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Abstract
Recently, the superimposed pilot channel estimation has been proposed for wireless
communications, where the pilot symbol sequence is superimposed on a data symbol
sequence and transmitted together, and thus it has higher spectral efficiency. The channel
estimation for orthogonal frequency division multiplexing (OFDM) system based on pilot
arrangement over frequency selective Rayleigh fading channel is presented. The estimation
of the channel is based on least square (LS) and minimum mean square error (MMSE)
estimators. In this work, two schemes of pilot arrangement are proposed; pilot aided form
(3) and pilot aided form (1). The bit error rate (BER) performance of superimposed pilot
channel estimation is compared with the two proposed schemes by simulation. The
simulation results show that the superimposed pilot channel estimation outperforms pilot
aided form (3), while pilot aided form (3) outperforms pilot aided form (1) under frequency
selective fading channel for both MMSE and LS estimators.
Keywords: Channel estimation, Orthogonal Frequency Division Multiplexing (OFDM)
system, LS channel estimator, MMSE channel estimator.

اﻟﺨﻼﺻﺔ
 وان ﺗﺮﺗﯿﺐ رﻣﻮز, ( ﻗﺪ ﻗﺪﻣﺖ ﻟﻼﺗﺼﻼت اﻟﻼﺳﻠﻜﯿﺔsuperimposed) ﺗﺨﻤﯿﻦ اﻟﻘﻨﺎة ﻟﺘﺮﺗﯿﺐ اﻟﺤﺎﻣﻼت ﻧﻮع,ﻣﺆﺧﺮا
 ﺗﺨﻤﯿﻦ اﻟﻘﻨﺎة. ( ورﻣﻮز اﻟﺒﯿﺎﻧﺎت ﺗﺮﺳﻞ ﺳﻮﯾﺔ وﺗﻜﻮن ذات ﻛﻔﺎءة ﻃﯿﻔﯿﺔ ﻋﺎﻟﯿﺔsuperimposed)اﻟﺤﺎﻣﻼت اﻟﻤﻮﺟﮭﮫ ﻧﻮع
ﺑﻨﻈﺎم اﻟﺘﻘﺴﯿﻢ اﻟﺘﺮددي اﻟﻤﻀﺎﻋﻒ اﻟﻤﺘﻌﺎﻣﺪ واﻟﻤﺴﺘﻨﺪ ﻋﻠﻰ ﺗﺮﺗﯿﺐ اﻟﺤﺎﻣﻼت اﻟﻤﻮﺟﮭﮫ ﻗﺪ اﻇﮭﺮت ﻓﻲ ﻗﻨﺎة اﻟﺨﻔﻮت اﻻﻧﺘﻘﺎﺋﯿﺔ
( واﻟﺘﺨﻤﯿﻦLS)  ان ﺗﺨﻤﯿﻦ اﻟﻘﻨﺎة اﺳﺘﻨﺪ ﻋﻠﻰ اﺳﺘﺨﺪام ﺧﻮارزﻣﯿﺔ اﻟﺘﺨﻤﯿﻦ اﻟﺘﺮﺑﯿﻌﻲ اﻟﻀﺌﯿﻞ. ( Rayleigh) اﻟﺘﺮدد ﻧﻮع
ﺗﻢ اﻗﺘﺮاح ﺗﺸﻜﯿﻠﯿﻦ ﻣﺨﺘﻠﻔﯿﻦ ﻣﻦ ﺗﺮﺗﯿﺐ اﻟﺮﻣﻮز اﻟﻤﻮﺟﮭﮫ اﻻول ﯾﺴﻤﻰ,  ﻓﻲ ھﺬا اﻟﻌﻤﻞ.(MMSE) ﺑﺎﻗﻞ ﻣﻌﺪل ﺧﻄﺎء ﺗﺮﺑﯿﻌﻲ
( وﻗﺪ ﺗﻢ اﺧﺘﺒﺎر اداءform1) ( واﻟﺜﺎﻧﻲ ﯾﺴﻤﻰ اﻟﺘﺸﻜﯿﻞ اﻻول ﻟﻠﺮﻣﻮز اﻟﻤﻮﺟﮭﮫform3) اﻟﺘﺸﻜﯿﻞ اﻟﺜﺎﻟﺚ ﻟﻠﺮﻣﻮز اﻟﻤﻮﺟﮭﮫ
( وﻗﻮرﻧﺖ ﻣﻊ اﻟﺘﺸﻜﯿﻠﻦsuperimposed) ( ﻓﻲ ﺗﺮﺗﯿﺐ اﻟﺤﺎﻣﻼت اﻟﻤﻮﺟﮭﮫ ﻟﺘﺨﻤﯿﻦ اﻟﻘﻨﺎة ﻧﻮعBER) ﻧﺴﺒﮫ ﻣﻌﺪل اﻟﺨﻄﺎء
 ان ﺗﺤﻠﯿﻞ اﻟﻨﺘﺎﺋﺞ اﻇﮭﺮ ان ﺗﺨﻤﯿﻦ اﻟﻘﻨﺎة ﺑﺎﺳﺘﺨﺪام ﺗﺮﺗﯿﺐ اﻟﺤﺎﻣﻼت اﻟﻤﻮﺟﮭﮫ ﻧﻮع.اﻟﻤﻘﺘﺮﺣﯿﻦ ﺑﻮاﺳﻄﺔ ﻧﻈﺎم اﻟﺘﺤﻠﯿﻞ
 وان اﻟﺘﺸﻜﯿﻞ اﻟﺜﺎﻟﺚ ﻛﺎن اﻓﻀﻞ ﺑﺎﻻداء ﻋﻦ اﻟﺘﺸﻜﯿﻞ اﻻول ﻓﻲ,( ﯾﻜﻮن اﻓﻀﻞ ﺑﺎﻻداء ﻋﻦ اﻟﺘﺸﻜﯿﻞ اﻟﺜﺎﻟﺚsuperimposed)
.(MMSE) ( وﻛﺬاﻟﻚLS)ﻗﻨﺎة اﻟﺨﻔﻮت اﻻﻧﺘﻘﺎﺋﯿﺔ اﻟﺘﺮدد ﺑﻮاﺳﻄﺔ اﺳﺘﺨﺪام ﺧﻮارزﻣﯿﺘﻲ اﻟﻨﺨﻤﯿﻦ
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I. Introduction
Orthogonal Frequency Division Multiplexing (OFDM) has recently been applied widely
in wireless communication systems due to its high data rate transmission capability with high
bandwidth efficiency and its robustness to multi-path delay [1]. A dynamic estimation of
channel is necessary before the demodulation of OFDM signals since the radio channel is
frequency selective and time-varying for wideband mobile communication systems.
The estimation of the channel for this block-type pilot arrangement may be based on
Least Square (LS) or Minimum Mean-Square (MMSE) estimators [1] [2].
In [3], the superimposed pilot channel estimation for wireless communications was
proposed, where the pilot symbol sequence was superimposed on a data symbol sequence and
transmitted together, and thus it has a high spectral efficiency. In this scheme, the receiver
correlates the received signal sequence with the pilot symbol sequence, and obtains the
channel estimate [3].
A new channel estimation algorithm for OFDM system based on m-sequence was
designed [4]. The m-sequence with Cyclic Prefix (CP) was inserted between OFDM symbols
in time domain as a training sequence. The cross-correlation was calculated between the
received sequence with CP removed and the appointed circular shifted m-sequence, which
takes reliability of the estimation of channel impulse response on account of the two-valued
auto-correlation property of the m-sequence, thereby the channel frequency response can be
advisably decided [4].
In [5], a pilot sequence design and associated time-domain (TD) MMSE channel
estimation algorithm for OFDM system are presented. The investigated method eliminates the
use of discreet Fourier transform DFT/IDFT operation before the estimation process, resulting
in an undemanding structure with very low computational load [5].
The channel estimation techniques for OFDM system based on pilot-aided were
investigated in[6]. A full review of block-type and comb-type pilot based channel estimation
was presented. In the block-type pilot arrangement, two simplified estimators based LS and
MMSE were presented. They got the conclusion that the Simplified-MMSE and SimplifiedLS channel estimator provide practical channel estimation for OFDM system. In the combtype pilot arrangement, channel estimation was presented by giving the channel estimation
methods at the pilot frequencies and the interpolation of the channel at data frequencies [6].
In this work, superimposed pilot channel estimation frame format with the proposed
pilot assisted channel estimation (form(3) and form(1) frame formats) are presented in section
II, section III, OFDM system based on pilot channel estimation is illustrated. Channel
estimation algorithms based on block type are presented in section IV. Section V, contains
the simulation results. Finally, conclusion is presented in section VI.
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II. Pilot Channel Estimation Frame Formats
Block type pilot channel estimation, has been developed under the assumption of slow
fading channel, this assumes that the channel transfer function is not changing very rapidly.
The channel estimation can be performed by either inserting pilot tones into all of the
subcarriers of OFDM symbols with a specific period or inserting pilot tones into each OFDM
symbol.
The system with the superimposed channel estimation has a high spectral efficiency
because of the simultaneous transmission of the pilot symbol sequence and the data symbol
sequence [3].Figure (1) shows the frame format for superimposed pilot channel estimation.
The use of the longer frame, that is, the use of the longer pilot sequence results in the lower
correlation between the pilot symbol sequence and the data symbol sequence. However, the
use of the longer frame also results in the lower channel tracking capability [3].

Fig. (1) A frame for superimposed pilot
channel estimation
In this work, a random superimposed pilot channel estimation scheme is used, where a
pilot sequence is assigned to the transmitter for each frame. Each frame contains 128 pilot
symbols superimposed with 128 data symbols.
In the conventional pilot assisted channel estimation, if N is the total number of
subchannels, Q is the pilot interval, then Pi =N/Q is the total number of pilots and N-Pi is the
total number of data subchannels. Figure (2) shows the arrangement of pilots in conventional
pilot assisted channel estimation with N = 256, Q = 8, Pi = 32 and N-Pi = 224.

Fig. (2) A frame of conventional pilot assisted channel estimation
with N = 256, Q = 8, Pi = 32 and N – Pi = 224.
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Also in this work, two frame formats are proposed for pilot assisted channel estimation.
The first frame format is called pilot assisted form1 because 128 pilot symbols are inserted at
the beginning of the frame. The second frame format is called pilot assisted form3 because 32
pilot symbols are inserted at the beginning, 64 pilot symbols are inserted at the middle and 32
pilot symbols are inserted at the end of the frame. Figure (3) shows the two proposed frame
formats for pilot assisted channel estimation.

(a)

(b)
Fig. (3) Proposed two frame formats for pilot
assisted channel estimation
a) Pilot assisted form (1)
b) Pilot assisted form (3)

III. System Description
The OFDM system based on pilot channel estimation is shown in Fig. (4) [1]. the binary
information is first grouped and mapped according to the modulation in “signal mapper.”
After inserting pilots either to all sub-carriers with a specific period or uniformly between the
information data sequence, IFFT block is used to transform the data sequence of length
N{X(k)} into time domain signal{x(n)} with the following equation [1]:
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Where N is the FFT length. Following IFFT block, guard time, which is chosen to be
larger than the expected delay spread, is inserted to prevent inter-symbol interference. This
guard time includes the cyclically extended part of OFDM symbol in order to eliminate intercarrier interference (ICI). The resultant OFDM symbol is given as follows:
ì x (N + n ) ,
x f (n ) = í
î x (n ) ,

… (2)

n = - N g ,- N g + 1, ..... , -1
n = 0,1, ..... , N - 1

where Ng is the length of the guard interval. The transmitted signal x f (n ) will pass through 3paths frequency selective Rayleigh fading channel [7]. The channel is modeled using Jacke’s
model [8]. After adding additive white Gaussian noise (AWGN), the received signal is given
by [1]:
y f (n ) = x f (n ) Ä h(n ) +

Where

n(n )

… (3)

n(n ) is additive white Gaussian noise and h(n ) is the channel impulse response.

The channel response h(n) can be represented by [1]:
h (n ) =

K

åa
k =1

k

ù
é t
sin c ê k - nú
úû
ëê Ts amp

- N1 ≤ n ≤ N 2

,

… (4)

Where,
·

TS amp Is the input sample period to the channel.

·

t k , where 1 ≤ κ ≤ k, is the set of path delays. K is the total number of paths in the
multipath fading channel.

·

{ak}, where 1 ≤ κ ≤ k , is the set of complex path gains of the multipath fading
channel. These path gains are uncorrelated with each other.

·

N1 and N 2 are chosen so that h(n) is small when n is less than N1 or greater than
N2 .
At the receiver, the guard time is removed:
y f (n)

for - N g £ n £ N - 1

y (n ) = y f (n + N g )

n = 0,1, ...... , N - 1

… (5)

Then y(n) is sent to FFT block for the following operation:
Y (k ) = FFT {y (n )}
1
=
N

N -1

å y (n) e

k = 0,1,2,....., N - 1
- j (2p k n N )

… (6)

n= 0

Following FFT block, the pilot signals are extracted and the estimated Channel Ĥ for
the data sub-channels is obtained in channel estimation block using either LS estimator or
MMSE estimator. Then, the transmitted data is estimated by [1]:
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… (7)

, k = 0,1,......, N - 1

Finally, the binary information data is obtained back in demodulator and signal
demapper block.

Fig. (4) OFDM system based pilot channel estimation

IV. Channel Estimation Based On Block-Type Pilot Arrangement
In block-type pilot-based channel estimation, OFDM channel estimation symbols are
transmitted periodically, and all subcarriers are used as pilots. The task here is to estimate the
channel conditions (specified by H or h ) given the pilot signals (specified by X ) and
received signals (specified by Y ), with or without using certain knowledge of the channel
statistics. The receiver uses the estimated channel conditions to decode the received data
inside the block until the next pilot symbol arrives. The estimation can be based on least
square (LS) and minimum mean-square error (MMSE) estimators [9, 10].

A. Least Square (LS) Estimation
The idea behind least squares is to fit a model to measurements in such a way that
weighted errors between the measurements and the model are minimized [5]. The LS
estimates H, given the received data Y and the transmitted symbols X is given by [9, 10]:
Hˆ LS = X -1 Y

(k = 0,......, N

- 1)

… (7)

without using any knowledge of the statistics of the channels [10], the LS estimators are
calculated with very low complexity, but they suffer from a high mean-square error [10,11,
12].
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The main advantage of this estimator is its simplicity: one division per carrier. The main
disadvantage is its poor performance, due to the use of an oversimplified channel model.
Indeed, the frequency and time correlation of the channel are not taken into account in the LS
estimator [12].

B. Minimum Mean – square Error (MMSE ) Estimator
The MMSE estimator employs the second-order statistics of the channel conditions to
minimize the mean-square error. Denote by Rhh , RHH and RYY the auto covariance matrix of

h, H and, Y respectively, and by RhY the cross covariance matrix between h and Y . Also
denote by s 2 the noise variance. Assume the channel vector and the noise are uncorrelated, it
is derived that [10, 11, 13]:

{

{

}

RHH = E HH H = E (Fh )(Fh )

H

}=

… (8)

FRhh F H

{

}

… (9)

{

}

… (10)

RhY = E hY H = E{h( XFh + N )} = Rhh F H X H
RYY = E YY H = XFR hh F H X H + s 2 I

The FFT matrix F is given by [14]:-

… (11)

Where

W i ,k = ( 1

N

)

- j 2 p ( ik

N

)

Assume Rhh (thus RHH ) and s 2 are known at the receiver in advance, the MMSE estimator
of h is given by
[10, 12]
hˆ MMSE

Note that if h

= R hY R YY

… (12)

-1

Y HH

is not Gaussian, ĥMMSE is not necessarily a minimum mean-square error

estimator, but it is still the best linear estimator in the mean-square error sense. At last, it is
calculated that

[(

Hˆ MMSE = FhˆMMSE F F H X H

[(

= FR hh F H X H XF

)

-1

)

-1

-1

Rhh s 2 + XF

]

-1

Y

]

s 2 + Rhh F - 1 Hˆ LS
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… (15)

The MMSE estimator yields much better performance than LS estimators, especially
under the low SNR scenarios. A major drawback of the MMSE estimator is its high
computational complexity, especially if matrix inversions are needed each time the data in X
changes [10]

V. Simulation Results
The simulation parameters are listed in Table (I):

Table (I) Simulation Parameters
Data
modulation
Number of
IFFT points
Transmitter

Guard
interval

QPSK

128
32

Pilot
arrangement
types
3.

paths frequency selective
Rayleigh fading channel
Model of the channel: Jake’s
model

Channel

Receiver

Superimposed,
pilot aided
form(3) &pilot
aided form(1)

Number of FFT
points

128

Channel
Estimation

MMSE & LS

This simulation deals with the bit error rate (BER) performance of OFDM system in 3paths frequency selective Rayleigh fading channel.
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Fig. (5) BER Performance Of OFDM System Based
LS Estimator For Three Types Of Pilot
Arrangement In Flat Rayleigh Fading
Channel

Fig. (6) BER performance of OFDM system based LS
estimator for three types of pilot arrangement
in 2paths Rayleigh fading channel
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Fig. (7) BER performance of OFDM system based
LS estimator for three types of pilot
arrangement in 3paths Rayleigh fading
channel
Figures (5),(6)and (7) show a comparison in BER performance versus SNR values
between three schemes (superimposed,pilot-aided form(3)and pilot-aided form(1)) of pilot
arrangement in flat, 2-paths and 3-paths frequancy selective Rayleigh fading channel .The
estimation is based on LS with Doppler frequency (fD) is 30Hz, Tm = Ts, where Tm is the
multipath delay spread and Ts is the symbol period. The three schemes of pilot arrangement
give almost the same bit error rate at low SNR values, because the noise level is very high.
Table (II) lists the gain in (dB),obtained at BER=10-3 ,by comparing pilot-aided form(3) and
pilot-aided form(1) with superimposed pilot scheme based LS estimator in flat, 2-paths and 3paths frequency selective Rayleigh fading channel.
Table (II) Gain (Db) Obtained By Comparing Pilot Arrangement Schemes
Based LS Estimator At BER = 10-3
No. Of
Paths

Gain(Db) Superimposed
& Pilot-Aided Form (3)

Gain(Db) Superimposed
& Pilot-Aided Form (1)

Flat

1.4

1.7

2-Paths

1.1

1.4

3-Paths

0.8

1.2
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From this table, it can be noticed that the BER performance of superimposed pilot
scheme outperforms the other two schemes in flat, 2-paths and 3-paths frequency selective
Rayleigh fading channel.

Fig. (8) BER performance of OFDM system
based LS & MMSE estimators using
superimposed pilot arrangement in 3paths Rayleigh fading channel

Fig. (9) BER performance of OFDM system based
LS &MMSE estimators for pilot-aided
form3 arrangement in 3-paths Rayleigh
fading channel
28
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Fig. (10) BER performance of OFDM system
based LS &MMSE estimators for pilotaided form(1) arrangement in 3-paths
Rayleigh fading channel

Figures (8),(9)and (10) show a comparison in BER performances versus SNR values
between LS estimator and MMSE estimator in 3-paths Rayleigh fading channel with all types
of pilot arrangement, using fD = 30Hz, Nc = 128 and Tm = Ts.
For slowly varying channels, i.e., fD at 30Hz, the BER performance, at SNR=18 dB for
superimposed pilot arrangement based LS estimator, is better for all values of Doppler
frequency than other forms of pilot arrangements, as shown in Fig.(11). V
Figure (12) shows a BER performance comparison between LS and MMSE estimators
for superimposed pilot arrangement at SNR=18dB with Doppler frequencies range (30 – 150)
Hz. From this figure, it is clear that, low BER values are obtained at low fD values and MMSE
estimator performs much better than LS estimator [16].
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Fig. (11) BER performance of OFDM system based LS
estimator for all forms of pilot arrangement at
SNR=18dB with Doppler frequancies range
(30 – 150) Hz in 3-paths Rayleigh fading
channel

Fig. (12) BER performance of OFDM system based LS
and MMSE estimators with superimposed pilot
arrangement at SNR=18dB and Doppler
frequancies range(30 – 150)Hz in 3-paths
Rayleigh fading channel
30
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The BER performance versus SNR values of OFDM system based LS and MMSE
estimators with variable multipath time delays in three paths Rayleigh fading channel are
illustrated in Figs.(13), (14), and (15) using LS estimator and Figs. (16), (17) and (18) for
MMSE estimator respectively.
The Doppler frequency is 30 Hz and NC= 128. The variable multipath time delays
chosen are Tm = Ts /2, Tm = Ts and Tm = 2 * Ts .

Fig. (13) BER performance of OFDM system based
LS estimator with superimposed pilot
arrangement and variable time delays in
3-paths Rayleigh fading channel
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Fig. (14) BER performance of OFDM system based
LS estimator with pilot-aided form3
arrangement and variable time delays in
3-paths Rayleigh fading channel

Fig. (15) BER performance of OFDM system based
LS estimator with pilot-aided form1
arrangement and variable time delays in
3-paths Rayleigh fading channel
32
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Fig. (16) BER performance of OFDM system based
MMSE estimator with superimposed pilot
arrangement and variable time delays in
3-paths Rayleigh fading channel

Fig. (17) BER performance of OFDM system based
MMSE estimator with pilot -aided form3
arrangement and variable time delays in
3-paths Rayleigh fading channel
33
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Fig. (18) BER performance of OFDM system based
MMSE estimator with pilot -aided form1
arrangement and variable time delays in
3-paths Rayleigh fading channel
For a delay spread that is longer than the effective guard period, the BER rises rapidly
due to the inter-symbol interference. The maximum BER occurs when the delay spread is
very long (≥the symbol time) as this will result in strong inter-symbol interference [15].
The MMSE estimator still achieves better BER performance, as compared with LS
estimator for all types of pilot arrangement, and still superimposed pilot arrangement scheme
is the best scheme for obtaining a good BER performance among the other forms.
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V. Conclusion
The simulation shows the comparison between three different pilot schemes in different
paths of Rayleigh fading channel. When the number of paths increases, the ISI increases and
the BER performance gets worse. The BER performance of superimposed pilot scheme
performs better than pilot-aided form (3) and pilot-aided form (1) in flat, 2-paths and 3-paths
frequency selective Rayleigh fading channel. This is because in superimposed channel
estimation, the data and the training pilots are transmitted together, pilot sequence is chosen
with low correlation with data symbol sequence and the frequency response of the channel
can be estimated with low BER.
Hence the performance is better than that with pilot-aided schemes but on the expense of
high spectral efficiency of the superimposed channel estimator. Pilot-aided form (3) performs
better than pilot-aided form (1) because its pilots have the ability to track the channel in more
efficient way than pilot-aided form (1).
From the comparison in BER performances versus SNR values between LS estimator
and MMSE estimator in 3-paths Rayleigh fading channel with all types of pilot arrangement,
it can be concluded that, the MMSE estimator achieves better BER performance, as compared
with LS estimator for all types of pilot arrangement.
The conclusion from the comparison in block type channel estimation for different
values of Doppler frequency based LS and MMSE estimators is that the block type channel
estimation has good performance if channel is changed very slowly. This is an expected
result, because at higher Doppler frequencies, channel transfer function changes so fast that
there are even changes for adjacent OFDM symbol (ICI caused by Doppler shifts).
From the simulation, it is clear that, for a delay spread longer than the effective guard period,
the BER rises rapidly due to the inter-symbol interference.
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