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MIMO

MIMO exploits multipath propagation to multiply link capacity

In radio, multiple-input and multiple-output,
or MIMO (pronounced /ˈmaɪmoʊ/ or /ˈmiːmoʊ/), is a method for multiplying the capacity of a
radio link using multiple transmit and receive antennas to exploit multipath
propagation.[1] MIMO has become an essential element of wireless communication standards
including IEEE 802.11n (Wi-Fi), IEEE 802.11ac (Wi-Fi), HSPA+ (3G), WiMAX (4G),
and Long Term Evolution (4G). More recently, MIMO has been applied to power-line
communication for 3-wire installations as part of ITU G.hn standard and HomePlug AV2
specification.[2][3]

At one time, in wireless the term "MIMO" referred to the use of multiple antennas at the
transmitter and the receiver. In modern usage, "MIMO" specifically refers to a practical
technique for sending and receiving more than one data signal simultaneously over the same
radio channel by exploiting multipath propagation. MIMO is fundamentally different from smart
antenna techniques developed to enhance the performance of a single data signal, such
as beamforming and diversity.

Early research

MIMO is often traced back to 1970s research papers concerning multi-channel digital
transmission systems and interference (crosstalk) between wire pairs in a cable bundle: AR Kaye
and DA George (1970),[4] Branderburg and Wyner (1974),[5] and W. van Etten (1975,
1976).[6] Although these are not examples of exploiting multipath propagation to send multiple
information streams, some of the mathematical techniques for dealing with mutual interference
proved useful to MIMO development. In the mid-1980s Jack Salz at Bell Laboratories took this
research a step further, investigating multi-user systems operating over "mutually cross-coupled
linear networks with additive noise sources" such as time-division multiplexing and dually-
polarized radio systems.[7]

Methods were developed to improve the performance of cellular radio networks and enable more
aggressive frequency reuse in the early 1990s. Space-division multiple access(SDMA) uses
directional or smart antennas to communicate on the same frequency with users in different
locations within range of the same base station. An SDMA system was proposed by Richard Roy
and Björn Ottersten, researchers at ArrayComm, in 1991. Their US patent (No. 5515378 issued
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in 1996[8]) describes a method for increasing capacity using "an array of receiving antennas at the
base station" with a "plurality of remote users."

Invention

Arogyaswami Paulraj and Thomas Kailath proposed an SDMA-based inverse multiplexing
technique in 1993. Their US patent (No. 5,345,599 issued in 1994[9]) described a method of
broadcasting at high data rates by splitting a high-rate signal "into several low-rate signals" to be
transmitted from "spatially separated transmitters" and recovered by the receive antenna array
based on differences in "directions-of-arrival." Paulraj was awarded the prestigious Marconi
Prize in 2014 for "his pioneering contributions to developing the theory and applications of
MIMO antennas. ... His idea for using multiple antennas at both the transmitting and receiving
stations – which is at the heart of the current high speed WiFi and 4G mobile systems – has
revolutionized high speed wireless."[10]

In an April 1996 paper and subsequent patent, Greg Raleigh proposed that natural multipath
propagation can be exploited to transmit multiple, independent information streams using co-
located antennas and multi-dimensional signal processing.[11] The paper also identified practical
solutions for modulation (MIMO-OFDM), coding, synchronization, and channel estimation.
Later that year (September 1996) Gerard J. Foschini submitted a paper that also suggested it is
possible to multiply the capacity of a wireless link using what the author described as "layered
space-time architecture."[12]

Greg Raleigh, V. K. Jones, and Michael Pollack founded Clarity Wireless in 1996, and built and
field-tested a prototype MIMO system.[13] Cisco Systems acquired Clarity Wireless in
1998.[14] Bell Labs built a laboratory prototype demonstrating its V-BLAST (Vertical-Bell
Laboratories Layered Space-Time) technology in 1998.[15] Arogyaswami Paulraj founded Iospan
Wireless in late 1998 to develop MIMO-OFDM products. Iospan was acquired by Intel in
2003.[16] V-BLAST was never commercialized, and neither Clarity Wireless nor Iospan Wireless
shipped MIMO-OFDM products before being acquired.[17]

Standards and commercialization

MIMO technology has been standardized for wireless LANs, 3G mobile phone networks,
and 4G mobile phone networks and is now in widespread commercial use. Greg Raleigh and V.
K. Jones founded Airgo Networks in 2001 to develop MIMO-OFDM chipsets for wireless
LANs. The Institute of Electrical and Electronics Engineers (IEEE) created a task group in late
2003 to develop a wireless LAN standard delivering at least 100 Mbit/s of user data throughput.
There were two major competing proposals: TGn Sync was backed by companies including Intel
and Philips, and WWiSE was supported by companies including Airgo Networks, Broadcom,
and Texas Instruments. Both groups agreed that the 802.11n standard would be based on MIMO-
OFDM with 20 MHz and 40 MHz channel options.[18] TGn Sync, WWiSE, and a third proposal
(MITMOT, backed by Motorola andMitsubishi) were merged to create what was called the Joint
Proposal.[19] In 2004, Airgo became the first company to ship MIMO-OFDM



products.[20] Qualcomm acquired Airgo Networks in late 2006.[21] The final 802.11n standard
supported speeds up to 600 Mbit/s (using four simultaneous data streams) and was published in
late 2009.[22]

Surendra Babu Mandava and Arogyaswami Paulraj founded Beceem Communications in 2004 to
produce MIMO-OFDM chipsets for WiMAX. The company was acquired by Broadcom in
2010.[23] WiMAX was developed as an alternative to cellular standards, is based on
the 802.16e standard, and uses MIMO-OFDM to deliver speeds up to 138 Mbit/s. The more
advanced 802.16m standard enables download speeds up to 1 Gbit/s.[24] A nationwide WiMAX
network was built in the United States by Clearwire, a subsidiary of Sprint-Nextel, covering 130
million points of presence (PoP) by mid-2012.[25] Sprint subsequently announced plans to deploy
LTE (the cellular 4G standard) covering 31 cities by mid-2013[26] and to shut down its WiMAX
network by the end of 2015.[27]

The first 4G cellular standard was proposed by NTT DoCoMo in 2004.[28] Long term evolution
(LTE) is based on MIMO-OFDM and continues to be developed by the 3rd Generation
Partnership Project (3GPP). LTE specifies downlink rates up to 300 Mbit/s, uplink rates up to 75
Mbit/s, and quality of service parameters such as low latency.[29] LTE Advanced adds support for
picocells, femtocells, and multi-carrier channels up to 100 MHz wide. LTE has been embraced
by both GSM/UMTS and CDMA operators.[30]

The first LTE services were launched in Oslo and Stockholm by TeliaSonera in
2009.[31] Deployment is most advanced in the United States, where all four Tier 1 operators have
or are constructing nationwide LTE networks. There are currently more than 360 LTE networks
in 123 countries operational with approximately 373 million connections (devices).[32]

Functions

MIMO can be sub-divided into three main categories, precoding, spatial multiplexing (SM),
and diversity coding.

Precoding is multi-stream beamforming, in the narrowest definition. In more general terms, it is
considered to be all spatial processing that occurs at the transmitter. In (single-stream)
beamforming, the same signal is emitted from each of the transmit antennas with appropriate
phase and gain weighting such that the signal power is maximized at the receiver input. The
benefits of beamforming are to increase the received signal gain - by making signals emitted
from different antennas add up constructively - and to reduce the multipath fading effect. In line-
of-sight propagation, beamforming results in a well-defined directional pattern. However,
conventional beams are not a good analogy in cellular networks, which are mainly characterized
by multipath propagation. When the receiver has multiple antennas, the transmit beamforming
cannot simultaneously maximize the signal level at all of the receive antennas, and precoding
with multiple streams is often beneficial. Note that precoding requires knowledge of channel
state information (CSI) at the transmitter and the receiver.



Spatial multiplexing requires MIMO antenna configuration. In spatial multiplexing[33], a high-
rate signal is split into multiple lower-rate streams and each stream is transmitted from a
different transmit antenna in the same frequency channel. If these signals arrive at the receiver
antenna array with sufficiently different spatial signatures and the receiver has accurate CSI, it
can separate these streams into (almost) parallel channels. Spatial multiplexing is a very
powerful technique for increasing channel capacity at higher signal-to-noise ratios (SNR). The
maximum number of spatial streams is limited by the lesser of the number of antennas at the
transmitter or receiver. Spatial multiplexing can be used without CSI at the transmitter, but can
be combined with precoding if CSI is available. Spatial multiplexing can also be used for
simultaneous transmission to multiple receivers, known as space-division multiple
access or multi-user MIMO, in which case CSI is required at the transmitter.[34] The scheduling
of receivers with different spatial signatures allows good separability.

Diversity coding techniques are used when there is no channel knowledge at the transmitter. In
diversity methods, a single stream (unlike multiple streams in spatial multiplexing) is
transmitted, but the signal is coded using techniques called space-time coding. The signal is
emitted from each of the transmit antennas with full or near orthogonal coding. Diversity coding
exploits the independent fading in the multiple antenna links to enhance signal diversity. Because
there is no channel knowledge, there is no beamforming or array gain from diversity coding.
Diversity coding can be combined with spatial multiplexing when some channel knowledge is
available at the transmitter.

Forms

Example of an antenna for LTE with 2 port antenna diversity

Multi-antenna types

Multi-antenna MIMO (or Single user MIMO) technology has been developed and implemented
in some standards, e.g., 802.11n products.

 SISO/SIMO/MISO are special cases of MIMO

 Multiple-input and single-output (MISO) is a special case when the receiver has a single
antenna.



 Single-input and multiple-output (SIMO) is a special case when the transmitter has a
single antenna.

 Single-input single-output (SISO) is a conventional radio system where neither
transmitter nor receiver has multiple antenna.

 Principal single-user MIMO techniques

 Bell Laboratories Layered Space-Time (BLAST), Gerard. J. Foschini (1996)

 Per Antenna Rate Control (PARC), Varanasi, Guess (1998), Chung, Huang, Lozano
(2001)

 Selective Per Antenna Rate Control (SPARC), Ericsson (2004)

 Some limitations

 The physical antenna spacing is selected to be large; multiple wavelengths at the base
station. The antenna separation at the receiver is heavily space-constrained in handsets,
though advanced antenna design and algorithm techniques are under discussion. Multi-
user types

Multi-user MIMO

Recently, results of research on multi-user MIMO technology have been emerging. While full
multi-user MIMO (or network MIMO) can have a higher potential, practically, the research on
(partial) multi-user MIMO (or multi-user and multi-antenna MIMO) technology is more active.

 Multi-user MIMO (MU-MIMO)

 In recent 3GPP and WiMAX standards, MU-MIMO is being treated as one of the
candidate technologies adoptable in the specification by a number of companies,
including Samsung, Intel, Qualcomm, Ericsson, TI, Huawei, Philips, Nokia, and
Freescale. For these and other firms active in the mobile hardware market, MU-MIMO is
more feasible for low-complexity cell phones with a small number of reception antennas,
whereas single-user SU-MIMO's higher per-user throughput is better suited to more
complex user devices with more antennas.

 Enhanced multiuser MIMO: 1) Employs advanced decoding techniques, 2) Employs
advanced precoding techniques

 SDMA represents either space-division multiple access or super-division multiple access
where super emphasises that orthogonal division such as frequency and time division is
not used but non-orthogonal approaches such as superposition coding are used.

 Cooperative MIMO (CO-MIMO)

 Uses multiple neighboring base stations to jointly transmit/receive data to/from users. As
a result, neighboring base stations don't cause intercell interference as in the
conventional MIMO systems.

 Macrodiversity MIMO



 A form of space diversity scheme which uses multiple transmit or receive base stations
for communicating coherently with single or multiple users which are possibly
distributed in the coverage area, in the same time and frequency resource.[35][36][37]

 The transmitters are far apart in contrast to traditional microdiversity MIMO schemes
such as single-user MIMO. In a multi-user macrodiversity MIMO scenario, users may
also be far apart. Therefore, every constituent link in the virtual MIMO link has distinct
average link SNR. This difference is mainly due to the different long-term channel
impairments such as path loss and shadow fading which are experienced by different
links.

 Macrodiversity MIMO schemes pose unprecedented theoretical and practical challenges.
Among many theoretical challenges, perhaps the most fundamental challenge is to
understand how the different average link SNRs affect the overall system capacity and
individual user performance in fading environments.[38]

 MIMO Routing

 Routing a cluster by a cluster in each hop, where the number of nodes in each cluster is
larger or equal to one. MIMO routing is different from conventional (SISO) routing since
conventional routing protocols route node-by-node in each hop.[39]

 Massive MIMO is a technology where the number of terminals is much less than the number
of base station (mobile station) antennas.[40] In a rich scattering environment, the full
advantages of the massive MIMO system can be exploited using simple beamforming
strategies such as maximum ratio transmission (MRT) or zero forcing (ZF). To achieve these
benefits of massive MIMO, accurate CSI must be available perfectly. However, in practice,
the channel between the transmitter and receiver is estimated from orthogonal pilot
sequences which are limited by the coherence time of the channel. Most importantly, in a
multicell setup, the reuse of pilot sequences of several co-channel cells will create pilot
contamination. When there is pilot contamination, the performance of massive MIMO
degrades quite drastically. To alleviate the effect of pilot contamination, the work
of[41] proposes a simple pilot assignment and channel estimation method from limited
training sequences.

Applications

Spatial multiplexing techniques make the receivers very complex, and therefore they are
typically combined with Orthogonal frequency-division multiplexing (OFDM) or
withOrthogonal Frequency Division Multiple Access (OFDMA) modulation, where the problems
created by a multi-path channel are handled efficiently. The IEEE 802.16e standard incorporates
MIMO-OFDMA. The IEEE 802.11n standard, released in October 2009, recommends MIMO-
OFDM.

MIMO is also planned to be used in Mobile radio telephone standards such as
recent 3GPP and 3GPP2. In 3GPP, High-Speed Packet Access plus (HSPA+) and Long Term
Evolution (LTE) standards take MIMO into account. Moreover, to fully support cellular



environments, MIMO research consortia including IST-MASCOT propose to develop advanced
MIMO techniques, e.g., multi-user MIMO (MU-MIMO).

MIMO technology can be used in non-wireless communications systems. One example is the
home networking standard ITU-T G.9963, which defines a powerline communications system
that uses MIMO techniques to transmit multiple signals over multiple AC wires (phase, neutral
and ground).[2]

Mathematical description

MIMO channel model

Testing

MIMO signal testing focuses first on the transmitter/receiver system. The random phases of the
sub-carrier signals can produce instantaneous power levels that cause the amplifier to compress,
momentarily causing distortion and ultimately symbol errors. Signals with a high PAR (peak-
to-average ratio) can cause amplifiers to compress unpredictably during transmission. OFDM
signals are very dynamic and compression problems can be hard to detect because of their
noise-like nature.[45]

Knowing the quality of the signal channel is also critical. A channel emulator can simulate how
a device performs at the cell edge, can add noise or can simulate what the channel looks like at
speed. To fully qualify the performance of a receiver, a calibrated transmitter, such as a vector
signal generator (VSG), and channel emulator can be used to test the receiver under a variety of
different conditions. Conversely, the transmitter's performance under a number of different
conditions can be verified using a channel emulator and a calibrated receiver, such as a vector
signal analyzer (VSA).

Understanding the channel allows for manipulation of the phase and amplitude of each
transmitter in order to form a beam. To correctly form a beam, the transmitter needs to
understand the characteristics of the channel. This process is called channel sounding or channel
estimation. A known signal is sent to the mobile device that enables it to build a picture of the
channel environment. The mobile device sends back the channel characteristics to the
transmitter. The transmitter can then apply the correct phase and amplitude adjustments to form a
beam directed at the mobile device. This is called a closed-loop MIMO system.
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For beamforming, it is required to adjust the phases and amplitude of each transmitter. In a
beamformer optimized for spatial diversity or spatial multiplexing, each antenna element
simultaneously transmits a weighted combination of two data symbols.

MIMO-OFDM

Multiple input, multiple output-orthogonal frequency division multiplexing
(MIMO-OFDM) is the dominant air interface for 4G and 5G broadband
wireless communications. It combines multiple input, multiple output (MIMO)
technology, which multiplies capacity by transmitting different signals over
multiple antennas, and orthogonal frequency-division multiplexing (OFDM),
which divides a radio channel into a large number of closely spaced
subchannels to provide more reliable communications at high speeds. Research
conducted during the mid-1990s showed that while MIMO can be used with
other popular air interfaces such as time division multiple access (TDMA) and
code division multiple access (CDMA), the combination of MIMO and OFDM
is most practical at higher data rates.

MIMO-OFDM is the foundation for most advanced wireless local area network
(wireless LAN) and mobile broadband network standards because it achieves
the greatest spectral efficiency and, therefore, delivers the highest capacity and
data throughput. Greg Raleigh invented MIMO in 1996 when he showed that
different data streams could be transmitted at the same time on the same
frequency by taking advantage of the fact that signals transmitted through space
bounce off objects (such as the ground) and take multiple paths to the receiver.
That is, by using multiple antennas and precoding the data, different data
streams could be sent over different paths. Raleigh suggested and later proved
that the processing required by MIMO at higher speeds would be most
manageable using OFDM modulation, because OFDM converts a high-speed
data channel into a number of parallel, lower-speed channels.



ULTRA WIDEBAND FOR WIRELESS COMMUNICATIONS

Introduction

1. Ultra wideband (UWB) communication is based on the transmission of very
short pulses with relatively low energy. This technology may see increased use in
the field of wireless communications and ranging in the near future. UWB
technique has a fine time resolution which makes it a technology appropriate for
accurate ranging. Because of the huge bandwidth, UWB waves have a good
material penetration capability. As will be explained later in more detail in this
chapter, the UWB radio signal occupies a bandwidth of more than 500 MHz or a
fractional bandwidth of larger than 0.20. According to Shannon’s capacity formula,
this large bandwidth provides a very high capacity. Thus, high processing gains can
be achieved that allow the access of a large number of users to the system. The
impulse radio UWB is a carrier-less (i.e., baseband) radio technology and
accordingly, in this radio technique no mixer is needed. Therefore, the
implementation of such a system is simple, which means that low cost
transmitters/receivers can be achieved when compared to the conventional radio
frequency (RF) carrier systems. Through the years (1960s–1990s) the United States
military developed the UWB technology that was first used for ground penetrating
radar. In 1998, the Federal Communication Commissions (FCC) recognized the
significance of UWB technology and initiated the regulatory review process of the
technology. Consequently, in February 2002 the FCC report appeared, in which
UWB technology was authorized for the commercial uses with different
applications, operating frequency bands as well as the transmitted power spectral
densities.

2. UWB systems operate in a very large bandwidth, they need to share the
spectrum with other users as well as with the existing communication systems and
consequently, interferences may occur. Besides from the interference from other
users, the UWB propagation channel will cause disturbances.

UWB Features

3. Bandwidth of the UWB technique is huge. This very wide bandwidth means
a fine time resolution. This main feature of the UWB technology provides the
capability of accurate positioning which has already been used in the radar
applications and is now underway in the wireless communications. The capability
of communications and positioning (with precise performance), in a single
technology (i.e., fusion of positioning and data capabilities in a single technology)



is one of the salient features of the UWB technology. Referring to the spectrum of
the UWB signal we realize that the UWB center frequency is relatively low. This
causes the UWB signal to penetrate many materials and providing a functionality
that would not be present in a system of comparable bandwidth at the significantly
higher center frequencies. Besides from the high performance of the UWB
technique at low cost, another major feature of this technique is the very low
transmit power. This low transmit power (in the order of microwatts) causes a low
level of interference to the existing systems. Moreover, the UWB method is robust
against fading. This robustness further reduces the required transmit power of this
technology.

UWB Antennas

4. Generally antennas are elements that radiate the electromagnetic energy of a
transmission line to the free space. Antennas are in fact transition devices
(transducers) between guided wave and free space (and vice versa). They can be
considered as impedance transformers, coupling between an input or line
impedance and the impedance of free space. For the case of the UWB this
impedance transformation of antenna is more important. This is due to huge
bandwidth of UWB system. As an initial approach to the UWB antennas we can
start from a dipole and consequently consider multi-narrowband antennas which are
optimized to work in the entire UWB band. This idea is shown in Fig. together with
the antenna’s corresponding dispersive waveform. The large scale components of
this log-periodic antenna radiate the low frequency components and the smaller
scale components of the antenna radiate high frequency components. For the UWB
communications the dispersive behavior of the antenna waveform is not popular.
Another disadvantage of this antenna is at different azimuth angles around the
antenna the waveform varies, which is again unpopular for wireless communication
applications. There are different types of UWB antennas. They are categorized into
the following classes according to form and function:



A log-periodic antenna (left) which has a dispersive waveform (right)

a) Frequency dependent antennas: The log-periodic antenna is an
example of this type of antennas where the smaller scale geometry of antenna
contributes to higher frequencies and the larger scale part contributes to the
lower frequencies.
b) Small-element antennas: These are small, omni-directional
antennas for commercial applications. Examples of this type of antennas are
bow-tie or diamond dipole antennas.
c) Horn antennas: Horn antennas are electromagnetic funnels that
concentrate energy in a specific direction. These antennas have large gains
and narrow beams. The Horn antennas are bulkier than small-element
antennas.
d) Reflector antenna: These antennas are high gain antennas that
radiate energy in a particular direction. They are relatively large but easy to
adjust by manipulating the antenna feed. Hertz’s parabolic cylinder reflector
is an example of this type of antennas.

UWB and other wireless systems spectrum

UWB Interference

5. Regarding the interference two important, aspects should be noted,

a) The interference caused by the narrowband and wideband systems
on the victim UWB system
b) The interference caused by UWB systems on the victim
narrowband and wideband systems.

Both interferences are important and should be considered in the design, evaluation
and implementation of the systems. The spectrum of UWB system and other
wireless systems are shown. As seen from this figure, several other services exist in



or in the neighborhood of the UWB band. For example, the IEEE 802.11-a works at
5.2 GHz is a main source of interference to indoor UWB systems. Other systems
such as 2.4 GHz band WLANs as well as the GPS system (at 1.5 GHz), mobile
cellular system (at 800 MHz and 1800 MHz band) are also source of interference to
UWB systems. Mutually, UWB systems may affect existing wireless or navigation
systems and cause interference to systems such as 802.11a, wireless systems in ISM
band, Mobile cellular, and GPS.
Interference Reduction

6. The effect of UWB interference on the wideband system (such as IEEE
802.11-a) can be mitigated by using a notch filter. The spectrum of the UWB
interfere signal is filtered (around 5.2 GHz) and its spectral contents in this band is
suppressed. Another method of mitigating the effect of UWB interference on the
victim wideband systems is designing time-hopping codes in such a way that the
power spectral density of the UWB signal has less power in the band of wideband
system (e.g., IEEE 802-11-a). Multibanding is another way of mitigation of UWB
interference on narrowband and wideband systems. According to this method, the
UWB band is divided in subbands and the transmit subbands are selected according
to an interference threshold.

7. The notch filtering of UWB signal is a well known method of UWB
interference mitigation. The time hopping code design is an interesting method but
can only be applied to impulse radio UWB systems. The multiband method is a
practical solution that can be combined with notch filtering method in each
subband. It is scalable which means that the bit rate, power consumption,
complexity and cost can scale with the demand. Multiband UWB can coexist with
other spectrum users as sub-bands can be turned off to avoid interference.

8. The effect of narrowband interference on the victim UWB system can be
simply reduced by using a rejection filter. The frequency band of the interferer
should fall in the stopband of the filter. The filter can be inserted in the receiver
before correlator (which correlates the received signal with the transmit template
waveform). According to the center frequency of the interferer, the cutoff
frequency, the ripple in the passband and attenuation in the stopband can be
designed. Use of the rejection filter improves the BER performance of the UWB
system when narrowband interferer exists. However, in the absence of the interferer
and when the channel is only additive white Gaussian noise (AWGN), the rejection
filter slightly reduces the BER performance.



UWB Technologies

9. In the near future this technology may see increased use for high-speed short
range wireless communications, ranging and ad hoc networking. There are two
competing technologies for the UWB wireless communications, namely: Impulse
Radio (IR) and Multi-band OFDM (MB-OFDM). IR technique is based on the
transmission of very short pulses with relatively low energy. The MB-OFDM
approach divides the UWB frequency spectrum to multiple non-overlapping bands
and for each band transmission is OFDM. Several proposals based on these two
technologies have been submitted to the IEEE 802.15.3a. Both technologies are
valid and credible.

a) Impulse Radio In impulse radio UWB pulses of very short duration
(typically in the order of sub-nanosecond) are transmitted. Because of very
narrow pulses the spectrum of the signal reaches several GHz of bandwidth.
The impulse radio UWB is a carrier-less transmission. This technology has a
low transmit power and because of narrowness of the transmitted pulses has a
fine time resolution. The implementation of this technique is very simple as
no mixer is required which means low cost transmitters and receivers. Direct
Sequence Ultra Wideband (DS-UWB) and Time Hopping Ultra Wideband
(TH-UWB) are two variants of the IR technique. These IR techniques DS-
UWB and TH-UWB are different multiple access techniques that spread
signals over a very wide bandwidth. Because of spreading signals over a very
large bandwidth, the IR technique can combat interference from other users
or sources. It should be mentioned that Direct Sequence Spread Spectrum
(DSSS) and Time Hopping Spread Spectrum (THSS) may be considered
similar to DS-UW Band TH-UWB, respectively. There are, however,
differences between the spread spectrum and IR-UWB systems. Both
systems take advantage of the expanded bandwidth, while different methods
are used to obtain such large bandwidth. In the conventional spread-spectrum
techniques, the signals are continuous-wave sinusoids that are modulated
with a fixed carrier frequency, while in the IR-UWB (i.e., DS-UWB and TH-
UWB), signals are basically baseband and the narrow UWB pulses are
directly generated having an extremely wide bandwidth. Another difference
is the bandwidth. For the UWB signals the bandwidth has to be higher than
500MHz, while for the spread spectrum techniques bandwidths are much
smaller (usually in the order of several MHz).

b) Multiband OFDM Multi-band Orthogonal Frequency Division
Multiplexing (MB-OFDM) is another UWB technology which uses the



OFDM method. Multi-Band OFDM combines the OFDM technique with the
multi-band approach. The spectrum is divided into several sub-bands with a –
10 dB bandwidth of at least

Proposed MB-OFDM frequency band plan

500MHz. The information is then interleaved across sub-bands and then
transmitted through multi-carrier (OFDM) technique. One of the proposals
for the physical layer standard of future high speed Wireless Personal Area
Networks (WPANs) uses MB-OFDM technique. In this MB-OFDM WPANs
proposal, the spectrum between 3.1 and 10.6 GHz is divided into 14 bands
with 528MHz bandwidth that may be added or dropped depending upon the
interference from, or to, other systems. In Fig. a possible band plan is
presented, where only 13 bands are used to avoid interference between UWB
and the existing IEEE 802.11a signals. The three lower bands are used for
standard operation, which is mandatory, and the rest of the bands are
allocated for optional use or future expansions. MB-OFDM technology
promises to deliver data rates of about 110 Mbps at a distance of 10 m. For
the UWB wireless sensor applications data rates are low, but the (hoping)
coverage might be much larger than 10 m. MB-OFDM may require higher
power levels when compared to the IR technology. MB-OFDM technique is
robust to multipath which is present in the wireless channels.
The advantages of the MB-OFDM technique are as follows

i. Capturing multipath energy with a single RF chain.

ii. Insensitivity to group delay variations.

iii. Ability to deal with narrowband interference at receivers.

iv. Simplified synthesizer architectures relaxing the band switching
timing requirements.

The disadvantages are as follows:

i. Transmitter is more complex because of IFFT

ii. High peak-to-average power ratios



iii. OFDM synchronization problems

Comparison of UWB Technologies

10. The comparison of IR DS-UWB and MB-OFDM UWB techniques in terms
of interference from, or to, other systems, robustness to multipath, performance,
system’s complexity and achievable range-data rate performance for the WPAN
applications, is provided.

Specifications Comparison of MB-OFDM and IR DS-UWB techniques for WPAN

iii. OFDM synchronization problems

Comparison of UWB Technologies

10. The comparison of IR DS-UWB and MB-OFDM UWB techniques in terms
of interference from, or to, other systems, robustness to multipath, performance,
system’s complexity and achievable range-data rate performance for the WPAN
applications, is provided.

Specifications Comparison of MB-OFDM and IR DS-UWB techniques for WPAN

iii. OFDM synchronization problems

Comparison of UWB Technologies

10. The comparison of IR DS-UWB and MB-OFDM UWB techniques in terms
of interference from, or to, other systems, robustness to multipath, performance,
system’s complexity and achievable range-data rate performance for the WPAN
applications, is provided.

Specifications Comparison of MB-OFDM and IR DS-UWB techniques for WPAN



UWB Applications

11. The major characteristics of UWB, i.e., extremely large bandwidth, low
power, short-range high data rate communication, robustness against fading,
immunity to multipath, multiple access capability, low cost transceivers and precise
positioning, motivate several potential applications for this technology.

Thus far the UWB technology has been mainly applied to military(especially radar)
appliances. The various commercial wireless applications are namely  Adhoc
Networking, Wireless sensor networks, Radio Frequency Identification or RFID,
Consumer Electronics, Locationing and Medical applications.



Advantages of UWB

UWB has a number of advantages that make it attractive for consumer
communications applications.

In particular, UWB systems
 have potentially low complexity and low cost,
 have noise-like signal,
 have very good time domain resolution allowing for location and tracking

applications.
The low complexity and low cost of UWB systems arises from the   essentially
baseband nature of the signal transmission.
Unlike conventional radio systems, the UWB transmitter produces a very short time
domain pulse, which is able to propagate without the need for an additional RF
(radio frequency) mixing stage.
Due to the low energy density and the pseudo-random (PR) characteristics   of the
transmitted signal, the UWB signal is noiselike, which makes unintended detection
quite difficult.
While there is some debate in the literature, it appears that the low power,    noise-
like, UWB transmissions do not cause significant interference to existing radio
systems.
The interference phenomenon between impulse radio and existing radio systems is
one of the most important topics in current UWB research.
Time-modulation systems offer possibility for high data rates for communication.
Hundreds of Mbps have been reported for communication links.
It is estimated [Time Domain Corporation, 1998; Kolenchery et al., 1997] that the
number of users in an impulse radio communication system is much    larger than in
conventional systems.
Because of the large bandwidth of the transmitted signal, very high multipath
resolution is achieved.
The large bandwidth offers (and also requires) huge frequency diversity which,
together with the discontinuous transmission, makes the TM-UWB signal resistant
to severe multipath propagation and jamming/interference.

TM-UWB systems offer good LPI and LPD (low probability of
interception/detection) properties which make it suitable for secure and military
applications.

The very narrow time domain pulses mean that UWB radios are potentially able



to offer timing precision much better than GPS (global positioning system) [Time
Domain Corporation, 1998] and other radio systems.

Together with good material penetration properties, TM-UWB signals offer
opportunities for short range radar applications such as rescue and anti-crime
operations, as well as in surveying and in the mining industry.
One should however understand that UWB does not provide precise targeting and

extreme penetration at the same time, but UWB waveforms present a better choice
than conventional radio system



Ultra-Wideband C hannel Characteristics

The main purpose of any communication system is to convey a message from the
transmitter to the receiver. In the case of digital communication systems, the
message to be sent is initially described by a group of information bits, which are
then mapped into some type of physical signal to enable the transmission. The
medium over which the message is transmitted is designated as “channel.” In
the delay-domain, the received signal, y(τ ) is related with both the
transmitted signal, x(τ ), and the channel impulse response, h(τ ), by the
convolution operation, such that the input-output relation of the system can
be described by

y(τ ) = h(τ ) ∗ x(τ ) + n(τ ) (2.1)

where n(τ ) denotes the receiver noise. Due to channel limitations, the need
for simultaneous transmission of different messages over the same channel,
sig- nals are usually modulated onto specific carrier frequencies before
transmission. Such transmitted signals are denoted band-pass signals.

From an analytical perspective, it is cumbersome to describe the input-
output relation in the real band-pass form, and therefore the signals in
(2.1) are commonly specified in their complex base-band equivalent
form.The relation between the real band-pass and complex base-band

domains is given by xreal (τ ) = Re x(τ )ej2πfc τ , where fc is the carrier

frequency.

In this chapter we describe the properties of the channel impulse
response h(τ ), more specifically we focus on how its properties vary with the
bandwidth [6]. Strictly speaking, the channel is not influenced by the
bandwidth, as a physical channel does not depend on the signals that
propagate through it. However, we are only interested in the part of the
channel within the same bandwidth as the transmitted signal, since only
this part actually plays a role. It is therefore common  practice to refer to
the “channel where UWB  signals propagate,” as the “UWB channel.”



2.1 Channel Bandwidth

The different mathematical models used to describe the impulse response

h(τ ) for the different bandwidths are presented in this section in their most
general form. Fig. 2.1, shows a representation of the same wireless channel
for three different transmission bandwidths (solid lines), in both the
frequency and the delay domain. The dashed lines represent the true
channel behaviour, i.e., over a segment of very large bandwidth. The vertical
and horizontal arrows indicate the strength of the amplitude and delay

variations of the channel  delay taps,2 respectively, caused by the
movement of one of the antennas in a small-scale area, i.e., an area
within which the amplitude of each MPC does not vary significantly.

2.1.1 Narrowband

Narrowband systems are flat over frequency, as illustrated in Fig. 2.1a,
such that their impulse  response  can be simply defined by a complex
coefficient α, and a delay τ0 as

hnb (τ ) = αδ(τ − τ0 ). (2.2)

The delay resolution (inverse of the bandwidth) of narrowband systems is
very small,  and therefore no individual MPCs can be resolved (here, each
MPC is characterized by an amplitude and phase, and is considered to
be flat over frequency as well). Thus, all MPCs contribute to α, which
can make |α| to vary strongly within a small-scale area. On the other
hand, the variations of the delay  τ0 within the same area, are so small in

proportion to the delay resolution, that they are always neglected.
An example of a narrowband communication system was the nordic

mobile telephony NMT-900, which used 25 kHz of bandwidth.



Figure  2.1: Representation of the frequency-domain (upper plots) and
delay-domain (lower plots) of the wireless channel for different bandwidths.
The  solid lines correspond to the different band-limited channels and the
dashed lines correspond to the hypothetical infinite bandwidth channel.
The arrows indicate the variations experienced by the channel when one
of the antennas is moved.

2.1.2 Wideband

For wideband  systems, the profile of the frequency spectrum varies
significantly and cannot be considered flat (it is said to be frequency-
selective), see Fig. 2.1b. This varying frequency-response is translated into
a delay  dispersive impulse response which can be described by a tapped
delay line representation as

L

hwb (τ ) =
X

αk δ(τ − τk ), (2.3)

k
=
1

where αk is the complex amplitude of the k:th resolvable MPC and τk
the corresponding delay  (Fig. 2.1b shows two resolvable MPCs). The
amplitude variations of αk can still be large, however, the number of

MPCs contributing to each αk is less than for the narrowband case. It

then becomes more likely that one of the MPCs dominates over the
remaining ones, resulting in smaller amplitude variations. Due to the
increase in delay resolution, variations of the antenna position will



translate into variations of τk . However, even in the wideband case, these

are small  and most commonly ignored. The resolvable MPCs are still
considered to be frequency flat.



Table 2.1: Comparison of the channel characteristics for different
bandwidths.

Delay
resolution

No. of
MPCs per
tap

Small-scale
fading per
tap

MPC’s
frequency

Narrowband
Wideband

low
medium

large
medium

large
medium

flat
flat

Ultra-
Wideband

high small small selective

An example of a wideband communication system is Long Term
Evolution (LTE) which can use a bandwidth up to 20 MHz. LTE-
Advanced is expected to reach 100 MHz, but it still falls within the
wideband category.

2.1.3 Ultra-Wideband

Channels having an ultra-wide bandwidth, as illustrated in  Fig. 2.1c,
have unique properties. Besides the frequency variations of the “complete”
channel, each resolvable MPC is frequency selective as well, and to
account for this per-path distortion, the channel must be described as

N

huwb (τ ) =
X

αk χk (τ ) ∗ δ(τ − τk ),

(2.4)

k=1

where χk (τ ) is the distortion function of the k:th resolvable MPC. The

causes of the frequency variations are explained in detail in  Section
2.2. In UWB systems, the small-scale variations of the amplitude of a
resolvable MPC, are expected to be much smaller than for the above



described systems due to its fine delay resolution. However, to correctly
measure the amplitude variations of each resolvable MPC becomes a
challenge  since small variations of the an- tenna position will translate
into large variations of τk in proportion to the delay resolution,

making it difficult to track the exact delay of each MPC. Our scatterer
detection method, described in Paper I, is able to track individual
MPCs for a moving antenna.

Table 2.1 qualitatively summarizes the characteristics of the different
band limited channels.

Modulation Techniques

UWB can directly modulate impulse pulses of nano-seconds duration that
results in a waveform that occupies several GHz of bandwidth[3].UWB signals
are obtained by either applying the Pulse Position (PPM), Pulse Amplitude
(PAM), Bi-Phase modulation

A. PPM Modulation

In PPM modulation, each pulse is sent in advance or delayed to a regular time
scale. A binary communication system can be established with a forward or
backward shift of the pulse in time. The data is encoded by adding an extra
time shift ‘‘shift’’ to the impulse as shown in the Fig2

Fig.2. PPM Modulation



B. PAM Modulation
The second data modulation scheme is pulse amplitude modulation (PAM),
which is based on encoding the data in the amplitude of the impulses.Fig.3.
shows a PAM modulated signal.

Fig.3. PAM Modulation

C. Bi-phase modulation (BPM)

In Bi-phase modulation (BPM) we invert the pulse, to create a pulse having
opposite phase. This is known as. Bi-phase is therefore antipodal as shown in
Fig.4.

Fig.4. Bi-phase Modulation

BER PERFORMANCE OF UWB

BER using Time Hopping Modulation Schemes

For a telecommunication transmission, the bit error rate (BER) is
mathematically defined as the number of incorrect bits divided by the total
number of bits transmitted across an AWGN channel. BER can also be defined
as the percentage of bits that have errors relative to the total number of bits
received in a transmission, usually expressed as a base ten to a negative power.
For example, a transmission might have a BER of 10 to the minus 6, meaning
that, out of 1,000,000 bits transmitted, one bit was in error. The BER is an
indication of how often a packet or other data unit has to be retransmitted



because of an error. Too high a BER may indicate that a slower data rate would
actually improve overall transmission time for a given amount of transmitted
data since the BER might be reduced, lowering the number of packets that had
to be resent. It is also understood that
SNR= Eb/No

Figure 5.16 offers a BER representation for TH-OOK. This simulation was
created by sending 100,000 bits at random time hopping distribution across an
AWGN channel, and received using a correlation receiver.

Figure 5.17 offers a BER representation for TH-BPSK. This simulation was
created by sending 100,000 bits at random time hopping distribution across an
AWGN channel, and received using a correlation receiver. The spacing between
the bi orthogonal signaling was totally random between all pulse positions,
offering a simulated TH-BPSK BER plot.



Figure 5.18 offers a BER representation for TH-PPM. This simulation was
created by sending 100,000 bits at random time hopping distribution across an
AWGNchannel, and received using a correlation receiver. The performance of
TH-PAM was nearly identical to the performance of TH-PPM. Figure 5.19
offers a BER plot of all the time hopping modulation schemes involved. From
Figure 5.19, TH-BPSK offers the lowest BER, but as Eb/Noincreases, the BER
performance of TH-BPSK improves
considerably. For applications that have a low Eb/No, TH-PPM, TH-PAM, and
TH-OOK will offer the next to best performance. This further proves that time
hopping UWB will only improve the performance of a signal, all while keeping
a low BER.

For uniform pulse distribution of UWB signals, OOK and PPM have similar
BER performance due to similar uses of orthogonal signalling. TH-OOK and
TH-PPM offer identical BER results for a single user as uniform spacing offers.



Although the BER of time hopping modulated models have similar performance
to standard modulating models, it is important to note that the data rate for time
hopping models is considerably higher than standard models. This is due to the
longer time frame, and increase of data bits per channel.

Therefore, even though BER is similar, it is beneficial to use a time hopping
model. This is because more information can be sent per frame, while keeping a
low BER occurring.
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