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A hstraét

Optinmad FIR (ransmuit-filierbunks and non-linear DFE re-
ceivers are derived for block transmission systemis.  Sub-
Ject to an average transmitted power constraint, the mutnal
information yate v miaximized by joint optimization of the
transmit and receive filiers. The FIR transmit filterbank
obeys the “water-filling” principle; moreover, Fransmit-
induced redundancy in the form of trailing zeros, and proper
design of the reccive fliters provides degrees of freedom
which can be exploited for the equalization of freqiiency-
selective channels. Simulations illustrate the merits of our
designs.

Keywords: block transceivers, decision feedback equaliza-
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1, Introduction

Block transmission systems have been proposed as an ef-
fective mems of communicating over frequency selective
chanmels {3, 5], 1t has been shown that most of the cur-
rentiy used schemes (e.g., orthogonal frequency division
multiplexing, OFDM) can be modeled using the onifying
[ramework ol [5], which is based on filterbank transmitters
and receivers (ransceivers), Transmil induced redundancy,
in the torm of trailing zeros (“guard interval™), is vsed to
climinate interblock interference (IBT) as well as intersym-
bol interference (IS within cach block, Moreover, the re-
dundancy can be exploited to facilitate blind channel esti-
mation and block synchronization [6], At the receiver end,
non-linear decision-feedback (DFE) equalizers, which cap-
italize on the finite input alphabet, improve the bit error rate
{BER) petformance of the system {e.g., [1, 7]).

As the demand for high-dala transimission rates is on the
rise, the design of precoder-receiver pairs which maximize
the mutual information rate has received considerable atten-
tion lately [, 4, 9], Our [ocus herein is on deriving the
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oplimal transceiver which maximizes the number of infor-
mation bits per second under the constraint of lixed power
at the transmitter, In [1], the optimal transmilted block cor-
relation matrix (which maximizes the mutuat information)
was derived; however, the non-Toeplitz siructure of the op-
timal ¢orrelation matrix implies that it can only be approxi-
mated at the oulput of a lincar time invariant (LTT) transmit
filter output. In [4], it was shown that a fillerbank trans-
mitter, which functions as a time varying filter, is capa-
ble of producing the optimal correlation matrix. However,
maximizing the mutoal information is a joint ransmitter-
receiver optimization problem. In [4], linear receivers were
assumed, but from a practical point of view, non-lincar DFR
recelvers offer the patentinl of improving the BER perfor-
mance. Therefore, the problem of joinlly optimizing the fil-
terbank transmiller and the DEI receiver is well-motivated,

In [9], the joint oplimization problem was addressed, but
the solution was given by an iterative procedure (in the fre-
quency domain}, and TIR transmit-receive Qlwers were as-
sumedl. In this paper, we derive the optimal FTR transmit and
DDEE receiver pair which maximizes the mutual information
rate under a transmitted power constraint, Though our so-
lution capitalizes on techniques develeped in [9], unlike [9]
the solution is given in closed form. Mareover, due to the
FIR nature of our filters, \he optimal transmittet/receiver
paiv can be realized exactly. We also study the effect of
the amount of transmit-induced redundancy an the siructure
of the DFE receiver, 'We reach the interesting conclusion
(hat the combination of sufficient redundancy (which obvi-
ates 1BD) and the optimal precoder renders the feedback parl
of the DFE receiver unnecessary. In ather words, the DIFE
receiver can be replaced by a linear receiver. On the other
hand, when IBI is present, we derive DEE receivers which
are shown to exhibit better BER performance than their Iin-
car counlerparts,
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I1. Modcling

Fig. I depicts the discrete-time mode! of a baseband block
transmission communication system. The transmitted data
are parsed into blocks using the advance clements and
downsamplers. ‘The transmit filters {f,,l(n)})ﬁf_” are FIR
of maximum order 2—1, The FIR channel {A{n)} includes
mualtipath eflects and transmit/receive fillers, The input to
the upsampler of the mih branch is s, (n)i=s(nM +m),
which represents the m-th symbol in the n-th block of A
symbaols, With the insertion of 2—1 zeros, the correspond-
ing upsampler's output is: 37 sy (i}5(n -4, where d(n)
denotes Kmncckcr's delta. The transmitted sequence is:
u{n)= Zm—[} um(n) =3, L‘ﬁfz_ul Sl fm(n—iP), The
received snmples, z(n)=>_,h{lu{n—1)+v(n), are cor-
rupled by addilive zera-mcan stationary noise with covari-
ance matrix R,y (=02, Ipy.p when the noise is white). We
will assume that:

() Channel k(1) is Lth order FIR with 15{0), (1) 0.
(a1) (P, M, L) are chosen such that the triplet (2,04, L) sat-
islies: P=M--L,and M > L,

(@2) The last [ samples of the filters {f,,(n)}M-)

-rn—.ﬂ

are zoero, and the Px M matrix F {with nth column
S (M ~1)0...0)7Y has full column rank A4,

fm:z(fm( )

%
(—40
(b}
Figure 1: Block Transmission System and Transmilter

Structure

Under (a0)-{a2) and thanks to the FIR nature of ;i{n) and
Jm(n), the p-th polyphase component a:p(n):=z(nlP+p)
{delayed and downsampled version) of &{n) is:

Af—1 I
'TP('” Z Sm Z )fm(?)_ )'l"il(ﬂp 1 p): (l)

==l {=0

Blobal Telecommunications Conference - Globecom’99

Advanced Signed Processing for Communications

which  shows (. no  inter-Dlock  interlerence
arises duc 1o TSI fet us deline the M x|l vee-
tors  s(n)=(so(n)  s1{n) sm—a(n))7, and
un)={umdyunl+ D unP+M -1 the P
vectars x(n)i=(a(n )@l 1).a(nP+P-1))", and
viny =P vml 1) ula - I—P—l)}q', and  the
L% M precoder matrix Ti=(l...fa7_1): nowe that the A
last rows of " are 0 (Irailing precoder zeros assumed in
(a2)). We introduce the Px 12 Taeplilz lower triangular
matrix FT with first column (#(0)---R(L)0---0)F, Based on
these definitions, we can cast {13 in matrix form:

() =Talm)+v{n) =1I0s(n) + v(n). (2)

With Re:=li{s(n)s™(n)} denoting the inpur covari-
ance malrix, the average (ransmitled power i5 Py=
tri {1 R B Y

The dectsion feedback equalizer consists of the leed-
forward [ilterbank represented by the M x P manix W,
the decision making device and the feedback [ilterbank
represented by the M x M matrix B, By delining the
Mx1 veciors:  y(n)i=(y{nA) ynM-1) . y{nd+
M—IN &(n)i=(8(nM) 5(nM 1) . E(nM + M - 1)),
S(n)=(8(nd) FmA 1) LA+ M- 1), we can
write in matrix form {see also Tig. 1)

y(n) = Wx(n)=WHFs(n)-+Wv(n)

y(n)—DBan)
J(5(n)), (3)

Wy
—

=

=

|I

,_\
-
=

et

where G-} is the quantizer used by the decision mak-
ing device. Note that 1 is chosen o be upper triangular
which makes suceessive cancellation possible. By succes-
sive cancellalion we mean that for every block indexed by
1, first the (M -- Pth symbol is recovered; then the estimate
a(nM + M —1) is weighted by the last column of B and s
removed from y{n) so that the remaining symbols can be
recoverad. When this is done, the {4 —2)nd symbol is re-
covered, and the estimate §(nM -- M - 2) is removed from
y{n). This procedure is carried out until all the symbols of
the current block # hawve been recovered,

Tar the performance evaluation of the transceiver design,
we use two figures of meril based on the error o{ni):=s(n)—
§(n) at the inpul of the decision device. The first one is
the mean square ecror (MSE), which is given by the trace
of the error covariance matrix trf{e{n)e’{n)}. The sec-
ond one is the geometric mean square error (GMSLE), which
is piven by the determinant of the error covarianee natrix
|E{e(n)e™{n)}]. Our problem is to select the optimal fil-
terbank triplet (FF,'W,B) thal minimizes GMSE and MSE
foor a prescribed transmil-power P,

2143



Advanced Signal Processing for Communications

1. Optimal Transceiver Filterbanks

The abjective is to design the transmit and reccive filters
s0 thal the information rate of the overall system is maxi-
mized. In [9], it was shown that the mutual information is
a monotically decreasing function of the gcometric mean
square error (GMSE). Tor a given transmitter there is a
family of receivers which minimize the GMSE. A signifi-
cant observation that was made in [9] is that the minimum
mean sguare error (MMSE) receiver, which attempts to min-
imize the MSE, belangs to this family, Unlike the minimum
GMSE criterion, the MMST criterion yields a unique re-
ceiver for a fixed transmitter {3, 5, 7). Building upon these
results, we next describe how it is possible to derive in our
block transmission framework the information rate maxi-
mizing FIR transceiver under a fixed power constraint,
First, we show that the TIR MMSE receiver belongs to
the class of FIR receivers which minimize the GMSE for
a given FIR transmitter. For the MMSE receiver the feed-
forward filter W is a function of the transmitter F and the
feedback [iiter I [7]. This allows us to express the GMSE
as a function of B and F. By taking advantage of the spe-
cial structure of B (which is strictly upper triangular), we
express the GMSE as a function of only the precoder filter
F. As aresult, we are able to derive the oplitnal precoder fil-
ter Iy 5, under a fixed power constraint, Having established
that the MMBSE receiver belongs to the class of receivers
which minimize the GMSE, we conclude that the optimal
transceiver is composed of the optimal transmitter Fop;, and
the MMSE receiver pair (W, B) which corresponds to F .
Thus, we have proved the following:
Lemma: Let U be the upper tricngular mairix and D the
diagonal marrix obtained from the Cholesky factorization
of Rep+(BFY'RVHAM=U"DU. For a given chan-
nel matrix H, precoder T, input covariance Ryg, and addi-
tive Gaussian noise with covariance matvix Ry, the MMSE
DFE receiver pair (W, B) is given by:

W=(B+DR,(HE) (Ry, + (HF)R,,(HF)") ™
B=U-I :

The resulting GMSE is given by:
PR+ (HEY* R (HF)|

Utilizing the results of [8], we have shown:
Theorvems Under the assumptions {a0)~(a2), and given the
channel marrix L, transmit power P, input covariance ma-
trix R, and noise covariance matrix Ry, the optimal
transiitter Fopy, is given by Fop =V 1 AVYE, where Vy di-
agonalizes the matrix H R;‘}H, Vo diagonalizes the ma-
rrix Ry,

V?HRRJUI HV, = A=diag(M,Az,..,Ap)
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V;‘RNVQ = Kztliag(kl,kg,...,k,w},

and A is a diagonal marrix with eniries given by:

.

, Ap AT — (kA i<

T A T T A
0 gy

where v <M is the larpest integer satisfying
A Sr T P I AT O

At this point two remarks are due. Tirst, the optimal pre-
coder Fyp 1 the same as the procoder of |41, which assumes
linear (non-DFE) receivers, Note that the procoder of [4] has
been shown to obey the “water-filling” principle. At first
sight, it may seem quite strange that the optimal transmitter
is the same for the two cases of linear and DTE receivers.
An inuitive explanation would be that it is the precoder
which basicully determines how the information is transmit-
tedd over the channel. Formally, using the data processing
inequality |2, pp. 32-33], we obtain that I{u,x) > I{u,8),
where J{u,x) (F{w,8)) is the mutual infarmation between
1 and x (1 and 8). In the absence of noise and under the
assumption of perfect equalization at the receiver, we have
that J{1,x)=1{u,8), which explains why the aptimal trans-
mitter, which maximizes I {u,x), is the same [or the case of
a linear and the case of a DIFE receiver,

The second remark is that the optimal precoder diagonal-
izes the channel in the sense that the channel is essentially
transformed (o M parailel subchannels. As a direct resulg, it
can be seen that both W and B+1 are diagonal. As B+1
is diaganal and I3 is strictly upper triangular, we obtain that
B =0, which implies (hat the DFE receiver is identical to
the linear receiver. This surprising result holds because the
IBT has heen canceled by the redundancy of I trailing ze-
ros. Therefare, we reach the interesting conclusion that for
block transmission systems there is no need to vse the DFE
receiver structure when the optimal precoder is used and IBI
is absent, Howevcr, the situation is different in the presence
of IBL.

IV. Presence of IBI

According to assumptions (a0)—{u2), IBI can be eliminated
by cheosing P> M + L. Given the fact there are channels
wlere L can be quite high (for example in DSL applications
the channel may have 100 1aps), having I, (railing zeros may
lead to 2 substantial decrease of the information rate, unless
high values for M are assumed (which will lead however to
lenger decoding delays). This imposes an inherent tradg-off
between longer blocks (i.e., decoding delays) and informa-
tien rate. One can dispense with this trade-off by using a
smailer number of trailing zeros; this will lead to IBI, [BI
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can be removed at the receiver using o more complex struc-
ture, Hence, the trade-off “longer blocks vs. informalion
rate”™ can be replaced by the trade-off “small number of trail-
ing zeros vs. receiver complexity”.

When the block size I? is chosen so that M <P < M+ L,
the received data x(n} we given by:

x{n)=Hqu(n)+Hyufn—1}+v{n)

=HoFs(n)+HFs(n—1)4-v(n), (3)

where Hg is a I % P lower triangnlar Toeplitz with first col-
umn (A(0)...2{1)0...0)7 and FI; is I x P upper triangular
Toeplits with first row (0...0k(L)...h{1}}.

The linear zero-forcing (ZF) receiver in [3] is compased
of M FIR filters of length QQ M, where 3 is chosen so that
P>MA- L[], We have praved in [7] that both a ZF
and an MMSLE DIC receiver also exist. The ZIF receiver
first removes the IBI from the received data x(n) to abtain
x'{n)i=x{n)~—H;Fs(n—1), and the sccond part of the re-
celver is identical to the ZEF DVE receiver when [BIis absent.
On the other hand, for the recovery of the transmitteel block
s{n), the MMSE DL receiver utilizes the information pro-
vided by the received blocks x(n—1), x(n), x(n+1), and
the decided blocks §{r—1), §{n}. In other words, (3} be-
comes:

y(rRI=W_1x{n+1}4- Wox{n) + Wix(rn—1)
B(n)=y{n}—Boé(n) -DB8(n-1)
3(m)=0(EM).

Ta derive the scttings of the MMSE DI receiver,
we introduce the vectors Fln):={y" (n4- 1) y" () y" (n—
1)*, and s(n)=(s"{n+1)s"(n)s (n~1))*.  Under
the assumption that E{s(n)s*{m)}=Dt,d(n—m), and
E{vin)v*{m)}=Ry.0(n—m), it can be verified thar for
Rap=E{a(n)5*(n)}, Ryp=L{in)7"(n)}:

Res  Oprxar Qaswnr
Garxar Rey Oarxar |y
OM’X Af OM x M Rss

Rap=

and Ry =Hr Rz H} +Ryp, where:

HoFp ILFy Opum
H;f':: Opxwf I‘IQF(] I‘Ian 3 and
Opxpr Opxne Hely
Ryw  Opxp Orxp
R-Eﬁ:: Opxr Ry Upyp

Opsr Oprerr Ruw +HIFoRy (H I

Then, it is proved in | 7] that the eedforward filter is given
by
(W_1 Wy W1)=(0prcnr Uso Una) R HER S,
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and the feedback filter is given by

DBo+Tarxar=Uzz, By =Uyg,
where Ugs, Usg are M x A submalrices of the 3M x 30
matrix U:;anM:

Ty Uy Uss
U;;M waM = Catxns Uye Uy 3

Oarxsr  Ongusmr Ung

and Wy, yape i8 given by the Cholesky decomposition Bizz+-
!
HERgy Hr =Uyy canr Do xaas Usnswuar

Y. Simulations

As the optimal precoder has already been shown 1o abey (he
“water-lilling” principle [4], here we are interested in study-
ing the BER performiance of our transceiver gystem for the
two cases where 1Bl is absent/present. We use Monle Carlo
simulaticns assuming BPSK modulation, and we present
two examples: in the (irst example we assume P=M + L
(which results in absence ol 1BI) and we compare the opti-
mal precoder to the OFDM precoder, Specifically, wo used
M =32, P=36 for an IR channel of arder L.=4 with ze-
ros &t 1, 0.8exp 9 /20), 1.1exp(—j9/20), —0.8. Fig-
ure 2 depicts the BIIR performance as a function of 12, /N,
where Eg,:E_q:ﬁtr{FF“}. The input correlation ma-
trix is taken to be Ry =Iarwear, and the additive noise is
simulated as zero-mean while with autocorrelation matrix
R,,=01pyp, 62=N,. The OFDM precoder matrix s
F:{F]Wn with trailing zeros; i.e.,
F _{ ej%}””‘:(}SmSMul,DSngfvf—l
e 0 :M<m<P-1,0<n<M-1"

It is clear that the optimal precoder outperforms the OFDM
precoder. We also note that for the optimal precoder, the
performance of the linear and DFE receiver is idenlical as
expected.

In the second example we study (he performance of lin-
ear and DFE receivers when IBI is present. Using the chan-
nel of example 1 and by laking Af =32, =34, we iljustrate
in Figure 3 the BER performance of the three receivers when
the optimna! precoder is nsed. We deduee from Figure 3 that
the DFE receivers oulperform the lincar receiver. Therefore,
when IBI is present a DFE receiver does alfer performance
improvement. Though the optimal precader has diagonal-
ized the channel, (here is slill IS1in each of the independent
subchannels, A DFE receiver exploils the finite alphabet of
the input symbols to remove the IS from cach of the sub-
channels, which gives rise (o better BIR performance.
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Figure 3: BER petformance, [BL present
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