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1.1  Fundamentals 
1.1.1 Overview of UWB 
Ultra-wideband (UWB) transmission has recently received significant attention in both academia 
and industry for applications in wireless communications [1,2]. UWB has many benefits, 
including high data rate, availability of low-cost transceivers, low transmit power, and low 
interference.  It operates with emission levels that are commensurate with common digital devices 
such as laptops, palm pilots and pocket calculators. The approval of UWB technology [3] made 
by the Federal Communications Commission (FCC) of the United States in 2002 reserves the 
unlicensed frequency band between 3.1 to 10.6 GHz (7.5 GHz) for indoor UWB wireless 
communication systems. Industrial standards such as IEEE 802.15.3a (high data rate) and IEEE 
802.15.4a (very low data rate with ranging) have been introduced based on UWB technology.  On 
the other hand, the Department of Defense (DoD) UWB systems are different from commercial 
systems in that jamming is a significant concern. Although R&D efforts in recent years have 
demonstrated that UWB radio is a promising solution for high-rate short-range and moderate-
range wireless communications and ranging, further extensive investigation, experimentation and 
development are necessary towards developing effective and efficient UWB communication 
systems. In particular UWB has found a new application for lower-data-rate moderate-range 
wireless communications, illustrated by IEEE 802.15.4a and DoD systems with joint 
communication and ranging capabilities unique to UWB. Unlike the indoor environment in 
802.15.3a (WPAN), the new environments for sensors, IEEE 802.15.4a, and DoD systems will be 
very different, ranging from dense foliage to dense urban obstructions. The application of UWB 
to low-cost, low-power sensors has promise. The centimeter accuracy in ranging and 
communications provides unique solutions to applications, including logistics, security 
applications, medical applications, control of home appliances, search-and-rescue, family 
communications and supervision of children, and military applications.    

1.1.2 History  
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 Sommerfeld a century ago (1901) 
when he attacked the diffraction of a time-domain pulse by a perfectly conducting wedge [2]. 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 [4-6]. 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 the 
research activities were unclassified [8,9], UWB picked up its momentum after the  FCC notice 
of Inquiry in 1998. The interest in UWB was “sparked” since the FCC issued a Report and Order 
allowing its commercial deployment with a given spectral mask requirement for both indoor and 
outdoor applications [3].   
1.1.3 Regulatory 
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UWB technology is defined by the FCC as any wireless scheme that occupies a fractional 
bandwidth / 20%cW f ≥ where W is the transmission bandwidth and cf is the band center, or 
more than 500 MHz of absolute bandwidth. The FCC approved [3] the deployment of UWB on 
an unlicensed basis in the 3.1-10.6 GHz band subject to a modified version of Part 15.209 rules. 
The essence of rulings is that power spectral density (PSD) of the modulated UWB signal must 
satisfy the spectral masks specified by spectrum regulating agencies. In the United Stated, the 
spectral mask for indoor applications specified by the FCC is shown in Fig. 1. 
 
 

100 101
-80

-75

-70

-65

-60

-55

-50

-45

-40

Frequency (GHz)

U
W

B 
EI

R
P 

E
m

is
si

on
 L

ev
el

 in
 d

B
m

- 41.3 dBm 

- 75.3 dBm 

- 53.3 dBm 

- 51.3 dBm 

3.1 10.6 

1.99 

1.61 0.96 

 
 
 
1.1.4 Applications 
High data rate (IEEE 802.15.3a) -- One typical scenario [17] is promising wireless data 
connectivity between a host (e.g., a desk PC) and associated peripherals such as keyboards, 
mouse, printer, etc. A UWB link functions as a “cable replacement” with a transfer data rate 
requirements that range from 100 Kbps for a wireless mouse to 100 Mbps for rapid file sharing or 
download of images/graphic files. Additional driver applications relates to streaming of digital 
media content between consumer electronics appliances (digital TV sets, VCRs, audio CD/DVD 
and MP3 players, etc.). In summary, UWB is seen as having potential for applications that to date 
have been not fulfilled by other wireless short range technologies currently available, e.g., 802.11 
LANs and Bluetooth PANs.   
Low data rate (IEEE 802.15.4a) -- Emerging applications of UWB are foreseen for sensor 
networks that are critical to mobile computing. Such networks combine low to medium rate 
communications (50 kbps to 1 Mbps) with ranges of 100 meters with positioning capabilities. 
UWB allows centimeter accuracy in ranging as well as low-power and low-cost implementation 
of communications systems. In fact, the IEEE 802.15.4a standard, a standard for low power, low 
date rate wireless, is primarily focused on position location applications. The price point will be 
in the sub-$1 range for asset tracking and tagging, up to $3 to $4 per node for industrial-control 
applications. These features allow a new range of applications, including military applications, 
medical applications (monitoring of patients), family communications/supervision of children, 
search-and-rescue (communications with fire fighters, or avalanche/earthquake victims), control 
of home applications, logistics (package tracking), and security applications (localizing 
authorized persons in high-security areas).  

1.1.5 Pulse or Multi-Carrier Based UWB 
The main stream papers in the literature deal with pulse-based UWB systems. One reason may be 
due to the fact that the pulse-based UWB was not sufficiently understood compared with 
orthogonal frequency division multiplexing (OFDM)-based UWB.  

Figure 1. FCC spectral mask for indoor applications. 
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The major reasons for the standard body (IEEE 802.15.3a) to adopt multi-band scheme are: (1) it 
has spectrum flexibility/agility. Regulatory regimes may lack large contiguous spectrum 
allocation. Spectrum agility may ease coexistence with existing services. (2) Energy collected per 
RAKE finger scales with longer pulse widths used, which prefers fewer RAKE fingers. (3) 
Reduced bandwidth after down conversion mixer reduces power consumption and linearity 
requirements of receiver. (4) Fully digital solution for the signal processing is more feasible than 
single band solution for the same occupied bandwidth. (5) Transmitter pulse shaping is made 
easier; longer pulses are easier to synthesize and less distorted by integrated circuits (IC) package 
and antenna properties. (6) It is capable of utilizing a frequency-division multiple access (FDMA) 
mode for severe near far scenarios.    
Multi-band pulsed scheme-- The main disadvantage of narrow time-domain pulses is that building 
RF and analog circuits as well as high speed analog-to-digital converters (ADCs) to process the 
signal of extremely wide bandwidth is challenging, and usually results in a high power 
consumption [2].  Collection of sufficient energy in dense multi-path environments requires a 
large number of RAKE fingers. The pulsed multi-band approach can eliminate the disadvantages 
associated with a large front-end processing bandwidth, by dividing the spectrum into several 
sub-bands. The advantage of this approach is that the information can be processed over a much 
smaller bandwidth, thereby reducing the complexity of the design and the power consumption, 
lowering the cost, and improving spectrum flexibility and worldwide compliance. However, it is 
difficult to collect significant multi-path energy using a single RF chain. In addition, very 
stringent frequency-switching time requirements (<100 ps) at both transmitter and receiver are 
placed.   
Multi-band OFDM scheme-- Multi-path energy collection is an important issue as it is a major 
factor that determines the range of a communication system. The multi-band OFDM system 
transmits information on each of the sub-bands. This technique has nice properties including the 
ability to efficiently capture multi-path energy with a single RF chain. The drawback is that the 
transmitter is slightly more complex because it requires an inverse fast Fourier transform (IFFT) 
and the peak-to-average ratio may be higher than that of the pulse-based multi-band approaches. 
It seems to be very challenging for both the pulse-based and the OFDM-based multi-band 
solutions to meet the target costs imposed by the market. 
 
1.2 Issues Unique to UWB 
1.2.1 Antennas  
UWB antennas can be modeled as the front-end pulse shaping filters that affect the baseband 
detection. A narrowband system does not have this problem. In narrowband systems front-end 
filters are typically designed as matched filters; and since the fractional bandwidth is so small, the 
antenna frequency response can be designed to be in the frequency domain. That is not true for a 
UWB system in which the pulse waveform distortion is often present [2].The impulse response 
of the antenna can change with angle in both elevation and azimuth. Specifically, the transmitted 
pulse at different elevation angles will be distorted as compared with the pulse observed at bore 
site.   
1.2.2 Propagation and Channel Model 
UWB itself represents an unprecedented conceptual revolution. The huge chunk of spectrum (as 
high as 7.5 GHz) can be legally used for commercial wireless communications to carry 
information bits up to 480 Mbps or higher that will be propagated via a medium. This medium 
will attenuate and distort the incident pulse-based signals. The major paradigm shift required for 
this new concept is to “think” in the time domain and envision UWB time-domain pulses as basic 
UWB signals since it is prohibitively inconvenient to envision UWB signals in the frequency 
domain. The basic building blocks for UWB signals are short “pulses” rather than the harmonic 
sine waves. These short-pulse UWB signals of huge transmission bandwidth provide the super-
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resolution of the received signals at the receiver. This fundamental property changes the structure 
of many basic problems: e.g., fading and time-resolvable multipaths.  
Fading is due to the overlapping superposition of unresolved multipaths. Compared with time-
resolvable multipaths the major narrowband nuisance of fading is no longer important for UWB: 
only 3-4 dB for UWB in contrast to 30-60 dBs for narrowband [10,11]. Basically a UWB channel 
is quasi-static in that the collected total energy is almost constant at each instant [12].  Thus time-
resolvable multipaths will become the dominant mechanism for energy transmission and capture, 
since a huge number (hundreds) of paths are resolved in contrast to several paths (in a 5 MHz 
system). The transmitted energy is carried through these time-resolvable multipaths. The UWB 
pulse signals associated with those individual paths are the basic building blocks of a UWB 
system and require a careful treatment. Another conceptual difference is in the necessity of 
considering the per-path pulse distortion [2] that is neglected in Turin’s multipath channel model 
(Turin 1958) widely used in wireless communications [13]. Turin’s model is based on empirical 
experimental data obtained using a typical narrowband measurement system. The generalized 
multipath model [2] is based on the transient physical mechanisms directly from Maxwell’s 
equations. 
 
1.2.3 Modulations 
In choosing modulation schemes for UWB systems [2], one must consider a number of aspects 
such as data rate, transceiver complexity, spectral characteristics, robustness against narrowband 
interference, inter-symbol interference, and error performance, etc. For pulsed UWB systems, the 
widely used forms of modulation schemes include pulse amplitude modulation (PAM), on-off 
keying (OOK), and pulse position modulation (PPM). To satisfy the FCC spectral mask, 
passband pulses are used to transmit information in pulsed UWB systems. Although these 
passband pulses could be obtained by modulating a baseband pulse using a sinusoidal carrier 
signal, the term binary phase-shift keying (BPSK) is still somewhat imprecise in the context of 
pulsed UWB signaling as the carrier-modulated baseband pulse is usually treated as a single 
entity – the UWB pulse shape. 
The three modulation schemes mentioned above are illustrated in Fig. 2. For a single-user system 
with binary PPM signaling, bit ‘1’ is represented by a pulse without any delay and bit ‘0’ is 
represented by a pulse with a delayτ  relative to the time reference. A major factor governing the 
performance of this system, like any other PPM-based system, is the set of time-shifts used to 
represent different symbols. The most commonly used PPM scheme is the orthogonal signaling 
scheme for which the UWB pulse shape is orthogonal to its time-shifted version. There also exists 
an optimal time shift for an M-ary PPM scheme. The time-shifts for both the orthogonal and the 
optimal schemes depend on the choice of the UWB pulse )(tp . For binary PAM signaling, 
information bits modulate the pulse polarity. For OOK signaling, information bit ‘1’ is 
represented by the presence of a pulse and no pulse is sent for bit ‘0’. 
Binary PAM and PPM schemes have similar performances. The OOK scheme is less attractive 
than PAM or PPM scheme because of its inferior error performance in the same environment. 
However, if receiver complexity is the main design concern, a simple energy detection scheme 
can be applied to OOK signals, resulting in a receiver of lowest achievable complexity. PSD of 
the modulated UWB signal must satisfy the spectral masks specified by spectrum regulating 
agencies. In the United Stated, the spectral mask for indoor applications specified by the FCC 
starts from 3.1 GHz to 10.6 GHz. OOK and PPM signals have discrete spectral lines. These 
spectral lines could cause severe interference to existing narrowband radios, and various 
techniques such as random dithering could be applied in PPM to lower these discrete spectral 
lines and smooth the spectrum. Because of the random polarities of the information symbols, the 
PAM scheme inherently offers a smooth PSD when averaged over a number of symbol intervals. 
In this sense, PAM signaling is attractive. 
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1.2.4 A/D Sampling 
Most existing detection schemes require an ADC that operates at a minimum of the Nyquist rate 
[2]. For high-performance design, the sampling rate is in the multi-GHz range for ultra-wideband 
signaling (minimum bandwidth is 500MHz). In addition to the extremely high sampling 
frequency, the ADC must support a relatively high resolution (e.g., greater than 4-6 bits) to 
resolve signals from the narrowband interferences. Such a speed mandates the use of an 
interleaved flash ADC, which tends to be power hungry with a power scaling exponentially 
increasing with bit precision. Although achievable with today’s CMOS technology, such an ADC 
must be avoided for low-power operations. One technique to avoid using such a high-speed ADC 
is to implement the correlator in the analog domain. One technical challenge associated with the 
analog implementation method is the difficulty in obtaining the receiver template waveform and 
deriving the precise timing of symbols and received paths. In the digital implementation, a bank 
of correlators that are delayed relative to one another by a fraction of the pulse duration can be 
applied to correlate with the received digitized signal, and the local peaks corresponding to the 
possible received pulses are located. With analog implementation, this is difficult to achieve 
because some sort of analog delay units are needed, and novel multi-path tracking methods are 
needed. Another approach is to represent the samples using fewer bits. One bit (Mono-bit) 
representation of samples, a traditional approach, finds new application in UWB in reducing 
ADC speed.  
1.2.5 Timing Acquisition  
Timing acquisition is the first operating stage in any communication system. It is an especially 
difficult task in the UWB system mainly due to limited transmitted power and a high-resolution 
multipath. Low transmitted power implies a long search time to obtain reliable timing; while a 
received signal with multipath components can result in a set of “good” signal phases within the 
search window, making the decision much more complex. Although timing acquisition is not a 
new issue in general, in the UWB community it has received attention recently [1,14,15]. 
Basically, the bulk of the research has focused on finding efficient search strategies, reducing 
search space, and examining sophisticated estimation-based schemes.  
1.2.6 Receiver Structures 
One of the advantages of pulsed UWB communication is its ability to resolve individual multi-
path components [2,17]. However, the large number of resolvable paths in such a system makes it 
unrealistic to employ the traditional RAKE receiver to capture a significant portion of the energy 
contained in the received multi-path components, and most existing receivers must resort to a 
partial or a selective RAKE for multi-path combining. A partial or a selective RAKE can 

Figure 2. UWB modulation options. 
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practically combine up to a few paths, which represent only a small percentage (e.g., less than 
10%) of the total received signal energy in a non-line-of-sight (NLOS) environment. A RAKE 
with more than 3-5 paths will lead to an exponential increase in complexity because multi-path 
acquisition, multi-path tracking, and channel estimation consume too much processing resource. 
The insufficient multi-path energy captured by the receiver results in a poor system range and 
almost no tolerance to inter-symbol interference caused by multi-path delay. Sub-optimal 
schemes such as the transmit-reference (TR) scheme [16] or the differential scheme [2] can 
perform successful multi-path energy capture and detection without requiring channel estimation. 
The primary drawback of these receivers is the significant performance degradation associated 
with employing noisy received signals as the reference signals for data detection. The net result is 
that such a receiver could perform much worse than a partial or selective RAKE receiver, which 
implements only a small number of fingers.  
The decision-feedback autocorrelation receiver [20] overcomes the drawbacks of these receivers. 
In this scheme, the received signal waveform is delayed by using analog delay units. The 
respective symbol decisions are applied to data-demodulate the outputs of these delay units, 
which are then summed up, forming the receive template waveform. The template waveform 
quality can be adjusted by changing the number of symbol intervals over which the received 
waveform is averaged. However, the analog delay units needed in deriving the receiver template 
could be costly in implementation.  
 
1.2.7 Multiple Access 
Multiple-access communication employing pulsed UWB technologies has drawn significant 
research interest. Various multiple-access schemes and their performances have been reported in 
the literature [1,2]. Time hopping (TH) has been found to be a good multiple-access technique for 
pulsed UWB systems. Direct sequence (DS) spreading is also an attractive method for multiple 
access in UWB systems. Since pulsed ultra-wideband systems are inherently spread spectrum 
systems, the use of spreading codes in DS-UWB systems is solely for accommodating multiple 
users. First,  in TH pulsed UWB systems, the pulse duty cycle is very small. Thus, the transmitter 
is gated off for the bulk of a symbol period. Multiple-access can be implemented by employing 
appropriately chosen hopping sequences for different users to minimize the probability of 
collisions due to multiple accessing. Second, direct sequence can also be used for multiple access 
in a PAM-UWB or PPM-UWB system. In such a system, each symbol is represented by a series 
of pulses that are pulse-amplitude-modulated by a chip sequence. Input symbols are modulated 
onto either the amplitude or the relative positions of each sequence of pulses. 
 
1.3 Emerging Technologies 
A lot of emerging technologies have been published in the literature. In particular, IEEE Trans. 
Vehicular Technology has published a special session on UWB [1]. Another special issue appears 
in [7].  
1.3.1 Low Complexity Non-coherent Receivers 
UWB is attractive for lower data rate applications which often require very low power 
consumption and low cost implementation due to densely distributed nature of a sensor network. 
Some wireless applications require energy scavenging. An average power consumption on the 
order of 10 Wµ to 100 Wµ is required. Noncoherent energy detection based receivers [22-24] 
can serve these needs without expensive channel estimation and RAKE filters. Moreover, the 
required clock timing precision and jitter error can be relaxed greatly. The drawback, however, is 
noise and interference enhancement. Since the modulation does not experience a correlation in 
the receiver, signals need to be orthogonal in the time domain. PPM and OOK are popular 
modulation schemes. A typical receiver includes a bandpass filter, a square-law device, an 
integrator, and a decision device.  
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The square law detector is a diode that outputs DC voltages from very low power (below –20 
dBm) RF input signals.  All diodes have a square law region of output but some types will output 
larger DC voltages than others from a given input.  Diodes that are usually considered to be 
excellent detectors are of the tunnel, Schottky, and germanium variety.  These diodes have a 
sharper I-V slope at zero bias than a silicon diode and can therefore output larger voltages with 
the same input.  When choosing a diode for detection purposes three things must be taken into 
consideration, first the diode must have a sharp I-V curve, second it must be fast, and third it must 
have small internal capacitance.   

For any UWB system with a non-coherent receiver, offering anti-jamming/interference capability 
is very challenging due to the large bandwidth. 

1.3.2 Location Based Sensor Networks   
Ranging via UWB radios [30] is envisioned to be a major breakthrough to sensor networks due to 
its centimeter accuracy and low cost with low power. The ranging network can be viewed as a 
sensor network [31] where the physical parameter to be sensed is location. In addition, UWB is of 
strategic value providing stealth for covert operation by hiding within the noise floor to prevent 
detection and where other forms of RF communication find it virtually impossible to operate. 
UWB’s probability of survival increases in a toxic RF battlefield when compared to many other 
forms of RF. A general purpose UWB testbed for communications and ranging is being built at 
Tennessee Tech University, in part funded by Army Research Office through a DURIP grant.  

One of challenges is to use low complexity time of arrival (TOA) ranging based on energy 
detection. This scheme is being standardized within IEEE 802.15.4a. TOA estimation is made 
based on symbol rate samples that are obtained after a square-law device.  Energy detection based 
ranging becomes feasible since a simple low cost diode can be used for a square-law device. Even 
if it suffers more from noise due to a square-law device, energy detection does not require 
accurate timing or pulse shapes. Once collecting the energy samples at the output of a square-law 
device, the TOA estimation can be considered as a problem of leading edge detection in noise.  

The merging field of using UWB for sensor networks is a multidisciplinary area that brings 
together concepts of wireless communications and ad hoc networking, low power hardware 
design, signal processing, and embedded software design. The carrier sense multiple access 
protocol with collision avoidance (CSMA/CA), a distributed protocol, is the most commonly 
investigated medium access control (MAC) protocol for mobile ad hoc and sensor networks and 
is also being used in IEEE 802.15.4. A testbed with CSMA with 12 peer-to-peer wireless sensor 
devices is reported [31]. 

1.3.3 Time Reversal  
The irreversibility of time is a topic generally associated with fundamental physics [25]. The 
object is to exploit time reversal invariance, a fundamental symmetry that holds everywhere in 
fundamental particle physics to create useful systems. What one wants is macroscopic time-
reversal invariance. Happily this symmetry does hold in both acoustic-wave and electromagnetic-
wave phenomena. The essence of time reversal is to exploit multiple scattering between the 
scatters [26,27]. After the time-reversal operation, the whole multiple-scattering medium behaves, 
in effect, as a coherent focusing source whose large angular aperture enhances the resolution at 
the final focus. Due to the high resolution of a short UWB pulse, rich resolvable multipath makes 
the UWB channel act like an underwater acoustical channel [28,29]. The success of using time 
reversal for underwater acoustical communications motivates the proposed research. 
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Figure 3. (a) The impulse response of the channel model from IEEE 802.15.3a CM3 for indoors; 
The y-axis is the amplitude of the channel. (b) Auto-correlation of a channel impulse response 

( ) ( ) ( )hhR t h t h t= ∗ − for CM3 channel. 
 
In a time-reversal scheme [18], the channel impulse response ( )h t  is used as a pre-filter at the 
transmitter. After the encoded information bits pass through the channel, the response of the 
channel is the auto-correlation of the channel impulse response as shown in Fig. 3.  A pilot signal 
can be used to sound the channel such that the transmitter has the channel impulse response 
available for precoding. This scheme is used to shift the design complexity from the receiver to 
the transmitter. In the time-reversal scheme, 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. 
Time-reversal can be justified in many ways. Let us use our version of justification. The auto-
correlation operation of the matched filter is a process of pulse compression. A UWB channel can 
be treated as a quasi-static, reciprocal channel [19]. Each multipath can be treated as a “chip” as 
in a pseudo noise (PN) sequence. The longer are the train of pulses in a rich multipath channel, 
the sharper is the auto-correlation of the Channel Impulse Response (CIR). If we precode the 
information symbols using the CIR at the transmitter, the matched filter will output very sharp 
response equivalent to the auto-correlation of the CIR (similar to PN code) (Fig. 3(b)). This 
sharpened matched filter response will reduce ISI greatly if the length of the multipath pulse train 
is large. This exploits the rich multipath, rather than treat it as nuisance. This simple precoding 
scheme yields a concentration of power at only the intended receiver at a particular time. In Fig. 
3(b) the peak accounts for 50% of the total energy of the channel impulse response. Another 
important advantage of the time-reversal is spatial focusing. Spatial focusing results in very low 
co-channel interference in a multi-cell system, resulting in a very efficient use of bandwidth in the 
overall network. Finally, time-reversal reduces the problem of the per path pulse distortion since 
the auto-correlation operation (correlating with its time-reversal) yields a much smoother 
symmetric receiver signal waveform (see Fig. 3 (b)).  

1.3.4 MAC  
The major stream of the UWB MAC research includes IEEE 802.15.3 [32] and an alternative 
MAC specification [33] defined by multiband OFDM alliance (MBOA) [34]. However, to more 
efficiently utilize the radio resources, the MAC design should take into account the unique UWB 
characteristics. First, to meet the FCC regulation on PSD and to prolong the battery lifetime, each 
UWB device needs to transmit with low power. An effective power management mechanism is 
necessary to achieve this target. On the other hand, low power transmission can also offer benefit 
to UWB MAC because two nodes with low transmission power can transmit simultaneously as 
long as they are separated far enough [35]. Second, acquisition time in UWB systems is much 
longer than that in narrowband systems. Considering the high rate transmission of data payload, 
the time needed for acquisition may consume a large portion of the total time for a packet to be 
received at the receiver side, resulting in low system efficiency. Actions need to be taken to 
alleviate the negative effect [36]. Third, UWB technology is capable of accurate positioning. 
With the help of position information, the UWB MAC performance can be enhanced as routing 
and power control can be simplified [37]. 
In traditional MAC protocols such as IEEE 802.11, a single channel is shared by all the nodes. 
Simultaneous transmissions in a neighbor will lead to collision. However, because of the inherent 
spread spectrum nature in UWB transmission, simultaneous transmissions can be supported by 
proper pseudorandom code design. Simultaneous transmissions generate interference to each 
other. In such an environment, the technologies that allocate the resources (power, rate, and time) 



 9

and alleviate the induced interference are promising (especially for pulsed UWB) and have been 
attracting great attention [38]. 
 
1.3.5 Future Directions 
Theoretically speaking, most of existing work in wireless communications is still valid 
[1,2,7,40,41], since the theory of the linear system that describes signals and noise and Maxwell’s 
equations that describe short pulse radiation and propagation are valid. The validity of the linear 
system theory and Maxwell’s equations determines the nature and the framework of UWB 
communications. Applications of UWB systems are foreseen to the main stream research efforts 
in the future. In particular the fusing of communications with positioning is seen to be a major 
breakthrough that may play a crucial role in wireless sensor networks. However, the extreme 
wide bandwidth indeed causes some unique issues. These issues are included in the following. (1) 
Pulse distortion caused by antennas and dispersive propagation environments is critical. The 
challenge also comes from the fact that it is very difficult to decouple the effect of antennas with 
propagation environments. A typical pulse-based system usually does not have a front-end filter 
as its narrowband counterpart has. So pulse distortion serves as a pulse shaping filtering effect 
that must be included in the system model. (2) The receiver structures need more evaluation. In 
particular timing acquisition needs special attention. A RAKE structure is often suggested. 
Channel estimation and synchronization required for RAKE are too difficult for short UWB 
pulses, so some suboptimum alternatives are investigated. To avoid these difficulties the TR 
paradigm seems to be very promising, especially for DoD’s adverse environments and IEEE 
802.15.4a. But the noisy template problem and weak capability to counteract intentional 
interference are two basic problems. (3) UWB antennas are important and often require co-design 
with other parts of baseband. Communications imposes stringent requirements on antennas. Low-
cost omni antennas are challenging.  UWB multiple antennas are rarely understood. (4) Non-
coherent energy detection based receivers for both communications and ranging have received the 
most recent attention for low power and low cost applications for sensors networks. (5) The 
across-layer design between the physical layer and MAC needs consideration. The centimeter 
accuracy of positioning offered by UWB will changes a lot of network design issues such as 
routing. (6) The enhanced security of UWB should be explored. The CIR of the channel can be 
regarded as a random PN code. The rich multipath in the UWB channel can be exploited to 
enhance the security [39]. Time reversal appears to reflect this vision. (7) Testbed is needed to 
validate the above system and network concepts. The lack of such experimentation is stifling 
UWB R&D, and can only be remedied with appropriate laboratory infrastructure. 
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