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Block FIR Decision-Feedback Equalizers for
Filterbank Precoded Transmissions with Blind
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Abstract—In block transmission systems, transmitter-induced frequency-division multiplexing (OFDM) rely on inverse fast
redundancy using finite-impulse response (FIR) filterbanks can Fourier transform precoding to cope with ISI. Among the
be used to suppress intersymbol interference and equalize FIR ways to model block transmission of data is the unifying

channels irrespective of channel zeros. At the receiver end, linear
or decision-feedback (DF) FIR fiterbanks can be applied to framework of [10] that enables most of the currently used block

recover the transmitted data. Closed-form expressions are derived transmission systems to be realized using pairs of filterbank
for the FIR linear or DF filterbank receivers corresponding to  transmitters and receivers (transceivers). By introducing very
varying amounts of transmission redundancy. Our framework modest redundancy relative to channel coding, transmitter
encompasses existing block transmission schemes and offersyecoding also enables blind channel estimation and block

low implementation-cost equalization techniques both when . . .
interblock interference is eliminated, and when IBI is present as, synchronization [11]. The redundancy is in the form of cyclic

e.g., in orthogonal frequency-division multiplexing with insuffi- Prefix or zero padding (which acts as “guard interval”) and
cient cyclic prefix. By applying blind channel estimation methods, offers degrees of freedom that can be exploited when designing

our filterbank transmitters—receivers (transceivers) dispense with transceivers under BER and information rate (throughput)
bandwidth consuming training sequences. Extensive simulations constraints

illustrate the merits of our designs. o
g However, BER performance of the equalization process

_ Index Terms—Estimation, decision-feedback equalizer, FIR dig- depends critically upon the receiver structure. Serial deci-
ital filters. sion-feedback (DF) receivers have been shown to exhibit
superior BER performance (when compared to linear receivers)

|. INTRODUCTION and have the potential to achieve (under certain conditions)

. . . the performance of the maximum-likelihood receiver (see,
RANSMISSION precoding is proposed in this paper along 11 and 1181 for details). Moreover. with adaptive DFE
with decision-feedback equalization (DFE) in order to suppre 9. [l [18] 1S). ver, Wi v

; . X o Iseschniques, the DFE receiver structure lends itself naturally
intersymbol interference (ISI) in block transmission system

% decision-directed channel estimation [8 . 649-650
Equalization targets such “structured” I1Sl-induced errors thsgO [, pp b

. . ; . Blind DFE channel estimation methods have been also
are caused by multipath-induced frequency-selective chann posed (see [16] and references therein)
If the (presumed linear and time-invariant) channel is known, s their name suggestserial DF receivers apply the same
then its structured, deterministic effect on the transmitted sigq ers to every received symbol. Though serial DF receivers can
can be removed (or significantly reduced) by properly designg ‘

i t th . 4. On the other hand. ch used in block transmission systems, they do not fully ex-
equalizers at the receiver end. Ln e other hand, ¢ anIB%it the structure of the received blocks. On the other hand,

coding techniques (e.g., convolutional codes) are effective Bock DF receivers apply different filters to symbols of the re-

urrllstrl:r(]:turﬁd (n:mse—hk(ta)b symboll etzrrlors. Asl_ a Jesult,heve eived block and can result in improved BER performance. Un-
when the channel cannot be completely equalized, or When i ge g zero-forcing (ZF) DF receivers, which entail infi-

noise cannot b.e suppressed (as W'th. zgro-forcmg equahza}t fé—impulse response (IIR) feedforward and feedback struc-
of a channel with nulls close to the unit circle), channel COd'nt%res, we show in this work that block ZF-DF receivers are given

lowers (but does not remove) the error.floor in 'Fhe bit-error ra closed-form expressions, which can be implemented exactly

(BER) performar_lce at the expense of mtroduc_mg redundan sing finite-impulse response (FIR) filterbanks. Consequently,
To combat fading effects in frequency-selective channels, t ck DF receivers outperform serial DF receivers as we illus-

transmitter does not have only channel coding at its disposf'fltljl e in the simulations section

Redundant block transmission systems such as orthogon lock transmission systems with proper selection of

transmit-redundancy to obviate interblock interference (1Bl),
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Fig. 1. Transmit filterbank.

data, and the additive noise. Moreover, we derive closed-fofria extensive simulations. We summarize and give pointers to
FIR block DF receivers that exist even when IBI is preserfiiture research in Section VII.

which occurs with, e.g., OFDM transmissions with cyclic prefix Notation: Column vectors are denoted by boldface lower-
shorter than the channel response (see, e.g., [15]). Unlike [ddse letters; matrices are denoted by boldface capital letters.
where transceivers are expressed intk#omain and receiver For an M x P matrix A, its dimensions are denoted by
filters are IIR, our block FIR DF receivers can be realized ;. . The superscriptd’, H stand for the transpose and
exactly and outperform the hybrid block/serial DF receivasomplex conjugate transpose, respectively. The pseudoinverse
structures of [15] proposed recently for OFDM transmissionds denoted byt, I (0) denotes the identity (all-zeros) matrix,

Note that in our DF framework, the decision device produce$ag(d, di, ..., dy) denotes amM x M diagonal matrix
only one symbol estimate at a time. This in contrast to the blowith diagonal entriesi;, di, ..., dy, @ denotes Kronecker
DF framework of [18], where the decision device can be tunedsoduct, [-] denotes the ceiling-integer, arjd| denotes the
collect a block of received symbols, produces symbol estimafégor-integer. In our model, signals are sampled either at the
for the corresponding transmitted symbols, and asymptoticafiymbol rate or at the chip rate; the distinction is made using
achieves the performance of the maximum-likelihood receivélifferentindices. For example, for the signét ), s(k) denotes
In this paper, we do not make any claims with respect to tiee~th sample taken at the symbol rate, whereas for the signal
asymptotic performance of our block DF receivers, but we sha( - ), u(n) denotes thexth sample taken at the chip rate. For
that our closed-form block DF receivers guarantee exact Fiocks of samples we use the indgse.g.,s(i) denotes théth
equalization irrespective of the channel, and result in significalock of samples.

BER improvements, while requiring low implementation cost.
Although the main focus of our paper is to derive closed-form Il. MODEL DESCRIPTION

block DF receivers, we also exploit the inherent redundancy of|n this section we describe the discrete-time block transmis-
block transmission systems to equip block DF receivers wililon equivalent model of a baseband communication system.
blind channel estimation capabilities. Different from [4] andhe channeh(n) is modeled as FIR linear time invariant (LTI)
[6] where the channel is assumed to be known at the receivgforderLZ: h(n) = 0, n ¢ [0, L]. Fig. 1 depicts the transmitter,
we illustrate herein that transmitter redundancy can be used {fgich is an all-digital filterbank consisting of advance elements,
channel impulse response (CIR) acquisition. Hence, the tra@gswnsamplers, upsamplers, aWdFIR filters { £,,,(n)}) M= of
mitted redundancy does not only improve BER performance (@g&ler P — 1. The advance elements and downsamplers parse the
we show later on) but also can dispense with bandwidth capput symbolss(k) into A-long blocks, withM < P. Themth
suming training sequences. symbol of theith block is denoted by, (i) := s(iM + m),

In Section Il, we describe our transceiver model and lay < m < M — 1, and is generated at the output of thh
out the framework on which the rest of the paper is buitownsampler. With the insertion &f — 1 zeros at thenth up-
upon. In Section Ill, we derive closed-form solutions for Zsampler, the corresponding upsampler’s output is
and MMSE linear and nonlinear FIR receivers when IBI is B 0, nmodP # 0
eliminated through the use of transmitter-induced redundancy; Sm(n) i= { Sm(n/P), nmodP =0
in Section IV, we address the case where minimum redundangyere;, is the chip index. The output of theth transmit filter
causes IBI to be present. In Section V, we describe hqw
transmit-redundancy can be used for blind channel estimation,
and in Section VI, we study the performance of our transceivers Um(n) = sm(|n/P]) frm(nmodP)
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and the transmitted sequence is same amount restoring the original data rate. Transmit-redun-
M—1 dancy offers degrees of freedom that one can exploit to improve
u(n) = Z s(|n/P|M + m) fm(nmodP). (1) system performance. Specifically, it will turn out in Section Il
m=0 that IBI can be removed by proper selection of the block slze
The received;(n) consists of the noise-free datén) plus in Section V, transmit-redundancy will be used for blind channel
additive zero-mean stationary nois@n) estimation and thus blind DFE development.
L We conclude this section with a summary of symbols used
y(n) =z(n) +vin) = h(Du(n — 1) + v(n) throughout the paper.
=0 * M: source data block size?: transmitted and received
L M1 block size;L: FIR channel order.
- Z h(1) Z s(l(n = 0O)/P|M +m) * s(7): input data blocku(¢): transmitted data blochkg(i):
t=0 m=0 noise-free received data blogk(:): received data block.
“fm((n = Hmod P) +v(n). @) + Fis used for precoder matriced, is used for the channel

Although (1) and (2) result in a rather cumbersome  matrices.
input/output relationship, they can be expressed compactly in a« G denotes the linear equalizer matrilg (W) denotes the

matrix form. Lets(¢) := (s(¢iM)s(iM + 1) -- - s(iM + (M — (feedforward, feedback) filters of the DFE receiver (these
1)))¥ be theM x 1 vector denoting théth block of input data. symbols are defined in Sections Il and IV).

Then, by denoting the corresponding transmiti&tbng block

u(z) asu(i) = (u(iP)u(iP + 1) - -u(iP + (P — 1)))*, the ll. FILTERBANK RECEIVERS WITH NOIBI

vector form of (1) is One of the basic motivations for using block transmissions is

u(i) = Fs(i) (3)  thatISI can be eliminated completely using block FIR receivers.
where the elements of thé x M matrix F are The latter can be accomplished in two steps: first by eliminating
[Flp.m = fm(0), p=0, ..., P—1,m=0,... M-1. IB'I, and second by eliminating ISI within the symbols of a trans-

’ 4) mitted block.

Denote byx(:), y(s), andv(i) the P x 1 vectorsx(i) := From (5) we observe that the ma_ltr}il models IBI erm
(2(iP)z(iP+1) - - a(i P+(P—1))T, y(i) := (y(iP)y(i P+ the r_lext to the c‘urrent block. The firét elements of theth
1) ---yGP + (P — D), andv(i) := (0EPW(iP + 1) received blockx(:) are affected by the last elements of the
-w(iP + (P — 1)), respectively. Selecting the transmitted? — 1)th transmitted blocka(i — 1); as a result, only thé x
block length:P > L, the vector form of (2) is top right submatrix ofHl; is nonzero. Therefore, to eliminate

IBI it suffices to force the bottond x M submatrix ofF to

y (1) =x(&) +v(0) zeros, which suggests a precoder matrix
=Hou(é) + Hyu(i — 1) + v(i) Fr_iywm
=HFs(i) + H;Fs(i — 1) 4+ v(4) (5) F= < Orns ) : )
where theP” x P Toeplitz channel matricely, H, are defined ag (7) suggests, the number of symbols contained in a trans-
as mitted block of length? is P — L. Then, if we want to transmit
[Holp., ,p. :=h(p1 — p2), p1, p2 € [0, P —1] M input symbols, we neellf < P— L, whichleads to selecting

[Hilp, p, :=h(P+p1 —p2), p.ppefo,P—1. (6) '=M+Las the minimum block length which eliminates IBI.

As (5) indicates, the matriKlo models the ISI within the sym- With P = M + L, the received data model in (5) simplifies to

bols of a block, whereas the mat; models 1Bl from one y(i) = HoFs(i) 4 v(i). 8)

block to the one which follows it. _ We also remark at this point that (7) amounts to padding

A number_ofsmgle and multiuser modulation schemes can bg,og (or “guard chips”) at the end of each transmitted block.
modeled using the framework of (3) and (5) [10]. For exampl@s it will be explained in Section V, these trailing zeros can
OFDM is obtained by setting the entries Bfas [F],, .. = also be used for blind channel estimation. For the time being,
exp{j(2r/M)mp}, TDMA (time-division multiplexing) cor- \ve proceed to describe how to design the linear and nonlinear

responds t& = [Ty Orx(r-ap]”, and downlink CDMA - pEg filterbanks, under the assumption that CIR is available at
(code-division multiplexing) is obtained when one selects ase receiver.

columns of the precoder matrix the user codes. Our block trans-
mission DFE framework is thus applicable to perhaps asya- Linear and Nonlinear ZF Receivers
chronous (when IBI is present) multiuser downlink transmis-

sions (see also[5], and[17, pp. 382-384] for DFE-CDMAtrans,, ‘w4 4 channel matrill, (which is Toeplitz and full-rank

(r;ellj\llt?;ztlﬂ)the absence of possibly unknown frequency-select Vye construction), there exists a ZF equalizing filterbakkso

The redundancy per transmitted block is measured by theath(i) = s(i). The minimum norm ZF filterbank is unique
A _ + .
ratio(P— M)/ P, while at the receiver the rate is reduced by thgir\]g: :szglven byG = (HoF)" [10]. The equalized blocks are

It was proved in [10] that for a given full-rank precoding ma-

IWe assume continuous-time Nyquist transmit/receive filters and include R
their effect in the discrete-time equivalent chanhgl). 8(¢) = GHoFs(¥) + Gv(¢) 9
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s(7) u(i) y (@) 8(1) transmitted datag(i) = s(i) = §(i). In view of (11a)
— F H G — and (11b), the latter translates the ZF requirement to
WHoF =B + Iy xns- (12)

(i)
2) Noise-whitening: Because past decisions are assumed

correct, the noise at the input of the decision device is
W (i), and in order to whiten it we sele8V such that

Fig. 2. Linear filterbank transceivers.

wheres(¢) := (§(iM)3(iM + 1) - -- 5(iM + (M — 1)))*. The

structure of the linear filterbank receiver is illustrated in Fig. 2. WR,,W" =Dy, (13)
It consists of” FIR filters { g, (m)} ) =" each of lengthi/, with _ _ _
coefficients given by the entries & whereD,, is anM x M diagonal matrix.

3) Successive-cancellation: By successive cancellation we
mean that for every block indexed bythe (M — 1)th
9p(m) :=[Glmp, P = symbolis recovered first; then the estimaga\/+ 3 —1)
m=0,....,M-1 (10) is weighted by the last column & and is removed from
z(%) so that the remaining symbols can be recovered. The
At high signal-to-noise ratios (SNRs), the linear ZF equalizer ~ (M — 2)nd symbol is recovered next, and the estimate
is expected to equalize the channel perfectly. However, BER  3(iM + M — 2) is removed fromg(i). This procedure is
performance can be improved (especially at low SNR) in two carried out until all the symbols of the current bladkave
ways. First, by exploiting the finite alphabet of the input and been estimated. Successive cancellation is made possible
taking into account decisions about the symbols in the same by selecting the feedback matrB to be strictly upper
block. Second, by whitening the noise at the input of the de-  triangular.
cision device. It follows from (9), that the covariance matrix of In the case of white noiseR(,, = Ipxp), solving (12) for
n(i) = Gv(i)is: R, := E{Gv(i)(Gv(i))"} = GR,,,G™, W, and substituting the result to (13) we findoF)" (HoF)
whereR,,,, := E{v(i)v*(i)}; hence, in general the noise at= (B + Inxn)"Das(B 4 Inxar). As B should be strictly
the input of the decision device is not white. Noise whiteningpper triangular, the matriB + Ip;x s should be upper tri-
can be accomplished by properly selecthigndG when CIR angular with unit diagonal. Consider now the Cholesky factor-
is also available at the transmitter [10]. When CIR is unavaikation of thestrictly positive definitematrix (HoF)” (HoF)
able at the transmitter, both noise whitening and exploitation &f U”* DU, whereU is upper triangular with unit diagonal. We
finite alphabet/past decisions can be realized through our blggKectB + I, ns = U, and hence
ZF-DFE that we develop next.
Fig. 3 depicts the structure of the DF receiver. The decision- B =U—Iuxy W=D 'U "(HF)".  (14)
feedback equalizer consists of the feedforward filterbank repre- , » 2 . )
sented by thé/ x P matrix W, the decision making device and' NN it can be readily verified thaVvw™ = D™, which
the feedback filterbank represented by fhlex M matrix B. whitens the noise at the input of th_e decision dewc_e. In the case
The feedforward filter is responsible for eliminating ISI fronf colored NOISe, the f_eedforward filter needs to whiten the noise
“future” symbols within the current block, whereas the feecht the receiver by taking into account the autocorrelay.
back filter is responsible for eliminating ISI from “past” sym-Under the assumption thi,., is full rank, (14) becomes
bols. Now we look at how we can derive the settings for the
ZF-DFE by taking into account the known structure of the pre-
coderF and the channdi.
Let us define thélf x 1 vectorsiz(i) := (z(iM)z(eM + 1)
s 2(iMAM—-1)Y, ands(4) := (5(iM)3(iM+1) - -- 5(iM+
M - 1)) Based on (8) and (9) and by inspecting Fig. 3, wi
obtain

0,..., P—1;

B=U-Iyxm W =D 'UT(HF)"R;; (15)

whereU is upper triangular with unit diagonal, and is given by
the Cholesky factorization of trstrictly positive definitenatrix
H,F)"R;(H.F) = U"DU.
In white noise, the matrikH,F)* (H,F) is guaranteed to be
positive definite becausH, is lower triangular Toeplitz (and
thus always full rank), and" is selected to be full rank by
z(i) = Wy (i) = WHoFs(i) + Wv (i) (11a) our design in (7). Although the feedforward and feedback ma-
5(i) =z(i) — B8(4) (11b) trices in (14) are reminiscent of the “whitened matched filter”
ArN oy DFE pair (see, e.g., [17, p. 59]), existing serial and block DFE
s(i) = Q) (11c) matrices guarantee th&f”*U is only positive semi-definite.
Unlike zero padding, transmissions with cyclic prefix render
whereQ( ) is the quantizer used by the decision device. (HoF)™(H,F) circulant and thus rank deficient (or ill-posed),
We design our ZF-DF receiver so that it satisfies the followinghen the underlying FIR channel transfer function has zeros on
three requirements. the unit circle (or close to it). Our design in (7) assures posi-
1) Zero-forcing: By zero-forcing we mean that in the abtive-definiteness and is precisely why it satisfies perfectly the
sence of noise and under the assumption of correct pZst property regardless of the channel nulls with the block FIR
decisions, the decision statistic should be equal to ti¥-E settings of (15).
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Fig. 3. Block transmitter, channel, and DFE receiver.

Finally, we remark that the feedforward (feedback) filterbank First, we assume th@ is fixed and we obtain the matri®y
consists of” (M) FIR filters {wy,(m)}) =0 ({bm(n)}=g) of ~ which minimizesE{[e(¢)|*}. Using the orthogonality principle,

m=0
length M (M). The coefficients of the filters are given by thewe find thate(¢) should be orthogonal to(¢), which yields
entries of W andB, respectively, as E{e(i)yH(i)} —Oyp = WE{y(i)yH ()}
wp(m) :=[Wlm, p, p=0,..., P—1; N =B+ IMxM)E{s(i)yH(i)}_ (19)
m=0,...,M-1 By defining R, := E{x(i)x™(i)} = (HoF)R.;(HoF)™,

and using the fact that the additive noise is independent of the
transmitted data, we obtain

R,y :=E{s(i)y" (1)} = E{s()[HoFs(i) + v(:)]"}

Though at high SNR (ideally infinite) the ZF receiver is ex- =R,,(HoF)" = R;{s
pected to equalize perfectly the channel, at low SNR a Wiener Ry, =E{y()y" ()} = (HoF)Ry,(HoF)™ + R,
equalizer can lead to improved BER performance, because it =R, + Ry (20)
takes into account the noise component present in the receiveErO

data. This motivates looking into block MMSE filterbank re-. .
filterbanks via

b"l(n) = [B]rn,na m:(), ey M — ]_;
n=0,...,M—-1. (16)

m (19) and (20) we relate the feedforward and feedback

ceivers.
W = (B + Ly xn)Rss (HoF)™
B. Linear and Nonlinear MMSE Receivers - ((HoF)R,,(HoF)™ + R,.,,.)_l
Our block Wiener equalizer minimizes the mean square error = (B + I )Roy R (21)
s Yy -

(MSE) E{|5(i) —s(i)|3}. In the ensuing discussion we design a . . :
block linear and a nonlinear (DFE) receiver so that the MSE laterestingly enougy with the help of (17), can be written as

minimized. We assume that the channel makfix the precoder W = (B +_IMXM)G“““S‘“ WhiCh implies that ihe feedforward
F, and the correlation matric@,., R, are known. filter |s_the linear MMSE recelverfollowe_d B +1/xas) that
1) Linear MMSE ReceiverThe MSE can be written takes into account the block feedback fill&r Moreover, as we

as a function of the receive matiG as: J(G) = will see next the feedforward filter can be chosemvtiitenthe

E{3(i) — s()?} = E{u[(GHF — Ds(i) + Gv(i noise at the input of the deC|S|on_ deyme.

[(é'H(O)F - (I))s|(i}) + Gv{(i)gg{}. By setti)ng(; )the grasji)e]nt From (18) and (21) we can writg(i) as

Ve J(G) = 0 and solving forG, we obtain the value e(?) = (B + Inyar)e(d), (i) = RSszjly(i) — s(2).

G = G Which minimizes the MSE [10] (22)
By definingR.. := E{e(i)e™ (i)} and using (20), we have

-1
Gunmse = R FH (Ryy + HoFRLEMHY) T (A7) R = B{[R,,Ryly () — s()IRe, Ryly(0) — s}

. =R, - RsyRilRys
2) MMSE-DFE: A performance measure of a DFE receiver vy o
is the errore(k) at the input of the decision device(k) := =R., — Ry;(HoF)” (HoF)R,,(HoF)™ + R..)
5(k)— s(k). By defininge(i) := (e(:M)e(:M +1) - - - e(iM + - (HoF)R,,. (23)
(M — 1)))T, we have in vector forne(s) = (i) — s(¢). Using
(11) and the standard assumption of correct past decisions,
infer that

Invoking the matrix inversion lemnvaye obtairR... = (R !+
(\filﬁ)F)HR,;U1 (HoF))~!; thus, the covariance ef(z) in (22) is
given by

e(i) = Wy(i) — (B 4 Inssnr) s(4). (18) Ree:=F {e(i)e™ (i)} = (B 4+ Tarxar)Rec(B + Tnrxar)™

_ _ —1
= (B + IJWX]W) (Rssl + (HOF)HRbul (HOF))
The block MMSE-DFE receiver should minimize the mean (B + L) (24)
square erro{|e(i)|?}. Our problem is to find the feedforward o X ) S
filter matrix W and the feedback matrB given the precoder AS E{|e(8)|*} = tr{Rc.}, the minimization of MSE amounts
matrix F', channel matris,, input symbol correlatiol.,, and {0 Minimizingtr{R.. }, under the constraint théB + Ly x )
the noise correlatioR.,,. As before,B + T ;. should be IS upper triangular with unit diagonal. Consider the Cholesky
upper triangular, so that successive cancellation can be carrieg,, A, B, C, D matrices of compatible dimensions it holds that —
out. CB~'D)~' = A~'+ A='C(B— DA~'C)"'DA™!
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factorization ofR.., namelyR;! + (HoF)"R;}(HoF) = [L/Q]. The decoded symbols are givendfy. — d) = ZqQ:_Ol

UDU, whereU is upper triangular with unit diagonal. By G,x(n — ¢). MatricesGo, ..., Gg_1 denote the block equal-

settingB = U — I;«, We obtainR.. = D~1. AsD s izer's taps, and

diagonal, the noise at the input of the decision devicghige .

which renders symbol-by-symbol detection optimal. We have (Gq@-1-'*Go)mx(@r-r)

thus established the following: — (oMx(dfl)M Lossns OAlx(Qfd)J\l) (H]-")T (25)
Lemma: Under the constraint tha@ + I, s IS upper tri-

angular with unit diagonal, the:{R..} is minimized by set- with GQ,l the nonzero part o&g_1 := (Oprx L GQ,l), Ha

ting B = U — I/ «a, WhereU is a unit-diagonal, upper tri- (QP — L) x QP upper triangular Toeplitz matrix with first row

angular matrix given by the Cholesky decompositio®ef = (h(L)---h(0)---0),andF := I, o@F. As explainedin [10],

UDU. Plugging such 3 into (21) yields the MMSE-DFE d denotes the delay of the equalizer, which can be optimized

feedforward filterbankw . with respect to the SNR of the received block (see also [1] and
Concluding this section, we see that eliminating 1Bl greatlp1]).

simplifies the receiver structure, because in (8) the received

blocks contain only ISI-impaired symbols from only the correg, zF-DEE

sponding transmitted block. As a result, the receiver has to COPE& .~ DEE receiver of Section IlI-A can be modified so that
only with the factorHyF and the additive noise. A judiciously _, . ) o .
: . IBI is removed; we call the modified receiver ZF-IBI-DFE. The
designed precoddr guarantees the existence of closed-for . » o .
block receivers irrespective of the channel nulls Consequeaney observation stgms from (5): if the estlma(_e— .1) IS cor=
' rett, then by removingl; Fs(i—1) fromx(¢), 1Bl is eliminated.

our block DF receivers can be realized exactly, unlike ser:E en, the ZF-DFE of Section I1i-A can be used to retris(@.

ZF-DF receivers, which entail IR feedforward and feedba : . . .

. . der the assumption of correct past decisions, the noise white-

structures and can only be approximated when implementéd_ . . ars )

: . . _ness is preserved, because the neiggands(i —1) = s(:—1)

with an FIR tap-delay line. Furthermore, our block DF receivers ) . : .
) . are uncorrelated. Fig. 4 depicts the receiver structure, which

do not suffer from catastrophic error propagation, because . . . .

consists of two parts. The first part is responsible for removing
errors do not carry on from block to block.

IBI from the received datg(¢) to obtain

IV. FIR EQUALIZING WHEN IBI IS PRESENT v (@) =y(i) — HiFs(i — 1). (26)

In Section Il it was shown t_hat to eliminate IBF, has to be The second part of the receiver is identical to the ZF-DFE of
chosen so thaP” > M + L. Given the fact there are channels§ection lI-A. Hence. we have

whereL can be quite high (for example, in ADSL the channe

may have 100 taps), havindgredundant symbols may lead to a 2(i) :== Wy’ (i) = WHFs(i) + Wv(5)
substantial decrease in information rate, unless high values for o o s -
M are assumed (which will lead however to longer decoding de- s(1) =2(i) - Bs(@),  8(0) = Q5(1)) (@7)

lays). This imposes an inherent tradeoff between longer block . .
(i.e., decoding delays) and information rate. One can dispeﬁlNﬁereW’ B are given by (15). We underline that our approach

: . . €M8%ifferent from the one adopted in [15], where an one-tap DF
mth ;{E'S trahdeozfdpy ulsmg :ﬁ;ﬁtthﬁ@ redundant szmbo_ls € receiveris proposed for OFDM systems with no cyclic prefix. In
er through padaing 1ess railing zeros, or, by using a [15], IBl is removed from the received data as in (26), but then a
cyclic prefix of .Iength smaller than. Bot'h cases however, will linear MMSE block receiver is applied (). This approach
Iea_ld to 1Bl which can be remov_ed using a more complex r ould be characterized as “hybrid,” because IBI is removed in a
ceiver structure than that described in Section Ill. Hence, the- ¢ . bt the IBI-free data are equalized linearly
tradeoff “longer blocks versus information rate” can be replacedry . - _|s|-DEE receiver possesses three distinct advantages
by the tradeoff “small transmit-redundancy versus receiver cony.

. A ver its linear counterpart. First, as it can be deduced from (25),
plexity;” the latter does not possess only theoretical interest %l b (25)

holds practical importance as well. For example, allowing for}; perfect recovery of the transmitted symbols (in the absence

. . of noise), the matri#{F needs to be invertible. Different from
.IBI in OFDM SyStemS red_ucgs the required redundan_cy (t %te IBI-free case, the invertibility cHJF imposes restrictions
is the length of cyclic prefix) in long channels. In Section |

e compare our block DF aoproach with recent approache bn the selection of the precoder matiix(see also [10]). On
W P u PP Wi pp Stlll% contrary, the ZF-1BI-DFE requires only the positive-def-

handling long channelsin O.FDM [1.5]' Butfirst, letus d(.escribfﬁiteness of the matrixHoF)"HyF. Therefore, channels
.hOWIB! is removed using enheralmear_oraDFE receiver. %hich cannot be equalized with a linear receive-filterbank
in Section Ill, we assume here that CIR is available only at tr%%n be equalized as long as the maffiis chosen to be full
receiver. Section V with the blind channel estimation algorithn&lumn rgnk The secong advantage of the ZF-IBI-DFE is that
dispenses with this assumption. the noise componeWv (<) at the input of the decision device
is white; this implies that symbol-by-symbol detection (within
a block) is optimal. On the other hand, with the linear receiver
Itwas proved in [10] that if the receive filters are FIR of lengtithe noise at the input of the decision device is colored; hence,
QM, then a linear ZF equalizing filterbank exists; a necessasymbol-by-symbol detection is suboptimal. Finally, the third
condition for the existence of such a filterbankAs> M + advantage of the ZF-IBI-DFE is computational efficiency:

A. Linear Receiver
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— F H W Decision

H,Fy

Fig. 4. Precoder, channel, and ZF-DFE when IBl is present.

whereas the linear receiver requirgés FIR filters of length Ryy := E{y(i)y”(i)}, R:s = Isxs @ R,,, andRyy =
QM , the ZF-IBI-DFE require2M FIR filters of lengthA/. HrR:sHY +Rss, where

When compared to the ZF-DFE receiver of Section IlI-A, the
ZF-IBI-DFE is more sensitive to possible error-propagation, al- HoF  H,F Opsu
thoughitis not as sensitive as the serial DFE thatmay lead tocatHr := | Opxny  HoF  HF
astrophic error propagation unless frequently re-initialized with
bandwidth-consuming training. This is because the decisiogsy
taken on a block of data are used for recovering the next block. R,, Opy.p Opyup
However, as illustrated by the simulations of Section IV, the pos-
sible error-propagation does not have a catastrophic impact on
the performance of the ZF-IBI-DFE receiver, in the sense that it Opxr Omxm Ryw +HiFR,,(H(F)
still outperforms both its linear as well as its serial counterparts. (29)

Opxnm Opxar  HoF

77 := | Opxr Ry Opxpr

C. MMSE IBI-DFE Receiver ;'It\w/eer:] k|)ty|s proved in the Appendix that the feedforward filter is

As explained in Section 11I-B, a receiver’s figure of merit
is the errore(k) at the input of the decision device. We term (W_1 Wo W1) = (Oarsar Uz Usz) Res HF R7S
the DFE receiver which minimizes the MSE{|e(k)|?} in the
presence of IBl, as MMSE-IBI-DFE, and in this section we fin
the correspondir!g feedforward and feedback filters. _ Bo + Tasxar = Usy and Bj = Uss
Unfortunately in the presence of IBI the optimal DF receive
structure is IR, and a closed-form solution can only be given imhere U,,, U,z are M x M submatrices of th&M x 3M
thez-domain (using, e.g., the techniques in [4] and [17]). To renatrix Usa;sx3ps
duce the complexity of implementation and provide a tractable U U U
closed-form solution, we study a three-block MMSE-IBI-DF 1 12 13
receivee We start from the following observations: 1) the Usyvxsv = | Omwxnr Uz Upss (30)
received blocksy(4), andy(: + 1) contain information about
the transmitted blocls(¢) in (5); and 2) the received block o N
y(i —1) contains information about the transmitted bIocP’i‘”dUﬂ“i’)M s given by the Cholesky decomposititty s +
s(¢ — 1) (note thaty(i) contains IBI froms(i — 1)). Our HyRooHp = Ugyy sy Darvixan Ushixam -
three-block MMSE-IBI-DFE receiver utilizes the information €oncluding this section, we see that in the IBI case the re-
given byy(i — 1), y(4), andy(i + 1) for the recovery of(i). CeVer structure becomes more complicated than that in IBl-ab-

As a result, in matrix form the feedforward and feedback filter2€Nt case. Still, our block DF receivers are given by closed-form

&nd the feedback filter is given by

Oarxar Omrxar Uss

have the following form: expressions and, thanks to our judicious design of the transmit
precoder, their existence is guaranteed regardless of the FIR
W, =W_16(i + 1) + Wod(é) + W16(i — 1) channel.

B; =B_16(i + 1) + Bod(z) + B16(¢ — 1). 28
18 ) 0d(é) 18 ) (8) V. BLIND CIR ACQUISITION

To derive the settings of the block MMSE DF receiver, we |5 sections IIl and IV, we saw that transmitter-induced re-

introduce the vectors(i) == (y*(i + 1) y*(4) ¥ (i — 1)) dundancy can be used to mitigate (or eliminate completely) the
ands(é) := (s”(i+1) s* (i) s* (i—1))*. Under the assumption effects of IBI. In this section, we explore how transmit-redun-
that E{s(i1)s™ (i)} = Rss0(i —42) andE{v(i1)v™(i2)} =  dancy can be used for channel estimation. As the receivers of
R, 8(i1 —i2), it can be verified that foRs5 := E{8(¢)5" (1)},  sections Il and IV depend on the knowledge of the precoder
and the channel matrices, accurate channel estimation plays an

3Though suboptimal, our three-block receiver outperforms the ZF receivémportant role in the BER and throughput performance of the
in almost all simulation examples of Section VI. overall system.
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Blind channel estimation dispenses with transmission eP.2 determine the eigenvector$vl}IQ=(1P_M)_LJrl corre-
training sequences, which results in bandwidth savings. More-sponding to th&)(P — M) — L + 1 smallest eigenvalues of
over, in the case of fast time-varying channels, the ability to ??H, and for eacli form the(L + 1) x LP Hankel matrix
blindly estimate the channel emancipates from the assumptioryy; with first column(0;  , 7(0))? and last row¥™ 01 1)
that the channel remains constant during transmission of 2 3estimate the channel vecthras the nontrivial solution of:
training sequence and the subsequent information data. On _ —
the other hand, in slow time-varying channels (for example, h (Vl"'VQ(P—M)—LH) (Iox@ @ Fo) = 01xqum
slowly moving vehicles) channel estimates can be updated in
an adaptive fashion.

In this section, we utilize the blind channel estimation algo-
rithms of [11] and [12] and apply them to our block FIR DF

The blind channel estimation algorithms will be used in our

lock DFE receivers to render them self-recovering. A study

filterbanks at the receiver end. These algorithms require only ful thi d is will be d ived in the fol-
an upper bound on the order of the FIR chanigl), do not |owizg§3§§§§5 Hl IS endeavor is witl be described in the 1o

pose any restrictions on the FIR channel zeros and are robust
even when the channel order is overestimated. These features
make the aforementioned channel estimation methods suitable
not only for the blind linear filterbanks of [11] but also for In the previous sections, we saw how transmit-induced re-
our block DFE filterbanks. The basic idea is th¥treceived dundancy: 1) facilitates the derivation of closed-form expres-
data blocks are collected and from them we obtain the estions for block DFE receivers which can be implemented ex-
mated channel vectds. This vector is used to construct the?‘Cﬂy With FIR filterbanks; 2) guarantees char_mel invertibility

estimated channel matricd$,, H;, which are used to define |rrespect|ve of channel nuIIs_; 3) enables redluctlc_)n oferro.r prop-
along with our precodeF the matricedV andB under the ZF- agation; and 4) allows for blind channel estimation. In this sec-

or MMSE-DFE criteria. Our goal is to evaluate the performanﬁ[é)n' we present simulation results to verify our claims and il-

P ; ; trate the characteristics of our filterbank transceivers. In all
of the channel estimation algorithms and study the impact of . L ;
possible errors on the BER performance of the overall syst § ngFIJEIeRSi,StEZI(f:ISIL;;E do;\r/r:;t ilr? Bo%/zr%%gl{ﬂu;rigog?}c{) ]\57 (i)r.nula-
(for a similar study on serial DFEs, see [2]). In this section, W hs assuming BPSK modulgatign
provide a brief description of the blind algorithms of [11] ané 9 ’
[12] and we defer the performance study for the simulations sg¢- Receiver Performance with no IBI

tion. .
WhenP = M + L and IBl is absent, the blind channel esti- Example 1—Block MMSE-DFE Achieves Lowest BB

mation method can be summarized in the following steps consider a zero-padded OFDM precoder with= M + L.
g steps. Specifically, M = 32, P = 36 for a known FIR channel

of order L = 4 with zeros at0.8, 1, 0.9 exp(j97/20),
1.1exp(—j97/20). Fig. 5 depicts the BER performance as a
function of £, /N, whereE, = E; = tr{FoFl'}/M. The
sl.1lcollect N > P blocks of data to form the matri¥ := input correlation matrix isR,, = Iy xa, and the additive
(y(0)---y(N — 1)) noise is zero-mean white witR.,, = 02Ipyp, ande? = N,,.
s2.2determine the eigenvectorgv; }%_ | , which correspond to The precoder matrix i¥, = [F],,,, with trailing zeros; i.e.,
the L smallest eigenvalues af Y’ and for each form the

VI. SIMULATION EXAMPLES

Hankel matrixV; with first column(v;(0) v;(1) - - - vy (L)) " m amn
and last row(v;(L) vi(L + 1) -+ v (P — 1)) :{CJ P OsmsM-1; 0snsM-1
s1.3estimate the channel vecthras the nontrivial solution of; 0: M<m<P-1, 0<n<M-1

W (V, Vi) wanxmr = 01 From Fig. 5 we observe that the block DFE receivers outper-
form the linear receivers in both cases. As expected, as the SNR
Ey, /N, increases, the performance improvement becomes more
WhenP < M + L, 1Bl is present and our algorithm follows evident. _
these steps: Example 2—The Precoder Does Make a Differente:
test whether the selection of a precoder matrix has an impact
on BER we have simulated the system of Example 1 using
three different precoders: the OFDM precoder of Example 1, a
) Hadamard precoddfan, and the optimal ZF-precod@;
s2.1collect N > QP + L +1 blocks of data, withQ = [(L 4+  of [10]. The precodeFy 4, is given by the MATLAB function
1)/(P = M)], to form the(QP — L) x N matrix Y: hadamard(M) concatenated with trailing zeros. The firdf
rows of Fp,; are given byVo, A, Y% whereV,,;, Ao, are
obtained by eigendecomposifff R} Ho = Vopi Ao VL,
y(0) e y(N-L-1) (for the optimal precoder, the channel is assumed known
both to the receiver and the transmitter). Fig. 6 depicts BER
performance of the four receivers of Section Ill. These results
yiL-1) ---  y(N-1) (@P+1)x(n—r)  indicate that the precoder’s choice does make a difference. As

Y= (O(LM+M+1)><L I(LJ\4+J\4+1)><(LM+J\4+1))
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SNR (dB)
Fig. 5. Receiver BER performance.
it can be deduced from the figureB,; results in the best its linear counterpart, the difference in performance is not as

BER performance and its performance for all four receiversnoticeable as the one observed in Example 3.
is identical. This is becausE,,; diagonalizes the channel (a

related observation was made in [19]). C. Block DFEs with Blind Channel Estimates
Example 5—BIlind Channel Estimation in the Absence of
B. Receiver Performance with IBI IBI: To study the performance of our blind DFE algorithm,

Example 3—Transmitter-Induced Redundancy Improv&€ Use the settings of Example 1, but now the c.hannel.matrix
BER Performance:We use an FIR channel of ordér — ¢ Ho is not known at the receiver end. The receiver estimates

with zeros at 10.9 exp(j97/20), 1.1 exp(—597/20), —0.8, the channel .matrixHo and usin.g thg estimgtHo defines

0.5j, —2j. We study the performance of the three receivers the receive filterbanks as explained in Section IIl (of course
Section IV and of the “hybrid” receiver in [15], whel = 18, the receiver knows the trans_mlt precode_r). Fig. 9 depicts t_he
Q = 2 (which results in? = 21) andQ = 3 (which results in performance of the four receivers. Even in the blind scenario,
P = 20). Fig. 7 depicts BER performance of the four receiver%,he block DFE filterbanks exhibit better performa}nce than their
We observe that the linear receiver does not suffer from notiddlear counterparts; the block MMSE-DFE receiver shows the
able BER performance degradation when less redundancyPfst BER performance. Moreover, Fig. 9 indicates that in our

used. However, the BER performance of block DFE receivepiock approach to blind equalization, channel estimation errors
is worse when a smaller number of trailing zeros is usef© not result in catastrophic errors in the DFE receivers. Con-

Moreover, it is evident that the block MMSE-IBI-DFE receivefréry to serial DFE schemes, error propagation in block DFEs

yields the best BER performance. Note that in this exampfe limited” within a block. As expected, the BER performance

we have used a TDMA-like precoder, which corresponds R;all receivers is worse than that of the receivers in Example 1.
F = (Tnisar Oprw(p—nn)”- ’ Example 6—Blind Channel Estimation in the Presence of Se-

Example 4—Channel Equalization with Minimum Rrevere IBI: Similar to Example 5, we use the settings of Example

dundancy PrecodersWe have tested the extreme case df- Fig. 10 depicts the performance of the three receivers. As in
P = M+ 1usingM = 10, L = 4 (the channel of Ex- Example 5, we observe that the DFE receivers perform better

ample 1) andP = 11. Fig. 8 shows the performance ofthan the linear receivers. By comparing Fig. 10 with Fig. 8, we
the four receivers. From the figure we deduce that still tHRPS€rve that, as expected, the BER performanc??:s worse in the
MMSE-IBI-DFE receiver has the best BER performancd!ind scenario by approximately 5 dBBER = 107"

Although the ZF-IBI-DFE receiver has better performance thﬁ Block MMSE-DE Receivers Versus Serial MMSE-DFE

4Note that the performance of the OFDM precoder can be improved by prof8eceivers

power allocation across subchannels. Such a performance improvement is fur,, . .
ther testament to the role of the precoder matrix; design of the optimal transmitAS the previous examples motivated the block MMSE DF re-

precoder is beyond the scope of this paper. ceivers as the best choice (with respect to BER), we compare
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Fig. 6. Receiver BER performance for different precoders.
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Fig. 7. Redundancy improves performance.

them to the serial MMSE-DF receiver of [1] in the practical consur study, we look at “Channel A” of [3], which models a typical
text of HIPERLAN/2. HIPERLAN/2 is a broadband communi-office environment as an FIR filter with Rayleigh fading statis-
cations standard operating over 20 MHz in the 5-GHz band. fies and delays in the range 0-390 ns with a spacing of 10 ns.



STAMOULIS et al: BLOCK FIR DF EQUALIZERS FOR FILTERBANK PRECODED TRANSMISSIONS

[ linear zf
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Fig. 8. Channel equalization with minimum possible transmit redundancy.

Blind OFDM TZ
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mmse-—dfe
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Fig. 9. Blind channel estimation in the IBI-free case.

As 40 taps constitute a rather long channel, we have truncataiver, the symbol-spaced feedforward filter has lengthand

SNR (dB)

79

the channel td. = 11 (by retaining 90% of its energy); notethe feedback filter has length+ 1; both filters were calculated
that the taps do not have equal average relative powers [3]. W&ng (34) and (35) of [1]. The block transmission scheme uses
generated 50 such random HIPERLAN/2 channels and we d@= 16 and the precoder matrix appends trailing zeros (TZs) at
eraged the corresponding BERs. For the serial MMSE DFE ithe end of every input data block.
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Fig. 10. Blind channel estimation under severe IBI.
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Fig. 11. Block transmission versus serial transmission.

Example 7—Block Transmission Improves BER Perfareceiver, when CIR is available at the receiver. We observe that
mance: Fig. 11 depicts BER performance of the IBI-free blockn the absence of IBI, the block MMSE-DF receiver clearly
MMSE receiver (4 = P — L = 5), the “partial” IBI DFE outperforms the other receivers, at the expense of redundancy
receiver / = P — L/2 = 9), the minimum redundancy (as the channel is fairly long). The minimum redundancy TZ
block MMSE receiver ¥ = P — 1), and the serial MMSE precoder/MMSE block DF receiver slightly outperforms the
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Unknown Channel
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Fig. 12. Blind equalization versus trained equalization.

serial DF receiver. Moreover, it can be seen that as the amoant nonlinear decision-feedback receivers corresponding to
of redundancy decreases, so does the BER performance, whighous forms of transmitter redundancy. The tradeoff between
validates our assertion that block transmission schemes resdhsmitter redundancy and receiver complexity has also been
in better BER performance than that of serial transmissialelineated. When the number of trailing zeros is equal to the
schemes. FIR channel order, IBI is obviated, the receiver structure is
Example 8—Blind DFE Outperforms Trained DFIFig. 12 simplified, and the best BER performance is achieved with DF
depicts BER performance when the channel is not known to tfikerbanks. As the input redundancy decreases (as in OFDM
receiver (an upper bound on its order is assumed available). Fansmitters with insufficient cyclic prefix) the length of the
the block transmission schemes, the receiver uses the blind estteive FIR filterbanks increases and performance degrades.
mation algorithms of Section V. The serial MMSE receiver uséssing block channel estimation methods relying on redundant
training to acquire CIR: training amounts to sending a knowfilterbank precoders enables a framework where the DFE
seguence and then estimating the channel using a least squiiitesbank acquires channel information blindly and adjusts its
approach. For a fair comparison, the length of the training gelR filters accordingly.
quence isPL, because for the IBI-free case our blind estima- A number of future research topics lies ahead of us: mul-
tion algorithm requiresV = P blocks, which corresponds to atiuser/multichannel extensions, improvement of the channel
redundancy of?L symbols. We observe that the performancestimation methods by decision-directed adaptive algorithms,
of the serial DFE is almost identical to the performance of theint optimization of transmitter and DFE-receiver filterbanks,
block DFE when the channel is known. With blind channel egnd quantitative analysis of the BER and throughput perfor-
timators the performance decreases, but block DFEs outperance of our system (along the lines of, e.g., [7] and [13]).
form the training-based serial DFE once the channel estimate
becomes reliable at moderate-high SNR values (greater than APPENDIX
14 dB).

Derivation of MMSE-IBI-DFE Settings

Note that in (28)B_; should be equal t0; . 5s SO that suc-

In block transmission systems, transmitter-induced reessive cancellation is possible (when decisions are made about
dundancy using FIR filterbanks provides us with degrees sf:), only §(¢ — 1) and part ofs(¢) are available). However, as
freedom which can be exploited to achieve blind channilwill be shown later on, minimization af{|e()|?} will yield
estimation and block DF equalization with FIR filterbanksB_; = Op;xar-

The receiver structure and the corresponding BER performancdy introducing the3P x 1 vectory(4) := (y* (i + 1) y* (1)
depend critically on the selection of the transmitter precoder? (: — 1))%', the3M x 1 vectorss := (s?'(i + 1) s7(¢) s7 (i —
We have derived closed-form solutions for the block FIR linedn)”, s := (87(i 4+ 1) 87 (4) 87 (i — 1))T, the M x 3P matrix

VII. CONCLUSIONS ANDFUTURE RESEARCH
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UM U Uzt + UL UL U U, Uy

_U22 U23U33
Uss

(39)

W = (W_; Wy W), and theM x 3M matrix B := (B_,
Bo+1Ixxa B1), we can write (under the assumption of corre
past decisions)

z(1) =W_1y(i + 1) + Woy (i) + Wiy(i — 1) =
2(i) = Wy (i)
s(i) =z(i) — B_18(i +1) — Bos(i) — Bys(i — 1) =
(i) = z(1) — BS(d) + §(4)
e(i) =s(i) —s(i) = e(i) = Wy(i) — Bs(4). (31)
Note that (31) corresponds to (18). Working as

Section 11I-B-2, we obtain:W ER@Rﬁ, where

Rsy = E{3()y'(i)}, andRyy := E{y(¢)¥ *(:)}. Then
(31) yields
e(i) =Be(i) (i) := RagR;¥(i) — (i)

R.. = E{e(i)e" (i)} =BR.B ' Re = E{(i)"(i)}.

(32)

Our objective is to minimizeE{|e(i)[*} = tr{R..} by se-
lecting properly the matriB, under the constraint th@, +

Using (34) and the matrix inversion lemma, we obtain the
AaM x 3M matrix R.. as

R.. = (R7} + HfR; Hp)

Now consider the Cholesky decompositiorR 2+
H%R;%HF = U anDanrxam Usnrxan,  Where
Usnrxsy IS upper triangular with unit diagonal, and

Dsasw3p is diagonal with positive entries. Then, we ob-
tain: Ree = Ugyy,0D3ar s Uspr aar and (32) becomes

SyT— _ Sy T— H
REE = (BU3J&4><3J\4) D3J\14><3J\4 (BU3J\14><3J\4)

To minimizetr{R..}, we observe that it is a quadratic form
of BU3}, .25 thus, we need to nullify as many entries of
EUgAlMgM as possible, under the constraint tBat+- L« a7 iS
upper triangular with unit diagonal. To accomplish this, we ex-
pressU3;; ., in terms of the submatricdd;; (1 < i, j < 3)

of Usprxaas in(30) asin (35), shown at the top of the page. Note
that the inverse submatrices exist becdliggs 3 is full rank.

By setting

in

B_, =0pxum Bo +1yxm =Ux and By =Us;

Iyixar is upper triangular with unit diagonal. To do this, asve obtainﬁUg,\lMM = (Onrscar Inrxar Oarscar ), Which leads

(32) indicates, we need to calculd.. As in Section IlI-B-2
[cf. (23)], we obtainR.. = Rz3 — RSyR_ Rys.

Now we need to look at the precise form]afgy,
Rys = E{¥(i)5"(i)}. Using (5), we obtain

Rgg, and

HoFs(i+ 1)+ H Fs(i) +v(i + 1)

Rgg =F H()FS( ) + HlFS(L — 1) + V( )
HoFs(i — 1)+ HiFs(i — 2) + v(i — 1)
S)
=HrR53 (33)

where we have assumed tta{s(i; )s
and E{v(i;)v"

M(ig)} = Rys6(i1 — i),
(i2)} = R,.,6(i1 — i2). This is a reasonable

assumption, which certainly holds true for white input symbols

and additive white noise.
In the same way, we obtaR;3; = R;sHY andRyy; =
HrR;:HY + Ry5. Hence, we arrive at

Rsy =R;;HY Rys =HrRz5 = R%{g

Ryy = HFRggHZv{ + Rss (34)

which corresponds to (20). Note that in (29) the factor

H, FR,,(H, F)™ of the bottom-left entry oR5+ models the
IBI caused by the block(i — 2) which is not included irs(¢).

to Rmm = D;l, Wher8D3]\4X3]\4 = diag(Dl, DQ, Dg),
and Dy, Dy, D3 are M x M diagonal matrices. Therefore,
the minimum MSE isE{|e(:)|?} = tr{R2"} = tr{D;'}.
Observe thatR®® is diagonal, which implies that the
feedforward filter W has whitened the noise and rendered
symbol-by-symbol detection optimal. The settingsWf are
givenby(W_; Wy W1) = (0pxn Usz Usz) Rsy Ry_;
The feedforward (feedback) filterbank consistsfo{M) FIR
filters {w,(m)} .25 ({bm (i) }015") of length3M (2M).

p=0
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