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Abstract—Orthogonal frequency division multiplexing (OFDM) is a multiplexing technique which is widely applied in wireless
communication systems because of its high data rate transmission capability and high bandwidth efficiency. This paper presents
a comprehensive survey on OFDM for wireless communications. This survey will first review basic OFDM modulation along
with techniques to improve the performance of OFDM in wireless communication. The combination of multiple-input multiple-
output (MIMO) and OFDM has the potential to address the problem of interference in modern communication systems, and
therefore particular emphasis is given to MIMO-OFDM. It also includes channel estimation which is essential for diversity
combining in MIMO-OFDM systems. We conclude with the wireless applications of MIMO- OFDM systems.
Keywords—Channel estimation, Inter Carrier Interference (ICI), multicarrier (MC), orthogonal frequency division multiplexing
(OFDM), multiple-input multiple-output (MIMO), and wireless standards.

I. INTRODUCTION

Now-a-days wireless communication systems are facing many problems. This include frequency fading, multipath fading, Inter
Carrier Interference (ICI), Inter Symbol Interference (ISI) etc [1],[2]. Requirement of larger transmit power at high rate, spectral
efficiency, low bit rate capacity are also a major cause. OFDM is an effective technique for high data rate wireless communication
in multipath channels and fading environments at reasonable frequency in wireless channels [2]. Because of the nature of its high
speed data transmission and effectiveness in combating the frequency selective fading channel, it is adopted by many standards [4],
[5]. That includes Digital Audio Broadcasting (DAB), Digital Video Broadcasting (DVB), Asymmetric Digital Subscriber Line
(ADSL), Wireless Local Area Network (WLAN), IEEE 802.11 a/g/n etc. OFDM is a case of multicarrier modulation which is based
on the concept of splitting a signal into number of signals. After that it modulates these signals to several frequency channels and at
receiver, combines the data received from multiple channels [6]. These multiple channels are orthogonal to each other and are
known as sub carriers [3]. The major advantage of this scheme is its ability to convert a frequency selective fading channel into
several flat fading channels with high spectral efficiency. This paper is organized as section | consists of a basic introduction.
Section |1 presents a literature review. In section 111 basic OFDM model is described. In section IV channel estimation is described.
A brief introduction on MIMO techniques for OFDM and its applications in current system and standards are discussed in section V
and VI, respectively. Finally, we present our conclusion in section VII.

Il. LITERATURE REVIEW

In 2014, Takahiro Natori, Nari Tanabe and Toshihiro Furukawa presented the channel gain estimation algorithm for the MIMO-
OFDM system under the high speed movement environments. This method aims to achieve the robust MIMO-OFDM channel gain
estimation by using only the Kalman filter from the canonical state space models. It consists of a state equation composed of
channel gain and the colored driving source. It also includes an observation equation composed of the pilot symbols, channel gain
and AWGN. The remarkable features of this method are that the channel gain estimation accuracy does not depend on the mobile
speed, the number of channel path and the number of transmitting antennas. The proposed method can estimate the channel gain
with reduced computational complexity of the traditional. Therefore, this method is the practical MIMO-OFDM channel gain
estimation method [6].

In 2013, Peng Cheng, Zhuo Chen and Yun Rui discovered Channel estimation technique for an orthogonal frequency division
multiplexing broadband system over a doubly selective channel that is very challenging. This is mainly due to the significant
Doppler shift, which results in a time-frequency doubly-selective (DS) channel. Authors proposed a novel channel estimation
system based on distributed compressive sensing (DCS) theory. The special decoupling form originating from a novel sparse pilot
pattern is designed for such estimation, which results in an ICI-free structure and enables the DCS application to make joint
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estimation of these vectors accurately. Combined with a smoothing treatment process, the proposed scheme can achieve
significantly higher estimation accuracy than the existing ones, although with a much smaller number of pilot subcarriers. Results
confirm its performance merits.

In 2012, The-Hanh Pham and Ying-Chang Liang, presented an OFDM-based system under unknown narrow-band interference.
Authors proposed an iterative receiver to jointly estimate the channel information, which consists of channel coefficients and noise-
plus-interference variances of each sub-carrier, and detect the transmitted signals. The simulation outcomes show that the proposed
receiver provides an extremely close bit-error-rate (BER) to that of the case where perfect channel information is available at the
receiver. The mean-square-error (MSE) of the estimated parameters given by the proposed algorithm achieves improvement in
performance [2].

In 2011, M.K. Gupta, S Shrivastava, and Raghuvanshi, presented the channel estimation is a process of characterizing the effect of
the transmission channel on the input signal. In this research work authors compare the performance of Least Square (LS) and
Linear Minimum Mean Square Error (LMMSE) channel estimation technique for Wavelet based OFDM system. The channel
estimation based on block type pilot arrangement is performed by sending pilots at every sub-channel and using this estimation for a
specific number of following symbols. In this paper they used wavelet transform instead of fast Fourier transform (FFT), which
have more bandwidth efficiency, less prone to Doppler shift [5].

In 2010, LI Yuhong, GE Ning and LU Jianhua proposed a Single carrier Ultra-wideband (SC-UWB) transmission scheme with
MSE channel estimation. Mainly, a Direct sequence Binary phase shift keying (DSBPSK) has been used by this scheme to support
high to moderate data rate applications that differentiates from Multi-band OFDM and Impulse radio (IR) UWB systems.
Simulation results have demonstrated that, with base band time-frequency signal processing algorithms, the BER performance of the
SC-UWB system over the IEEE 802.15.3a UWB Channel model I11 (CM3) is about 10-5 at Eb/NO of 10.5dB. Also, the SC-UWB
system exhibits a low power consumption and low implementation complexity because of its low Peak-to-average ratio (PAR) and
modulation characteristics. It is clear that the proposed scheme is a good candidate for short range communications, particularly for
low power and low cost applications for e.g., mobile terminals [12].

111. BASIC OFDM

Let{snyk};::with E|Sn,k|2= oZbe the complex symbols transmitted at nth OFDM block. Then OFDM modulated signal can be
represented by

=

-1
Sn(t) = Sn,kejznkAft

0

&
Il

where 0 <t <T. T, Af and N are the symbol duration, the sub-channel space and the number of sub- channels of OFDM signals,
respectively. In order to demodulate the signal at receiver, the symbol duration must be long enough such that T,Af = 1. This is
known as the orthogonal condition because it makes the e ~/27<A/t orthogonal to each other for different values of k. The transmitted
symbols s, ,.can be detected at the receiver from this condition as

Ts
Snk = FJ S, (t) e J2TKASE gt
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if there is no channel distortion. The sampled version of s(t) can be expressed as
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which is actually the inverse discrete Fourier transform of the transmitted symbols {Sn,k}:;; and can be calculated by Fast Fourier

Transform. Demodulation at the receiver can be easily performed using Discrete Fourier Transform instead of an integral as seen
from the equation. A cyclic prefix or guard interval, for OFDM, is critical to avoid inter block interference caused due to delay
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spread of the wireless channels and these are usually inserted between adjacent OFDM blocks.

™ = MR
il -

-

transmitted signal
CP of the n-th block 5,(t) with CP
: s - — >
-T, 0 Ty |
received signal from
CP of the h-th block 5n(0) the first path
received signal from
CP of the n-th block 5,(1) the last path
signal from the n-th block overall received signal

Fig. 1: Function of Cyclic Prefix

Figure 1 shows the function of Cyclic Prefix. Without CP, length of an OFDM symbol isT; and with CP, it is extended to T = T+ T
and can be expressed as

=

-1

§n(t) = Sn k€
0

j2mkAft

&
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where —T, <t < T;. This is called CP because 3, (t)=s, (t + T;) for —T,<t <0.

Also, the impulse response can be expressed by [9]
RO = Y yid( - )
i
where t; and y;are the delay and complex amplitude of ith path, respectively. The received signal can be expressed as

1(®) = D yi5ule =) + n(t)

where n(t) is additive white Gaussian noise at receiver. It is clear from the figurel that x,, (t)includes the signal component of nth
OFDM block when 7,< t <t,,, where 1, = =T, + 1y, T, = Ts + Tpp, T, = min;{7;} and ty_max;{r;}. Otherwise, the received
signal includes the signal from different OFDM blocks.

If7; <0andt, =Ty, then

1 (% ;
Xnj = FJ x, (t) e I3kt dt
0

N
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1 Ty _ i
xn,sz—sfo {Ziv: 5. (t — 7)) + n(t)} e 72t dt

Xnk=HgSpx + N

for 0<k <N-1and all n. H;, denotes the frequency response at kth sub channel and is defined as
Hy, = Z yie_Z"kAfTi
i

and n,, is the impact of additive white Gaussian noise and it is defined as

T,

1 .
g = —J n(t)e 2kt gt
Ts
0

The impact of the channel is only a multiplicative distortion at each sub-channel of OFDM system. Due to this, signal detection in
OFDM is very simple and this is one of the reason why this technique is popular now-a-days.

IV. CHANNEL ESTIMATION

Channel estimation is used to obtain the channel state information to know the channel properties. In OFDM, the channel can be
estimated by using the training symbol at both side of the transmitter and receiver and these symbols are called pilots.

- > - > S
= = =
_ S S e S S e
= - > S - > S
= = = R
S S e S S e
Al Filot subchannels DO Data subchannel
Time -
a)
- - > - S S
- e > S S
_ - e > - S S
= - e > - S S
- ae- > - S o
- - > - S S
- -
Training blocks Data blocks
T 'irne -
(b)

Fig. 2: Typical training blocks and comb pilots. (a)Comb pilots. (b)Preamble

The performance of channel estimation depends on the location, the number and the power of pilot symbols inserted into the blocks
of OFDM. The CSI corresponding to the pilot sub-channels is estimated first. After that, CSI corresponding to the data bearing sub
channels is obtained from interpolation. This is known as pilot aided channel estimation (PACE) [14]-[16]. In addition to
interleaving the training symbols and informative symbols by such frequency division multiplexing, they might also get
superimposed, and can be regarded as special form of pilots [15]. This kind of training symbols are known as superimposed pilots
that were proposed for phase synchronization and they were originally called spread spectrum pilots [8].

On the other side, all the training symbols may be arranged at the first side of OFDM blocks as shown in Fig. 2(b). In this case,
these training blocks are sometimes called preamble. The CSI corresponding to these training blocks are estimated first and those
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corresponding to subsequent data blocks can be tracked. They can be further improved with the help of demodulated data.This is
known as decision-directed channel estimation (DDCE) [18], [19]. The major advantage of this scheme is that they are able to
provide high spectrum efficiency by using detected data as pilots.

Channel estimation is a crucial and challenging issue in coherent modulation and its accuracy has a significant impact on the overall
performance of communication system. The channel estimation in MIMO systems becomes more complicated in comparison with
single-input single-output systems due to simultaneous transmission of signals from different antennas that cause co-channel
interference. This issue highlights that developing channel estimation algorithm with high accuracy is an essential requirement to
achieve the full potential performance of the MIMO-OFDM systems.

At present the channel estimation techniques on the MIMO-OFDM wireless communication system can be roughly classified into
the following categories: the least squares algorithm (LS), the linear least mean-square error method (LMMSE), maximum
likelihood method (ML) [25], [26] and all kinds of blind (completely blind or half blind) estimation methods. Among them the
computational complexity of the least square method is low, and the estimation precision is vulnerable to the noise influence in the
transmitting process, using the various channel statistics to modify the least squares estimating values can obtain a degree of
performance improvement, but in the actual mobile environment, it is impossible to obtain a more realistic channel statistics
information. The Linear least mean-square error method can obtain a good channel parameters estimation precision when the second
order statistics of the channel is appropriately estimated approximately, but the realization of the whole estimation algorithm needs
to solve the inversion operation of an large matrix whose orders are proportional to the number of the subcarriers and the number of
the antennas, therefore the complexity of the system is very high. The maximum likelihood method uses Viterbi algorithm to realize
the estimation of the channel response parameters, the needed calculation amount will increase rapidly with the increase of the
channel matrix. The blind (or half blind) channel estimation method can improve the frequency utilization of the whole system at
the maximum extent, which does not need to (or need only less number of) the pilot expenses, however the realization of the whole
estimation algorithm needs a large number of actual transmitted data, and needs to use the iterative calculation method and the
convergence rate of the algorithm limits the algorithm applied to the real time-varying wireless mobile environment.

V. MIMO TECHNIQUES IN OFDM
Most of the MIMO techniques are developed for flat fading channels. These techniques are used for diversity gain and capacity
improvement. 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, has now turns out to be a very promising
choice for future high-data-rate transmission over broadband wireless channels [12], [13].
Basic MIMO-OFDM: A MIMO-OFDM system with M, transmit antennas and M,. receive antennas is shown in figure 3.

N
S ]((1) x}({l)
k) o A oon | %)

modulation demodulation

space- | .
§, | Space i E tmg | 5n
—»  lime : 5 —>

. Signal
processing (M,)

|

------ L g
; x(Mr) detection
k| OFDN OFDM | %

modulation demodulation

Fig. 3: MIMO-OFDM system

It is clear from the above figure that space time processing converts the data stream {s,,} into M, sub-streams {s,ﬁm)}, through STC

or simple multiplexing, for OFDM modulation and transmission through different antennas. If only a multipath of wireless channels
is considered and the CP is long enough, the demodulated signal at each receive antenna is a superposition of those from different
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transmit antennas and can be expressed as [13], [20].
Mg
x}gi) _ Z H}gi,m)slgm) + n,(f)
m=1

for i=1, . . . ,M,. Here H,(C"’m) denotes the frequency response at the kth sub-channel corresponding to the mth transmits and ith
receive antenna, and n,(f)is the impact of channel noise at the kth sub-channel of the ith receive antenna, that is usually independent
of different values of k and i, Gaussian and with zero mean. This equation can also be expressed in matrix form as

X = Hysp +ny

where x,, Hy, s, and n,,, are the received signal vector, channel matrix, transmitted signal vector and noise vector at the kth sub-
channel, respectively, and these are defined as

e = (n2.. n}({Mr))T

HI§1,1) H}gl,Mt)

Hk = : " :
(M,1) (My,M¢)
H, e HMMe

This model can easily be generalized into MU MIMO-OFDM system model by combining several multiple-access technologies,
such as OFDMA, TDMA, CDMA, or space-division multiple access [21]. For MU MIMO-OFDM systems, MU interference (MUI)
also degrades performance.

V1. APPLICATIONS

OFDM is the most promising technique ofthis era. This technique is being adopted by many wireless standards that include
terrestrial digital video broadcasting and European digital audio broadcasting in China. These also include wireless local area
network, wireless metropolitan networks, wireless personal area networks etc. In addition to this, it has been approved by many
IEEE standard groups that include IEEE 802.15.3a, IEEE 802.16d/e and IEEE 802.11a/g/n. Currently, OFDMA is being
investigated as one of the most promising radio transmission techniques for Long Term Evolution (LTE) of the 3rd Generation
Partnership Project (3GPP), International Mobile Telecommunications—Advanced Systems.

VII. CONCLUSION

This OFDM related technique has been introduced over 40 years ago. This technique has been chosen for various current and future
communication systems all over the world in many applications. It can be used for high speed data transmission. In this paper, we
have discussed OFDM for wireless communications. In OFDM, channel estimation is used for suppressing the interference and
ensuring signal detection. Due to accurate channel estimation, OFDM is able to use the coherent detection for 3-dB signal to Noise
ratio (SNR) gain over differential detection. We have also summarized the MIMO techniques for OFDM and wireless applications
of OFDM. MIMO transmission greatly improves the capacity of wireless communications. Since OFDM can convert a frequency
selective channel into parallel flat fading channels, it is natural to combine MIMO with OFDM to provide high rate data
transmission over frequency selective channels. However, channel estimation in MIMO-OFDM systems are challenging tasks due to
the presence of multiple transmits antennas.
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