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Abstract

We prefer OFDM technique to achieve high data rates in mobile environment. The task of estimating the frequency response of
the radio channel which the transmitted signal travels before reaching the receiver antenna is known as Channel
Estimation. A dynamic estimation of channel is necessary before the demodulation of OFDM signals since the radio channel is
frequency selective and time-variant for wideband mobile communication systems.
In this article the channel estimation techniques for OFDM systems based on pilot arrangements are investigated. The channel
estimation based on comb type pilot arrangement is studied through different algorithms for both estimating channel at pilot
frequencies and interpolating the channel. The estimation of channel at pilot frequencies is based on LS and LMS while the
channel interpolation is linear interpolation, second order interpolation, low-pass interpolation, spline cubic interpolation, and
time domain interpolation. Time-domain interpolation [18] is obtained by passing to time domain through IDFT, zero padding
and going back to frequency domain through DFT. In addition, 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 symbols like BPSK, QPSK
and 16 QAM has been carried out. The Performance comparison of all schemes by measuring bit error rate using different
modulation techniques like 16QAM, QPSK, and BPSK has been discussed. Simulation results shows that comb-type pilot based
channel estimation with DFT interpolation [16] performs the best among all other comb based channel estimation algorithms.
This is again expected since the comb type channel estimation allows the tracking of fast fading channels and low pass
interpolation does the interpolation in such a way that mean square error is minimized. For fast varying channels, performance
of comb arrangement with low pass interpolation is much better than other. It has been concluded that block type of
arrangement performs better when the channel is changing slowly and the comb type channel estimation allows the tracking of
fast fading channels.

Keywords: Orthogonal-frequency-division-multiplexing (OFDM), Quadrature Amplitude Modulation (QAM), Quadrature
Phase Shift Key (QPSK), Binary Phase Shift Key (BPSK), Inter-symbol Interference (ISI), Inter Channel Interference (ICI), Linear
Minimum mean-squared error (LMMSE), Least Square Error (LSE).
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1.  Introduction to OFDM

Orthogonal frequency division multiplexing (OFDM)
is based on multicarrier communication techniques which
are based on the concept of dividing the total signal

OFDM achieves orthogonality in the frequency domain [7]
by allocating each of the separate information signals onto
different sub carriers. OFDM signals are made up of sum of
sinusoids, with each corresponding to a subcarrier.Since the

bandwidth into number of subcarriers and the information
is transmitted on each of the subcarriers. In OFDM the
frequency spacing between subcarriers is selected such
that the subcarriers are mathematically orthogonal to each
others. The spectra of subcarriers overlap each other but
individual subcarrier can be extracted by baseband
processing. This overlapping property makes OFDM more
spectral efficient [13] than the conventional multicarrier
communication scheme.

1.1 Othogonality in OFDM

Orthogonality is a property that allows multiple
information signals to be transmitted perfectly over a
common channel and detected, without interference. Loss
of orthogonality results in blurring between these
information signals and degradation in communications.

carriers are all sine/cosine wave, we know that area [27]
under one period of a sine or a cosine wave is zero.

F(t) = fzn Yacos (m — n)wt @

2n
—f Yacos(m + n)wt =0
0

1.2 Generation of OFDM Symbols

To generate a baseband OFDM symbol, a serial
digitized data stream is first modulated using common
modulation schemes such as the phase shift keying (PSK) or
quadrature amplitude modulation (QAM). These data
symbols are then converted to parallel streams before
modulating subcarriers. Finally, a baseband OFDM
symbols is modulated by a carrier to become a band-pass
signal and transmitted to the receiver.
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1.3 Inter-symbol and Inter-carrier Interference

Interference caused by data symbols on adjacent
subcarriers is referred to inter-carrier interference (ICI).
Moreover, to reduce the ISI, a guard time is inserted at the
beginning of each OFDM symbols before transmission as
shown in Figure 1 and removed at the receiver before the
FFT operation.

Cyclic
Prefix

» Time
Figurel. Guard Time Insertion

If the guard time is chosen such that its duration is longer
than the delay spread, the ISI can be completely eliminated.

2. Channel Estimation

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. There are basically two types
of classification of Channel estimation in OFDM

» Pilot Based Channel Estimation: Known symbol
called pilots are transmitted.

» Blind Channel Estimation: No pilots required. It
uses some underlying mathematical properties of
data sent.

In this paper we are going to study BER performance
evaluation of Pilot Based Channel estimation in OFDM. The
Blind channel estimation methods are computationally
complex and hard to implement. The Pilot based channel
estimation methods are easy to implement but they
reduces the bandwidth efficiency.

2.1 Pilot Symbol Assisted Modulation

Channel estimation usually needs some kind of
pilot information [3] as a point of reference and this can be
achieved by multiplexing pilot symbols into the data
sequence, and this technique is called Pilot Symbol
Assisted Modulation (PSAM).

2.2 Block Type Pilot based channel estimation

In this type, OFDM symbols with pilots at all
subcarriers (referred to as pilot symbols herein) are
transmitted periodically for channel estimation. Using these
pilots, a time-domain interpolation [5] is
performed to estimate the channel along the time axis.
Since pilot tones are inserted into all subcarriers of pilot
symbols with a period in time, the block type pilot
arrangement [27] is suitable for frequency-selective
channels.

2.3 Comb-Type Pilot channel estimation
The comb —type pilot arrangement is suitable for fast-fading
channels [2], but not for frequency-selective channels and

are shown in the Figure.2
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Figure2. Comb-type Pilot arrangement

2.2.1 Block Type pilot signal estimation

Channel can be estimated at pilot frequencies by
two ways:

» (LS) Estimation
» (LMMSE) Estimation

For block type arrangements, channel at pilot tones
can be estimated by wusing LS or LMMSE
estimation, and assumes that channel remains the same for
the entire block. So in block type
estimation, we first estimate the channel, and then use the
same estimates within the entire block.
2.3.1 Comb Type pilot channel estimation

To achieve high data rates as well as good
performances, coherent detection is commonly used in
most existing OFDM Systems. Coherent detection relies on
knowledge of channel state information. One simple
approach to obtain channel state information is to send
some pilot symbols at the transmitter. Pilot subcarriers are
often interlaced with data subcarriers. Comb-type pilot
insertion has been shown to be suitable for channel

estimation in fast fading channels. The channel estimation
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algorithm based on comb-type pilot is divided into pilot
signal estimation and channel interpolation. Pilot signal
estimation is based on LS or LMS criteria and interpolation
algorithms include Linear Interpolation (LI), Second Order
Interpolation (SOI), Cubic Spline Interpolation (CSI), Low
Pass Interpolation (LPI) and DFT based interpolation.

2.2.1.1 Least Square Estimation (LSE)
The LS estimate [27] of the attenuations h, given the
received data Y and the transmitted symbols X is:

Hy = X~y = [Yo N ) )’N—1] 2)
Xo X1 XN-1

2.2.1.2 Linear Minimum Mean Square Error Estimation
The linear minimum mean square error (LMMSE)

estimate has been shown to be better than the LS
estimate for channel estimation in OFDM systems based on
block type [27] pilot arrangement. The minimum mean
square error estimate block-type pilot channel estimation
[27] is given by

Hiyuse = Rpp{R + aZ(pp™)” 1} D 3
2.3.1.1 Pilot Symbol Estimation in Comb Type (Least Square
estimator)
When ICl is eliminated by the GlI, the received signal can be

modeled with the following equation:

Y = XH+W .... (@)
Where Y is the received signal vector, X is a diagonal matrix
of the transmitted signal, least square estimator of OFDM
signal is given by

His = ( XHEX)1XHY....... ()
Since X is the diagonal matrix, the estimate is reduced to

H|_s = X1y

This indicates that the LS Estimates of the frequency
response channel is simply the division of the received
signal by the transmitted signal. In comb-type OFDM
channel estimation, the pilot sub-channel is first identified
by using the transmitted pilot channel Xr and received

pilots Yp the estimate of the channel at pilot sub-carriers is

given by
Hp (m) =Y p(m)/ Xp (m)
m= ,12.....N-1...... (6)

2.3.1.2 Least Mean Square Estimator

The LMS estimator uses a one-tap LMS adaptive filter at
each pilot frequency. The first value is found directly
through LS and the following values are calculated based
on the previous estimation and the current channel output
as shown in figure.3 e(m) is the error signal which is
formed by taking the difference between the received pilot

symbol Y » (m) and transmitted pilot symbol X » (m)

Yp(m)
Figure.3 Least Mean square Estimator
After pilot-symbol estimation, the data on the other sub-
channels is estimated by taking interpolation between the
pilot sub-channel estimates.
3. Principle of Comb-Type OFDM Channel Estimation
For comb-type pilot subcarrier arrangement, the Np pilot
signals, X p (m) where m=0, 1....N-1, are uniformly inserted
into X(k). That s, all N subcarriers are divided into Np
groups, each with L=N/ Np adjacent subcarrier. In each
group, the first subcarrier is used to transmit the pilot
signal. The OFDM signal modulated on the kth subcarrier
can be expressed as
XK =X(mL+1)={Xp(m) 1=0
Xa (m) 1=1,2, L1
(16)
Each sub-channel transmits either a pilot symbols or a data
symbols, and is called pilot sub-channel, Hr 0 a data sub-
channel, Hq hence the channel response can be written as
H(K)=H(mL+l)={Hp(m) 1=0
He(mL+1), 1=1,2....... L-1
)
Subsequently, the received pilot symbols and data symbols

can be expressed as
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Yp(m):Hp(m)Xp(m)+ |p(m)+N(m)
(8) and

Y a(mL+1) = Ha(mL + 1) Xq (mL+I) + Ig(mL+l) + U (mL+I)
9)

Where, N (m) and U (mL+l) are the Gaussian noise in the
pilot subcarrier

For coherent detection of the desired data symbol, the
channel state information should be known a priori. In
comb-type pilot aided OFDM System, channel state
information can be estimated by sending a sequence of pilot
symbols. Generally, the process of comb-type pilot aided
OFDM channel estimation has two major steps: pilot sub-

channel identification and data sub-channel interpolation.
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Figure.4 interpolation in comb type

3.1 Interpolation Technique in Comb-Type OFDM Channel
Estimation; LI (Linear Interpolation)

In the linear interpolation algorithm, two successive pilot
subcarriers are used to determine the CIR for data
subcarriers which are located between pilots. Using linear
interpolation, the channel estimation at the data carrier K,
where mL <k< (m+1) L, by is given by

Hqa (k) = Ha(mL +1)
={1-1/L} Hp(m) + I/L Hp (Mm+1)
= [Hp(m+1) - He(m)] I/L+Hp O0<I<L
(10)
3.2 SOI (Second-Order Interpolation)

Theoretically, using higher-order polynomial interpolation
will fit better than LI. However, the computational
complexity grows as the order is increased. A piecewise
second-order polynomial interpolation can be implemented
as a linear time-invariant FIR filter.
The interpolation algorithm is given by
Ha(K) = Ha(mL + 1) = CiHp (m-1) + Co Hp (M) + C-;Hp (M+1)
(11)
Where

Ci=a (a-1)/2

Co=-(a-1) (at+l),and a=1/N

C-=a(a+l)/2
The channel estimation at the data carrier k is calculated
based on three channel estimates of the previous, present,
and next pilot symbols. Hp (m-1) is the channel estimate of
the previous pilot symbol at position m-1, He (m) is the
channel estimate of the present pilot symbols at position m
and Hp (m+1) is the channel estimate of the next pilot
symbol at position m+1.So the channel estimation for the
first four data symbols of the first OFDM symbols is
obtained using two pilot symbols as for the LI method.
3.3 CSI (Cubic Spline Interpolation)
In the CSI algorithm, the transfer function of each
subcarrier is approximated by a third order polynomial
with respect to I/L. Estimation is done by obtaining
polynomial coefficients using four adjacent reference
signals and their second order derivatives. In this case,
given pilot points in one OFDM symbol, N-1 polynomials
are obtained. A channel estimate for the data symbols
between pilot symbols can then be obtained using these
polynomials. The interpolation algorithm is given by
Ha (k)= A{l/L} Hp (M) + B{I/L}Hp (m+1) + C {I/L}z (m)+D{
I/L}z (m+1) ..... (12)
Where A {I/L}, B{I/L}, C {I/L} and D {I/L} are constants
determined by I/L
Z (m) = Hp (M) is the second derivative of the transfer
function of the mth reference signal.

3.4 LPI (Low-Pass Interpolation)
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The LPI method is performed by inserting zeros into the
original sequence and then applying a low-pass finite-
length impulse response (FIR) filter which allows the
original data to pass through unchanged. This method also
interpolates such that the mean-square error between the
interpolated points and their ideal values is minimized.

3.5 DFT Based Channel Estimation

The DFT-based channel estimation [7] technique has been
derived to improve the performance of LS or MMSE
channel estimation by eliminating the effect of noise outside
the maximum channel delay. Let H [K] denote the estimate
of channel gain at the k-th subcarrier, obtained by either LS
or MMSE channel estimation method. Taking the IDFT [16]
of the channel estimate:
IDFT {h[k]} = h[n] + z[n]
(13)

n=0,1 .. N-1

where z[n] denotes the noise component in the time
domain. The coefficient for the maximum channel delay L
as
hoer [N] = { h[n] + z[n], n=01 .. L-1
(14)

0 otherwise
And transform the remaining L element back to the
frequency domain as follows
Hper [K] = DFT hper [n]

Frequency domain Time domain Frequency domain
: T T .
HOp ([ hOL pglO] Hprl0]
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Figure.5 DFT based channel estimation.
After estimating the fading distortion due to the
interpolation filter, this estimated channel transfer function
is then transformed into the time domain by using IFFT.As
a result, this transformed estimate can be regarded as the
CIR and separated into two parts. The first part is located
within the GI and contains the main energy of the CIR. The
second part, which is outside the GI, is regarded as the
noise components. Therefore zero values instead of noise
components are inserted for the IFFT processing. As a
result, the original transformed estimate within the Gl plus
these zero values are then transformed once more in the FD
using an FFT to obtain a final CIR estimate without noise

components.

4. Simulation and Results

In this paper, we used MATLAB 7.0 software for simulation
for the Bit Error Rate (BER) performance of the different
modulation techniques like BPSK and QPSK and 16QAM.

Figure.6 shows the least square estimation in block type
and the BER performance of Block type pilot estimation
using BPSK modulation has the best performance.
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Figureb. Least Square Estimation in block Figure8. Minimum Mean Square Error in block type
Figure 7 shows the implementation of least square
estimation with different modulation ie BPSK, QPSK and
QAM. In this graph as we seen LS estimation with BPSK
has less Bit Error Rate as compared to the QPSK and 16
QAM. So there is less number of errors in case of BPSK

Figure.8 shows the Minimum mean square error estimation
in block type and the BER performance of Block type pilot
estimation using BPSK modulation has the best
performance.

PLOT OF SNR /S BER FOR DIFFERENT MODULATION IN COMB LMS ESTIMATOR
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.Figure9. Least Mean Square Estimation in Comb type
Figure7. Least Square Estimation in Comb type Figure 9 shows the implementation of Least Mean Square

Error estimation with different modulation ie BPSK, QPSK
and QAM. In this graph as we seen LMS estimation with
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BPSK has less Bit Error Rate as compared to the QPSK and

16 QAM. So there is less number of errors in case of BPSK

Comparison between LS and LMS

Figure.10 shows the comparison between LS and MMSE in
block Estimation. It has been observed that Minimum mean
square error block type pilot channel Estimation has the
better BER performance than the LSE

COMPARISION BAY LS AND MWMSE IN BLOCK ESTIMATION

BIT ERROR RATE

SNR in db

Figure1l0. Comparisons between LS and MMSE in Block
Estimation

PLOT OF COMPARISION BAY LS AND LMS IN COMB ESTIMATION

o] —e— e[l

BIT ERROR RATE

Figurell. Comparison between LS and LMS in Comb Type

Figure 11 shows the comparison between least square
estimation and least mean square in case of comb channel
estimation. As we seen in the graph the LMS has low bit
error rate as compared to the LS estimation. Low bit error
rate means there will be less numbers of errors. So LMS is
the best technique as compared to the LS

DFT, LPI, CSI, SOl and LI using BPSK

/5 BER FOR DIFFERENT NTERPOLATION USIG BPSK
T

Figurel2. Implementation of different Interpolations using
BPSK
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shows the

i.e DFT based

Figure 12 implementation of different

interpolation interpolation, Low pass
interpolation, Cubic Spline interpolation, second order
using BPSK

in the graph the DFT based

interpolation and linear interpolation
modulation. As seen
interpolation has low bit error rate. The best to worse

interpolation as: DFT, LPI, CSI, SOl and LlI.

DFT, LPI, CSI, SOl and LI using QPSK
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Figurel3. Implementation of different interpolation
QPSK

using

shows the

i.,e. DFT based

Figure 13 implementation of different

interpolation interpolation, Low pass
interpolation, Cubic Spline interpolation, second order
using QPSK

in the graph the DFT based

interpolation and linear interpolation
modulation as seen
interpolation has low bit error rate. The best to worse

interpolation as: DFT, LPI, CSI, SOl and LlI.

DFT, LPI, CSI, SOl and LI using 16 QAM

Table.1 All Simulation Parameters

Parameter Specification

No. of sub carriers 64

IFFT and FFT size 64

Length of Guard 4 Samples

interval

Guard Type Cyclic Extension

Modulation Type BPSK, QPSK and 16 QAM

Bandwidth 500kHz

Pilot Ratio 1/8

Channel Model Rayleigh Fading and
AWGN

PLOT OF SNR V/S BER FOR DIFFERENT INTERPOLATION USING 16QAM
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Figurel4. Implementation of different interpolation using
16QAM
Figure 14 shows the implementation of different

interpolation ie DFT based interpolation, Low pass
interpolation, Cubic Spline interpolation, second order
linear

interpolation and interpolation using 16QAM

modulation As seen in the graph the DFT based
interpolation has low bit error rate. The best to worse

interpolation as: DFT, LPI, CSI, SOl and LlI.

Simulation Result for OFDM with BPSK over AWGN
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BER Vs SNR for OFDM with BPSK modulation over AWGN
D T T T T T
; ; : | —&—simulated

*  theoretical |

Figurel5. BER Vs SNR for OFDM with BPSK over AWGN

Conclusion

In this paper, Channel Estimation based on comb type Pilot
arrangement is presented and it is shown that this type of
arrangement performs better when the channel is changing
rapidly and block type has been used for the channels
changing slowly. From the simulation results, it has been
clear that if the length of the guard interval is chosen
properly, then OFDM system exhibits robustness against
multipath propagation, eliminates ISI and can be used for
transmission at higher data rates. Simulation results also
concluded that comb-type pilot based channel estimation
with DFT interpolation performs the best among all other
comb based channel estimation algorithms. In this article
we have considered BPSK, QPSK and 16 QAM schemes and
we found that BER performance of block type pilot
estimation using BPSK modulation has the best
performance. In comparison of LSE and MMSE, we
calculated that MMSE block type pilot channel estimation
has better performance than LSE.
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