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CHANNEL ESTIMATION IN DVB-T AND OFDM SYSTEMS

RETHNAKARAN PULIKKOONATTU

ABSTRACT. This document outlines the theoretical framework behitat pased channel estimation in an OFDM system. Funda-
mental concepts of optimal frequency domain estimationfisfige length channel are derived and illustrated. Prallicgtations

and implementation complexity of optimal algorithms offgompt to design sub-optimal estimation schemes. Somecstaclits

are discussed. Specifics of DVB-T from a channel estimat@spective is considered while discussing the specifics.

This document is a highly condensed version of the intereethriical report on channel estimation prepared by the same
authors from ST (Genesis Microchip group). Since this dosninis intended to a wider readership, the IP and implementat
details of algorithms and design aspects are not discuBsednternal ST employees, the detailed report discusdiraspects of
channel estimation in IP are available for reference. Tlpesof this document hence is restricted to the discussigeoéral
channel estimation of OFDM systems with specific system ustlely as DVB-T.

Date: 01 March 2007.

Key words and phrases. DVB.
ST Microelectronics (Genesis Microchip) India, www.strco



RETHNAKARAN PULIKKOONATTU

CONTENTS

1. Introduction
1.1. Data detection
1.2. Estimating the channel taps (Training)
2. Channel estimation
2.1. OFDM channel estimation: Deterministic noiselessdeh
2.2. Deterministic channel with AWGN
Fading channel scenario
Optimum Channel estimation for a wireless channel
Channel estimation implementation
Pilot pattern in DVB-T
Appendix B: Linear Prediction
. Simulink implementation
eferences

TONO AW



CHANNEL ESTIMATION IN DVB-T AND OFDM SYSTEMS 3

1. INTRODUCTION

A block diagram of OFDM system using cylcic prefix (or cyclieffx) is shown in Figurel .
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Figurel. OFDM system model figure

To avoid inter symbol interferencehe cyclic prefix lengthG must be atleast equal to the FIR channel lergthVhile
a largerG helps in improved detection (in noisy channels), the effedransmission rate and bandwidth are sacrificed
with it. Here for analysis, we nevertheless assui€ L. For L > G, channel output vector (receiver input) duentth
OFDM transmission is given by

[ Xn_g+1(m)]
0 . hpoy oo h hg 0 00 0] x
0 ... 0 ... hy I he ... 0 0 Xn 1 (m)
o . . . . . L Xo(m)
Xl(m)
Xa(m) | 4 v(n)
X3(m)
0 ... 0 ... hp1 hio ... hy he 0] |Xn-crilm)
_0 0 0 hL—l hL_2 h1 ho_
XN,Q(m)
| Xnv_i1(m) |

ICylclic prefix also helps us to realise a simple equalizencstire to reduce ISI damage as illustrated in section xxx.oAgnthe other (added)
benefits of cyclic prefix includes data aided frame/time &yogization schemes



After the removal of cyclic prefix (chop th@ columns of matrixC(n) and firstG' columns of receive input vector) we
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get the time domain signal (corruped by AWGN noise) vegtar) equal to,

ho ce 0 0 hr—1 hrp—o ho h1 - - -
X \%

o 0 p e [ |G
e O it Xy(m) Va(m)
hs ha h1 0 0 0 hs  hg Xo(m) Vom)
hL.*Q hL.*3 hLI*4 h.O 0 0 0 hL.—l X (m) i Vi (m)
hr_1 hp_o hp_s3 h1 ho 0 0 0 N—-G+1\Tlt N-G+1(

: : : : : : : b 7' v 7'

0 ceewii hi_1 hp_o hi_s hi_a he 0 XN zggg \?Y 2((7]7))
| 0 0 0 hi—1 hp_o hi_s hy ho L AN-1 ] L Vn—1(m) |

or simply,
y(n) = C(n)x(n)+uvn(n)

1) = Cn)FyX(n)+v(n)

Since the time domain channel mat€Xn) is circulant, it can be decomposed using the well known Eouliagonaliza-
tion to,

[Hy(n) 0 0 0 0
0 Hs(n) 0 0
(2) C(n) = F?V 0 0 Hg(n) 0 FN
L 0 0 .0 Hy_1(n)]
2A(n)

Using Eq2 on Eql, equivalent (and simple) frequency domain representatidime system can be arrived.

Y(n) = A(n)X(n) + V(n)
H(0)
H(1)
LMN: 1)]
H(1) V(1)

Figure2 and Eg4 shows the simplified model of OFDM .
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Figure 2. Frequency domain equivalent of OFDM system
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1.1. Data detection. Ignoring the subscript we could simply write,

(4) Y(n) =A(n)X(n)+ V(n)

Using results in Appendix (TBD) The LMMSE estimate vecioof the data vectoX can be obtained.
(5) X = RxxA (Ryv +ARxxA")'Y
(6) = AMD+AN)TY

D is again a diagonal matrix defined as,

—SJ\}RO 0 0 0
1

% D2 0 sz O 0

0 0 51\/1:1zN,1
Note that, Ecp is derived from Eq5 for the AWGN case where,
0(2) 0o 0 ... 0
2 :

(8) Ryy =¥ = O o 0 O

o o0 ... ... 012\,_1

Eq6 is the same as the following (for individual elements of arD@Fsymbol),

1
Vi, k=0,1,2,...,N—1

F o Tx 1 2

1.2. Estimating the channel taps (Training). To recover the transmitted data, the channel tAps(e needed. The most

comon training method is to allocate some tones to knownitrgidata. Channel taps can be estimated using these pilots.
Let usassume thaf/ (wherel < M < N) out of the N tones in the OFDM symbdY (n) correspond to a known

(training) data (see Figuréfor such an arrangement of pilots, usually called Comb tyifs). Let us denote, thé/

pilot positions (tones) a$k1, ks, ..., ky } and the training data containing on these tone§%s5Ss, ..., Sa}. Using

these we can write the linear relationship,

Sl (n) 0 0 . 0 1;;1 HO (n) Vk1 (n) Ykl (n)
i 2 me | (Ve | | Vi)
(10) 0 S0 0 R ) || Vi) | — [ Yt
Sum) (15, ] [Ham)] Vi m)]  [Yiu )
Sp(n) éf‘

Wherel, is a column vector of sizé x 1with all positions except at row numbeiare zeros. The row contain the value
1. For exampld , represents,

0
1

(11) L= 1=[0 010 ... 0
0

(12) Sp(n)L(n)H(n) +V(n) = Y,(n)

LS solution to this problem would provide the estimate,
(13) H(n) = (I"S}(n)S,(n)T(n)) " T*(n)S;(n)Y, (n)
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Figure 3. Frequency domain equivalent of OFDM system

From a statistical estimation point of view, the channeineste is not optimum because, the statistical correlations
(channel, input/output) are not considered here. Thusdhst Isquare algorithm for channel estimation provide only a
sub optimal esimate. However, this is close to the best onaloawhen the statistcs of the channel are unknown at the
receiver.

Using this method, the channel t&@se estimated on every symbol, assuming that some sulbrqaosi¢gions (one every
symbol) are allocated for for pilots. In practice channeids often estimated on a symbol by symbol statet instead
on every few symbols or so. Similarly, the number of pilotcaiers on a given (pilot) symbol) decides the closeness of
the estimate to the actual channel. The higher the numbef pilot subcarriers, the better the estimate would be. The
penalty again is wasting the bandwidth, whcih otherwisdadtbave been used for data transmission.

2. CHANNEL ESTIMATION

Most of the practical OFDM based systems have limited nurobeilots in the time-frequency grid. It is from these
pilots, the channel estimate at all time (symbol index) aeddency( sub carrier index) positions have to be computed.
Thus the problem in prestine form resembles to a two dimeasiestimation problem. The complex channel §aaries
across sub carriers (frequency axis) as well as from syna®lmbol (time axis).

It is much easier to visualise multicarrier systems in fesgry domain. The task of channel estimation involves the
computation of the channel gafii(k, n) at certain subcarriet (i.e., f = kA, ) for OFDM symbol index» (i.e., n-th
OFDM symbol in time).

While there are non-pilot based schemes studied in thalitex [Ratna], in this document, we considered only pilot
based channel estimation methods. Pilot based schemelsnases’ (to both transmitter and receiver) data sent at known
positions (fixed subcarriers and fixed symbols). At certaisitions on the time frequency grid, the data sent is known.
These known data is often called as pilot data and theiripasitis pilot positions.

Channel estimation techniques greatly works for the givtert arrangement considered. There are different waysthes
pilots cane be arranged on a 2D grid, based on the channatigas in time and frequency. Some of the commonly used
pilot arrangements are shown in Figli¥g Figure?? and Figure??.

ZStrictly speaking, the frequency domain channel is estchhere. The time domain tap values are obtained by perfgremDFT on them. That is
h(n) = DFT(H(n)))

3The channel may not vary (drastically) from one symbol toth@osymbol, due to which the channel need to be estimatedatrihtervals of
few symbols. Performing channel estimation too often detmaxtensive computational complexity, besides consumimagable bandwidth for pilots.
Design of pilots and their positions are thus based on thereiaharactersitcs and also the system complexity.

4Here channel gain refers to the channel attenuation. Inrgktigs value is a complex number, which means both amgiamt phase of the input
are distorted by the channel

Sknown both to transmitter as well as receiver



CHANNEL ESTIMATION IN DVB-T AND OFDM SYSTEMS

. OO0 000 000 @
. 000 000 000 @
. 000 000 000 @
. 000 000 000 |0
» O90 000 006 ©

] 000 000 006 ©
1, 000 000 000 @
1 000 000 00 @
1 000 000 000 @

OFDM symbol index (time)

Figure4. Block type pilot arrangement for OFDM
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Figure7. Comb type pilot arrangement for OFDM

These pilots are usually called scattered pilots (in DVBaflgnce for example) to distinguish them from the contiraiou
pilots ( also known as Comb type pilots).

At certain positions in time and frequency, the modulatipmbols X (k, n) will be replaced by known pilot symbols
S(k,1). At these positions, the channel can be measured. FRfuseows a rectangular grid with pilot symbols at every
third frequency and every fourth time slot (OFDM symbol). €Tjilot density is thud /12, that is,1/12 of the whole
capacity is used for channel estimation. This lowers noy tiné data rate, but also the available eneFyy N, . Both
must be taken into account in the evaluation of the speatichttae power efficiency of such a system.

It is useful, when the power on the pilot symbols are highantthat on data. broadly speaking, this helps in better
detection and estimation since it can provide higher naisaunity. But they are not good on rectangular pilot arrange-
ments like that in Figur@? because that would cause a higher average power for evep fokFDM symbol, which is
not desirable for reasons of transmitter implementatiomdén on power amplifiers and other analog circuits). A diedo
like Figure?? however can have this option availed, as indeed done in DVB-T

In the build up to channel estimation in practical systemy (3VB-T) we will consider a series of idealistic scenarios
to illustrate the concept of OFDM channel estimation.

Let us first consider a deterministic channel in noiselesaago.

2.1. OFDM channd estimation: Deterministic noiseless channel. In this case the channel in time domain has an FIR
structure withL taps. Stacking up the DFT output (frequency domain reptatien of channel output) of all th&/ pilots,
we get the vectoF ot

- - - g
S,
S,

H
iS]

1

2

iS]

@
iS]

3

SOSNSS
. *@m *@m *@m

(14) Ypilot = : =

Yora
Y,

pm

HP}W—ISP
L HPM SP .

Dividing the DFT output vectol,;;,+ by the known pilot data, we get the frequency domain chanoefficients
{H,,} at all the pilot positions. Once the channel coefficienthat/ pilot positions in the two dimensional grid are
obtained, the corresponding values at other points (nlgmsitions on the 2D grid) are obtained using 2D-inteagioh.

If any prior know-hows on the nature of the channel respotisgt,could be used in the interpolation algorithm. When
such informations are unavailable, then various intetmiatechiques may be used to find the best fit. Simple hold
based interpolation, polynomial,spline interpolatiord &inc interpolation algorithms are some of the commonlduse
interpolation schemes. There is a trade off between contpland closer match (to ideal channel) have a say in chosing
a particular interpolation method.

Let us investigate an example channel response to see himnedif methods fares with respect to channel estimation.
Figure 8 shows the exact channel response in time frequency plane. ciiinnel variation in time (for certain fixed
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Figure 8. Ideal Channel response

frequency) is shown in Figut@and channel variation in frequency (for some fixed time imisfgis depicted in FigurgO.
Figurellillustrates the comparative performance of various 2Drpaation schemes on the channel estimation.

2.2. Deterministic channel with AWGN. The 2D-interpolation schemes mentioned in the noiseless ey not yield
the best estimate of the channel, in the presence of (theppastent) AWGN in the system (channel model). In such
cases, some optimality criteria is devised to compute tla@cél estimate. One commonly used optimality crieria is the
minimum least square error criteria alias LS esimate. Hgegna first a noisy (rough) estimate of the channel at pilot
positions are computed. This is used by the LS estimatorrigooite the channel gain at all positions in the grid.

As done for the noiseless case, channel estimates adt/tpdot positions are estimated first. The DFT output corre-
sponding to thes@/ pilot positions is stacked to form the vectdy;;,: given by,

[ Y;Ul 1 le SP + Npl
YZDQ HP2SP + Npl
Y, H,

w
b
w

- "dtl)
+
S
S

(15) Yoyior = | : | =

PM -1 HP}W—ISP + Npl
L Y;DM L HPMSP+NP1 J
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Figure9. Channel response; Frequency view

On division by .S, the exact channel response at the pilot cannot be obtaihedio the presence of the additive
noise. However, a division is performed and the resultahteves chosen as the initial estimate (noisy nevertheeghpat
pilot positions. A conventional 2D interpolation (as donghe noiseless case) may be performed to obtain the channel
estimates at all points in the grid, but that is likely to beyverude or atleast sub optimal.A LS estimate result in a 2D
filter.

3. FADING CHANNEL SCENARIO

Fading is reminiscent of typical wireless communicatioamfel. Such a channel can again be modeled as an FIR
filter, with the tap coefficients non-deterministic (randomt is sometimes possible to model the probability disttibn
function (pdf) of these random coefficients. We will consideimple fading model without additive noise [4] [5].

Consider the grid of Figur&? for an OFDM system with carrier spaciny; = 1/7" = 1kHz and symbol duration
T, = 1250us [4]. At every third frequency, the channel will be measurad®in the timelT, = 5ms, thatis, the unknown
signal (the time-variant channel) is sampled at the samgiiequency of200Hz. For a noise-free channel, we can
conclude from the sampling theorem that the signal can mezed from the samples if the maximum Doppler frequency
Umaz fUlfills the conditionv,,... < 100H z More generally, for a pilot spacing dfl, the conditionv;,,, Ts < 1/8 must
be fulfilled. In frequency direction, the sample spacing/idiz. From the (frequency domain) sampling theorem, we
conclude that the delay power spectrum must be inside arvaltef the length o833us. Since the guard interval already
has the lengtt250us, this condition is automatically fulfilled if we can assunmat all the echoes lie within the guard
interval. We can now start the interpolation (according® sampling theorem) either in time or in frequency direttio
and then calculate the interpolated values for the othecton.
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Figure10. Channel response; Time view

Simpler interpolations are possible and may be used inipesftir a very coherent channel, for example, linear inter-
polation or piecewise constant approximation. Howevarafeeally time-variant and frequency-selective chanmase
methods are not adequate.

For a noisy channel, even the interpolation given by the sagitheorem is not the best choice because the noise is
not taken into account. The optimum linear estimator wiltleeived in the next subsection.

The density of the grid has to be matched to the incoherenttyeathannel, that is, to the time-frequency fluctuations
described by the scattering function. To illustrate thisaby

4. OPTIMUM CHANNEL ESTIMATION FOR A WIRELESS CHANNEL

Practical wireless channels are hostile. It is not possilenquley model a wireless channel that represent all igedct
communication links. Wireless channels are time varyind ean be frequency selective. Generally speaking, such
channels are modeled by a random process with a scatteriatjda of time and frequency.

Optimum estimate in the minimum mean square error (MMSE3&@fiten leads to nonlinear solution (exceptin some
special cases). However a linear MMSE (suboptimal, yet #s BIMSE under linearity constraint) can be wroked out. It
is found that such an estimate for a pilot based OFDM charsighation leads to 2D Wiener filter. A block diagram of
such an estimator is shown in Figur2 The estimator for a general pilot arrangement is derivéalvbe
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or simply,

(16)

OFDM subcarrier index (k)

Kp
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Figure12. 2D MMSE channel estimator
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14
HY,} are shown in red colour.

The M pilot positions in the channel grifF}, HY, . .....

I H(0Af,0Ts) — HY
H(0A,T)
H(0A,2Ty)
H(0A;,3T,)

H(0,4T,) — HY
H(0A;,5T,)

(18)
H((K — 1)A:f, (N —3)Ts)

H((K —1)Ap, (N - 2)T,) — HY,
H(K -1)Af, (N —-1)Ty)

From Eq 16 a linear MMSE estimate can be computed as,

The correlation matrixR g is given by
Let us denote th@/ pilot positions using a vector pair,

(K7, nh), (K5, nb), (K5, n8),...,..., (K, nh,), withn? kY € Zand0 <k} < K — 1,0 <n} < N -1, If we were to
think of the pilot positions in a one dimensional vector fothe pilot positions would be ak, p2, ps, - . ., . .., prp, Where

p; € Z,1 < p; < M. Itis easy to establish the relationship

(19) pj:1+(k§.’—1)K+k§?

We will denote the channel estimates at the pilot positians single array (vectofYpit,

T H(0A;,0T,) — H,y,
H(OA/ 4T.,) - Hpg
H(0A;,8T,) — H,,

H(Ay, T
(20) Hpilot - H(Af, 5Ts)
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In general for arbitrary pilot positioning, we can writeghiector (using the pilot position notatigr) as,

i H (kY Ay, niTs) — Hp, 1

H(kgA:fv nyTs) — Hp,
H(kgAf ngfs) g Hp3

(21) Hpitor = H(KAp,nPT,) — H,y,
H(Ag)[,lAj 77&],11—‘3) - HpM—l
H(kﬁ[AfN nljj\{Ts’) - HPM .
For the DVB-T case, the first few pilots (scattered pilotshi@frequency-time grid are positioned @t0), (0,4), (0,8),...,...,(3,1),

and soon. Thatis- H,, = H(0Ay,0T;), — Hp, = H(0Af,4T,), — H,, = H(0A;, 8T) etc.,
More generally,

(22) RHC* = [CO';D1 (RH) C0|p2 (RH) C0|p3 (RH) ... ...Coal (RH)}

. s

Where, Co}, (Rg) is thep;-th column vector of the channel correlation mafRiy .
R

The matrixR;C* has dimensio x M. MathematicallyR C* € CEXM,
We find thatR ; C* is nothing but the cross-correlation matrix formed by clatiag [ with Hpior. That is.,

(23) RuT™ = E [H Hpiot)
Similarly,

[ ROWpl (RHF*) 1
ROWp2 (RHF*)
ROng (RHF*)

(24) TRy =

|[Row,,, (Rp ™)
In other words,

(25) IRyl = E [HpiotHpjor)
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For our special case (DVB-T pilot positions),

Ry (0Af,0Ty) R(0Af, —4Ty) Ryu(—3Ay, —5T)

RH(OAf,4TS) R(OAf,OTS) RH(—?)Af, —1T%)

Ry (0A¢,8Ty) R(0A,4Ty) Rp(—3Ay¢,3Ty)
(26) 'Ryl =

RH(?)Af,TS) R(3Af, —3T5) RH(OAf, —4Ty)

Ry (3A¢,5T%) R(3A,1Ty) Ry (0A¢,0T%)

| R (Ky Ap iy Ts)  R(KyAp, (nhyy —4)Ts) - Ru((kh, —3)Ag, (nfy, —5)T;) |

(27) IA{LMMSE =Ry (RV + FRHF*)_l f{

In AWGN case,R, becomes a diagonal matrix with entries of noise to pilot powgo. In this casey = V/.S (awgn
noise samples scaled down by the pilot values) Eq 28 becomes,

(28) Hiwmse = RyDl* (D +TRyI*) ' H
where
(29) D:diag(af/Es,cr%/Es,...,0]2\/[_1/E5)

H= H, + v is the vector with noisy estimates at pilot positions.

While the optimum channel estimate is mathematically plepshe heavy computational burden often force such
techniques from implementation. Moreover, the estimageires the time-frequency correlation (scattering fumts) of
the channel. While the time correlations and frequencyedations are some times individually known, the 2D scattgri
functions are difficult to model. If the 2D correlations candecomposed to two 1D correlations (one in time and one in
frequency), then the optimum 2D filtering can be simplifiedwo separate 1D estimation filters. To retain optimality, it
is mandatory that the decomposition in Figa@hold good. This is very rarely met for arbitrary channel mede

o
NINN NN L L
NN NN

._ e ]

[

N

-
_

Wy

Figure13. 2D to 1D matrix decomposition
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Since the optimum 2D filter is prohibitively complex, sinfidd estimates are tried out. One obvious method is to have
individual 1D filtering. In this method, first a filtering ag@®time (for a fixed subcarrier pilot) is performed, followad
a frequency domain 1D filtering. The order of filtering (whettime interpolation to be done first or frequency domain
interpolation) is decided by the pilot positioning. In raegular, symmetric pilot arrangements, the order doesat al
performance, but for scattered pilots (diagonal schemdgti@ance) the order does matter. Figaetillustrates the x 1D
filtering concept.

Filter N

——
-

: L H(,(N = 1)Ts)
gy ()

=
>

Filter K

i : R, HP (R“ +]RH§)H§)>

Filter 2 y
Filter 2

: R p | Ru +R p p : S A, Ts)
i i Hth( Hth) ]RHfH? (R,,+1RH5H5) |

OFDM subcarrier index (k)

Filter 1 Filter 1

R p| Rv +R_p_p : N
Hfo< - Hth> = H(.,0Ts)

i i . RHth (RV +RHPHP)
t t Tt ~
—~
1 i

—

OFDM symbol index (time)

Figure14. 2 by 1D Wiener

The advantage of doing individual 1D filtering besides, thputational simplification is that, the correlation megs
can be precomputed, for some channel models. The time auttation function can be derived from the Doppler spec-
trum (inverse Fourier transform of Doppler spectrum gives autocorrelation function in time), whereas the freqyenc
correlation can be infered from the delay power spectrum.

(Ratna: Some examples to be given)

5. CHANNEL ESTIMATION IMPLEMENTATION

The section from here on wards are not for public use.

6. PILOT PATTERN IN DVB-T

In DVB-T, two kind of pilots are used. Even though, there isdifference in signal properties (or power), they are
distinguished by the respective hames, due to their arraagts on the time-frequency (2D) OFDM grid.

scattered pilots are distributed on the 2D grid in a diagéasdlion. Their time (OFDM symbol indey) and frequency
(sub carrier index) form the following simple relationship.

Wherekmin andkmax are pre defined values for the mode of operation. They arerdift for 2K and 8K modeSimin
value is 171 and 687 for 2K and 8K modes respectively. Theespondingcmax values areé87 and 7503 in respective
order.(Ratna:Values need to be added/verified). Sincerangefcomposite a8 symbols, the range of valuestake is
limited in the interval0, 67]
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Scattered pilots in DVB-T
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Figure15. DVB-T scattered pilots: Scattered pilots shown in magemsker. Data carriers are shown

in green. Only a segment of the complete time frequency duasve
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DVB-T Pilot pattern (2K Mode): Scattered plus Continuous
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Figure 16. DVB-T pilots: Scattered pilots shown in magenta and dataers in green. Continuous
pilots shown in blue markers.It may be observed that contisipilots may coincided with scattered
pilots at the continuous pilot tones. Only a segment of tine tirequency grid shown in figure.

7. APPENDIXB: LINEAR PREDICTION

N—
(32) Wn+1)= w(k)u(n — k)
k=0

=

wherew(k) fork =0,1,2,..., N — 1 are the coefficients of the prediction filter. The linear jcéat may be cast into the
Wiener filtering problem, where the desired respaf(se set equal tac(n + 1)
The Wiener filtering setup for (linear) prediction has theewér-Hopf system of equations as,
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DVB-T Pilot pattern (2K Mode): Scattered plus Continuous
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Figure 17. DVB-T pilots: Scattered pilots shown in magenta and dataers in green. Continuous
pilots shown in blue markers.It may be observed that contisyilots may coincided with scattered
pilots at the continuous pilot tones. Only a segment of tine tirequency grid shown in figure.

d(n)
z(n) I S d(n)
Pl wz) =Y wge > e(n)
=0
2(n) I S -
wo wi wa WN -1

7777777777777 %@—» d(n)

Figure 18. Wiener filter setup: Prediction



CHANNEL ESTIMATION IN DVB-T AND OFDM SYSTEMS 21

[ 72(0) ra(1) r2(2) ra(N = 1)]
r2(1) r2(0) ril ri(N —2)| [ wo rz(1)
r2(2) rz(1) 72(0) rH(N=3)| | w r2(2)
. . w2 — | 7=(3)
. . WN -1 Ty (N)
7o (N —=1) rp(N—=2) r,(N-3) ... r2(0) | ~——r ~———
Rzz dx
Optimum (Wiener/LMMSE) solution is,
(32) W =R, g,
z(n) ] en—1) [ z(n — 2) ] @n—-N+1)
z > 7 —> Z

/ /!
wo(r) wi (n) wa (n) w1 (n)
/ / / /

@ @ —»I— d(n)

e(n) «—@<—— d(n) =a(n+1)
Figure19. LMS for adaptive prediction

The LMS weight vector adaptation equation is given by,

(33) w(n +1) = w(n) + pkle(n)z” (n)]
Individual tap update (say tap weiglt ) can be written similarly,
(34) wi(n+1) = w;(n) + pE [e(n)z*(n — )]

NLMS (Normalised LMS) algorithm has a normalizatfdactor in the adaptation. NLMS update equation can thus be
written as follows.

(35) w(n+1) = w(n) + u%ew
x*(n —1) o(n
ECEDIE

To aoid the gradient noise amplification (whefm) is high), a slight modified version is used.

(36) wi(n+1) = w;i(n) + p

2 (n)

(37) w(n+1) = w(n) + Mme(”)
@®) it 1) = o) +p— D

8. SMULINK IMPLEMENTATION
TBD later

Here the adaptation coefficieptis not the same as that used in LMS. Same notation is useditdhienusage of too many symbols
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