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Abstract— An advanced decision-directed channel estimation commonly characterized by the channel's Power Delay Profile
scheme is proposed, which is suitable for employment in a (PDP) for the sake of estimating the instantenious Channel
wide range of multi-antenna multi-carrier systems as well a Impulse Response and the corresponding frequency-domain
for communications over the entire range of practical chanel . . ;
conditions. In particular, we consider a MIMO-OFDM system Channgl_TraUSfer Functl(_)n (CTF). It is evident however that
operating in a mobile wireless multipath channel, which exibits  in realistic wireless mobile channels, where at least one of
frequency-selective Rayleigh fading and is characterizedby a the communicating terminals is in motion, the channel's PDP
time-variant power delay profile. Both the mean square erroras  will also become time-variant and thus may not be a priori
well as the bit error rate performances achieved by the propeed known at the receiver. In this paper we propose a MIMO-

system are documented. Specifically, we report a virtually reor- . ..
free performance of a rate % turbo-coded 8x8-QPSK-OFDM DDCE method, which employs the so-called Projection Ap-

system, exhibiting an effective throughput of & 2=8bits/sec/Hz, proximation Subspace Tracking (PAST) algorithm [5] for the
while having a pilot overhead of only 10%, at an SNR of 10dB sake of recursive tracking of the channel’s PDP and subsgque
and an OFDM-symbol-normalized Doppler frequency of 0.003, estimation of the instantaneous CTF.
which corresponds to the mobile terminal speed of about 65
km/h.

Il. SYSTEM MODEL

|. INTRODUCTION A. Single Antenna OFDM System Model

Both the academic and the industrial research communitiesT he discrete frequency-domain model of the OFDM system
have achieved substantial advances in the field of practicain be described as in [6]
multiple-input multiple-output (MIMO) transceiver art¢bc-
ture [1]. Nonetheless, approaching the channel capacity in
reali_stic channel conditions remains a challen_ging_ prmblkm for k — 0,...,K — 1 and all n, wherey[n, k], z[n, k] and
particular, a ro_bust and agcur.ate channel e_stlmat|on n MIMw[n, k] are the received symbol, the transmitted symbol and
systems constitutes a major issue, preventing us from\achi

) . » . . the Gaussian noise sample respectively, correspondinggeto t
ing the high capacities predicted by the relevant thecabtl%th subcarrier of thesth OpFDM brl)ock FZrthermo?eH[ndlg]e
analysis. ’ i

. . . represents the complex-valued Channel Transfer Function
The family of well-documentedecision directedchannel P P

L . ) CTF) coefficient associated with thi¢h subcarrier and time
estimation (DDCE) methods [1]-[3] provides a suitable sol hstancen. In the case of an\/-QAM modulated OFDM

tlont for th_?hproblgm gf Chfinnflthestgngggn 'nhOFDM'?sSf%stem,x[n,k] corresponds to thé/-QAM symbol accom-
systems. The major benefit of the scheme is that i\, 4,0 by thesth subcarrier.

contrast to purelyilot assistecchannel estimation methods [4]

: : . As it was pointed out in [3], in OFDM systems using a
both the pilot symbols as well as all the information Symbo'ssufficientl long cyclic prefix and adequate synchronisatio
are utilised for channel estimation [1]. The simple phijoisp y 'ong cy P d y

of this method is that in the absence of transmission errers \t/\r/] e subcarrier-related CTF can be expressed as

can benefit from the availability of 100% pilot information L
by using the detected subcarrier symbols asagposteriori Hn,k] & H(nT,kAf) = C(kAf) Zo‘l [n]Wf{”/TS,(Z)
reference signal. The employment of this method allows us to 1=1

reduce the number of pilot symbols required. where a[n] is the fractionally-spaced CIR and(f) is an

Ttr]e dmaJ?r|ty frf the .afquf mer?tmne(: t;]:har;]nel eft'tmgt't(_) gregate transfer function of the transmitter-receivudseg
methods rely on the a prion knowlege ot the channel stass Ishaping filter pair. Note that in realistic channel condito
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y[n, k] = H[n, klz[n, k] + w[n, k], Q)



(MS) valuesE {|o[n]|?} may be identified as the vector of
the eigenvalues of the channel’'s covariance matrix

Cu =E{H[n]H"[n]} = Wn]diag (\[n]) W#[n],

y[nl Detector 8[n] Decoder

3)

eigenvectors of the channel covariance matlly[n] as its
columns. The columns of the transformation matfx span > Estimator
the so-calledsignal subspacef the random vector process™ |

associated with the subcarrier-related Cifffn|. Equation (2) \
can be expressed |n a matnx form as Decision Directed Channel Estimator

CTF
Estimator

CIR CIR

Predictor

18[n]

(4)

Fig. 1. Schematic of a generic receiver employing DDCE seheanstituted
by an a posteriori decision-directed CTF Estimator, followed by a CIR
Estimator and ara priori CIR predictor.

B. MIMO-OFDM System Model
We consider a MIMO wireless communication system

employingm, transmit andn, receive antennas, hence, th?eceive antennas. The corresponding MIMO-CTF matrix is
corresponding MIMO wireless communication channel is CO'Ebnstituted byd x 4 = 16 uncorrelated coefficients, which
stituted by (. » ) propagation I_|nks. Eurthermore, each ofave to be calculated using four recorded samples comgrisin
the corresponding, x m.) single-input single-output (SISO) the received signay[n, k], as well as four pilots or decision

propagation links comprises multiple statistically indadent based symbols estimating the transmitted sigpalk]. Notice
components, termed agaths Thus, each of these SISOthat even in the presence of tlepriori known pilot-based

propagati(_)n links can be _characteri_se_d amaitipath SISO o mitted signa|n, k|, the MIMO-CTF matrixH [n, k] may
crtwannell Q|scu§sed n SectloanI-A. Sérg'ﬁrgégme SISOegasnot be estimated reliably using a linear solution, such as fo
the multi-carrier structgre ot our ) transce'Vernstance the MMSE method [7]. Consequently, the estimation
allows us to characterise the broadband frequency—seeéectéf (ny x my)-dimensional MIMO-CTF matrixH[n, k]
channel considered as an OFDM subcarrier-related Vec}%uires a sufficiently sophisticated exploitation of bttle

of flat-fading Channel Transfer Function (CTF) coefficient%me_ and the frequency-domain correlation propertieshef t
However, as opposed to the SISO case, for each OFDM SYIMO-CTF coefficients

bol n and subcarriek the MIMO channel is characterized by a The schematic of the channel estimation method considered
(n, x my)-dimensional matri¥[n, k] of the CTF coefficients . ' Imat !

associated with the different propagation links, such that is depicted n l_:lgur_e_l. Ogrchannel estlmato_r is constitbte
elementH,; [n, k] of the CTF matrixH]n, k] corresponds to an a posterioridecision-directed FD-CTF estimator followed

S . . . . by a parametric CIR etimator and anpriori CIR predictor
?nieprzﬁzggatlon link connecting theh transmit andth receive [1]. As seen in Figure 1, the task of the CTF estimator

The corresponding per subcarrier discrete frequency-ijl)mIS o calculate the temporary estimatéf[n] of the CTF

a . . .
model of the MIMO-OFDM system can be expressed csoefflments. Subsequently, the task of the CIR estimator is
follows

0 track thea posteriori estimatesq,;[n] of the CIR taps of
Equation (2), which are then fed into the low-rank time-

y[n, k] = H[n, k]x[n, k| + w[n, k], (5)

where we introduce the space-devision-related vegtprsk],
x[n, k] andw(n, k|, as well as a space-devision-related x
my)-dimensional matrix of CTF coefficientbl[n, k]. Note

that similarly to the SISO case, the multi-carrier struetur,

of the MIMO-OFDM transceiver allows us to represent th
broadband frequency-selective MIMO channel as a subcarri
related vector of flat-fading MIMO-CTF matricdd[n, k].

IIl. CHANNEL ESTIMATION FOR MIMO-OFDM

The main challenge associated with the estimation of t
MIMO-CTF coefficients in the context of multi-antenna multi
carrier systems rests in the fact that, as opposed to the Sl
scenario outlined in Section II-A, the estimation of the MIM
CTFs constitutes a highly rank-deficient problem. More #pec
ically, we consider the MIMO-OFDM system model assoc
ated with thek-th subcarrier of the-th MIMO-OFDM symbol
and characterized by Equation (5). Let us assume a rehativi
simple MIMO scenario of havingny, = n, = 4 transmit and

domain CIR tap predictor of Figure 1 for the sake of producing
ana priori estimatey;[n+1], I =0,1,---, L of the next CIR

on a CIR tap-by-tap basis [1]. Finally, the predicted CIR is

converted to the CTF with the aid of the tranformation matrix

Wn| of Figure 1. The resultant CTF is employed by the

receiver for the sake of detecting and decoding of the next

E)FDM symbol.

A. Soft Recursive MIMO-CTF Estimation

heAt the first stage of our MIMO channel estimation scheme
we employ an array ofK per-subcarrier MIMO-CTF esti-
®@ators, which function independently of each other. Conse-
quently, for the sake of notational simplicity we omit the
subcarrier related indek in the following section. The Re-
ieursive Least Squares (RLS) algorithm [7]-[9] constitutes
rapidly-converging least squares algorithm. The RLS gitsm

& minimize the cost function created from the exponentiall
weighted and windowed sum of the squared error. Namely, we



have B. PASTD Aided CIR Estimation
Let H|[n] € CX be the vector of the subcarrier-related CTF

n

_ n—m H
Trrs[n] = ) ¢" e m, nlefm, nl, (6)  coefficients associated with the channel model of Equation
_ m=1 (1). As described in Section Il, the CIR associated with the
where, the error signai[m, n] may be expressed as CTF coefficient vectorH|[n] is constituted by a relatively

@) low number of L « K statistically-independent Rayleigh
fading paths. The corresponding CIR components are related
while ¢ denotes the forgetting factor. The corresponding RS the CTF coefficients/ [n, k] by means of Equation (2). The
estimate of then, x m;)-dimensional MIMO-CTF coefficient motivation for employing the so-called subspace technique
matrix associated with théth subcarrier of the:th OFDM  [10] here is that usually we have < K and thus it is more
symbol may be calculated as follows [9] efficient to estimate a low number of CIR-related taps in the
S H low-dimensional signal subspace than estimating all e
Hin] = (27" [n]6[n])", (8) FD-CTF coefficients.
where we define the MIMO-CTF estimator’s input autocorre- An iterative RLS algorithm for tracking of the signal sub-
lation function®[n], which may be calculated recursively aspace of the channel’s covariance mattly of Equation (3)
follows was proposed by Yang [5]. Specifically, let us consider the
n following RLS objective function
®[n] = ) (""slmls"[m] = (®[n — 1]+ s[n]s"[n], (9)
m=1

em,n] =y[m| — I:I[n]s[m],

_ , , J(Win]) =Y 0" ™| Hlm] — W [n]W"[n] H[m]|?,
while the MIMO-CTF estimator’s input-output crosscorrela m=1
tion matricesd|n] may be expressed as (14)

n

o . i wheren € (0,1) is the so-calledforgetting factor which

O[n] = Z (" "sm]y”[m] = (O[n — 1] +s[n]y"[n]. (10) accounts for possible deviations of the actual channdbtitat

m=1 encountered from the WSS assumption.

As suggested by thelecision-directedphilosophy of the  The PAST algorithm [5] may be derived by approximating
channel estimation scheme outlined in Section Ill, thestanthe expressiomV*[n] H[m] in Equation (14), which may be
mitted signal vectos[rn] may not always be readily availablejnterpreted as a projection of the vecfi{m] onto the column
at the receiver. More specifically, the transmitted sigresdtor space of the matri¥¥ [n], by the readily availabla posteriori

s[n] may be assumed to be knovenpriori if and only if vector a[m] = W¥[m]H|[m]. The resultant modified cost
s constitutes gpilot symbo] which occupies a small portion function may be formulated as

of the transmitted data-stream. Alternatively, whenever a N

information-carrying data-symbol is transmitted, theidsien- T(W _ n—m || Fiml — W 2 15
based estimate&n| become available instead. Unfortunately, (W) mzzln | H{m] [l (15)
however, the decision-based estimateare prone to decision

errors, which may potentially result ierror propagationand S 1S argued in [5], for stationary or slowly varying signals
thus in a substantial performance degradation. the aforementioned projection approximation, hence timena

Consequently, as pointed out in [8], [9], it is highly benefiPAST, gloes not substantiglly change thg error surfage iassoc
cial to exploit the probability-related soft informationaalable 2€d With the corresponding cost function of Equation (15)
at the output of the MIMO-OFDM system’s detector. Mor@nd therefore does not significantly affect the convergence
specifically, in addition to thehard-decision based valuesProperties of the derived algorithm. _ _
of the transmitted signal estimatég:] we may utilize the ~Following the RLS approach [5], a low-complexity solution
associatedsoftinformation-related quantities, such as the exf the computa/tlonal problem associated with minimizing th
pectations of the elements of the estimated transmittatakigCoSt function.J'(W(n]) of Equation (15) may be obtained

vectors = [3y, - , 4., ]7. Specifically, the expectation of theusing recursive updates of the matii[»]. More specifically,
ith transmitted symbol may be expressed as follows we have
§i=E{si} =Y cp{si=c} (11) Win) = Win — 1] + e[n]k"[n], (16)
ceM

where e[n] is the estimation error vector, which may be
Subsequently, we may define the following alternative err@scursively obtained as

signals
&[m, n] = ylm] — H[n]s[m], (12) eln] = H{n] = W(n — l]afn — 1], (17)
&[m,n] = y[m] — H[n]3[m]. (13) While

The error signals of Equations (12) and (13) may be substitut k[n] Pln — 1aln] (18)

= H _
into the RLS algorithms of Section IlI-A in order to yield the 0+ o] Pn — la(n]

hard and soft decision-based RLS CTF tracking algorithndenotes the RLS gain vector. Furthermore, the maktx|
respectively. is the inverse of the CIR-related tap&. x L)-dimensional



covariance matrixC,,, which can be recursively calculateddenotes the RLS gain vector. Furthermore, the maRj.]
as follows is the inverse of théth CIR tap’s(Npra X Npra)-dimensional

1 . sample covariance matrix, which can be recursively catedla
Pln] = ETII{(I — k[n]al[n])P[n — 1]}, (19)  as follows

1
where the operatdrri{-} indicates that only the upper trian- Pi[n] = = (I — ky[n]&j [n)) Pyn — 1] (25)
gular part of P[n] is calculated and its Hermitian conjugate _ B _ _ _
version is copied to the lower triangular part [5]. As it was pointed out in [13] the choice of the forgetting

In this paper, however, we aim for maintaining the lowed@ctor's values has only a moderate effect on the performance
possible complexity hence we are particularly interested ¢f the resultant predictor. Specifically, in our simulasowe
the deflationbased version of the PAST algorithm derived iSed the value suggested in [13], namgly- 0.9.
[5], which is referred to as the PASTalgorithm. The simple D. PASD -Aided DDCE for MIMO-OFDM
philosophy of thedeflationmethod is the sequential estimation The detailed structure of our MIMO-DDCE channel esti-
of the principal components of the CTF covariance matrixator, which follows the decision-directed channel estioma
Cy [11]. Consequently, we first update the most dominaphilosophy of Figure 1, is illustrated in Figure 2. Specifica
eigenvectorw; [n] by applying the PAST method in conjunc-our MIMO channel estimation scheme comprises an array
tion with . = 1. Subsequently, the projection of the currentf K per-subcarrier MIMO-CTF estimators of Section IlI-
sample vectorH|[n| onto the updated eigenvectap;[n] A, followed by a(n, x m)-dimensional array of parametric
is subtracted from itself, resulting in a modified (deflated}IR estimators of Section 11I-B and a corresponding array of
version of the CTF vector in the following fornffz[n] = (n, x my x L) CIR tap predictors of Section IlI-C, whete
H|[n] — w; [n]wY[n]H|[n]. The second most dominant eigenis the number of tracked CIR taps per link for the MIMO
vector ws[n] has now become the most dominant one arahannel.
therefore may be updated similarly i0,[n]. By repeatedly
applying this procedure, all the desired eigencomponeats m  1V. PERFORMANCEANALYSIS AND CONCLUSIONS
be estimated.

A particularly important property of the PASTmethod is
that as opposed to the PAST method, it enables the explicit

TABLE |
SYSTEM PARAMETERS

trackipg of the t@me-variant eigencomponents of the chhnne [Parameter | Value |

covariance matrixC'g[n], namely the eigenvectors,[n] as Carrier frequency/. 5.5 GHz

well as of the corresponding eigenvalue$n] according to Channel bandwidifB 8 MHz

*[ ] Number of carriersk’ 128

. arn FFT frame duratioril’s 16 us

wi[n] = wifn — 1] + (] (Hi[n] — wi[n — 1]e[n]), (20) OFDM symbol duratiorll’ 20 ps (@ us of cyclic prefix)

Max. delay spread,qs 4 us

where we havex;[n] = w¥n — 1]H[n] and \;[n] = BN\[n — Max. terminal speed 130 km/h

1] + |al [n”Q Norm. Max. Doppler spreagip 0.006 = T" - 300 Hz
C. RLS CIR Tap Prediction In this section we would like to characterize the achievable

Following the RLS-based adaptive CIR tap prediction aperformance of the MIMO-DDCE scheme of Figure 2in the
proach of [12], [13], the time-variarith CIR tap's predictor context of the MIMO-OFDM system. More specifically, we

filter coefficient vectorg,[n] is calculated by minimizing the COnsider a 2x2 MIMO-QPSK-OFDM system having =
following scalar cost function 128 orthogonal QPSK-modulated subcarriers. The system pa-

rameters are outlined in Table I. We employ an OFDM-
. . frame-variant channel model having the time-variant 7-tap
— n—1 _ Al 2
(o) = Z;ﬁ jali +1] = gipleali], (1) ppp characterized by the COST-207 BU channel model of
l__ _ [14]. Additionally, each individual propagation path ungiees
where 5 € (0,1) is the so-calledforgetting factor [12],  fast Rayleigh fading at an OFDM-symbol-normalized Doppler
which accounts for possible deviations of the fading precegequencie offp = 0.005.

encountered from the WSS assumption. The resultant reeursi Firstly, Figure 3 characterizes the achievable MSE perfor-

update forg,[n] is given by mance of the MIMO-DDCE method of Figure 2for different
_ _ 1% values of the MIMO-CTF tracking scheme’s forgetting factor
aln] = qiln =1+ kil = 1lein], (22) ¢. As may be concluded from Figure 3, the optimum value of
where the forgetting factot is largely dependent on the SNR as well
. - . as on the Doppler frequency encountered. Nevertheless, the
aln] = &ln] - giln — 1]éuln — 1] (23) compromise value of = 0.7 appears to constitute a relatively
is the prediction error, while good choice in the practical range of SNR values and Doppler
R frequencies.
Iil [ — 1]duln] (24) Secondly, Figure 4 characterizes the achievable MSE per-
B+ &g [n]Pi[n — 1],6u[n] formance of the MIMO-DDCE method of Figure 2for different

k:l[n] =



lé[n, 1]
yln. 1] Huln, = aun, 1] [feet dn 1) Hntl, 1]

—— MO TF , ) [CIR Tap >
stimator )z S |Qn,m, [, 141 Predictora,, ., [n{1]] =
gnrmt [nv 1] g : ~ é:
® = dll[n, L] Pe—— S| [n, L] N °
. f | [CIR Tap o | = .
. &, m, [0, LT Predictor % .
lé[n, K] 8 i,y [, L]
. = .
yln. K] [mivo-crefuln K1 || @ | Wl Hn+1, K]
R ) <N >
Estimator
_ - Whm, [1] -
H, m,[n, K]

Fig. 2. Detailed structure of the MIMO channel estimatorresponding to the DDCE module of Figure 1 in the context of IMO-OFDM system.
The channel estimator comprises an array of PASTD modulb&hwperforms recursive tracking of the MIMO-CIR. The reant MIMO-CIR related taps
&;j,1[n] are filtered by an array of adaptive RLS prediction filteraultisg in the a priori estimates of the MIMO-CIR-related taps ;;; [ + 1]. Finally, the
a priori estimates of the subcarrier-related coefficieFits: + 1, k] are obtained by applying the array of transform matrit¥s; [n] provided by the PASTD
modules.
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Fig. 3. MSE versus SNR performance exhibited by the 2x2 SODAMI-  Fig. 4. MSE versus SNR performance exhibited by the 2x2 SODAKI-

OFDM system employing the PASTD-aided MIMO-DDCE schemeigiife  OFDM system employing the PASTD-aided MIMO-DDCE scheme igliFe
2. The PASTD-DDCE parameters we¢e= 0.1,0.3,---,0.9 as well as 2. The PASTD-DDCE parameters wene= 0.9,0.95 and 0.99 as well as
n = 0.95, 8 = 0.9. The Doppler frequency wagp = 0.005. Additional ¢ = 0.7, 8 = 0.9. The Doppler frequency wagp = 0.005. Additional

system parameters are summarized in Table I. system parameters are summarized in Table I.

values of the PASD aided CIR tracking scheme'’s forgettingforgetting factorsn = 0.95 and ¢ = 0.7. From Figure 5
factor . Similarly to the choice of the optimum MIMO- we may conclude that a relatively high performance of the
CTF tracking forgetting factor, the optimum value of the PASTD aided CIR estimator may be achieved when assuming
PASTD aided CIR tracking forgetting factor is largely that the rank of the estimated CTF signal subspack 4s4,
dependent on the SNR as well as on the Doppler frequenegardless of the actual number of paths constituting thié-mu
encountered and the compromise valuenof 0.95 appears path CIR encountered.
to constitute a good choice across the practical range of SNRrinally, Figure 6 characterizes the achievable BER perfor-
values and Doppler frequencies. mance of the ratd turbo-coded SDM-QPSK-OFDM system
Furthermore, Figure 5 characterizes the achievable M&kploying the MIMO-PASTD-DDCE method of Figure 2.
performance of the MIMO-DDCE method of Figure 2foilThe DDCE parameters ar¢ = 0.7, L = 4, n = 0.95
different ranksL of the PASD aided CIR tracking-related and 6 = 0.9. Furthermore, we assumed a pilot overhead of
estimated subspace, while assuming a constant value of #986. Figures 6(a) and 6(b) correspond to the 4x4 and 8x8
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2and trackingL = 2,4, 6 and8 CIR taps. The PASTD-DDCE parameters are
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Additional system parameters are summarized in Table I.
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MIMO scenarios, respectively. We considered encountering

the

0.001,0.003 and 0.005. Observe, that the system proposed ,,2

OFDM-symbol-normalized Doppler frequenciesfof =

attains a virtually error-free performance of a raje turbo-
coded 8x8-QPSK-OFDM system, exhibiting a total bit rate ofa

8 bits/s/Hz8 MHz=64 Mbps and having a pilot overhead of

o

only 10%, at SNR of 10dB and normalized Doppler frequency
of 0.003, which corresponds to the mobile terminal speed of
roughly 65 km/A.

Our future research is related to reducing the pilot-ovatdhe
required, potentially leading to semi-blind channel eation
schemes.
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