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A framework for performance characterization of short-range
communications systems is developed with the intention of in-
vestigating the feasibility of new multimedia wireless services at
millimeter waves (MMW’s). Both narrow- and wide-band systems
are considered for mobile and/or fixed users. This paper aims
at defining and evaluating proper metrics to characterize the
service quality for the user and jointly takes the propagation char-
acteristics, the transmission techniques, and the multiple access
protocols into account. The definition of service-oriented metrics
is emphasized.

Three different real scenarios operating at MMW are inves-
tigated with a unified perspective: intelligent transport systems,
wide-band local-area networks, and local multipoint distribution
systems for interactive video services. The role played by the MMW
band in the development of these services is discussed.

In each scenario, accurate propagation analysis is carried out
and suitable countermeasure techniques are pointed out in order to
join suitable service-quality levels. The methodology considered is
based on both analytical and semianalytical tools for performance
evaluation.

Keywords—Millimeter waves, multimedia, performance, wire-
less.

I. INTRODUCTION

In the last decade, several efforts have been dedicated to
the investigation of wireless communication systems able
to provide interactive and multimedia services to users
in different contexts, such as, e.g., the mobile (indoor,
urban, suburban, highway) environment. Due to spectrum
congestion (and other reasons, as will be explained in
this paper), the interest of researchers and standardization
bodies has indicated the millimeter wave (MMW) band as
a candidate for some of the most challenging services to be
provided in the next decade (see, e.g., [1]–[18]).

Hence, some works have been presented to describe the
wireless channel behavior at those frequencies, such as
the 60–64-GHz band, where propagation is characterized
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by high levels of attenuation due to rain and oxygen
absorption, or the 30- and 40-GHz bands, where some
broad-band video services are proposed to be operating
in the future [19]–[25]. Some of these works have been
developed within the context of various European projects,
such as DRIVE, PROMETHEUS, and MBS [2], [26]–[28].

On the other hand, the use of the MMW band (and,
particularly, of the 60–64-GHz band) introduces some
features that have to be taken into account in system design;
these features are mainly related to the short wavelength
and to the additional attenuation due to rain and oxygen
absorption, when present. The former requires appropriate
methods of performance estimation: more precisely, the
choice of the performance metrics and, as a consequence,
of the quality requirements has to be thoroughly discussed,
also in conjunction with the kind of service provided, lead-
ing to the definition of service-oriented metrics. Section IV
of this paper is devoted to this topic. The topic introduces
some effects on interference control and cell planning, as
will be shown in Section V.

In this paper, a discussion on the design criteria of com-
munications systems at MMW’s is given, and performance
evaluation is carried out. Three different kinds of systems
that are expected to be available in the next few years,
probably by making use of the advantages of the MMW
band, are introduced and investigated: intelligent transport
systems, wireless local-area networks, and local multipoint
distribution systems.

The aim of this paper is to give a unified description
of design methods and criteria and to show how these
methods can be applied to the three systems considered.
The numerical results will show the main guidelines of the
communication systems design at MMW.

The structure of this paper is the following. Section II
describes the three services considered and gives motivation
for the use of MMW band. Section III introduces the struc-
ture of the transmission system under a unified approach.
In Section IV, the performance characterization criteria
are explained; this section represents the core contribution
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Fig. 1. IVC and RVC in the context of an ITS application (highway scenario).

of this paper, together with the numerical evaluations
described in the following sections.

II. WHY MILLIMETER WAVES?

The main advantages of the use of MMW’s can be
summarized as follows:

i) the high power level attenuation, due to the large
value of frequency, in conjunction with oxygen and
rain absorption (in the 60–64-GHz band), which leads
to a high spatial filtering effect with the consequent
frequent channel reuse;

ii) the small size of antennas and radio-frequency (RF)
circuits;

iii) the large spectrum availability.

On the other hand, large values of signal attenuation
become a fundamental drawback when long-distance com-
munication links are to be managed. Hence, significant
applications of the MMW can be found in the field of short-
range communication systems, that is, when link distances
range from a few meters up to one kilometer.

Another useful consequence of the MMW band uti-
lization, related to the large values of attenuation, is the
low number of interfering signal sources that are usually
present in the system. Both in indoor environments, due
to walls, and in outdoor scenarios, due to high frequency
(and the use of directive antennas), a number of interferers
ranging from zero to two or three may be present [29]–[32].
This represents a significant advantage in terms of capture
probability when packet communications and narrow-band
signaling are considered.

Several applications of the MMW band are envisaged for
future services that will characterize the end of this century
and/or the beginning of the next one.

In this paper, we cover three different application areas
that could take advantage of use of the MMW band:

1) intelligent transport systems (ITS’s);

2) wireless local-area networks (WLAN’s) for multime-
dia applications;

3) local multipoint distribution systems (LMDS’s) for
interactive video services.

A brief description of the three kinds of applications is
given, and the advantages [items i), ii), iii)] exploited by
each of them are indicated.

A. ITS’s

ITS’s use information, transport, and communications
technologies, in vehicles as well as within the infrastruc-
ture, to improve mobility while increasing transport safety,
reducing traffic congestion, maximizing comfort, and re-
ducing environmental impact.1

In recent years, particular attention has been paid to
wireless short-range systems for intervehicle and roadside-
to-vehicle communications (IVC and RVC, respectively),
aiming at improving the safety and efficiency of traffic
flow in different areas, such as urban environments and
highways [33]–[43].

The role of the RVC network is that of supplying the user
(the driver) with information related to weather forecasts,
on a small and a large scale, parking availability, traffic
conditions, etc. The IVC network, on the other hand,
aims at allowing a direct exchange between vehicles of
messages related to their position, speed, acceleration, and
emergency situations (presence of fog, ice on the ground,
accidents, etc.); hence, it could support the driver with local
information even in the absence of the fixed infrastructure.

If a communication system able to allow both IVC and
RVC is to be defined (see Fig. 1), it is convenient to
investigate a common standard protocol. In both cases, a
packetized access to the medium is normally considered
[33]. Different frequency ranges have been investigated or
recommended for these systems, mainly the 5.8-GHz [33],
63.5-GHz [43], and infrared bands [1]. Since IVC systems
need short-range links to be exploited, due to the local
significance of the information exchanged (position, speed,
acceleration, presence of ice on the ground, etc.), the 63.5-
GHz band has some advantages with respect to 5.8 GHz.
In fact, also due to oxygen absorption in the 60–64-GHz
frequency range (with specific attenuation dB/Km

1See http://www.ertico.com.
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Fig. 2. WLAN scenario.

at 63.5 GHz), a higher degree of spatial filtering can be
obtained by using this bandwidth with respect to 5.8 GHz
[item i)]. On the other hand, unlike infrared systems, by
means of multipath propagation a communication link may
exist at MMW even in nonline-of-sight (NLOS) conditions.
Moreover, the small size of antennas and RF circuits is of
great interest since these components should be integrated
(and hidden) in the structure of cars [item ii)]. For these
reasons, the 63.5-GHz band is a strong candidate for the
evolution of IVC and RVC systems for ITS applications. In
both cases, by considering safety and/or congestion control,
data rates are on the order of a few megabits per second
[4], [42], [43].

B. WLAN

Within the context of multimedia communications, in-
creasing attention to WLAN’s is expected in the next few
years. The benefits that WLAN’s can offer to the end
user mainly consist of mobility and installation flexibility
with respect to fixed LAN’s [44]–[47] (see Fig. 2). More
precisely, the demand of wide-band multimedia services
arising from wireless users has stimulated particular interest
in the design of high-quality, high-speed (beyond 10 Mbit/s,
up to 155 Mbit/s), wireless networks able to provide access
to services and capabilities of broad-band fixed networks.
These networks are mainly devoted to short-range coverage,
as in the case of WLAN in indoor environments. To
support integrated broad-band communications, wireless
asynchronous transfer mode (ATM) will play an important
role [48], [49].

Recently, some studies and proposals concerning high-
speed transmission systems for WLAN and wireless ATM
have appeared in literature. In [5] and [6], 150–155-Mbit/s
systems for packet transmission in an indoor environment
based on coded orthogonal frequency division multiplexing
(OFDM) have been proposed, whereas in [50], a clustered
coded OFDM with transmitter diversity is considered to
reduce the effects of nonlinear power amplifiers and to
introduce space diversity. In [51], on the other hand, the
possibility of using equalization is discussed, and some
efficient structures are proposed. In this context, we focus
on coded OFDM for high-speed transmission, and we

investigate system behavior in an actual indoor scenario
[7].

As broad-band radio requires large bandwidth availabil-
ity, less congested bands (e.g., 60 GHz) recently have
been investigated [19]–[23]. Hence, the large spectrum
availability of the MMW band [item iii)] is one of the
main reasons for the interest in that frequency band. On
the other hand, the need for small-sized antennas [item ii)]
and high channel reuse [item i)] also lead to the choice of
the 60-GHz band.

C. LMDS’s

The use of the MMW band has recently been investi-
gated also for the distribution of broad-band services to
fixed users, such as in urban or suburban environments.
In fact, interactive video services (IVS’s) and video on
demand (VoD) are expected to become some of the most
successful services in the emerging broad-band network
[52]. Last-mile broad-band distribution of these services in
urban environments can be achieved by means of several
media. One of these is wireless communication. The ease
and speed of deployment are the main advantages of the
wireless system with respect to the wired one. In fact, at
the beginning of service deployment, competition among
different network providers will benefit from the possibility
of a flexible connection to the network for individual users.
In this perspective, the LMDS based on wireless links at
MMW is usually considered [53].

Let us focus our attention on VoD: Fig. 3 shows the
architecture of the network connecting the video server to
the subscriber’s set-top box on a demand basis. The set-top
box includes the decoding and interactivity functions and
the network interface. The broad-band network creates the
connection between the video server and the base stations in
the LMDS system. The latter provides the last-mile access
to the user; it consists of a set of overlapping microcells
with base station transceivers mounted on suitable sites.
Each base station provides a given number of channels,
which depend on several parameters related to population
density, service penetration, cell size, etc. Each channel
carries the information related to an individual subscriber,
consisting of a video stream having a bit rate, after Moving
Picture Experts Group (MPEG) encoding, in the range
from 1.5–15 Mbit/s, but typically less than 6 Mbit/s. Since
the distribution of interactive systems involves a cellular
structure (with multiple point-to-point connections) instead
of one point-to-multipoint link, it requires an overall data
rate on the order of several tens of megabits per second
(depending on the multiplexing techniques adopted).

In the United States, frequencies between 27.5 and 28.35
GHz and between 29.1 and 29.25 GHz have been recently
allocated for LMDS, with the aim of avoiding congestion
and providing new services, particularly in urban environ-
ments [8]. In Europe, suitable bandwidth allocation is under
investigation: some proposals consider frequencies between
40.5 and 42.5 GHz [10], [11]. The main reason for the
choice of these frequencies is the large spectrum availability
[item iii)].
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Fig. 3. VoD service components.

Fig. 4. Transmission system.

III. T HE SHORT-RANGE TRANSMISSION SYSTEM

The block diagram of the transmission system under a
unified design approach is shown in Fig. 4. It takes the
effects of the actual propagation channel into account,
including multipath propagation and the presence of inter-
fering signals, as well as thermal noise. It also includes
forward error correction (FEC) and some form of antenna
diversity to counteract propagation channel impairments.
The complexity of the different forms of implementation
depends on the specific application.

As shown in Fig. 4, the digital source feeds the
transmission system with a bitstream having bit rate.
This stream may be considered either a continuous or a
packetized flow; this depends on the service and the applica-
tion considered. The input bitstream is first encoded by the
channel encoder (COD), which includes the possible inter-
leaving processing. Its output feeds a baseband processing
block (BBT), which includes multiplexing functions, for
point to multipoint links and baseband processing for mod-
ulation and multicarrier transmission. In point-to-multipoint
applications, the transmission system provides a capacity, in
terms of bit rate, of where is the number
of users the system is able to serve. At the output of BBT,
the sequence of complex samples is utilized to obtain a
spectrally shaped baseband complex signal by using
signal pulses having Fourier transform . The modu-
lator MOD produces the modulated signal, , used for
transmission, whose spectrum is centered at frequency.

Due to the implementation of antennas or an -sector
antenna at the receiver, copies of the transmitted signal
reach the receiver throughdifferent propagation channels,

. The th generic propagation channel is
described in the next subsection. The useful signal is im-
paired at each diversity branch by additive white Gaussian
noise (AWGN) and additive cochannel interference

. These undesired terms are assumed to

be statistically independent. The diversity combiner (DC)
is considered in this paper as a selection combiner. The
signal at the output of the combiner is processed by the
receiver filter, having transfer function , and then
demodulated (DEM). The baseband processing block at the
receiver (BBR) tries to regenerate the transmitted bitstream,
which is then decoded by the channel decoder (DEC) and
delivered to the user (U).

To be more detailed in the transmission system descrip-
tion, in the following, we will distinguish between two
situations.

1) Wide-band systems (that is, systems that require, due
to high data rates, a wide-band model for channel
propagation). When frequency selectivity effects are
present, suitable countermeasure techniques have to
be introduced. In the following, OFDM with coding
is considered [54].

2) Narrow-band systems (that is, systems that do not
require a wide-band channel model due to low data
rates with respect to medium delays). The use of
antenna diversity, in conjunction with error correc-
tion and interleaving, is considered for performance
improvement [55], [56].

To counteract the frequency selectivity and to exploit,
by means of coding, the inherent diversity of a wide-
band channel, the OFDM transmission technique is adopted
[54]. Multicarrier techniques and OFDM were proposed
several years ago [57]–[60], but practical implementations
have only recently come about [61], [62]. With respect to
adaptive equalization, time-expensive trainings are avoided,
but an increased sensitivity to nonlinearities and carrier
recovery inaccuracies requires appropriate consideration
[63]–[65].

The frequency selectivity introduced by the multipath
channel is counteracted in OFDM systems by splitting the
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digital information to be transmitted over narrow-band
carriers, equally spaced by , in a bandwidth . In this
way, each narrow-band carrier, if the number of carriers is
suitably selected, is subjected to flat fading conditions. If

is taken to be equal to the reciprocal of the useful sym-
bol period , the modulated carriers form an orthogonal
set and the information can be recovered even though signal
spectra overlap in the frequency domain. The modulation
and demodulation processes can be efficiently implemented
by means of an inverse fast Fourier transform (FFT) and
FFT procedure, respectively. This implementation is known
in the literature as the discrete multitone technique (DMT)
[57]–[60].

In a multicarrier system, each of the carriers is
affected by different fading channels, with different re-
ceived power levels, due to the frequency selectivity of the
radio channel. A method to exploit the inherent frequency
diversity is to use coded transmission. Hence, in this
paper, linear block coding is considered with special at-
tention to Reed–Solomon coding with and without erasures
correction [66]. Another method can be devised in a point-
to-multipoint system, e.g., in the downlink of a cellular
system: it is possible to suitably select the subset of
carriers to be assigned to each user, in an adaptive way [67],
with the aim of providing the best carrier set to each user,
i.e., the carriers with the lowest attenuation values (for
that user). This method also allows each user to utilize the
available frequency diversity by choosing, in the absence
of contention, the best of available carriers.

When the required bandwidth is small enough to avoid
frequency selectivity effects, a traditional single-carrier sys-
tem is better suited. In this case, multipath fading should be
counteracted by means of antenna diversity. FEC becomes
effective when the use of a practical interleaving allows the
exploitation of time or frequency (e.g., in conjunction with
frequency hopping) diversity. The single-carrier system can
be interpreted as the case with .

As far as the modulation format is concerned, different
choices are possible as a tradeoff between performance and
implementation complexity. In this paper, the different sys-
tems are investigated by considering the use of binary phase
shift keying (BPSK), quartenary (Q)PSK, and quadrature
amplitude modulation (QAM) with coherent detection and
minimum shift keying (MSK) with noncoherent detection.
Proper evaluation of their performance requires accurate
choice of the propagation channel model, which is provided
in the next subsection.

A. The Propagation Channel

In indoor environments, the electromagnetic field at
MMW tends to be confined by walls due to their
electromagnetic properties at these frequencies. In outdoor
environments, at frequencies around 60 GHz, an additional
attenuation due to oxygen absorption limits the transmission
range.

In the applications considered, due to multiple reflections
and diffraction effects, the signal arrives at the receiver
through different paths. Their superposition causes multi-

path fading at the specific location and frequency selectivity
in wide-band systems. The wireless propagation channel
can be modeled as being time invariant or very slowly time
variant by means of the low-pass transfer function

(1)

where is the number of rays and and are the
amplitude, phase, and delay of theth ray, respectively [55].
In our analytical framework, the definition of does
not include antenna gains; it only includes the propaga-
tion medium and the normalized radiation pattern of the
antennas (normalized channel).

The assumption of a time-invariant characterization is
reasonable when:

• the receiver position is quasistationary and the effects
of moving objects are negligible; this is true for indoor
LAN’s and also tends to be true in outdoor LMDS’s
when suitable position and orientation are chosen for
the antenna;

• in packet data transmission the data rate is sufficiently
large with respect to channel variations; this tends to
be true in those ITS applications where the Doppler
bandwidth (proportional to where and denote
the speed of user and the wavelength, respectively)
remains much smaller than the data rate.

At MMW, even in the case of short-range links, it is
particularly useful to characterize separately thesmall-
scale(in a range of about 20 wavelengths) andlarge-scale
behavior of the propagation channel.

For indoor LAN and outdoor LMDS applications, in the
small-scale rays, amplitudes and delays do not significantly
change when moving the receiver, whereas phases are
characterized by large variations. Therefore, amplitudes,
delays, and are usually fixed in the small scale according
to measurements or ray tracing evaluation, whereas phases

are assumed to be independent random
variables uniformly distributed in the range . For ITS
applications, this is considered to be true in the horizontal
plane, when the transmitter is stationary. Indeed, in the
vertical plane in line-of-sight conditions, there is often a
road-reflected ray that is strongly correlated with the direct
one, and a dominant deterministic component originates
from their superposition. In intervehicle communications,
where both the transmitter and the receiver move, even
when their distance is fixed, amplitudes, delays, andin
the horizontal plane change in the small scale due to the
movement of the surrounding context.

In those applications where the bandwidth is sufficiently
narrow to avoid frequency-selective effects, the knowledge
of is sufficient to characterize propaga-
tion channel effects; and denote the gain and phase
introduced by the normalized channel, respectively. In
this case, a statistical model is usually introduced. The
most common models for envelope are the Rayleigh
and Rice models; the latter is adopted especially when a
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dominant fixed component (LOS) characterizes small-scale
propagation [55], [56].

The large-scale variations of the propagation channel can
be evaluated in a grid of receiver locations spaced by at
least some tenth of wavelength.

To synthetically characterize the channel, we refer to path
loss and delay spread as

(2)

(3)

where

(4)

Another significant parameter used to describe channel
effects, in the small scale, is the factor, defined as

(5)

where is the amplitude of the strongest ray. It becomes
the Rice factor when a Rice statistical model is adopted to
characterize narrow-band propagation [55], [56].

With the purpose of thoroughly investigating channel
propagation by avoiding expensive measurements, deter-
ministic methods are suggested for the analysis of micro-
cellular systems at MMW [55], [68]. More particularly,
in recent years, new methods have been developed that
involve the use of site-specific propagation models and
graphical information system data bases. One of these
methods is based on ray tracing techniques [23], [69].

IV. THE FRAMEWORK FOR PERFORMANCE

CHARACTERIZATION

The aim of this section is to define a common framework
for performance assessment of the different applications
considered. We distinguish between link and protocol per-
formance figures: in the former case, bit and packet error
probability are considered, whereas in the latter, we intro-
duce some metrics related to the delay in packet delivery,
which is of interest for real-time services, such as in the case
of video, voice, or ITS applications (emergency warning,
etc.).

With the view of considering, as a first step, link perfor-
mance figures, we emphasize the idea of defining service-
and user-oriented metrics. In fact, the choice of the metric
that is best suited for performance evaluation depends on
the kind of service, since different applications are sensitive
to the time structure of error patterns in data reception in
different ways. To be more precise, let us define a parameter

as the time window that reflects the ability of the
user to distinguish an error pattern. As an example, video
transmission (as in LMDS applications) is characterized by

large values of (on the order of 100–300 ms), since the
user sensitivity can seldom distinguish channel conditions
giving bad video quality for time intervals shorter than
100–300 ms. We can call this phenomenon anaveraging
user process. A similar effect is found in voice applications
with proper values of . On the other hand, when the user
is a machine, like a personal computer in a WLAN or the
on-board computer unit of a vehicle equipped with an IVC
or RVC system, the time window is much shorter, on
the order of a packet time (that is, milliseconds or less).

To make the right choice of performance metrics, the
value of , typical of the application, has to be compared
with the coherence time of the small-scale variations
[55]: when is larger than , it can be assumed that
the averaging user process leads to anaverageperceived
quality, whereas if is shorter than , the quality is a
function of channel small-scale fluctuations. In the former
case, an averaged (over small-scale channel variations)
performance figure has to be chosen; in the latter, a metric
related to the cumulative distribution of channel variables
has to be used. It is worth noting that even though this
holds either for the MMW band or at lower frequencies,
it assumes a major relevance when the wavelength is very
short, since the rate of small-scale variations can be high
even for quasistationary users.

Keeping this concept in mind, and with the aim of
introducing the definition of small- and large-scale per-
formance figures, let us first define the link performance
metrics, that is, the error probabilities at the output of the
transmission system for a given user when transmitter and
receiver positions are fixed and the propagation channel
is stationary. As performance measures, we use the bit
error probability and the packet error probability .
In case of linear block coding, code-word error probability
can be considered as well. In the general case of multicarrier
transmission, when neglecting interfering signals, these
figures can be obtained as functions of the vector of the
samples of [70], i.e.,

and the parameter normalized signal-to-noise
ratio (NSNR) as follows:

NSNR (6)

NSNR (7)

The parameter NSNR has been defined as

NSNR (8)

where is the SNR at the receiver, evaluated over
a bandwidth equal to , for the th carrier; hence

NSNR (9)

where is the average transmitted power, is the
transmitting antenna gain, is the receiver sensitivity,
and is the Boltzman’s constant.

When performance is evaluated in the presence of in-
terference, the previously defined error probabilities also
depend on the vectors of interfering channels’ frequency
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response samples, introducing a set of potentially very
large parameters. Having in mind the applications to be
investigated in this work, it is more interesting to specify
this function for single-carrier transmission
and narrow-band channel modeling. This topic has been
thoroughly investigated in [29]–[31], where the following
simplified evaluation has been proposed:

(10)

(11)

where represents the number of interfering signals,
is the useful SNR at the receiver given by

NSNR (12)

and is the carrier-to-interference ratio.
It is emphasized in [29] that for ranging from zero

to two or three, the performance can be very sensitive to
the value of . The role played by is also discussed
in [32].

The general approach introduced by (10) and (11) al-
lows proper consideration of the capture effect in packet
communication as a function of .

In the following subsections, the definition of the perfor-
mance figures suitable to characterize MMW communica-
tions is given.

A. Local Performance

By utilizing the performance analysis in static conditions,
we can first characterize the small-scale system behavior,
i.e., in a range of about 20 wavelengths (e.g., 10 cm at
60 GHz). It has already been mentioned that small-scale
channel fluctuations depend on phase variations (in ITS
applications, also on amplitude and delay variations) of
the rays arriving at the receiver, thus resulting in error-
probability fluctuations.

In every small-scale area, a mean (locally averaged)
bit or packet error probability can be defined as a per-
formance index useful to characterize the performance
of applications concerning voice and video transmission.
For high-speed data transmission between stationary or
slowly moving terminals, a local outage probability better
characterizes system performance because it indicates the
probability of satisfying a given performance requirement
when the terminal is randomly placed in the local area under
consideration. More precisely, “slowly moving terminal”
means a receiver that remains stationary with respect to the
transmitter terminal in a packet time. Hence, we will use
and to indicate the local mean of bit and packet error
probability

(13)

(14)

whereas we will define the local outage probability as

(15)

(16)

for bit and packet, respectively. Here,and are suitable
thresholds that should be set to 10 and 10 ,
respectively, if we want to approach the wire transmission
quality. However, values around 10 may be consid-
ered when suitable automatic-request techniques [66] are
implemented.

When a wide-band channel description is utilized, the
evaluation of the performance metrics introduced above is
usually semianalytical, as follows:

• a set of channels in a given large- or small-scale
area is generated according to ray-tracing evaluation,
measurements, or suitable statistical models similar to
that presented in the previous section;

• then, the corresponding set of bit or packet error
probabilities is analytically carried out by utilizing
suitably defined algorithms (see, e.g., [7]–[9]);

• last, from this set, mean and outage are evaluated by
means of Monte Carlo procedures.

On the other hand, the method for evaluating outage and
mean error probabilities can be analytical when a narrow-
band channel description is adopted and a suitable statistical
model for local fading is considered. Several evaluation
examples of the local outage probability when Rayleigh,
Rice, or Nakagami small-scale fluctuations are considered
can be found in [71]–[80], where useful and interfering
signals are considered with a narrow-band channel model.

To be more precise, let us evaluate the local outage
probability given by (16), , when (11) holds. Having
fixed the desired link quality in terms of packet error
probability , it can be derived [30], [31], [43], [81] as

(17)

where is the minimum value of required to obtain
the desired link quality in the absence of interference
(AWGN channel) and is the signal-to-interference
protection ratio, related to . The signal-to-noise threshold
and the protection ratio depend on the transmission system
and the multiple access method considered, the counter-
measures employed, and the quality desired. The combined
effects of thermal noise and interference require
to be evaluated as a function of and . A more general
and complete description of the approach can be found in
[30] and [31], where the impact of the number of interferers
on the performance is outlined.

B. Large-Scale Performance and Coverage

Besides the local characterization, a large-scale charac-
terization can be carried out to support coverage analysis.
Large-area average error probability can be useful to char-
acterize wireless data network performance with a given
multiple access protocol, as in [81], or to characterize
continuous transmission services in mobile environments,
but it is not representative of coverage. A way to define
coverage is to consider the probability that the transmission
does not meet the quality requirements when the receiver
is randomly placed in a large zone (e.g., the room) as in
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indoor wireless data networks [46]. This is given by the
large-area outage probability, defined as

(18)

(19)

where indicates a large-scale statistical evaluation.
An example of derivation of the large-scale outage proba-
bility can be found for narrow-band modeling of mobile
channels (i.e., Rice fading with log-normal shadowing
superimposed) in [82].

It is our opinion that a more significant definition of
coverage should consider the relative number of small-
scale zones in a given environment where the receiver, if
randomly placed, can work satisfactorily with an accept-
able local mean error ( ) or local outage probability

. An acceptable level of local outage probability
may be 10 for broad-band indoor radio networks. The
definition of coverage introduced above is particularly
useful if we are interested in obtaining a coverage map
composed of an ensemble of small-scale zones where the
terminal could be placed.

Therefore, the performance in a large area can be defined
by considering the coverage probability, that is, the proba-
bility that, for each link, the quality requirements in terms
of link performance are fulfilled

(20)

where is the small-scale performance parameter (local
mean error or local outage probability) andis a suitable
threshold fixed as a function of the requirements. It is
worth noting that the previously outlined definitions of
coverage are quite general because they take the effects of
multipath propagation into account, in addition to channel
attenuation and interference, as well as a user-oriented
quality definition.

In this case, the evaluation method of large-scale perfor-
mance figures is semianalytical, which means that a set of
channels in a given large-scale area is generated according
to ray tracing evaluation or measurements for the given
environment, and the corresponding set of local or static
bit or packet error probabilities is carried out as indicated
before. More precisely, the coverage is obtained from the
ensemble of local performance figures.

C. Protocol Performance

The link performance metrics introduced are related to
the behavior of the transmission system due to channel
impairments and the amount of countermeasure techniques
introduced. On the other hand, in a multiuser context, the
multiple access protocol plays a relevant role since reuse
strategies and channel allocation schemes have a great
impact on the performance of the application considered.

Typical performance measures, for network (and proto-
col) assessment, are related to throughput and delay; several
choices can be made since they are random variables,
related to the position (large-scale) of the terminals, whose

statistics can be described by means of average or cumu-
lative values [81]. Well-known expressions of throughput
hold for simple access protocols, such as, e.g., ALOHA and
slotted-ALOHA [83], [84]. As far as delay is concerned,
its cumulative distribution function is of great interest for
real-time applications, where average values of delay do not
represent a good performance measure since the application
is delay sensitive in the sense that delays larger than a given
threshold are to be avoided (see, e.g., [85]).

We would like to stress that, either in the case of through-
put or delay, the protocol performance metric strongly
depends on the link performance measure [86]. Hence,
through suitable evaluation of bit or packet error proba-
bility, as a function of channel conditions, protocol perfor-
mance can be assessed. To clarify the mentioned concept,
let us introduce an example of a protocol performance
metric that can be applied to an ITS scenario. Let us
consider a network in a monodimensional scenario with
terminals, each of them transmitting packets in the forward
direction only. Let us also investigate a multiple access
scheme based on R-ALOHA, that is, a contention protocol
[43], [85]. In R-ALOHA, the time resource is subdivided
into frames of equal duration, each of them consisting of
a number of time slots. Now, let us assume that all
terminals simultaneously compete for one of channels
starting from a memoryless state, where no information
on free and collision channels is available (worst case).
We define the first success time (FST) as the number
of frames that elapse until a given terminal succeeds in
correctly transmitting its packet, that is, until it receives the
acknowledgment by the receiver. FST is not a function of

as long as is sufficiently large. It obviously depends
on the packet capture probability in each link, which
can be evaluated as . On the other hand, the
packet capture probability can also be analytically assessed
by means of a capture model [81], [87], which leads to an
expression of similar to that of local outage probability

, that is, for a narrow-band channel model, (17)

(21)

where and are suitably defined thresholds.
Under these considerations, the FST takes the local

fluctuations of fading in a small time interval (a few frames)
into account. To obtain an overall metric, which represents
the behavior of the network, the deadline failure probability
(DFP) can be defined as

DFP FST (22)

where is the maximum delay, expressed in terms of
frames or slots, required for the successful transmission
of one packet. It represents a network performance metric
referred to a user placed in a small-scale given position.

V. INTELLIGENT TRANSPORTSYSTEMS

Let us consider an ITS application based on both RVC
and IVC systems (as in Fig. 1). For the sake of sim-
plicity, a single-lane road scenario is investigated, where

1390 PROCEEDINGS OF THE IEEE, VOL. 86, NO. 7, JULY 1998



Fig. 5. Channel model for IVC in the 60–64-GHz band.

beacons are exploited to collect data from vehicles and
transmit information about traffic conditions. According to
a monodimensional architecture, characterized by a spacing
of meters between adjacent beacons, each beacon covers
a cell of radius . Let us assume that a channel is assigned
to each vehicle and investigate the downlink case.

Beacons have omnidirectional antennas, covering their
cell. Each vehicle in the network is assumed to be equipped
with a communication device and four directional antennas:
two of them radiate in the backward and two in the
forward direction. Each couple of antennas represents a
two-branch height diversity system where the two elements
are vertically separated by a fixed distance [39]. Antenna
heights with respect to flat terrain are assumed to fluctuate
due to ground unevenness around their mean values, and
fluctuations are modeled by a sinusoidal law with fre-
quency 1 Hz. The modulation technique considered here is
single-carrier MSK, allowing a noncoherent demodulation
process that is obtained in this case by means of a limiter-
discriminator (LD) detector.

For RVC and IVC systems in the 60–64-GHz band,
channel modeling should take into account the presence of
the road surface. More precisely, a model based on a direct
path, a road-reflected path, and a multipath component has
to be assumed when LOS conditions occur (see Fig. 5) [5],
[39]: the received power at distance derives from the
coherent cumulation (that is, taking proper phase properties
into account) of the road-reflected and direct components,
and the incoherent sum with the Rayleigh-faded multipath
power. On the other hand, in NLOS conditions, a simple
Rayleigh-fading model can be assumed.

A group of mobiles separated by an intervehicle
distance is considered. Vehicles can communicate with
beacons (RVC) and among them (IVC system). In both
cases, they transmit packets of 250 bits.

As a particular example, for the RVC system, we refer
to a frequency/time-division multiple access scheme, where
the total number of channels (slots) is split into sets of

time-division multiplex channels. Each set of channels
is assigned to a cell and spatially reused. A group of
cells, using all the channels, represents the cluster, and
is the cluster size.

For the IVC system, a multiple access scheme similar to
that described as an example in the previous section, based
on R-ALOHA, is considered. Moreover, a time division
duplexing scheme is implemented. The frame structure is
subdivided in two parts. In the first part, slots are
used for backward transmission (hence, transmitters are
linked to backward and receivers to forward antennas); in

the second part, acks are sent in the forward direction.
A multihop strategy is introduced, which requires only
direct transmission to the preceding and following vehicles;
hence, only one vehicle at a time is the destination of a
packet. The transmission of acks is also used for sending
data in the forward direction.

The bit rate , for both the IVC and the RVC systems,
is on the order of a few megabits per second [4], [42], [43].
In this paper, we assume and Mbit/s for RVC
and IVC, respectively. This allows a narrow-band modeling
of channel propagation. Hence, a general description of the
packet error probability can be given through (11), where
the maximum number of interferers is equal to two or
one in the RVC and IVC cases, respectively.

A. Performance Metrics and Evaluation

As a performance measure, we consider the local outage
probability (16), since the application is sensitive to the
loss of single packets [35], [42]. Hence, (17) is used. For
the MSK modulation scheme with LD detection and by
fixing equal to 10 , leading to satisfactory values of
error probability in the presence of suitable error-correcting
coding schemes, the value of is fixed to 12.5 dB.
Moreover, function is given in [42] for .
As far as the statistical model of and is concerned, the
reader can refer to [42] and [43], where the two-ray Rice
model is described.

Let us first consider the RVC system: to emphasize the
advantage of the MMW band, we compare the performance
of the above-described system at 60 and 5.8 GHz (the
two bands are considered for these applications [33]). In
Fig. 6, the local outage probability is shown as a function
of and by considering the vehicle’s being on the cell
edge (link distance equal to); the same channel model
is assumed for the two cases, and the same set of system
parameters (transmitted power, antenna gain, etc.) is chosen
(see details in [42]). The main difference between the two
systems is due to oxygen absorption, which introduces a
specific attenuation of 15 dB/Km at 60 GHz (whereas it is
absent at 5.8 GHz). The cluster size is .

The figure shows that for short-range applications, there
is no optimum value of at 5.8 GHz due to the absence
of oxygen absorption; on the contrary, at 60 GHz, a lower
value of outage probability is found if the optimum value of

is chosen. Since from the spectral efficiency point of view
microcellular structures perform better than macrocellular
structures, it can be concluded that at 60 GHz, better per-
formance can be achieved when fixed spectral constraints
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Fig. 6. Local outage probability referred to�b = 10�5 (MSK, LD detection) against cell radius
R;Nq = 3. Useful terminal at cell border. Comparison between 60 and 5.8 GHz; without diversity
[(i): 5.8 GHz; (ii): 60 GHz] and with diversity [(iii): 5.8 GHz; (iv): 60 GHz].

are given. It is worth noting that similar results can be
obtained whatever the value of the carrier frequency in the
60–64-GHz band since in that range, oxygen absorption is
significant.

Now, let us consider the IVC system and evaluate the
DFP defined in the previous section. As far as the packet
capture model is concerned, for the sake of simplicity, we
in this case neglect the dependence of from
and assume, as an example, dB, which holds
for tending to infinity and [43]. Moreover,
is fixed to 9.8 dB.

In Fig. 7, DFP is described in terms of the number of
slots instead of the number of frames. The figure shows the
results of a simulation carried out in accordance with the
previously defined scenario: DFP increases when increasing

. Hence, small values of have to be chosen, and the
results of Fig. 7 suggest the choice .

The results shown in this section emphasize the role
played by oxygen absorption on interference control meth-
ods and cell planning, as announced in the introduction.
Indeed, unlike traditional cellular systems working at mi-
crowaves, an optimum value of cell size can be found. This
effect could be further investigated by considering, as an
example, bidimensional cellular environments.

VI. HIGH-SPEED INDOOR WIRELESS LAN

This section investigates a high-bit-rate (100–155 Mbit/s)
coded OFDM system for high-speed indoor wireless net-
works at 60 GHz [7], [70]. The role of coding, frequency
diversity, and antenna directivity/sectorization is investi-

gated and underlined. The sector selection strategy adopted
is based on the measure of the power received from
each sector in the frequency band of the system. Sectored
antennas allow an additional directivity and diversity gain
as well as an improved flexibility for the user in antenna
placing because orientation problems are avoided.

As far as propagation in actual environments is con-
cerned, the Telecommunication Laboratory of our depart-
ment in the Centro di Studio per l’Informatica e i Sistemi di
Telecomunicazioni (CSITE) building has been considered.
It is 3 m high, and its layout is described in Fig. 8.
It contains the following materials: 10-, 6-, and 3-cm-
thick plasterboard walls, wood (doors and furniture), glass
(windows), metal (doors and other). The furniture consists
of six racks having a dimension of 3 1 2 m and
characterized by 2-cm-thick wood.

For this scenario, small- and large-scale channel charac-
terizations were obtained by means of ray-tracing modeling
in [22] and [23]. Channel characterization was developed
by fixing the transmitter in the middle of the room at ceiling
height (see Fig. 8) and by considering, as a reference, om-
nidirectional antennas in the horizontal plane with vertical
polarization to cover the whole room.

Large-scale variations were tested by moving the receiver
on a grid of 1700 points with about 0.25-m step. A “room
partitioning” description was introduced in [23]: it considers
the propagation environment to be partitioned in several
zones, including points (where the receiver can be placed)
lightened by the same set of reflectors and having a common
large-scale description. There is a LOS, as well as several
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Fig. 7. DFP as a function of the number of slotsD; Nv = 31; div = 20 m; 100 000 iterations.

Fig. 8. The Telecommunications Laboratory (TLC) of our department in the CSITE building.

NLOS zones. In NLOS zones, the large-scale received
power is much smaller with respect to the LOS zone (at
least 10–20 dB). The indoor radio system experiences a
path loss ranging from 60 to more than 120 dB and a
up to 20 ns with factor varying from 5 dB to several
tenths of decibels.

An ideal sectored radiation pattern is considered for the
receiving antenna. It should be noted that the reference
orientation angle of sectors is considered as a uniformly
distributed random variable in the range . By com-
paring four sectors and six sectors receiving antennas with
the omnidirectional one, whatever the system configuration,
it has been found that the amount of NLOS points with

ns is reduced from 20% to 6–8% while
parameter increases. The joint effects of directivity gain
and reduction of frequency diversity on the system under
investigation will be checked later in the results.

The multicarrier technique adopted for this application
is the coded OFDM, described in the appendix. For the
sake of clarity, the meaning of some symbols used in the
appendix is reported: represents the number of available
channels, the number of modulation states, the guard
time, the code rate, and the spectrum efficiency
reduction factor. According to that description, the fol-
lowing assumptions have been made:
with ns. The use of
clustering is a viable way to reduce FFT complexity and
sensitivity to system nonlinearities: clustered systems have
been investigated in [7].

A. Performance Metrics and Evaluation

Performance analysis can be carried out by means of
analytical algorithms developed to obtain the error prob-
abilities, as defined in (6) and (7), for the coded OFDM
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Fig. 9. Large-area outage probability in the NLOS zones with different number of subcarriers
with and without sectorization.

system when transmitter and receiver positions are fixed
and the propagation channel is stationary.

Let us start with the bit error probability at the output
of each OFDM channel before decoding. The bit error
probability, for the generic user, referred to theth carrier
can be easily found to be given by

NSNR

(23)

where NSNR has been defined in Section IV and the
other parameters are defined in the appendix. Each OFDM
subchannel, with respect to the coded bits, can be viewed
as a binary symmetric channel characterized by the error
probability depending on the channel response at the
frequency . The performance of the block-coded OFDM
system can be described by means of the postdecoding error
probabilities, which are functions of the vector of thebit
error probabilities as follows:

(24)

(25)

These functions can be analytically evaluated [7], [70] for
the different system configurations (i.e., use of clustering,
error and erasure correction, adaptive carrier allocation
[67]).

By utilizing the performance analysis in static condi-
tions, we can first characterize the small-scale system
behavior—i.e., in a range of 20 wavelengths (10 cm)—by
means of local outage probabilities and . Large-scale

characterization is usually done by means of large-scale
outage probabilities and , and coverage probability
referred to local outage. It has been verified that the LOS
points of the room can be easily covered, whereas the most
critical points are those in NLOS conditions due to high
path loss and channel dispersion. For this reason, in our
study, the results will mainly refer to the NLOS conditions.

In Fig. 9, we consider a system with a total antenna gain
equal to 20 dB (26 dB with four-sector receiving

antenna), a receiver noise figure dB, and a
bit rate equal to 100 Mbit/s. It shows large-area outage
probability referred to and to NLOS
zones of the grid plotted against transmitter power. In
practical applications of indoor communication at 60 GHz,
maximum values of on the order of 10 dBm are to be
considered. In this context, Fig. 9 shows outage probability
with different system configurations: an OFDM scheme is
considered with and without coding and by varying the
number of sectors (one and four). If we assume
dBm as a reference case, a system without sectorization
shows a level of outage probability equal to about 50–60%;
it decreases to about 20% by using a four-sector receiving
antenna. This means that the coding gain can counteract
the degradation caused by channel selectivity, but it may
be not sufficient to compensate for the large path loss.

It should also be noted that the uncoded OFDM system
is not able to work in the NLOS zones (large-area outage
exceeding 90%). Moreover, it appears that 10% of outage
probability in NLOS conditions is practically unreachable
due to the very large path loss characterizing the most
hidden zones. Other results can be found in [7] and [70].

For a deeper discussion of the coverage probability found
in the scenario considered, [7] shows the coverage map
of the Telecommunications Laboratory by considering the
OFDM system, dealing with ATM packets at
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Mbit/s, with or without sectored antennas and with or
without coding.

VII. L OCAL MULTIPOINT DISTRIBUTION SYSTEMS

FOR INTERACTIVE VIDEO SERVICES

As far as LMDS for VoD applications is concerned, a
wireless solution at 30 GHz is investigated [9]. The system
is designed to deliver the VoD service in urban areas where
several users share one building but use their own individual
antenna to be placed on the user windows. The use of
individual antennas allows individual users to buy and
install an antenna and receiver by themselves. We analyze
an urban cellular radio system with microcells having a
radius of about 300 m. In this perspective, a multiple access
technique and a new scheme for resource allocation are
discussed [67].

A block of the city of Bologna in the neighborhood of the
engineering faculty of the university has been considered as
the application scenario, and the propagation channel has
been modeled through the use of a ray-tracing software [9].
The LOS between the transmitter and the receiver could be
absent, and buildings cause severe path loss. To investigate
the large-scale variations of the propagation channel, we
have considered a grid of 500 receiver locations spaced
by at least 10 meters; antenna heights take values of 3, 6,
and 9 m. The transmitting antenna is a sectorial antenna
composed of four idealized sectors placed at a suitable
site whose height is 30 m. An ideal antenna with uniform
radiation pattern and azimuthal beamwidth equal to 40
in the horizontal plane is considered at the receiver; its
orientation is chosen in accordance with the maximum
received power.

Each point in the grid can be represented in the
and planes, as in Fig. 10. It is worth noting a
certain amount of correlation between the values ofand

; in fact, points with large path loss also show large
delay spread. On the other hand, no relevant correlation
is found between and , except for small values of

(LOS conditions). From Fig. 10, we can note that the
delay spread can reach a few hundreds of nanoseconds.
Therefore, from the previous consideration, it appears that
a service requiring several megahertz for transmission can
be impaired by frequency selectivity effects.

The system investigated uses a coded OFDM transmis-
sion system (see the appendix) with an FDM multiplexing
technique [9]. This system is able to supply up to
different channels with FDM multiplexing; each channel
carries the information related to a given user and is defined
by a subset of the available carriers. Each channel needs

carriers. At the receiver side, each user will
select its own carrier set. As far as carrier assignment for
FDM is concerned, two classes of schemes are defined
and investigated [67]. In the largest distance technique
(LDT), the coded message for each user is transmitted using
carriers having a frequency distance as large as possible
in the given allocated bandwidth, whereas in the adaptive
technique (AT), the coded message is transmitted using

carriers chosen by exploiting thechannel state information
(CSI). In this system, the CSI is the set of channel gains for
each carrier and for each user. CSI is assumed to be known
at the transmitter: this assumption seems reasonable since
the IVS system provides a reverse channel [52], whose
aim is the transmission of the user choices concerning
the desired television channel; hence, this resource can
be exploited by each user to send the part of channel
information related to its channel.

This allows the system to select the proper set of carriers
to be assigned to each user in an adaptive way. The
purpose of this assignment is to provide the best subset
of carriers to each user. In [67], three different AT
algorithms to face the concurrence problem were proposed
and evaluated: among these, we will consider the cyclic
priority algorithm, which offers the best set of carriers to
the user having the highest priority; the priority is cyclically
reassigned.

A. Performance Metrics and Evaluation

To evaluate the bit error probability for coded OFDM
systems when the propagation channel is stationary, we
refer to the algorithms developed in Section VI-B. The bit
error probability of (23) is now referred to theth carrier
of the generic user; each user is influenced by a different
vector of channel samples . For this system, we consider
values of up to 64 and error correcting only decoding.

The equations of Section VI-B allow analytical eval-
uation of the user performance in a given propagation
channel and carrier allocation conditions. User local perfor-
mance can be evaluated by considering an average bit error
probability as follows. As random phase variations could
arise when small-scale variations in the receiving antenna
position are considered, leading to correspondent variations
even in the carrier allocation, bit error probability can be
evaluated by averaging over phase changes, i.e.,

(26)

where the dependence of on phase vector , which in-
cludes all the ray phases for every user, has been explicited.
The ray phases appear in (23) through (26) and . The
average in (26) is computed by means of a semianalytical
evaluation method involving, for a given set of fixed users, a
random generation of the phases for each user propagation
channel.

The performance in a large area can be defined by
considering the coverage probability (20). It can be evalu-
ated by counting the cases where the quality requirements
are fulfilled when varying all the possible user positions
considered (500, as mentioned before) and the set of users
accessing the service; a total of 100 000 events have been
taken into account. In the numerical results, the threshold

has been fixed.
As we have fixed the guard time equal to 0.5 s, the

number of carriers has to be greater than 100 [9]. Rolloff
factor is fixed to 0.2, and, as a reference, a value
has been fixed.
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(a)

(b)

Fig. 10. Distribution of points in the (a)�rms � PL plane and (b)K � PL plane.

Now we analyze the coverage offered by different coded
OFDM systems as a function of NSNR in the considered
realistic scenario. More precisely, we study the influence
of the access technique, i.e., AT versus LDT, and the sen-
sitivity of the performance on and , having fixed
the RF system bandwidth and the code length. In Fig. 11,
the bandwidth per user and the carrier number
have been fixed to 4.3 MHz and 128, respectively, and the
coverage achievable using different code rates for a
Reed–Solomon code with length fixed to 63 has been inves-
tigated. The curves show significant performance improve-

ment due to AT technique with respect to the LDT case. In
fact, a larger coverage probability can be achieved, and the
improvement is on the order of 4–6 dB in terms of SNR, at
a given fixed coverage probability. We can also note that in
the LDT case, the best performance is obtained with a cer-
tain expense in modulation and coding complexity, e.g., by
using . In the AT case, the achievable coding gain
is limited; hence, less coding and modulation complexity is
required (the best solution is between the cases and

. AT always yields better utilization of diversity
by offering to the user the best carrier allocation.
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Fig. 11. Coverage probability, expressed in percentage, for coded OFDM with 128 carriers.

Table 1 Coverage Probability as a Function of Code
Rate When NSNR Is Fixed to 155 dB

M Rc

AT

Pcov%
LDT

Pcov%
Bu [MHz]

16 3/4 � 91.8 � 79.0 2.6

16 2/3 � 92.1 � 79.0 2.9

16 1/2 � 91.1 � 80.0 4.3

16 2/5 � 90.0 � 80.0 6.1

Last, the sensitivity of performance to the code rate is
displayed in Table 1, having fixed the carrier number, the
number of modulation states, and the SNR to 128, 16,
and 155 dB, respectively. To obtain a good compromise
between spectral efficiency and coverage probability, a
system with code rate equal to 2/3 (or 3/4) is suggested in
the AT case, whereas in the LDT scheme, the best results
are obtained with .

VIII. C ONCLUSIONS

Future MMW communication systems for different ap-
plications have been extensively investigated with the view
of defining suitable design criteria for both narrow- and
wide-band services. The use of MMW seems encouraged
by the recent evolution of technology, which will permit
small-size antennas and RF circuits to be designed for dif-
ferent wireless services. Moreover, significant advantages
deriving from the use of MMW can be identified in the
large spectrum availability and high spatial filtering due

to oxygen absorption attenuation, thus leading to efficient
spectrum usage.

Three different actual scenarios, referred to as intelligent
transport system, wide-band local-area networks, and last-
mile wireless interactive services, have been considered
with proper evaluation of the characteristics derived by
actual propagation. More precisely, a unitary framework
for performance evaluation has been carried out starting
from the need of defining the most appropriate quantities
characterizing service quality. Both fixed and/or mobile,
narrow-, and wide-band possible multimedia services have
been investigated with accurate system performance eval-
uation.

The methodology considered allows assessment of small-
and large-scale quantities and is based on both analytical
and semianalytical tools for performance characterization.

APPENDIX

THE MULTICARRIER TECHNIQUE

The equivalent block scheme of the baseband part (in-
cluding channel coding and decoding) of the system em-
ploying coded OFDM is shown in Fig. 12. The information
bits with bit rate are first encoded with a
block code. Then, the encoded stream is serial-to-parallel
converted into bitstreams. In the basic scheme, these
streams directly feed the input channels of the OFDM
modulator with . An interface block handles other
cases of interest such as integer when
long codes are used, integer when short codes are
used), or clustered systems. The figure shows a system
without clustering. At the modulator , additional inputs
are forced to zero in order to insert virtual subcarriers so
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Fig. 12. Coded OFDM system block scheme.

that aliasing effects due to filtering are avoided. Thus, the
OFDM modulator works with a total of
subcarriers.

Reed–Solomon codes and their shortened versions [66]
with hard-decision decoding are considered. These are
nonbinary codes built with symbols composed of bits;
their natural length is . As they have minimum
distance , the decoder is able to correct

erasures and errors if for error
correction decoding). The erasure correction capability of
the decoder could be exploited by means of an inner layer
of coding, as has been proposed in [88] and utilized in
[7]. In this case, each of the information streams is
coded by means of a binary block code—i.e.,
Bose–Chaudhuri–Hocquenghem code or a parity check
code—to form a concatenated code with code rate

. In the absence of inner coding, the code rate is
simply . The inner code is mainly used for error
detection in order to assure a sufficiently reliable erasure
detection mechanism.

At the th input of the OFDM modulator,
, each group of bits is mapped to a complex

symbol of an -ary constellation leading to a frame of
complex symbols at theth discrete instant and to an

M-QAM signaling. The symbol duration at each channel
is given by

(27)

where

(28)

At the output of the inverse DFT block, we obtain a
vector of samples for ,
where is the DFT. This output is parallel-to-serial
converted to a sample stream with chip time, which
is then transmitted by means of a quadrature modulator.
To eliminate the effects of channel distortion caused by
multipath propagation, a guard interval approaching the
maximum delay of the propagation channel is introduced.
During the guard time, a cyclic prefix sequence with integer
length has to be transmitted. The chip time
becomes , and the spectrum efficiency is
reduced by a factor

(29)

The complex envelope of the signal at the output of the
transmitter is obtained by using a suitable bandlimited
pulse with Fourier transform . The signal obtained
here by means of a DMT technique corresponds to a
multicarrier OFDM signal where, due to orthogonality, the
different subcarriers are spaced . The total
bandwidth required is assumed to be , leading
to

(30)

At the receiver side, the demodulated signal is sampled
at rate . After serial-to-parallel conversion, the first
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samples are removed (cyclic prefix), and the remaining
complex samples are passed to the DFT block. The function

is assumed to be a raised cosine
function with rolloff factor , and the low-pass transfer
function of the receiving filter is assumed to be
matched with . By assuming ideal frequency and time
synchronisms and perfect channel parameter estimation, we
have the decision variables at the input of decision
devices depending on the samples of.

The bits at the output of the OFDM modulator feed
the inner and outer decoders, which try to regenerate the
transmitted message. Inner decoders also provide erasure
detection to improve the efficiency of the outer decoder.
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