagation. Another major problem is the timing 
synchronization required to implement the coherent 
matched filter. So we must seek some sub-optimum 
alternatives to circumvent this matched filter problem.  
The optimum receiver structure of Fig. 4 is used as a 
heuristic approach to derive some new structures.  In Fig. 5, 
we show the auto-correlation of the channel impulse 
response, ( ) ( ) ( )hhR t h t h t= ⊗ − , for an typical IEEE 

802.15.3a model. The ( )hhR t is normalized by (0)hhR . 

The plot shows ( ) / (0)hh hhR t R .   It is interesting to notice 
that the first peak has an energy that is above 50%. We can 
look at each pulse as a chip for a spread-spectrum system, 
and the channel impulse response can be regarded as a 
pseudo-noise code where the width of multipath delay 
spread corresponds to the length of the PN code.   This 
observation first made in [29] intuitively suggests that 
it is more simple to base the detection on ( )hhR t , rather 

than the noisy ( )h t .  
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 Figure 5 Auto-correlation of a channel impulse 
response ( ) ( ) ( )hhR t h t h t= ∗ − for CM3 channel.  

 
As given in (6), the output of the matched filter is 

( ) ( ) ( )yy xx hhR t R t R t= ⊗ . ( )xxR t is typically of a smooth 
shape.  Finally, a time-reversal scheme is used to shift the 
design complexity from the receiver to the transmitter [16]. 
In time-reversal a signal is precoded such that it focuses 
both in time and in space at a particular receiver. Due to 
temporal focusing, the received power is concentrated 
within a few taps and the task of equalizer design becomes 
much simpler than without focusing. If we use the pre-filter 
(at the transmitter) which has an impulse response of ( )h t , 
the output of the matched filter (at the receiver) is 

( ) ( ) ( )yy xx hhR t R t R t= ⊗ . If the first tap is used (shown in 
Fig.5), the collected energy is above 50% of the total 
energy.  

V. CONCLUSION 
In this paper, we have provided a comprehensive review of 
UWB multiple access and modulation schemes and 
compared them with narrowband radios. We have also 
outlined issues with UWB signal reception and detection, 
and explored various suboptimal, low-complexity receiver 
schemes. Focus has been on balancing the treatments of 
theoretical and practical designs. We also mix the needs of 
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two major different applications (IEEE 802.15.3a and 4a). 
Some people believe that the latter will be more promising 
than the former, which was believed to be the UWB “killer 
app” [26]. Some people are concerned about no major 
applications or “killer app” for UWB. The former standard 
body activities slowed down the UWB momentum. Overall 
our feelings are mixed, in contrast to “go-go” feelings two 
years ago when FCC just ruled over the use of UWB. 
However it is too early for people to judge. We just started. 
We need answer some basic questions. We are optimistic 
about the promising future of UWB for wireless multiple 
access, simply because of the unprecedented huge chunk of 
unlicensed spectrum. In the long run UWB will change 
some basic thinking in the standard wireless textbook. For 
one thing the concept of Gigabit wireless communications is 
enabled by UWB. One must admit that people still know 
little about UWB, compared with its narrowband 
counterpart developed in the last half century. 
ACKOWLEDGEMENT 
The author thanks  Huaping Liu and Nan Guo for generating 
the plots in Figure 2 and Figure 5.  

Reference: 
1. A. J. Viterbi, “Four laws of nature and society,” Epilogue, Wireless 

communications (Signal processing prospective) Edited by H. V. 
Poor and G. W. Wornell, Prentice-Hall, 1998 

2.  R.C. Qiu, “A Study of the Ultra-wideband wireless propagation 
channel and optimum UWB receiver design,” IEEE J. Selected Areas 
in Commun. (JSAC), the First Special Issue on UWB Radio in 
Multiple Access Wireless Comm., Vol. 20, No. 9, pp. 1628-1637, 
December 2002. 

3. S. Griggs, Program Manager, DARPA, private communication, Dec. 
2003.  

4. T. Kailath, H. V. Poor, “Detection of stochastic processes,” IEEE 
Trans. Inform. Theory, vol. 44, No. 6, pp. 2230-2259, Oct. 1998. 

5.  IEEE 802.15.3a Task Group, http://ieee802.org/15/pub/TG3a.html 
6. S. Roy, J. R. Foerster, V. Somayazulu, D. Leeper, “Ultra-wideband 

radio design: the promise of high-speed, short range wireless 
connectivity,” Proceedings of the IEEE, Vol. 92, No.2, pp. 295-311, 
Feb. 2004. 

7.  IEEE 802.15.4a Task Group, 
http://www.ieee802.org/15/pub/TG4a.html 

8. W. Zhuang, X. Shen, Q. Bi, “Ultra-wideband Wireless 
communications,” Wireless Communications and Mobile Computing 
(WCMC), Wiley, special issue on Ultra-Broadband Wireless 
Communications for the Future, September 2003. 

9. J. Balakrishnan, A. Batra, and A. Dabak, “A multi-band OFDM 
system for UWB communication,” Proc. of 2003 IEEE Conference 
on Ultrawideb and Systems and Technologies, Nov. 2003. 

10. H. Liu, “Error performance of a pulse amplitude and position 
modulated ultra-wideband system in lognormal fading channels,” 
IEEE Communications Letters, vol.7, pp.531-533, Nov. 2003. 

11.  M. Z. Win and R. Scholtz, “Ultra-wide bandwidth timing-hopping 
spread spectrum impulse radio for wireless multiple-access 
communications,” IEEE Trans. on Communications, vol. 48, pp. 36-
38, Apr. 2000. 

12. A. F. Molisch, J. R. Foerster, and M. Pendergrass, “Channel models 
for ultra-wideband personal area networks,” IEEE Wireless 
Communications, vol. 10, pp. 14–21, Dec. 2003. 

13. R. T. Hoctor, and H. W. Tomlinson, “An overview of delay-hopped, 
transmitted reference RF communications,” GE Technical 
Information Series Report, 2001 CRD198, Jan. 2002.  

14. R. T. Hoctor, “Multiple Access capacity in multipath channels of 
delay-hopped transmitted-reference UWB,” IEEE Conf. UWB 
Systems and Technologies, Nov. 2003. 

15. J. D. Choi and W. E. Stark, “Performance of ultra-wideband 
communications with suboptimal receiver in multipath channels” 
IEEE Journal on Selected Areas in Communications, vol. 20, No. 9,  
pp. 1754-1766, Dec. 2002. 

16. T. Strohmer, M. Emami, J. Hansen, G. Pananicolaou, A. J. Paulraj, 
“Application of time-reversal with MMSE equalizer to UWB 
communications,”  Globecom 2004, Dallas, Texas, Dec. 2004. 

17. R. C. Qiu, Book Chapter “UWB Pulse Propagation Processes,” UWB 
Wireless Communications - A Comprehensive Overview, Eurasip, 
June 2004. 

18. R. C. Qiu, “UWB Wireless Communications,” Book Chapter, Design 
and Analysis of Wireless Networks, Nova Science Publishers,  2004.  

19. R. C. Qiu, “Ultra-wideband Wireless Communications,” Seminar 
slides, Army Research Lab, Adephi, MD, June 4, 2004. 

20. R.C. Qiu, “A generalized time domain multipath channel and its 
application in ultra-wideband (UWB) wireless optimal receiver 
design: part III system performance analysis,” IEEE Trans. Wireless 
Communications, submitted for publication, Revised  June 2004.   

21. R.C. Qiu, “A generalized time domain multipath channel and its 
application in ultra-wideband (UWB) wireless optimal receiver 
design: part II wave-based system analysis,” IEEE Trans. Wireless 
Communications, to appear, 2004. 

22. R.C. Qiu and I.T. Lu, “Multipath resolving with frequency 
dependence for broadband wireless channel modeling,” IEEE Trans. 
Veh. Tech., Vol. 48, No. 1, pp. 273-285, January 1999. 

23. B. Sadler and A. Swami, “On the performance of episodic UWB and 
direct-sequence communication system, ” IEEE Trans. Wireless 
Communications, To appear.   

24. M. Ho, V. S. Somayazulu, J. Foerster, and S. Roy, “A differential 
detector for an ultra-wideband communications system,” Proc. of the 
55th IEEE Vehicular Technology Conference, VTC Spring 2002, vol. 
4, 2002, pp. 1896-1900. 

25. S. Zhao, H. Liu, Z. Tian, “A decision feedback autocorrelation 
receiver for pulsed ultra-wideband systems,” Proc. of IEEE 
Rawcon’04, Sept. 2004. 

26. R. J. Fontana, “Recent system applications of short pulse ultra-
wideband (UWB) technology,” IEEE Trans. Microwave Theory 
Techniques, Revised April 2004. 

27. S. Hoyos, B. M. Sadler, G. R. Arce, ”Mono-bit digital receivers for 
Ultra-wideband communications,” IEEE Trans. Wireless 
Communications, to appear.   

28. Y. Li, A. Molisch, J. Zhang,“Channel estimation and signal detection 
for UWB,” Proc. Of WPMC 2003. 

29. M. Weisenhorn, W. Hirt, “Performance of Binary Antipodal 
Signaling over the Indoor UWB MIMO Channel,” ICC’03, 
Anchorage, AK, pp. 2872-2878, May 11-15, 2003.  

30. R. C. Qiu, “UWB Pulse Propagation and Channel Modeling,” Book 
Chapter, Ultra-Wideband Wireless Communications, Editors: S. 
Shen, M. Guizani, R. C. Qiu, T. Le-Ngoc, John Wiley and Sons, 
2005.  

31. K. Pahlavan and A. H. Levesque, Wireless Information Networks, 
John Wiley,  p. 132, 1995.  

32. R. C. Qiu, H. Liu, S. Shen, M. Guizani, ”Ultra-wideband for Multiple 
Access Communications,” IEEE Communications Magazine,  To 
appear.  

 
 

 
 

Figure 4. Optimal receiver structure in presence of ISI in an AWGN channel. 


