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Abstract— The attainable capacity and integrity of a state-of-the-at
broadband multi-carrier communication system is highly sesitive to the
accuracy of the information available concerning the chanel conditions
encountered. The majority of existing advanced channel eishation
schemes assume knowledge of the channel's Power Delay P®f{PDP)
in order to estimate the corresponding instanteneous Charel Impulse
Response (CIR). It is evident however that in realistic mobe channels,
where at least one of the communicating terminals is in motio, the power
delay profile will also be time-variant and thus may not be knevn a priori
at the receiver. In this paper we propose a decision directecchannel
estimation scheme employing the so-called Projection Appximation
Subspace Tracking (PAST) algorithm. The PAST algorithm is tilised for
the sake of achieving low-complexity recursive tracking othe channel’'s
PDP. The achievable perormance of the proposed method is damented
in the context of an OFDM system communicating in realistic bannel
conditions characterized by a time-variant fractionally-spaced PDP.

|. INTRODUCTION

The ever-increasing demand for high data-rates in wiretets
works requires the efficient utilisation of the limited bandth avail-
able, while supporting a high grade of mobility in diversegagation
environments. On the other hand, Orthogonal Frequency sizevi
Multiplexing (OFDM) [1] is capable of satisfying these réauments.
This is a benefit of its ability to cope with highly time-vamia
wireless channel characteristics. However, as pointedro[g], the
capacity and the achievable integrity of communicationtesys is
highly dependent on the system’s knowledge concerning hbharel
conditions encountered. Thus, the provision of an accuanaterobust
channel estimation strategy is a crucial factor in achigvanhigh
performance.

The family of well-documentedlecision directecchannel estima-
tion (DDCE) methods [1], [3]-[5] provides a suitable sotutifor the

where at least one of the communicating terminals is in motibe
channel’s PDP will also become time-variant and thus maybeoa
priori known at the receiver. In this paper we propose a d&tis
directed channel estimation method, which employs theadled
Projection Approximation Subspace Tracking (PAST) aldponi [8]

for the sake of recursive tracking of the channel’s PDP ahdeguent
estimation of the instantaneous CTF.

Il. SYSTEM MODEL

The discrete frequency-domain model of the OFDM system can
be described as in [9]

y[n, k] = Hn, k|x[n, k] + wn, k], (1)

for k = 0,...,K—1 and all n, wherey[n, k], x[n, k] and w[n, k|
are the received symbol, the transmitted symbol and the skaus
noise sample respectively, corresponding to ke subcarrier of
the nth OFDM block. FurthermoreH [n, k] represents the complex-
valued Channel Transfer Function (CTF) coefficient assediavith
the kth subcarrier and time instance. In the case of anM-
QAM modulated OFDM systemx[n, k] corresponds to th&-QAM
symbol accommodated by ttk¢h subcarrier.

As it was pointed out in [5], in OFDM systems using a sufficignt
long cyclic prefix and adequate synchronisation, the suiecarelated
CTF can be expressed as

Hn,k| £ H(nT,kAf) = C(kAf) iﬂéz[n]wﬁwn,
I=1

)

wherew[n] is the fractionally-spaced CIR ard(f) is an aggregate
transfer function of the transmitter-receiver pulse-shggilter pair.
Note that in realistic channel conditions associated with-sample-

problem of channel estimation in OFDM-based systems. Thermagpaced time-variant path-delays(n) the fractionally-spaced CIR

benefit of the DDCE scheme is that in contrast to pupgligt assisted
channel estimation methods [6], [7] both the pilot symbdasweell
as all the information symbols are utilised for channel neation

(FS-CIR) &4 [n] £ a;(nT) will be constituted by a low number of
L non-zero statistically independent taps associated witindtive
propagation paths. The corresponding PBP:] constituted by the

[1]. The simple philosophy of this method is that in the alten pjean Square (MS) values{\le[nﬂz} may be identified as the

of transmission errors we can benefit from the availabilityl@0%
pilot information by using the detected subcarrier symtadsana

posteriori reference signal. The employment of this method allows

us to reduce the number of pilot symbols required.

The majority of the aforementioned channel estimation wdgh
rely on the a priori knowlege of the channel statistics comiyo
characterized by the channel’'s Power Delay Profile (PDPiosake
of estimating the instantenious Channel Impulse Respondettee
corresponding frequency-domain Channel Transfer Fumd@rF).
It is evident however that in realistic wireless mobile ahels,
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vector of the eigenvalues of the channel’s covariance matri

Cr = E{H[nH"[n]} = Win]diag (\/[n]) W],  (3)

where W is a (K x L)-dimensional matrix having the eigenvectors
of the channel covariance matriy[n] as its columns. The columns
of the transformation matriW span the so-calledignal subspace
of the random vector process associated with the subcaeleed
CTF Hin|. Furthermore, Equation (2) can be expressed in a matrix
form as

Hn] = Wn]a[n]. 4

I1l. PARAMETRIC FS-CIR ESTIMATION
A. Projection Approximation Subspace Tracking

Let H[n] € CK be the vector of the subcarrier-related CTF
coefficients associated with the channel model of Equatign As



described in Section Il, the CIR associated with the CTFfameft
vector H[n] is constituted by a relatively low number éf < K
statistically-independent Rayleigh fading paths. Therezsponding
CIR components are related to the CTF coefficigti{s, k| by means
of Equation (2). The motivation for employing the so-caltdspace
technique [10] here is that usually we halle< K and thus it is

5) The global minimum of (W), W does not necessarily contain
the signal eigenvectors, but an arbitrary orthogonal basis
the signal subspace @ as indicated by the unitary matrix
Q introduced in Property 1. In other words, we haé =
argmin J(W) if and only if W = UsQ, where Q is an
arbitrary unitary matrix.

more efficient to estimate a low number of CIR-related tapshi For the simple scalar case bf= 1, the solution minimizing
low-dimensional signal subspace than estimating allKhED-CTF J(W) is given by the most dominant normalized eigenvector
coefficients. of Cy.

Let A; andu; be the eigenvalues and the corresponding eigenvegyhsequently, Yang [8] proposes an iterative RLS algoritiom
tors of the CTF's covariance matri&y of Equation (3). Then, we tracking of the signal subspace of the channel's covariana@ix
have Cyy = ULU", whereX = diag (A;) andU = [u; - - - ug]. Cyy. Specifically, upon replacing the expectation value in Eigua

The eigenvalues aligned in a descending order may be erpresg) by the exponentially weighted sum of the RLS algorithne w

as arrive at the following new objective function
®)

n
)=y " H[i] -

where the firstL dominant eigenvaluedq,---,Ap in conjunction i=1
with the L corresponding eigenvectors;, - -- ,u; may be termed wherey e (0,1) is the so-calledorgetting factor which accounts
as thesignal eigenvalues and eigenvectors, respectively [8]. Th@r possible deviations of the actual channel statistiosoentered
remaining eigenvalues, 1, - - -, Ax and eigenvectors 1, -+ ,ux  from the WSS assumption. Observe that the sole differentecea
are termed th@oiseeigenvalues and eigenvectors. The resultant sgjse objective functions of Equations (9) and (10) is theddtrction

of signal andnoiseeigenvectors, which are column vectors, span thf the time-variant exponentially weighted sample covaréamatrix
mutually orthogonalsignal and noise subspacedls and Uy, such [g] which may be expressed as
that we have

6)

o2

AM > 2 A A = =Ax =
s A WEWlHIE,  (10)

i 7" H[m|H[m] = yCyln — 1] + H[n]H[n]

m=1

Crln] =

Us = [u, -+ (6)

The corresponding time-domain-relatedap estimate of the FS-CIR
vector «[n] may be obtained as follows

and Uy = [up1, - uk].

,ur)
(11)

instead of the time-invariant matri€y; = E{HH"} of Equation
A3).

The PAST algorithm may be derived by approximating the ex-
pressionWH[n]H[m] in Equation (10), which may be interpreted
as a projection of the vectaH[m] onto the column space of the
matrix W(n|, by the readily available posteriori vector a[m] =
WH[m] H[m]. The resultant modified cost function may be formulated
as

& = Ug§[n]H[n). (1)

Furthermore, the reduced-noise estimate of the CTF véd€fat may
reconstructed using

H(n] = Us[n]&[n]. ®)

For the sake of evaluating and tracking the potentially tirmgant
signal subspacédlg[n] we employ subspace tracking method de-
veloped by Yang [8]. More specifically, we consider the faliog
real-valued scalar objective function having the matriguanent of
W e ckxL

)= i 7" ™| Hm] — Wn]a[m]||. 12)

m=1

J' (Wln]

As is argued in [8], for stationary or slowly varying signatbe
aforementioned projection approximation, hence the na8TP
does not substantially change the error surface assoctadthe
corresponding cost function of Equation (12) and therefdoes
not significantly affect the convergence properties of tlesived
algorithm.

Similarly to other RLS estimation schemes [11], [12], thestco

JW) = E{||H - ww#H]|?}

=1tr (Cy) — 2 tr (W'CxW) + tr (WICHW - WW)
©)

As demonstrated by Yang in [8], the objective functipW) of

Equation (9) exhibits the following important properties function J'(W(n]) is minimized if
1) W is a stationary point off(W) if and only if we have . 1
W = U;Q, wherelU; ¢ Q(?KX)L contains anyL distinct W = Chia[n]Coa [1], (13)
eigenvectors ofCy and Q € CE*L is an arbitrary unitary where we have
matrix. Furthermore, at each stationary poiftiW) equals the n )
sum of these particular eigenvalues, whose eigenvectersar  Cpg[n] = Y_ 1" 'H[i]a"[i] = §Cpu[n — 1] + H[n]a"[n] (14)
involved inU; [8, Theorem 1]. i=1
2) All stationary points of/ (W) are local saddle points except,and
whenU | contains thel. dominant eigenvectors afy. In this n
case,/ (W) attains the global minimum [8, Theorem 2]. Cunln] = Z “i[i]a[i] = 5Cuu[n — 1] + a[n]al[n].  (15)
3) The global convergence & is guaranteed by using iterative i=1
minimization of J(W) and the columns of the resultant valueFollowing the RLS approach [8], a low-complexity solutioh the
of W will span the signal subspace 6f;. computational problem associated with minimizing the doattion
4) The use of an iterative algorithm to minimizeW) will always J'(W[n]) of Equation (12) may be obtained using recursive updates

converge to an orthonormal basis of the signal subspa€&;of of the matrixW|n]. More specifically, we have
without invoking any orthonormalization operations dgritne .
Win] = W[n — 1] + e[n]k"[n],

iterations. (16)



Algorithm 1 Deflation PAST

H, [n] _ HM (21a) Detector Decoder
for [=1,2,...,L do .
TH[n] S
a[n] = wi'ln — 1]H;[n] (21b) T Y :
_ 2 | !
Afn] = BAj[n — 1] + |ay[n]| (21c) :ﬂﬁl CTE I:I[nL CIR &[] CIR |antl Hint1]
e;[n] = Hy[n] — w;[n — 1]ay[n] (21d) sln)| Estimator Estimator Predictor %~ !
* | W]
wln] = wiln—1] +eln](af[n]/Aln)  (21e) | ol
H;1[n] = Hj[n] — w[n]ay[n (21) \Decision Directed Channel Estimator i
end for Fig. 1.  Schematics of a generic receiver employing Decidrected

Channel Estimator constituted by am posteriori decision-directed CTF
Estimator, followed by a CIR Estimator and arpriori CIR predictor.

wheree[n] is the estimation error vector, which may be recursivel

obtained as ¥Z PASD -Aided FS-CIR Estimation

In this section we would like to utilize the PA®Tmethod detailed
en] = H[n] — Win —1]a[n —1], (17) in Section IlI-B in the context of the decision-directed wchel
estimation scheme depicted in Figure 1.
while More specifically, our channel estimator is constituted hatwve
P[n — 1]a[n] refer to as an_a p_osterioride(_:ision-directed CTF estimatqr followed
= 7+ o [n]Pn — 1]an] (18) by ana posterioriFS-CIR estimator and ampriori CIR predictor [1].
We consider a PASD -aideda posteriori FS-CIR estimator, which
denotes the RLS gain vector. Furthermore, the malix] is the corresponds to the CIR Estimator module of Figure 1. As seen i
inverse of the CIR-related tapg'L x L)-dimensional covariance Figure 1, the task of the CIR estimator is to estimate the FS-C

k[n]

matrix C,q, Which can be recursively calculated as follows taps of Equation (2).
1 . ast-4gam-fr10-1x1-L-fd0.005 : 28-Jul-2006
P[n] = ETrl{(I — k[n]a®[n])P[n — 1]}, (29) 5 P - T
=
where the operatoTri{-} indicates that only the upper triangular 10 n=o.95fD=o.(L)3§ v
part of P[n] is calculated and its Hermitian conjugate version is N\
copied to the lower triangular part [8]. k
-15
B. Deflation PAST %_ZO \\\
In this work, however, we aim for maintaining the lowest polkes = \\
complexity hence we are particularly interested indledlatiornbased 25 \
version of the PAST algorithm derived in [8], which is refsdrto \
as the PASD algorithm. The simple philosophy of théeflation \
method is the sequential estimation of the principal corepts -30 N
of the CTF covariance matrixCy [13]. Consequently, we first \
update the most dominant eigenvector[n] by applying the PAST 35
method of Section IlI-A in conjunction witl. = 1. Subsequently, 0 5 10 15 20 25 30

the projection of the current sample vectHi{n] onto the updated SNR{dB]

eigenvectorw, [n] is subtracted from _itself, result?ng in a modifiedrig 2 MSE versus SNR performance exhibited by the 4QAM-GFstem

(deflated) version of the CTF vector in the following folHy[1n] =  employing thePASTD CIR estimator of Algorithm 1 and tracking = 2,4, 6

H[n} — wl[n]uﬂl{[n]H[ﬂ}, The second most dominant eigenvectoand8 CIR taps. The value of the PA$)Tforg¢tting factor was; = 0.95.

w;[n] has now become the most dominant one and therefore may ¥ Doppler frequency wagp = 0.005. Additional system parameters are
. . . summarized in Table I.

updated similarly tow, [1]. By repeatedly applying this procedure,

all the desired eigencomponents may be estimated. Thetarsul The achievable performance of the subspace tracking method

PASTD method i.s summarized in Algorithm 1. Section 11I-B is characterized in Figures 2, 3 and 4, wheredefne
A particularly important property of the PASTmethod of Algo-  {he Mean Square Error (MSE) performance criterion as fallow
rithm 1 is that as opposed to the PAST method of Section IlItA,

enables the explicit tracking of the time-variant eigenponents of MSE — E Z E [”]|2
the channel covariance matriy [1], namely the eigenvectos; [#] a ! ’

]
as well as of the corresponding eigenvalugf:| according to . . . )
wheree; is the FD-CTF tracking error defined by Equation 17. In
*

af[n] our simulations we consider an OFDM system havikg= 128

w[n] = wi[n —1] + T[H](Hl[”] —wn—1Ja[n]),  (20) orthogonal QPSK-modulated subcarriers. The system cegistics

are outlined in Table I. We employ an OFDM-frame-variant rafel

where we havey;[n] = wi[n — 1]H[n] and A;[n] = pA;[n — 1]+ model having a time-variant 8-tap PDP characterized by 06T
|l [n] ]2 207 BU channel model [14]. Additionally, each individualopa-

(22)
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Fig. 3. MSE versus SNR performance exhibited by the 4QAM-®FD Fig. 4. MSE versus SNR performance exhibited by the 4QAM-OFstem

system employing th€ASTD method of Algorithm 1. The values of the employing thePASTD method of Algorithm 1, while encountering different

PASTD forgetting factor wwerey = 0.9,0.95 and0.9. The Doppler frequency values of the PDP tap drift rate; = 3-1075,10~* and3-10~* as well

was fp = 0.005. Additional system parameters are summarized in Table |.as the Doppler frequency dfp = 0.005. Additional system parameters are
summarized in Table I.

gation path undergoes fast Rayleigh fading with a corredipgn 8fn, 1]
OFDM-symbol-normalized Doppler frequency ¢f = 0.005. The

.0 H[n,0] [ Ja f[nHl] —— Hnt1,1
resultant channel can be characterised as a mutli-patheighyl M .01 falrd ¢i[n] Gl L»
fading channel with slowly-varying PDP, where the relatiedayst; : : : : :

associated with different PDP taps vary with time at a raterdéined 3 el : |

by the drift rate parameter; © 4, K] %’ awln) ag ] § :
Firstly, Figure 2 characterizes the achievable FD-CTF M8Eqp- Kol Hin et A i

mance of the PASID method of Algorithm 1 for different rankg of vln, 7_] [, K1) Wn] [, K]

the estimated subspace, while assuming a constant valpe=09.95 L L

for the fgrgettlng factor. From Figure 2, We. may conclude mhlgh ig. 5. Detailed structure of the 2D channel estimator gpoeding to the
CIR estimator performance may be achieved when assumirntg tBg&cE module of Figure 1. The channel estimator comprises @TPhodule,
the estimated CTF signal subspace has a rank ef 4, regardless which performs recursive tracking of the CIR. The resultatR related taps
of the actual number of paths constituting the multi-patlarciel &;[n] are filtered by the adaptive RLS-based prediction filter Itgpin the
encountered. a priori estimates of the CIR-related tags[n + 1]. Finally, the a priori

Secondly, Figure 3 characterizes the achievable MSE pesioce estimates of the subcarrier-related co_efficieh{{m + 1,k] are obtained by

! ‘ - applying the transform matri¥/[n] provided by the PASTD module.
of the PAS™ method of Algorithm 1 for different values of the
forgetting factory, while assuming a constant rank af = 4 for
the estimated subspace. As may be concluded from Figuree3,
optimum value of the forgetting factor is largely dependent on the
SNR as well as on the Doppler frequency encountered. Neless,
the compromise value of = 0.95 appears to constitute a relatively
good choice in the practical ranges of both SNR values angBop
frequencies.

Finally, Figure 4 characterizes the achievable MSE peréme
of the PAS™ method of Section III-B for different values of the
OFDM-symbol-normalized PDP tap drift rate = T%, whereT is
the OFDM symbol’s duration, while and ¢ denote the speeds of
the communicating terminal and light, respectively. Obsehat the TABLE |
specific values of the parameter assumed in Figure 4 substantially SYSTEM PARAMETERS
exceed the maximum value considered in the base-line goenar
outlined in Table I. Consequently, we may conclude that thie C

mea priori RLS CIR predictor [15]. The task of the CTF estimator
seen in Figure 5 is to estimate the subcarrier-related CEFRicients
Hin, k| of Equation (2). The resultant estimated subcarriereelat
samples [n, k], which serve as an observation vector of the FD-CTF
coefficientsH[n, k| are fed to the PASD subspace-based tracking
module, which performs recursive tracking of the channetsari-
ance matrixCy signal subspace and the associated CIR-related taps.
The output of the PASD module is constituted by the instantaneous

Parameter | Value

tracking method of Algorithm 1 exhibits an adequate perfamoe Carrier frequencyf. 2.5 GHz
over the entire range of practical channel conditions. Channel bandwidtB 8 MHz
Number of carrierK 128
FFT frame duratioril; 16 us
IV. PASTD AIDED DDCE OFDM symbol duration] 20 us @ ps of cyclic prefix)
. : : . Max. delay spread;,x 4 us
_ The_ detal_led _schematlc of the chann(_el estlmatlon sgherrpnped Max_terminal speed 30 Iilm/h
is depicted in Flggre 5. Our.ch.annel estlmatorlls constitbiea bank Norm. Max. Doppler spreadi 0,006 = T-300 Az
of the per-subcarriea posterioriMMSE CTF estimators [1], followed Norm. Max. PDP tap drift~ 2410 0 js = T-012 pis/s

by the PASD -aided CIR estimator of Algorithm 1 as well as by



CIR-related tap estimateg[n] and the corresponding estimate ofsubcarriers. The system characteristics are outlined eTh We
the transformation matriW[n] of Equation (16). The CIR-related employ an OFDM-frame-variant channel model associatedh it

estimate vecto#; [n] is then fed into the low-rank time-domain CIR-

related tap predictor of Figure 5 for the sake of producing amiori

time-variant 7-tap PDP characterized by the COST-207 Blhiobla
model [14]. Additionally, each individual propagation pamndergoes

estimatei;[n + 1], I = 1,--- ,L of the next CIR-related tap-vector fast Rayleigh fading having an OFDM-symbol-normalized plep

on a tap-by-tap basis [1]. Finally, the predicted CIR is @ted to
the subcarrier-related CTF with the aid of the transforomatinatrix

frequency of fp = 0.003. We assumed the values = 4 and
n = 0.95 for the PAS™ module-related subspace rank and forgetting

W(n] provided by the PASD module of Figure 5. The resultant factor parameters respectively, as well as the valye €f0.9 for the
FD-CTF is employed by the receiver for the sake of detecting aRLS CIR-tap predictor-related forgetting factor. Additad system

decoding of the next OFDM symbol. Note that this principlguiees
the transmission of a frequency-domain pilot-based cHasmanding
sequence, such as for example a pilot-assisted OFDM syhidhg
the initialisation stage.

A. Performance Results and Conclusions

0 past-4gam-1x1-frame-drift0 : 28-Jul-2006
T T
e=10 ©
e=03 o
e=0.1 &
-5 €=0.03
L=4,n=0.95,3=0.9
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Fig. 6. (a) MSE and (b) BER versus SNR exhibited by the 4QANDOF

system employing thé?ASTD -aided DDCE. The value of the parameters
L =4,17=095andpg = 0.9 has been assumed. The Doppler frequency Wag4)

fp = 0.003. Additional system parameters are summarized in Table I.

The achievable performance of the PASaided DDCE scheme
proposed is characterized in Figure 6. In our simulationscoresid-

ered an OFDM system havirg = 128 QPSK-modulated orthogonal

parameters are summarized in Table I.

Figure 6(a) portrays the achievable MSE performance of the
PASTD aided DDCE for the pilot overhead raties= 0.03,0.1,0.3
and 1.0, wheree 0.03 and ¢ = 1.0 correspond to havin@%
and100% pilots, respectively. Furthermore, Figure 6(b) portrays t
corresponding BER performance of the r%te:urbo-coded QPSK-
modulated OFDM system.

In conclusion, in this paper we have discribed a PAST-aidB€CB
scheme. We have documented the achievable performanceeof th
PAST-DDCE method proposed in the context of an OFDM system
communicating in realistic channel conditions charaztati by a
time-variant fractionally-spaced PDP. We have demoredrahat the
channel estimation method proposed exhibits good perfocsaver
the entire range of relevant channel conditions, while gisia little
as 10% of pilot overhead.
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