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ABSTRACT Ha
_ . . O 1 Ha (&™) +—— Hm(d
Since Limis 1986 paper on the frequency-response masking
(FRM) technique for the design of FIR digital Ylters with very
small transition widths, the analysis and design of FRM Ylters
have been a subject of study. In this paper, a new optimization -
technique for the design of FRM Ylters is proposed. Central to O5N-DM Hoo(2)
the new design method is a sequence of linear updates for the de- - H me
sign variables, with each update carried out by second-order cone N , °\ )
programming. Design simulations are presented to illustrate the A A
proposed algorithms and to evaluate the design performance. delay = (N-1)M/2 delay =d
1. INTRODUCTION Figure 1: A basic FRM Ylter structure.

Since the work of [1], the frequency-response masking (FRM)

teChniqUe for the design of FIR dlglta' Ylters with very narrow delay can be ngYcant espm|a||y when M is]arge_ In this paper,
transition bands has been a subject of study [2]A[9], [13]. As a we pursue this idea and show that, by a joint optimization of the
result, in many cases it has become the method of choice primar-entjre set of subYiters, the prototype as well as masking Yiters all

ily because of the considerably reduced realization complexity it contribute to minimizing the Buctuation in the reduced passband
offers compared with other available options [5][8]. group delay.

As illustrated in Fig. 1, dasic FRM filter involves a linear-
phase prototype YlteH,, (z) up-sampled byM, a pair of linear-
phase masking YltedsH .. (z), Hm:(2)}, and a delay line that,
together with the prototype Ylter, helps form a linear-phase com- . .
plementary paif{ H,, H.} [1]. Given an up-sampling factor, Let Hq(w) beadesired rea-valued or complex-valued function of

lengths of the subYlters involved, and passband/stopband edgedeauency variable w, and H (w, =) be areal-valued or complex-

the design of a basic FRM Ylter is usually carried outshya- valued functlor:lgi w, which depends on areal-\ialued parameter

rately designing the subYlters [1][5][6]. As such the FRM Yiter VECtor = € R""". We seek to Ynd a vector =™ that solves the

obtained is only suboptimal. In this paper, we present a rather dif- e ghted minimax optimization problem

ferent optimization technique in which the set of Ylter coefYcients

of all subYlters is treated as a single design vector and an optimal

basic FRM Ylter is designed through a sequence of linear updates

for the design variables, with each update carried out in a second-  Let » be an upper bound of W (w)|H (w,z) — Hq(w)| on £2.

order cone programming (SOCP) framework. Asthe Yrst step of the optimization we convert the problem in (1)
The second issue to be addressed in this paper is the opti-into a constrained minimization problem

mal design of FRM Ylters witeduced passband group delay.

Linear-phase FIR Ylters have constant group delay in the entire minimize 7 (28

frequency band, but for a Ylter with very narrow transition width, subject to: W(w)|H(w,z) — Ha(w)| <7 forw e Q  (2b)

the group delay can be exceedingly large, a property not desirable

in many applications. For a linear-phase FRM Ylter with a large Suppose we have a reasonable initial point z to start the design,

up-sampling factoV/, its large group delay is dominantly con-  and we are now in the kth iteration. For a nonlinear and smooth

tributed by the prototype Ylter. Therefore, if the prototype Ylter H(w,z) inavicinity of , we can write

has a nonlinear phase response with a reduced passband group de-

lay, sayd, and if the delay line (the lower-left block in Fig. 1) is H(w,xp, +6) = H(w,zr) + gf(w)a +o(|18]])

accordingly modiYed te~%™ | then the Ylter is expected to have

its passband group delay reduced¥y0.5(N — 1) — d] whereN where g, (w) is the gradient of H(w, ) with respect to =z and

is the length of the prototype Ylter. Hence the reduction in group evaluated at «;. Hence, provided that ||| is small, with & =

2. OPTIMIZATION METHODOLOGY

miniwmize{maxiergize W(w)|H(w,z) — Ha(w)|} (1)
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zr + 6 we have
W?(w)|H(w, z) — Ha(w)|?
~ (g7 ()0 + eri(@)] + [g5x (W)0 + e (@)]* (3)

where g, (w) and g, (w) are the real and imaginary parts of
W(w)g, (w), respectively, and

erk(w) = W(w)[Hr(w,zk) — Hra(w)]

eix(w) = W(w)[Hi(w,zx) — Hia(w)]
with H,(w,z), Hi(w,zr), Hra(w), and H;q(w) being the real
and imaginary parts of H(w, z ) and Hq(w), respectively. From

(2) and (3), it follows that an approximate solution of (2) in the kth
iteration can be obtained by solving the following problem:

minimize 7 (49)

subjectto:  [(g7,6 + er) + (97,0 +ew)’] /> < (4b)
forw e Q

6] < b (4c)

where b is a prescribed bound to control the magnitude of §.

If we treat the upper bound 7 as an additional design variable
and deYne an augmented vector asu = [ 677, then the problem
in (4) can be formulated as

minimize ¢ u (5a)
subjectto:  [|Gru + ex|| < ¢"u forw e Qg (5b)
[Tul < b (50)
where
c=010---0"
0 gfk} {6”«}
Gr = [0 917" Lew
I=1[01I
and Q4 = {w1, ..., wp} C Qisaset of dense grid pointsin

the frequency bands of interest. Obviously, the problemin (5) isa
SOCP problem [10][11].
Having solved the problem in (11) for aminimizer

=[5
vector & isused to update x , as
Tht1 =Tk + 05
Theiteration continues until ||§ ;|| becomesinsigni Ycant compared

to a prescribed tolerance.

3. OPTIMIZATION OF FRM FILTERS: BASIC AND
LOW-DELAY STRUCTURES

3.1. BasicFRM Filters
A. Fregquency response and its gradient

~ Thereader is referred to the structure in Fig. 1 where all sub-
Yiters are assumed to have linear-phase responses, and the lengths

of the masking Ylters are either both even or both odd. Thetransfer
functions of the subYlters are denoted by

N-1 No—1
H.(z) = thsz, Hpo(z) = Z h,(ca)ffk7
k=0 k=0
Ne—1
Hpe(2) = Y b7z ©)
k=0

Without loss of generality, the FRM Viter can be treated as azero-
phase FIR Viter, and the frequency response of the FRM Yiter is
then given by

H(w,z) = [aTc(w)][aaTca(w) - aCTcC(w)} + aCch(w) 7

where
o = [h(N_l)/g 0.5h(N+1)/2 0.5hN71]T if N odd
0.5[hN/2 thl]T if N even
() = [1 cosMw --- cos[(N —1)Mw/2]" if N odd
A=Y Jcos(Mw/2) -+ cos[(N — 1)Mw/2]]” if N even
o (B 1y j2 05RN 1y -+ 0.5h5) 1T if N, odd
‘ 0.50hS) ,p -+ hS) )T if N, even
() = [1 cosw --- cos[(Nag — 1)w/2]" if N, odd
€@ =0 Jeos(w/2) - cos|(Na — 1)w/2]]" if N, even
o (. 1y /2 05h{% 1y)n -+ 055 )T if N, odd
‘ 0.5 5 b)) if N. even
co(w) = [1 cosw --- cos[(N. — 1w/2]" if N. odd
VT Jeos(w/2) -+ cos[(Ne — Dw/2)]" if N. even

and the design variables are put together as parameter vector

a
T = | aq
ac

The group delay of the FRM VYiter is given by

D= w +d (8)
where d = max((N, — 1)/2, (N, — 1)/2), and the gradient of
H(w, z) with respect to = is given by

)
(@) ] ©)

y(w) = aan(w) — ach(w),
B. Desired frequency response and weighting function

For the sake of presentation clarity, we consider the case of
designing a lowpass FRM Ylter with up-sampling factor M, nor-
malized passband edge w, and stopband edge w,. The desired
H4(w) in this case becomes

Hd(w) =

{ 1 for 0 <w < w, (10)

0 for we <w<m
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and a staircase weighting function W(w) = 1for0 < w < wp,
W(w) =wforw, <w < mand W(w) = 0 elsewhereis chosen,
where w is a positive scalar to weigh the stopband relative to the
passhband.

C. Initial design

Given parameters M, N, N,, N., wp, and w,, areasonable
initial design can be obtained by designing lowpass H (z), Hma(2),
and H,,.(z) as discussed in [1]. It isimportant to stress that al-
though (as will be demonstrated by simulations shortly) the opti-
mized H () does not a al look like a lowpass Yiter, the initial
design prepared here worked Pawlessly in a variety of FRM de-
signs we have attempted.

D. Placement of grid points and bound b

Our design practice has indicated that relatively denser grid
points should be placed in the regions near the band edges in both
passband and stopband so as to avoid using unnecessarily large
number of total grid points. We recommend that about 25% of the
grid points be placed in the 10% of that band nearest to the band
edge.

As expected, the value of bound b in constraint (8c) is taken
to be proportional to the dimension of vector =, namely, b = yn
where n denotes the dimension of = and  is a constant factor. It
was found in our simulationsthat the norm constraint (8c) worksed
effectively when the valure of v was in the range of [0.005, 0.05].

E. A design example

The design is alinear-phase lowpass FRM VYler with the same de-
sign parameters as the Yrst examplein [1], i.e, N = 45, N, =
41, N. =33, M =9, wp, = 0.6m, and w, = 0.617. The weight
was settow = 1, bound b in (4c) was set to b = 0.005n (n = 61
in thisdesign), and the total number of gridswas K = 900. In this
case the optimization algorithm handles 62 variables with 1862
constraints. With 10 iterations the algorithm converges to an FRM
Viter with the amplitude response of its sub¥iters H, (2*), Hpma(2),
and H.,.(z) shown in Fig. 2aand 2b, respectively, and the ampli-
tude response of the FRM Ylter and its passband ripples shown
in Fig. 2c and 2d, respectively. The maximum passband ripple
was found to be 0.0674 dB and the minimum stopband attenuation
was 42.25 dB. By comparison, the passband ripple and stopband
attenuation of the design in [1] were 0.0896 dB and 40.96 dB, re-
spectively.

As can be seen from Fig. 2, the masking Yiters H,,,(z) and
H.ne(2) resulted from the joint optimization remain to be lowpass
with very similar passband widths, but the optimized prototype
Viter H,(z) isnot at all alowpass Yiter. Note that H,, (2™ ) has
a sharp drop-down precisely at the passband edge (normalized to
0.3inFig. 2a).

3.2. FRM Filterswith Low-Delay

A. Frequency response and its gradient

Since the group delay of an FRM Yiter is dominantly con-
tributed by the prototype Yiter, we assume here that the prototype
Viter is the only Yiter with a nonlinear phase response in the en-
tire FRM Yiter structure. A FRM Ylter with passband group delay
D, = dM + d, isillustrated in Fig. 3, where the prototype Yiter
has the frequency response

N-1
Ho(¢™M) =) hie™ M (12)
k=0

Figure 2: Amplitude responses of (a) prototype Yiter Ho (z”); (b)
masking Ylters Hpa(2), and Hy,(2); (c) FRM Yiter; and (d)
passband ripples of the FRM VYiter, al in dB.
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> Ha(@M) +—— Hmw(?
> z-dM Hmc(Z)
N v J N v J
delay = dM delay = d

Figure 3: A basic FRM Yiter with reduced group delay dM + d;.

The frequency response of the FRM Ylter can be expressed as

e TP H(w, z) (124)

with
H(w, @) = Hy(w)[a] ca(w) — al cc(w)] + al cc(w) (12b)
Ha(w) = kT [e(w) + js(w)] (120)
h =T[ho h1 ... hx_1]T (12d)

cos M(d — N + 1)w]T (12¢)

[
c(w) = [cos Mdw cosM(d— 1w ---
[ sin M(d — N + Dw]T (12

s(w) = [sin Mdw sinM(d — 1w ---

anda,, ac, cq(w), and c.(w) deYnedin (7). Note that because of

Ha(w) in (12c), H(w,z) in (12b) is a complex-valued function,
where parameter vector x isdeYned as

h
T = |aq
ac

Now if the value of d is strictly less than (N — 1)/2, then the
Yrst factor in (12a) with D, = dM + d; represents a reduced
group delay provided that the second factor in (128), H (w, = ), best
approximates the zero-phase desired frequency response Hy(w) in
(10).

The gradient of H (w, x) is aso complex-valued and is given
byg(w,z) =g, (w,z)+ jg,;(w,z) where

(139)

w ] (13b)

y(w) = agea(w) —agee(w) (130)

B. Initial design

Theinitial design of the masking Yiters H,,q(z) and H,p,.(2)
remains the same as in [1]. As well, one can use the formulas
there to predict the passband and stopband edges 6 and ¢. How-
ever, at this point one needs a lowpass Yiter H,,(z) with w, = 6,
wqe = ¢ and areduced passband group delay d (strictly less than
(N —1)/2). A reasonably good initial H,(z) is the weighted
|east-squares solution that minimizes

/W(w)|Ha(ef‘“) — Hy(w)]? dw (14)

where
Ww)=49 w forwe ¢, 7
0 elsewhere

{ 1 forwe |0, 6)

and

fa(w) = { e 7% forw € [0, 0)
0 for w € [¢, 7] and elsewhere

It can be shown that the objective function in (14) isastrictly con-
vex quadratic function with a Toeplitz type Hessian matrix. Con-
sequently, the least-square solution can be computed ef Yciently by
solving a Toeplitz system of linear equations [12].

Computer simulations have shown that the proposed method
works as expected. Design examples, however, are omitted here
due to space limitation.

4. REFERENCES

[1] Y. C. Lim, iFrequency-response masking approach for the
synthesis of sharp linear phase digital Yitersi IEEE Trans.
Circuits Syst., vol. 33, pp. 357-364, April 1986.

[2] R. Yang, B. Liu, and Y. C. Lim, 1A new structure of sharp
transition FIR Ylters using frequency-response masking;i
IEEE Trans. Circuits Syst., vol. 35, pp. 955-966, Aug. 1988.

[3] G.Rgan,Y.Neuvo, and S. K. Mitra, i On the design of sharp
cutoff wide-band FIR Viters with reduced arithmetic com-
plexityl |EEE Trans. Circuits Syst., vol. 35, pp. 1447-1454,
Nov. 1988.

[4 T. fSaramaki ar)d A.T.Fam, i SubYlter approach for designing
efYcient FIR Yltersji Proc. 1988 ISCAS, pp. 2903-2915.

[5] Y. C. Limand Y. Lian, i The optimum design of one- and
two-dimensional FIR Yiters using the frequency response
masking technique |EEE Trans. Circuits Syst. |1, val. 40,
pp. 88-95, Feb. 1993.

[6] Y. C. Lim and Y. Lian, i Frequency-response masking ap-
proach for digital Yiter design: complexity reduction via
masking Yiter factorization] |IEEE Trans. Circuits Syst. Il,
vol. 41, pp. 518-525, Aug. 1994.

[7] T.Saramaki, Y. C. Lim, and R. Yang, i The synthesis of half-
band Yiter using frequency-response marking technique;
IEEE Trans. Circuits Syst. I1, vol. 42, pp. 58-60, Jan. 1995.

[8] M. G. Bellanger, i Improved design of long FIR Ylters using
the frequency masking techniqueji Proc. 1996 ICASSP, pp.
1272-1275.

[9] T. Saramaki and H. Johansson, i Optimization of FIR Ylters
using frequency-response masking approach,i Proc. 2001 1S
CAS, val. Il, pp. 177-180.

[10] A.Ben-Tal and A. Nemirovski, Lectures on Modern Convex
Optimiation, SIAM, Piladelphia, 2001.

[11] J. F Sturm, iUsing SeDuMi 1.02, a MATLAB toolbox for
optimization over symmetric conesi Optimization methods
and Software, vol. 11-12, pp. 625-653, 1999. (Downloadable
from http://fewcal .kub.nl/sturm/software/sedumi.html)

[12] G. H. Golub and C. F. Van Loan, Matrix Computations, 2nd
edition, The Johns Hopkins University Press, 1989.

[13] L. Svensson and H. Johansson, i Frequency-response mask-

ing FIR Viters with short delayj Proc. 2002 ISCAS, May
2002.

111-881



	MAIN PAGE
	SEARCH
	--------------------
	INVITED SESSIONS
	--------------------
	III_690
	III_694
	III_698
	III_702
	III_706
	III_710
	III_714
	III_718
	III_722
	III_726
	III_730
	III_734
	III_738
	III_742
	III_746
	III_750
	III_754
	III_758
	III_762
	III_766
	III_770
	III_774
	III_778
	III_782
	III_786
	III_790
	III_794
	III_798
	III_802
	III_806
	III_810
	III_814
	III_818
	III_822
	III_826
	III_830
	III_834
	III_838
	III_842
	III_846
	III_850
	III_854
	III_858
	III_862
	III_866
	III_870
	III_874
	III_878
	III_882
	III_886
	III_890
	III_894
	III_898
	III_902
	III_906
	III_910
	III_914
	III_918
	III_922
	III_926
	III_930
	III_934
	III_938



