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ABSTRACT The following investigations consider uniform, maximally-
decimated M-channel, lengtiN FIR filter banks. It is assumed
that the analog filters are implemented by discrete-time switched-
capacitor networks, so that they can be directly designed in the

Hybrid filter banks have received increasing attention in the
literature, for applications such as high-speed, high-resolution
A/D and D/A converter design. In the manufacturing process, yomain [3]. Uniform, zero mean white-noise sequences, with
however, the filter coefficients of a hybrid filter bank are plagued . 2 lied as inputs. Th £ unif

with some errors due to technological limitations, particularly varianceoy are applied as Inputs. ) € use of uniform sequences
those of the analog filters, leading to degradation of the systemd0€s not cause any lack of generality, for the results are not based
performance. This work presents a novel method for improving N the probability density function type. Ergodicity is assumed.
the mean signal-to-noise-ratio of near-perfect reconstruction filter

banks, taking into account such realization errors. The method Il. FILTER BANK ERRORS

consists in minimizing the total noise energy derived in an R

accurate way by a theoretical expression. Letting hk(D] and hk([)] represent, respectively, the effective and

the correct impulse responses of thth analog analysis filter,

I. INTRODUCTION k=0,--,M -1, then

Many valuable filter bank design methods have been proposed in he (n) = h, (n)+ah, (n) = h, (n)+‘€n,hk h(n) (@

the literature: the perfect reconstruction (PR) ones try to

completely eliminate amplitude, phase and aliasing distortions,where Ah (] is the associated realization error sequence.
while the near-perfect reconstruction (NPR) ones allow SOME gimilarly, in the case of analog synthesis filters,

aliasing [1]. However, regardless of the chosen method, the filter

bank performance is usually assessed by parameters, such as the £ — —

maxirTFl)umreconstructionerroyr, which is th):epdif'ference between fk(n)_ fk(n)+Afk(n)_ fk (n)+£”'fk fk(n)’ )

the input and the output of the filter bank [1], that do not take or k=0..-
into account (and are not intended to consider) imperfections '
presented by the system after it is manufactured. Thesemean random numbers with variancest, and oZ ¢,
imperfections, usually referred to aalization errors, are  respectively. They are also assumed independent, whether taken
determined by technological limitations and spurious elements,from the same or different filters. After the filter bank circuit is
and impose errors to the filter coefficients. It has been shown thatuilt and has its operation conditions fixed, the error factors are
in practical implementations, realization errors in digital filter no longer unpredictable, allowing te¢ransform to be applied to
banks can generally be neglected [2]. While realization error ggs. (1) and (2):

effects in digital filters can be virtually eliminated at the cost of

M -1 The error factorg,, andg,r are zero

increasing the number of bits to represent the filter coefficients, I:|k(z) = Hk(Z) +A Hk( 2, 3)
in the analog counterpart the achievable accuracy is limited by .
errors due to the fabrication process, degrading the performance R(2 = R(2+AR( 2 (4)

of the resulting system. This is a more and more defying problem
due to the growing interest in hybrid filter banks in applications
such as A/D and D/A conversion [3]-[7].

The filter bank effective transfer function [1] can be written as:

> _ - AR=[AG) - AR~ A
Considering the stochastic process of the realization errors, R " (5)
simulations have revealed that the filter banks signal-to- :A(Z)+AA(Z):(J/M)HT(Z)F(Z),
(reconstruction)noise ratio (SNR) histograms follow a gaussian
distribution. For PR prototype filters, such histograms have Where

approximately the same mean value, which is lower than those AT(2)=HT(2)+aHT(2)

obtained when all coefficients are correct. On the other hand, the . . .

histograms corresponding to NPR filter banks exhibit still lower, E Ho(2) He(2) Hy(2) B

and quite different, mean values. The design method proposed 0 : . : . : o (6)
here increases the SNR mean values of the NPR filter banks, so =0 l:lo(zWr) ﬁk(zwr) |:|M-1(2Wr) S

that the SNR obtained by PR designs can be achieved. This task S : .. : . : 0

is accomplished by minimizing an expression, developed in M -1 M -1 - M -1
Section lll, that accurately predicts the histogram mean values. H—'O(ZW ) Hk(ZW ) H’V"l(ZW )E



AHT(2)=
0 AHo(2) AH,(2) AHya(2) O
g : : 57
= D avolew) M, (2w AHy 2w ) 5( )
Do) arglowt 1) - sy o2
FD=F@)+oF@=M[EE) - AE) -~ Fua@].®
AF(z)=M[aFy(2) - AR (2) - aFyL ()] ©)

and W=¢ 2™ | Eq. (5), AfD = A(3+AA(  is the
actual filter bank transfer function, whilg (2 = A(3+4A A( %,
r=1---,M -1, are the aliasing functions. The PR design
methods do suppreSBf(z). However, such functions will be

maintained in the following analysis in order to encompass the
NPR methods. Substituting Egs. (6)-(9) in Eq. (5) yields

AR)=[AE) ~ AR - ALl =MKHT(FE) (20)
and

DA = [DA(D - AACE - b o ]
=(YM)(HT(D2F(J +AHT(IF( 3+ T( F ( 9

Applying the inversez-transform to Eqgs. (10) and (11) one
obtains the sequences

(11)

M-IN-1
a(n = ZZ@ZWU/M R(9 f(n- 3, (12)
k=0u=0
and
M-IN-1
(=3 S o)

+ o (u)fi(n-u) + an, (uafy (n-u)]

for r=0,---,M -1. Both a/()] and Aa (]} are of length
C=2N-1. Using Egs. (5), (12) and (13), the filter bank output
in the presence of realization errors can be written irezthed
time domains, respectively, as

M-1
%= (A(3+a Y X 2w, (14)
r=0
M-1C-1
A= > (a(v+aa(y) &2r@IM n ) (15)
r=0v=0

Eqg. (15) shows that the non-suppression of the realization errors

output sequence complex, but also forcing the system to be
cyclostationary. This last property is taken into account by

decomposingk([) as

k(n), forn=mM +7

X (n): %) fornzmM +/ (1)
¢=0,---,M -1, so that
x)=[%on) - %b) - a0 an

Similar decomposition can be applied to the input seque{ie

x()=Po) - x() - xy()-
[ll. SIGNAL-TO-NOISE RATIO
A. Total noise power

(18)

The filter bank total noise vector defined by

r(n)=x(n)-x(n- N +1), (19)

accumulates reconstruction and realization errors.
Egs. (12) and (13), it follows that the variance matrix
be written as

Using
can

ci(xe)={1- 5 o (32l -3oa ()

C-1M-1M -

+pa(N-1)+ >3 Sk
+a, (e () + b (n)ecin) + b (al(n)flo?,

wherel is the identity matrix, and and e represent, respectively,
the filter bank input and the realization error stochastic processes.
Due to lack of space, Eq. (20) is not demonstrated here.

(20)

In order to express Eq.(20) as a function of the filters
coefficients, it is noted that the summations obey to:

M-1 M-1[{N-1/M0]

ZA‘"’S(”):M% Z[m(mM)Afk(n—mND
+A_m(mwak(n-mwb+m(mwmk(n—mw1 (21)
= ZAaE(n),

M -1 M -1[N-1)/M

;ar(n): M ; 2 he(mM)fy (n-mm) = l\zla?(n), 22)

leads to amplitude and phase distortions, besides those due t@here T denotes the largest integer less than or equal to its
Po(2), which cause reconstruction errors. Moreover, there is argument.  Since Eq. (21) is a diagonal matrix with identical

aliasing becaus)é(zW) is transmitted to the output by the non-
zero termsA, (z) and AA(z) r=1---,M -1 As a result, the
factorsel2m/M appear in the time domain, not only turning the

diagonal elements, the componeniﬁ([)], /=1---M -1, of

the output vectorﬁ(n), have identical noise power. Defining



M-1 M-1 with a(0) given by Eq. (24) and by virtue of Egs. (30), it follows

a(n)= Y a (=) g(n, (23)  from Eq. (29) that:
r=0 r=0
M1 M-t SNRA= %—m(N —J)+C_1 2(n)+(o2 +02 ¢ +0202 )C_li(n)H_l 32
aa(n) = Y Aag(n =) ad(n, (24) g ;ﬂ eh el TR ; B'( )
s=0 s=0
then Eq. (20) can be rewritten as: The terms
C-1
Urz (X181£ = U)%[l_ 2((’T(N —1)+AG(N _1)) Ereal = (og,h +0§,f + 0gz,hosz,f )Zz(n)v (33a)
c 0 (25)
+ Z» 2 (n)+a(naa(n)+2a? ()
= = Erec =1-2a(N-1)+ Zaz(n), (33b)

which determines the filter bank total noise power for a given set
of error factors. Considering the whole procesi follows that represent, respectively, the contributions of the realization and

0?(x,€) becomes a random variable with mean value reconstruction errors to the filter bank SNR.
For analog analysis filters and digital synthesis filters, which is
2 - 2
E{Ur (x,e)}— rox (26) " the case in AID conversion applications [3], [4], [6], we have

where ngvf =0, resulting in

r=1-2(a(N -1)+ E{aa(N -1)})

c-1 c1 gt
c1 SNRap = 4 — _ 2 2 H
Sk atsbetpebael] @ R § SO B
In the absence of realization errdiaa(n) =0,0n), Eq. (26) IV. FILTER BANK DESIGN
reduces to

This section describes an optimization method for improving the
c-1 SNR of cosine-modulated NPR hybrid filter banks. Assuming
2 — 52 2
Ofec(x,€) = UXQ-_ 2a(N-1)+ anoa (”)é (28) that p() is the lengthN impulse response of a prototype filter
P(z), the remaining filters of arM band NPR bank are
which gives noise power due to the reconstruction error alone.  determined by [1]:

. A . M im N-10 0
B. Signal-to-noise ratio mean value hk(n):zp(rm%k__mﬂ_( 1)51—(—1)@%, (35)
2 2 Om 4
Assuming that the variance of'(x,s) is much smaller than its
mean value, which is a realistic assumption, and using Eg. (26), f,(n)=2pn) co%k—i%n—l— (N-1) g£+(_1)k ED, (36)
the mean value of the filter bank SNR can be expressed as [8]: 2 [ 2 OM 4
2
=i o - for 0sksM -landO0O<snsN-1
SNRE——*— =T, (29)
Bo; (X,é’) In order to obtain the optimized prototype filter that maximizes

] ~_ the filter bank SNR, the energy in the stopband of the NPR
whose value depends on whether the filters are analog or digitalprototype filter is reduced by minimizing

Let us assume initially that the analysis and synthesis filters are

analog. Since the error factaggy, andey f, in Egs. (1) and (2) m )2
are zero mean random variables, then from Egs. (23) and (24): Es= Z P(e ] ) (37)
W=Wg
E{Aa(n)} =0,0n (30a)

where ws =T/M is the stopband edge frequency of the NPR

E{Aaz(n)}z(ogh+0§'f +0§,h0§,f)i(n)x (30b) prototype filter. Including the terms corresponding to the
energies of the realization error (Eq. 33a) and reconstruction

where: error (Eq. 33b), the cost function becomes
M-1{N-1/M ] By =01Ec + 0 ,E oy +05E 38
E(n) M2 z hE(mM)ka(n _ mM). (1) total 1ts 2real 3%rec (38)
=0 = where a,, a, and a3 are fixed weights that control each term

during the optimization process.



The SNR results for different numbers of channeld, and Table 3 — New 4 channel NPR frequency characteristics.

prototype filter lengthsN, are shown in Table 1 for the NPR . 3 dB frequency Transition bang Bandstop
prototype filters obtained from [9] (old) and for the optimized Filter (norm.) width (norm.) | attenuation (dB
filters obtained by minimizing Eq. (38) (new). These examples new w4 7.65e-002 -30.5
are for A/D conversion. The analysis filter coefficients are old ) 7.33e-002 290

analog, subject to independent gaussian errors @ith = 0. 01
and the synthesis filter coefficients are digital, and do not suffer o ) .
from errors, for they are represented in floating-point. In the presence of realization errors, it has been verified that
Comparisons between ti8\NRvalues show improvement in the  Erea Prevails overEg. (Egs. (33)), determining the SNR value
system performance with the new NPR design in the presence ofjiven by Eq. (32). Besides, for PR methods, it can be found that
analysis realization errors, therefore confirming the validity of c-1 . . . .

the proposed method. Fig. 1 displays the magnitude of the n:OE(”) 01, and, in such cases, it is possible to approximate
Fourier transform of the sequence formed by taking the ; ; .

difference between the filter bank input and output, using the Eq. (32) and (34), in dB, respectively by:

new 4-channel, 16-coefficient NPR prototype filter. The SNRaaldB) 0-10l0aAlo2 . + 62 39

coefficients and main frequency characteristics of this filter are RA_A( ) 910( &h E'f) 39)

given in Tables 2 and 3, respectively. SNRAD(dB) D—lologlo(oih) (40)
orae 20 S In fact, for the A/D (floating-point) case, whem ;, =0. @hd

= 0.t =0, Eg. (40) gives about 40 dB, which is the maximum
possible value in this situation. Therefore, the results presented
in Table 1 show that the proposed method increases the SNR of
NPR filter banks to its maximum achievable value by
minimizing, mainly, the realization error noise energy.

VI. CONCLUSIONS

1.8135

1.813 1

1.8125

Magnitude (dB)

1.8121

1.8115F

1.811

[ 1 A new analytical expression for the signal-to-noise ratio of
Fig. 1 — New 4 channel NPR filter reconstruction error. hybrid near-perfect reconstruction filter banks subject to
realization errors was derived. An optimization procedure was
Table 1 - Optimization results for NFNR channel filter banks. then described to improve the performance of such filter banks,
NPR - old NPR - new by minimizing reconstruction and realization error energies. An
illustrative design example was shown to give support to the
M| N E’ej E'ei' (Sd'\é? E'eg Erei' (Sd'\é? theory. The proposed approach can be applied to the design of
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