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Abstract  

 i 

Abstract 
Despite the fact ultra-wideband (UWB) technology has been around for over 30 years, 
there is a newfound excitement about its potential for communications. With the 
advantageous qualities of multipath immunity and low power spectral density, 
researchers are examining fundamental questions about UWB communication 
systems. Majorly the whole report gives a complete picture about properties of UWB 
signal and its advantages and disadvantages, generation of the UWB pulse using 
various techniques, Modulation scheme, Test bed, applications, UWB regulations. 
The report mainly concerns with the survey about various techniques and also its 
comparison of generating UWB pulses using various components. There is a general 
description on various modulation and demodulation scheme that are relevant to 
UWB technology and its various applications concerning different fields.  
 
This report clearly explains how UWB is far better than RFID and difference between 
active and passive RFID and its communication protocol, message format. Clear 
explanation about advantage of higher operating frequencies and low power spectral 
density. Properties of UWB pulse gives clear idea why we go for UWB and in near 
future lot of applications will discover. Generation of UWB is a tedious process and in 
this report readers can understand the various method of generation its advantages and 
its drawbacks. Modulation and demodulation scheme gives clear idea about how 
UWB are modulated and demodulated as well as its probability of error and in which 
situation which modulation is suitable. By using future testbed concept, smaller size 
UWB chip will be designed and used in various application efficiently. Application 
gives clear idea about how to take advantage of various properties.  
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1 Introduction 
Ultra-Wideband (UWB) radio is a revolutionary, power-limited, and rapidly evolving 
technology, which employs short pulses with ultra-low power for communication and 
ranging. A UWB impulse radio system is found to be extremely useful and consists of 
various satisfying features such as high data rate, high precision ranging, fading 
robustness, and low cost transceiver implementation. UWB is very promising for low-
cost sensor networks. UWB is a fast emerging technology with uniquely attractive 
features inviting major advances in wireless communications, networking, radar, 
imaging, and positioning systems.  
 
UWB has gained a phenomena interest in the academic industry after the approval of 
FCC. Any wireless system that has a fractional bandwidth greater than 20% and a 
total bandwidth larger than 500MHz enters in the UWB definition. At the emission 
level, UWB signals have a mask that limits its spectral power density to -
41.3dBM/MHz between 3.1 GHz and 10.6 GHz. 

1.1  Background of the technology: 
Ultra wideband (UWB) has actually experienced over 40 years of technological 
developments. In fact, UWB has its origin in the spark-gap transmission design of 
Marconi and Hertz in the late 1890s. Owing to technical limitations, narrowband 
communications were preferred to UWB. Originally, this concept was called 
“carrierless or impulse technology” due to its nature. UWB was used for 
applications such as radar, sensing, military communication and localization. A 
substantial change occurred in February 2002, when the Federal Communication 
Commission (FCC) issued a report allowing the commercial and unlicensed 
deployment of UWB with a given spectral mask for both indoor and outdoor 
applications in USA. This wide frequency allocation initiated a lot of research 
activities from both industry and academia. In recent years, UWB technology has 
mostly focused on consumer electronics and wireless communications.  

1.2  Overview of Ultra-Wideband Communication: 
 
Ultra-Wideband (UWB) radio communication is used for short to medium range 
communications and positioning applications. UWB technology has been around 
since 1960s, when it was mainly used for radar and military applications [36],[37]. 
 
The American Federal Communication Commission (FCC) has published a first 
report on this subject where guidelines are given as to what can be expected from a 
regulatory point of view and it is expected that the European regulatory body issue 
similar restrictions. The key limitations for wireless communication using UWB are 

• Maximum average -41.3 dBm/MHz or 75 nW/MHz Effective Isotropic 
Radiated Power (EIRP) in the frequency range 3.1 GHz – 10.6 GHz for indoor 
applications. 

• Even lower maximum EIRP for other frequency bands, especially for GPS 
bands 

• Peak-to-Average Ratio (PAR) of maximum 20 dB 
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 The total emitted power is therefore upper limited by 0.55mW and even this low 
transmit power is not realistic, as it would require the entire bandwidth of 7.5GHz 
[31]. 
The upper boundary is designated fH, and lower boundary is designated fL. The 
fractional bandwidth Bf is defined as 
 

Bf = 2. (fH-fL/fH+fL) 
 
FCC Part 15 regulations limit the emitted power spectral density (PSD) from a UWB 
source measured in a 1 MHz bandwidth at the output of an isotropic transmit antenna 
at a reference distance. The FCC spectral mask for UWB indoor communication is 
shown in Figure. 1. For indoor systems, the average output power spectral density is 
limited to -41.3dBm/MHz and with which compares the spectral occupation and 
emitted power of different radio systems [20]. 
 
 

 
Figure 1.1: Compares the spectral occupation and emitted power of different radio 
systems (from ref 32) 
 
UWB impulse radio system does have several advantages over other conventional 
systems [38]. 
 

• High data rate wireless transmission:  
Due to the ultra-wide bandwidth of several GHz, UWB systems can support more 
than 500 Mb/s data transmission rate within the range of 10 m, which enables various 
new services and applications. 
 

• High precision ranging: 
Due to the nanosecond duration of typical UWB pulses, UWB systems have good 
time-domain resolution and can provide centimeter accuracy for location and tracking 
applications. 
 

• Low loss penetration: 
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UWB systems can penetrate obstacles and thus operate under both line-of-sight (LOS) 
and non-line-of-sight (NLOS) environments. 
 

• Fading robustness: 
UWB systems are immune to multipath fading and capable of resolving multipath 
components even in dense multipath environments. The transceiver complexity can be 
reduced by taking the advantages of the fading robustness. The resolvable paths can 
be combined to enhance system performance. 
 

• Security: 
For UWB signal, the power spectral density is very low. Since UWB systems operate 
below the noise floor, it is extremely difficult for unintended users to detect UWB 
signals. Probability of intercept is low in UWB. The UWB system is also difficult to 
be interfered with because of its huge bandwidth. 
 

• Coexistence: 
The unique character of low power spectral density allows UWB system to coexist 
with other services such as cellular systems, wireless local area networks (WLAN), 
global positioning systems (GPS), etc. 
 

• Low cost transceiver implementation: 
Because of low power of UWB signals, the RF chip and baseband chip can be 
integrated into a single chip using CMOS technology. The up-converter, down-
converter, and power amplifier commonly used in a narrowband system are not 
necessary for UWB systems. The UWB can provide a low cost transceiver solution 
for high data rate transmission. UWB systems communicate by modulating a train of 
pulses instead of a carrier. The carrierless nature of UWB results in simple, low-
power transceiver circuitry, which does not require intermediate mixers and 
oscillators. 
 
These benefits allow UWB radio to become a very attractive solution for future 
wireless communications and many other applications including logistics, security 
applications, medical applications, control of home appliances, search-and-rescue, 
supervision of children, and military applications [20]. 
 

1.3 UWB Importance: 
 
The design objectives of UWB communication systems can be seen from the AWGN 
channel capacity as given by Shannon’s theorem  
 

C = B log2 (1+SNR) 
Where C is the channel capacity in bits/s, B is the channel bandwidth in Hz, and SNR 
is the signal-to-noise ratio. 
 
In ordinary narrowband systems a given bandwidth is allocated to the service and 
used only by this service. As frequency spectrum is a scarce resource, the bandwidth 
will usually be selected as small as possible. The only parameter of the channel 
capacity that can be adjusted is therefore the SNR, which is the design parameter that 
decides the performance of the system. One obvious problem with the channel 
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capacity is it increases by the logarithm of the SNR. This means that only a small gain 
can be achieved from improving the SNR, which is a big problem when high bit rate 
wireless connections are desired [31]. 
 
UWB system is not band-limited as in the narrowband case, but instead power-
limited. Channel capacity increases proportional with the bandwidth, trading 
bandwidth for SNR is advantageous i.e SNR is considerable. Another benefit is SNR 
becomes so low that the channel capacity increases almost proportional with the SNR, 
making efforts into improving the SNR more beneficial than NB systems. Require 
excessive coding to fulfill given Quality-of-service (QoS) demands. UWB must 
therefore be able to co-exist in the same frequency spectrum as already allocated 
services without disturbing these and dealing with the interference from these 
services. This puts an upper limit on the emitted power of a UWB signal as well as its 
emitted spectrum. 
 
Another interesting feature is the inherent low power needed in the transmitter, as the 
output power is limited to a fraction of a milliwatt. The total power needed by a UWB 
system is therefore not severely limited by the transmitted power, which sometimes is 
the case with narrowband systems making UWB attractive for battery- powered 
equipment like mobile phones [31]. 

1.4 Drawbacks of UWB: 
 
Perhaps the most limiting factor is the power restriction that limits UWB operation to 
about 10m at around 100 Mbps. Other UWB system with either short distance and 
higher bit rate or longer distance and lower bit rate are of course also possible. The 
current interest in UWB systems is troublesome to generate and modulate these short 
pulses up until now. Recent advances in semiconductor process technology make it 
possible to integrate UWB pulse generators in a cost efficient manner and thus enable 
widespread use of UWB systems.  
However, acquisition and synchronization of UWB systems are still an open issue, as 
tracking the very short pulses with sufficient precision is very difficult. It may be that 
the transmitter can be easier and using less power than narrowband transmitters, but 
the receiver must be able to demodulate the signal in a reasonable way without using 
too much power and without costing too much. This could prove to be a challenge, as 
the signal has a bandwidth of several GHz [31]. 

1.5 Relevance of Signal Processing: 
 
The use of signal processing is an important part of all communication systems used 
today to improve the performance. This gradual increase in performance is necessary 
to fulfill the user’s expectations and efficient signal processing is thus one key factor 
determining the success of a communication system. 
The area of signal processing for UWB system is still being actively researched, 
making it an interesting and hot topic. One of the interesting facts of the UWB 
systems is that it uses “no carrier frequency”, and the signal is therefore purely 
baseband in nature. This makes it possible to eliminate traditional components such as 
mixer used to down-convert the signal before sampling. In turn the signal processing 
methods used, become even more critical to system performance [31]. 
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1.5.1 Co-existence with other narrowband communication systems: 

Wireless UWB systems are interesting for number of reasons, but most important one 
is the possibility of reusing already allocated spectrum. This is possible because of the 
low PSD of the radiated UWB signal, but this raises the question of co-existence. As 
UWB system for communication purposes are mainly allowed in the 3.1-10.6 GHz 
frequency band, perhaps the most challenging contender in the frequency band are 
IEEE802.11a/HYPERLAN2 WLAN systems as they operate in the same 
environment. Mainly, we focus on this problem, i.e. the narrowband technology used 
in the same environment as UWB systems and using overlapping frequency bands 
[31]. 
 
The co-existence can be divided into 2 parts 

• Interference from UWB systems to other narrowband systems. 
• Interference from other narrowband systems to UWB systems. 

Estimate the level of interference: 
In order to estimate, it is important to know the propagation conditions under which 
the system operate. As the interferers are uncorrelated with the desired signal, the 
statistical properties of the channel model of the interferers become less important. 
Instead received interference power can be used to estimate the impact on the desired 
signal and it is therefore only necessary to know the Path Loss (PL) of the interferers. 
The path loss is calculated by 

PL= (c2/16π2rnfc
2) 

Where c - speed of light, r - range, fc – center frequency. The path loss exponent n is a 
function of the environment and is usually in the range 1.5-6. A special case is free 
space propagation (FSP) where n=2 which is a good approximately 10m. 

1.5.2 Interference from UWB Systems: 

Even though the emitted PSD of a UWB system is low it can potentially interfere with 
other systems if the systems are placed close together. To see this separation between 
interferer and receiver yielding interference power equal to the noise floor will now be 
calculated. 
              (NF.kT/((75nW/MHz).PL)) = (NF.kT.16π2rnfc

2 /((75nW/MHz). c2)) = 1 
r = [C/ 4πfc ]. 75 / / .  = 18m 
 

UWB systems can therefore potentially cause interference with narrowband systems 
using the same frequency band at a range of up to approximately 18m [31]. 

1.5.3 Interference from other systems: 

In the frequency range used by UWB systems, numerous systems operate in already 
allocated spectrum, but in order to pose a problem for UWB operation, they must be 
close to the UWB receiver. Secondly these interfering signals are normally 
narrowband and therefore only cover a small part of the signal bandwidth. 
The most likely interferers are IEEE802.11a/HIPERLAN2 WLAN systems, which 
operate in 5 GHz Industrial Scientific Medical (ISM) band with a channel bandwidth 
of 20 MHz radiating 200 mW. The system is OFDM-based with 52 sub-carriers each 
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modulated using BPSK, QPSK, 16-QAM or 64-QAM delivering up to 54 Mbps per 
channel. The Signal-to-Interference (SIR) at the UWB receiver because of WLAN is 
calculated as 

SIRWLAN= [75nW/MHz.B.PLUWB]/[200mW.PLWLAN] 
 
Where B- UWB bandwidth  
PLUWB, PLWLAN are path loss of the UWB and WLAN systems respectively. 
 
Assuming a UWB system operating in the frequency band from 3.1-6.1 GHz, the 
resultant bandwidth is 3 GHz and the center frequency of both systems will be nearly 
the same. It is therefore possible to reduce to 
 

SIRWLAN= -30+10nWLAN log10(rWLAN)-10nUWB log10(rUWB) 
 

Where nWLAN is the path loss exponent and rWLAN is the range of the WLAN system 
and likewise for the UWB system. If the WLAN and UWB system both operate using 
the same distance and path loss exponent, the UWB receiver will experience SIR = -
30 db [31].  
 
A worst case scenario is SIRWLAN = -50 dB, as this will correspond to the WLAN 
system being 10 times closer to the UWB receiver than the UWB transmitter, 
assuming nWLAN= nUWB = 2. If the UWB systems has a range of up  to 10m, this mean 
that the WLAN transmitter is within 1m of the UWB receiver and it should be 
therefore be possible to reposition the WLAN transmitter or the UWB receiver so that 
interference is reduced. 
 
In order for the receiver to operate, the interference level must be reduced. This can be 
done using 2 different strategies 

• Suppress interference by not using the frequency band in which the interferer 
operates. 

• Interference cancellation in the receiver. 

The use of interference suppression may be implemented in this way. To have notch 
filter track the interference and then filter out the bands being influenced by 
interference [31]. 

1.6 Usage Scenario for UWB Communications: 
Idea is to use UWB as an air-interface for new Wireless Personal Area Network 
(WPAN) standards that could be the next generation Bluetooth. Standardization work 
is currently being done in the IEEE 802.15.3a working group, which focuses on high 
speed WPAN solutions. People suggest that UWB could be used as an air-interface 
for a Bluetooth version3, as a version 2 is already on the way and UWB is not yet a 
mature technology. When looking towards the future of 3G/UMTS mobile networks, 
it is commonly believed that these networks will become integrated with new short 
range high bit rate systems like Wireless Local Area Network (WLAN) and WPAN to 
give the user seamless roaming between the fundamentally different systems. These 
WLAN and WPAN systems are likely to be operating in the unlicensed bands, mainly 
because dedicated spectrum is not available for this use. 
As UMTS systems will continue to rely on older systems in areas with no coverage, 
GSM/GPRS/EDGE systems will be used for low to medium bitrates in rural areas and 
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when a high degree of mobility is required. The UMTS system is used when medium 
to high bitrates are required in urban or suburban areas with a medium degree of 
mobility. Finally high to very high bit rate systems can be used if the terminal is 
within range of a high-speed WLAN or WPAN access point and having a low degree 
of mobility. The basic concept of system integration can be seen in the figure1. 2. 
 

 
Figure 1.2: Usage Scenario for UWB Communications (from ref 31) 

Using UWB for medium to long-range low bit rate systems is also an interesting 
possibility, especially when exploiting the positioning capability of UWB. Such a 
system could for instance be used for remote sensors that can communicate and has 
knowledge of their location [31]. 
 
UWB Usage Scenario: 
 
Different uses of UWB will be more closely examined and evaluated for a given 
theoretical scenario in order to quantify the feasibility and maximize performance.  
The different uses of UWB systems can be divided into roughly three scenario 
dependent on their maximum operating range rmax . 

1.6.1 Very short distance operation with rmax < 1 m: 

Operating over such short distance, a UWB system will be capable of delivering a 
very-high bitrate service such as a wireless USB2 or FireWire connection with bitrate 
in excess of 500 Mbps. Such a system might be used for wireless access to a portable 
storage media. 
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Table 1.3: Link budget for very-short range UWB communications (from ref 31) 
FSP- free space propagation 
 
It is seen from the table that the SNR on the channel is very good no further 
processing gain is needed; It may even be possible to use a higher-order modulation 
scheme to increase the bit rate further. 
 
Requirements: 
 
Even though it is assumed that the channel is AWGN, it is reasonable to believe that 
some amount of multipath will be present and it is therefore to use a Time-Hopping 
scheme to help to minimize ISI and keep receiver simple. A binary modulation 
scheme, preferably BPSK, should most likely also be preferred because of the 
expected energy spread in the channel [31]. 

1.6.2 Short distance operation with rmax < 10 m: 

The principal interest when UWB is used as a WPAN/WLAN system with a bit-rate 
in the area of 100 Mbps. Here, the SNR is relatively poor and this is the reason why 
only BPSK should be used. 

 
Table 1.4: Link budget for short range UWB communications (from ref 31) 
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1.6.3 Medium to long distance operation with rmax < 10-1000 m: 

In this case a UWB system is used that gives a low bit rate in the 10-100 Kbps range. 
Such a system could be used for wireless sensors in connection with example fire 
detectors or factory automation, where a lot of cable installations can be avoided. A 
system having a bit-rate in the area of 10-100 kbps will typically be used for voice 
communication and other types of low bit rate communication. Its main strength is the 
multi-hop capability made possible by determining the approximate position by 
observing pulse delays and the inherent low power usage. 
 
The number of simultaneous users in the system can be large because of the longer 
range and it support up to 1000 users. This amount may be bit overly pessimistic, but 
as can be seen from the link budget table 1.5, the number of users is not limiting 
factor as much as the thermal noise.  
 
The table depicts two scenarios: one with path loss exponent of 2 and one is 4.The 
reason for this is that no recognized channel model has been found for medium to 
long distance communication system. But as the nature of this channel will be pure 
NLOS and the distances are relatively large, it is reasonable to assume that the path 
loss exponent will be closer to 4 than to 2. The table includes processing gain of 105, 
which will result in a raw bit rate of 10 kbps if transmission occur using 1 Gpulses/s 
and therefore represent the highest possible gain [31]. 

 
            Table 1.5: Link budget for medium range UWB communications (from ref 31) 

1.7 UWB Regulations: 
 
The regulations is given as the maximum EIRP per MHz and is split in two, one set 
for  indoor applications and one for hand held applications. FCC regulations is 
defined and shown in table1.6 [32]. 
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    Table 1.6: FCC UWB Regulations (from ref 32) 

1.8 Operating Frequencies:  
 
Different RFID systems operate at different radio frequencies. Each range of 
frequencies offers its own operating range, power requirements, and performance. 
Different ranges may be subject to different regulations or restrictions that limit what 
applications they can be used for. 
 
Operating frequency determines which physical materials propagate RF signals. 
Metals and liquids typically present the biggest problem in practice. In particular, tags 
operating in ultra-high frequency (UHF) range do not function properly in close 
proximity to liquids or metal. 
 
Operating frequency is also important in determining the physical dimensions of an 
RFID tag. Different sizes and shapes of antennae will operate at different frequencies. 
The operating frequency also determines how tags physically interact with each other 
[32]. 
 
 

 
Table 1.7: Lists standard frequencies and their respective passive read distance (from 
ref 32) 
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2 Mathematical model and properties of 
UWB pulse: 
2.1  Mathematical Models of Waveform: 
 

 
 

Figure 2.1: Mathematical modeling of UWB pulse shapes [ref 39]  
 
For analysis purposes, various idealized models and generalizations of the elemental 
UWB pulse waveforms have been developed. One such analytical model

 
is a “poly-

cycle” waveform consisting of N cycles of a sinusoid:  
 

                   [40]. 

2.2 Bandwidth Property of UWB Signals: 
 
Bandwidth is perhaps the most prominent characteristic of UWB communication 
systems. Although the definition

 
of “ultra-wideband” is a signal with greater than 

25% relative (coherent) [41] bandwidth (sometimes termed “fractional bandwidth”), 
it is also true that UWB signals tend to have large absolute bandwidths.  
 
The relative bandwidth definition of UWB is stated as follows:  

         Brel = fH-fL/fAVG = 2. (fH-fL/fH+fL) = W/fC    ---- (1) 

where fH and fL are frequencies at the upper and lower band edges, respectively, W is 
the absolute bandwidth, and fC is the center frequency [2].  
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2.2.1 Difficulties of large bandwidth: 

The difficulty of achieving linearity in conventional heterodyning in transmitters and 
receivers for greater than about 10% relative bandwidth

 
has led to the development of 

new signaling techniques involving non-sinusoidal waveforms. The relative bandwidth 
property has a profound effect on the kind of waveform that qualifies as UWB. Non-
UWB according to the 25% relative bandwidth criterion when the number of cycles is N 
= 4, as shown in Table 2.2 [2]:  
 
Table 2.2:  Relative bandwidths for poly-cycle waveforms [ref 2] 

  

2.2.2 Advantages of Large Relative Bandwidth:  

The principle of using very large bandwidths has several advantages.  
 

1. By spreading the information over a large bandwidth, the spectral density 
of the transmit signal can be made very low. This decreases the probability 
of intercept (for military communications), as well as the interference to 
narrowband receivers. 

2. The spreading over a large bandwidth increases the immunity to 
narrowband interference and ensures good multiple-access (MA) 
capabilities. 

3. The fine-time resolution implies high temporal diversity, which can be 
used to mitigate the detrimental effects of fading. 

4. Propagation conditions can be different for the different frequency 
components.  

 

2.2.2.1 High-rate Communications:  
In most digital communication systems, the bandwidth is equal to or nearly equal to the 
channel symbol rate. Conventional “narrowband” systems the trend for higher data rates 
has resulted in the allocation of higher center frequencies (carriers) in order to implement 
the system with existing technology. Generally, propagation losses and impairments 
increase with frequency. UWB technology offers high data rates using relatively low 
center frequencies [2]. 

2.2.2.2 Potential for Processing Gain:  
Processing  gain  in  a  communication  system  is  defined  as  the  ratio  of  the  noise 
bandwidth at the front end of the receiver to the bandwidth of the data; usually, 
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this  ratio  is adequately calculated as  the ratio of  the channel  symbol  (modulation) 
rate (Rs) to the bit rate (Rb):  

                      PG= [Noise Bandwidth In/Noise Bandwidth Out] = Rs/Rb 
The  concept  of  gains  achieved  during  signal  processing  operations  such  as 
correlation  and  averaging  (integration)  and  does  not  take  into  account  forward 
error‐control coding nor the statistical distribution of the interference. However,  it 
has  been  shown  that  with  or  without  coding  the  definition  of  processing  gain  in 
terms of the final bit rate is valid [ref 42]

 
and an effect of the processing is that the 

interference contributions to the receiver output are effectively Gaussian (noise like) 
[43].

  

 
The bandwidth available using UWB devices (switching rates in the Gigahertz range) 
is  so  large  for  many  applications,  the  desired  high  data  rate  and a  margin  of 
processing gain can be achieved simultaneously [2].  

2.2.2.3 Penetration of Walls, Ground: 
Conventional narrowband communications signals must use higher carrier frequencies 
in order to implement a wider bandwidth. As the frequencies of these signals increase, 
the propagation losses that they experience becomes greater, as illustrated in Figure 
2.1. On the other hand, UWB signals can achieve high data rates with lower center 
frequencies. From (1), 
 
                FC=W/Brel => fc1<fc2 for Brel1>Brel2 
It follows that UWB signals have the potential for greater penetration of obstacles 
such as walls than do conventional signals while achieving the same data rate.  
 
It can be seen in Figure 2.3 that the rate at which the attenuation of the radio signals 
occurs through various materials is very much a function of the kind of material. The 
penetrations of radio signals through concrete block and “painted 2×6 board,” for 
example, are very sensitive to frequency.  
 
The minimum center frequency for a waveform with 25% relative bandwidth is 3.55 
GHz and the absolute bandwidth is 900 MHz, If the actual data symbol rate is say, 
100 MHz, then a conventional communications waveform can be designed with a 
center frequency of 3.15 GHz. In this case, the conventional signal will penetrate 
materials slightly better than UWB signal.  

 
Conclusion: 
 

This example highlights the fact that the material penetration advantage of UWB 
signals applies when they are permitted to occupy the lower portions of the RF 
spectrum [2].  
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Figure 2.3: Rate at which the attenuation of the radio signals occurs through various 
materials [ref 44] 
 

2.2.2.4 Notes on Propagation Loss for Large Bandwidth Signals:  
The known effects of RF propagation have been developed over many years under the 
assumption of conventional, narrowband signals. The question arises whether the 
conventional characterization of such effects adequately model the propagation of 
UWB signals [ref 45].  

 
The following analysis shows that the center frequency of the UWB signal can be 
used to estimate propagation loss for the signal without incurring a significant error in 
the calculation of received power:  
 
Let the signal spectrum be denoted Gs(f); then the received power in free space is 
proportional to the integral of Gs(f)/f2 over the bandwidth of the signal, that is, from  
fc - W/2 to fc + W/2, where fc is the center frequency of the signal and W is its 
bandwidth. 
 
Approximating Gs (f) ~ const/W, the received power equals 
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 ---- 
[2] 

In which the first factor is the power calculated using conventional propagation 
theory. As shown in Figure 2.4, for signals with relative bandwidths between 25% and 
50%, the dB error in estimating received power is approximately 0.068 dB to 0.28 dB. 
Thus, even though a simplified model was used for the signal spectrum, it is clear 
from this analysis that reasonable estimates of propagation loss for UWB signals can 
be obtained using conventional methods and the nominal center frequency of the 
signal.  
 
Note that (2) can be written 

 
 

Where  is the geometric mean of 
the lower and upper band-edge frequencies. Thus the received power is estimated 
correctly using the geometric mean as the nominal frequency [2]. 
 

 
Figure 2.4: dB Error in using narrowband model of propagation loss [ref 2] 
 

2.2.3 Disadvantages of Large Relative Bandwidth:  
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UWB signal occupies portions of the radio spectrum previously allocated for various 
military,  civil,  and commercial  signals. Consideration needs  to be given  to both the 
potential  interference  to  those signals and  their potential  interference  to  the UWB 
signal [2].  

2.2.3.1 Potential Interference to Existing Systems: 
 
For a real communication signal using periodic framing data, only a small portion of 
the data, if any, is repetitive framing, so that the signal has a continuous spectrum, 
possibly with some frequency peaks that resemble spectral lines.

 
Techniques such as 

“Dithering” (varying the time between pulses pseudo-randomly) and/or using pulse-
position modulation can minimize the presence of lines in its spectrum and make the 
signal appear to be more “noise like.” Methods exist for pseudo randomly encoding 
the framing data to remove such spectral lines [48]. 

 
Because of the potential for interference to existing signals, especially spectral line 
interference, there has been much resistance to changing radio emission regulations to 
allow the development and use of proposed UWB waveforms. As with any radio 
coexistence situation, the task is much concerned with likely scenarios in which 
transmitters and receivers are in proximity as it is with the technical possibility of 
interference in the form of either raising the noise floor in the receiver or more 
serious effects such as cancellation.  

 

Recently a study was published by the FCC
 
that indicates the existing ambient RF 

interference levels in the GPS and navigational aid bands of operation is in most cases 
above the receiver thermal noise level and well above the emission limits on UWB 
devices. The sample environments were largely selected to represent situations in 
which GPS would be used to locate cellular emergency calls. However, there still is 
some concern that a concentration of several UWB devices can exceed the individual 
emission limits and cause harmful interference to GPS or to aircraft navigational 
radio equipment [2]. 
 

2.2.3.2 Potential Interference from Existing Systems:  
 

Since the power of a proposed UWB system’s signal may be spread over a very wide 
bandwidth containing existing frequencies allocated to multiple existing narrowband 
systems, it is certain in such a case that the UWB system is subject to interference 
from those narrowband systems. The amount of interference at an UWB receiver due 
to a narrowband emitter is highly dependent on the antennas used in the respective 
systems as well as their orientation [ref 49].

 

 
 

Use of direct-sequence (DS) or time-hopping (TH) spread-spectrum (SS) 
modulation not only smoothes out any lines in the UWB spectrum but also makes it 
possible to notch out a powerful narrowband interferer without significantly 
impacting the UWB receiver’s ability to process the desired signal [50][51]. In 
addition, minimum mean-square error (MMSE) multiuser detection schemes with 
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the ability to process multipath data are capable of rejecting strong narrowband 
interference [52].

 

 
Unintentional narrowband interference power may be concentrated where it will have 
the least effect. For UWB waveforms with significant spectral lines, it follows from 
matched filtering principles that avoidance of placing those lines in the bandwidths of 
coexisting narrowband systems will simultaneously render the UWB system less 
susceptible to interference from those narrowband systems [2]. 
 

2.2.4 Applications of Large Relative Bandwidth:  

There are many applications for large bandwidth in today’s wireless commercial 
market as well as in traditional military and government communication systems. 
Here we discuss only a few such applications that have been specifically related to 
UWB systems.  

2.2.4.1 High-rate WPANs:  
Wireless local area networks (WLANs), with a transmission radius on the order of 
hundreds of meters, and wireless personal area networks (WPANs), with a 
transmission range on the order of tens of meters or less, are rapidly becoming 
established as popular applications of wireless technology, and the demand for more 
bandwidth is continually increasing [53] [54].  

 

In addition to the IEEE 802.11 WLAN products (“Wi-Fi”) and Bluetooth-based IEEE 
802.15 WPAN products, there is a great variety of wireless networking products for 
home and commercial applications [ref 55].

 
This demand for bandwidth has led to 

formation of the 802.16.3 Task Group for development of a standard for high-rate 
WPANs

 
and then of a new study group (IEEE 802.15.SG3a—now a task group, IEEE 

802.16.3a) to consider an alternative high-rate physical layer (PHY) that possibly 
will be implemented using UWB technology [ref 56].

 
In concept, the new high-rate 

PHY will interface with the same medium access control layer (MAC) as is being 
developed for the IEEE 802.16.3 high-rate WPAN standard [2].  

 
The prototypical applications submitted in support of forming the alternate physical 
layer study group for high-rate WPANs included the following:  

• Wireless video projectors and home entertainment systems with wireless 
connections between components [57]. 

• High-speed cable replacement, including downloading pictures from digital 
cameras to PCs and wireless connections between DVD players and projectors 
[58]. 

• Coexistence and networking of audio, still video, and motion pictures for fixed 
and portable low-power devices [59]. 

• Wireless replacement for Universal Service Bus (USB) connections among 
computers and peripherals in the office environment [60]. 
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• Home network of audio and video with Internet gateway. 

• Multimedia wireless distribution system for dense user environments, such as 
multi-tenant units/multi-dwelling units (MTU/MDU) [61]. 

• Office, home, auto, and wearable wireless peripheral devices [62]. 

 
The data rate requirements for the applications are summarized in Table 2.5: [63] 

 

2.2.4.2 Low-power, Stealthy Communications:  
The potential bandwidth afforded by UWB waveforms is far in excess that required 
for high-rate data communications, so there is room for the data signal to be spread by 
a fast-running pseudorandom (PN) code. The processing gain available by 
correlating the PN code with a local reference at the receiver can be used to lower the 
transmission power while achieving the same (post-correlation) received signal-to-
noise ratio (SNR) [2].  

 

2.2.4.3 Indoor Localization:  
Localization of radio signals indoors is difficult because of the presence of shadowing 
and multipath reflections from walls and objects. The wide bandwidth of UWB 
signals implies a fine time resolution that gives them a potential for high-resolution 
positioning applications. 

2.2.5 Advantages of Short Pulse Width:  

Several advantages from transmissions involving very short pulses, two of which will 
be discussed here: the direct resolvability of multipath components and the relatively 
easy realization of diversity gain.  
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2.2.5.1 Resolvability of Multipath Components:  
A general model for the received signal in an environment characterized by multipath 
is the superposition of delayed replicas of the signal, denoted S(t): 
 

 
Here we note that, unlike continuous-wave (CW) or sinusoidal waveforms, UWB 
pulse waveforms, when reflecting (scattering) from objects and surfaces near the path 
between transmitter and receiver, tend not to overlap in time because of the extreme 
shortness of the UWB pulses. Thus, there is very little Rayleigh fading for these 
waveforms

 
and in principle it is possible to resolve (isolate) multipath receptions by 

time gating, as illustrated conceptually in Figure 2.6. The time gating is a form of 
matched filtering in the time domain and can be used to develop a “duty cycle 
processing gain” relative to a receiver that is continuously open to front-end noise [2].

 

 
 

 
Figure 2.6: Conceptual diagram showing direct resolution of multipath [ref 2]. 
 
It is obvious that time gating of such narrow pulses to implement “direct” resolution 
of multipath requires the receiver to achieve synchronization with the incoming pulse 
stream in some manner.  
 

2.2.5.2 Diversity gain: 
 
Multipath reflections of UWB signals are resolvable, there is a potential for 
combining them to achieve a diversity gain. The total power in received multipath in 
some instances is enough to change the effective propagation power law.  
 
For example,

 
swept-frequency power measurements in the band 5 GHz ± 625 MHz 

were made in 23 homes with a network analyzer to develop over 300,000 indoor line-
of-sight (LOS) and non-LOS (NLOS) complex channel frequency responses; fitting 
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power-law curves to the data as shown in Figure 2.7, it was found that the LOS data 
points clustered about a power-law curve showing that the median propagation loss is 
proportional to 1/d, compared to 1/d2 for free space [2]. 
 

 
Figure 2.7: Experimental data for indoor propagation loss at 5 GHz [ref 64]. 
 

2.2.5.3 Long Synchronization Times:  
UWB signals based on short pulse waveforms typically embed information in 
position, polarity, and/or amplitude properties of pulse sequences to facilitate signal 
selection at the receiver. The selection is performed by matched filtering 
(correlation) to lock onto the signal in time and to enhance the receiver SNR in the 
presence of noise, multipath, and other waveforms. Additional encoding may be used 
for channelization, error correction, and scrambling. Essentially these signals utilize a 
form of spread-spectrum modulation since the information bit rate is much less than 
the signal bandwidth. The spreading requires signal acquisition, synchronization, and 
tracking at the receiver, which in the case of UWB signals must be done with very 
high precision in time, relative to the pulse rate. Achieving this high precision 
generally involves relatively long acquisition and synchronization times [2]. 
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Figure 2.8: Performance of receiver [ref 65]. 

 
To reduce the overhead, it is possible to implement a full-duplex scheme in which 
system timing is maintained by interleaving a low-rate, non-intermittent, low-power 
timing channel at each transmitter.

 
Another technique is to use a special beacon or 

preamble sequence especially designed for rapid acquisition. 
 

2.3 Multipath Persistence Property of UWB Signals:  
UWB signals to be received with a large number of multipath reflections. While the 
existence of these reflections is due to the environment in which the system operates, 
the fact is that the reflections arrive at the receiver with less attenuation than 
narrowband signals. In this section, example of measurements showing this effect for 
UWB signals and discuss its physical basis, various implications of the effect for 
communication systems [2]. 

2.3.1 Background on UWB Multipath Propagation:  

Measurements of UWB pulsed signals have revealed an unusually long period of 
multipath reflection (reverberation) for these signals. Examples

 
of the multipath 

response to an UWB pulse are shown in Figures 2.9. Note in these examples that the 
multipath delay spread 
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Figure 2.9: Examples of UWB multipath [ref 66]. 
 
For LOS is on the order of 50 ns and that the NLOS delay spread is on the order of 
150 ns. In addition to the duration of the reflections, which is a function of the 
reflection surface environment,

 
their density is notable. 

 

2.3.2 Advantages of Multipath Persistence:  

UWB signals produce many resolvable multipaths at the receiver has been discussed 
above in terms of the receiver processing required and of the potential for diversity 
gain. Here we discuss the potential advantages of the multipaths that are specifically 
related to their fading characteristics [2].  

2.3.2.1 Low Fade Margins  
When a radio communication signal is subject to “large-scale fading” (shadowing) or 
multipath-induced (“small-scale”) fading, the received SNR is a random variable. 
Typically the link budget for the communication system uses average or median 
values of link quantities such as propagation loss in order to estimate the median 
received SNR. In dB, the margin on the link is the difference between the projected 
median SNR value and the SNR value required for acceptable link performance: 
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A link with zero margins will fail 50% of the time if the median value of X equals 
zero dB, which is the case with lognormal shadowing. For Rayleigh fading, the link 
will fail 63% of the time if there are zero margins; a margin of 10 dB is needed to 
achieve a link failure rate of 10% due to Rayleigh fading. Figure 2.10 shows the 
dependence of MdB on the link reliability for lognormal shadowing, Rayleigh fading, 
and a combination of the two types of fading [2]. 
 

 
Figure 2.10: Link reliability vs. margin for shadowing, fading, and both [ref 67]. 

 
The concept of “fade margin” used in mobile radio communication systems 
traditionally has analog voice transmissions in view. It should be noted that the 
system performance of digital communication systems is evaluated in terms of bit 
error probability, and the required SNR or bit-energy-to-noise-density ratio (Eb/N0) is 
given as a different amount depending on the channel; the required SNR under fading 
is, of course, higher -25 to 30 dB with Rayleigh fading compared with 9 to 14 dB 
without Rayleigh fading, depending upon the desired bit error rate. The practice is to 
state the required SNR under the assumed small-scale fading conditions and to 
calculate the margin for the link budget based on large-scale fading, usually log-
normal [2]. 

2.3.2.2 Low Power:  
Going along with smaller fade margin requirements for UWB pulsed signals due to 
the properties of the multipath components is a smaller power requirement. Several 
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dB less margin in the link budget translates into significant reduction in the 
transmitted power in Watts. Contributing also to low power requirements for UWB 
signals is their low duty cycle and the various system gains that are available - 
processing gain from pulse coding and diversity combining gain [2].  
 

2.3.3 Disadvantages of Multipath Persistence:  

In addition to the disadvantage of UWB receivers having to process large numbers of 
multipath reflections that was discussed above, there are other propagation 
phenomena that are associated with the fact that the multipath persist for UWB 
waveforms. Here we discuss the scatter in angle of arrival (AOA) that has been 
observed for these waveforms [2].  

2.3.3.1 Scatter in Angle of Arrival:  
 
AOA is defined as the angle between the propagation direction of an incident wave 
and some reference direction, which is known as orientation. Orientation, defined as a 
fixed direction against which the AOAs are measured, is represented in degrees in a 
clockwise direction from the North. When the orientation is 0 degree or pointing to 
the North, the AOA is absolute, otherwise, relative. TOA also called time of 
flight (ToF) is the travel time of a radio signal from a single transmitter to a remote 
single receiver. There is a great variety in the AOAs of the multipath components of a 
UWB waveform. This result is due to the variety of scattering environments that are 
associated with the measurements. For example, measured TOAs and AOAs of pulsed 
UWB signals transmitted from a single location and received at different NLOS 
locations on the same floor of a building are shown in Figure 2.11.

 
In some of the 

receiving locations there is a very weak correlation between TOA and AOA, while 
in other locations there is a definite direction from which the pulses appear to be 
arriving. Even for the presumably same reflecting source giving rise to a particular 
multipath cluster of arrivals there is a fairly wide distribution of AOAs about the 
mean value that tends to have a double-exponential (Laplacian) probability 
distribution of the form 

  
with the parameter σ taking values from 20° to 40° in the test environments reported.  

 
In the indoor propagation environment it is not surprising that there is such a 
dispersion of arrival angles because of the many objects, including furniture, that are 
typically placed throughout a building. The research in the area of AOA for 
communication signals in multipath environments is still progressing [2].  
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Figure 2.11: Multipath TOA vs. AOA for different indoor locations [ref 68]. 

2.4 Carrierless Transmission Property of UWB Signals:  
The effect of carrierless operation decide based on the type of hardware that is used.  

2.4.1 Background on UWB Transmission:  

We provide a brief survey of the configurations of radio components that are involved 
in transmitting and receiving UWB carrierless waveforms, including antennas.  

2.4.1.1 Transmitter and Receiver Configurations:  
An super heterodyne receiver diagram

 
is given in Figure 3.1 that features double 

conversion to reject harmonic images of the signal that are unwanted byproducts of 
the heterodyning (multiplication) operations. With the proliferation of narrowband 
wireless devices today and the continual development of new devices for the wireless 
market, the trend is for the transmitters and receivers to become smaller and simpler. 
For example,

 
Figure 3.2 shows a typical digital heterodyne receiver using a surface 

acoustic wave (SAW) filter and a “one chip” receiver based on direct conversion to 
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baseband that does not require the SAW filter. As such advances in digital processing 
became cheaper and more efficient; the use of UWB waveforms in radar and 
communication applications also has become feasible [2]. 
 
 

 

 
Figure 3.1: Double-conversion super heterodyne receiver [ref 70]. 

Figure 3.2: Typical digital heterodyne receiver (left) and single-chip direct conversion 
receiver (right) that integrates RF and IF without a SAW filter [ref 71]. 
 

Figure 3.3: Concept of UWB baseband system implementation [ref 72]. 

2.4.1.2 Antenna Configurations:  
“Classical” antenna theory and practice is well understood and well developed for 
sinusoidal transmission and reception. Predicting and determining antenna radiation 
patterns for UWB signals is not as familiar to engineers because the effect of the 
antenna on the radiated signal is more critical—all antennas differentiate the input 
signal one or more times, depending on the antenna, and while derivatives of 
sinusoids are simply phase shifts of sinusoids, the whole shape of UWB waveforms 
can change due to the antenna [ref 73].

 
While existing antennas can radiate UWB 

baseband waveforms, they will not necessarily do so efficiently or with the desired 
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pattern because of the wide bandwidth required. For that reason, it is recommended 
that antennas intended for UWB applications be specially designed for the waveform.

 

The theory for such a design is basically known, but sometimes is controversial [ref 
74, 75, 76].

 

 
Generally, it is not desirable to generate UWB pulses by direct excitation of an 
antenna in which the shape and bandwidth of the pulse depends on the antenna 
configuration

 
because inadvertent or intentional bending of the antenna, or bringing it 

near a metal surface, can change the center frequency of the waveform and cause 
significant interference to existing systems. Instead, the pulse shape should be 
determined by the transmitter circuitry before it reaches the antenna. This philosophy 
of antennas for UWB signals is dominant because of the FCC restrictions on UWB 
emissions, so the emphasis in antenna design and selection is in finding configurations 
that match the pulse generation circuitry well and have sufficient bandwidth. Several 
UWB antennas based on these considerations are commercially available

 
and are 

included with UWB chip sets. Typically in these cases, the antenna is similar in size 
and appearance to antennas that are etched on printed circuit boards [2].  
 

2.4.2 Advantages of Carrierless Transmission:  

Certain implementation advantages results to carrierless transmission. Here we 
summarize them briefly under the headings of hardware simplicity and hardware size.  

2.4.2.1 Hardware Simplicity:  
Since heterodyning, tuning, and IF filtering are not required for carrierless 
transmission, UWB transceivers can be built with much simpler RF architectures than 
narrowband systems with fewer components and the low-power transmissions do not 
require a power amplifier. 

The UWB baseband functionality has been described as having the following 
advantages: 

• The transmitter needs no D/A converter.  
• The receiver A/D converter operates at the bit rate, as opposed to the Nyquist 

sampling rate.  
• The A/D converter does not need to be high resolution, since the information 

is not embedded in signal phase.  
• No digital pulse shaping filter is used.  
• No equalizer is needed to correct carrier phase distortion.  
• With low order modulation such as antipodal signaling (as in BPSK), the 

transmission is reliable enough in many instances to do without forward error 
correction (FEC) and the corresponding decoder at the receiver.  

• Low-power, small, mature CMOS technology can be used.  
 

The relevance of these potential advantages depends on the particular application and 
the operational scenario.  
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2.4.2.2 Small Hardware:  
UWB carrierless operation uses fewer RF components, the size of the hardware is 
primarily a function of the integrated circuit technology that is used. Existing UWB 
baseband processing chips using CMOS technology are comparable in size to chips 
for other communication system components such as cellular telephone handsets [2]. 

  

2.4.3 Disadvantages of Carrierless Transmission:  

The potential and realized advantages of carrierless UWB transmission are naturally 
offset by certain disadvantages or costs. Here we focus on the consequences of using 
carrierless transmission in terms of the relatively more complex signal processing that 
must be used to accomplish multiplexing and beamforming, and the uncertainty 
involved with the antenna form factor that can be achieved. 

2.4.3.1 Complex Signal Processing:  
For narrowband systems using carriers, frequency-division multiplexing is very 
straightforward, and the development of a communications or other narrowband 
device need to consider the band of frequencies directly affecting itself, with due care 
to minimize interference to out-of-band systems by emission control techniques 
including filtering and waveshaping. For carrierless transmission and reception, 
every narrowband system in the vicinity is a potential interferer and also every other 
carrierless system. Thus the carrierless system must rely on relatively complex and 
sophisticated signal processing techniques to recover the communications data from 
this noisy environment [2].  

2.4.3.2 Inapplicability of super-resolution beam forming:  
For narrowband radio systems, adaptive beam forming using multiple antennas is 
being investigated as a means of spatial reuse of time and frequency resources in 
cellular communication systems. A beam is formed by phasing the different antennas 
so that the combined signal’s carrier is coherent when sent to, or received from, a 
particular direction. Achieving narrow beams with small numbers of antennas is 
possible using “super resolution” beam forming based on unequally-spaced antennas.  

 
Since the theory of beam forming and super resolution beam forming is based on the 
phase relationships among sinusoidal waveforms, it does not directly apply to UWB 
systems using pulses. However, there are methods for discriminating between coded 
pulse trains arriving from particular directions

 
that make use of the fact that the 

TDOA of the coded pulse train between two antennas is dependent on the angle of 
arrival [2].  

2.4.3.3 Antenna Form Factor:  
At present, the design of broadband non-resonant antennas that fit the form factor 
(size and shape) of the rest of the hardware is a challenge.

 
UWB antennas are 

relatively small and use various emissions techniques, not necessarily optimal. The 
“disadvantage” of antenna form factor in connection with UWB consists of the fact 
that it is largely unknown due to the relative novelty of UWB transmission for most 
communication applications.  
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The high RF frequencies and large bandwidth of UWB systems render them eligible 
for small antennas, with perhaps a tradeoff between size and efficiency/gain.

 
For 

conventional (narrowband) radios, transmission fractional bandwidth in term of the 
antenna Q (quality factor) is theoretically related to antenna size

 
by the following 

expression: 
 

    1/Brel = [1/6π2 (V/λ3)] + [1/6π2 (V/λ3)] (1/3)  
 
Where V is a spherical volume enclosing the antenna and λ is the center frequency. 

For example, a relative bandwidth greater than 25% corresponds to a ratio of V/λ
3 

greater than about 73% [2]. 

2.5 Communication Applications of Carrierless 
Transmission:  
The potential for high-rate transmission using UWB waveforms follows from the 
bandwidth of the signal. Some communication applications for UWB making use of 
the high-rate potential were described in this section. Here we consider applications 
that specifically make use of the carrierless transmission property of UWB waveforms 
for communication purposes.  

2.5.1 Smart Sensor Networks:  

The potential for low-power, simple hardware using carrierless transmission makes 
UWB technology an attractive alternative for distributed sensor networks. Several 
projects are ongoing to determine the feasibility of using UWB for networks of small, 
inexpensive sensors of various types [2]. 
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3 Why we go for UWB instead of RFID: 
 
Most of the commercially off-the-shelf (COTS) RFID systems operate in very narrow 
frequency bands, making them vulnerable to detection, jamming and tampering and 
also presenting difficulties when used. Commercial passive RFID tags have short 
range, while active RFID tags that provide long ranges have limited lifetimes [3]. 
 

3.1 Problems in commercially available RFID systems: 
 
Most of the commercially available RFID systems use narrowband technology for 
their tag-reader communications. Therefore, continuous waveforms (CW) are used to 
transfer information between tags and readers, which can potentially create the 
following limitations and challenges in their performance. 
 
Signal jamming:  
The narrowband signals used in RFID systems have well defined RF energy in narrow 
frequency bands that makes them very vulnerable to intercept and detection. 
Therefore such signals can be easily jammed to allow tampering with security and 
monitoring systems. 
 
Signal blockage:  
High frequency RF signals are highly attenuated by walls and equipment. This can 
lead to system reliability issues when monitoring moving objects indoors if specific 
geometry is not adequately addressed during system design and installation. 
 
Orientation dependence:  
Most of the current commercial RFID transponders and readers exhibit some 
orientation dependence. Therefore, tags and readers must be positioned in a preferred 
direction for optimum transfer of information. This dependency limits the maximum 
reliable range of most RFID systems. 
 
High power used by active tags:  
In order to provide the long range, active tags consume a relatively large amount of 
transmitting power, which limits their lifetime and causes them to be larger in size and 
more expensive than passive tags. 
 
Limited range for passive tags: 
The short range introduced by magnetic based solutions prevents passive tags to be 
used in many applications that require longer range. 
 
Poor performance around metallic surfaces:  
One of the major challenges of the current RFID systems based on narrowband 
technology is their poor performance around metallic surfaces such as UF6 cylinders. 
This is due to multipath phenomenon caused by reflection of continuous RF 
waveforms from metallic surfaces that can destructively add and degrade the 
transmitted signal [3]. 
 
Limitations to worldwide operation: 
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Operation of the currently available RFID systems is limited to the specific 
narrowband frequencies used by the readers and transponders. By regulations, some 
frequencies are not available in different parts of the world, which limits the 
worldwide operation of RFID systems based on specific frequencies. 
 
Solution to the above problem: 
Most of these problems can be addressed through the use of ultra-wide band (UWB) 
technology for tag-reader communications is RFID systems [3].  
 

3.2 UWB TECHNOLOGY & RFID: 
 
Ultra-wideband communication systems employ very narrow (picoseconds to 
nanoseconds) radio frequency (RF) pulses to transmit and receive information. Using 
narrow pulses as the building block for communications offers several advantages in 
wireless communications that can be very beneficial to RFID tags. The short duration 
of ultra wideband pulses provides very wide bandwidth (in the range of GHz) with 
low power spectral density (PSD). The low PSD enables UWB signals to share the RF 
spectrum with currently available radio services with minimal or no interference 
problems. Therefore, no expensive licensing of the spectrum is required for UWB 
systems [3]. 

 
Figure 3.1: compares UWB power spectral density with the co-existing narrowband 
and wideband technologies [ref 3]. 
 
General view of UWB Pulse: 
 
UWB pulses reside below the noise floor of a typical narrowband receiver; therefore, 
they become undetectable from background noise and in most cases only the intended 
receiver is able to detect them. Hence UWB tags are not as vulnerable to detection, 
intercept, and jamming as narrowband tags are. Furthermore, due to their large 
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bandwidth and frequency diversity, UWB pulses are less sensitive to multipath effects 
than CW signals and can provide excellent spatial resolutions (cm accuracy). The fine 
spatial resolution makes UWB systems useful for RFID applications. In addition, the 
lower frequencies covered by large UWB bandwidth offers good penetration 
properties, which provides through the wall communications and overcomes the 
signal blockage problem that is currently a weakness in narrowband, UHF RFID tags. 
Moreover, UWB systems have fewer components and can be manufactured in smaller 
form factor compared to typical narrowband communication systems, which makes 
them viable for RFID tags [3]. 
 
Table 3.2: Advantages, Disadvantages and applications of UWB waveform properties 
[ref 2]: 

 
 

3.3 U-Tags (LLNL’s UWB RFID TAG): 
 
A novel passive, long range RFID tag (developed at Lawrence Livermore National 
Laboratory) that can perform well around metals and provides geo-location capability 
for real time tracking. 
 
Unlike conventional, battery-operated (active) RFID tags, LLNL’s small UWB tags, 
called 
“U-Tag”, operate at relatively long ranges (up to 20 meters) in harsh propagation 
channels. 
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          Figure 3.3: LLNL’s U-Tag lab prototype [ref 3]. 

 
Since “U-Tag” is battery-less (that is, passive), they have practically unlimited or 
unrestricted lifetimes without human intervention, and they are lower in cost to 
manufacture and maintain than active RFID tags. These robust, energy-efficient 
passive tags are remotely powered by UWB radio signals, which are much more 
difficult to detect, intercept, and jam than conventional narrowband frequencies. The 
features of long-range, battery-less, energy scavenging capability, and low-cost give 
U-Tag significant advantage over other existing RFID tags [3]. 
 
UNIQUE CHARACTERISTICS OF “U-Tags”: 
 
U-Tags have the following innovative characteristics that take advantage of UWB 
technology: 
 
Immune to Signal Blockage: 
 
U-Tags perform in harsh environments. Our UWB tags activate and transmit in 
environments where a GPS system might fail. UWB frequencies penetrate most low 
conductivity materials; thus, UWB tags perform through walls; glass; buried in dirt; 
inside concrete buildings and in warehouses vaults, airplanes, ships; and outside in 
landscapes full of rocks, trees, people, and buildings. Therefore, Line-Of-Sight (LOS) 
is not needed for U-Tags operation. 
 
Low Complexity, Low Cost: 
 
U-Tags have few components, making them easy and inexpensive (less than $1) to 
manufacture by conventional electronic manufacturing methods. UWB frequencies 
are available worldwide, making them ideal for global applications. Their lower cost 
and small size make their use with lower value items or small pieces of equipment 
feasible. 
 
Undetectable: 
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UWB pulses reside below the noise floor of a typical narrowband receiver, becoming 
undetectable from background noise. Only the intended receiver is able to detect the 
UWB pulses [3]. 
 
Multi-tag Interrogation: 
 
In inventory and tracking systems involving multiple U-Tags, low frequency UWB 
signals from a transmitter, power all U-Tags simultaneously. Once the U-Tags are all 
awake, the UWB interrogator sends specific “interrogating codes” to the tags. The 
unique interrogating code triggers the appropriate U-Tag to respond with its unique 
“response code,” using the backscattering techniques. 
 
Using this method, multiple U-Tags can be read without any interference from other 
U-Tags communicating with the reader. In addition, no high power synchronization 
technique is required to separate each U-Tags information from another’s [3]. 
 
Geo-location of U-Tags: 
The ability to geo-locate a tag in 3-D (x-, y- and z) is very important. The U-Tag has 
good geo-location capabilities. Range measurements are often the initial step in many 
geo-location problems. Based on statistical signal processing of wide band RF 
waveforms, we additionally have incorporated design into a high-accuracy indoor 
ranging device with the UWB RF pulsing using low-power and low-cost electronics. 
We have shown that wideband U-Tag signals are particularly suited to ranging in 
harsh RF environments because they allow signal reconstruction in spite of multipath 
propagation distortion caused by metallic surfaces and cluttered environments [3]. 
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4 Active and passive RFID systems: 
Enterprise RFID systems can generally be categorized as either “passive” or “active,” 
with passive tags using the received signal for power and active tags using an 
embedded battery for power. Comparing both active and passive RFID we can come 
to certain conclusions that strongly defend both of their characteristics.  
In early 2000, passive systems took a new course toward automatic, hands-free 
identification of goods in retail supply chain. Today, the Electronic Product Code 
(EPC) standard is being implemented on a large scale as an upgrade to barcode 
labeling systems with an eye to reduce counting errors and labor cost of identifying 
large volumes of goods passing through dock doors. EPC portals include fixed choke 
points where RF energy is transmitted from reader antenna. The small tag takes the 
energy, adds its ID and uses the bounce-back signal (called backscatter) to transmit to 
the reader for identification. These systems can be highly effective for counting high 
volumes of pallets, cases and cartons moving into a warehouse or distribution center. 
 
 Drawbacks of EPC: 
 
The systems must be tuned to the environment to ensure reliable tag reads as often 
goods containing liquids or metals absorb the signal and prevent tag reads. This 
limitation makes these passive systems unreliable for other labor-less automatic 
identification applications in the enterprise including asset tracking and protection, 
wireless sensing and personnel access control and tracking [4].  
 
Passive RFID systems have historically been implemented for security and labor 
savings. Electronic Article Surveillance (EAS) systems began being used in the 
1960’s to identify goods being stolen from retail stores. Passive deployments typically 
occur in the high-frequency and ultra-high-frequency (HF/UHF) radio bands with 
applications such as the tracking of goods in the supply chain. They typically have 
low cost tags with higher cost infrastructures. Passive tag transmissions are also 
limited to the power of reflective (or backscatter) signaling and only transmit reliably 
in inches up to a few feet. The systems are characterized as fitting best in manual 
oriented auto-ID applications such as bar-coding and today’s proximity-based access 
control cards. In addition, passive solutions use fixed portal infrastructures designed 
to automatically ID goods in the supply chain such as pallets and cartons moving 
through the controlled portal. 
On the other hand, active deployments are characterized by having the power to 
transmit over greater ranges with added flexibility in infrastructure design. Active tags 
are typically more expensive than passive the infrastructures are less costly, and active 
deployments fit the need for automatic identification where no human involvement is 
needed or desired. The applications include asset tracking, personnel management, 
shipping container tracking and local vehicle management systems, all of which use a 
variety of frequencies. Additionally, developments in active tags are those based on 
the 802.11 standard, which can use off-the-shelf 802.11 wireless LANs for their main 
tag-to-reader transmission carrier. Active tags can operate in “beacon” mode, 
transmitting at regular intervals providing generalized location determination [4]. 
These active RFID systems are often categorized as Real Time Location Systems 
(RTLS) as the basic function of locating people and things is at the core of RFID’s 
benefits. There are two fundamental active RFID-RTLS system architectures: 
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computational positioning and control point activation. An overview summary of 
active and passive architectures is presented in the following matrix [4].  
 
Table 4.1: Best-of-breed Technology for Enterprise RFID Application (from ref 4): 
 

 
 
To identify best-fit applications to Active RFID and RTLS system architecture 
alternatives, a set of 12 evaluation criteria related to application reliability and cost 
has been created. They include the following:  
 
 Positioning method – The technique used for physically locating tags in 
and around premises. 
 Location error – The logical error rate in distance from the actual 
location.  
 
 Tag read density – The number of tags that can be read at once  
 
 Control zone flexibility – The flexibility in establishing security 
location or positioning areas (or zones) 
 
 Tag form factors – The unique demands the architecture places on tag 
size and shape 
 
 Tag battery life – The prospective tag battery life based on the power 
demands of the architecture  
 
 Tag sleep option – The opportunity to have tags put in a sleep or 
quiescent state until needed whereby they do not transmit when not needed  
 
 ROI – The prospective ROI based on tag, infrastructure and software 
cost 
 
 Deployment time – The relative time to design and install a system  
 
 Infrastructure leverage – The relative ability to use existing network  
 infrastructures  
 
 Interference – The degree to which the system is prone to interference 
thus effecting tag read reliability  
 



Active and Passive RFID  

37 

 Physical isolated sub-nets – The ability to use isolated sub-networks to 
avoid clogging of network backbone circuits [4]. 

  

There have been new developments in this line producing a new variety of rfid called 
“semi-passive” which includes the passive tags supported with batteries for better 
reception of signals.  

4.1 ACTIVE RFID VERSUS PASSIVE RFID: 
 
Active RFID and passive RFID are often considered and evaluated together even 
though they are fundamentally very different technologies.  
 
The passive RFID tag stores the energy of the signal from the reader in an onboard 
capacitor. This capacitor, when enough charge has been built into it, is used as the 
power source by the tag to transmit its own modulated signal.  
 
Active RFID differs from passive RFID in the aspect that they have an internal power 
source in the form of a battery within the tag that continuously powers the tag; this 
allows them to have a longer communication range, larger data storage capability, and 
the ability to record and store sensor data, operate on higher frequencies, and function 
independently of the reader. However, the battery also makes them expensive and 
larger in size. Table 12 summarizes the major differences between active RFID and 
passive RFID [5].  
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Table 4.2: Summary of Difference between active and passive RFID [ref 5] 

4.2 ACTIVE RFID STANDARDS: 
 
Standards are necessary as they allow interoperability between manufacturers. The 
situation has changed now and companies have started adopting the following 
standards for building active RFID systems: ISO-18000-7, IEEE 802.16.3 (or Ultra 
Wideband (UWB)), IEEE 802.11 (or Wi-Fi) and IEEE 802.16.4 (or Wireless Personal 
Area Network (WPAN), related to Zigbee). Bluetooth is not considered a feasible 
active RFID technology. 
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The ISO-18000-7 standard is based on the Savi active RFID protocol, which was the 
first commercial RFID system employed by the U.S. military in the early 1990’s. This 
standard is intended for the RFID devices operating in the 433 MHz frequency band. 
The 433 MHz band is the most widely accepted frequency band for active RFID 
systems and has no problem in coexisting with other popular wireless technologies 
such as Bluetooth, WLAN, cordless phones, and microwave ovens. At this frequency, 
the signal is also able to diffract around objects, thus providing good propagation 
characteristics within crowded environments [5]. 
 

4.2.1 Communication Principle: 

The communication between reader and tag is of Master-Slave type, where the 
reader acts like the Master. The reader always initiates communications and then 
listens for response from the tag. The modulation used is FSK (Frequency Shift 
Keying) and the data rate is 27.7 Kbps. Most of the time, the tags are in the sleep state 
to conserve battery power. Therefore, the reader also transmits a Wake-up signal at 30 
KHz for 2.5 seconds to Wake up all the tags within its communication range. When 
the tags detect this signal they enter into the Ready state and wait for the commands 
from the reader. This standard requires the RFID system to write data onto the tag or 
handle read-only systems gracefully [5]. 
 
The data between the reader and the tag are transmitted in packet format. There are 
essentially two types of communications:  
 
First, the reader sends a certain command to the tags within its range and, second, the 
tags transmit the corresponding message response to the reader.  
 
The tag-to-interrogator message can further be of two different formats- broadcast 
response message format and point-to-point response message format [5]. 
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                   Tables 4.3: Possible message formats [ref 5] 
 

4.3 What is the best RFID tag frequency to use? 
 
Practical considerations: 
 
Low frequencies (up to 433 MHz) are typically used when the RFID signal must pass 
through liquids or even the body. Personal identification tags that are higher than 433 
MHz must be in clear view of the reader in order to be read at highly accurate levels 
and are not well suited for walk-through doorway applications. 
 
High frequency (HF) tags are commonly used to track bottles filled with liquid and 
are also used for access control at door entrances.  

• 125 KHz is another frequency that is commonly used for access 
control.  

• 134 KHz used for animal identification for many years and is 
based on an ISO standard.  

 
Active tags at high frequencies such as 2.4 GHz (microwave) transmit half the 
distance that an active tag at 915 MHz (UHF) will transmit. Low frequency (LF-125 
KHz) and high frequency passive tags (HF-13.56 MHz) typically transmit only 
several feet.  
 
The data rate or speed of transmission is greater with higher frequency tags permitting 
faster readings on a conveyor or fast moving applications [6]. 
 
Ultra Wide Band (UWB) tags: 
 
Ultra Wide Band (UWB) utilizes higher frequencies in 3.1 - 10.6 GHz range. UWB 
Tags utilize the wide band frequency to send out small bursts of data, greatly 
conserving battery usage. This allows the use of economical coin cell sized batteries 
on the tag, greatly reducing tag cost. For asset tracking applications, the use of UWB 
tags is possible. The tags send out small bursts and measure the time it takes for the 
signal to reach the reader. In the presence of 3 or 4 readers, a calibration tag and by 
measuring the time for the tag information to reach the reader, tag location can be 
determined within several feet. UWB tags are not used to transmit other sensor 
information. In high volumes, the tag prices can be lower than other active tags due to 
their low power requirements and the coin cell battery. However the master reader 
system can be very costly. UWB systems are well suited for precise asset positioning 
and people movement in high security applications [6]. 
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Figure 4.4: RFID Standards from the core to the boundaries of the concept [ref 6] 
 
Ultra Wide Band can enable wireless connectivity at very large bandwidth for very 
close electronic devices (e.g. computer and monitor). UWB technology transmits 
information spread over a very large bandwidth (25% or more of the center frequency 
or at least 500 MHz) but at very low power levels thus not interfering with other 
narrower band devices nearby. The receiver translates the pulses into data by listening 
for a familiar pulse sequence sent by the transmitter. As the data is moving on several 
channels at once, it can be sent at high speed, up to 1 gigabit per second. It also has 
the ability to penetrate walls. Frequency regulations limits UWB to low power levels 
in order to keep interferences below the level of noise produced unintentionally by 
electronic devices such as TV sets. As a consequence, UWB is limited to short-range 
applications, enabling wireless connectivity (e.g. wireless monitors, camcorders, 
printing, music players), home or office networking, automotive collision detection 
systems, medical imaging, etc [6]. 
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5 Communication Architecture UWB-RFID 
Systems: 
 
The next generation RFID system for identification and sensing requires both energy 
and system efficiency. An efficient passive RFID system using impulse ultra-
wideband radio (IR-UWB), at a 10m operation range. Unlike conventional passive 
RFID systems which rely on backscatter and narrowband radio, IR-UWB is 
introduced as the uplink (communication from a tag to a reader). By utilizing a 
specialized communication protocol and a novel ALOHA-based anti-collision 
algorithm, such Semi-UWB architecture enables a high network throughput (2000 
tag/sec) under low power and low cost constraint [8]. 
 
Radio frequency Identification (RFID) applications with sensor circuitry are expected 
as a key component in the future’s intelligence and computing. Passive RFID system 
with battery-free tags is more attractive since the tag is small size, low cost, long life 
cycle and free-maintenance, compared to the active one. Backscatter is one of the 
most commonly used techniques in current passive RFID systems. Tags backscatter 
the incoming RF signal from the reader, change the antenna load to modulate the data. 
Several disadvantages are it is very sensitive to interference, multi-path fading, multi-
user interference and collision problem, and it is susceptible to passive and active 
attack. Therefore, such a solution is no longer acceptable for the new generation of 
RFID which requires higher data rate, longer operation range and faster processing 
speed, while maintaining low power and low cost. 
 
IR-UWB transmitters generate very short pulses that are able to propagate without an 
additional RF mixing stage. The baseband-like architecture with low duty cycle signal 
guarantees low complexity and low power. On the other hand, it is resistant to severe 
multi-path, and has good time domain resolution allowing for location and tracking 
applications. Noise-like signal with ultra wide bandwidth provides robust and high 
speed communication links. It can achieve high processing speed, long operation 
range, and high security [8]. 
 
This system uses different communication schemes at the uplink and the downlink, 
individually. Readers broadcast conventional RF signals which carry commands, the 
clock and energy to tags, whereas, IR-UWB is applied in the reverse link. This Semi-
UWB architecture does not only speed up the data rate of tag to reader transmission, 
but also control the tag power consumption in a target level. In addition, a specified 
transmission protocol that can improve the network throughput in a multi-tag 
environment. By using the pipelined communication scheme and the enhanced 
adaptive framed ALOHA anti-collision algorithm, 1000 tags can be processed within 
500msec. Tag consists of a power scavenging unit; a RF receiver; an IR-UWB 
transmitter; an embedded UWB antenna and a digital baseband. The digital baseband 
processor is composed by several modules such as control unit, pseudo random 
number generator, slot counter and memory [8].  
 

5.1 SYSTEM SPECIFICATION: 
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Design Consideration: 
 

Compared with other wireless communication systems, RFID holds some 
characteristics that need to be concerned during the system level design. 
 
System capacity: 
A huge number of tags might appear in a reading zone simultaneously. Furthermore, 
due to the massive tags environment; multi-access (anti-collision) algorithm is 
essential for the system efficiency. 
 
Asymmetrical traffic loads and resources: 
 
Unlike other RF communication systems, the traffic loads of RFID are highly 
asymmetrical between the uplink and the downlink. The data (e.g. synchronization, 
command) broadcasted from the reader is small, but the traffic transmitted by a great 
number of tags in the field is rather heavy. In the hardware perspective, tags have very 
limited resource such as memory, power supply, and computational ability, but a 
reader can be a powerful device. 
 
Reading speed:  
 
Reading speed in terms of processing delay is an important metric. High processing 
speed could be achieved by either a high data rate link for the tag to reader 
communication, or an efficient anti-collision algorithm [8]. 
 
Low power and low complexity hardware implementation: 
 
RFID tags are resource-limited devices, the implementation upon the system 
specification must be simple and energy-efficient. 
 

5.2 Semi-UWB Architecture: 
 
Due to the nature of the impulse UWB radio, the IR-UWB transmitter integrated on 
the RFID tag provides a robust, high speed and high security uplink under a low 
power and low complexity implementation. Instead of the typical full-UWB system, 
the traditional RF transceiver is applied as the downlink [8]. 
 
1) Extremely high power consuming and complex UWB receiver is not feasible for 
resource-limited RFID tags; 
 
2) The low downlink traffic becomes insignificant for the system efficiency, hence a 
low data rate narrowband radio is adequate. 
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Figure 5.1: Asymmetrical Communication Architecture [ref 8] 
 
The reader broadcasts commands to tags using UHF (860MHz ~ 960MHz). The 
modulation is ASK with pulse interval encoding (PIE). The data rate (clock 
frequency) is adaptive from 40Kbps (KHz) to 160 Kbps (KHz) controlled by the 
reader. A tag replies information by transmitting UWB signal with a fixed data rate of 
1Mbps. UWB pulse rate is 10MHz, i.e. each bit of information is represented with a 
sequence of 10 pulses with a width equal to 
Tp = 500ps. The modulation options include OOK or PPM, depending on the type of 
the IR-UWB transmitter [8]. 
 

5.3 Anti-Collisions: 
 
All tags in the reading filed respond after receiving either Wakeup or Request 
commands. However their responses may collide on the radio channel therefore 
cannot be received by the reader. These problem referred to as “Tag-collision”. 
 
An effective system must avoid this collision by using anti-collision algorithm in 
order to enable the reader to collect many tags simultaneously. In order to increase the 
feasibility and efficiency, several versions of the ALOHA algorithm are created. 
Among them, the most widely used one in wireless sensor and identification systems 
is the “framed slotted ALOHA algorithm”. Time is divided into discrete time 
intervals, called “slots”. A frame is a time interval between requests of a reader and 
consists of a number of slots. A tag randomly selects a slot in the frame and responds 
to the reader. A procedure called acknowledgment is required to resolve collisions or 
failed transmissions. Collided tags retransmit in the next frame. 
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         Figure 5.2: Frame format and the pipeline communication Scheme [ref. 8] 
 
The overall goal of the anti-collision algorithm is to reduce the retrieving period with 
simple hardware implementation and low power consumption. To improve network 
throughput, we propose a more efficient scheme to overcome the anti-collision 
problem. It is based on the framed slotted ALOHA algorithm by employing following 
improvements [8].  
 
1) We use a pipelined scheme to overcome the bottleneck caused by the low data rate 
downlink. In conventional approaches, a time slot contains a tag’s data packet and the 
acknowledgement from the reader. Because of great asymmetry between the downlink 
and the uplink, the acknowledgement sent by the reader to tags becomes a bottleneck 
that degrades the network throughput. This problem can be solved by using a 
pipelined method posing the data packet and its corresponding acknowledgement in 
two adjacent slots. As can be seen in figure 4.9, a tag transmits data in the slot K, and 
then receives the corresponding ACK in the slot K +1. 
 
2) The maximum system efficiency of the framed slotted ALOHA is achieved when 
the N approximately equals to n, where N is the frame size and n is the tag number. 
Dynamic frame sizes allocation replaces the traditional fixed framed ALOHA. With 
the tag number estimation algorithm, the reader can estimate the number of tags, and 
regulate the optimized frame size [8].  
 
3) The reader skips idle slots using the scalable global clock controlled by the reader. 
It eliminates the delay introduced by empty slots [8]. 
 
 

5.4 Performance Analysis: 
 
Hereby, the system efficiency is defined as the ratio of the successful transmission 
time to the frame size. Given N slots and n tags, the number of r of tags in one same 
slot is binomially distributed. The maximum system efficiency of the Framed Slotted 
Aloha is achieved when the N approximately equals to n. 
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If the frame size is small but the number of tags is large, too many collisions will 
occur and the fraction of identified tags will degrade. On the other hand, when the 
number of tags is much lower than the number of slots, the wasted slots can occur. As 
the description in the previous section, the dynamic frame size allocation can provide 
the optimal frame size to achieve the maximum throughput. Moreover, the idle 
skipping method can eliminate the delay caused by the empty slots. The simulation 
results of the system performance are shown in figure 4.10. As can be seen, more than 
1000 tags can be processed within 500ms [8].  
 

 
Figure 5.3: Simulation result of system efficiency [ref. 8] 
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6 Generation of UWB Pulses 
 
Few methods of generating UWB pulse are available. Generations are mainly based 
on diodes, microwave, optical. 
1) Using a single High Electron Mobility Transistors (HEMT). 
2) Based on fast recovery diodes and shorted transmission lines. 
3) Step recovery diode. 
4) Combining sub nanosecond Gaussian pulses from multiple sources.  
5) Using Optical. 
 

6.1  Generating and Transmitting UWB Signals using 
Single High Electron Mobility Transistors (HEMT): 
 
Nature of the generator: 
Generating and transmitting Ultra-Wide Band (UWB) signals using a single High 
Electron Mobility Transistors (HEMT) as an active device. The performance of the 
circuit is verified by using a high frequency oscilloscope in time domain. The widths 
of the generated UWB pulses are of the order of 400 ps and the spectral shape is 
similar to the prescribed UWB standards.  
 
The main concept behind UWB systems is that it transmits unmodulated pulses of 
sub-nanosecond order. One pulse by itself does not communicate a lot of information. 
Information or data needs to be modulated onto a sequence of pulses called a “pulse 
train”. The characteristics of these pulses are decided by the pulse shape and pulse 
repetition rate. The generation of short-pulse RF waveforms utilized the rapid rise or 
fall times of a base band pulse to ‘shock excite’ a wide-band antenna as an early 
technique. HEMT-based method gives the simplest circuit compatible with MMIC 
(Monolithic Microwave Integrated Circuit) and RF-CMOS with simple modifications 
that is important for practical systems [9]. 
 
Principle: 
 
In this work, the starting point is a stream of relatively low-frequency (currently 100 
Mbps) data, coming from a digital system, from which UWB pulses have to be 
generated. The pulses pass through the differentiator and wave shaping networks. But 
these pulses are highly sensitive to rise and fall time. This pulse train was passing 
through the differentiator and filter of more than eight order. 
  
 Circuit: 
 
First the incoming digital pulse is applied to the gate of a p-HEMT, with a suitable L-
C network at the drain. The switching action of the p-HEMT generates appropriate 
currents and voltages in the L and C, leading to UWB pulse generation at the load 
resistor. However this approach generates UWB pulses both at rising and falling 
edges of the input pulse [78].  
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      Fig 6.1: Generation of short pulse [ref 8] 

 
The switching of the p-HEMT takes places over a narrow range of VGS (-0.25 to -0.3 
V in this case), the output waveforms are quite insensitive to the rise and fall times of 
the input. The FET used is NEC’s low-cost p-HEMT NE3210S01 [9]. 
 
In this circuit, to generate the short pulse, first the forced step pulse is applied to the 
gate of p-HEMT transistor then the circuit gives the short pulse of the duration of 
0.1153 ns in the output. One pulse by itself does not communicate a lot of 
information. Information or data needs to be modulated onto a sequence of pulses 
called pulse train of rate=1 MHz, Vlow=0.2 V, Vhigh=2.5 V, rise time=1 nsec, fall 
time=1 nsec was applied to the gate, Vdc=2.0 V for biasing and R=50 ohm that is 
shown in the Figure 6.2.  
 

 
Figure 6.2: Input Pulse [ref 9] 

 
Then we got the repetitive short pulse in the form of pulse train required for UWB 
communication that is shown in the Figure 6.3  
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                                     Figure 6.3: Output Pulse [ref 9] 
 
 

 
              Figure 6.4: Zoomed view [ref 9] 
 
This circuit inherently produces UWB pulses at both rising and falling edges of the 
input. If only one is to be used, then this can either be taken care of at the signal 
processing level, or modifications to the circuit have to be made (e.g., disconnect the 
antenna with a p-i-n diode switch during turn on) [9]. 
 
Conclusion: 
It is simple but not efficient way of generating UWB Pulses. Switching time of the 
HEMT is not much fast. 
 

6.2  Based on fast recovery diodes and shorted 
transmission lines: 
 
Nature of the generator: 
The generator produces 3.5 ns wide, ±350 V amplitude bipolar pulses into 50-ohm 
load at the maximum repetition rate of 100 kHz.  

Advantage: 

Short bipolar pulses are used for the studies of biological cell response. Electro-
perturbation of biological cells can be achieved by the influence of pulsed electric 
fields. The voltage induced across a cell membrane depends on the pulse length and 
pulse amplitude. Pulses longer than ~1 μs will charge the outer cell membrane and 
can lead to the opening of pores, temporary or permanent, the latter usually resulting 
in cell death. Pulses much shorter than ~1 μs can affect intracellular structures without 
adversely affecting the outer cell membrane. There is a need for shorter, higher 
amplitude electric pulses for cell biology research to probe and manipulate internal 
parts of the cell such as nuclei and mitochondria.  

The bipolar pulse is produced from a unipolar pulse by the parallel connection of a 
shorted transmission line. This transmission line delays and inverts the initial pulse, so 
the output is the sum of the initial and the inverted and delayed pulses. Proper 
terminations both at the entrance and the exit of the transmission line system are 
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essential if one is to avoid spurious pulses. A parallel L-C circuit can replace the 
shorted transmission line [10].  

DESIGN: 
 
Existing pulse generator systems used in ultra short pulse electro-perturbation are 
based on spark gap switched transmission lines, or radiofrequency MOSFET 
switched capacitors.  
 
The spark gap based system suffers from large size and low repetition rate, relatively 
short lifetime, and erratic, high jitter triggers. They also need rapid charging of the 
transmission line capacitance in order to over-volt the spark gap to satisfy the fast rise 
time requirement. The MOSFET switched capacitor cannot generate faster or 
narrower pulses than 15 - 20 ns due to complications of the MOSFET driving circuit 
and inherent limitations of the MOSFET device. Pulse generator can produce 3.5 ns 
wide, 600 V amplitude unipolar pulses with a maximum repetition rate of 100 kHz 
[10].  
 

6.2.1  Unipolar pulse:  

There are two main approaches to generate bipolar pulses from unipolar ones. The 
straightforward method is to differentiate a unipolar square pulse with the help of a 
series capacitor [10].  
The actual pulse is generated by a diode acting as an opening switch, interrupting the 
current in an inductor and commuting it into the load impedance as shown in Figure 
6.5.  

 
                 Figure 6.5: Genaration of Unipolar pulse [ref 10] 
The unipolar output pulse from this generator into a 50 Ω load is shown in Figure 6.6. 
This is the pulse we convert into a bipolar output pulse.  
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                      Figure 6.6: Unipolar output pulse [ref 10] 

6.2.2 Transmission line method:  

The addition of a shorted transmission line can convert any pulse generator to one 
with bipolar pulse output. Such a system needs careful attention to impedance 
matching in order to avoid spurious pulses. The proper matching requirements are 
easy to achieve in the diode pulse generator.  

 
Figure 6.7: Bipolar pulse generation [ref 10] 

 
The pulse initiated at the generator output is reduced in amplitude by the voltage 
divider consisting of the generator internal impedance (Rg), and the parallel 
combination of the load impedance (RL), and the transmission line characteristic 
impedance (Z). The reduced pulse enters the transmission line and reflects from the 
shorted end with inverted shape. After the inverted pulse returns to the load, delayed 
by twice the electrical length of the line, it is appended to the end of the original pulse. 
The returning inverted pulse is properly terminated by the parallel combination of the 
generator source and the load impedances. Hence, if the source and load are both 
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50Ω, the characteristic impedance of the line must be 25Ω. In possession of all 
impedances we can calculate the voltage division ratio: Vout is a quarter of Vin, or 
half the amplitude of the unipolar output pulse.  
 
The electrical length of the transmission line is equal to half the unipolar pulse width 
to ensure a proper bipolar pulse shape. In our case, the 25 Ω transmission line consists 
of two 50 Ω coaxial cable segments in parallel. The physical length of the segments is 
36 cm, adjusted to give a round trip delay of approximately 4 ns. The transmission 
line is connected parallel to the load, at the end of a 2 m long cable between the 
Unipolar “nanopulser” and the instrumented slide.  
 
The input is a trapezoidal pulse with 1 ns rise and fall times. In this ideal case perfect 
matching of the forward and reflected waveform are possible and the result is a single 
bipolar period. In reality, transmission line losses and skin effect induced dispersion 
broadens the inverted pulse and reduces its amplitude [10].  
 

              
 
          Figure 6.8: SPICE simulation of the transmission line system [ref 10] 
Disadvantage: 
Transmission line pulse forming networks offer low flexibility to control pulse 
shaping. Other disadvantages are insertion loss and high output ringing which arise as 
a consequence of multiple reflections in the structure of the network. In most cases, 
additional circuits have to be employed to suppress ringing, and this introduces 
additional power loss [12]. 

6.2.3 L-C pulse forming circuit:  

It is possible to replace the shorted transmission line by a lumped element equivalent 
circuit. The simplest such circuit is the low-pass Π-network. When shorted on one 
end it reduces to a parallel L-C resonant circuit as shown in Figure 5.9  

The circuit parameters are calculated from the equivalent transmission line 
parameters. To first order, we approximate the total inductance L = T Z, or L = 62.5 
nH. Likewise, the total capacitance is 2C = T / Z, or C = 50 pF [10].  
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                Figure 6.9: Parallel L-C resonant circuit [ref 10] 
 

 
                         Figure 6.10: Bipolar pulse generation [ref 10] 
 

6.3 Using Step recovery diode: 
 
Nature of generator: 
 
The basis of the generator is a step recovery diode and a unique pulse forming circuit, 
which forms an ultra-wideband Gaussian pulse. High amplitude pulses are 
advantageous for obtaining a good radar range, especially when penetrating thick and 
lossy building walls. In order to increase the output power of the transmitter, the 
outputs of two identical pulse generators were connected in parallel. A transmission 
line pulse forming network was then used to form an output monocycle pulse. The 
measurements show waveforms of the generated monocycle pulses over 33 V in 
amplitude [11]. 
 
Principle: 
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The basis of a conventional UWB pulse generator is a pulse sharpener, which 
converts a slow rise time square waveform edge to a faster one. Sharpened step-like 
waveforms are then usually converted to Gaussian, monocycle or higher-order 
derivative pulses by an additional pulse-forming circuit. These pulses are more 
convenient than the step-like pulses for transmitting [ref 79].  
 
Special solid-state components are utilized as pulse sharpeners [ref 80]. Avalanche 
transistors, step recovery diodes (SRD), tunnel diodes [ref 81], FETs [ref 82], or 
bipolar transistors [ref 83] are used. Avalanche transistors are advantageous as high 
power sharpeners, but the maximum usable pulse repetition frequency is limited, due 
to the power dissipation in the transistor. Tunnel diodes offer the fastest transition 
times at very small amplitudes [11].  
 
Advantage: 
Step recovery diodes make it possible to generate approximately 50-100 ps rise times 
at moderate power levels without additional amplification and with high repetition 
rates. This makes them most appropriate for current radar transmitters. Higher 
breakdown voltage diodes show longer transition times, which results in increasing 
the output pulse width. 
 
The basis of the transmitter is a Gaussian pulse generator, which consists of a simple 
transistor driver and an SRD sharpener with a pulse-forming circuit. Pulse-forming 
circuit is located in the input section of the SRD sharpener. This circuit produces low 
ringing levels and reasonably high output amplitudes without excessive requirements 
regarding the driver section of the generator.  
 
Our primary objective was to generate high amplitude pulses capable of penetrating 
thick and lossy building walls. To fulfill this task, the outputs of two identical pulse 
generators were connected in parallel. However, direct connection of the outputs 
introduces ringing into the output waveform, and an additional ringing suppression 
technique was therefore applied. The output waveforms of the Gaussian pulse 
generator and the complete transmitter including an additional output monocycle 
pulse forming network were measured using sampling oscilloscope [11]. 
 
GENERAL STRUCTURE OF THE TRANSMITTER:  
 
A block diagram of the proposed monocycle pulse transmitter is shown in Figure 
6.11. The transmitter consists of two identical Gaussian pulse generators and a 
monocycle pulse forming network (PFN). Both generators are triggered by timing 
source [11]. 
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Figure 6.11: Block diagram of the proposed radar transmitter [ref 11] 
 

The main parts of the Gaussian pulse generator are a driver and a SRD pulser. The 
edge-triggered driver generates a well defined pulse with sufficient power and speed 
to drive an SRD. This pulse is independent of the input TTL waveform amplitude and 
duty-cycle, and the pulse width is set to a few nanoseconds in order to minimize the 
current consumption of the circuit. 
 
The following stage of the pulse generator, the SRD pulser, consists of two main 
parts. The purpose of an SRD pulse sharpener is to sharpen the leading falling edge of 
the driving waveform. The sharpened step-like pulse is then processed in a pulse-
forming circuit to produce a Gaussian-like pulse.  
 
When no input driving pulse is present, the SRD is forward biased by an adjustable 
constant current source Ib. The outputs of two identical pulse generators are combined 
in order to obtain higher output pulse amplitude. The resulting Gaussian pulse is then 
converted to a monocycle pulse by an additional monocycle PFN. Monocycle pulses 
are of special interest, as their spectrum does not contain low frequency components 
and the PFN is simple to implement [11]. 
 
STEP RECOVERY DIODE PULSE GENERATOR: 
 
A detailed circuit diagram is shown in Figure 6.12. An essential part of the driver is 
the bipolar transistor T1 connected as a switch. A TTL inverter drives the transistor 
into saturation, and a speedup capacitor C1 effectively accelerates the switching. The 
pulse width is adjustable down to a few nanoseconds by a timing circuit consisting of 
R2, C2 and T2. The driving waveform passes through a coupling capacitor C3 to the 
SRD pulser [11]. 
 
OPERATION: 
SRD connected in parallel with a transmission line, operates as a falling edge 
sharpener. In a steady state, the diode is forward biased and appears as low 
impedance. After applying the negative driving pulse, the SRD switches very rapidly 
to the high impedance state. This ability of the SRD to change its impedance is used 
to sharpen the slow square waveform edges. The time of the fast impedance change is 
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called the “transition rise time”, which takes less than 100 ps for the fast SRDs 
currently available on the market [11]. 
 

 
Figure 6.12: Circuit Diagram of Guassian Pulse Generator [ref. 11] 
 
After the SRD turns off, a fast fall time voltage step propagates in both directions 
away from the SRD. The first step propagates unchanged to the generator output, 
while the second propagates along the delay line back to the input of the pulser. A 
shunt-connected Schottky diode (SD) was reverse-biased and did not influence the 
circuit. This diode is now opened by the negative driving pulse and represents a 
sufficiently low impedance to effectively short-circuit the transmission line. The step 
waveform propagating from the SRD to the input is reflected back with an inverted 
polarity and propagates to the output again. Finally, the Gaussian-like pulse is formed 
by summing of the delayed inverted step with the waveform propagating unchanged 
from the SRD to the output [11]. 
 
Waveforms were measured using a sampling oscilloscope at a 50 Ω load in Figure 

6.13.  
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Figure 6.13: Waveforms measured in the pulse generator circuit using a sampling 
oscilloscope at a 50 Ω load [ref. 77] 
 
The driver provides driving pulses with a fall time of 800 ps. With the wideband 
transistor BFG235 used as T1 and 12 V supply voltage, the pulses are -11.5 V high at 
a 50 Ω load. An ASRD808D step recovery diode was used.  
 
An advantage of the pulser configuration described here is the location of the pulse 
forming circuit. In the conventional SRD pulse generator concept [ref 84], the pulse-
forming circuits are connected in a cascade at the output of the SRD sharpener, which 
introduces loss and distortion to the output waveform. If the pulse forming-network is 
implemented in the input section of the SRD sharpener instead of the usual placement 
in the output section, provides reasonably high amplitude pulses with a low ringing 
level. However, the measured waveforms show a distortion closely following the 
main pulse, which is caused by the driving pulse trailing edge. This overshoot can be 
removed by a series Schottky diode, if needed [11]. 
 

6.3.1 Another Method of UWB Pulse generation using step recovery 
diodes: 

 
To generate an ultra-short pulse for a UWB communications system, historically two 
devices have been used. A tunnel diode was the original method in early UWB 
transmitters, including the system built by Gerald F. Ross. The tunnel diode is very 
successful in fast switching applications due to its negative resistance region over 
part of its operating point. For a tunnel diode, a current can be created using only a 
small amount of biasing voltage due to a process known as “tunneling,” as electrons 
cross the P-N junction aided by special doping procedures, as they would otherwise 
not have a sufficient amount of energy to do so. Once the potential voltage is greater 
than the peak point, it causes the current to decrease until it reaches the valley point. 
This is caused by less overlap between the valence and conduction bands, essentially 
creating a negative resistance region due to the decrease in current. Since the negative 
resistance region causes the tunnel diode to be in an unstable state, it almost 
instantaneously switches to the forward point, triggering a small voltage step pulse on 
the order of picoseconds. A Gaussian pulse is then created from the step pulse 
generated from the tunnel diode using a simple short-circuit stub [14].  
Drawbacks: 
The primary drawbacks of tunnel diodes are their low impedance, low voltage output, 
and the fact that they have two terminals. Without the willingness to overcome this 
design challenge, most companies decided to move in a different direction. 
Consequently, the tunnel diode was seen as only a pulse generator.  
With tunnel diodes being difficult to find, step recovery diodes (SRD) have become 
the most common source for generating UWB pulses. An SRD acts as a charge 
controlled switch using a P-I-N junction with faster switching characteristics than a 
typical p-n junction. A stored charge is created in the junction as a result of the 
minority carriers inserted during the forward bias state, where a recombination time 
(or carrier lifetime) must occur. The junction impedance is abruptly dependent on the 
stored charge, which has the capability to lead to fast rise time pulses. Explicitly, if a 
forward biased SRD is suddenly reversed biased, the diode appears to have low 
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impedance until the charge within the junction is depleted. Then, the diode snaps back 
into a high impedance state, essentially stopping the reverse current of the SRD. This 
impedance transition, along with the current within the SRD prior to cutoff, causes a 
voltage spike. The amount of time for this transition to occur is often referred to as 
“snap” time, leading some engineers to identify SRDs as snap diodes. The typical 
snap time ranges from 30 to 250 ps, allowing SRDs to generate pulse widths on the 
order of picoseconds. Also, the carrier lifetime usually varies from 5 to 15 ns in 
SRDs, meaning pulse repetition frequencies for UWB transmitters are thus limited to 
100 to 200 MPulses/s, which may or may not be sufficient for impulse radio to 
flourish as a high data rate technology.  
 
One common SRD Gaussian pulse generator configuration is shown in Figure 6.14. 
The ramp-like pulse produced by the SRD splits at Point A, traveling down the 
reverse transmission line and also propagating down the forward transmission line. 
The ramp-like pulse moving down the reverse transmission line reflects from the stub 
and is converted into an opposite polarity ramp-like time delayed pulse due to the 
negative reflection coefficient of the short circuit. At the forward transmission line, 
the two pulses recombine to form a Gaussian pulse shape. Using the same 
configuration shown in Figure 6.14, the SRD can be replaced by a tunnel diode and 
produce the same pulse shape [14]. 

 
                    Figure 6.14: SDR pulse Generator example [ref 14] 
The width of the pulse is determined by the length of the short circuited transmission 
line and is analytically computed using [14]: 

τ = 2 L
TL / vp    

Where:  
L

TL 
is length of the reverse transmission line (meters)  

v
p 
is the phase velocity along the reverse transmission line (meters/second)  

The phase velocity along a micro-strip transmission line (used since implementation 
will be done on a printed circuit board) is found using [14]: 

vp=c/√ε 
where:  
c is the speed of light (meters/second)  
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ε
e 
is the effective permittivity constant of the micro-strip  

The effective permittivity constant is the equivalent homogeneous medium replacing 
the air and micro-strip substrate. This variable is calculated using [14]: 

εe =[(εr +1)/2]+ [(εr -1)/2] [1/√ (1+12d/w)] 
where:  
ε

r 
is the relative permittivity constant of the micro-strip substrate  

d is the thickness of the micro-strip substrate (meters)  
w is the width of the micro-strip transmission line (meters)  
 
For system design purposes, a particular pulse width is often desired.  This equation 
can be rearranged to determine the length of the transmission line, finalizing the 
design of the simple SRD pulse generator example shown in Figure 42. In RF 
applications, the Gaussian pulse shape is often distorted, as excessive ringing occurs 
due to the fast rise time of the pulse and parasitic effects of the packaging [14]. 

6.4 Combining sub nanosecond Gaussian pulses from 
multiple sources: 
 
Nature of the generator:  
 
Techniques for generating ultra-wideband pulse waveform. This method enables us to 
form complex pulse waveforms without the need to use transmission line pulse 
forming networks and delay lines. Two designs for an experimental generator 
utilizing the pulse combining principle are explained here.  
 
The first generator is composed of two positive Gaussian pulsers and one negative 
Gaussian pulser. Analog time shifters were used to control the timing of each pulser. 
The circuit can be used as the generator of a Gaussian doublet.  
 
The second generator is composed of four identical Gaussian pulsers. Programmable 
ECL logic delay chips were employed to adjust the timing in this case [12].  
 
INTRODUCTION: 

 
An ultra-wideband (UWB) sub-nanosecond pulse generator is a fundamental part of 
any transmitting or receiving UWB system. The spectral properties of a transmitted 
signal are determined by the modulation technique, multiple access schemes, 
encoding, and most critically by the frequency spectrum of the underlying UWB 
pulse. Therefore, synthesis of the UWB pulse is a crucial step when designing UWB 
waveforms for a specific spectral mask, to match the transmitting antenna bandwidth 
or to avoid narrowband interference with coexisting wireless devices and networks 
[12]. 
 
A great variety of techniques may be used to generate UWB waveforms. Nowadays, a 
precise UWB signal waveform design using either digital logic CMOS circuits [ref 
85] or DSP-based FIR filters [ref 86] is preferred. On the other hand, impulse UWB 
is appropriate for UWB sensor networks, imaging and localization systems. This 
approach involves generating a very sharp voltage step or a short Gaussian pulse in 
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time [ref 87-89]. Pulse forming networks, which are essentially microwave filters, are 
then applied to reshape the pulse to provide desirable spectral properties. A simple 
pulse forming network consisting of a shorted stub connected in parallel with a 
transmission line is described in [ref 90]. This structure operates similarly to a first-
order differentiator, and it is therefore frequently used to form Gaussian or monocycle 
pulses. Higher-order differentiators are implemented as multi-sectional structures 
[12].  
 
An alternative method for pulse waveform design is to combine UWB pulses. In 
previous section, we combined two identical Gaussian pulses to increase the output 
power of a transmitter. An output pulse with 4 GHz center frequency and 1 ns pulse 
envelope width is formed by combining different delayed copies of an input Gaussian 
pulse.  
 
Two UWB pulse generator circuits are based on a pulse combining scheme. Combine 
baseband Gaussian pulses with different delays and amplitudes to form an output 
UWB pulse with a desired shape and frequency response. We use an array of 
independent Gaussian pulsers, the outputs of which are collected by a passive pulse 
combiner providing their sum at the output. The delays are introduced to the 
triggering signals of each pulser.  
 
In the second designed generator, the delays are controlled by digital delay chips, 
which provide the possibility to create simple UWB modulation schemes. Although 
we use low power transistor Gaussian pulsers to demonstrate the capability of the 
pulse combining technique, it can easily be redesigned with any other UWB source 
[12]. 
 
PULSE COMBINING TECHNIQUE: 
 
A block diagram of a generator based on the pulse combining scheme is shown in 
Figure 6.15. A common triggering signal is supplied to an array of Gaussian pulsers. 
The timings of each pulser, and thus the time position of the generated Gaussian 
pulses, are controlled individually by the time shifters. Finally, the output signals of 
the array are summed in a pulse combiner. 
A detailed description of these sub circuits follows [12]. 

 
                            Figure 6.15: Generation of UWB Pulse [ref 12] 
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Analog time shifter: 
 

 
  Figure 6.16: Analog time shifter [ref 12] 
 
Figure 6.16 shows a circuit diagram of the analog time shifter. The time constant of 
the input integrator (RT, C1) modifies the input waveform slope and consequently the 
time when T1 turns on. The output of this switching circuit is a square waveform with 
the time delay, which is controlled by adjusting the value of RT. However, the 
repeatability of accurately setting RT is poor using the analog circuit described above, 
and the absolute range of realizable time shifts is also considerably limited [12].  
 
Various Gaussian pulsers may be utilized in our experimental design. To avoid using 
expensive solid-state components such as step recovery diodes, we selected a low cost 
transistor solution. A simplified circuit diagram is shown in Figure 6.17. 

 
                       Figure 6.17: Gaussian Pulser [ref 12] 
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T1 supplies a negative voltage step with a leading edge rise time of about 300 ps to 
the following derivative circuit, which consists of a coupling capacitor and a short-
circuited Micro-strip stub. The resulting waveform has the character of a high-order 
derivative of a Gaussian pulse. D1 removes the negative part of the waveform and the 
operating point of the subsequent stage is set in such a way that T2 selectively 
amplifies the pulse with the highest positive amplitude. Since T2 operates as an 
inverting amplifier, the output pulse VOUT1, which is shown in Figure 46, is 
negative. The pulse was measured using an Agilent 86100C sampling oscilloscope. 
The maximum amplitude of this pulse reaches 1.6 V, and it has an full-width at half-
maximum (FWHM) of about 300 ps. The measurement was carried out at 8 MHz 
pulse repetition frequency, but the dependence of the pulse shape on the triggering 
frequency is negligible. The circuit is supplied by VCC = 5 V [12]. 
 

 
            Figure 6.18: Output of Gaussian pulser and pulse inverter [ref 12] 
 
To generate a positive Gaussian pulse, an additional inverting stage may be connected 
to the output of the negative pulser, as shown in Figure 6.19.  
 
Pulse Inverter: 
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                  Figure 6.19: Pulse Inverter [ref 12] 
Proposed UWB generator: 
 
The last important part of the UWB generator is a pulse combiner. Pulse combiners 
are usually designed as band pass structures, which significantly distort baseband 
Gaussian 
pulses. A particular challenge concerning the design of similar structures is how to 
deal with the ringing that arises from the discontinuity formed by multiple 
interconnected transmission lines. In the case of combining unipolar Gaussian pulses, 
Schottky diodes can provide a sufficient level of isolation, as indicated in Figure 6.20 
[12]. 

 
                            Figure 6.20: Pulse combiner [ref 12] 
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DESIGN EXAMPLES: 
To demonstrate the performance of the pulse combining technique, two experimental 
generators have been shown here.  
 
The first generator is assembled from two positive Gaussian pulsers and one negative 
Gaussian pulser, the triggering of which is controlled by analog time shifters manually 
adjustable by potentiometers.  

 
Figure 6.21: Block diagram of the generator [ref 12] 
 

This generator is suitable for generating complex UWB waveforms with a fixed 
shape. A good example of a generated UWB pulse is given in Figure 6.22 [12].  

         
Figure 6.22: Genarated UWB pulses [ref 12] 

Its time domain shape corresponds to the second derivative of the Gaussian pulse, 
which is referred to as a Gaussian doublet. The pulse is 0.85 V in peak-to-peak 
amplitude and it is 580 ps in full width.  
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Analog time shifters suffer from several disadvantages. Therefore, second design 
utilizes more flexible digital time shifters programmable via a PC. A block diagram is 
shown in Figure 6.23.  

 
Figure 6.23: Block diagram of the generator [from ref 12] 
 

It consists of four identical Gaussian pulsers with their outputs collected by the pulse 
combiner based on the layout shown in Figure 50 (pulse combiner).  
 
The shape of the resulting combined waveform was additionally modified by a 
transmission line first-order differentiator consisting of a short-circuited stub. The 
measured response of this pulse forming network to a Gaussian pulse excitation is 
shown in Figure 6.24 [12].  

   
        Figure 6.24: Genarated UWB pulses [ref 12] 

 
This pulse shape is called a Gaussian monocycle. It is 2.5 V in peak-to-peak 
amplitude and 800 ps in full width.  
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Employing all Gaussian pulsers with different triggering delays offers a wide range of 
possible output waveform shapes and corresponding spectral properties. Figure 6.24 
shows an 
example of a waveform combined from four identical monocycles generated with 
linearly increasing delay. By controlling the digital time shifters and/or by switching 
the trigger of a selected Gaussian pulser on and off, the circuit can operate as a 
transmitter with transmitted-reference (TR) or pulse position modulation [12]. 
 
Advantage: 
 
Method of UWB pulse waveform design which is based on combining Gaussian 
pulses from multiple sources. The flexibility of this technique is to modify the output 
waveform shape. The first generator was equipped with analog time shifters, whereas 
the other generator utilized digitally programmable delay chips to adjust the timing of 
the initial Gaussian pulses to be combined [12].  
 
The generator with analog time shifters was used to generate a complex UWB 
waveform with a fixed shape. Digital time shifters work with limited resolution. 
However, the high delay range and digital control provide greater flexibility. The 
pulse combining principle together with the application of digitally controlled time 
shifters can form the basis for a transmitter in the UWB system with TR (PPM) 
modulation [12]. 
 

6.5 Using optical method for generation of UWB: 
 
An electrically switchable optical ultra wideband (UWB) pulse generator that is 
capable of generating both Gaussian monocycle and Gaussian doublet pulses by using 
a polarization modulator (PolM) and a fiber Bragg. The polarity and the shape of the 
generated UWB pulses can be electrically switched by adjusting the voltages applied 
to two arbitrary wave plates (AWPs), which are incorporated at the input and the 
output of the PolM to adjust the polarization state of the light waves. The key 
component in the UWB pulse generator is the PolM, which is a special phase 
modulator that can support both transverse electric and transverse magnetic modes but 
with opposite phase modulation indexes. Depending on the polarization state of the 
incident light wave to the PolM that is linearly polarized and aligned to one principle 
axis of the PolM or circularly polarized, UWB monocycle or doublet pulses are 
generated. The polarity of the UWB pulses can be electrically switched by adjusting 
the voltages applied to the AWPs. The electrically switchable optical UWB pulse 
generator has the potential for applications in UWB communications and radar 
systems that employ pulse polarity modulation and pulse shape modulation schemes 
[34].  
Advantages of Optical method: 
Implementation of the first or the second-order derivatives of a Gaussian pulse, to 
generate a Gaussian monocycle or a Gaussian doublet, is considered a simple and 
efficient technique for the UWB pulse generation. Compared to the electrical 
techniques using electrical circuitry, the generation of the UWB signals in the optical 
domain provides a higher flexibility, which enables the generation of the UWB pulses 
with different shapes and switchable polarity. In addition, the huge bandwidth offered 
by optics enables the generation of the UWB pulses to fully occupy the spectrum 
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range specified by the FCC. These optical approaches include the generation of the 
UWB pulses using a frequency-shift-keying modulator, a nonlinearly biased Mach–
Zehnder modulator, a two-tap microwave delay-line filter with coefficients of (1,−1), 
or an optical spectrum shaper with frequency-to time mapping.  
 
Very recently, the UWB pulse generation based on electro optic phase modulation 
(PM) and PM to intensity modulation (IM) conversion has been tried. The PM–IM 
conversion is implemented using either a frequency discriminator or chromatic 
dispersive element. Gaussian monocycle or doublet pulses were generated by the PM–
IM conversion. With a single fiber Bragg grating (FBG) serving as a frequency 
discriminator, either a UWB monocycle or doublet was generated by locating the 
optical carrier at the linear or the quadrature region of the FBG reflection spectrum. 
By simply switching the wavelength of the optical carrier between the linear and the 
quadrature regions, the shape of the UWB pulses was switched between a monocycle 
and a doublet. The polarity of the pulses can also be switched by locating the 
wavelength of the optical carrier between the opposite slopes of the FBG. This 
approach can be used to implement two important modulation schemes—pulse 
polarity modulation (PPM) and pulse shape modulation (PSM).  
 
A major limitation of the approach in is the limited speed of wavelength switching, 
which may not be suitable for a UWB communication system operating at a high data 
rate. In a UWB communication system, to implement the PPM or PSM, it is highly 
desirable that the UWB pulses can be switched at a speed higher than 100 MHz [34]. 
 

 
Figure 6.25: Electrically switchable optical ultra wideband (UWB) pulse generator 
[ref 34]  
 
Working Principle: 
 
Electrically switchable UWB pulse generator that is capable of generating both 
Gaussian monocycle and Gaussian doublet pulses at a high speed by using a 
polarization modulator (PolM) and an FBG. The polarity and shape of the UWB 
pulses can be switched by controlling the voltages applied to two electrically tunable 
arbitrary wave plates (AWPs). The key component in the system is the PolM, which is 
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a special phase modulator that can support both transverse electric (TE) and 
transverse magnetic (TM) modes but with opposite PM indexes. Depending on the 
polarization state of the incident light wave to the PolM, a UWB monocycle or 
doublet is generated. Specifically, to generate a UWB monocycle, the incident light 
wave to the PolM should be linearly polarized and aligned to one principle axis of the 
PolM [34]. 
 
To generate a UWB doublet, the incident light wave should be circularly polarized. 
The polarization state of the incident light wave is controlled by adjusting the voltage 
applied to the input AWP. In addition, the polarity of the pulses can also be 
electrically switched by adjusting the voltages applied to the AWPs. To switch the 
polarity of a UWB monocycle, we should rotate the polarization direction of the light 
wave incident to the PolM by 90◦, which was realized by adjusting the voltage applied 
to the input AWP. To switch the polarity of a UWB doublet, we should rotate the TE 
and TM modes exiting from the PolM by 90◦, which was realized by adjusting the 
voltage applied to the output AWP. This electrically switchable optical UWB pulse 
generator has the potential for applications in the UWB communications systems 
employing PPM and PSM schemes [34]. 
 
Electrically switchable UWB pulse generator is shown in Figure 6.25. The system 
consists of a laser diode (LD), a PolM, two electrically tunable AWPs, a length of 
polarization maintaining fiber (PMF), an FBG, and a photo detector (PD). The key 
component in the system is the PolM, which is a special phase modulator. Differing 
from a commonly used LiNbO3 waveguide phase modulator in which only one 
polarization mode is supported while the orthogonal polarization mode is highly 
attenuated, a PolM supports both TE and TM modes but with opposite PM indexes.  
 
When an electrical modulation signal is applied to the PolM, the TE and TM 
polarization modes would experience opposite phase shifts. If an incident light wave 
is oriented with an angle of 45◦ to one principal axis of the PolM, the polarization 
state of the output light wave would vary from horizontal to circular and then to 
vertical as the modulation voltage is varied by a half wave voltage Vπ; thus, 
polarization modulation is achieved.  
 
The system shown in Figure 6.25 can be used to generate UWB monocycle or doublet 
pulses. To generate a UWB monocycle pulse, the polarization direction of the incident 
light wave to the PolM, which was generated from an LD, is aligned with one 
principal axis of the PolM, e.g., the TE direction, by applying a voltage V1 to AWP1. 
Since the light wave is traveling only along one principal axis, the PolM is operating 
as a regular phase modulator with a PM index βPM (TE). The phase-modulated light 
wave is then sent to an FBG that is connected via a three-port optical circulator. 
Therefore, the FBG is operating as a reflection filter. When the optical carrier is 
located at the linear slope of the FBG reflection spectrum, the FBG is operating as a 
linear frequency discriminator with the phase modulated signal being converted to an 
intensity-modulated signal. Mathematically, the output signal after the PM–IM 
conversion in a linear frequency discriminator is the first-order derivative of the input 
modulation signal. If the modulation signal is a Gaussian pulse, a Gaussian 
monocycle pulse is generated. We will also show that when the incident light wave is 
aligned with the orthogonal principal axis, due to the opposite PM index along the 
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orthogonal principal axis, a UWB monocycle that has an inverted polarity is generated 
[34]. 

 
                            Figure 6.26: UWB monocycle or doublet pulses [ref 34] 
 
Conclusion: 
Genaration of UWB pulse using passive component is easier compare to optical & 
Microwave technology. Using Passive components are less expensive than optical and 
Microwave technology. 
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7 Modulation of UWB 
 
1) Single band UWB Modulations 
2) Time hopped pulse-position modulation (TH-PPM) 
3) Bi-Phase Position Modulation (BPPM) can realize M-ary modulation 
4) Phase-shift keying (PSK) modulation for UWB Impulse Radio (IR) 
Communications 
5) Time Hopping & Direct Sequence UWB 
6) Bit Error Rate performance of different Modulation Scheme 
  
We will begin with the signal model for traditional impulse radio UWB and then 
move to the multiband UWB systems [32]. 
 

7.1 SINGLE BAND UWB MODULATIONS: 
 
Single band UWB modulation (also called impulse radio modulation) is based on 
continuous transmission of very short-time impulse radio which are typically the 
derivative of Gaussian pulses. Each pulse has an ultra wide spectral occupation in the 
frequency domain. This type of transmission does not require the use of additional 
carrier modulation as the pulse will propagate well in the radio channel. 
 

7.1.1 Pulse Amplitude Modulation: 

 
The classical binary pulse amplitude modulation (PAM) is implemented using two 
antipodal Gaussian pulses as shown in Figure 54. The transmitted binary pulse 
amplitude modulated signal Str(t) can be represented as 
 

                                                  
 
where Wtr(t) is the UWB pulse waveform, k represents the transmitted bit (“0” or 
“1”) and 
 

                                       
 
is used for the antipodal representation of the transmitted bit k. The transmitted pulse 
is commonly the first derivative of the Gaussian pulse defined as 
 

                                              
where σ is related to the pulse length Tp by  σ = Tp/2  [32]. 
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                                Figure 7.1: PAM UWB modulation scheme [ref 32]. 
 

7.1.2 On-off Keying:  

The second modulation scheme is the binary on-off keying (OOK) and is depicted in 
Figure 7.2. The waveform used for this modulation is defined as  

                                   
The difference between OOK and PAM is that in OOK, no signal is transmitted in the 
case of bit “0” [32]. 
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           Figure 7.2: OOK UWB modulation scheme [ref 32]. 
 
One obvious advantage to using OOK is the simplicity of the physical implementation, as 
one pulse generator is necessary, as opposed to two, as is the case with bi-phase 
modulation. A single RF switch can control the transmitted pulses by switching on for a 
“1” data bit and off for a “0” data bit. This effortless transmitter configuration makes 
OOK popular for less complex UWB systems [14]. 
 
Although OOK has a very straightforward implementation, there are numerous system 
drawbacks. In either a hardware or software based receiver design, synchronization can 
be easily lost if the data contains a steady stream of “0’s.” Also, the BER performance of 
OOK is worse than bi-phase modulation due to the smaller symbol separation for equal 
symbol energy. The difference in pulse amplitude is A, whereas in bi-phase modulation 
the difference is twice the pulse amplitude, or 2A [14]. 
 

7.1.3 Pulse Position Modulation:  

 
With pulse position modulation (PPM), the information of the data bit to be 
transmitted is encoded by the position of the transmitted impulse with respect to a 
nominal position. More precisely, while bit “0” is represented by a pulse originating at 
the time instant 0, bit “1” is shifted in time by the amount of δfrom 0 [32]. 
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                Figure 7.3: PPM UWB modulation scheme [ref 32]. 

 

7.1.4 Pulse Shape Modulation: 

 Pulse shape modulation (PSM) is an alternative to PAM and PPM modulations. 
As depicted in Figure 7.4, In PSM the information data is encoded by different pulse 
shapes. This requires a suitable set of pulses for higher order modulations. Modified 
Hermite polynomial functions (MHPF) [91], wavelets [92], and prolate spheroidal 
wave functions (PSWF) [93] have been proposed as pulse sets for PSM systems. 
 
The orthogonality of signals used in PSM is a desirable property since it permits an 
easier detection at the receiver. The application of orthogonal signal sets also enables 
multiple access techniques to be considered. This can be attained by assigning a group 
of orthogonal pulses to each user, who uses the assigned set for PSM. The 
transmission will then be mutually orthogonal and different user signals will not 
interfere with each other. 
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                       Figure 7.4: PSM UWB modulation scheme [ref 32]. 

 

7.2 Time hopped pulse-position modulation (TH-PPM): 
 
Problem: 
 
Early implementation of UWB communication systems was based on transmission 
and reception of extremely short duration pulses (typically sub nanosecond), referred 
to as impulse radio [8]. Each impulse radio has a very wide spectrum, which must 
adhere to the very low power levels permitted for UWB transmission. These schemes 
transmit the information data in a carrier less modulation; where no up/down 
conversion of the transmitted signal is required at the transceiver. A pioneering work 
in this area is the time hopping pulse position modulation (TH-PPM) introduced in 
1993 by Scholtz and better formalized later by Win and Scholtz. 
 
Existing secure RFID tags rely on digital cryptographic primitives in the form of 
hashes and block ciphers, which lead to large system latencies, high tag power 
consumption and large tag silicon area. In addition, existing passive RFID systems 
rely on simple coding and modulation schemes using narrowband radio frequencies, 
which can easily be eavesdropped or jammed [15].  
 
Solution: 
 
To address the above problems, a new approach for secure passive RFIDs based on 
ultra wideband (UWB) communications. We adopt time hopped pulse-position 
modulation (TH-PPM), in which the hopping sequence is known only to the reader 
and the tag. By adopting the hopping sequence as a secret parameter for the UWB 
communication link, eavesdropping of the communication is extremely difficult. 
Thus, we can avoid digital cryptography and support privacy directly at the physical-
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communication layer. The use of an advanced modulation scheme offers a new 
approach to the secure RFID problem. By using the modulation spreading code as a 
secret parameter of the communications link, we can make eavesdropping extremely 
difficult and increase the communication reliability. We also show that it decreases 
the latency and the risk for side-channel attacks [15].  
 
Advantage of PPM: 
 
A binary PPM scheme has 2 distinctive time positions in a time slot, and one pulse 
carries 1 bit of information. We adopt PPM due to its low hardware complexity. A k-
bit time hopping PPM (TH-PPM) allocates 2k time slots for each bit and hops time 
slots between pulses. Figure 7.5a shows an example TH-PPM scheme with four time 
slots in each frame. The first pulse occupies the second time slot, the second pulse the 
first slot, and the third pulse the fourth slot in the figure [15]. 
 
Like any other PPM, the position of a pulse within a time slot carries the information 
bit for TH-PPM. For example, a pulse aligned to the start of a slot represents logic 0 
Figure 7.5b. A pulse delayed by Δ with respect to the start of a time slot carries logic 
1 Figure 7.5c. 
 

 
Figure 7.5: Time-Hopped Pulse-Position Modulation [ref 15] 

 
So far, time-hopping has been used in communications for two purposes; 

• Multiple access and/or  
• Spreading of the spectrum.  

 
We introduce a new application of time-hopping, which is to secure physical layer 
communications.  
 
1) To demodulate extremely narrow UWB pulses, a receiver should correlate 
incoming pulse signals with a template signal.  
 
2) The time slot of an incoming pulse is known a priori for a conventional TH-PPM 
scheme.  
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The receiver performs two correlations starting at two different instances, one at t=0 
as for the case in Figure 7.5b expecting a logic value 0 for the incoming signal and the 
other at t= Δ as in Figure 7.5c expecting logic 1. One of the two correlation operations 
will capture the received signal energy, while the other one will only correlate noise 
[15].  
 
3) If the time slots of pulses are assigned in a pseudo random manner, the 
eavesdropper should perform correlations for all possible time slots. If the total 
number of time slots is sufficiently large, eavesdropping of TH-PPM communications 
is practically impossible [15]. 
 
Frame format for our RFID system: 
 
We now discuss the data framing for our secure RFID system.  
 
Illustrate a super frame for the transmission of a single ID.  
 

 
                       Figure 7.6: Frame format for tag-to-reader communications [ref 15] 
 
The transmission completes within 10 ms, similar to present day non-secure RFIDs. 
The super frame contains a 2 ms preamble and an 8 ms data-field. The preamble 
contains 32 known bits, which occupy the same time slot within each frame. The 
purpose of the preamble is to synchronize the reader. Next, 128 bits for the 
identifier of a tag follows. Each bit uses a different pseudorandom time slot within a 
frame. The period of a frame, i.e., time window of a single bit, is 62.5 μs, and a frame 
contains 216 (=65,536) time slots, each slot being 954 ps long. Among the available 
65,536 time slots, a UWB pulse actually positions at the second half of the frame, and 
the first half of the frame, 32,768 time slots or 31.3 μs, serves as guard time. This slot 
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length is long enough for a UWB pulse not to interfere with the pulse from the 
following time slot [15]. 
 

7.2.1 ARCHITECTURE FOR AN ULTRA-WIDEBAND RFID: 

 
In this section we present an overview of the UWB-RFID tag architecture, including 
design of the digital baseband parts. 
 

A. UWB-RFID tag architecture: 
 
Figure 7.7 illustrates the architecture of our UWB-RFID tag. There are two front-ends 
in the tag. 

 
Figure 7.7: System architecture of the proposed UWB RFID tag [ref 15] 

 
1) A narrowband receiver. The narrowband receiver is responsible for energy 

harvesting and tag initialization. 
 
2) UWB transmitter.  
 

The position of a pulse within a slot is decided by "Preamble / Tag Memory” block. 
Upon a signal from the PPM, UWB pulse generator generates a single narrow pulse 
with the width of 100 ps. Due to the low duty cycle of the UWB pulses; we believe 
that the average radiated power of the transmitter is very small [15].  
 
The transmitter design that delivers a 40 MHz UWB pulse rate with 2 mW of power 
consumption. The pulse rate of 16 KHz adopted for our system is more than three 
orders of magnitude lower than that which would push average power consumption in 
the μW range [94]. 
 
The pulse positions are decided by a programmable pseudo-random number 
generator (PRNG), which is based on a linear feedback shift register (LFSR).  
 
For the framing format shown above in figure 7.6, the PRNG generates a random 
number of 15 bits for a data bit. The PRNG operates in two modes:  
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1) Preamble mode - PRNG generates a fixed known number, say 0, 
under the preamble mode. This enables the reader to synchronize with the tag clock. 

 
2) Tag identifier mode - In tag identifier mode, the PRNG generates a 

priori known pseudorandom numbers to transmit from the data stored in the tag's 
memory. 
 
The system clock for the tag is derived from the narrowband carrier, which eliminates 
the need for a clock generator for the tag. It also makes the tag clock in synchronous 
with the reader clock, which simplifies the clock synchronization for the reader.  
 
The frame format requires a carrier frequency of 1,048 MHz, in which the period of a 
time slot is 954 ps. If we employ standard 900MHz UHF tags operating at 900 MHz, 
the period of the time slot should be increased slightly. 
 
In the following, we discuss the operation and implementation of the PRNG and of 
the pulse-position modulator. Next, we discuss several aspects related to the system 
timing such as system reset and clock synchronization [15]. 
 

7.2.1.1 Programmable Linear Feedback Shift Register: 
 
A key characteristic of this system is that its security does not come from a 
cryptographic operation, but from the inability to detect TH-UWB signals for an 
eavesdropper. LFSR is not very useful as a cryptographic algorithm: the linear 
properties of an LFSR make it relatively simple to predict the next-state from a given 
set of previous states. However, we do not rely on the cryptographic properties of an 
LFSR for our system, but rather on the pseudorandom properties of an LFSR 
sequence. 
 
We require that each tag has its own pseudorandom time-hopped sequence to ensure 
that the reverse engineering of a single tag (e.g. reverse engineering a tag's integrated 
circuit) cannot be used on another tag. Therefore, we use a programmable LFSR as 
illustrated in Figure 61. 
 

 
              Figure 7.8: 5-bit programmable LFSR [ref 15] 
 
Using a programmable feedback pattern, we can choose the LFSR polynomial, 
defined as 
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g(x) = 1+ f1 x + f2 x2 + f3 x3 + f4 x4 + x5 

 
where fi is 0 or 1. An N-bit LFSR has 2N-1 possible feedback patterns, equivalently 
keys. The LFSR should generate a random number of 15 bits for each data bit at the 
clock rate of 16 KHz (whose period is 62.5 μs). So the LFSR should have at least 15 
bits. As the number of bits increases, the size of the pool for possible keys also 
increases at the cost of higher silicon area. It is called a maximal-length sequence 
(m-sequence) if an N-bit LFSR goes through all possible (2N-1) states. Such an m-
sequence is desirable for our RFID system, as it ensures that a pulse-position will not 
be reused within the next (2N-1) transmitted bits.  
 
However, the number of keys for m-sequences is often a small set of all possible keys. 
For example, a 16-bit LFSR has 32,768 (=215) possible keys. Of those 32,768 
patterns, 2,048 patterns result in m-sequences. Consequently, in an LFSR with 
sufficient bits, there will be plenty of choices that offer an m-sequence feedback-
pattern [15].  
 

7.2.1.2 Pulse Position Modulator: 
 
The purpose of a pulse-position modulator (PPM) is to generate a required time delay 
to position a UWB pulse within a frame, i.e., a bit window. Pulse appears only at the 
second half of a bit window, while the first half is used as a guard time. The guard 
time is necessary to ensure that two consecutive pulses are apart by at least 31.3 μs. 
The guard time allows the power harvesting circuit to recharge in between pulses, and 
it also avoids inter symbol interference between two consecutive UWB pulses. 
 
Within a 31.3 μs time window, the PPM has to implement a resolution of 215 time 
steps, where a time step is 954 ps long, equivalently 1.048 GHz. A straightforward 
approach is to use a 15-bit counter running at 1.048 GHz, but this is a power-hungry 
solution. Figure 7.9 shows a distributed solution for the delay generation. The clock 
frequency of a stage i is running at two times the clock frequency of the stage (i+1). 
The rightmost stage 0 runs at the clock frequency of 1.048 GHz, while the leftmost 
stage 14 at 64 KHz.  
 
A stage i of the PPM chain delays the input signal Ei by one clock period, if p[i] = 0, 
and two clock periods if p[i] =1. So the total delay between Ein and Eout ranges from 
215-1 time steps [when P[14..0] = 00…0] to 216-2 time steps [when P[14…0] = 
11…1]. The range ensures that a UWB pulse positions in the second half of a bit 
window. P[14..0] are the 15 bit UWB position information generated by the LFSR. 
The distributed solution minimizes the number of registers running at high clock 
speed, which saves power dissipation for the PPM.  
 
An open issue is the average power consumption of the pulse-position modulator. It 
consumes total power of almost 600 μW, with the very first stage at the highest clock 
consuming about half of that (298 μW), and subsequent stages each consuming half 
the power of the previous stage [15]. 
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            Figure 7.9: Distributed Pulse-Position modulator [ref 15] 
 

7.3 System Synchronization: 
 
The synchronization between a tag and the reader goes through 4 phases as shown in 
Figure 7.10. The four phases include  

• Power-up, 
• Preamble,  
• LFSR state transmission, and  
• Tag ID transmission and each of these phases are described 

below.  
 
Initially, the reader sends a narrowband RF carrier to the passive tag, which allows the 
tag to power up. The tag's internal power circuit brings the PLL to a stable state. The 
power-up stage requires a few milliseconds at most.  When the reader is ready to 
query the tag, it temporarily interrupts the RF carrier. This small gap does not cause 
power-loss for the tag, but can be used to reset the system. As soon as the carrier 
comes back, the tag is reset and moves to the preamble phase. 
 

                   
                 Figure 7.10: Tag-reader synchronization [ref 15] 
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During the preamble, the tag transmits a known set of data bits, which starts as soon 
as the carrier is detected. The preamble data bits always occupy position 0 (more 
precisely, 215-1) in a bit-window, and they are thus spaced 62.5 μs apart. During the 
preamble phase, the reader is to synchronize with the tag clock, to identify the frame 
boundary, and to detect the end of the preamble phase. 
 
The tag clock, which is derived from the narrowband carrier signal, is synchronous to 
the carrier clock of the reader, but delayed by Δ seconds, where Δ is the sum of the 
round trip flight time of the radio signal between the reader and the tag and the 
processing time for a tag to detect the carrier and send the first pulse. The processing 
time is fixed and known a priory, so it does not affect the window size of the 
synchronization time search. The signal flight time is determined by the distance 
between a reader and a tag and has a limited range. For example, the round trip flight 
time is 6.7 ns for a distance of 1 m between a reader and a tag, which is equal to 7 
pulse windows. As a result, we expect the reader to synchronize with the tag clock 
with a necessary precision within the first half of the preamble phase and to read the 
preamble data during the second half, so that the end of the preamble phase 
(equivalently the beginning of the following LFSR state transmission phase) can be 
detected within the preamble phase [15]. 
 
At the end of the pre-amble, the bit windows of the tag and the reader are 
synchronized, and the LFSR state transmission phase starts. During this phase, the 
tag transmits the state of the LFSR to the reader at position 0 in a time slot. In other 
words, the LFSR state is transmitted in the clear.  
 
Since the feedback connection pattern of the LFSR is known only to the tag and the 
reader, the state of the LFSR does not disclose the random number generation 
sequence. The initial state of the LFSR may change at each power up or be set to a 
fixed state.  
 
The former case can be used to discourage an attacker to experiment repeatedly to 
identify the feedback connection, and the latter one for simultaneous reading of 
multiple tags with the same feedback connection. Up to this point, all the activities of 
the reader can be executed by an attacker as well. The next phase however, cannot be 
completed successfully unless the LFSR feedback pattern is known. In this final 
phase, the tag transmits each of the 128 bits of its memory, and the LFSR selects a 
different pulse-position for each bit [15]. 
 

7.4 Bi-phase Position modulation (BPPM): 
 
Bi-Phase Position Modulation (BPPM) can realize M-ary modulation just using one 
UWB pulse through modulating the position and the phase at the same time. 
Periodically insert a pulse in the fixed position, in order to use the Auto-Correlation 
Receiver (ACR) for the BPPM modulation. Theoretical analysis shows that the BPPM 
and ACR have a number of inherent properties such as high data rate, simplicity, and 
low transmission power, as well as without channel estimation, which are well suited 
to Wireless sensor networks (WSNs) [16]. 
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WSN has characteristics that are different from traditional wireless networks. For 
example, nodes have severe power constraints, although they may transmit at shorter 
distances and lower data rates. A variety of physical layer wireless transmission 
technologies can be used in WSN such as narrowband techniques, spread 
spectrum techniques, Zigbee and UWB techniques which have distinct 
characteristics and applications. Hence, for proper physical layer design, the sensor 
networking requirements must be considered. In particular:  

 • The flexibility of tradeoff the reliability, range and data rate.  

 • Miniature sized sensor nodes require simplicity of the physical layer [95].  

 • Inexpensive radios are required for its dense and redundant distribution.  

 • The radio technology along with higher layers must be optimized jointly for 
better      energy efficiency.  

 • The lower interference between the sensor and other devices.  

Comparing all the physical layer techniques used in WSN, UWB is found to be the 
most promising emerging alternative. UWB technology has a number of inherent 
properties that are well suited to sensor network applications [96]. In particular, UWB 
systems have potentially low complexity and low cost; have noise-like signals; are 
resistant to severe multipath and jamming; and have very good time domain 
resolution, allowing for location and tracking applications. UWB utilizes very narrow 
time-domain pulses to produce a very wideband signal of up to several gigahertz’s.  

The main candidates for UWB modulation scheme can be classified into two basic 
categories. They are shown in Figure 64 as time-based modulations and shape-
based modulations [16].  

          
Figure 7.11: Division of different modulations for UWB communication [ref 16] 
 
Is it possible to use frequency modulation? 
Some traditional modulation techniques are not suitable for UWB. For example, the 
widely used frequency modulation (FM) is difficult to implement, since each pulse 
contains many frequency elements making it difficult to modulate.  

Problems occur if we use PPM or BPM? 
By far the most common modulation methods in the literature are PPM and BPM. 
The PPM can realize M-ary modulation, but it needs a very fine time resolution. BPM 
and OOK are binary modulation methods, which cannot be extend to M-ary 
modulation. PAM can realize M-ary modulation, but it has bad noise immunity 
because of the different amplitude of the pulses [16].  

Critical issues: 
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BPPM and ACR to resolve the challenges such as M-ary modulation, power 
conservation and channel estimation, which are very critical issues in the development 
of High-Rate WSN [16].  

 DESCRIPTION OF BPPM : 
A. Time-Hopping (TH) format of PPM and BPM:  
A simple comparison PPM and BPM is shown in Figure 7.12.  

 

         
       Figure 7.12: Comparison of PPM and BPM modulation [ref 16] 
 
Advantage of combining both PPM and BPM: 
The advantages of PPM mainly arise from its simplicity. The benefit of using BPM is 
that the mean of σ is zero. That has an important benefit of removing the comb lines 
or spectral peaks. In order to combine the merits of these two modulation methods, 
here BPPM is presented [16].  

B. TH format of BPPM: 
BPPM is a novel UWB modulation scheme that combines the properties of BPM 
and PPM realizing M-ary modulation.  
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                        Figure 7.13: Characteristic of BPPM [ref 16] 
 

Transmitted pulse Description: The power of UWB signal is below the Gaussian 
thermal noise, so it’s very difficult to detect the receive signal accurately. The auto-
correlation receiver presented in the following section provides a good performance 
without channel estimation [16].  

The signal structure of a TH-BPPM system can be shown in Figure 7.14  
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               Figure 7.14: Signal structure of TH-BPPM system [ref 16] 
 
Tf = pulse repetition time  
Ns = number of pulses that are modulated by a given binary symbol respectively.  

Tc = Duration of addressable time delay bins 

δ = Time delay of the pulse. 
 
BER comparison of different modulation: 
 

              
Figure 7.15: BER comparison of different modulation [ref 16] 
 

As seen in Figure 7.15, the BPPM has a lower BER than the PPM and BPM when the 
SNR is above -12dB.  

7.5 Phase-shift keying (PSK) modulation: 
 
Two classes of complex UWB pulses are exist based on complex Gaussian wavelets 
and complex rational orthogonal wavelets. Formulas in closed form are derived for 
a full control of the time and frequency properties of the designed UWB pulses. The 
system characterization of the complex UWB pulse based PSK modulation and 
demodulation is described. A novel PSK demodulator based on complex wavelet 
signaling is adopted for its unique robustness against timing jitter.  
 
Advantage: 
 
Besides the inherent advantages of PSK modulation which lead to high power 
efficiency and high data rate, the PSK scheme in the UWB communication context 
provides a more flexible way to construct new UWB modulation schemes by 
combining PSK with other basic modulation options such as the pulse amplitude 
modulation (PAM) and the pulse position modulation (PPM) [17]. 
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Based on these real UWB pulses, various modulation methods have been proposed for 
UWB systems, including the conventional binary and M-ary PAM and PPM, BPSK, 
OOK [97], as well as many modified modulation methods based on the conventional 
ones, such as the combined M-ary PAM and PPM [98], combined BPSK and M-ary 
PPM [99], and M-ary PPM with multiple orthogonal UWB pulses [100]. 
 
It is worth noting that due to the carrierless nature of the UWB impulse radio (IR) 
communication, M-ary PSK modulation schemes are not yet considered for UWB 
single-band system because it is a modulation method that is closely related to the 
phase of sinusoidal carriers. PSK modulation schemes are possible for UWB 
communications by introducing complex UWB pulses. Two classes of complex UWB 
pulses are proposed based on complex Gaussian wavelets and complex rational 
orthogonal wavelets respectively.  
 
The designed complex UWB pulses are in accordance with the FCC regulated 
spectrum for UWB communications. Formulas in closed form are derived for the 
pulse design. The system characterization of the complex UWB pulse-based PSK 
modulation and demodulation is described here. Properties achieved and that are 
highly desired for UWB communications include high power efficiency, high data 
rate of the PSK transmission, and unique robustness against timing jitter based on a 
novel demodulation structure. 
 
Complex Gaussian wavelet based UWB pulses: 
 
We define the complex Gaussian wavelet by 
 

 
 
 where ξ is the time scaling factor and fc is the basis wavelet center frequency.  
 
Although the Gaussian wavelet has infinite support in both the time domain and the 
frequency domain, it can be derived that P(t) has an effective support of [−3.5 ξ , 3.5 ξ 
] (s) in the time domain and an effective support of [(fc+1.5) ξ −1, (fc−1.5) ξ −1] (Hz) 
in the frequency 
domain which contains more than 99.99% of the total energy. Therefore, P(t) has a 
waveform of length T = 7 ξ  and the bandwidth of BW = 3 ξ −1.  
 
Two parameters, ξ , σ and fc, in the definition (1) control the time and frequency 
properties of p(t). In accordance with the FCC regulation on the UWB spectrum [3.1, 
10.6] (GHz), the two parameters have to be selected carefully to conform the FCC 
spectrum mark. The constraints on these two parameters are derived as follows: 
 
 (fc−1.5) ξ −1  >= 3.1 GHz 
(fc+1.5) ξ −1   >= 10.6 GHz 
BW = 3 ξ −1 < 7,5GHz 
T = 7 ξ = σ (ns).  
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where σ  is the desirable pulse length in nanosecond for a specific application. 
 
The lower bound on the value of fc: 
 
Fc >= lb(fc) = [3.1/ (7.5/3)] + 1.5  = 2.74 (Hz) 
 
The upper bound of fc can be derived from equations (3) and (5) as 
 
Fc < = ub(fc) = [10.6 σ /7)] - 1.5   
 
The existence of a solution of fc, there is lb(fc) - ub(fc). Therefore σ has to satisfy 
 
σ >= [(2.74+1.5)7/10.6] = 2.8 ns 
 
Based on a designed UWB pulse length of σ, σ > 2.8ns, the 2 parameters for the pulse 
definition can be determined by 
 
ξ = σ/7 (x10-9) 
 
2.74 = lb(fc)<fc<ub(fc) = (10.6 σ / 7) – 1.5 Hz 
 
Notice that fc can be selected from a range of values; therefore the designed UWB 
pulses are not unique. If the length of the UWB pulse is allowed to be relatively long 
so that the BW of the pulse is relatively narrow comparing to the FCC regulated 7.5 
GHz UWB BW. 
 

 
 
Figure 7.16: Complex Gaussian wavelet with fc = 1. [ref 17] 
 
Figure 7.16 shows a complex Gaussian wavelet-based UWB pulse and its frequency 
spectrum with σ = 3ns. ξ is around 0.429e − 9. fc is selected to be 3 Hz from the  range 
of 2.74 < fc < 3.043. 

 
Conclusion: 
Based on the derived formulas, a number of UWB pulses can be designed with a full 
control of the time and frequency properties. A novel PSK demodulator based on 
complex wavelet signaling can be applied to achieve unique robustness against the 
timing error. Comparing with other basic modulation schemes, e.g., PAM and PPM, 
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PSK modulation has the inherent advantages of high power efficiency and high data 
rate under the circumstance of a sufficient SNR level and similar system 
configurations. More specifically, it provides a more flexible way to construct new 
modulation schemes, such as combined PSK and PPM modulation and combined 
PSK, PAM and PPM modulation, which are able to take advantage of the benefits of 
different modulation schemes and achieve an optimal tradeoff to suit a specific 
application.  
 

7.6 Time Hopping & Direct Sequence UWB: 
 
Multiple access: 
 
The possibility of having multiple users in the system is more important in UWB 
communications, as the typical applications will require more than one user operating 
in the environment at a time. Therefore we investigate the different strategies to allow 
this. Basically there are three ways of separating different users who use the same 
media. 
 
Frequency division multiple access (FDMA):  
Users are separated by having a central node assign a unique frequency band to each 
user. 
 
Time division multiple access (TDMA):  
The channel is split into a number of disjoint periods of time named timeslots, which 
occur periodically. Each user is then assigned a given timeslot by a central node. 
 
Code division multiple access (CDMA):  
Each user has a unique code, which then codes the transmission in such a way that the 
user of interest can be demodulated at the receiver. The users are therefore separated 
by their codes. There are basically three different ways of performing CDMA [31]. 
 
(a) Frequency Hopping (FH): Works like FDMA expect for the frequency band 

used is determined by the code for each transmission. 
 
Disadvantage of FH-CDMA: 
 
FH-CDMA systems are not looked into further. The performance of FH will 
equal that of TH, but will require a more complex system in order to jump 
between the frequencies. The control of the traffic within the piconet including 
duplexing is also not considered here and the focus is therefore on the multiple 
access systems based on TH and DS-CDMA. 
 

(b) Time Hopping (TH): The channel is split into timeslots like in TDMA, but the 
code determines the timeslot to be used at each transmission. 

 
(c) Direct Sequence (DS): The transmission is multiplied by the code in both the 

transmitter and the receiver and the code properties will then allow for the desired 
user to be demodulated. 
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Hybrids of the multiple-access methods outlined above are possible dependent on the 
system. An example of such a system is a TH systems transmitting several pulses per 
bit and coding each pulse of the bit as in a DS system. The user separation can then be 
done using the TH or DS code or both. The hybrid approach seems to gain more and 
more acceptance in the IEEE 802.16.3a [31].  
 
Access Methods: 
There are two spread-spectrum multiple-access techniques that have been considered to 
be used with UWB impulse radios: direct sequence (DS-UWB) and time hopping (TH-
UWB). Both techniques use pseudo-noise codes to separate different users. 
 
Time Hopping UWB: 
In TH-UWB, the transmitted signal for one user using antipodal bi-phase signal is defined 
as: 

 
Where: 

w is the pulse waveform, Tf is the pulse repetition time 
Cj is a pseudorandom code different for each user 
Tc is a slot time, d is the binary data 
Ns is an integer which indicates the number of pulses transmitted for each 
bit 
 

An example of the antipodal modulation using TH multiple access technique can be seen 
in figure 7.17 [31]. 
 

 
Figure 7.17: Example of TH-UWB with Bi-Phase Modulation [ref 31]. 
 

And the TH-UWB signal using PPM can be defined as: 

 
Where: 

w is the pulse waveform, Tf is the pulse repetition time 
cj is a pseudorandom code different for each user 
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δ is a fixed delay, d is the binary data 
 

An example of PPM modulation using TH-UWB can be seen in figure 7.18. 

 
Figure 7.18: Example of TH-UWB using PPM Modulation [ref 31]. 
 

Direct Sequence UWB: 
 
In DS-UWB the transmitted signal for one user using binary antipodal modulation 
can be expressed as: 

 
Where: 

w is the pulse waveform 
Tf is the pulse repetition time 
nj is a pseudorandom code which only takes values of +-1 
d is the binary data 
Ns is an integer which indicates the number of pulses transmitted for each 
bit 
 

Figure 7.19 shows DS-UWB with antipodal modulation [31]. 
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Figure 7.19: Example of DS-UWB using Bi-Phase Modulation 
In DS-UWB, the transmitted signal for one user using PPM modulation can be 
expressed as: 

 
Where: 

w is the pulse waveform 
Tf is the pulse repetition time 
nj is a pseudorandom code which only takes values of 1 or 0 
d is the binary data 
δ is a fixed delay 
Ns is an integer which indicates the number of pulses transmitted for each 
bit. 

 
An example of DS-UWB with PPM can be seen in figure 7.20 

 
Figure 7.20: Example of DS-UWB using PPM Modulation [ref 31] 
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7.7 Bit Error Rate performance of different Modulation 
Scheme: 
 
There are various baseband modulation schemes that have been studied. These are pulse 
position modulation (PPM), bipolar signaling (BPSK), pulse amplitude modulation 
(PAM), On/Off keying (OOK), orthogonal pulse modulation (OPM), and combinations of 
the above. 
 
PPM and BPSK are good candidates for UWB due to the fact that from the theory point 
of view they have a better bit energy performance than PAM or OOK. Therefore, most of 
the current studies have been done for PPM and BPSK [31]. 
 
In the case of M-ary modulation schemes, PPM provides better error performance 
than PAM and also has the advantage of permitting non-coherent reception. One 
of the disadvantages of PPM is its BER performance. Another apparent drawback 
to PPM is its susceptibility to intersymbol interference, as multiple positions are 
required to transmit at a higher data rate. PPM must lower the transmitted pulse rate to 
account for this effect. Therefore, there is a data rate limitation when using M-ary 
PPM in impulse-radio UWB applications. Even when the inter-symbol interference is 
reduced at the transmitter by decreasing the pulse rate, multipath are more likely to 
overlap with the next data pulse, causing bit errors at the receiver if the reflections are 
strong. These types of problems lead to a more complex receiver design, which 
hampers the use of PPM [14]. 
  
One advantage of bi-phase modulation is its improvement over OOK in BER 
performance, as the E

b
/N

o 
is 3 dB less than OOK for the same probability of bit error. 

Another benefit of bi-phase modulation is its ability to eliminate spectral lines due to 
the change in pulse polarity. This aspect minimizes the amount of interference with 
conventional radio systems. A decrease in the overall transmitted power could also be 
attained, making bi-phase modulation a popular technique in UWB systems when 
energy efficiency is a priority.  
 
A disadvantage of bi-phase modulation is the physical implementation is more 
complex, as two pulse generators, one of them with the opposite polarity, are 
necessary instead of one, as is the case with OOK. This presents a problem when 
attempting to transmit a stream of pulses, as the time between pulses can become non-
periodic if the pulse generators are not triggered in a timely fashion. Despite these 
issues, bi-phase modulation is a very efficient way to transmit UWB pulses [14]. 
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           Figure 7.21: BER comparison of different modulation [ref 16]. 
 
As seen in Figure 7.21, the BPPM has a lower BER than the PPM and BPM when the 
SNR is above -12dB. 
 

7.8 Synchronization: 
 
The task of getting the receiver locked onto the transmitted signal and staying 
synchronized over time is an often overlooked topic compared to modulation and 
demodulation. Nonetheless, it is absolutely crucial to the performance of the system 
that this is done properly. Otherwise the performance of the system will drop 
dramatically compared to the synchronized case [31]. 
General synchronization: 
The job of synchronizing the receiver with the transmitter is usually separated in two. 
Initially the receiver knows nothing about the timing parameters used by the 
transmitter and will therefore have to acquire these. This phase is therefore often 
known as acquisition. Afterwards, when the receiver has locked onto the transmitted 
signal, it must continuously track the signal as the timing parameter will change over 
time. This is due to possible change in the radio channel, but will also from the fact 
that the clocks used in the transmitter and receiver will not exactly equal and the 
receiver clock will consequently drift over time compared to the transmitter. To have 
an idea about the drift, the typical oscillators used today have a precision in the area of 
10-100 ppm meaning that after 104 to 105.  
 
In order to understand the need for the frame synchronization, it is first needed to 
understand what frames are and what they are used for. When communicating from 
one place to another, not only data that must be communicated are transmitted. The 
reason is that the communicating parties need to establish when the data starts and 
stops, how many bits are transferred, etc. This is usually achieved by transmitting a 
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so-called header before the actual data, informing the receiver about the pending 
communication as illustrated by figure. The header also holds a special sequence of 
bits that are known to the receiver, which can be used for synchronization and/or 
channel estimation purposes. 
 

 
Figure 7.22: General synchronization scheme [ref 31]  
It is therefore crucial to the receiver to be able to not only be synchronized at the bit 
level, but also at the frame level in order to correctly decipher the transmission. 
The synchronization is usually implemented using one of two different approaches. 
First is the feed-forward approach, which finds the maximum likelihood 
synchronization parameter by simply trying all possible values and selecting the 
parameters that give the best match based on some criterion. Second approach is to 
feed back a low-pass filtered error signal, which will eventually indicate the correct 
parameters given that the error signal is unbiased. The latter approach has the 
advantage of having a lower computational complexity, but this comes at the expense 
of increasing the duration before correct synchronization parameters are achieved. 
Combinations of the two approaches are also possible. Ideally, all synchronization 
parameters should be estimated jointly, but this may not be achievable because of the 
large complexity that this approach may lead to [31]. 
 

7.9 ACR (Autocorrelation) RECEIVER 
ARCHITECTURE: 
Basically, the UWB receivers can be classified into three categories.  

1) Among them, the most common one is the RAKE receiver. In a RAKE receiver, 
each signal echo is correlated with a locally generated time-hopping pulse train and 
then combined into a single test variable for final decision.  

Challenge of RAKE receiver: 
The challenge of RAKE receiver is accurate estimation of delays and attenuations of 
the channel paths.  

2)  Multi-user Detection (MUD) receiver is known to be the optimal solution in the 
CDMA systems. It can be also used in the UWB systems.  

Challenge of MUD receiver: 

The most challenge of MUD receiver is that the complexity increases exponentially 
with the number of users.  

3) Another common receiver is auto-correlation receiver, which correlates 
information bearing transmitted pair of pulses. The ACR has many merits that are 
suitable for WSN. The structure is shown as in Figure 68, the receiver consists of 2m-1 
correlators with different delays   (Di = Tc - iδ) [16]. 
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Figure 7.23: ACR receiver structure [ref 16] 
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8 GENERAL PURPOSE UWB RADIO 
TESTBED DESIGN: 
 
The first general purpose UWB radio wireless communication testbed with over-the-
air synchronization has been built using off-the-shelf components and designed to be 
flexible enough to accommodate number of features.  
 
Testbed provides a hardware platform for researchers to study and validate new 
concepts/ideas on UWB system design. Testbed itself is a complete low-complexity 
UWB communication system suitable for a wide range of applications. The 
implemented FPGA design also serves to prototype a UWB baseband chipset. Testbed 
is a useful tool to study the UWB system performance, test schemes and algorithms, 
verify theoretical and simulation results, and remove uncertainties caused by 
channels, hardware and software. System level design, board level design, FPGA 
designs and system integration are covered. Energy detection is chosen as a low-
complexity reception technique which eliminates the need for channel estimation and 
precise synchronization. 
 
When a short pulse propagates through a channel, multiple pulses are received via 
multipath. The received UWB pulse has pulse shape different from the incident UWB 
short pulse. This phenomenon is called “pulse waveform distortion”. Pulse 
distortion can be caused by frequency dependency of the propagation channel and 
antennas. The per-path impulse response is introduced to describe pulse distortion for 
each individual path. It is found that pulse distortion can greatly degrade the system 
performance if no compensation is carried out [20].  
 
To research the new concepts unique to UWB, theoretical and simulation approaches 
are not sufficient. It is necessary to use experiments to test schemes and algorithms, 
validate theoretical and simulation results, and remove some uncertainties caused by 
imperfect modeling of actual channels, hardware, and software. Testbed would be 
very convenient to evaluate the pros and cons of some specific system aspects, such as 
modulation scheme, receiver structure, and ADC. Particularly, the experimental 
approach is usually the only effective means to find the actual impacts of RF circuits, 
including antennas [20]. 
 

8.1 Major System Design Considerations: 
 
Implementing UWB transmitters and receivers poses a number of challenges. The 
difficulties mainly come from generating, transmitting, and processing the signal with 
ultra-wide bandwidth. Major design considerations are discussed here. 
 

8.1.1 Pulse Generator: 

Because of the minimum bandwidth requirement (-10 dB bandwidth greater than 500 
MHz or -10 dB fractional bandwidth greater than 20%) and the Part 15 power limit 
(maximum equivalent isotropic radiated power spectrum density of -41.3 dBm/MHz), 
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efficient use of a piece of UWB spectrum is a big challenge. The MBOA (Multi Band 
OFDM Alliance) system relies on multiple subcarriers to achieve desired overall 
signal spectrum. On the other hand, pulse based UWB schemes are attractive for low-
cost, low-data-rate communication and ranging applications. The spectral content of 
pulse waveforms is highly dependent on the shape of the pulse generated, which 
makes pulse design more challenging. Number of pulse generators, such as the tunnel 
diode based pulse generator and the step recovery based pulse generator are exists. A 
simple way is to up convert a baseband pulse to an RF center frequency [20]. 
 

8.1.2 Modulation Schemes and Receiver Strategies: 

A direct consequence of a high bandwidth UWB signal is ultra fine multipath delay 
resolution in multipath propagation environments. Theoretically, to efficiently capture 
the signal energy dispersed over a large number of individual paths, either a RAKE 
receiver scheme or an OFDM scheme can provide high performance, given perfect 
synchronization and channel estimation. Realistically, both schemes mentioned above 
are financially improper for low-cost low-data-rate applications. There is a huge 
potential market for these lower-end applications, such as sensor networks. In 
response to this need, several suboptimal receiver schemes, including TR and energy 
detection using a square law detector, have regained popularity in the UWB 
community [ref 101,102,103,104,105,106,107]. Although both TR and energy 
detection suffer from performance penalty, they have no need for sophisticated 
channel estimation and precise synchronization, which significantly reduces receiver 
complexity and cost. OOK modulation and energy detection is indeed a reasonable 
combination. Energy of a received signal can be captured easily using a diode (square 
law) detector followed by an integrator. OOK modulation works fine if the data 
symbol boundary is roughly known and inter-symbol interference is negligible. Pulse 
position modulation (PPM) is another popular modulation for pulse based UWB 
systems, and high order PPM or called M-ary PPM is promising to work with channel 
coding to achieve wide range of scalability [20]. 
 

8.1.3 Synchronization: 

 
Synchronization is a common issue for all types of communication systems, and there 
have been many proposed strategies for initial timing acquisition and tracking during 
communication. For pulse based UWB radio, signal acquisition is extremely difficult, 
since the pulses are often very narrow with very low duty cycle. Timing is relaxed for 
demodulating signal of OOK format, but atleast symbol boundary has to be roughly 
known. Energy detection employed in our testbed is one of non-coherent 
demodulation schemes which are not able to identify signal polarity. One challenge 
for any non-coherent receiver is that initial acquisition has to rely on a unipolar 
sequence (e.g., the Barker code) whose autocorrelation is typically less sharp than that 
of a bi-polar sequence (e.g., the m-sequence). It has been found, in multipath case, the 
unipolar sequence works poorly, especially when ISI occurs. In addition, non-zero 
mean noise at the output of the detector, an inherited disadvantage of a non-coherent 
receiver, makes decision more difficult. To ensure acceptable probability of detection 
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given certain probability of false alarm, the search needs longer time compared to the 
approaches for conventional systems. Some commonly used search strategies such as 
multi-stage search which can be adopted to improve acquisition performance [20]. 
 
Other Issues: 
 
• Co-existence and anti-interference: 
 
The UWB spectrum is shared with other systems. One major problem is the mutual 
interference between the UWB and Wi-Fi system. From a physical layer design point 
of view, traditional countermeasures to achieve capability of co-existence and anti-
interference include spread spectrum and interference cancellation. For non-coherent 
receivers, frequency hopping (FH), one of spread spectrum techniques, can be 
considered, where the mutual interference is reduced by a factor of the processing 
gain. A notch filter is another effective means for narrowband interference which is 
simpler but less flexible than FH. 
 
• Spectral spikes: 
 
This is a problem unique for OOK and PPM modulation schemes. Owing to 
unbalanced modulation, lines would appear over the spectrum of the RF signal. 
Without proper means to reduce the spectral spikes, signal power has to be reduced to 
avoid violating the FCC power limit. Pseudo-noise (PN) code scrambling is a normal 
way to balance the signal in time domain statistically and smooth the spectrum. The 
scrambling method can be in the manner of DS/SS or time hopping (TH). 
 
Multiple-user access: 
Carrier sense multiple access/collision detection (CSMA/CD) is a popular random 
multiple access protocol that is suitable for a network with relatively low traffic load. 
Other protocol such as code division multiple access (CDMA), and hybrid protocols 
are used. Recently, a rate division multiple access (RDMA) scheme that takes 
advantage of low duty cycle of pulse based UWB signaling. Because of the low duty 
cycle manner, users with different transmission rates can be supported at low 
probability of collision. 
 
• Adaptive threshold: 
 
The decision threshold has a great impact on the performance of the energy detection 
receiver. A good threshold can be determined by using some channel quality indicator 
and feedback information provided by the digital processor (back-end) at the receiver. 
 
• Data format and scalability: 
 
UWB channels are relatively stable compared to narrowband channels, which implies 
that a large packet with limited control bits in the header followed by pure 
information bits can be used. Scalability is highly desired, since application and 
propagation environment change dynamically. A wide range of data rates needs to be 
supported through using different combinations of modulation, channel coding, and 
spread spectrum. 
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General Purpose Testbed Design: 
 
The main goal is to build a pair of transmitter and receiver to validate various 
schemes. The testbed is expected to be flexible enough to accommodate several major 
transmission and reception techniques. The strategy is to develop the testbed based on 
research and use commercially available off-the-shelf components to expedite the 
project [20]. 
 

8.2 System Design 
 
The baseline testbed is expected to accommodate the following functions/capabilities: 
(1) Efficient pulse generation methods.  
(2) Enabling investigation of A/D technologies such as mono-bit. 
(3) Experimental evaluation of radio RF circuitry impact. 
(4) Different modulation schemes, such as OOK and PPM. 
(5) Test of various signal processing algorithms. 
(6) interface with multimedia (video, audio, etc.). 
 
Several specific parameters of the general purpose testbed are as follows: 

• Center frequency: 3.5 - 4.0 GHz 
• Bandwidth: ≥ 500 MHz 
• Distance: up to 30 m 
• Pulse repetition frequency: up to 20 MHz [20]. 
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Finally, the link budget result is shown in Table 8.1, where a 4 GHz center frequency 
is assumed. 
 
Depending on the propagation environments, either the Barker code or the optical 
orthogonal codes (OOC) (ref 108) are used for initial timing acquisition purpose. The 
OOC codes can be much longer than the Barker code and exhibit better 
autocorrelation property, which is desired for severe propagation cases. 
 
The transmitter and receiver architectures are illustrated in Figure 8.2. The transmitter 
uses an up converter based pulse generator. The receiver relies on one or two diodes 
to implement square law operation. Following the diode detector is a low-pass filter 
which enables use of relatively lower sampling frequency. Amplifier gain and 
required dynamic range are key parameters that affect RF front-end design, and they 
can be determined with consideration of the Part 15 limit, distance range and raw data 
range. The field programmable gate array device (FPGA) serves as the digital back-
end playing signal processing functions. Advanced AGC and adaptive thresholding 
are accommodated based on digital signal processing. Several key parameters of the 
transmitter and receiver, such as center frequency, amplifier gain, ADC’s sampling 
rate and resolution, pulse repetition frequency (PRF), and data rate, are 
programmable. For the testbed system, the transmitted data could be stored in FPGA 
at the transmitter; the received data could be captured from FPGA at the receiver 
using a logic analyzer [20]. 
 

 
  
                        Figure 8.2: Transmitter and receiver architectures [ref 20] 
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8.3 Board Level Design: 
 
Board level design is guided by the system design. Major issues with respect to 
implementation are discussed here. 
 
• Selection of antennas: 
 
Generally, a small-size omni-directional antenna with voltage standing wave ratio 
(VSWR) ≤ 2 is a reasonable choice. The antennas selected are a pair of omni-
directional print antennas. The antenna gain is about 2 dBi at 4 GHz, and it exhibits a 
voltage standing wave ratio (VSWR) ≤ 2 for a frequency range of 3.1 GHz - 10.0 
GHz. 
 
• Pulse generator: 
 
Up converter based pulse generator is used. The baseband pulse is generated using 
digital logic circuitry. The width of the baseband pulse, or equivalently, the signal 
bandwidth, is controlled by the FPGA, and the pulse strength is adjusted to meet the 
mixer’s requirement. To flexibly generate a wide range of frequencies, a phase locked 
loop (PLL) based frequency synthesizer with an external loop filter and voltage 
controlled oscillator (VCO) serves as the local oscillator (LO). The frequency 
synthesizer can support frequency up to 6 GHz, the bandwidth of the loop filter is 50 
kHz, and the averaged tuning sensitivity of the used VCO is 62 MHz/V. A double 
balanced mixer followed by a band-pass filter is used to shift the baseband signal to 
an RF signal. The designed local oscillator is tunable in 10 MHz steps from 3.5 GHz - 
4.0 GHz. Several filters are placed at the transmitter front-end to improve the overall 
transmitted signal spectrum. 
 
• Variable gain power amplifier: 
 
A power amplifier in conjunction with a variable attenuator serves as the variable gain 
power amplifier. The overall gain is from -11 dB - +12 dB controlled by an analog 
signal. The control signal comes from the digital back-end through a digital to analog 
converter (DAC) with 10-bit resolution and 1.2 V reference voltage. 
 
• Variable gain low noise amplifier (LNA) 
 
A variable gain LNA is combined using several LNAs and a variable attenuator. The 
gain range is from 55 dB to - 70 dB considering the desired received power range and 
the input voltage range required by the diode detector. The overall gain in the receiver 
RF chain is controlled by the digital back-end through an AGC feedback loop. 
 
• Diode based square law detector: 
 
A surface mount schottky diode with sharp I-V slope and small capacitance is used as 
the square law device. Following the diode is a low-pass filter which enables use of 
relatively lower sampling frequency, and a baseband amplifier to interface with the 
A/D converter. 
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• Programmable ADC: 
 
An 8 bits monolithic bipolar ADC converter with sampling rate up to 1.5 GHz is 
selected. A high-frequency clock synthesizer is used to generate the sampling clock 
for the ADC. The variable sampling rate is achieved by controlling the output 
frequency of the clock synthesizer. The ADC features an on-chip, selectable 8:16 
output demultiplexer. Although the ADC resolution is 8 bits, lower resolution can be 
chosen in signal processing. 
 
• FPGA: 
 
The Xinlix Virtex-II FPGA family is used for the digital back-ends for both of the 
transmitter and the receiver. The Virtex-II family is a popular platform of FPGA 
based on IP cores and customized modules, and is suitable for wireless applications. 
The model selected is XC2V1000 corresponding to one million gates which is 
sufficient for the testbed needs. 
 
• Signal processing algorithms: 
 
A large number of digital signal processing and controlling functions needs to be 
implemented in the digital back-ends. Listed below are most basic functions at the 
transmitter and the receiver. 
 
Transmitter: 
• Controller and interface, Modulation, Coding. 
 
Receiver: 
• Controller and interface, Synchronization, Demodulation, Decoding, AGC, 
Automatic thresholding. 
 

8.4 Conclusion: 
 
The general purpose testbed is motivated by the need for low-complexity UWB 
transceivers. A pair of transmitter and receiver is designed using commercially 
available off-the-shelf components. The RF front-ends can be digitally controlled by 
setting a few key parameters. Digital signal processing relies on FPGA chips. The 
testbed is flexible to accommodate various functions and verify results of analysis or 
simulation. Major design issues and implementation challenges have been discussed. 
The testbed can evolve to next generation systems in future, such as time reversal 
UWB system, time reversal UWB chirp system, and UWB cognitive radio system 
[20]. 
 

8.5 Future Work of Testbed:  
 
Because of the open structure, the general purpose UWB radio testbed can be updated 
to more advanced systems shown in Figure 8.3. The second generation testbed is 
designed to be a platform to investigate a new concept of range extension. Precoding 
will be implemented in the transmitter. The receiver remains unchanged. In general, 
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precoding is a transmitter-side linear optimization technique that relies on knowing 
the channel information. Fortunately, UWB channel is extremely stable over time, and 
the forward link and backward link are reciprocal. Among various pre-coding 
schemes, time reversal is the one that can maximize the received signal peak energy 
without requiring sophisticated computation. Time reversal is going to be 
implemented in the second generation testbed. The major challenges come from the 
control of an ultra high speed DAC and the FPGA implementation of a high speed 
FIR filter. Furthermore, Chirp spread spectrum device can be adopted to the testbed 
for anti-jamming. The general purpose UWB radio testbed can evolve into a UWB 
cognitive radio testbed in the future. In the other direction, the testbed can be 
integrated into a single board for industrial applications [20]. 
 

 
                                Figure 8.3: UWB test bed roadmap [ref 20] 
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9 Applications of UWB: 
 

1. UWB application in WSN: 
a) Monitoring Factory Systems and Devices. 
b) WPAN Security 
c) UWB link functions as a cable replacement 

2. UWB application in tracking and positioning: 
a. High Accuracy Position and Attitude Integrating UWB and MEMS for 

Indoor Positioning. 
b.  High Accuracy Positioning in Hazardous Environments. 

3. UWB application in active RFID: 
a. Indoor Real Time Location with Active RFID – System Precision and 

Possible Applications. 
b. Understanding the Benefits of Active RFID for Asset Tracking 
c. Implementation Example of Active UWB 

4. Other applications: 
a. Real-Time Locating Systems in Agriculture: Technical Possibilities 

and Limitations 
b. Ultra wide band (UWB) of optical fiber Raman amplifiers in advanced 

optical communication networks  

9.1 UWB application in WSN: 

9.1.1 Ultra Wideband (UWB) Radio Range on Wireless Sensor 
Networks [i.e. monitoring factory systems and devices]: 

An important application of wireless sensor networks is monitoring factory systems 
and devices. Typical narrowband radios may be forced to increase their radiated 
power to maintain network connectivity in the harsh radio environment of a factory. I-
UWB radios have many advantages over narrowband radios in a sensor network. 
However, the radiated power of I-UWB radios is severely limited by regulations, so 
they must extend radio range through other means. We derive the limits of I-UWB 
radio range through link budget calculations based on the Frii’s equation in free 
space for a realistic I-UWB system that includes the effects of data rate, signal-to-
noise ratio, antenna gains at the transmitter and the receiver, and the path loss 
exponent.  Through the research, some practical relationships between I-UWB system 
parameters and network connectivity are found. 
 
To maintain network connectivity in the harsh radio environment of a factory, a radio 
may be forced to dynamically adjust its range. Typical narrowband radios modify 
their range by adjusting the radiated power. The radiated power directly affects the 
link distance and inversely affects the amount of co-channel interference [21].  
 
Impulse based UWB (I-UWB) is particularly attractive for sensor networks in 
factories due to its resilience to multipath interference, simple transceiver circuitry, 
accurate ranging ability, and low transmission power. 
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Estimation of UWB Radio Range: 
 
The range of a radio system is usually limited by  

1) Noise and interference,  
2) Regulations on radiated power,  
3) Available bandwidth, and  
4) Implementation efficiency.  

 
I-UWB is constrained mostly by strict FCC emission limits. From the Frii’s equation, 
the following determine the path loss and range for I-UWB in free space. 
 
PLd=FL-10*log(DR)-SNR-NF+10*log(BW/7.5)+Gant-PLref 
D=[10^(PLd/10*n)] 
 
Where PLd is the path loss at range of d meters; 
 FL is the system gain at the fundamental limits; 
 DR is the data rate in bps; SNR is the Eb/N0 in dB;  
NF is the noise figure in dB representing implementation loss;  
BW is the bandwidth in GHz;  
Gant is the antenna gain in dBi;  
PLref is the path loss at the close-in reference distance in dB.  
 
The system gain FL is defined as the required power for obtaining a data rate of 1 bps. 
For    I-UWB, the system gain of 173 dBm/bps is derived from three fundamental 
limits:  

 The  maximum radiated power (-41.3 dBm/MHz) of the I-UWB 
signal over its maximum bandwidth (BWmax=7.5 GHz),  

 The minimum SNR from Shannon’s channel capacity theorem 
(Eb/N0 min = -1.59 dB), and  

 The thermal noise at room temperature (=-174 dBm/Hz).  
 
The parameter n in this equation is the path loss exponent. The path loss exponent is 2 
for free space and varies depending on channel conditions such whether the path is 
line-of-sight and whether the environment is indoor or outdoor. 
 
Network Connectivity Simulation: 
In a harsh radio environment, it may be necessary to adjust the radio range 
dynamically to ensure network connectivity and also to minimize co-channel 
interference from short hops. As shown above, the range of an I-UWB radio link may 
be adjusted without varying the average radiated power. Therefore, the effects of I-
UWB system parameters on network connectivity are found [21]. 
 
Practical Simulation Setup: 
 
We consider a network topology with 225 nodes placed randomly in a 50 meter × 50 
meter two-dimensional square. A network is considered to be connected if each node 
can reach every other node either through some multi-hop route or through direct 
radio contact. The effects of each I-UWB system parameter on the connectivity of 20 
random topologies to show the average trend for each I-UWB system parameter. The 
simulations adjust three I-UWB system parameters, one at a time, to gradually 
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increase the range of each unconnected node until the network becomes connected. 
The three I-UWB simulation parameters are bandwidth (BW), required SNR (R-SNR), 
and pulse repetition interval (PRI). The PRI is the inverse of the pulse rate, which is 
directly related to the data rate scaled by the coding rate and spreading rate. The 
default value of the PRI is set to 90 ns (which correspond to a data rate of about 11.1 
Mbps without coding or spreading). 
 
Results: 
 
We consider the simplest method of extending range, which is unique to I-UWB. We 
increase the PRI until the network is connected. As the PRI increases, the energy per 
pulse can also be increased while maintaining the same average power. Therefore, the 
Eb/N0 is higher and the range also increases. 
 
Assuming a constant radiated power, Figure 9.1 shows the effect of PRI on the 
connectivity of the network. The y-axis denotes the probability that all nodes are 
connected. As the PRI increases from 70 ns to 80 ns, the network abruptly becomes 
connected. It is best to have a PRI of around 90 ns. Because the radiated power P is 
constant, the overall energy E required to transmit a packet of length L bits will be 
less for a shorter PRI (or equivalently a faster data rate) than a longer PRI as follows 
[21]. 
 
E=L * P *PRI 
 
 
 

 
 Figure 9.1: Probability (connected) Vs PRI (pulse repetition interval) [ref 21] 
 
For a bandwidth above 1.5 GHz with the remaining default parameter values, the 
network is 
completely connected. 
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           Figure 9.2: Probability (connected) Vs BW [ref 21] 
 
Thirdly, we consider the effects of the required SNR (R-SNR) on the probability of the 
connectivity of the network. As the R-SNR decreases, the probability of connection 
will increase as shown in Figure 9.3. To change the R-SNR, we change the forward 
error correction coding with a convolutional code. Increasing the coding rate 
decreases the necessary Eb/N0 at the receiver and also decreases the data rate due to 
the incurred redundancy of the code [21]. 
 

 

 
Figure 9.3: Probability (connected) Vs R-SNR (Required SNR) [ref 21] 
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Conclusion: 
 
To increase the probability of the network connectivity, an I-UWB radio may increase 
the pulse repetition interval, increase the bandwidth, or decrease the required signal-to 
noise ratio. For our example system, the threshold points for network connectivity are 
80 ns for the PRI and 1 GHz for the BW. In a practical sensor network, the easiest 
method of modifying range is through the PRI (data rate), which can readily be 
achieved with moderate additional control hardware [21]. 
 

9.1.2 WPAN Security: 

 
Mobile platforms can form a wireless, personal, ad-hoc network whose security issues 
are becoming a common concern. Because of the physical limitations of these mobile 
platforms, such as limited computational ability and memory resource, frequent and 
unpredictable mobility, and strict power usage, conventional security technologies 
may not be as effective to achieve similar security goals as in other networks. In 
wireless personal ad-hoc networks, there is no fixed infrastructure, so it is difficult to 
establish a central authentication service, which means that common mechanisms 
cannot be applicable. The adaptability of security mechanisms becomes the key aspect 
in accomplishing security in personal ad-hoc wireless networks. 
 
Ultra wideband: 
 
UWB uses modulation techniques, such as orthogonal frequency division 
multiplexing (OFDM), to occupy extremely wide bandwidths. The multiband OFDM 
(MB-OFDM) provides very good coexistence with narrowband systems such as 
802.11a, adaptation to various regulatory environments, and future scalability and 
backward compatibility. 
MB-OFDM transmits data simultaneously over multiple carriers spaced apart at 
precise frequencies. MB-OFDM provides high spectral flexibility and resiliency to RF 
interference and multipath effects. In MB-OFDM, the available spectrum of 7.5 GHz 
is divided into several 528-MHz bands, which allows the selective implementation of 
bands at certain frequency ranges, while leaving other parts of the spectrum unused. 
Furthermore, the information transmitted on each band is modulated using OFDM. 
OFDM distributes the data over a large number of carriers that are spaced apart at 
precise frequencies, which provides sufficient orthogonality and prevents the 
demodulators from seeing frequencies other than their own. Hence, OFDM can 
provide high spectral efficiency, resiliency to RF interference, 
and lower multipath distortion.  
 
Security Aspects 
 
For UWB, the security mechanisms are implemented at several levels of the protocol 
stack. Because of their low average transmission power, UWB communications 
systems have an inherent immunity to detection and interception. Such low 
transmission power requires an eavesdropper to be very close to the transmitter (about 
3 ft) to be able to detect the transmitted information. Since UWB pulses are time 
modulated with codes that are unique to each transmitter-receiver pair, this time 
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modulation of very narrow pulses adds more security to the UWB transmission. 
Detecting picosecond pulses without knowing when they would arrive is a very 
difficult undertaking. This time modulation can achieve a low-probability of 
interception and detection by an attacker [28]. 
 

9.1.3 UWB link functions as a cable replacement: 

The positioning capability of UWB is made possible by a number of UWB nodes 
being able to observe the distance between each other by measuring the pulse delay 
from each other node. These distance then need to be communicated to a central node 
that can establish the positions of the individual nodes by triangulation. It is believed 
that the precision of such positioning will be in the order of a few centimeters, as the 
pulse duration is close to a nanosecond giving a spatial length of the pulses around 30 
cm. This is an interesting feature in conjunction with communications, as it makes 
more effective routing in the network possible and also enables position-based 
services. 
Using UWB for radar applications, the transmitter and receiver are located at the same 
place and the distance to objects can be observed by the time delay measured by the 
reflected pulses. If the illuminated surface does not reflect nor absorb the pulses, it is 
even possible to see through the surface. The changes occurring in the pulse shape as 
seen by the receiver, can also give some information about the physical nature of the 
object, like what type of material the object is made of [31]. 
 
 UWB Applications: 
 
In recent years, an increasing request appeared for high speed wireless connectivity 
between a host (e.g., a PC) and associated peripherals such as wireless modem, 
camcorder, video player and so on. This increasing need led to the development of 
many standards for wireless communication systems over short distances. One can 
quote Bluetooth, the family of Wi-Fi standards (IEEE802.11), Zigbee (IEEE802.16.4) 
and the recent standard 802.16.3, which are used for wireless local area networks 
(WLAN) and wireless personal area networks (WPAN). However, most of these 
technologies use the ISM bands with maximum bandwidths about 10 MHz. An UWB 
link functions as a “cable replacement” with data rate requirement that ranges from 
100 Kbps for a wireless mouse to several hundreds of Mbps for rapid file sharing or 
download of video files [32].  
 
Figure 9.4:  depicts the positioning of the UWB compared to WLAN/WPAN 
standards in terms of data rate and maximum range [ref 32].  
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As observed, the potential applications of UWB technology concern two technical 
areas:  

 
1) Very high data rate transmission over short distances (typically 200 

Mbps up to 10 m), and  
2) Low data rate communications with ranges of 100 m with positioning 

capabilities.  
It is noticed that in contrast with the Wi-Fi standard, the high data rate 

mode of UWB belongs to the family of short range WPANs. However, the potential 
data rate of UWB exceeds the performance of current WLAN and WPAN standards. 
In the low data rate mode, the IEEE802.16.4a standard targets UWB systems with 
centimeter accuracy in ranging as well as with low power and low cost 
implementation. These features allow a new range of applications including military 
applications, medical applications (e.g., monitoring of patients), search-and-rescue 
applications, logistics (e.g., package tracking), and security applications (e.g., 
localizing authorized persons in high-security areas) [32]. 

 

9.2 UWB application in tracking and positioning: 
 

9.2.1 High Accuracy Position and Attitude Integrating UWB and MEMS 
for Indoor Positioning - Urban Tracking and Positioning System: 

Urban Tracking and Positioning System is a high-resolution urban tracking 
system similar to GPS but suitable for indoor use such as buildings and caves. Indoor 
localization of radio devices is a hard task due to the presence of severe multipath and 
low probability of a line-of-sight (LOS) signal between the transmitter and receiver. 
This harsh propagation environment for radio signals is due to the shadowing and 
reflections from walls and objects.  
 
A set of high accuracy ranging devices using ultra-wideband (UWB) RF signals and 
algorithms for position estimation. UWB signals are particularly suited for ranging 
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because of their short duration, high-bandwidth pulses. Our ranging and positioning 
algorithms improve accuracy by addressing some of the known challenges in UWB 
localization. We expanded the capabilities of these units to support multiple masters 
and tag units operating in the same environment, offering true 3-D location 
capabilities to multiple receivers [23]. 
 

 
            Figure 9.5: Shows hardware component diagrams [ref 23] 
 
The capability to support ranging and communication between multiple tracking and 
remote radio units, permitting the 3-D location of multiple units simultaneously. 
We first added data-encoding capabilities into the UWB ranging transaction that the 
radios previously used. Then we uniquely identified the radar tracking and remote 
units so they can be addressed individually. Finally we implemented and embedded a 
Time Division Multiple Access (TDMA) protocol scheme so multiple units could co-
exist in the same environment, without interfering with each other’s ranging and 
communications transactions.  
 
For that transaction, the radio tracking unit sends an encoded pulse stream to the 
target radio remote unit. The remote unit receives the request and responds with its 
own uniquely encoded reply. The tracking unit receives and time-stamps the reply to 
find elapsed round-trip travel time, and thus distance. Distance measurements from 
multiple tracking radios can then be combined to compute 3-D position estimation 
[23].  
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Figure 9.6: Shows their ranging transaction [ref 23] 

 
Precise indoor positioning is becoming increasingly important in commercial, 
military, and public service applications for tracking people and assets. Generally, the 
systems developed to date only provide position information. The system which 
combines Inertial Navigation and Ultra Wide Band (UWB) positioning to provide 
high accuracy position and attitude indoors. The system will be developed using 
proprietary inertial navigation algorithms and UWB technology combined with low 
cost commercial MEMS accelerometers and gyroscopes. 
 
In recent years, precise indoor positioning has become feasible, and indoor 
positioning systems are expected to become widespread in the near future. 
Applications areas include commercial (tracking of stock within a warehouse), 
military (personnel and asset tracking), and public services (in a hospital, the 
utilization rates of portable equipment, such as ultrasound can be estimated) [24]. 
 
Integrated MEMS/UWB Architecture: 
The diagram below shows the basic architecture of the indoor positioning system. 
The system comprises a MEMS-IMU (comprising three accelerometers and three 
gyroscopes) which outputs lineal and angular accelerations. These are then processed 
by an Inertial Navigation System (INS) that gives an estimate of the position, 
velocity, and attitude of the platform. The estimates are then corrected by a 
Navigation Filter using position measurements from a UWB system [24].  
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Figure 9.7: Integrated Navigation Testbed Architecture [ref 24] 

 

9.2.2 UWB precise positioning - High Accuracy Positioning in 
Hazardous Environments: 

 
More challenging problem concerning the safety of workers in hazardous 
environments is how to pinpoint the precise location of workers in the difficult 
and dangerous environments of petrochemical installations and to use that 
information within the overall Command and Support System, in the event of an 
emergency? 
 
The requirement is to locate an individual, wearing a Mobile Unit (MU), to within 1 
meter (including height) and to provide real-time updates showing position and 
direction of movement. This means that rescue coordinators can see individuals 
moving away from danger towards designated points and the rescue teams can be 
directed towards individuals who may be heading in the wrong direction or perhaps 
not moving at all.  
 
The Lock-On system employs Frequency Hopping-Ultra-Wideband (FH-UWB) 
Indoor Positioning System (IPS) technology was specifically designed for safety 
critical applications. The system is highly flexible and in the case of a petrochemical 
plant a small number of fixed base stations are installed whereas Fire Services use 
highly mobile, vehicle mounted base units [25]. 
 
Principle: 
 
The Lock-On personal MUs are small units worn on a belt and are available in a 
variety of configurations. An MU can be provided with no controls other than a panic 
button, simplifying the training of infrequent users, whereas the fully featured unit 
provides a messaging and data communications facility. ID and location information 
is relayed from the MU to one of the base units for immediate display on the existing 
Command and Support System’s terminals or on a dedicated Lock-On display unit.  
 
Lock-On is unique. Not only does it provide highly accurate positional information, 
but it does so through walls and obstructions and can operate over ranges of up to 
1km from the base stations. GPS, by comparison, is unreliable within the structure of 
a major petrochemical installation as the satellite signals are frequently lost and 
reflections from the structures in the plant cause significant position errors. In 
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addition, the infrastructure-light approach of the Lock-On system makes it quick and 
easy to install. It does not need the large number of transmitters of a Wi-Fi system nor 
the complex network of access control points or detection portals required by an 
RFID-based positioning system. 
 
Neither of these systems, often used in less demanding commercial applications, can match the 
high levels of accuracy and long ranges, of Lock-On. Each Lock-On MU determines its location 
relative to all other Lock-On units (fixed or mobile) within range. A ranging technique is used 
which increases accuracy and eliminates the need for complex (and error prone) time 
synchronization between transceivers. With four or more independent ranges an MU determines 
its own position relative to the other units. 
 
In an emergency situation, additional Dropped Units (DUs) may be left with injured personnel or 
at incident sites, such as spills, to aid the task of emergency management. The position of each 
MU is regularly transmitted to the Command and Control point allowing high quality coordination 
of the overall response to the emergency. This feature also enables areas not originally covered by 
a Lock-On base unit to be quickly included in the overall picture. The FH-UWB signal also 
provides a low data rate communications channel between transceivers, sufficient to transmit other 
data such as alarms and health warnings. At the Command and Control centre, the positions of all 
MU wearers and rescue team members is overlaid, in real-time, with other available information 
(for example: digital maps and plant layouts) to support situational awareness.  
 
Other features of the Lock-On system, such as the data port, can be used to enhance the overall 
safety and performance of the crisis management teams. For example, breathing apparatus’ “time-
remaining” information could be relayed back to the command centre via the Lock-On network as 
well as other types of telemetry data from a variety of fixed or mobile sensors [25].  
 

9.3 UWB application in active RFID: 

9.3.1 Indoor Real Time Location with Active RFID – System Precision 
and Possible Applications: 

 
Today with GPS a broad public has access to a widely available and easy to use 
location and navigation system. E.g. many cars have a navigation system on board 
that makes it easier and faster to find a special location. But with GPS, navigation 
stops where GPS is not available as inside buildings or in big cities where the signal is 
blocked by high-rise buildings. Today other manmade points of reference than 
satellites such as broadcast stations for mobile communication exist. Especially inside 
buildings, where GPS is not available there is a gap for precise reliable possibilities to 
locate and track persons or objects or to guide a user through the building according to 
his needs. An active RFID system is an option to close this gap. 
 
Another application could be to locate important and expensive equipment for 
example in a hospital, or not only equipment in a hospital it can also be of vital 
interest to locate persons fast and with high reliability. In big production facilities it 
sometime costs a lot of time and money to find a special tool to execute a special 
production step. Car manufacturers send their cars through several quality checks 
after they are completely assembled. It may be of interest where a car is located 
during these quality checks and for how long it remains at a certain station or where it 
can be found on the parking area. Another possible application could be the automatic 
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control of guideless vehicles. For this, it is necessary to track the vehicle precisely and 
to control its movements from a remote station automatically.  
 
Indoor Positioning: 
 
Different methods using radio frequency methods have been used to do indoor 
location for example passive UHF RFID, Bluetooth, or WLAN. With UHF RFID with 
its passive RFID tags and with the Bluetooth approach reached an accuracy of around 
half a meter. The WLAN approach comes to a lower accuracy of around 4 meters. 
UHF RFID as well as Bluetooth is limited in the range that can be reached while 
WLAN has an advantage. 
 
System that uses active RFID tags that send a UWB signal (ultra wide band). UWB 
works with a very high base frequency of approx. 6-8.5 GHz. The positioning with 
UWB is based on signal run time differences and/or angles of arrival at different 
receivers. Due to the enormous economic attraction of RFID, positioning with active 
transponders (UWB) is brought to market under the label RFID [22]. 
 
Time Difference of Arrival (TDOA): 
 
TDOA is a procedure for positioning using time difference of arrival of a signal with 
at least three receivers in 2D and four receivers in 3D.  
 
A geometrical interpretation for 3D is as follows:  
 
If the time difference of arrival at two receivers is known, the position of the sender is 
any position on a hyperboloid with the focal point in a receiver and the axis on the 
connecting line between the receivers. With an additional receiver, the position of the 
sender is on the intersection curve of two hyperboloids. An additional receiver and the 
intersection of the previous curve with the new hyperboloid result in a point as 
position of the sender. The synchronization of the time-pieces of the receivers plays a 
major role for the accuracy of the procedure [22]. 
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 Figure 9.8: TDOA (Time Difference Of Arrival) [ref 35] 
 
Angle of Arrival (AOA): 
 
In order to make angle measurements possible, each receiver must be equipped with a 
two-dimensional antenna array. That means a lining up from four to twelve single 
antennas in horizontal and vertical direction, which may not lie further away from 
each other as a wavelength. 
 

 
Figure 9.9: Angle measurement with two elements [ref 22] 
 
An advantage of AOA is that only two receivers are needed to determine a position. 
The disadvantage is the accuracy that differs very much with the spatial arrangement 
of receivers and the sender [22]. 
 

9.3.2  Understanding the Benefits of Active RFID for Asset Tracking:  

 
How companies can address their auto-identification challenges with active 
RFID technology? 
 
Sales of Active RFID systems grew to $0.74 billion in 2007 and are projected to grow 
to 
$7.07 billion by 2017.  
 
Active RFID: 
The primary contributor to this growth is the need for Real Time Location Systems 
(RTLS). Other contributors to the growth of active RFID technology are: 
 

• Requirement for total asset visibility for assets or goods as they move 
through the supply chain. There is an increasing need for more visibility and 
more data about those assets and their condition as they are moving through 
production facilities, between sites, between carriers and in commercial 
buildings. 

 
• Strong market demand for asset and people tracking. Factors driving this 

demand are safety and security, competitive cost reduction, and customer 
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service requirements. Active RFID is used in markets such as healthcare, 
commercial and industrial corporations for access control and tracking of 
valuable or critical assets. 

 
• As the demand for active RFID technology expands across a wide range of 

vertical markets, the cost of the tags and systems has been reduced over the 
last several years. 

 
• Active RFID technology is ideal for tracking of high-value items and repeated 

use in supply cycles. The low-consumption power requirement extends the 
battery life of active RFID technology up to seven years which in turn 
dramatically reduces the total cost of ownership. 

 
• Development of Ubiquitous Sensor Network environments where large 

quantities of active RFID tags with sensors are networked in commercial 
establishments, distribution centers and in healthcare facilities providing real 
time data of asset conditions and status [26]. 

 
Active RFID is generally considered the best technology for RTLS applications due to 
the long tag detection range offered and ability for the tags to transmit on their 
own accord on a regular basis. RTLS systems typically triangulate a tag’s position 
when three or more readers pick up the tag signal or will indicate a tag as being in a 
particular zone depending on which reader(s) detect it. 
 
Questions: 
 

• However, does one choose an active RFID system that uses Wi-Fi over one 
that uses Zigbee or Bluetooth? 

• Conventional active RFID (where small transmitter tags communicate with 
readers using highly optimized but non-standardized data formats) the better 
option? 

• Which radio frequency is the most appropriate for the tags to transmit on?  
• How accurately should the system locate an asset?  
• How much and what type of data must the tag transmit? [26]. 

 
We will examine the options and choices available today and show how active RFID 
solutions can deliver sustainable ROI (Region of Interest) and meet customer 
demands without requiring excessively expensive or complex technologies.  
 
Considerations for an RTLS System: 
 
Before committing to any particular system, the decision maker must evaluate a 
number of important considerations. Doing this will enable a true calculation of the 
total cost of ownership and the ability to then recoup the investment as quickly as 
possible through choosing the most appropriate RTLS system. 
 

1. Why is there a need for an RTLS system? [26]. 
 
Reducing shrinkage, locating critical equipment quickly, utilizing assets to the fullest, 
identifying attempts to remove or tamper with assets, or automating labour intensive 
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systems are all valid reasons for implementing RTLS systems provided the cost 
saving over the life of the RTLS system is greater than the total cost of owning it. 
 

2. What will be tracked and what will the benefits be? 
 
An RTLS system would use an active RFID tag which is very small and flat in size, 
that works consistently irrespective of environment and orientation, while offering a 
very long battery lifespan, and costing just a few cents. In reality, until electronic and 
battery technology progresses significantly, active RFID tags will be relatively large, 
expensive and only suitable for use with assets that can accommodate them [26].  
 

3. How accurately must assets be located? 
 
It is commonly assumed that an RTLS system must provide tag location data in two or 
three dimensions, usually by means of triangulating a tag’s position using multiple 
readers. Much is made of the accuracy of one system over another, but while knowing 
an asset’s location to within a few centimeters sounds impressive, does the business 
case truly warrant that level of detail? 
 
A very cost effective alternative to triangulation is the use of ‘zones’ in RTLS systems 
to locate assets. A zone can be defined by logically grouping one or more readers 
together in the software and it can be as small as a single room or it can cover an 
entire site. The system will not identify specifically where in the zone the asset is, but 
merely that it is in there. ‘Zonal’ RTLS systems do not require a dense network of 
readers or Wi-Fi access points with overlapping read ranges as triangulation RTLS 
systems do, thus significantly reducing the infrastructure costs [26]. 
 
      4. Where will the system be installed? 
  
The environment that an RTLS system is installed in plays a crucial role in 
determining how the system’s infrastructure must be installed and configured to meet 
the operational requirements demanded of it. In some cases, it may not be physically 
possible to achieve the required level of performance; such is the nature of radio 
signals. 
 
Different radio frequencies have different properties and characteristics. No one 
frequency will ever be ideal for all the myriad of applications for RFID so the choice 
of hardware vendor will have to include analysis of the frequencies they operate on. 
For RTLS applications the frequencies most commonly available are 433, 868 & 915 
MHz (Conventional active RFID), 2.45 GHz (Wi-Fi RFID) and 1 – 10 GHz (Ultra 
Wide Band RFID). Lower frequencies such as 433 MHz operate very well in crowded 
environments where objects and people interfere with the direct line of sight between 
the tag and reader, offering long range if required. Higher frequencies, such as 2.45 
GHz and higher, offer higher data transmission speeds but transmit in narrower 
beams, making them ideal for data intensive tag transmissions and more precise 
determination of the incoming signal’s direction, but far more susceptible to 
interference by objects in the environment, particularly where things and people move 
around – offices, hospitals, warehouses, container yards, etc. 
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Another Important consideration is the level of competing signals at the frequency 
used by the RTLS system’s hardware. More devices there are using the same band, 
the greater the chance of data loss through transmission collisions and corruptions. 
Restrictions imposed by ETSI and FCC mean that active RFID tags cannot emit 
strong signals and could be drowned out by high levels of ‘environmental noise’ 
caused by competing signals or other systems [26]. 
 
     5. How many tagged items will there be? 
 
The more tagged items there are in any one area, the greater the number of 
transmissions that will be emitted per second. These transmissions also add to the 
‘noise’ levels in the environment, and can interfere or ‘collide’ with each other. All 
major RFID vendors implement anti-collision methods to reduce the chances and 
effect of these collisions but there are limits to the number of tag messages that can 
get through to a reader in any one second. Again the transmission capabilities and 
frequency used by the RFID hardware must be considered. For systems tagging 
thousands or tens of thousands of assets, it is crucial that the tag signals are kept as 
short as possible to enable regular transmissions as often as every second or else the 
transmit rate must be reduced to help preserve a useful battery life span. Where 
possible the tags should use a frequency least affected by other devices and the 
environment itself to minimize the effects of RF noise. A tag that signals every few 
minutes or hours cannot truly provide the ‘real time’ data that a true RTLS system 
demands. However, it is true that not all asset tracking or protection systems require 
‘real time’ data – an item in a warehouse or a painting on a wall may not move for 
weeks or months and the only time the tag must signal is when it does move. The 
integration of movement sensors into RFID tags can enable them to transmit 
infrequently when at rest, but rapidly when on the move, thus lengthening battery life 
but still ensuring rapid detection when changing location [26]. 
 

6. What will the true costs be? 
 
Wi-Fi tags offer the chance to use an existing Wi-Fi network access point 
infrastructure, thus apparently minimizing infrastructure costs when compared to 
active RFID systems that require readers to be installed. However, conventional active 
RFID vendors offer tags that are as much as one fifth of the cost of Wi-Fi tags, with 
battery life spans up to three times longer than Wi-Fi tags. 
 
The lifespan and transmit rate of the tags offered by the vendor of choice are 
important considerations when calculating the costs involved with an RTLS system. 
Apart from the upfront costs of attaching tags to assets, if the assets will need to be 
retagged, or tag batteries replaced, after a few years, the costs in hardware and 
manpower to achieve this must be considered as part of the total cost of ownership 
[26]. 
 

7. How long must the tag last?  
 
Typically a 3-5 year life span satisfies most applications as most assets have a 
matching commercial or useful life span, however some assets such as vehicles or 
containers will have life spans exceeding 10 years. A system’s total cost can 
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significantly increase if assets must be re-tagged one or more times, or if the batteries 
in each of the deployed tags must be replaced. 
 
By properly evaluating all the questions above, it will be easier to answer the most 
important question:  
 
Who offers the best solution? 
 
The Choices Available 
 
The various vendors of active RFID technology provide hardware and solutions based 
on three main types of active RFID technology: 
 
Conventional Active RFID (300 – 915 MHz / UHF band): 
 
The majority of active RFID systems deployed to date make use of a transmitting 
device (tag or beacon) to send a unique ID number to a receiver or network of 
receivers. The most commonly used frequencies are 433 MHz, 868 MHz (Europe) 
and 915 MHz (USA). 433 MHz is the most common freely available & unlicensed 
UHF frequency worldwide so many key vendors have standardized on it. Most 
vendors use their own proprietary protocols for transmitting the tag data thus being 
able to minimize the data transmission length and so maximize the tag battery 
lifespan. The functionality and operation of the hardware differs between vendors, 
with the maximum detection ranges offered being stated from 100 meters to over 
1km. Conventional active RFID tags generally perform with exceptional battery life 
expectancies and lower costs than the other types of active RFID technology listed 
below, and have had the broadest deployment across all market sectors worldwide 
[26]. 
 
Wi-Fi RFID (2.45 GHz): 
 
In recent years, as Wi-Fi networks have become ubiquitous, some vendors have 
provided tags that work with the IEEE 802.11 x standard. The key advantages are 
seen as being the ability to use existing Wi-Fi infrastructure to implement RTLS 
systems based on Wi-Fi tag technology, and the argument that Wi-Fi RFID is a 
‘standardized technology’. Disadvantages include reduced tag lifespan due to the 
increased data overhead of using the 802.11 x protocol and resultant increase in power 
consumption, the lack of uniform usage at the 802.11 x standard by vendors and the 
use of proprietary tag activation systems, all in effect making each Wi-Fi vendor’s 
hardware as proprietary as any conventional Active RFID vendor. Wi-Fi active RFID 
offers a maximum range of around 100 metres [26]. 
 
Ultra Wide Band or UWB RFID (uses broad band of frequencies in the 
microwave band): 
 
With the release of a broad spectrum of microwave frequencies by the FCC in 2003, 
UWB technology is now available for deployment with RTLS systems.  
 
The key advantage of UWB is the very precise locating of a tag within a 3 
dimensional space. The key disadvantage of UWB is the very high cost of the 
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infrastructure as compared against all other types of active RFID technology. 
UWB offers a maximum range of around 50 metres.  
 
In addition to the three main technology types listed  above, other technology options 
are emerging in the active RFID arena, such as Zigbee (IEEE 802.16.4), Bluetooth 
and GPS. Zigbee offers low power, bi-directional data communications via a mesh 
network, with range up to around 70 metres and thus can be employed in areas where 
traditional active RFID is used, but is not ideal for identifying location nor is it widely 
available as yet The Zigbee standards for RFID are still not fully developed.  
 
Bluetooth, the short-range wireless networking standard most commonly found in 
mobile phones and computer accessories, is also looked towards for providing a 
platform for asset tracking applications. Its shorter range (approx. 10 metres), slower 
data transmission rate than Wi-Fi and very high power consumption mean that it 
might only be suitable for niche applications where long range and battery life-spans 
of days or less are not critical factors. 
 
GPS is already widely employed for vehicle fleet and shipping container tracking. It’s 
relatively high-cost, high power consumption and difficulties with working indoors 
make it unsuitable for the large majority of asset tracking and monitoring applications. 
 
To illustrate the differences in costs between systems using the three main active 
RFID technologies listed above, cost calculations have been prepared for the same 
application. In recent presentations, a Wi-Fi vendor published details of a case study 
for tracking 600 infusion pumps in a 20 000 square meter hospital. The general 
experience in selling RTLS systems would indicate that the cost of hardware versus 
software and services is a ratio of 2:1, but in these calculations we have assumed that 
software and services are consistently priced [26]. 
 
Wi-Fi proposition: 
The above system cost £79 000 to install & commission. Wi-Fi tags are typically 
priced at circa £60 each and the rest of the costs will consist of software and “Site 
Calibration”, which is the commissioning process. With all available pricing 
information, accepting the Wi-Fi vendor’s claim that an existing 802.11 x network 
requires no modification or additional access points; no other hardware such as tag 
activators are required, and some careful assumptions this can be broken down as 
follows:  
 
600 Tags = £ 36 000 
Software = £ 30 000 
Services = £ 13 000 
Total = £ 79 000 
 
Conventional active RFID proposition: 
 
The same system installed using Wave trend’s active RFID hardware with a typical 
tag 
price of £16 and Wi-Fi enabled reader price of £550, could calculate as follows: 
 
600 Tags = £ 9 600 
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26 Readers = £ 1 4 300 
Software = £ 30 000 
Services = £ 1 6 000 
Total = £ 69 900 
 
Provided the assumptions for no further hardware are accepted, conventional active 
RFID offers the best cost comparison even with the lower infrastructure cost 
advantage that Wi-Fi RTLS offers [26]. 
 
Conclusion: 
New standards will continue to emerge over time, and eventually multiple open 
standards, tailored in terms of frequency, data structure and communication protocols 
will appear, making it easier to understand the options in active RFID. A truly open 
active RFID standard would at minimum allow any vendor’s tag to work with any 
vendor’s reader on any vendor’s RTLS software package seamlessly. Each future 
standard will almost certainly be aimed at specific market verticals or specific 
applications, by combining the best RF frequency, protocol and data structure for that 
application or vertical. The need to evaluate each standardized system’s benefits 
against the business need will not be removed. New, improved technology will 
continue to be developed thus forcing the further development of standards. [26]. 
 

9.3.3 Case study: Implementation Example of Active UWB: 

 
The use of active UWB in asset management with respect to IT architecture, physical 
plan and system cost. Reader locations are based on a 3PL warehouse for 
pharmaceutical goods [27].  
 
Figure 9.10: Illustrates the warehouse (630’ x 210’ x 30’). Warehouse include 2 
docking gates leading to 1 receiving area, 5 metal shelves (h= 18 feet), several fenced 
areas, open areas used for storage, an administration building and a yard (630’ x 300’) 
[ref 27] 
 



Application of UWB 

123 

 
Technological Requirements (to meet operational needs): 
 
(1) Visibility of physical space such that each object can connect (receive / transmit) 
with at least one reader (no communication black holes). In case of a blockage of 
direct path from a specific tag to a reader, the tags should be able to use the relay 
capability of neighboring tags. 
 
(2) Data read-write and exchange with ERP. 
 
(3) Location accuracy of 1-2 feet (>95%). Precision of location requires triangulation 
by readers. 
 
(4) Range (tag to reader) is approximately 300 feet (indoor) and 1500 feet (outdoor). 
 
(5) Enough redundancy to prevent system failure due to failure of any one component. 
 
(6) System efficiency >99.8%. 
 
The Proposed Solution > Software Structure 
The active UWB system is integrated with the operational modules through a 
middleware layer (part of ERP or external product) that receives the data from the 
layer below (communication layer) and transfers it to the layer above (application 
layer). The communication layer issues commands to hardware (tags and reader), for 
example, to locate objects [27]. 
 
The Proposed Solution > Physical implementation (inside the warehouse) 
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Multiple readers (located in the physical space under discussion) and tags are attached 
to objects that are located in the same space. The goal is to optimize the RF coverage 
of the physical environment in which the system is operated to maximize reliability of 
communication. Omni coverage or directional coverage (use directional antenna) for 
fixed readers. Portable readers also included. Based on statistical propagation models 
for various in-door spaces (and their multi-path characteristics), the tag to reader 
coverage is 100 m (min 30–40 m). Each object is covered by at least 2 readers for 
precision of location. Total number of fixed readers in the warehouse turns out to be 
between 13 to 15. The installation includes LAN cables which run between all the 
readers and server or readers may communicate with the server via WLAN. In order 
to convert (X, Y) location data into actual physical space (rack /shelf / bin) a 
calibration exercise is necessary. For Z coordinate, coverage of three readers per 
tagged object is required (hence increases infrastructure cost).  
 
Figure 9.11: Semi generic reader layout for warehouse: 8 omni-directional readers 
(hung from ceiling) and 7 directional readers (on walls) [ref 27] 
 

 
 
 

 
Figure 9.12: Tailored reader layout: 4 ‘omni’ and 9 directional readers (more coverage 
for shelves) [ref 27] 
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Figure 9.13: Reader layout for the Yard: 4 directional readers for added reliability (2 
readers sufficient) [ref 27] 
 
Using Passive Tags: 
 
Coverage limited to 4-5 feet hence readers placed every 9-10 feet. Following 
assumptions are made: 
 
1. Cover 2/3 of the warehouse 'open' spaces 
2. Additional readers at designated areas such as docks, doors and shelf locations. 
3. Ceiling is 30 feet high. Readers will hang 15 feet down in open spaces (1 reader 
every 9 feet). 
 
Racks: 5 racks of 150 feet x 18 feet. Each rack requires 24 readers (120 readers for 
full coverage). 
Doors: 8 readers. 
Open spaces in 2/3 of the warehouse: 900 readers. 
Outdoor yard: no feasible solution with passive tags. 
 
In addition to 1028 readers, the passive technology based solution requires: 
 
Software (communication & management layer) and special communication layer for 
the readers and the infrastructure (multiple servers are required to handle network of 
readers and data model). 
 
Estimated Cost Comparison: 
 
Pharmaceutical example used in this sketch used 340,000 tags on pallets, boxes and 
high value items. The observation is that all pallets are tagged (23,000 pallets) but 
only 25% of the boxes are tagged (115,000) and 2% of the high value items are tagged 
(202,000). Average 3PL pharmaceutical DC is 124,000 sq ft and transacts goods 
worth $ 775 million per annum, made up of about 20,800 SKU’s (49% 
pharmaceuticals and 27% non-prescription drugs). In US, the industry is worth $ 155 
billion [27]. 
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Figure 9.14:Active UWB Vs Passive RIFD [ref 27] 
 
Conclusion: 
Implementation cost of passive RFID may be nearly two and half times (2.5) more 
expensive (with a very high system complexity) compared to a low complexity 
implementation using active UWB tags [27]. 
 

9.4 Other Applications: 

9.4.1 Real-Time Locating Systems in Agriculture: Technical 
Possibilities and Limitations: 

 
Mass production is one solution for a better yield by monitoring the production 
process more precisely. The current trend is the automation of crop and livestock 
production, which leads to precision agriculture and results in low-cost quality 
products. Real-time locating is essential for the automation of many systems. Many 
automated systems already exist, even in agriculture. But agricultural automation still 
has a long way to go, specially the crop production. How these technologies can be 
useful for various livestock and crop production systems is discussed. Furthermore, a 
simple case-study is examined and possible solutions are listed. 
 
In agriculture there are many applications where a real-time locating system can be 
applied, such as tracking animal behavior, tracking equipment and agricultural 
products, precision agriculture etc. With the advances in technology, methods used 
for agriculture have also changed. The farms are expanding and use precision 
agriculture and loose-house systems which becomes difficult to manage without 
RTLS for efficient production. The ongoing research in this area too needs systems 
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that can automatically transfer various sensor data from exact positions in the field to 
a computer. 
 
To find the most suitable technologies that can determine the position under the 
environment and quality needs listed by the parallel project. The parallel project 
explores where the RTLS systems can become useful in agriculture. It discusses the 
applications of RTLS systems in agriculture both at present and in the future mainly 
in the areas of livestock and crop production.  
 
Various RTLS systems are possible with the existing technology. Such a broad range 
of technologies are available mainly because the characteristics of electromagnetic 
waves changes with its frequency. Therefore the parameters of RTLS systems 
changes from one system to the other according to the frequency and the technology 
used for the wireless communication. To select the technology suitable for an 
application, we need to compare the needs of the application to the parameters of the 
technology. When the application needs become more complex, several technologies 
can be merged to obtain a better RTLS system [29]. 
 
Structure of an RTLS: 
 
Tags, location sensors, location engine, middleware and application are the parts of an 
RTLS 
system. 
 

 
                                  Figure 9.15: RTLS System [ref 29]  
 
Tags: 
 
A tag is usually a small device most of the time comprised of silicon chip that stores 
information and an antenna to send and receive data. Tags are attached to a moving 
asset or a person which is to be tracked. RTLS location sensors locate these tags in 
order to find the location of the tagged item. In most cases the tag is a small Integrated 
Circuit (IC). But there can be different kinds of tag technologies such as SAW, Wi-
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Fi, GPS/3G etc. The shape and the material of the tag depend on its application. For 
the use of tracking an animal a tag can be e.g.: ear tags, collar transponders. Many of 
the tags types are active and contain a battery. The lifetime of the battery is a critical 
parameter when selecting the suitable technology for some applications. When the 
communicating frequency of the tag with the reader is higher, the consumption of tag 
battery power also increases. Sensors may also be used in conjunction with the tags to 
monitor the asset's physical condition, including ambient temperature or humidity. 
 
Location Sensors: 
 
The position of location sensors on or within the tagged assets is usually known. The 
location of the tagged assets or people are tracked by locating the tags attached to 
them [29]. 
 
Location Engine: 
 
The location engine is the software used for the communication between the tags and 
the location sensors to locate the tags. Using software algorithms, the data collected 
from the tags are used to determine the items location as precisely as the tag 
technology permits. Then the location engine sends the information to the middleware 
and applications. 
 
There are several methods used by the location engine to calculate the location of the 
tags. 
Such as: 

• Angle of Arrival (AOA) 
• Received Signal Strength Indication (RSSI) 
• Round Trip Time (RTT) 
• Time of Arrival (TOA) 
• Time Difference of Arrival (TDOA) 
• Triangulation/Trilateration 
• RF Fingerprinting 
• Proximity to several points 
 

Middleware: 
Middleware is the software which lies between the location engine and the application 
software. The middleware is invisible to the end-users of the system. These programs 
provide messaging services so that different applications can communicate. 
 
Application: 
Application software is the software which the end-users directly interact with. It 
communicate with the RTLS middleware and interprets the data for the end user in a 
manner which helps to perform specific tasks the user needs [29]. 
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Table 9.16: RTLS technology and its common uses [ref 29] 
 
Ultra-Wideband (UWB): 
 
A UWB RTLS have tags and UWB receivers. These tags send UWB pulses, which 
are short and have low repetition rates (about 1-100 mega pulses per second). UWB 
receivers collect the timing information from the UWB signals emitted from the tags 
and send them to the location engine to compute the locations. The location engine 
uses the following methods to compute the location [29]. 
 

 
               Figure 9.17: Advantage and disadvantage of UWB RTLS [ref 29] 
 
Usability of UWB RTLS in Agriculture: 
 
Recently Ubisense and SMARTERFARMING introduced a commercial RTLS 
system which uses UWB technology called Cow-Detect. The accuracy of the Cow-
Detect system is 15 cm and it can track over 1000 cows per second and it can also 
observe animals in 3D. UWB works well indoors but its performance is not good 
outdoors. So it is not suitable for tracking outdoor crops. The Talon RTLS system 
made by Tagent and this system can be applied to Pathology sample location & 
tracking, Tracking early in manufacturing, Pharma item/unit level tracking. There are 
no specific Talon components developed for Agricultural purposes. A Talon tag is 2 
mm × 2mm in size and it is passive. The accuracy of the system is 250 mm and read 
range can be up to 10 m [29]. 
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9.4.2 Ultra wide band (UWB) of optical fiber Raman amplifiers in 
advanced optical communication networks: 

 
Recently optical communication networks are used Ultra wide band (UWB) based 
optical fiber Raman amplifiers (RFA).  Beside distributed RFA where the 
transmission fiber itself is used as the amplifying medium, one finds discrete RFA 
design which is also used to compensate dispersion.  
 
Until now the fiber length required to provide reasonable gain was several kilometer 
long because of the relatively weak Raman gain efficiency of classical optical fiber 
already available (Soto and Olivares, 2004). However the parallel high fiber linear 
losses and potential lack of uniformity in the Raman gain of this new kind of fiber 
requires very careful design. They have applied a technique that we developed to 
characterize the distribution of the gain in the fiber to determine optimal length of the 
fiber and pump power required to maximize the gain according to the pump and 
signal wavelength.  
 
In recent years Raman amplification has become an increasingly important 
technology for high performance optical networks (Bouteiller et al., 2004), 
complementing Erbium Doped Fiber Amplifier (EDFA) technology in many 
applications. The two main advantages of Raman amplification are 
 

1) The ability to use any type of fiber as an amplification medium, and 
the ability to amplify signals in any wavelength band using an 
appropriate pumping scheme (Wong et al., 2003).  
2) The ability to use any type of fiber as a gain medium has been 
successfully utilized for Distributed Raman Amplification, where 
amplification takes place inside the transmission fiber itself.  
 

Several years ago wavelength-division multiplex (WDM) transmission using Erbium-
doped fiber amplifiers became the mainstream technology for large-capacity long-
haul systems, and more recently, to set new records, it has become indispensable to 
make use of Raman amplifiers, optimizing the dispersion characteristics of the 
transmission path. During the 1980s the Raman amplifier was extensively studied as a 
promising candidate for use in fiber-optic transmission. When bit-rates were rising 
from 10 to 40 Gbit/sec (Pasquale and Meli, 2003), it was not possible to design 
systems that used only discrete amplifiers like EDFAs and the advantages of 
distributed Raman amplification, in which the transmission path as a whole is the 
amplifying medium, again came to be recognized.  
 
The concept of multi-wavelength pumping is introduced, in which high-reliability 
laser diodes are used as the pump source to achieve adequate gain over a broad band, 
was advanced to extend the applicability of optical fiber Raman amplifiers. In 
conventional multi-wavelength Raman amplifiers, backward pumping is the 
configuration normally used. Backward pumping has a problem, however, in that 
when gain is flattened over a broad bandwidth, the wavelength dependence of the 
noise figure becomes pronounced [30].  
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Fiber Raman amplifiers have attracted a lot of recent attention for extending the 
optical telecommunications bandwidth and upgrade of current systems. Broadband 
gain can be obtained if multiple pumps are employed, and the gain profile can be 
flattened if the pump configuration is appropriately designed. Gain flatness can also 
be achieved with spectral filtering but with the addition of loss to the system.  
 
The capacity of an optical link may be increased by deploying a cable with several 
fibers in parallel, by using several wavelength channels in a single fiber, or by 
interleaving several bit streams into a high bit rate. These techniques are named space 
division multiplexing (SDM), wavelength division multiplexing (WDM) and time 
division multiplexing (TDM), respectively and all of them are employed.  
 
An optical link may consist of several cables where each cable may include many 
fibers, in total a few thousands of fibers in parallel available for SDM. Utilization of 
the networks constantly grows. Sites offering video-on-demand are huge capacity 
consumers, out of which you tube is an excellent example, and we need to be prepared 
to meet future demands for an even higher capacity.  
 
As the optical signal moves along a standard single mode fiber SSMF, it gets 
attenuated along the fiber and if the data speed is high enough (> 10 Gb/s), it gets 
distorted due to chromatic and polarization dispersions. So optical fiber amplifiers 
must be designed to amplify the signal along the fiber, the more the gain, the more 
span distance between amplifiers as long as the signal is not distorted due to high 
optical power. To make use of this great bandwidth, dense wavelength division 
multiplexing DWDM is used, but each type of optical fiber amplifier has different 
bandwidth.  
 
Bandwidth enhancement can be assisted using Raman optical amplification (ROA) 
technology. ROA does not suffer from the limitations of EDFA in that it can be 
integrated with the transmission fibers, and pumped at any wavelength to provide 
wide gain bandwidth and gain flatness by employing a combination of different 
wavelength pumping sources. Different pumping configurations provide flexibility in 
the system for both distributed and discrete ROA (Felinsky and Korotkov, 2008). It 
offers a number of possible technical advancements to optically amplified long haul 
transmission infrastructure.  
 
In modern systems, existing EDFA lumped optical amplifiers are employed to ensure 
the quality of the transmitted optical signals. Recently, a renewed interest in Raman 
Fiber amplifiers (FRA) has been emerged as alternatives to Erbium-doped Fiber 
amplifiers. This has become feasible owing to development of high-power 
semiconductor laser diodes which are vitally needed as the sources for the FRAs. 
These amplifiers have some inherent benefits over the other types of optical 
amplifiers currently in use, most of all, for their broadband multi-pump gain spectrum 
which is fully employing particular design schemes. Distributed FRAs are often used 
as optical LNAs before EDFAs where they also yield lower nonlinear effects and a 
decreased effective distance between repeaters as a result of their remarkable 
improvement in optical signal to noise ratio. Discrete FRAs as well offer a broadband 
characteristic which enables dramatic increase in the potential capacity of optical 
networks, breaking its upper bounds due to limited bandwidth of rare doped fiber 
amplifiers. In order to benefit these features of FRAs and obtain acceptable 
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performance, different regimes which affect the evolution of pumps and signals 
during their propagation along the fiber should be measured (Lee et al., 2009) [30].  
 
SIMPLIFIED ADVANCED OPTICAL COMMUNICATION NETWORK 
MODEL 
 

 
                 Figure 9.18: Advanced passive communication model [ref 30] 
 
The deployment of an optical network layer with the same flexibility because it is 
more economical and allows a better performance in the bandwidth utilization. The 
optical de-multiplexer which divides the light beam in to different optical channels 
adjustable at different specific wavelengths and then directed to optical network units 
(ONUs) and finally directed to the minimum or maximum number of supported users 
or subscribers depend on the process of add or drop multiplexing. The optical fiber 
Raman amplifier (OFRA) is the important station for strength the optical signals 
through standard single mode fiber (SSMF) in order to allow ultra long haul 
transmission in advanced optical communication networks. A DWDM system can be 
described as a parallel set of optical channels, each using a slightly different 
wavelength, but all sharing a single transmission medium or fiber [30].  
 
 
Figure 9.18 illustrates the functionality of a multi-channel DWDM transmission 
system when various 5 - 40 Gbit/sec signals are fed to optical transmission modules. 
An optical arrayed waveguide grating multiplexer then bunches these optical signals 
together on one fiber and forwards them as a multiplexed signal to an optical fiber 
Raman amplifier. Depending on path length and type of fiber used, one or more 
optical fiber Raman amplifiers can be used to boost the optical signal for long fiber 
links. At termination on the receiving end, the optical signals are pre-amplified, then 
separated using optical filters and arrayed waveguide grating de-multiplexers before 
being converted into electrical signals in the receiver modules. For bi-directional 
transmission, this produce must be duplicated in the opposite direction to carry the 
signals in that particular direction. If the OFRA is employed in the forward pumping 
direction provides the lowest noise figure. In fact, the noise is sensitive to the gain and 
the gain is the highest when the input power is the lowest. But if it is employed in the 
backward pumping provides the highest saturated output power. And finally, if it is 
employed in bidirectional pumping scheme has a higher performance than the other 
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two by combining the lowest noise figure and the highest output power advantageous 
although it requires two pump lasers. In addition, in this scheme the small signal gain 
is uniformly distributed along the active fiber. Raman amplification in silica fiber is a 
promising means for extending the operational range of optical telecommunication 
systems to wavelengths beyond those covered by erbium-doped fiber amplifiers. 
Progress in pump laser sources, in particular, in cascaded Raman fiber lasers, has 
made reliable and efficient Raman amplifiers a reality. These amplifiers are not 
confined to any particular wavelength but can operate throughout the low-loss 
window of optical fiber from 1.2 - 1.7 μm [30]. 

 
Figure 9.19: Advanced passive communication model [ref 30] 
 
As shown in Figure 101, has indicated that the pumping power evolution along the 
total standard single mode fiber (SSMF) cable length for forward, backward, and 
bidirectional pumping direction configurations. We have observed that as the fiber 
cable length increases, pumping power should be also increased in the backward 
direction. While in the forward pumping, as the fiber cable length increases, pumping 
power decreases and in the bi-directional pumping, as the fiber cable length increases, 
pumping power decreases in the side length of fiber cable, and increases in the other 
side of fiber cable length [30]. 
 
Conclusion: 
 
Our major interest the importance role of optical fiber Raman amplifiers to strength 
the optical signal power in the forward, backward, and bi-directional pumping 
direction configurations and thus allowing longer transmission  distances, higher 
capacity, and maximum transmission bit rates either per link or per channel. Thus we 
have assured that the importance employment of the bidirectional pumping 
configuration for Raman amplification technique under the effect of the ambient 
temperature variations along the fiber cable yields the highest soliton bit rate and 
product either per channel or per link, therefore we can get the maximum B.W-
distance product through ultra long haul transmission distances in advanced optical 
communication networks within bidirectional pumping configuration. It is evident 
that the higher of the ambient temperature along fiber cable core, the lower of soliton 
bit rate and product either per link or per channel. Therefore, it is evident that the 
employment of Raman amplification technique within SSMF in the temperature range 
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variations of 25°C -30°C yields the highest soliton transmission bit rates and products 
either per link or per channel to support maximum number of users [30]. 
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10 MAC issues for UWB Communication 
systems: 
 
Key areas such as medium sharing, MAC organization, packet scheduling and power 
controls are considered for our discussion. The impact of UWB on the above 
functions and areas which require UWB specific design are identified.  
 
Within this framework, the MAC is generally considered as the bottom part of the 
Data Link Control (DLC) layer. The service offered by the MAC to the upper DLC is 
to provide a bit pipe, preventing or resolving contentions in the access to the medium. 
Following the layered approach, the functions executed in the MAC should be defined 
without taking into account the underlying physical layer. The design of an efficient 
MAC often requires however an accurate knowledge of the physical layer, and in 
most existing systems specific properties of the transmission technique in order to 
reduce the effect of multiple access interference. 
 
Accordingly, key MAC design objectives should be: i) to maximize throughput, ii) to 
guarantee an acceptable delay, and iii) to grant access to channel. The above goals 
should be fulfilled in a dynamic environment, i.e. under variable channel conditions, 
traffic characteristics, and local network topologies. Flexibility is thus an additional 
feature which an advanced MAC should incorporate. 
 

10.1 MAC DESIGN GUIDELINES: 
 
Each of the MAC functions described below, in fact, can be implemented either in a 
centralized or in a distributed fashion independently on the overlaying network 
architecture.  
 
MAC functions which in general need to be implemented in most systems are as 
follows: 
 
a) Medium sharing - This function determines how terminals access the medium in 
order to transmit packets. 
 
b) MAC Organization - This function deals with the organization of the network at 
the MAC level, i.e. how terminals coordinate themselves in resource sharing. 
 
c) Admission control - In Quality of Service (QoS) aware networks, this function is 
used to regulate the access of traffic sources to the network, avoiding congestion. 
 
d) Packet scheduling - When multiple traffic flows are present in the same terminal, 
packet scheduling is used to select the next packet to be transmitted. 
 
e) Power control - Power control aims at optimizing power utilization in the network. 
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10.2 QoS management at the MAC Layer: 
Modern data network must be capable to deliver at the same time data, voice, multi-
media (e.g. streaming video), and real-time-critical traffic by adapting its behavior to 
different user requirements and traffic characteristics. Voice and multi-media traffic, 
in particular, are characterized by requirements which are not present in non-real-time 
data traffic, e.g. the necessity of transferring bit streams at a minimum bit rate 
(determined by the application generating the traffic) with an upper bound on the end-
to-end delay. The fulfillment of the above requirements guarantees that the end user 
perceives the offered service with the requested quality:  
 
QoS defines the performance which must be guaranteed by the network in order to 
meet user expectations. 
 
The first step in the design of such strategies is the definition of a set of parameters 
defining QoS. Note that although each different service is characterized by its own 
application-level QoS parameters (e.g. resolution, frame rate for video services, 
sample rate and sample size for audio services), these are mapped onto a unique set of 
network-level QoS parameters, which can be listed as follows: bandwidth, end-to-end 
delay, jitter, bit error rate and packet loss. 
 
Typical values of these parameters depend upon the corresponding service. A few 
examples are reported in Table 1 [109]. 
 

 
Table 10.1: Mapping of services on Qos Parameters 

 
Network layer QoS mechanisms are in fact based on the reliability of the physical 
medium, something which cannot be easily guaranteed in the case of mobile 
terminals. Thus, the QoS concept needs to be adapted to this hostile environment. 
 
In the case of radio networks, link failures are frequent enough to impact the link and 
network layers, and in particular the MAC sublayer, leading to the necessity of 
introducing mechanisms to rapidly recover errors on the link, e.g. Forward Error 
Correcting (FEC) codes or Automatic Repeat on request (ARQ) protocols. This 
probability of failure, i.e. missing the QoS requirements, can be reduced by correctly 
designing and tuning the FEC and ARQ mechanisms cited above. As the channel 
behavior worsens, however, the fulfillment of the requirements becomes less and less 
realistic. 
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In such a condition of scarce resource, priorities are required to obtain a fair resource 
sharing, at the MAC layer. Priorities can be defined at two levels: 
 
1. Priority between different users/terminals 
2. Priority between different traffic types (real-time/voice traffic, data traffic) 
 
As a consequence, the introduction of QoS management involves several MAC 
functions, from admission control and packet scheduling, to power control and MAC 
organization. Examples of the impact of QoS management on the above functions will 
be given throughout this section. 
 

10.3 Medium Sharing: 
Most of the existing MAC protocols for distributed networks are based on the key 
hypothesis that users share a single channel. From a resource sharing point of view, 
this implies that the resource to be shared is the radio access itself. Two possible 
choices are available for resource management: terminals may contend in order to 
gain channel control (random access), or channel control may be granted by a control 
unit based on a specific resource assignment protocol (scheduled access). While the 
random access approach is appropriate for bursty traffic, scheduling allows a more 
efficient utilization of the channel when continuous streams of data packets must be 
transferred. Even in the case of a scheduled approach, however, a random access 
phase is requested, since the scheduling sequence is typically unavailable at network 
startup. We will thus focus on available solutions for random access, while examples 
of scheduled access will be moved to section IIC.  
 
Random access typical solutions for wireless networks are Aloha, Carrier Sensing 
Multiple Access (CSMA), and Out-of-Band signaling [110]. 
 
Aloha main advantage is simplicity. The Aloha protocol only foresees in fact a CRC 
field to be added to data packets before transmission. If a collision occurs, a back-off 
procedure is activated in order to schedule retransmission of the corrupted packet. 
Aloha has been proven to well behave when low traffic load is offered to the network, 
while performance decreases abruptly as traffic load increases and packet length 
grows [111]. For this reason, Aloha was proposed for the specific case of short, rare 
packet transmission (e.g. control packets), i.e. when the transmission time is low 
enough to mitigate the effect of collisions. Under the condition of a high traffic load, a 
higher throughput can be obtained by means of CSMA which is based on a channel 
sensing period performed by each terminal before starting transmission. The 
performance obtained by CSMA is however heavily affected by two phenomena, the 
well known "hidden terminal" and "exposed terminal" problems. In order to solve the 
hidden and exposed terminal problems, alternative solutions to CSMA have been 
proposed. The Multiple Access with Collision Avoidance (MACA) protocol [112] for 
example replaces the carrier sensing procedure with a three-way hand-shake between 
transmitter and receiver. Following this approach, further modifications of the MACA 
protocol have been developed, such as MACAW [113] and MACA-By Invitation 
(MACA-BI) [114].  
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Practical implementations of MAC protocols combine handshake and carrier sensing, 
as proposed in the Floor Acquisition Multiple Access (FAMA) protocol [115]. These 
protocols are commonly referred to as CSMA with Collision Avoidance (CSMA-CA). 
An example of CSMA-CA is the Distributed Foundation Wireless MAC (DFWMAC) 
which has been adopted for the MAC layer of the 802.11 IEEE standard [116]. 802.11 
adopts a Clear Channel Assessment (CCA) function which performs channel sensing 
in two different ways, either by measuring the received power and comparing it with a 
threshold, or by performing a true carrier sensing by detecting another 802.11 signal 
on the same channel.  
 
An alternative solution to CSMA-CA is offered by the Out-of- Band signaling 
protocol [117]. This solution splits the bandwidth available for communication into 
two channels: a data channel used for data packet exchange and a narrowband 
signaling channel on which sinusoidal signals (referred to as busy tones) are asserted 
by terminals which are transmitting and/or receiving in order to avoid interference 
produced by hidden terminals. In a distributed network, this would require each 
terminal which detects a transmission to transmit a busy tone to block all nodes in an 
area of radius 2*R around the transmitting node, R being the radio range, with the 
consequence of amplifying the exposed terminal problem. 
�_�_�_�_�_�_�_�_�_�_�_�_�_�_�_ 
 

         
Figure 10.2: Amplification of the exposed terminal problem with out-of-band 
signaling. 
 
In order to reduce the number of exposed terminals, the use of two different Busy 
Tones for transmitting and receiving terminals was used for transmission [118]. 
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10.4 MAC Organization: 
Two main approaches are possible for network self-organization at the MAC layer: 
Domain-dependent (clustered) and Domain-independent (flat).  
 
WLAN standards rely on the explicit definition of a MAC Domain leading to a 
clustered network architecture, where each cluster corresponds to a MAC domain. A 
clustered architecture simplifies resource management within each cluster by allowing 
a centralized approach. Two examples of Domain-dependent MAC protocols are 
Bluetooth and IEEE 802.16.3.  
 
In Bluetooth [13] a Frequency Hopping - Code Division Multiple Access (FH-
CDMA) scheme is adopted, and each MAC Domain is associated with a FH sequence. 
Terminals in a given area self-organize into MAC Domains (piconets) composed by 
up to eight terminals, and a centralized resource management is performed within 
each piconet. The set of independent piconets in the area is called “scatternet”. 
 
The IEEE 802.16.3 standard [119] is a second example of Domain-dependent MAC. 
The standard was originally developed for traditional, narrowband physical layers in 
the ISM band, but an UWB physical layer is currently in the standardization process. 
In 802.16.3, as much as in Bluetooth, the medium access is controlled in a centralized 
fashion within each MAC piconet. A piconet is controlled by a PicoNet Controller 
(PNC) which emits a periodic beacon. The channel associated with the piconet is 
selected based on a scanning procedure, which determines the channel subject to 
lower interference. No specific device is targeted in the piconet setup. It is up to the 
neighboring devices to join the new piconet by synchronizing to the beacon and 
sending an association request to the PNC by means of random packets either in a 
CSMA or slotted Aloha fashion. Associated devices ask for Channel Time Allocation 
(CTA), i.e. time slots, also by means of a CSMA protocol.  
 
The PNC and Master carry out similar tasks in the two standards as regards piconet 
management, including traffic scheduling and piconet synchronization. 

 
Figure.10.3: Logical piconet topologies: control traffic (dashed arrows) and data 
traffic (filled arrows). 
 
A key difference between the two systems however is the way the data traffic flows 
through the piconet. In Bluetooth (802.16.1), direct communication between two 
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different devices is not allowed, and the Master is in charge of relaying all traffic 
through the network. The piconet topology is in this case a typical star topology, as 
depicted in Fig. 105. In 802.16.3 (High rate W-PAN), on the contrary, the PNC only 
schedules CTAs to the devices, without being involved in the data packets exchange. 
Thus, while the piconet management is fully centralized, data transfer is performed on 
a peer-to-peer basis, i.e. in a pure adhoc manner (Fig. 105).  
 
The two systems, however, share the same problem of how to allow inter piconet 
communication. This becomes a major issue in scalability, especially regarding traffic 
scheduling and routing in networks composed of a large number of piconets.  
 
The adoption of a Domain-independent architecture avoids the problem of inter 
piconet communications. In a single channel scenario, UWB radio can however 
provide multiple communication channels. As a consequence, we now focus on 
protocols designed for multiple channel networks, which have been shown to achieve 
better throughput in comparison with single channel solutions based on Aloha or 
CSMA [120]. Multiple channel solutions have been typically developed for DS-
CDMA. Key concepts are however portable to UWB case.  
 
In multiple code networks, simultaneous transmissions are allowed by using different 
codes for different transmissions. As a consequence, a code assignment strategy is 
required. Such strategy is based on one of the two following approaches: 
 
1. Receiver-based: each receiver j is characterized by a code Cj, and a terminal i 
willing to transmit to j uses Cj; 
 
2. Transmitter-based: each transmitter i is characterized by a code Ci and uses this 
code in all data transmissions. 
 
The receiver-based strategy is far simpler from a receiver viewpoint since a receiver is 
required to synchronize to only one code. On the other hand, multiple transmitters 
directed to the same receiver, which use thus the same code for transmission, may 
collide. To this respect, the transmitter-based strategy is more robust, since two 
transmissions directed to the same receiver use different codes. In such a scenario, one 
of the two transmissions is perceived by the receiver as useful signal, while the other 
contributes to Multi-User Interference (MUI) noise. Note however that in this case the 
receiver must tune its hardware to the right code. Therefore this approach requires a 
specific code exchange procedure. 
 
The assignment of a code to each terminal can be either static, or based on a code 
assignment. The solution proposed in [121] guarantees that the same code is never 
assigned to terminals which are less than 3-hops away one from each other, avoiding 
thus the occurrence of collisions. 
 
The definition of a multiple channel MAC protocol is strictly related to the hardware 
complexity of the terminals. The adoption of a transmitter-based approach becomes 
for example straightforward if a receiver is complex enough to be capable of listening 
to several codes simultaneously. 
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The definition of MAC organization is crucial in the design of a specific MAC for 
UWB networks. The adoption of a Domain-based structure is a potential solution, 
since it addresses management of multiple Time Hopping codes. On the other hand, a 
multiple channel MAC could significantly increase network throughput by exploiting 
the inherent multiple channel UWB capability. 
  

10.5 Packet Scheduling: 
The packet scheduling algorithm determines the order in which buffered packets are 
selected for transmission. In wired networks, this function has two main objectives:  
 
1) To guarantee a air access to the all flows to the available capacity and  
2) To support QoS if different traffic classes are present.  
 
The simplest solution is the First Come First Serve (FCFS) algorithm in which 
packets are sent in the same order in which they are buffered. This solution, however, 
provides no protection against ill-behaving sources, which can capture any percentage 
of the available bandwidth by increasing their packet emission rate. In order to 
increase fairness, a Round Robin scheme adopted to serve each traffic flow is 
proposed in [122]. Fair access however is not guaranteed since packets of different 
lengths can be present in each queue. The Weighted Fair Queueing algorithm 
addresses this issue by assigning a weight to each queue with the aim of emulating a 
bit-per-bit Round Robin between different flows. In this case the introduction of QoS 
in the scheduling strategy is straightforward since the weights can be easily adjusted 
in order to take into account the QoS classes. 
 
Efficient packet scheduling in wireless networks cannot ignore the status of the 
wireless channel. Several wireless scheduling algorithms, which are sensitive to 
channel status, have been proposed. These are based on either a simple on-off Markov 
channel model or on more sophisticated channel models leading to accurate 
evaluation of the Signal-to-Noise-Ratio (SNR) [28] and external interference [123]. 

10.6 Power Control: 
Due to the broadcast nature of the wireless medium, the achievable performance in 
wireless network strictly depends on the capability of minimizing the undesired 
effects of each radio transmission on neighboring receivers. Power control leads thus 
to optimization of emitted power levels and achieves three desirable effects:  
 
1) Minimization of power consumption, leading to longer autonomy,  
2) Reduction of interference, and  
3) Adaptation of emitted power to link variations due to channel modifications and 
mobility.  
 
In a distributed network architecture in which several independent links may be set up 
at the same time without any central controller. Nevertheless, power control should be 
a key property of distributed MAC protocols since it allows a significant increase in 
network capacity.  
 
Power control is important in the case of UWB networks as well, at least for two 
reasons: 1) UWB networks are affected by the near-far effect, although it can be 
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expected that the high processing gain provided by the TH-IR can partially mitigates 
this phenomenon, and 2) the low power levels allowed for UWB communication 
networks impose efficiency in the use of power. 
 

10.7 UWB CASE: 
 
Explaining how UWB can benefit from existing solutions (packet scheduling). A 
more detailed analysis is required for other functions, which can be heavily affected 
by the adoption of UWB, such as Medium Sharing and MAC Organization.  
 
Medium Sharing and MAC Organization in UWB networks: 
 
The selection of channel access protocols and definition of MAC Organization are 
tightly related. The first step in analyzing potential MAC organization for UWB 
networks is thus to evaluate the applicability of existing channel access protocols to 
this specific case.  
 
We will consider TH-IR, which is the most common definition of UWB radio. In this 
case, the most intuitive solution is to identify each channel by a different Time 
Hopping code. 
Independently of a selected MAC organization, that is clustered or flat, the following 
questions must be addressed:  
 
 How is the channel defined for a TH-IR system? 
 How is the channel accessed by terminals? 
 How do terminals manage multiple channels? 
 
TDMA scheduled access scheme is considered, as in IEEE 802.16.3, procedures for 
CTA request and allocation is the same independently on the definition of the 
channel. Oppositely, procedures for inter-Domain communications, or channel 
selection, are highly dependent on channel definition.  
 
The 802.16.3 MAC standard defines a procedure for channel selection aiming at 
minimizing inter-piconet interference since many interfering devices are expected to 
be present in the 2.4 GHz ISM band. The adoption of a UWB physical layer should 
amplify this issue since the UWB signal spreads over a much larger bandwidth than 
ISM and partially overlaps with a large number of narrowband systems. As a 
consequence, an accurate channel monitoring will be required in order to meet the 
severe coexistence issues imposed to UWB and to allow such a system to reach the 
requested performance. As an example of how the adoption of TH-IR would impact 
such procedure, if the channel is defined by means of a TH-code, coexistence with a 
narrowband system could be achieved by choosing a code which introduces a notch in 
the UWB signal Power Spectral Density in the band occupied by the narrowband 
system.  
 
The channel, as defined above, must be accessed by terminals in order to exchange 
data and control information. The selection of the protocol to access the channel 
should then consider the TH-IR characteristics. The Aloha protocol requires no 
specific actions to be performed by the transmitter before emitting a packet. Its 
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application to UWB is thus straightforward. The main concern about this protocol is 
its poor performance in heavy traffic load conditions. It should be noted, however, 
that the evaluation of such performance is performed under the hypothesis of 
destructive collisions, which is quite realistic in the case of narrowband signals, 
characterized by a high duty cycle. TH-IR signals, on the contrary, can achieve low 
duty cycles, and could thus offer a higher protection in case of packet collisions. 
Further research is necessary in order to better characterize UWB interference and 
correctly evaluate the effect of packet collisions. 
 
The CSMA/CA protocol requires the capability of sensing the channel in order to 
understand if a transmission can be started. CSMA protocol is only suited for spread 
spectrum signals with low processing gain. In fact, spread spectrum systems with high 
processing gain do not experience significant performance increase by switching from 
Aloha to CSMA based on power measurement because of the lack of correlation 
between the interfering power measured at the transmitter and the interfering power 
suffered at the receiver [124]. Furthermore, true carrier sensing (i.e. the identification 
of another transmission) is complicated by the spreading itself, which makes it 
difficult to detect a spread signal, if the synchronization preamble is missed [125]. 
The extremely high processing gain guaranteed by TH-IR is expected to amplify these 
drawbacks, leading to the conclusion that CSMA is most likely not suitable for UWB 
systems. Let us consider for example a scenario in which two devices, A and B, need 
to transmit data to the same receiver C. B is already transmitting, while A is 
performing a carrier sensing procedure. Due to the spatial positions of A and B, A 
does not receive any of the pulses transmitted by B, and considers the channel as clear 
(Fig. 106).  
 

 
Figure.10.4: Example of error in Carrier Sensing procedure in a TH-IR system. 
 
In the worst case, A will start transmitting with the same phase as B (i.e. the same 
code value) and with a delay equal to the difference between the propagation delays 
from A and B respectively to C: this will lead to systematic collisions at C when A 
starts transmitting (Fig. 107). 

 
Figure.10.5: Collision at the receiver due to error in Carrier Sensing procedure in a 
TH-IR system. 
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In general, the number of collisions will depend on both the relative delays between 
the two transmissions and the autocorrelation properties of the Time Hopping code. 
Simulations and measurements are required to evaluate if a simpler protocol (e.g. 
Aloha) can guarantee the requested performance by relying on the temporal diversity 
properties of TH-IR UWB and thus skipping the carrier sense procedure. 
 
The above considerations indicate Aloha to be the best solution to allow channel 
access in UWB networks. This technique could be adopted in a Domain-based 
architecture, in which random access is only used to transfer control information and 
scheduled access is adopted for data transmissions. It is worth noting however that 
existing standards, such as 802.16.3 and Bluetooth, do not define procedures for the 
interconnection of independent MAC Domains. As a consequence, the maximum size 
of a piconet is a first bound for the maximum network size and network scalability. 
The same issue of course rises in the case of UWB networks, if a MAC Domain is 
defined. TH-IR, however, provides a built-in multiple access scheme based on TH-
codes, so that the adoption of a MAC Domain is not mandatory in the design of the 
MAC for an UWB network. In fact, a completely distributed MAC organization can 
be foreseen, in which each link is activated on a different TH-code.  
 
First, UWB systems differ from DS-CDMA, since a low duty cycle is achieved thanks 
to the impulsive nature of the UWB signal. This means that even if the same TH code 
is selected for two simultaneous transmissions, most probably, this will not lead to 
excessive interference because temporal separation should avoid systematic collisions. 
As a consequence, in network scenarios characterized by low or medium terminal 
densities, a solution based on a single TH code may lead to good throughput. In this 
case, the overhead due to a code assignment protocol may be avoided. 
 
Second, TH-IR systems may require higher time lags for synchronization than 
existing DS-CDMA systems. Even if it will not hinder point-to-point 
communications, it should be taken 
into account when defining MAC and higher layer protocols. Most protocols rely in 
fact on the availability of a broadcast channel heard by all terminals; Each terminal 
must be able to synchronize to this channel within an acceptable time. This condition 
may not be met in TH-IR systems. In this case, alternative solutions should be 
adopted, either based on the absence of a broadcast channel, or based on a network 
reference clock maintained by all terminals in order to reduce the synchronization 
time to the common channel. 
 

10.8 UWB novel functions: 
 
The main innovation offered by UWB is the capability of achieving high precision 
ranging. It should be noted that this characteristic is typical of spread spectrum signals 
in general. Time of Arrival (TOA) estimations for example can be obtained in DS-
CDMA systems by evaluating time shifts between the spreading code in the receiver 
and the same code in the received signal. The ranging precision thus depends upon the 
capability of determining this time shift, and is directly related to the adopted chip 
rate, i.e. the spread signal bandwidth. GPS system, for example, relies on this 
technique, and guarantees accuracy in TOA estimation of 100 ns, corresponding to an 
accuracy of 3 m in distance estimation. 
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The key advantage offered by UWB is thus the ranging precision. In fact, errors in the 
order of centimeters can be guaranteed, much better than the precision achievable by 
DS-CDMA systems, thanks to a time accuracy of less than 100 picoseconds. This 
precision is useful in the short range scenarios (tens of meters) expected for UWB 
networks where positioning is effective only if high precision can be achieved.  
 
Ranging information can be exploited in several ways in resource management. 
Examples are: a) Definition of distance related metrics for both MAC and higher 
layers, enabling the development of power-aware protocols, e.g. [126]; b) Evaluation 
of initial transmission power levels, required in distributed power control protocols 
[127]; c) Introduction of distributed positioning protocols in order to build a relative 
network map starting from ranging measurements. This map could enable location-
based enhancements in several MAC and network functions, such as position-based 
routing, and position-aware distributed code assignment protocols in multiple channel 
MAC, in order to minimize MUI. 
 
Problem: 
Channel contention is a fundamental property of wireless transmission, a natural 
question to ask is what the aggregate traffic-carrying capacity of a multi-hop wireless 
network might be. This question has received some recent attention;  
 
Solution: 
In practice, the answer is complicated and depends on the MAC protocol used in the 
network, the directionality of the antennas used, the degree of spatial locality in the 
end-to-end communication patterns between nodes, etc.  
 

10.9 PHY/MAC Structure: 
The application scenario is covered by multiple UWB picocells, although for 
simplicity a single picocell is considered. PHY and MAC layers of an open IR-UWB 
platform described in [119] are assumed. This platform is based on the 802.16.4a 
standard, although it is not fully compliant. 



MAC Issues 

147 

 
Figure 10.6: PHY and MAC parameters 

 
The MAC superframe is divided into timeslots that are grouped into different periods, 
as it is shown in Figure 109. 
 
Beacon period: 
 
Used for the beacon alignment. The first beacon slot is reserved for the coordinator. 
 
Topology Management Period: 
 
Used for the periodic broadcast of hello frames from each node. This way the 
neighborhood is known locally for each node of the network. 
 
Contention Free Period (CFP):  
 
It is composed of Guaranteed Time Slots (GTS) for sensor data, location data and 
ranging frames transmission, and a GTS request period. Concerning data frames, if 
source and destination nodes are not physically connected frames are relayed at MAC 
level using consecutive timeslots. Ranging frames are not relayed and can be sent 
only between neighbor nodes. Two types of ranging frames are defined: ranging 
request and ranging response. 
 
Contention Access Period (CAP):  
 
Used for the transmission of command frames through a slotted ALOHA multiple 
access scheme. Each CAP slot is divided into subslots in order to relay commands. 
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The picocell topology is mesh centralized, as shown in Figure 108. A picocell 
coordinator transmits beacon frames for common superframe synchronization and 
handles the scheduling procedures. Then, a scheduling tree is built and used to 
transport beacon and command frames, which are relayed from the picocell 
coordinator to any node in the picocell. Finally, it becomes a meshed scheduling tree 
by enabling the transmission out of the tree for the data, ranging and hello frames. 

 
Figure 10.7: Mesh centralized topology 

 
Figure 10.8: MAC superframe structure 

 
It should be noted that the relaying procedure is performed at the MAC layer level. 
When a node has data to transmit, it sends a GTS request on the tree to the 
coordinator with its address as the source address and the destination address of the 
transmission. The coordinator, which has the knowledge of the whole network, looks 
on its routing table if there are relays between the source and the destination. If there 
are relays, the coordinator determines the route and allocates the GTS for each link. 
 
Functional Architecture and Strategies for Acquisition and Distribution of 
Location Information: 
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In order to track the position of the target nodes, location information, basically the 
distances 
estimated between the target and the anchor nodes, must be acquired and transmitted 
to a LC that executes the tracking functionality. LCs can be physically located in one 
or more anchor nodes or in the target nodes. Depending on the location of the LC, 
several tracking functional architectures (centralized and distributed) can be defined. 
On the other hand, either the target or the anchor nodes may estimate the distance. 
This function is referred to as distance acquisition function. The allocation of the 
distance acquisition function to the target or the anchor nodes is a design alternative 
that may have an impact on the need of resources. 
 
Tracking Function Distribution in the Network: 
 
Depending on the location of the LC function, different tracking functional 
architectures can be defined. In the tracking functional architecture that we denote as 
centralized architecture, the tracking functionality is implemented in one or more 
previously defined anchor nodes that become LCs. Figure 3 shows an example of a 
centralized architecture with one LC. Using one LC entails a higher need of resources, 
as multiple hops will be needed to forward the location information to the LC. 
Defining multiple LCs reduces the need of resources, but increases complexity, as the 
tracking functionality must be implemented in several nodes and a procedure should 
be implemented to assign each target to the closest LC. 
 

 
            
             Figure 10.9: Tracking system Centralized architecture with 1 LC 
 
 
In the distributed architecture, each target dynamically picks one of its neighbor 
anchors to execute the tracking functionality. Therefore, there may be as many 
simultaneous LCs as targets. As the LC is always executed by an anchor neighbor to 
the target, only one timeslot will be needed to exchange data frames between the 
target and the LC, and resources will consequently be reduced. As a drawback, the 
tracking functionality must be implemented in every anchor. 
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Finally, in the target-centered architecture the LC function is implemented in the 
target nodes. The target nodes perform ranging with their neighbor anchors and obtain 
their own position applying the tracking algorithm. Therefore, there is no need of 
transmitting the estimated distances and the updated position. Nevertheless, the 
implementation of the tracking functionality requires certain computational capacity 
on the target nodes, increasing their complexity and cost.
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11 Conclusion and future work 
 

11.1 Overall Conclusion 
 
While implementing in any system we have to consider SNR, channel BW, PRR. 
Testbed gives better idea about the hardware complexity as well as system design. 
Depending upon the type of application we need to consider the modulation scheme. 
Generating the UWB signal is the complex process. We need to use high frequency 
component so power dissipation is more. Generation using optical is the most feasible 
way. Synchronization is the hot topic in UWB because of short pulse.   

 
11.2 Future work: 
 
Is not a new technology but research based on the property of the UWB in this area 
will give more application than existing application. We can use in aerospace 
application while landing to avoid accidents. Other uses include wireless audio and 
video distribution within the home. This would make it possible to replace all the 
cables used today between DVD/CD/MP3 players, amplifiers, TV and other 
entertainment equipment. This could prove to be an interesting feature as these 
devices are expected to become fully digital within next 10 years. Another somewhat 
different use is called pervasive computing and is based on the vision of everything 
being connected to each other. This could include such diverse things as PDAs, 
mobile phones, TVs, refrigerators, wearable computers, cameras and all kinds of other 
sensors all being connected together and knowing the position of each other. This 
opens up a new range of services that can be offered, such as remote control of home 
appliances from mobile devices and security systems knowing who you are and 
opening the door for you. If we use UWB signal in mobile communication we try to 
reduce the PSD, but interference is more. In future, we have to find the method to 
reduce the interference.  
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