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Abstract: This paper deals with the comparative analysis of the performance of LS estimator for comb-type and
block-type channel estimation in Orthogonal Frequency Division Multiplexing (OFDM). The effect of increase
in channel order on the performance of the LS estimator for both comb-type and block-type channel estimation
is studied through simulation and mean square error expression (MSE). MSE expression for both comb-type and
block-type channel estimation, incorporating the effect of the channel order on the performance, is derived and
it is found that the performance of the LS estimator for block-type channel estimation remains stable for an
increase in channel order which is indicated by the MSE expression and simulation results. On the other hand,
the performance of LS estimator for comb-type channel estimation degrades with an increase in channel order.
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1. Introduction channel estimation is used for slow fading channels
Modern communication standards are using where the channel impulse response variations are
Orthogonal Frequency Division Multiplexing slow and it remains constant for a block period of
(OFDM) because of its inherent qualities: the time [5]. Blind, semi-blind and pilot assisted channel
spectral efficiency and effective cancellation of the estimation strategies are three categories of channel
Inter Symbol Interference (ISI) using simply the estimation based on the density of pilots. In Blind
guard interval. OFDM is adopted by 802.11 based channel estimation, the channel frequency response
wireless LANs, Digital Audio Broadcasting (DAB) at the pilot subcarriers is estimated using the received
and Digital Video Broadcasting (DVB) [1-3]. In signal statistics. The performance of blind channel
OFDM, conversion of the available bandwidth into estimation can be enhanced using pilots. In pilot
smaller sub channels is carried out in order to assisted channel estimation, pilot symbols are used
transform the frequency selective fading channel for estimation of the channel frequency response at
into a number of flat fading channels. The better pilot subcarriers.
spectral efficiency of the OFDM is due to the In [6], a robust modified Minimum Mean
overlapping nature of the orthogonal subcarriers in Square Error (M-MMSE) estimator is proposed
the frequency  domain. Single carrier which is based on the alterations in the observation
communication  systems  employ  complex matrix. The performance of the M-MMSE estimator
equalization techniques for ISI cancellation; is compared with MMSE estimated over the fast
however, in OFDM guard interval is used for ISI fading Rayleigh channel for different channel orders.
mitigation [4]. The performance of the M-MMSE estimator remains
Estimating the channel state information stable for an increase in channel order; however, the
effectively with low pilot overhead is a challenging performance of MMSE estimator degrades with an
task in OFDM. Pilots can be inserted into OFDM increase in channel order. The performance of M-
symbols according to two dimensional (2-D) MMSE is satisfactory; however, the computational
channel estimation or one dimensional (1-D) complexity associated with M-MMSE estimator
channel estimation. 2-D channel estimation makes it unattractive for practical implementation. In
outperforms 1-D channel estimation at the cost of [7], the performance of LS estimator is studied for
high computational complexity [5]. The 1-D pilot comb-type and block-type channel estimation. The
insertion has two categories: (a) Block-type (b) estimation of the channel frequency response at data
Comb-type. Comb-type channel estimation is used tones is performed wusing one dimensional
for fast fading channel where the channel impulse interpolation techniques such as low pass, spline,
response variations are fast while block-type linear, second order and time domain interpolation.
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The performance of LS estimator for comb-type
channel estimation has been evaluated over
Rayleigh fading channel for one dimensional
interpolation  techniques. ~ The low  pass
interpolation  technique  has optimum
performance of the other dimensional
interpolation techniques.

Mahmoud et al compared the performance
of LS and Kalman Filter for comb-type pilot
arrangement over fast fading Rayleigh channel [8].
The performance of both estimators for different
one dimensional interpolation is also studied. Low
pass has better performance than other one
dimensional interpolation techniques for both
estimators. Comparative analysis of LS and
Kalman filter shows the performance improvement
of Kalman filter over LS estimator. In [9], the
MMSE estimator based on the Discrete Fourier
Transform (DFT) channel estimation is proposed
which uses the time domain channel impulse
response for computation of noise variance. The
channel auto correlation matrix is computed using
the time domain channel impulse response after the
suppression of the channel noise. The performance
comparison between the proposed MMSE, ideal
MMSE and LS estimator illustrates the
performance improvement of proposed MMSE
over LS and degraded performance than the ideal
MMSE estimator.

In this paper, the comparative analysis of
LS estimator for block-type and comb-type channel
estimation has been carried out. The effect of
increase in channel order on the performance of LS
estimator is investigated for block-type and comb-
type channel estimation. Mean Square Error (MSE)
expression is developed for the LS estimator for
both comb-type and block-type channel estimation.
The derived MSE expression also validates the
simulation results carried out for the LS estimator
for both block-type and comb-type pilot insertion
techniques. The channel frequency response at data
tones in case of comb-type pilot arrangement has
been estimated using one dimensional interpolation
techniques i.e. low pass, linear and spline. The
performance of LS estimator for comb-type pilot
arrangement with different 1-Done dimensional
interpolation techniques degrades with an increase
in channel order. However, the performance of LS
estimator for block-type pilot arrangement remains
stable for an increase in channel order.

The rest of the paper is organized as
follows: section II introduces the OFDM system
model, Channel estimation strategies are discussed
in section III, MSE analyses are presented in
section IV, Simulation results and analysis are
presented in section V, and section VI concludes

the
one
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the paper.

Notations: Matrices are denoted by bold face
italics upper case letters and vectors are denoted by
italics lower case letters. Superscripts ' and ' are
used denote Hetmitian transpose and Transpose
respectively.

2. OFDM System Overview

In an OFDM system (illustrated in Fig. 1),
the input serial sequence of G(where G is considered
integer multiple of subcarriers per OFDM symbol in
order to avoid bits padding) bits
x = [x(0),x(1),x(2),x(3), ...,x(G — 1)] is mapped
to produce the frequency domain sequence of
symbols. The serialized frequency domain sequence
of symbols is parallelized and divided into groups of
size N (where N is the number of subcarriers per
OFDM symbol) for block-type channel estimation.
The size of groups of comb-type channel estimation
is N (where N,is the number of subcarriers reserved
for data per OFDM symbol). The i” group of
symbols for block-type channel estimation is
sp = [s50(0), 559 (1), 55(2), ..., 55 P (N =
DI7
SC(':) = [SC(D (O)’ SC(O (1)’ SC(i) (2)’ N SC(i) (Nd -
1)]T for comb-type channel estimation. The pilot
symbols are inserted into the dedicated subcarriers in
every OFDM symbol for comb-type channel
estimation to yield
dc® = [d:(0),d (D), dc V@), ..., d PN -
1)]%and at all subcarriers in the first OFDM symbol
of the block for block-type channel estimation to
yield
ds® = [d0(0),ds (1), d; 0 (), .., ds O (N -
1)]”. The signal is transformed into the time domain
after pilot insertion to yield
uc® = [ucO0), ucO ), uc?2), ..., ucO(N -

and

9k and
up® = [up®(0), 1, O (1), up O(2), .., up O(N -
1)]T for comb-type and block-type channel
estimation respectively:

uc® = Fd " (1)

up® = Fidp® )

—j2n(n-1)(n-1)
Where [F]n,n=\/iﬁe TERTETEIN for n=0,1,2,...,

N-1lis the Discrete Fourier Transform (DFT) Matrix.
Cyclic prefix of length L;greater than or equal to the
channel order is inserted into the OFDM symbol for
effective cancellation of ISI. The cyclic prefix is added
by the insertion of last L;symbols at the start of the
OFDM symbol. The cyclic prefix added OFDM
symbol for block-type and comb-type channel
estimation is mp® = [mz @ (=L; + N),mp®(-L; +
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N+1),..,my®@((N-1),

mp®(0), mp (1), ..., mg@(N —1)]” and m:® =
[me®

(=Lg + N),mcD (=L + N +1),..,mO((N —
1), m¢®@(0),m:9(1), ..., mcO (N —

1)]7 respectively. Finally, the OFDM signal passes
through the multipath fading channel in the existence
of AWGN. The received signal is transformed into
frequency domain after the removal of the cyclic
prefix.

Input Signal > N > G >
r M . uard
Binary __,/ Mapper| | Piot | | 5cp > Interval —»  P/S
Data & Insertion et
s/p R »| Insertion »
h(n)
Signal [ l— < <
Output Demapper Channel < Guard <
Binary € & «—{ Estimation/ [«— FDT |« Interval < S/P
Data P/S e Equalization | P Removal |

Figure 1. OFDM system Model

rc(i) — FHﬁC(i)

€)

rp® = FHa, O )

The channel frequency response is estimated and
equalization is performed. The signal is then
demapped to produce the output bits. The
performance of the system is evaluated in terms of
Bit Error Rate (BER) Vs Signal to Noise Ratio (SNR)
plot.

3. Channel Estimation Algorithm
3.1 Channel Estimation based on Block-Type
Pilot Arrangement

In block-type channel estimation, the pilot
symbols are inserted into all subcarriers in the first
symbol of the block for which the channel frequency
response remains constant. The arrangement of pilots
in comb-type and block-type channel estimation is
shown in Fig. 2. The estimated channel frequency
response for the first symbol is then used for
equalization of the subsequent symbols. Estimation of
the channel frequency response at pilot tones is
performed by LS estimator. The LS estimator is
based on minimization of the square of the difference
between detection and estimation. The LS estimate of
the channel is given by [10]:

hys =yx* ©)
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Where x and y are the vectors containing the
transmitted and received pilots respectively. In block-
type channel estimation, the pilot symbols are
transmitted at all subcarriers only in the first symbol
because the channel impulse response remains constant
for a block period of time in case of slow fading
channels. The overhead associated with block-type
channel estimation in the case when the block consists
of seven OFDM symbols with the first symbol
consisting entirely of pilots is 14.28%. The overhead
associated with comb-type channel estimation for fast
fading channels with pilot ratio of 1/8 is also 14.28%
which is equal to the block-type case previously
considered. The performance of the block-type for slow
fading channels is better because of the avoidance of
the interpolation step which tends to add interpolation
error [11].

3.2 Channel Estimation based on Comb-Type
Pilot Arrangement

In comb-type channel estimation, pilot tones
are inserted into the dedicated subcarriers as illustrated
in Fig. 2. Optimum performance is achieved by equally
spaced pilot insertion [12]. For equally spaced pilots,
the number of subcarriers divided by the total number
of pilots per OFDM symbols should result in an integer
value. The channel at pilot tone is estimated using the
LS estimator. At data tones, the channel frequency
response is computed using one dimensional
interpolation techniques due to their low computational
complexity as compared to two dimensional
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interpolation techniques [5]. Low pass, Linear and interpolation uses two consecutive pilots for
Spline interpolation techniques are considered for computation of the channel impulse response at data
estimation of the channel frequency response at data tones located between the considered pilot tones.
subcarriers. In low pass interpolation, the resulting Linear interpolation  outperforms piece  wise
sequence after zero padding is passed through the interpolation [13]. The channel frequency response
Low pass Finite Impulse Response (FIR) filter. estimated at K subcarrierwhere, dL < K < (d + 1)L,
Drawing of smooth curves using several points is the (where L is the number of subcarriers divided by the
basis of spline cubic interpolation. Linear total pilots) using linear interpolation is given by [7]:

h(k) = h(dL + 1) = (1 - é) h,o(d) + éth(d +1)
= hys(d) + 5 (hys(d + 1) = hys(d),0 S 1< L (6)
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Figure 2. Pilot Arrangement in comb-type and block-type channel estimation

4. Mean Square Error Analysis
In this section, the Mean square Error expression is derived for LS estimation based on the comb-type pilot
arrangement. The mean square error (MSE) at a particular subcarrier X is given by:

MSE[k] = E[|FFT{h[n] — h.s[n]}?] (7)

Where h[n]and h;¢[n]are the actual channel impulse response and estimated channel impulse response in the time
domain. As the LS estimator estimates the channel impulse response in such a way that it does not consider the
channel noise in the estimation process. Therefore, the estimated channel impulse response by LS estimator consists
of the channel impulse response and noise:

hysn] = hln] + ¥[n] (®)
Where ¥[n] = %is the noise vector divided by the transmitted pilots vector. (7) after putting the value of
h;s[n]becomes:
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MSE[k] = E[|FFT{h[n] — hin] - 5[n]}?] ©)
MSE[K] = E[|FFT{3[n]}?] (10)
MSE[K] = E[[{E[| Shyoo Dlwl e 7 2] ()
MSE[] = E[|{Zhoo Soo W] 5 [fle™ (12)
MSE[K] = £t o ko olw] 7 [fl e 7 (13)
MSE[K] = Shyoo Th_o E[BIW] % [fT]e ™ 7 (14)
MSETk] = P + E[3"[f15[w]] (15)
el = P« (125 (4] (Eng e [l] 5 (16)
MSE[k] = L * = ,°E [|X[;] 2] (17)
MSE[k] = =L (18)

~ PSNR

Where £ is the constellation factor.

5. Simulation Results and Analysis

This section presents the MATLAB® simulation results for performance evaluation of the LS estimator for
comb-type and block-type pilot arrangement. Simulation parameters are given in Table 1. The channel used for
performance evaluation consists of L independent taps with zero mean and Gaussian distribution. Constant and
exponential power delay profiles are used. The variance of each tap for an exponential power delay profile is given
by:

l
o2=e3 1=012..L—1 (19)

Table (1): Simulation Parameters

Parameters Specifications

Number of subcarriers, N 512

FFT size 512

Pilot ratio 1/8

Channels Rayleigh Fading Channel

Cyclic Prefix Length 1/8 1.e.32

Channel Estimation Comb-Type , Block-Type

Digital Modulation BPSK, QPSK, 16-QAM, 64-QAM
Power Delay Profiles Exponential, Constant

Fig. 3 shows the frame structure used for simulation of the OFDM system in case of block-type channel
estimation. Each frame consists of seven symbols with the first symbol containing the pilots. The channel frequency
response estimated for the first symbols is then used for equalization of the subsequent symbols in a block.
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Figure 3. Simulated frame structure [14]

5.1 Performance Evaluation for comb-type Channel Estimation

The performance of the OFDM system for comb-type pilot arrangement with LS estimator used for
estimation of the channel frequency response at the pilot subcarriers is illustrated in Fig. 4 for channel order L= 15.
The performance of the LS estimator for one-dimensional interpolation techniques follows the following order from
best to worst: Low pass, Spline and linear. The performance order of this paper also matches with the performance
order in [7][8]. The performance of the OFDM system for comb-type channel estimation for channel order L=20 and
L=30 is illustrated in Fig. 6 and Fig. 7. Comparison of the Fig. 6 and Fig. 7 clearly shows the performance
degradation caused by the increase in channel order on the performance of the OFDM system with comb-type
channel estimation. The reason for this performance degradation is due to increase in the distortion introduced by
the channel with an increase in channel order. These results are also clear from the MSE expression. Clearly, the
increase in the channel order L results in increase in MSE for the particular subcarrier. The channel frequency
response is estimated at the data subcarriers using an interpolation technique. The interpolation error also increases
with an increase in channel order as the channel order causes an increase in MSE at the pilot subcarrier which
subsequently increases the interpolation error.

5.2 Performance Evaluation for Block-type Channel Estimation

The legends ‘LS-L=20" and ‘LS-L=80’ are used to denote the performance of the LS estimator for channel
order 20 and 80 respectively. The performance of the OFDM system with block-type channel estimation for
different channel orders is shown in Fig. 8. The performance is shown for both constant and exponential power
delay profiles. It is clear from Fig. 8 that the performance of the OFDM system is same for both constant and
exponential power delay profiles for block-type channel estimation.
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, Comparison Curves for BPSK modulation Scheme (L=15)
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Figure 4.Performance of the OFDM System for comb-type channel estimation over Rayleigh fading channel with
L=15
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Figure 5. Performance of the OFDM System for comb-type channel estimation over Rayleigh fading channel with
L=15
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, Comparison Curves for BPSK modulation Scheme (L=20)
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Figure 6. Performance of the OFDM System for comb-type channel estimation over Rayleigh fading channel with
L=20

, Comparison Curves for BPSK modulation Scheme (L=30)
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Figure 7. Performance of the OFDM System for comb-type channel estimation over Rayleigh fading channel with
L=30
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The MSE expression for LS estimator in case of block-type pilot arrangement is given by [15]:

MSE = £
SNR

(20)

(20) clearly shows that the MSE of the LS estimator for block-type channel estimation is independent of the channel
order and thus, has the performance stability against the increase in channel order.

o BER Vs SNR
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Figure 8. Performance of the OFDM System for block-type
channel estimation over Rayleigh fading channel
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