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Abstract—The channel estimation techniques for OFDM into each OFDM symbol. The first one, block type pilot
systems based on pilot arrangement are investigated. Thechannel estimation, has been developed under the assump-
channel estimation based on comb type pilot arrangement tjon of slow fading channel. Even with decision feedback
is studied through different algorithms for both estimating - ¢qyalizer, this assumes that the channel transfer function

channel at pilot frequencies and interpolating the channel. . . . . .
The estimation of channel at pilot frequencies is based on is not changing very rapidly. The estimation of the chan-

LS and LMS while the channel interpolation is done using "€l for this block-type pilot arrangement can be based on
linear interpolation, second order interpolation, low-pass in- Least Square (LS) or Minimum Mean-Square (MMSE).
terpolation, spline cubic interpolation, and time domain in- The MMSE estimate has been shown to give 10-15 dB gain
terpolation. Time-domain interpolation is obtained by pass- in signal-to-noise ratio (SNR) for the same mean square
ing to time domain through IDFT, zero padding and going error of channel estimation over LS estimate [2]. In [3],
back to frequency domain through DFT. In addition, the 5 |ow-rank approximation is applied to linear MMSE by
channel estimation based on block type pilot arrangement is using the frequency correlation of the channel to eliminate

performed by sending pilots at every sub-channel and using . L )
this estimation for a specific number of following symbols. the major drawback of MMSE, which is complexity. The

We have also implemented decision feedback equalizer forlater, the comb-type pilot channel estimation, has been in-
all sub-channels followed by periodic block-type pilots. We troduced to satisfy the need for equalizing when the chan-
have compared the performances of all schemes by measur-nel changes even in one OFDM block. The comb-type
ing bit error rate with 16QAM, QPSK, DQPSK and BPSK  pilot channel estimation consists of algorithms to estimate

as modulation schemes, and multipath rayleigh fading and the channel at pilot frequencies and to interpolate the chan-
AR based fading channels as channel models. nel.

The estimation of the channel at the pilot frequencies for
comb-type based channel estimation can be based on LS,
Orthogonal Frequency Division Multiplexing (OFDM)MMSE or Least Mean-Square (LMS). MMSE has been
has recently been applied widely in wireless communicghown to perform much better than LS. In [4], the com-
tion systems due to its high data rate transmission capéexity of MMSE is reduced by deriving an optimal low-

bility with high bandwidth efficiency and its robustness teank estimator with singular-value decomposition.

multipath delay. It has been used in wireless LAN stan- The interpolation of the channel for comb-type based
dards such as American IEEE802.11a and the Europg@annel estimation can depend on linear interpolation, sec-
equivalent HIPERLAN/2 and in multimedia wireless selond order interpolation, low-pass interpolation, spline cu-
vices such as Japanese Multimedia Mobile Access Copic interpolation, and time domain interpolation. In [4],
munications. second-order interpolation has been shown to perform bet-
A dynamic estimation of channel is necessary before thg than the linear interpolation. In [5], time-domain inter-
demodulation of OFDM signals since the radio Channemﬁ)lation has been proven to give lower bit-error rate (BER)
frequency selective and time-varying for wideband mobilgympared to linear interpolation.
communication systems [1].

I. INTRODUCTION

S . . In this paper, our aim is to compare the performance
The ch.annel estlmatlon can be perform.ed by either IBF all of the above schemes by applying 16QAM, QPSK,

serting pilot tones into all of the subcarriers of OFDMypgk and BPSK as modulation schemes with rayleigh
symbols with a specific period or inserting pilot tONeg, jing and AR based fading channels as channel models.

Research supported by the Office of Naval Research and NatingllseCtion I, the glesc_ript?on _Of the OFDM system baSF_«‘d on
Semiconductor. pilot channel estimation is given. In section Ill, the estima-



tion of the channel based on block-type pilot arrangemesherer is the total number of propagation pathsis the

is discussed. In section IV, the estimation of the chanr@mplex impulse response of tii& path, fp; is the "

at pilot frequencies is presented. In section V, the differgpéith Doppler frequency shifd, is delay spread inde¥, is
interpolation techniques are introduced. In section VI, titee sample period and is thei* path delay normalized
simulation environment and results are described. Sectlonthe sampling time. At the receiver, after passing to dis-
VII concludes the paper. crete domain through A/D and low pass filter, guard time

is removed:
[I. SYSTEM DESCRIPTION
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Assuming there is no ISI, [8] shows the relation of the re-
sultingY (k) to H(k) = DFT{h(n)}, I(k) thatis ICI be-

_ . cause of Doppler frequency amtl (k) = DFT{w(n)},
The OFDM system based on pilot channel estimation,js, the following equation [4]:

given in Figure 1. The binary information is first grouped
and mapped according to the modulation in "signal map-Y (k) = X(k)H(k) + I(k) + W(k)k=0,1...N -1 (7)
per”. After inserting pilots either to all sub-carriers with

a specific period or uniformly between the informatiofhere
data sequence, IDFT block is used to transform the data
sequence of lengttv {X(k)} into time domain signal
{z(n)} with the following equation:
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Fig. 1. Baseband OFDM System
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whereN is the DFT length. Following IDFT block, guard K#k

time, which is chosen to be larger than the expected dellowing DFT block, the pilot signals are extracted and
lay spread, is inserted to prevent inter-symbol interferendle estimated channél. (k) for the data sub-channels is
This guard time includes the cyclically extended part obtained in channel estimation block. Then the transmitted
OFDM symbol in order to eliminate inter-carrier interferdata is estimated by:

ence (ICI). The resultant OFDM symbol is given as fol-

Y(k)
lows: = N —
WS X, () k=0,1,...N—1 (8)
_J x(N+n), n=-Ng—Ng+1,...,-1 2 . . . . . . .
zp(n) = z(n), n=0,1,...,N -1 () Thenthe binary information data is obtained back in "sig-
) _ nal demapper” block.
whereN, is the length of the guard interval.
The transmitted signat ;(n) will pass through the fre- |ll. CHANNEL ESTIMATION BASED ON BLOCK-TYPE

guency selective time varying fading channel with additive PILOT ARRANGEMENT

noise. The received signal is given by:
y(n) = z7(n) Q) h(n) +w(n)

wherew(n) is additive white gaussian noise ahh) is

In block-type pilot based channel estimation, OFDM
channel estimation symbols are transmitted periodically,
in which all sub-carriers are used as pilots. If the channel
is constant during the block, there will be no channel es-

3)

the channel impulse response.The channel responae
be represented by [5]:
r—1
h(n) =Y hied ®I2 TGN —7)0<n <N -1 (4)
=0

timation error since the pilots are sent at all carriers. The
estimation can be performed by using either LS or MMSE
[2].[3].

If inter symbol interference is eliminated by the guard
interval, we write equation 7 in matrix notation
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Fig. 2. Pilot Arrangement
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If the time domain channel vectaris Gaussian and un-

correlated with the channel noi$&, the frequency do-
main MMSE estimate of is given by [3]:

Hymse = FRuy RyyY (11)
where
Ry = E{hY} =Ry, FIXx"
Ryy = E{YY}=XFRuyFIX" 1%y

are the cross covariance matrix betweemnd Y and
the auto-covariance matrix oY. Ry, is the auto-

covariance matrix ok ando? represents the noise vari-
anceE{|W (k)|?}. The LS estimate is represented by:

Hps = XY, (13)

which minimizes(Y — X Fr)? (Y — X Fh).

When the channel is slow fading, the channel estima-
tion inside the block can be updated using the decision
feedback equalizer at each sub-carrier. Decision feedback
equalizer for thek!" sub-carrier can be described as fol-
lows:

« The channel response at th& sub-carrier estimated
from the previous symbdlH, (k)} is used to find the esti-
mated transmitted sign&lX.(k)}.

X (k) = k=0,1,...N—1 (14)

o {X.(k)} is mapped to the binary data through "signal
demapper” and then obtained back through "signal map-
per” as{ Xpure(k)}.

» The estimated channéle(k) is updated by:

Y (k)

Hb) = % o)

k=0,1,...N -1 (15)
Since the decision feedback equalizer has to assume that
the decisions are correct, the fast fading channel will cause
the complete loss of estimated channel parameters. There-
fore, as the channel fading becomes faster, there happens
to be a compromise between the estimation error due to the
interpolation and the error due to loss of channel tracking.
For fast fading channels, as will be shown in simulations,
the comb-type based channel estimation performs much
better.

V. CHANNEL ESTIMATION AT PILOT FREQUENCIES
IN COMB-TYPE PILOT ARRANGEMENT

In comb-type pilot based channel estimation, Mepi-
lot signals are uniformly inserted int& (k) according to
the following equation:

X(k) =X(mL+1)

_ [ xp(m), 1=0 (16)
"\ infdata 1=1,...L—1
where L = number of carrierdV,, and z,(m) is the
mt" pilot carrier value. We defind Hp(k) kE =

0,1,...Np} as the frequency response of the channel at
pilot sub-carriers. The estimate of the channel at pilot sub-
carriers based on LS estimation is given by:

Ld k=0,1,..N, — 1 17)



whereY),(k) and X, (k) are output and input at the'"
pilot sub-carrier respectively.

Gp(n)

Since LS estimate is susceptible to noise and inter- JLUICH 0 Ao
carrier interference (ICl), MMSE is proposed while com-
promising complexity. Since MMSE includes the matrix .
inversion at each iteration, the simplified linear MMSE es-
timator is suggested in [6]. In this simplified version, the Fig. 3. Time Domain Interpolation
inverse is only need to be calculated once. In [4], the com-
plexity is further reduced with a low-rank approximation Parameters Specifications
by using singular value decomposition. FFT Size 1024
Number of Active Carriers(N) 128
V. INTERPOLATION TECHNIQUES IN Pilot Ratio 1/8
COMB-TYPE PILOT ARRANGEMENT Guard Interval 256 ,
Guard Type Cyclic Extension
In comb-type pilot based channel estimation, an effiSample Rate 44.1kHz
cient interpolation technique is necessary in order to eBandwidth 17.5kHz
timate channel at data sub-carriers by using the channglgnal Constellation BPSK,QPSK,DQPSK,16QAM
information at pilot sub-carriers. Channel Model Rayleigh Fading, AR Model
The linear interpolation method is shown to perform TABLE |
better than the piecewise-constant interpolation in [7]. The SIMULATION PARAMETERS

channel estimation at the data-carrier mL < k <
(m + 1)L, using linear interpolation is given by:

H.(k) = H.(mL+1) 0<Il<L Then, by using the basic multi-rate signal processing prop-
= (Hy(m + 1) — Hy(m))+ + Hy(m) (18) erties [9], the signal is interpolated by transforming e
points intoN points with the following method:
The second-order interpolation is shown to fit better than

linear interpolation [4]. The channel estimated by secondas = %= 1 1
order interpolation is given by:

Gp, 0<n<M-2
H.(k) = Hc(mL+1) Gn = 0, FL<N-M
= cily(m — 1) + coHp(m) + c_1 Hy(m + 1) Gp(n—N+2M —1), M <n-N< -1
(21)
o = 2o The estimate of the channel at all frequencies is obtained
where co=—(a—1)(a+1),a=% by:
_ a(atl)
C_1 = )
(29) N-1 .
The low-pass interpolation is performed by inserting ze- H(k) = Z Gn(n)e 7™ 0<k<N-1 (22)
ros into the original sequence and then applying a low- n=0

pass FIR filter(interp function in MATLARpat allows

the original data to pass through unchanged and interpo- VI. SIMULATION

lates between such that the mean-square error betweenheDESCRIPTION OF SIMULATION

interpolated points and their ideal values is minimized .

The spline cubic interpolatiofspline function in MAT- A.l System parameters

LAB) produces a smooth and continuous polynomial fit- OFDM system parameters used in the simulation are in-

ted to given data points . The time domain interpolatiafiicated in table VI-A.1:

is a high-resolution interpolation based on zero-paddingwe assume to have perfect synchronization since the

and DFT/IDFT [8]. After obtaining the estimated channe{im is to observe channel estimation performance. More-

{Hp(k), k = 0,1, Np — 1}, we first convert it to time gyer, we have chosen the guard interval to be greater

domain by IDFT: than the maximum delay spread in order to avoid inter-
Np-1 symbol interference. Simulations are carried out for differ-

G(n) = Z Hpej%, n=01,...N,—1 (20) ent signal-to-noise (SNR) ratios and for different Doppler

o spreads.



Delay(OFDM samples)| Gain | Phase(rad) in all the sub-carriers of the first symbol of each block and
0 0.2478 -2.5649 channel estimation is performed by using LS estimation.
1 0.1287 ~2.1208 According to the first model, the channel estimated at the
3 0.3088 0.3548 beginning of the block is used for all the following sym-

g O'A('fj_’g g%gz bols_ c_>f the block and acc_ording t.o the secor_ld m(_athod, _the
7 0.0365 14375 dec_lsmn feedback equa_llzer, which is described in section
) 01197 1.1302 11, is used for the following symbols in order to track the
12 0.1948 -0.8092 channel.

17 0.4187 -0.1545

24 0.317 22159 A.4 Channel estimation based on comb-type pilot ar-
29 0.2055 2.8372 rangement

49 0.1846 2.8641 We have used both LS and LMS to estimate the channel

at pilot frequencies. The LS estimator description is given
in section lll. The LMS estimator uses one tap LMS adap-
tive 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
A.2 Channel model output as shown in Figure 4.

Two multipath fading channel models are used in the
simulations. The 1st channel model is the ATTC (Ad-
vanced Television Technology Center) and the Grande Al-
liance DTV laboratory’s ensemble E model, whose static X ——= s 4] o®
case impulse response is given by: / L[J
Y, (k)

h(n) = a(n)+0.3162a(n — 2) Fig. 4. LMS Scheme

+0-1995a(n — 17) + 0.1296(n — 36) The channel estimation at pilot frequencies is performed

+0.1a(n = 75) 4 0.1a(n — 137) by using either LS or LMS. Then all of the possible in-
(23) terpolation techniques (linear interpolation, second order

_ S _ interpolation, low-pass interpolation, spline cubic interpo-

The 2'* channel model is the simplified version Ofation, and time domain interpolation) are applied to LS
DVB-T channel model, whose static impulse responsedstimation result to investigate the interpolation effects and
given in Table VI-A.2. In the simulation, we have useglyear interpolation is applied to LMS estimation results to

Rayleigh fading channel. In order to see the effect of fagympare with the LS overall estimation resuilts.
ing on block type based and LMS based channel estima-

tion, we have also modeled channel that is time-varyi|y SIMULATION RESULTS
according to the following autoregressive (AR) model:

TABLE I
CHANNEL IMPULSE RESPONSEFOR CHANNEL 2

The legends "linear, second-order, low-pass, spline,
time domain” denote interpolation schemes of comb-type
channel estimation with the LS estimate at the pilot fre-

wherea is the fading factor and(k) is AWGN noise quencies, "block type” shows the block type pilot arrange-
vector. a is chosen to be close to 1 in order to satisfy th@ent with LS estimate at the pilot frequencies and without
assumption that channel impulse response does not chasgjéstment, "decision feedback” means the block type pi-
within one OFDM symbol duration. In the simulations, lot arrangement with LS estimate at the pilot frequencies
changes from 0.90 to 1. and with decision feedback, and "LMS” is for the linear in-

o _ terpolation scheme for comb-type channel estimation with
A.3 Channel estimation based on block-type pilot afy\15 estimate at the pilot frequencies.
rangement Figures 5,6,7 and 8 give the BER performance of chan-

We have modelled two types of block-type pilot basenkel estimation algorithms for different modulations and
channel estimation. Each block consists of a fixed number Rayleigh fading channel, with static channel response
of symbols, which is 30 in the simulation. Pilots are segiven in equation 23, Doppler frequency 70Hz and OFDM

h(n+1) = ah(n) + w(n) (24)



parameters given in table VI-A.1.  These results shc  1°
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Fig. 6. QPSK Modulation with Rayleigh Fading (Channel 1, _ _ _
Doppler Freq. 70hz) and linear. The result was expected since the low-pass in-

terpolation used in simulation does the interpolation such
that the block-type estimation and decision feedback BERat the mean-square error between the interpolated points
is 10-15dB higher than that of the comb-type estimatignd their ideal values is minimized. These results are also
type. This is because the channel transfer function changessistent with those obtained in [4] and [5].
so fast that there are even changes for adjacent OFDMDQPSK modulation based channel estimation shows al-
symbols. most the same performance for all channel estimation tech-
The comb-type channel estimation with low pass intemiques except the decision-feedback method. This is ex-
polation achieves the best performance among all the epticted because dividing two consecutive data sub-carriers
mation techniques for BPSK, QPSK and 16QAM modulaa signal de-mapper eliminates the time varying fading
tion. The performance among comb-type channel estindrannel effect. The error in estimation techniques result
tion techniques usually ranges from the best to the wofsim the additive white noise. The BER performance of
as follows: low-pass, spline, time-domain, second-ordBQPSK for all estimation types is much better than those
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with modulations QPSK and 16QAM and worse thanthc 10° —
with the BPSK modulation for high SNR. =

-7~ spline
- time domain

The effect of fading on the block type and LMS e: 5 bk e
timation can be observed from Figure 9 for autoregre .

sive channel model with different fading parameters. . 4|

the fading factor &” in equation 24 increases from 0.9 t

0.999, the performance of both block based methods ., /
LMS improves. When fading is fast, this means highgé

fading parameter, the estimation does not improve as S |
increases. The reason for this is that the tracking erro 2

fast fading channel avoids improving the performance. |
the other hand, for slow fading channel, the BER of the ¢
cision feedback block-type channel estimation tracks
channel much better compared to the other two scher - ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

as SNR inCI’easeS. 10 20 30 40 Do;s)gler Freg?Hz) 70 80 90 100

The general characteristics of the channel estimatig,a. 11. 16QAM Modulation with Rayleigh Fading (Channel
techniques perform the same as 7 for Rayleigh fading 1 sNR 40db)

channel, whose static impulse response is given in table
VI-A.2 for 16QAM as can be seen in Figure 10.
.creases.

Figure 11 shows the performance of channel estimation
methods for 16QAM modulation, Rayleigh fading chan-
nel whose static response is given in 23 and 40dB SNR
for different Doppler frequencies. The general behavior of In this paper, a full review of block-type and comb-type
the plots is that BER increases as the Doppler spread pilot based channel estimation is given. Channel estima-
creases. The reason is the existence of severe IC| causmubased on block-type pilot arrangement with or without
by Doppler shifts. Another observation from this plot islecision feedback equalizer is described. Channel estima-
that decision feedback block type channel estimation p&pn based on comb-type pilot arrangement is presented by
forms better than comb-type based channel estimation fiving the channel estimation methods at the pilot frequen-
low Doppler frequencies as suggested in [11] except lowsies and the interpolation of the channel at data frequen-
pass and spline interpolation. We also observe that tinees. The simulation results show that comb-type pilot
domain interpolation performance improves compared lbased channel estimation with low-pass interpolation per-
other interpolation techniques as Doppler frequency iferms the best among all channel estimation algorithms.

<

£

VII. CONCLUSION



This was expected since the comb-type pilot arrangement
allows the tracking of fast fading channel and low-pass
interpolation does the interpolation such that the mean-
square error between the interpolated points and their ideal
values is minimized. In addition, for low Doppler frequen-
cies, the performance of decision feedback estimation is
observed to be slightly worse than that of the best esti-
mation. Therefore, some performance degradation can be
tolerated for higher data bit rate for low Doppler spread
channels although low-pass interpolation comb-type chan-
nel estimation is more robust for Doppler frequency in-
crease.
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