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ABSTRACT
This paper compares the performance of various channel estimation techniques for OFDM systems over
quasi-static channels using MATLab. It compares the performance of five channel estimation techniques,
these are: decision directed (DD), linear interpolation, second-order interpolation, discrete Fourier
transform (DFT) interpolation, minimum mean square error (MMSE) interpolation. The performance is
evaluated in terms of two widely-used performance measures, namely, bit-error rate (BER) and the mean
square error (MSE) for different levels of signal-to-noise ratio (SNR). The OFDM model is explained and
implemented using MATLab to run different simulations. The simulation results demonstrate that the DD
channel estimation provides the lowest BER and MSE as compared to interpolation techniques, at the cost
of extra processing delay and comparatively sensitive to channel variations between OFDM symbols. Also,
the MMSE interpolation outperforms all other interpolation techniques.
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1. INTRODUCTION
Orthogonal frequency division multiplexing (OFDM) is a special case of multicarrier
transmission and frequency division multiplexing, where a single data stream is transmitted over
several lower rate subcarriers, placed orthogonal to each other [1- 3]. In OFDM, the input stream
is multiplexed into N symbol streams, each with symbol period 𝑇s. Each symbol stream is used to
modulate parallel, synchronous subcarriers. OFDM becomes one of the most favorable
modulation techniques for modern wireless communication systems, as it can provide high data
rates with optimum BER and sufficient robustness to radio channel impairments. This is due to its
resistance to inter-symbol interference (ISI) and low-complexity, especially in high-speed data
communication systems compared to traditional single technique [4].
OFDM has been adopted by many data communication standards, such as wireless LAN
protocols (e.g., IEEE 802.11a, IEEE 802.11g, IEEE 802.11n, IEEE 802.11ac, and IEEE
802.11ad), WiMAX, long term evolution (LTE), LTE advanced 4G mobile phone standards,
digital audio broadcasting (DAB), digital video broadcasting (DVB), digital television DVB-T/T2
(terrestrial), and modern narrow and broadband power line communications, etc. [5-8].
Channel estimation has been recognized as one of the main challenges to the wider use of OFDM
systems. Therefore, an intensive research has been carried-out to develop accurate, efficient,
reliable, and cost-effective channels estimation solutions for OFDM systems. In order to be able
to trustfully select between these techniques, it is crucial to evaluate and compare the
performance of the techniques under different systems and wireless communication
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environments. Performing these investigations in real environments is time consuming and costly.
Thus, computer simulation is appeared as the only feasible solution to rely on to evaluate and
compare the performance of these techniques [2, 3, 9-12].
There are three channel estimation concepts, these are: pilot-based (also known as trainingbased), blind, and semi-blind channel estimation concepts. In pilot-based channel estimation, pilot
tones that are known a priori to the receiver are multiplexed along with the data stream for
channel estimation. The blind channel estimation is carried-out by evaluating the statistical
information of the channel and certain properties of the transmitted signals. Blind channel
estimation has its advantage in that it has no overhead loss; however, it is only applicable to
slowly time-varying channels due to its need for a long data record. Semi-blind channel technique
is hybrid of blind and pilot technique, utilizing pilots and other natural constraints to perform
channel estimation [13].
In this paper, we concern with pilot-based channel estimation techniques for OFDM systems over
quasi-static channels. Five pilot-based channel estimation techniques are briefly described; these
are: decision directed (DD), linear interpolation, second-order interpolation, discrete Fourier
transform (DFT) interpolation, and minimum mean square error (MMSE) interpolation. A
research-level MATLab simulation model is developed to evaluate and compare the performance
of the above techniques. The performance of the different channel estimation techniques is
evaluated in terms of two widely-used parameters, namely, the bit error rate (BER) and the mean
square error (MSE) for various input signal-to-noise ratio (SNR) [14-16].
This paper is organized as follows: This section introduces the main theme of this paper. Section
2 reviews some of the most recent and related work on simulation and performance evaluation of
OFDM systems using MATLab. Section 3 presents the basic principles of OFDM, and pilot
allocation techniques. The channel estimation techniques over quasi-static channels for OFDM
systems are presented in Section 4. The description of the OFDM model is explained in Section 5.
Simulation results are presented and discussed in Section 6. Finally, in Section 7, conclusions and
a number of recommendations for future work are presented.

2. LITERATURE REVIEW
This section presents some of the most recent work on the simulation and performance evaluation
of OFDM systems using MATLab. A review on OFDM modulation technique and its
applications are presented by Khosla et. al in [17]. Sinha et. al [14] developed and analyzed the
performance of a MIMO orthogonal space time block coded OFDM system to ensure high data
rate, simultaneously increase in capacity range, and maintain adequate wireless communication
reliability.
Salehi et. al [18] introduced a new intelligent and different method for channel estimation using
learning automata, entitled LA estimator, where the learning automata are search agents, and each
pair is responsible for searching one coefficient of the channel frequency response. The method
can attain accurate channel estimation with a moderate computational complexity in comparison
with genetic algorithms (GA) and particle swarm optimization (PSO) estimators. Furthermore,
with higher convergence rate, the method is capable of providing the same performance as GA
and PSO.
Manhas and Soni [15] analyzed the performance of OFDM system using various fading channels
and channel coding. They developed a MATLab simulation model to calculate the BER for
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different fading channels (e.g., AWGN, Rayleigh and Rician) for different digital modulation
(e.g., BPSK, QPSK and QAM). Kaur and Gupta [19] explored two multiple access techniques,
namely, OFDM and SC-FDMA (single carries frequency division multiple access) and
implemented them in MATLab. They conclude that SC-FDMA with STBC is more effective and
performs better than OFDM-STBC as it has lower BER as well as lesser PAPR (peak-to-average
power ratio), which is a severe disadvantage of OFDM system. SC-FDMA-STBC reduces the
particular limitations that came across the technique of OFDM-STBC.
Jain and Nandal [20] analyzed and compared the performance of channel estimation of MIMO
communication systems using STBC, SFBC, and STFBC techniques under various fading
channels. The performance is evaluated through a number simulations using MATLab. Bhagat
and Malhotra [21] described three types of channel estimation techniques (estimators), namely,
least square (LS), minimum mean square (MMSE), and linear minimum mean square (LMMSE).
These estimators are implemented in MATLab, and the performance of the two types of
estimators LS and MMSE are compared in terms of BER and MSE.
Sharma and Kaur [22] demonstrated BER analysis of MIMO-OFDM using MATLab, which is a
technique of integrating OFDM to MIMO system to improve spectral efficiency in conjunction
with ISI reduction, incorporating various modulation schemes. Furthermore, they compared the
results with the performance of conventional OFDM (C-OFDM) system and reported an
improvement in BER with MIMO-OFDM system. A wavelet-based OFDM model was developed
by Kumar and Anuradha [23]. They analyzed and compared the performance of the model against
the DFT-based OFDM in LTE system using MATLab. Based on the simulation outcomes, they
propose the wavelet OFDM in place of the DFT OFDM in LTE system.
Divya [24] analyzed the BER performance of BPSK modulation and OFDM-BPSK system over
Rayleigh fading channel, and also compared the performance of BER of BPSK over AWGN and
Rayleigh channel. The simulation results show that the simulated BER is in good agreement with
the theoretical BER for BPSK modulation. Sharma and Srivastava [9] developed a user interface
using GUI tool of MATLab to facilitate analyzing the performance of OFDM system. In
particular, they analyzed the BPSK, QPSK, and QAM techniques in OFDM system, where the
Rayleigh fading channel and multipath fading channels are used as a communication channel.
Ghorpade and Sankpal [10] designed and simulated an OFDM transmitter and receiver using
MATLab.
Islam [16] presented a comparative performance analysis of OFDM system using comb-type
pilot-based channel estimation algorithm over frequency selective multi-path fading channels. He
used MMSE for the channel estimation at pilot and data frequencies. The OFDM simulation has
been carried out with MATLab and the performance is analyzed in terms of BER for various
signal mapping and channel conditions. Wang et. al. [25] developed a blind channel estimation
method for trailing zero (TZ) OFDM systems in the frequency domain, which possess some
favorable features compared to conventional cyclic prefixed (CP) OFDM systems. The MATLab
simulation results demonstrate that the performance of the method is overwhelmed the
performance of the existing channel estimation methods and its resistance to channel
overestimation.
In conclusion, it is observable that simulation of OFDM system using MATLab is a powerful
approach that can play a big role in identifying the most-efficient and cost-effective techniques
for OFDM system (e.g., cannel estimation techniques, modulation techniques, equalization
techniques, etc.).
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3. OFDM SYSTEM MODEL
The main concept and major advantage of OFDM systems is to transmit symbols over multiple
orthogonal subcarriers, so inverse fast Fourier transform (IFFT) is performed with transmitted
symbols at the transmitter, and fast Fourier transform (FFT) is performed with received symbols
at the receiver. Another advantage is to convert a frequency-selective wideband channel into
several frequency-flat narrow-band channels. Thus, the complexity of the receiver for OFDM
systems is much simpler than that of single-carrier receivers. OFDM systems are sensitive to
channel variation, which induces inter-carrier interference (ICI) by destroying the orthogonality
between subcarriers [1-4].

3.1. Basic Principles of OFDM
Defining the symbol transmitted over the kth subcarrier frequency as s(k), and x(n) as the received
symbol at the nth time index, the output of IFFT at the transmitter is given by [26]:

𝑥(𝑛) =

1
√𝑁𝑠

𝑁𝑠

∑ 𝑠(𝑘)𝑒 𝑗2𝜋𝑘𝑛/𝑁𝑠

for n = 0, 1, …, Ns - 1

(1)

𝑘=0

where n and k represent the time index in an OFDM symbol period and subcarrier index, and Ns
represents the number of subcarriers. In Eqn. (1), the multi-path channel effects and noise are not
included. Thus, the received OFDM symbol at the nth time r(n)=x(n). On the receiver side, the
output of FFT at the kth subcarrier is given by [26]:

𝑦(𝑘) =

1
√𝑁𝑠

𝑁𝑠 −1

∑ 𝑟(𝑛)𝑒 −𝑗2𝜋𝑘𝑛/𝑁𝑠

(2)

𝑛=0

Substituting Eqn. (1) into Eqn. (2), then after rearrangement Eqn. (2) becomes [26]:

𝑦(𝑘) =

1
√𝑁𝑠

𝑁𝑠 −1 𝑁𝑠−1

∑ ∑ 𝑠(𝑞)𝑒 𝑗2𝜋𝑛(𝑞−𝑘)/𝑁𝑠

(3)

𝑛=0 𝑞=0

The above equation shows that the received symbol y(k)=s(k) is not affected by the symbols from
other subcarriers indicating the orthogonality between the subcarriers. The waveforms of the FFT
of Eqn. (3) of different subcarriers are overlapped, but for one particular subcarrier, the sidelobes
from other subcarriers are equal to 0, which explains the orthogonality between the subcarriers.

3.2. Fundamental Pilot Allocation for OFDM Systems
Due to the orthogonality between the subcarriers in OFDM systems, different pilot allocation
schemes can be adopted [1, 16]. In what follows, we explain some of the fundamental pilot
allocation techniques; namely, block-type, comb-type, and lattice-type pilot allocation.
3.2.1. Block-type pilot allocation scheme
In block-type pilot allocation scheme, pilots are periodically inserted into all subcarriers in the
frequency domain, so the channel frequency response for each subcarrier can be estimated. Fig.
(1) shows the diagram of block-type pilot allocation. The quantity tp in Fig. (1) represents the time
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sampling period of pilot symbols, which must be much smaller than the inverse of Doppler
frequency (fd) or coherence time. Henceforth, the block-type pilot allocation is designed for the
frequency selective channel. In this scheme, more pilots may be employed if the channel variation
between consecutive OFDM symbols increases.
3.2.2. Comb-type pilot allocation scheme
The idea behind the comb-type pilot allocation scheme is similar to the block-type scheme except
that it combats the time variations of the channels between OFDM symbols. Fig. (2) illustrates the
diagram of the comb-type pilot allocation scheme. The pilots are inserted in several particular
subcarriers across all the time. In this scheme, the frequency sampling period of pilot symbols (fp)
must be much smaller than the coherence bandwidth for the reliable channel estimates.
3.2.3. Lattice-type pilot allocation scheme
As compared to the above allocation schemes, the pilots are scattered over the time/frequency
domains to keep track of the frequency selectivity and time variation of the channels. The
parameters tp and fp must be much smaller than the coherence time and the coherence bandwidth.
Fig. (3) illustrates the scheme of lattice-type pilot allocation. This scheme provides better tradeoff
between the overhead of pilots and performance compared to the other conventional pilot
allocation schemes. This is because it does not insert pilots across all the time as in comb-type
pilot allocation scheme and does not insert pilots either in every subcarrier as in block-type pilot
allocation scheme. Thus, this scheme can estimate the less selective channels in the time and the
frequency with the reasonable number of pilots.

23

International Journal of Wireless & Mobile Networks (IJWMN) Vol. 11, No. 3, June 2019

Frequency

Frequency

tp

fp

Time

Time
Fig. (1). Block-type pilot allocation scheme.

Fig. (2). Comb-type pilot allocation scheme.
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Fig. (3). Lattice-type pilot allocation scheme.

4. CHANNEL ESTIMATION OVER QUASI-STATIC CHANNELS
In this paper, we concern with two different types of the channel estimation: the decision-directed
and pilot-based, which are briefly introduced below [26]. The channel for each path is assumed to
be quasi-static or Rayleigh channel, which means that the channel follows Rayleigh probability
density function. Quasi-static or Rayleigh channel (also known as quasi-static Rayleigh channel
(QSRC)) means that the channel is constant for a block of transmission and this constant within
blocks vary independently. So, the constant for a block may be different from the constant in
another block. This constant value is the combination of channel's constant gain and constant
phase values [15, 16, 24].
Before proceeding with channel estimation, it is important first to detect the signal. There are two
main types of channel detection, these are: coherent detection and non-coherent detection. During
the detection stage, an estimate of the channel phase and attenuation is recovered, so that it is
possible to reproduce the transmitted signal and demodulate. Coherent detection can accomplish a
better data rate and a better performance as compared to non-coherent detection techniques, at the
price of acquiring accurate channel estimates. This indicates the need for accurate and effective
channel estimation techniques [21].
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4.1. Decision-Directed Channel Estimation
The decision directed (DD) channel estimation technique employs the training sequences for the
initial channel estimation, and then employs the detected symbols using the previous channel
estimate in the (n−1)th OFDM symbol period to predict the nth channel estimate. This method can
achieve very high data rate at the expense of adding more processing delay [26].
Fig. (4) shows a block diagram of the DD channel estimation, and in order to correct the effect of
fading by the receiver, equalization is performed at the receiver, which is the process that is used
to measure the channel response and use this information to correct the received signal.
Equalization is based on the channel properties and modulation schemes. The DD channel
estimation can be easily integrated with LS or MMSE channel estimation as an equalization
technique. The LS and MMSE techniques are explained below [27].
S/P
Conversion
and
CP
Removal

Discrete
Fourier
Transform
(DFT)

LS/MMSE
Equalizer

DEMOD

DD
Channel
Estimation

Fig. (4). Block diagram of DD channel estimation for OFDM systems.

The DD channel estimation suffers from two basic problems: The assumption of correct data
detection and the use of outdated channel estimates. When the channel is varying very slowly; the
use of outdated channel estimates does not create a serious problem. However, the outdated
channel estimates for the previous OFDM symbol are no longer valid for the use of the data
detection in the current OFDM symbol when the channel starts varying faster. For this reason, the
error in data detection and channel estimation builds up to make the system performance
sometimes unacceptable [21].

4.2. Pilot-based Channel Estimation
Pilot-based channel estimation is the most common technique for channel estimation, which is
based on pilot symbol-assisted modulation (PSAM). It depends on the transmission of pilot
symbols which are known at the receiver. The symbols are inserted into the data stream and then
transmitted periodically over the radio channel in time and frequency domain, and are spread over
the entire transmission bandwidth. In the receiver side these pilot symbols are analyzed to achieve
channel estimation and estimate the data symbols at the receiver.
In the pilot allocation schemes discussed in the previous section, the pilots will be inserted in the
time or frequency domain to estimate the channels for a particular time instant or subcarriers. The
channels for data symbols are unknown to the receiver except the pilot channel estimates. The
interpolation techniques are needed to estimate the channels between subcarriers or time slots.
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The interpolation techniques which are described below are performed based on the channel
estimates obtained by LS or MMSE channel estimation [27, 28]. Fig. (5) shows a block diagram
of pilot-based interpolation channel estimation for OFDM systems.

S/P
Conversion
and
CP Removal

Discrete
Fourier
Transform
(DFT)

LS/MMSE
Equalizer

Pilot-based
Interpolation Channel
Estimation
• Linear
• Second-order
• DFT-based
• MMSE

Fig. (5). Block diagram of pilot-based interpolation channel estimation for OFDM systems.

4.2.1. Interpolation Channel Estimation Techniques for OFDM Systems
In this paper, the performance of the following interpolation techniques are discussed and
compared [16, 26].
Linear interpolation. Linear interpolation is a simple method to efficiently perform piecewise
constant interpolation. Simply, it estimates the channels between two pilots with the aid of linear
approximation. The optimal number of pilots for a given BER can be computed ahead for OFDM
systems using the numerical evaluation.
Second-order interpolation. The idea behind second-order interpolation is similar to the linear
interpolation except as its name indicates, it employs a second-order approximation. The MSE
performance in the second-order interpolation is expected to be better than that of the linear
interpolation with increasing complexity, i.e., more computing time.
DFT-based interpolation. The DFT-based interpolation technique is developed as a result of the
Fourier transform of the channel impulse response. The DFT-based interpolation effectively
eliminates the effects of noise outside the maximum channel delay spread or the length of
multipath channel L. The implementation of the DFT-based interpolation is very straightforward
compared to the linear or second-order interpolation. However, in this technique, the length of
multipath channel must be known to the receiver. The DFT based interpolation technique requires
FFT and IFFT computation as well as the length of multipath. Therefore, it appears as an
excellent approach for channel estimation for OFDM systems.
MMSE interpolation. Compared to the above discussed interpolation techniques, MMSE
interpolation may be considered as one of the most effective method for channel estimation
between pilots with the aid of statistical information on the channels such as: the channel
correlation and SNR, as well as additional computation of the matrix inversion.

5. THE OFDM MODEL
The main components of the OFDM model are shown in Fig. (6), which shows that the binary
input data at the transmitter is first grouped and mapped using certain modulation technique (e.g.,
Quadrature Phase Shift Keying (QPSK), 16QAM, and 64QAM) in "Signal Modulation", and then
the modulated data undergoes serial-to-parallel (S/P) conversion.
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After adding pre-known pilot symbols, so that a frequency domain transmitted data is formed.
Afterwards, the IDFT block transforms the data sequence into time domain signal. Following the
IDFT block, cyclic prefix (CP) to preserve the orthogonality of the subcarriers and to prevent ISI
is then added to forming vector. After parallel to serial conversion (P/S), digital to analog
conversion (D/A) and low pass filtering (LPF), the transmitted signal will pass through the
frequency selective time varying fading channel with additive white Gaussian noise (AWGN)
[26, 28].
In the receiver, reverse operations are performed which includes analog-to-digital (A/D)
conversion, serial-to-parallel (S/P) conversion, CP removal, DFT computation, equalization and
channel estimation using either DD or pilot-based channel estimation, parallel-to-serial
conversion, and demodulation, respectively. Thus the model allows simulating the OFDM signal
formulation, transition, and receiving.

Input Data
(random binary
sequence)

Compute
BER & MSE

Output Data
(estimated binary
sequence

Signal Modulation
(QPSK)

Signal Demodulation
(QPSK)

Serial-to-Parallel
(S/P) Converter

Parallel-to-Serial
(P/S) Converter

Pilot Allocation

DD or Pilot
Channel Estimation

IDFT

DFT

Cyclic-Prefix (CP)
Addition

Cyclic-Prefix (CP)
Removal

Parallel-to-Serial
(P/S) Converter

Serial-to-Parallel
Converter (S/P)

Digital-to-Analog
Converter (D/A)

Noise

Analog-to-Digital
Converter (A/D)

Channel

Fig. (6). Block diagram of the OFDM model.
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6. RESULTS AND DISCUSSION
In order to compare the performance of the channel estimation techniques discussed in this paper,
namely, DD, linear interpolation, second-order interpolation, DFT-based interpolation, and
MMSE interpolation, over quasi-static channels demonstrate, a number of simulations were
performed using MATLab. In these simulations, we consider an un-coded OFDM system with the
number of subcarrier Ns=64, and uniformly placed pilots Np=8. The signal is QPSK modulated.
The channel is generated using Jakes’ model with a normalized Doppler frequency fdTOFDM=10−4,
the length of which is L=4 with an exponential power delay profile. Furthermore, the channel taps
for different delays are independent from each other.
Other input simulation parameters are: the MMSE detector is implemented at the receiver side,
and the channel frequency responses of pilot subcarriers are estimated by LS estimation. The DD
channel estimation send pilots across subcarriers in every 8 OFDM symbols. The BER and MSE
for different techniques over an SNR range from 10 to 30 dB are shown in Fig. (7) and Fig. (8),
respectively.
The simulation results in Figs. (7) and (8) show that the DD channel estimation has an excellent
performance compared to other interpolation techniques. However, it added extra processing
delay in the OFDM system, and is comparatively sensitive to channel variations between OFDM
symbols. The simulation results also show that the MMSE interpolation outperforms other
techniques in the BER and MSE performance except DD channel estimation.
However, DD also requires statistical information on communication channels such as frequency
correlation and SNR, and matrix inversions must be performed for each OFDM symbol. It can be
easily recognized that the performance of DFT channel estimation is poorer than that of MMSE
with 4 dB loss in the MSE performance, but these two channel estimators (DD and DFT)
demonstrate almost the same BER performance.
Moreover, the DFT channel estimation only requires the implementation of FFT and IFFT and
also information on the length of multipath channel. Other techniques including linear and
second-order interpolation experience error floors in BER and MSE. The error floors of BER are
caused by the unreliable channel estimates over non-pilot subcarriers acquired by these
interpolation techniques.
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Fig. (7). BER performance of frequency domain interpolation techniques.
28

International Journal of Wireless & Mobile Networks (IJWMN) Vol. 11, No. 3, June 2019

1.0E+00
1.0E-01

MSE

1.0E-02
1.0E-03
Linear
Second-order
DFT
MMSE
DD

1.0E-04
1.0E-05
1.0E-06
10

12

14

16

18

20
22
Power (dB)

24

26

28

30

Fig. (8). MSE performance of frequency domain interpolation techniques.

7. CONCLUSIONS
The main conclusions of this paper are: (1) DD channel estimation has an excellent performance
compared to other interpolation techniques in terms of BER and MSE over variable SNR. This is
at the cost of extra processing delay in the OFDM system, (2) MMSE interpolation outperforms
other interpolation techniques (linear, second-order, and DFT-based) in terms of both BER and
MSE, and (3) DFT-based interpolation demonstrates an attractive tradeoff between complexity
(time) and performance.
The main recommendations for future work are to enhance the user-interactivity of the MATLab
simulator to enable more students, researchers, academicians, and professionals to use it easily.
Implement and evaluate the performance of other pilot-based channel estimation techniques, pilot
allocation techniques, and interpolation techniques under different wireless communication
environments and system conditions.
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