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Channel Estimation Techniques Based on Pilot
Arrangement in OFDM Systems

Sinem Coleri, Mustafa Ergen, Anuj Puri, and Ahmad Bahai

Abstract—The channel estimation techniques for OFDM developed under the assumption of slow fading channel. Even
systems based on pilot arrangement are investigated. The channelwith decision feedback equalizer, this assumes that the channel
estimation based on comb type pilot arrangement is studied yansfer function is not changing very rapidly. The estimation of

through different algorithms for both estimating channel at pilot . .
frequencies and interpolating the channel. The estimation of the channel for this block-type pilot arrangement can be based

channel at pilot frequencies is based on LS and LMS while the ONn Least Square (LS) or Minimum Mean-Square (MMSE).
channel interpolation is done using linear interpolation, second The MMSE estimate has been shown to give 10-15 dB gain in
order interpolation, low-pass interpolation, spline cubic interpo-  signal-to-noise ratio (SNR) for the same mean square error of
lation, and time domain interpolation. Time-domain interpolation  cyanne| estimation over LS estimate [2]. In [3], a low-rank ap-
is obtained by passing to time domain through IDFT (Inverse . o . . )

Discrete Fourier Transform), zero padding and going back to pI’OXImqtlon is applied to linear MMSE by US'”Q the frequency
frequency domain through DFT (Discrete Fourier Transform). correlation of the channel to eliminate the major drawback of
In addition, the channel estimation based on block type pilot MMSE, which is complexity. The later, the comb-type pilot
arrangement is performed by sending pilots at every sub-channel channel estimation, has been introduced to satisfy the need for

and using this estimation for a specific number of following g4y alizing when the channel changes even in one OFDM block.
symbols. We have also implemented decision feedback equallzer_l_he comb-tvpe pilot channel estimation consists of algorithms
for all sub-channels followed by periodic block-type pilots. We ype p g

have compared the performances of all schemes by measuring bit t0 estimate the channel at pilot frequencies and to interpolate
error rate with 16QAM, QPSK, DQPSK and BPSK as modulation the channel.
schemes, and multi-path Rayleigh fading and AR based fading  The estimation of the channel at the pilot frequencies for
channels as channel models. comb-type based channel estimation can be based on LS,
Index Terms—Cochannel interference, communication chan- MMSE or Least Mean-Square (LMS). MMSE has been shown
nels, data communication, digital communication, frequency to perform much better than LS. In [4], the complexity of
division multiplexing, frequency domain analysis, time domain \MSE is reduced by deriving an optimal low-rank estimator
analysis, time-varying channels. with singular-value decomposition.
The interpolation of the channel for comb-type based channel
|. INTRODUCTION estimation can depend on linear interpolation, second order in-
. . . terpolation, low-pass interpolation, spline cubic interpolation,
RTHOGONAL  Frequency D'Y'S'On. Mu_ltlple_xmg and time domain interpolation. In [4], second-order interpola-
(O'.:DM) has recently beep ap_phed widely in W'rel.esﬁon has been shown to perform better than the linear interpola
communication systems due to its high data rate transmiss

capability with high bandwidth efficiency and its robustness figh. in [5], time-domain interpolation has been proven to give

. S wer bit-error rate (BER) compared to linear interpolation.
multi-path delay. It has been used in wireless LAN standards ( ) P P

Jaiacj“ese Multimedia MO?“‘;ACC‘*;S.S Comm“”ica;iins- - Jeying), DQPSK (Differential Quadrature Phase Shift Keying)
d ?/ngmlc fescgllzn;'\t/llon'o Cl anne lsr?eceségaryh € or?F ef 1d BPSK (Binary Phase Shift Keying) as modulation schemes

modulation of signals since the radio channel Is freg;, Rayleigh fading and AR (Auto-Regressive) based fading

quency selective and time-varying for wideband mobile COMhannels as channel models. In Section Il, the description

munication systems [1].' . . .of the OFDM system based on pilot channel estimation is
The channel estimation can be performed by either inserti flen. In Section [, the estimation of the channel based on

pilot _t(_Jnes i.nto aII. of th? supcarriers 9f OFDM symbols with lock-type pilot arrangement is discussed. In Section 1V, the
specific period or inserting pilot tones into each OFDM symbo, stimation of the channel at pilot frequencies is presented. In

The first one, block type pilot channel estimation, has be‘géction V, the different interpolation techniques are introduced.

In Section VI, the simulation environment and results are
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| 2 l ‘L Assuming there is no ISI, [8] shows the relation of the resulting
ooy | wH e Hw H oo H .. Y (k) to H(k) = DFT{h(n)}, I(k) that is ICI because of
oxe 1T =9 H"™ QO »  Doppler frequency andV (k) = DFT{w(n)}, with the fol-
o - . Channel lowing equation [4]:
ovpue| oo || me [ S [ omr [ ome ] o “ Y(k) = X(K)H(E)+I(k)+W (k)  k=0,1---N—1 (7)
Data = ] e k—
A 1 - - where
Fig. 1. Baseband OFDM system. r—1
9 aeenan e E:hemmTﬁnWh>)-w%ﬂmm
_ L . L T ’
cording to the modulation in “signal mapper.” After inserting pi- i=0 /b,
lots either to all sub-carriers with a specific period or uniformly r—1 N—-1 j2n(fp. T—k+K)
i : ; hX(K) 1-—e#mUp
between the information data sequence, IDFT block is used to [(k) = Z Z T IV TR
transform the data sequence of length{ X (%)} into time do- i=0 K=0, Noo1-d i
main signal{z(n)} with the following equation: Kk
. ¢—iQ@rTi /IN)K
z(n) =IDFT{X(k)} n=0,1,2..., N—1 ’
N-1 . Following DFT block, the pilot signals are extracted and the es-
=) X (k)N (1) timated channeH, (k) for the data sub-channels is obtained in

channel estimation block. Then the transmitted data is estimated

whereN is the DFT length. Following IDFT block, guard time,by:
which is chosen to be larger than the expected delay spread, Y (k)

= HL()

is inserted to prevent inter-symbol interference. This guard X, =
order to eliminate inter-carrier interference (ICl). The resultafithen the binary information data is obtained back in “signal

k=01,...N—1. (8)
time includes the cyclically extended part of OFDM symbol in

OFDM symbol is given as follows: demapper” block.
z(N+n), n=-Ny,, —N,+1,..., -1
zp(n) = [1l. CHANNEL ESTIMATION BASED ON BLOCK-TYPE
z(n), n=01..,N-1 o PILOT ARRANGEMENT

where N, is the length of the guard interval. The transmitted In block-type pilot based channel estimation, OFDM channel
signal z s(n) will pass through the frequency selective timestimation symbols are transmitted periodically, in which all
varying fading channel with additive noise. The received signaiib-carriers are used as pilots. If the channel is constant during
is given by: the block, there will be no channel estimation error since the pi-
lots are sent at all carriers. The estimation can be performed by
= z4(n) ) h(n) (3)  using either LS or MMSE [2], [3].

wherew(n) is Additive White Gaussian Noise (AWGN) and If inter symbol interference is eliminated by the guard in-
terval, we write (7) in matrix notation
h(n) is the channel impulse response. The channel respFons

can be represented by [5]: Y=XFh+W 9)

r—1
n) = Z hic? G /N D T g\ 7o) 0<n<N-—1 Where

=0 @ X =diag{X(0), X(1), ..., X(N - 1)}

wherer is the total number of propagation pathsjs the com- Y =[Y(0O)Y(1)---Y(N -1

pleximpulse response of thith path,fp; is theith path Doppler _ T

frequency shift\ is delay spread inde4, is the sample period W =[WOW(1)-- - W(N - 1]

andr; is theith path delay normalized by the sampling time. At H=[H(0)H(1) --H(N —1)|¥ = DFTx{h}

the receiver, after passing to discrete domain through A/D and

) . . O(N—1)
low pass filter, guard time is removed: Wy o Wy
yr(n) for—-N, <n<N-1 F= : . :
N-1)0 N-1)(N—1
y(n) = yrn+ Ny) n=01,...N—1. (5) Wl(\f o Wl(\f o
Theny(n) is sent to DFT block for the following operation: Wik = % eI/ Nk, (10)
Y (k) =DFT{y(n)} k=0,1,2---N—1 If the time domain channel vectéaris Gaussian and uncorre-
N1 lated with the channel nois#’, the frequency domain MMSE
_ 1 Z y(n)e—i@mkn/N), ©6) estimate ofh is given by [3]:
N = Hyyse = FRy Ry Y (11)
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BLOCK-TYPE PILOT ARRANGEMENT
where

Rpy =E{RY} = Ry, F X"

Ryy =E{YY} = XFR, FEX" 1 oIy (12)
are the cross covariance matrix betwéeandY” and the auto-
covariance matrix ot”. Ry;, is the auto-covariance matrix of

h ando? represents the noise variangg |W (k)|?}. The LS Tine
estimate is represented by:
Hps=X7'Y, (13)

CCOOO00  COOCOO0
OO0O000  COOOOO0
000000 0NN00000e e
COO0O000  COO0OO0
9000000 0000000
CO0O000 OO0
OCCO00O  COOOOO0
QO00O00O OO0
COO0000  COOCOOO

which minimizes(Y — XFh)H (Y — X Fh).

When the channel is slow fading, the channel estimation in-
side the block can be updated using the decision feedback equal-
izer at each sub-carrier. Decision feedback equalizer fokttne COMBTYPE PILOT ARRANGEMENT
sub-carrier can be described as follows:

e The channel response at thiln sub-carrier estimated from
the previous symbdlH.(k)} is used to find the estimated trans-
mitted signak X.(k)}

. Y(k)
X.(k) = H.() k=0,1,...N - 1. (14) o

o {X.(k)} is mapped to the binary data through “signal
demapper” and then obtained back through “signal mapper” as

Frequency Carriers

COCo00e
OC00C0e

OOO000e OOC000e
OO0000e

OOO000e
CCOO00e
OOCO00e
000000
OOOC00e
000000
COO000e
COOO00e

CCO000e

{Xpure(k)}-
e The estimated channéle(k) is updated by:
Y ( k) Frequency Carriers
H(k)=——"— k=0,1,...N—1. (15)
Xpure(k) Fig. 2. Pilot arrangement.

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. Therefore, as
the channel fading becomes faster, there happens to be a com-
promise between the estimation error due to the interpolationin comb-type pilot based channel estimation, an efficient in-

and the error due to loss of channel tracking. For fast fadigrpolation technique is necessary in order to estimate channel
channels, as will be shown in simulations, the comb-type basaiddata sub-carriers by using the channel information at pilot

V. INTERPOLATION TECHNIQUES IN COMB-TYPE
PILOT ARRANGEMENT

channel estimation performs much better. sub-carriers.
The linear interpolation method is shown to perform better
IV. CHANNEL ESTIMATION AT PILOT FREQUENCIES IN than the piecewise-constant interpolation in [7]. The channel
ComB-TYPE PILOT ARRANGEMENT estimation at the data-carriér mL < k < (m + 1)L, using

linear interpolation is given by:

In comb-type pilot based channel estimation, ¥gpilot sig-
ypep g Ho(k)=H.(mL+1) 0<I<L

nals are uniformly inserted int§ ( ©) according to the following
equation: l
X(k) =X (mL+1) =(Hp(m + 1) = Hy(m)) 7 + Hy(m).  (18)

The second-order interpolation is shown to fit better than linear

_ {xp(m), [=0 (16) interpolation [4]. The channel estimated by second-order inter-
inf .data 1=1,...L—1 polation is given by:
whereL = number of carrier&V,, andz,,(m) is themth pilot H.(k)=H.(mL+1)
carrier value. We defingHp(k) k=0, 1, ... Np} as the fre-
quency response of the channel at pilot sub-carriers. The esti- =c1Hy(m — 1) + coHp(m) + co1 Hp(m + 1)
mate of the channel at pilot sub-carriers based on LS estimation
is given by: el = M7
Hﬁz% k=0,1,...N,—1 (17) 2 I
whereY, (k) anpr(I}f) are output and input at thieth pilot where § co = —(a = D)a+1), a = N (19)
sub-carrier respectively. ala+1)

Since LS estimate is susceptible to noise and ICI, MMSE -1 = :

is proposed while compromising complexity. Since MMSHhe low-pass interpolation is performed by inserting zeros
includes the matrix inversion at each iteration, the simplifieiito the original sequence and then applying a lowpass FIR
linear MMSE estimator is suggested in [6]. In this simplifiedilter (interp function in MATLAB that allows the original
version, the inverse is only need to be calculated once. In [4ata to pass through unchanged and interpolates between
the complexity is further reduced with a low-rank approximasuch that the mean-square error between the interpolated
tion by using singular value decomposition. points and their ideal values is minimized. The spline cubic
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TABLE | TABLE I
SIMULATION PARAMETERS CHANNEL IMPULSE RESPONSE FORCHANNEL 2
Parameters Specifications Delay(OFDM samples) Gain | Phase(rad)
FFT Size 1024 0 0.2478 -2.5649
Number of Active Carriers(N) | 128 1 0.1287 -2.1208
Pilot Ratio 1/8 3 0.3088 0.3548
Guard Interval 256 4 0.4252 0.4187
Guard Type Cyclic Extension 5 0.49 2.7201
Sample Rate 44.1kHz 7 0.0365 -1.4375
Bandwidth 17.5kHz 8 0.1197 1.1302
Signal Constellation BPSK,QPSK,DQPSK,16QAM 2 0.1948 -0.8092
Channel Model Rayleigh Fading, AR Model 17 0.4187 -0.1545
24 0.317 22159
) ) ) o 29 0.2055 2.8372
interpolation épline function in MATLABproduces a smooth 29 0.1846 3.8641
and continuous polynomial fitted to given data points. The time
domain interpolation is a high-resolution interpolation based on
zero-padding and DFT/IDFT [8]. After obtaining the estimated 0
channel{Hp(k), k = 0,1, Np — 1}, we first convert it to o o
time domain by IDFT: ™ ’ "
Np—1
G(n)= > Hped®™/N) p=0,1,...N, - 1. 0
k=0
. . . . . (20) Fig. 3. Time domain interpolation.
Then, by using the basic multi-rate signal processing properties
[9], the signal is interpolated by transforming tivg points into /
N points with the following method:
N,
M = 71) + 1 X, (k) s - + a(k)
Gy, 0<n<M—-2
N, / Yo(k)
Gny=1<0, 7]) <N-M

Fig. 4. LMS scheme.
Goin—N+2M-1), -M<n-N<-1.
] o .(21) channel. In order to see the effect of fading on block type
The esuma;e of the channel at all frequencies is obtained byphased and LMS based channel estimation, we have also mod-
B 1\2_:1 GN(n)e—j@”/N)"k, O<k<N—L eled channe_l that is time—\{arying according to the following
= autoregressive (AR) model:
(22) hin +1) = ah(n) + w(n) (24)
whereq is the fading factor andi(%) is AWGN noise vectora
VI. SIMULATION is chosen to be close to 1 in order to satisfy the assumption that
channel impulse response does not change within one OFDM
_symbol duration. In the simulations,changes from 0.90 to 1.
1) System ParametersOFDM system parameters used in " 3) channel Estimation Based on Block-Type Pilot Arrange-
the simulation are indicated in Table I~ _ ment: We have modeled two types of block-type pilot based
We assume to have perfect synchronization since the ainifannel estimation. Each block consists of a fixed number of
to observe channel estimation performance. Moreover, we haygnhols, which is 30 in the simulation. Pilots are sent in all the
chosen the guard interval to be greater than the maximum ded_carriers of the first symbol of each block and channel esti-
spread in order to avoid inter-symbol interference. SimulatioRsstion is performed by using LS estimation. According to the
are carried out for different signal-to-noise (SNR) ratios and f@tst model, the channel estimated at the beginning of the block
different Doppler spreads. _ _ is used for all the following symbols of the block and according
2) Channel Model: Two multi-path fading channel modelsty the second method, the decision feedback equalizer, which
are used in the simulations. The 1st channel model is the AT [Cyescribed in Section 111, is used for the following symbols in
(Advanced Television Technology Center) and the Grande Afrder to track the channel.
liance DTV laboratory’s ensemble E model, whose static Case4) Channel Estimation Based on Comb-Type Pilot Arrange-
impulse response is given by: ment: We have used both LS and LMS to estimate the channel
h(n) = a(n) 4 0.3162a(n — 2) + 0.1995a(n — 17) +0.1296 4 pilot frequencies. The LS estimator description is given in
«o(n —36) + 0.1a(n — 75) + 0.1a(n — 137). (23) Sectionlll. The LMS estimator uses one tap LMS adaptive filter
The 2nd channel model is the simplified version of DVB-Tat each pilot frequency. The first value is found directly through
channel model, whose static impulse response is given Li and the following values are calculated based on the previous
Table Il. In the simulation, we have used Rayleigh fadingstimation and the current channel output as shown in Fig. 4.

A. Description of Simulation
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Fig. 5. BPSK modulation with Rayleigh fading (channel 1, DoppleFig. 7. 16QAM modulation with Rayleigh fading (channel 1, Doppler freq.
freq. 70 Hz). 70 Hz).
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Fig. 6. QPSK modulation with Rayleigh fading (channel 1, Doppler freql;é)gi_é')_ DQPSK modulation with Rayleigh fading (channel 1, Doppler freq.

70 Hz).

L . L is for the linear interpolation scheme for comb-type channel es-
The channel estimation at pilot frequencies is performed tﬁ%ation with LMS estimate at the pilot frequencies

using either LS or LMS. Then all of the possible interpola- Figs. 5-8 give the BER performance of channel estimation
tion techn_iques (Iingarinte_rpolatiop,_second OfderinterF’Olatioé‘lgorithms for different modulations and for Rayleigh fading
Iow_—pgss mterpolatlon, spllqe cubic |nter'polqt|on, and tlme d?:hannel, with static channel response given in (23), Doppler fre-
main interpolation) are applied to LS estimation result to inves: ency 70 Hz and OFDM parameters given in Table I. These re-
tigate the interpolation effects and linear interpolation is appli% Its show that the block-type estimation and decision feedback
to LMS estimation results to compare with the LS overall estsER is 10-15 dB higher than that of the comb-type estimation
mation results. type. This is because the channel transfer function changes so
fast that there are even changes for adjacent OFDM symbols.
The comb-type channel estimation with low pass interpola-
The legends “linear, second-order, low-pass, spline, time d@n achieves the best performance among all the estimation
main” denote interpolation schemes of comb-type channel ésehniques for BPSK, QPSK, and 16QAM modulation. The per-
timation with the LS estimate at the pilot frequencies, “blockormance among comb-type channel estimation techniques usu-
type” shows the block type pilot arrangement with LS estimatdly ranges from the best to the worst as follows: low-pass,
at the pilot frequencies and without adjustment, “decision feespline, time-domain, second-order and linear. The result was ex-
back” means the block type pilot arrangement with LS estimapected since the low-pass interpolation used in simulation does
at the pilot frequencies and with decision feedback, and “LMShe interpolation such that the mean-square error between the

B. Simulation Results
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Fig. 9. 16QAM modulation with AR fading (channel 1). Fig. 11. 16QAM modulation with Rayleigh fading (channel 1, SNR 40 dB).
10° T T T T - . tracking error in fast fading channel avoids improving the
performance. On the other hand, for slow fading channel, the
o BER of the decision feedback block-type channel estimation

tracks the channel much better compared to the other two
schemes as SNR increases.

The general characteristics of the channel estimation tech-
nigues perform the same as Fig. 7 for Rayleigh fading channel,

& 107 | whose static impulse response is given in Table Il for 1L6QAM
® = as can be seen in Fig. 10.
z E?"ngw Fig. 11 shows the performance of channel estimation methods
3::‘“5::";;“, for 16QAM modulation, Rayleigh fading channel whose static
107 plos s 1 response is given in (23) and 40 dB SNR for different Doppler

frequencies. The general behavior of the plots is that BER in-
b creases as the Doppler spread increases. The reason is the exis-

10 ) ) ) ) ) i tence of severe ICI caused by Doppler shifts. Another observa-
5 10 1’ 20 25 30 35 40 tion from this plot is that decision feedback block type channel
SNR (dB) estimation performs better than comb-type based channel esti-
Fig. 10. 16QAM modulation with Rayleigh fading (channel 2, Doppler freql.’natlon for low qup!er frequepmes as suggested in [11]. except
70 Hz). low-pass and spline interpolation. We also observe that time-do-

main interpolation performance improves compared to other in-

. . . . terpolation techniques as Doppler frequency increases.
interpolated points and their ideal values is minimized. These

results are also consistent with those obtained in [4] and [5].
DQPSK modulation based channel estimation shows almost
the same performance for all channel estimation techniques exi this paper, a full review of block-type and comb-type pilot
cept the decision-feedback method. This is expected becausddsed channel estimation is given. Channel estimation based on
viding two consecutive data sub-carriers in signal de-mappaock-type pilot arrangement with or without decision feedback
eliminates the time varying fading channel effect. The err@qualizer is described. Channel estimation based on comb-type
in estimation techniques result from the additive white noispilot arrangement is presented by giving the channel estimation
The BER performance of DQPSK for all estimation types isiethods at the pilot frequencies and the interpolation of the
much better than those with modulations QPSK and 16QAbhannel at data frequencies. The simulation results show that
and worse than those with the BPSK modulation for high SNRomb-type pilot based channel estimation with low-pass inter-
The effect of fading on the block type and LMS estimatiopolation performs the best among all channel estimation algo-
can be observed from Fig. 9 for autoregressive channel mod#ims. This was expected since the comb-type pilot arrange-
with different fading parameters. As the fading factar” “ ment allows the tracking of fast fading channel and low-pass
in (24) increases from 0.9 to 0.999, the performance of boifiterpolation does the interpolation such that the mean-square
block based methods and LMS improves. When fading &ror between the interpolated points and their ideal values is
fast, this means higher fading parameter, the estimation doemimized. In addition, for low Doppler frequencies, the perfor-
not improve as SNR increases. The reason for this is that tihhance of decision feedback estimation is observed to be slightly

VIl. CONCLUSION
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