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UWB communications and systems

Ultra wideband (UWB) wireless communication is a revolutionary technology for transmitting large amounts of digital data over a wide frequency spectrum using short-pulse, low-powered radio signals. UWB commonly refers to signal or system that either has a large relative bandwidth (BW) larger than 20% or a large absolute bandwidth of more than 500MHz. A February 14, 2002 Report and Order by the Federal communications Commission (FCC) authorizes the unlicensed use of UWB in 3.1–10.6 GHz. This is intended to provide an efficient use of scarce radio bandwidth while enabling both high data rate personal-area network (PAN) wireless connectivity and longer-range, low data rate applications as well as radar and imaging systems. 
History
UWB communications is not a new technology; in fact, it was first employed by Guglielmo Marconi in 1901 to transmit Morse code sequences across the Atlantic Ocean using spark gap radio transmitters. However, the benefit of a large bandwidth and the capability of implementing multi-user systems provided by electromagnetic pulses were never considered at that time. Approximately fifty years after Marconi, modern pulse-based transmission gained momentum in military applications in the form of impulse radars. Some of the pioneers of modern UWB communications in the United States from the late 1960s are Henning Harmuth of Catholic University of America and Gerald Ross and K. W. Robins of Sperry Rand Corporation. In particular, the genesis of UWB technology is from work in time-domain electromagnetics that began in 1962. The concept was to characterize linear, time-invariant (LTI) systems by their output response to an impulse excitation, instead of the more conventional means of swept frequency response (i.e., amplitude and phase measurements versus frequency). This output response is known as impulse response h(t). Output response y(t) of a LTI system to any input response x(t) is determined by the convolution integral:
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. However, it was not possible to measure the impulse response directly until the development of impulse excitation and measurement techniques. Once these techniques were in place it was obvious that these could be used for short pulse radar and communication systems. From the 1960s to the 1990s, this technology was restricted to military and Department of Defense applications under classified programs such as highly secure communications. In 1978, Ross and Bennett applied these techniques for radar and communication applications. This technology was referred to as base band, carrier-free or impulse until late 80’s and was termed UWB by the U. S. Department of Defense around 1989. By that time, UWB theory has experienced 30 years of development. Although UWB technology is old, its application for communication is a relatively a new trend. The recent advancement in microprocessor and fast switching in semiconductor technology has made UWB ready for commercial applications. Therefore, it is more appropriate to consider UWB as a new name for a long-existing technology. As interest in the commercialization of UWB has increased over the past several years, developers of UWB systems began pressuring the FCC to approve UWB for commercial use. In February 2002, the FCC approved the first Report and Order for commercial use of UWB technology under strict power emission limits for various devices. 

Shannon’s formula
Shannon’s formula expresses the channel capacity of a band-limited information transmission channel with additive white, Gaussian noise: C = BW log2 (1 + S/N) bits/second. Shannon’s formula gives how many bits of information per second can be transmitted without error over a channel with a bandwidth of BW Hz, when the average signal power is limited to S watt, and the signal is exposed to an additive, white (uncorrelated) noise of power N with Gaussian probability distribution. The essential elements of “Shannon’s formula” are:

1. The channel bandwidth sets a limit to how fast symbols can be transmitted over the channel. 
2. The signal to noise ratio (S/N) determines how much information each symbol can represent. The signal and noise power levels are, of course, measured at the receiver end of the channel. Thus, the power level is a function of both transmitted power and the attenuation of the signal over the transmission medium (channel). 
Shannon’s capacity limit equation shows capacity increasing as a function of BW faster than as a function of signal to noise ratio (SNR). Shannon’s equation shows that increasing channel capacity requires linear increases in bandwidth while similar capacity increases would require exponential increases in power. Therefore UWB technology is capable of transmitting high data rates using very low power. 
UWB communications systems
Fig. 1 shows a general model of a single-link communication system. It includes three major blocks of communication, viz., a transmitter,  the channel and a receiver. 
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Fig. 1 Block diagram of a communication system

The input data to the transmitter is the message to be sent from the source to the destination. The main function of the transmitter is to send out the message to the channel which is done with the help of an antenna. An antenna is a means for radiating (transmitting antenna) or receiving (receiving antenna) radio waves. Data modulation is the systematic variation of some properties of the carrier signal such as amplitude, phase or frequency according to the message signal. There are several reasons for modulating a message using a carrier: (a) ease of radiation (b) to reduce noise and interference (c) for transmission of several messages over a single channel, etc. Beside these, other functions of transmitter are mixing, filtering and amplification. An ideal mixer produces an output consisting of the sum and difference frequencies of its two input signals (one signal from the modulated signal and other from the local oscillator). In the transmitter, filter after the mixer filter out the lower frquency of the two output frequecies of the mixer which is also known as frequency up-conversion. As we know that higher the power of the signal it can reach out to farther destinations. The signal is amplified using power amplifier before sending it out to the channel from the transmitting antenna. The channel is the medium through which the transmitted data reaches the destination or receiver. When the transmitted data passes through the channel, other unwanted effects also come into picture. For instance, it picks up noise from the surrounding and due to refelection and refraction of the signal from vaious obstacles on the way of the signal, transmitted signal from the transmitter will be received at different times in different versions at the receiver which is also known as multipath. Sometimes the signal from the transmitter could be completely blocked by the obstacles or black out. The duty of the receiver is to extract the desired mesage from the received signal from the receiving antenna. The receiver signal may be extremely weak so it needs to be amplified first with the help of a low-noise noise amplifier (LNA). The use of employing LNA is to amplify the desired signal and not amplify the noise component of the signal. If we use a power amplifier like in the transmitter, both the noise and signal will be amplified equally. We don’t want this to happen since noise is an unwanted component of the signal. The filter next to LNA also filters out the noisy components of the received signal. Then the signal is passed through the mixer which will give us two frequencies of the signal as described before in the transmitter. But the filter after the mixer will filter out the higher frequency component and this process is known as down-conversion. The main function of the receiver is to demodulate the signal to get the message sent by the transmitter. After data demodulation, we can get the message sent from the source.
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Fig. 2 Block diagram of a typical (a) narrowband and (b) UWB transmitter
UWB communications is fundamentally different from all other communication techniques because it employs extremely narrow radio frequency (RF) pulses, which is generated from the UWB pulse generator, to communicate between transmitters and receivers. Utilizing short-duration pulses as the building blocks for communications directly generates a very wide bandwidth as we know that a very short signal in time domain produces a very wide spectrum signal in frequency domain from Fourier analysis. A significant difference between traditional radio transmissions and UWB radio transmissions is that traditional transmissions transmit information by varying the power/frequency/and or phase of a sinusoidal wave also known as modulation. UWB transmissions can transmit information by generating radio energy at specific time instants and occupying large bandwidth thus enabling a pulse-position or time-modulation. But also information can be imparted (modulated) on UWB signals (pulses) by encoding the polarity of the pulse, the amplitude of the pulse, and/or also by using orthogonal pulses. UWB pulses can be sent sporadically at relatively low pulse rates to support time/position modulation, but can also be sent at rates up to the inverse of the UWB pulse bandwidth. Pulse-UWB systems have been demonstrated at channel pulse rates in excess of 1.3 giga-pulses per second, supporting forward error correction encoded data rates in excess of 675 Mbit/s. Such a pulse-based UWB method using bursts of pulses is the basis of the IEEE 802.15.4a draft standard and working group, which has proposed UWB as an alternative PHY layer. UWB transmission is carrier less, meaning that data is not modulated on a continuous waveform with a specific carrier frequency, as in narrowband and wideband technologies. Carrier less transmission requires fewer RF components than carrier based transmission as shown in Fig. 2. For this reason UWB transceiver architecture is significantly simpler and thus cheaper to build. Fig. 2 and Fig. 3 compare the block diagrams of typical narrowband and UWB transmitter and receiver. As shown, the UWB transceiver architecture is considerably less complicated than that of the narrowband transceiver. The transmission of low-powered pulses eliminates the need for a power amplifier (PA) in UWB transmitters. Also, because UWB transmission is carrier less, there is no need for mixers and local oscillators to translate the carrier frequency to the required frequency band; consequently there is no need for a carrier recovery stage at the receiver end. In general, the analog front end of a UWB transceiver is noticeably less complicated than that of a narrowband transceiver. This simplicity makes an all-CMOS (short for complementary metal-oxide semiconductors) implementation of UWB transceivers possible, which translates to smaller form factors and lower production costs.
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Fig. 3 Block diagram of a typical (a) narrowband and (b) UWB receiver
Advantages and disadvantages
Advantages

Future generation communication system will require high mobility, flexibility and very high data-rate. In this context, broadband wireless digital communications inevitable. As the capacity of the channel is directly related to its bandwidth, UWB technologies are advantageous for use in a number of wireless communications applications, especially in short range high data rate networking. Impulse radio, a form of UWB spread-spectrum signaling, has properties that make it a viable candidate for short-range communications in dense multi-path environments. There are many advantages of UWB communications and systems over conventional communication systems.  We will discuss some of the important advantages:
Multiple access communications: Due to large bandwidth, an UWB based radio multiple access communication system can accommodate many users. There are two common multiple access techniques for impulse radio UWB systems. Time Hopping is one such technique. Direct Sequence (DS) is another multiple access technique that is popular in UWB community. At the transmitter information symbol to be transmitted is first spread with a pseudo random (PN) sequence and then amplitude modulated with a train of short pulses. At the receiver the received information is initially despread using the same PN sequence used for spreading.
Very Low power secure communications: FCC has specified an Effective Isotropic Radiated Power (EIRP), which is defined as the highest signal strength measured in any direction and at any frequency from the UWB device, limit lower than noise floor level of -41.3dBm/MHz so that UWB devices could coexist with other electronic users working within the same frequency region. The low emission and impulsive nature of UWB radio leads to enhanced security in communications. UWB provides low probability of detection and low probability of jamming because of using very low energy per frequency band and use of precisely timed patterns. Hence, UWB technology is very suitable for high security applications such as military communications.

Very Low Power Operation, low-cost and minimal hardware: Another reason for UWB devices to consume less power is that UWB transmits short impulses constantly instead of transmitting modulated waves continuously like most narrowband systems do. UWB chipsets do not require RF Radio Frequency (RF) to Intermediate frequency (IF) conversion, local oscillators, mixers and other filters hence transmitter power requirements are low.

Resolvable multipath components of UWB signals: Another valuable aspect of pulse-based UWB is that the pulses are very short in space (less than 60 cm for a 500 MHz wide pulse, less than 23 cm for a 1.3 GHz bandwidth pulse), so most signal reflections do not overlap the original pulse, and thus the traditional multipath fading of narrow band signals does not exist.
Diversity gain from combining multipath components: Since multipath reflections of UWB signals are resolvable, there is a potential for obtaining diversity gain by combining them.

Localization: Localization of radio signals indoors is difficult because of the presence of shadowing and multipath reflections from walls and objects. The fine time resolution required by UWB signals makes them ideal for high resolution positioning applications.

Multipath persistence property supports Non line of sight (NLOS) communications: Usually, localization of a radio signal’s source is best done under line of sight (LOS) conditions, and multipath components interfere. Hence, it is difficult to use conventional Radio frequency identification (RFID) techniques aboard ships because radio transmissions aboard ships and those situations in which metal containers are used, tend to have many reflections. However UWB signals propagate well aboard ships, into corners and round objects because UWB signals and multipaths do not fade fast and also because of their low frequencies they propagate through objects better.
Disadvantages
But such systems have some inherent problems due to the huge spectrum (7.5GHz bandwidth from 3.1-10.6GHz) allotted by FCC. 
Interference: Interference is one of the major challenges in the design of UWB communication systems. Since UWB communication devices occupy a large frequency spectrum and interference mitigation or avoidance with coexisting users is one of the key issues of UWB technology. Existing electronic devices include current IEEE 802.11a wireless local area networks (WLAN) devices (working at 5.150-5.825GHz) and 2.4 GHz industrial, scientific and medical (ISM) band devices, that is used by wireless personal area networks like Bluetooth, etc. 
Complex signal processing: For narrowband systems that use carrier frequency, frequency-division multiplexing is very straightforward and the development of a narrowband device need only consider the band of frequencies directly affecting it and minimizing interference to out-of-band systems by emission control techniques like filtering and wave shaping. For carrier-less transmission and reception, every narrowband signal in the vicinity is a potential interferer and also every other carrier-less system. So any carrier-less system has to rely on relatively complex and sophisticated signal processing techniques to recover data from the noisy environment.

Bit synchronization time: Since pico-second precision pulses are used in UWB, the time for a transmitter and receiver to achieve bit synchronization can be as high as a few milliseconds. Hence the channel acquisition time is very high which can significantly affect performance especially for intermittent communications.
Applications
There are myriads of applications for UWB technology. Some of them are already in use for many years like UWB radars, some of them are new potential applications viz., UWB sensor networks, UWB RFID, UWB positioning systems, etc. We will list some of those applications below:

1. For transferring large amounts of data in short-range for home or office networking

2. Short range voice, data and video applications (a television set and computer system without wires and transferring data at a rate higher than wired connections)

3. Military communications on board helicopters and aircrafts which would otherwise have too many interfering multi-path components
4. Anti-collision vehicular radars

5. Through wall imaging used for rescue, security and medical applications

6. Reduce inventory time and increase efficiency in several ways (attaching UWB locators to each item inside a box or crate, a scan could count and identify what's in the box without its being opened)

7. UWB can accurately locate a person or object within one inch of its location through any structure; Global positioning system (GPS) technology is only accurate up to one meter and does not work inside buildings. GPS is expensive but UWB will be low cost.

8. Localization in search and rescue efforts track their livestock and pets

9.  Detecting land mines

10. Assessing enemy locations and tracking troops, etc.
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