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Abstract- Orthogonal frequency-division multiplexing (OFDM)
effectively mitigates intersymbol interference (ISI) caused by the
delay spread of wireless channels. Therefore, it has been used in
many wireless systems and adopted by various standards. In this
paper, we present a comprehensive survey on OFDM for wireless
communications. We address basic OFDM and related
modulations, as well as techniques to improve the performance
of OFDM for wireless communications, including channel
estimation and signal detection, time- and frequency-offset
estimation and correction, peak-to-average power ratio reduction
PAPR, intercarrier interference (ICI) and multiple-input–
multiple-output (MIMO) techniques. We also describe the
applications of OFDM in current systems and standards.
Index Terms- Channel estimation , frequency-offset estimation,
intercarrier interference (ICI), multicarrier (MC), multiple input–
multiple-output
(MIMO)
orthogonal
frequency-division
multiplexing (OFDM), peak-to-average power reduction,
timeoffset estimation, wireless standards.

system, only a small percentage of the subcarriers will be
affected. Error correction coding can then be used to correct for
the few erroneous subcarriers. The concept of using parallel data
transmission and frequency division multiplexing was published
in the mid-1960s [1, 2].
OFDM is a special case of multi-carrier modulation. Multicarrier modulation is the concept of splitting a signal into a
number of signals, modulating each of these new signals to
several frequency channels, and combining the data received on
the multiple channels at the receiver [3]. In OFDM, the multiple
frequency channels, known as sub-carriers, are orthogonal to
each other [4].

II. BASIC OFDM
N−1

2
2
Let {sn,k}
k=0 with E|sn,k| = σ s be the complex symbols
to be transmitted at the nth OFDM block, then the OFDM
modulated signal can be represented by

I. INTRODUCTION

O

rthogonal frequency division multiplexing (OFDM) is a
multicarrier multiplexing technique, where data is
transmitted through several parallel frequency sub channels at a
lower rate. It has been popularly standardized in many wireless
applications such as Digital Video Broadcasting (DVB), Digital
Audio Broadcasting (DAB), High Performance Wireless Local
Area Network (HIPERLAN), IEEE 802.11 (WiFi), and IEEE
802.16 (WiMAX). It has also been employed for wired
applications as in the Asynchronous Digital Subscriber Line
(ADSL) and power-line communications.
The ever increasing demand for very high rate wireless data
transmission calls for technologies which make use of the
available electromagnetic resource in the most intelligent way.
Key objectives are spectrum efficiency (bits per second per
Hertz), robustness against multipath propagation, range, power
consumption and implementation complexity. These objectives
are often conflicting, so techniques and implementations are
sought which offer the best possible trade off between them. The
Internet revolution has created the need for wireless technologies
that can deliver data at high speeds in a spectrally efficient
manner. However, supporting such high data rates with sufficient
robustness to radio channel impairments requires careful
selection of modulation techniques. Currently, the most suitable
choice appears to be OFDM (Orthogonal Frequency Division
Multiplexing). One of the main reasons to use OFDM is to
increase the robustness against frequency selective fading or
narrowband interference. In a single carrier system, a single fade
or interferer can cause the entire link to fail, but in a multicarrier

where Ts, Δf, and N are the symbol duration, the subchannel space, and the number of sub-channels of OFDM
signals, respectively. For the receiver to demodulate the OFDM
signal, the symbol duration should be long enough such that TsΔf
= 1, which is also called the orthogonal condition since it makes
e−j2πkδft orthogonal to each other for different k. With the
orthogonal condition, the transmitted symbols sn,k can be detected
at the receiver by

if there is no channel distortion.
The sampled version of the baseband OFDM signal s(t) in
(1) can be expressed as

which is actually the inverse discrete Fourier transform
(IDFT) of the transmitted symbols {sn,k}N−1 k=0 and can
efficiently be calculated by fast Fourier transform (FFT). It can
easily be seen that demodulation at the receiver can be performed
using DFT instead of the integral in (5).
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International Journal of Scientific and Research Publications, Volume 3, Issue 11, November 2013
ISSN 2250-3153

A cyclic prefix (CP) or guard interval is critical for OFDM
to avoid interblock interference (IBI) caused by the delay spread
of wireless channels. They are usually inserted between adjacent
OFDM blocks.

2

response of the wireless channel at the kth subchannel and is
defined as

It can be proved that nk are independent identically
distributed complex circular Gaussian with zero mean and
variance σ2n. With Hk, transmitted symbols can be estimated.
For single carrier systems, the received signal is the convolution
of the transmitted sequences or symbols and the impulse
response of wireless channels in addition to AWGN, whereas the
impact of the channel is only a multiplicative distortion at each
sub channel
for OFDM systems, which makes signal detection in OFDM
systems very simple and is also one of the reasons why OFDM is
very popular nowadays.
Fig. 1 shows the function of the CP.
III. CHANNEL ESTIMATION
Fig. 1 shows the function of the CP Without the CP, the
length of the OFDM symbol is Ts, as shown in (1). With the CP,
the transmitted signal is extended to T = Tg + Ts and can be
expressed as

It is obvious that ˜sn(t) = sn(t + Ts) for −Tg ≤ t ≤ 0, which is
why it is called the CP.
The impulse response of a wireless channel can be expressed by
[6].

In OFDM systems, CSI can be estimated using training
symbolsknown at both the transmitter and the receiver. The
training symbols may be inserted at different subchannels of
different OFDM blocks, as shown in Fig. 2(a). These training
symbols are more often called pilots. The CSI corresponding to
the pilot subchannels is first estimated, and then, that
corresponding to the data-bearing subchannels is obtained by
interpolation.
This is called pilot-aided channel estimation (PACE) [7]–
[9].

where τi and γi are the delay and the complex amplitude2of
the ith path, respectively. Then, the received signal can be
expressed as

where n(t) represents the additive white Gaussian noise
(AWGN) at the receiver. As demonstrated in Fig. 1, xn(t)
consists of only the signal component from the nth OFDM block
when τl ≤ t ≤ τu, where τl = −Tg + τM, τu = Ts +
τm, τm = mini{τi}, and τM = maxi{τi}; otherwise, the received
signal consists of signals from different OFDM blocks.
If τl ≤ 0 and τu ≥ Ts, then

for 0 ≤ k ≤ N − 1 and all n, where Hk denotes the frequency

In addition to interleaving the training symbols and the
informative symbols by such frequency-division multiplexing,
they may also be superimposed, which can be regarded as a
special form of pilots [10]. This kind of training symbols are
usually called superimposed pilots, which were first proposed to
phase synchronization and originally called spread-spectrum
pilots [48] and were later applied for channel estimation. On the
other hand, all training symbols may be arranged at the first (or
couple of) OFDM blocks, as shown in Fig. 2(b). The training
blocks in this case are sometimes called preamble. The CSI
corresponding to the training blocks are first estimated, and that
corresponding to the subsequent data blocks can be tracked and
further improved with the help of the demodulated data. This is
called decision-directed channel estimation (DDCE) [11], [12].
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1)Pilot-Aided Channel Estimation: Using pilot tones to
estimate channel coefficients was first proposed in [13]. The two
major issues of pilot-aided channel estimation are pilot design
and interpolation.
2) DDCE: For DDCE, CSI at the preamble block(s) is first
estimated and then used to demodulate and detect the symbols at
the next data block. CSI can be tracked by using detected
symbols or data, either hard decision or soft decision, as shown
in [14]–[16]. For systems with error-correction coding,
redundancy in coding can be exploited by iteratively performing
soft symbol decision and channel estimation [15], [17].
3) Comparison: DDCE methods fit in systems operating in
static or quasi-static channels. It particularly fits in systems in a
slot transmission mode, such as wireless cellular systems. Initial
channel estimation is provided with the training blocks and is
then followed by tracking or prediction. Their major advantage is
that they are able to provide high spectrum efficiency by using
detected data as pilots. However, error propagation will be
induced in fast fading channels [18].

IV. TIME ANDFREQUENCY VARYING IMPAIRMENT
MITIGATION
In this section, we will address time- and frequency-varying
impairment mitigation. Frequency-varying impairments are
caused by the timing offset between the transmitter and the
receiver or the delay spread due to a multipath of wireless
channels. As shown in (5), the impact of delay spread is a
multiplicative channel distortion on the demodulated signal if the
CP or guard interval is long enough, which can easily be
mitigated once CSI is estimated. The impact of timing offset is
much simpler than that of delay spread. If the timing offset τ is
less than the CP, then it will cause a phase rotation of 2πkΔfτ to
the symbol at the kth subchannel [4]. If the timing offset exceeds
the CP, then IBI will be generated, in addition to the phase
rotation. The phase rotation due to the timing offset is different
for different subchannels. This property can be exploited to
estimate the timing offset. We will address how to estimate the
timing offset and compensate for its impact later on in this
section.
1) Timing-Offset Estimation and Correction: The timing
offset can be estimated with pilot- and nonpilot-aided
techniques. After the timing offset is estimated, its
integer part, which is a multiple of the sampling
interval, is used to adjust the starting position of the
FFT window, and its (residual) fractional part will
generate a phase offset and can be compensated at each
subchannel when we cancel the impact of the delay
spread of wireless channels [16].
2) Frequency-Offset Estimation and Correction: From
the perspective of its impact and signal processing, the
CFO can be divided into integer and fractional parts.
The integer part of the CFO is a multiple of the
subchannel space Δf, which will cause a symbol or
subchannel shift, that is, the transmitted symbol in one
subchannel is shifted to another at the receiver. The
fractional part results in the loss of orthogonality among
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subchannels and generates ICI. Once the CFO is
estimated, its impact can completely be canceled in the
time domain by multiplying the received signal x(t) by
the frequency shift factor e−j2πδft.[19]

3)

Mitigation of ICI Caused by the Doppler Spread: ICI
may be caused by the CFO, phase noise, timing offset,
and Doppler spread [20], [21], [22], [23]. However, ICI
induced by the first three impairments can completely
be compensated or corrected. Since the Doppler spread
or shift is random, we can only mitigate its impact. The
existing ICI mitigation techniques include frequency
equalization,
ICI
self-canceling,
time-domain
windowing, coding, extanded kalman filter, unscaned
kalman filter etc.

As we can see from (8), ICI in the frequency domain in
OFDM systems is similar to ISI in the time domain in
singlecarrier systems. Consequently, those approaches dealing
with ISI in single-carrier systems can immediately be used here.
It is well known that matrix inversion is required to calculate the
coefficients of an equalizer. To reduce its high complexity,
various methods have been developed. In [24], the channel
matrix is partitioned into block diagonal matrices by exploiting
the fact that the frequency response within a symbol duration will
linearly vary with time when the duration of an OFDM symbol is
much less than the channel coherence time. In [25], a time
domain successive interference cancellation (SIC) detector is
presented to remove ICI, which is similar to SIC widely used in
multiuser detection.
4) PAPR Reduction: As indicated before, the OFDM signal has a
large PAPR. A traditional method dealing with the large PAPR is
to back off the operating points of nonlinear power amplifiers;
however, it severely reduces the efficiency of the power
amplifiers. Therefore, by exploiting the special characteristics of
the OFDM signal, various approaches have been proposed to
cope with the issue. They include clipping and filtering [26],
[27], selected mapping (SLM) [28]–[30], partial transmit
sequence (PTS) [31], etc. To reduce the PAPR of an OFDM
signal, a clipper can directly be used. However, such nonlinear
processing will cause in-band distortion and out-of-band
radiation . If the out of band interference is filtered out, then the
PAPR of the clipped signal will regrow [26]. Therefore, if
clipping and filtering are repeated several times, then both the
PAPR and out-of-band radiation will be reduced, as proposed in
[27]. However, the clipping and filtering techniques are unable to
remove the inband distortion. The technique is improved in [31]
by limiting the distortion of each subchannel.

V. OFDM-RELATED MODULATION AND ACCESS
TECHNIQUES
There are many other modulation or access techniques
related to OFDM. MC modulation is a general category of
modulation to which OFDM belongs. A single-carrier system
with frequency-domain equalization (SC-FDE) and energy
www.ijsrp.org
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spreading transform (EST)-based modulation are two block
transmission schemes that exploit the CP to mitigate the delay
spread of wireless channels, which share the same spirit as
OFDM. Furthermore, based on OFDM, many access techniques
have been developed. MC-CDMA and OFDM access (OFDMA)
are two of the examples. In this section, we will briefly describe
MC modulation, SC-FDE, EST-based modulation, MC-CDMA,
and OFDMA.
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We have also summarized the MIMO techniques for OFDM
and the wireless applications of OFDM. The OFDM-related
technique has been invented over 40 years ago. OFDM for
wireless communications has intensively been an active research
area in the past 10 years. It is not our intention and is impossible
either to provide an exhaustive literature search in the area
through this paper. Due to page limit, we do not include
performance optimization in OFDM systems, techniques on joint
channel, time- and frequency offset estimation, or applications
other than wireless.

VI. MIMO TECHNIQUES IN OFDM
MIMO techniques or space–time processing can be used in
wireless communications for diversity gain and capacity
improvement [32]–[33]. Recent books [34]–[35] have given a
comprehensive introduction of MIMO techniques. Here, we
focus on special issues when MIMO techniques are used with
OFDM. Most of MIMO techniques are developed for flat fading
channels. However, multipath will cause frequency selectivity of
broadband wireless channels. Therefore, MIMO-OFDM, which
has originally been proposed to exploit OFDM to mitigate ISI in
MIMO systems, turns out to be a very promising choice for
future high-data-rate transmission over broadband wireless
channels. The earliest work in MIMO-OFDM can be found in
[36] and [37]. Since that time, MIMO-OFDM has become a very
popular area in wireless communications, particularly in the past
several years [38]. In this section, we only very briefly provide
an introduction of the topic.
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