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hnology, Tampere University of Te
hnologyP. O. Box 553, FIN-33101 Tampere, Finland, Email: mr�
s.tut.�ABSTRACTThis paper develops a baseband digital �lter de-sign for the Vestigial SideBand (VSB) �ltering re-quired in the traditional analog TV transmissionsystem, PAL. In this appli
ation, a �lter with rel-atively narrow passband and steep transition bandis needed. Furthermore, the group delay spe
i�
a-tions for the �lter are demanding. An eÆ
ient solu-tion satisfying the amplitude response spe
i�
ationsis developed based on Nth-band �lters, whi
h 
anbe either of the FIR or the IIR type. The groupdelay response spe
i�
ations 
an be satis�ed by us-ing either linear-phase FIR �lters or approximatelylinear-phase IIR Nth-band �lters. The latter ap-proa
h seems to be more eÆ
ient for this appli
ationand it is developed further.1. INTRODUCTIONTHE traditional analog TV transmission systemshave still a lifetime of many years, even thoughthe new digital transmission te
hniques are beingtaken into use. In this situation, there is interestto more advan
ed implementation te
hniques for thetraditional analog systems. For example, in CATVnetworks, the in
oming TV signals are in many 
asesin digital format and also the modulators for newdigital standards are using digital signal pro
essingall the way to the IF stage. In this situation, it wouldbe advantageous to be able to implement the analogTV modulation using digital signal pro
essing te
h-niques.In this paper we 
onsider the VSB �ltering, whi
his an essential part of the modulator. Figure 1 showsthe amplitude and group delay response spe
i�
a-tions for the VSB �lter for the PAL B/G system [1℄.Here we 
onsider implementing this �lter assumeda 
omplex baseband �lter, whi
h is quite feasiblein 
ase of digital signal pro
essing, even though theanalog VSB �ltering is normally 
arried out at theIF stage.The input signal is assumed to be a 
ompositebaseband video signal (i.e., it in
ludes both the base-band luminan
e 
omponent and the 
hrominan
e
omponents modulated to the 
olor sub
arrier) with13.5 MHz sampling rate. Further, it is assumed thatthe input video signal is bandlimited from the lowfrequen
y end in su
h a way that there are no sig-
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-i�
ations for the VSB �lter for PAL system.nal 
omponents whi
h would disturb the audio 
ar-riers to be in
luded in the 
omplete video signal.Therefore, there is no need to implement the lowerstopband part (below �5 MHz) of the spe
i�
ationshere. This means also that the audio 
omponents
ould be in
luded in the signal already before theVSB �lter. A suitable digital implementation of anaudio modulator is des
ribed in [2℄.The outline of this paper is as follows. In Se
tion2 the eÆ
ient implementation of the VSB-�lter is de-veloped. The proposed desing is based on Nth-band�lters. Both linear-phase FIR and approximatelylinear-phase IIR approa
hes have been 
onsidered.Se
tion 3 involves �nding the VSB-�lter with sim-ple 
oeÆ
ient representation forms. The target is tominimize the number of powers of two required forrepresenting all the 
oeÆ
ients. In Se
tion 4 ASICimplementation of the VSB-�lter is des
ribed. Fi-nally, the 
on
lusions are given in Se
tion 50{7803{5682{9/99/$10.00 
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f/MHzf/MHzf/MHzf/MHzH1(ejM!)H2(ej!)H3(ej!)Fig. 2: The proposed VSB �lter stru
ture. (a)The overall stru
ture. (b) Chara
teristi
 amplituderesponses of the sub�lters.2. FILTER DESIGNOne approa
h to design the �lter would be to de-sign a suitable lowpass �lter and then translate it inthe frequen
y axis in su
h a way that the requiredasymmetri
al frequen
y response would be a
hieved.However, this would lead to a high �lter order and
omplex signal pro
essing in the implementation.We have developed a multi-stage approa
h il-lustrated in Fig. 2. The idea is to divide the fre-quen
y band into two parts in su
h a way that thelow-frequen
y band and the negative frequen
y axispart of the high-frequen
y band would 
onstitute theVSB �ltered signal. The positive and negative fre-quen
y parts of the high-frequen
y band are sepa-rated from ea
h other using a phase-splitter H3(z)based on Hilbert-transformer [3℄. In this approa
h,the transition band of the Hilbert-transformer is notvery 
riti
al, and a low-order design is suÆ
ient.Furthermore, the band-splitting �lter 
an be imple-mented eÆ
iently using Nth-band �lters [4,5℄. Withthe parameters of Fig. 1, both 6th-band and 8th-band �lters would be feasible. By making prelimi-nary designs for both 
ases, it was observed that the8th-band 
ase resulted in slightly lower implementa-tion 
omplexity. For the 8th-band �lter, a 
as
adeof halfband and 4th-band �lters was 
onsidered tobe the most eÆ
ient solution.The Hilbert transformer is obtained byfrequen
y-shifting a half-band prototype �lterFIR (M = 4) IIR (M = 3) IIR (M = 4)H1(zM ) 4 6 4H2(z) 29 6 6H3(jz) 8 6 4Total 41 18 16Table 1: The required number of 
oeÆ
ients forthe sub�lters.
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Fig. 3: Sub�lter stru
tures of the VSB �lter basedon approximately linear-phase re
ursive Nth-band�lters.by �=2 [3℄. A
tually, the same design that is usedfor the half-band part of the band-splitting �lter isused as the prototype for the Hilbert-transformer.We have 
onsidered both linear-phase FIR [4℄and IIR [5℄ type of Nth-band �lters. In the IIR
ase, the Nth-band �lters are based on parallel 
on-ne
tion of allpass �lters. In order to satisfy thestri
t group delay response spe
i�
ations, the ap-proximately linear-phase IIR Nth-band �lters [5℄ areutilized. From these two alternatives, the IIR ap-proa
h seemed to be more promising, as 
an be seenfrom Table 1, and it was 
hosen for further develop-ment. The di�erent sub�lters needed in the designare shown in Fig. 3. The required �lter orders forthe allpass se
tions of the IIR design are:� H1(z), H3(z): bran
h 1 is a 4th-order allpass;bran
h 2 is a pure delay� H2(z): bran
hes 1, 2, and 3 are 2nd-order all-passes, bran
h 4 is a pure delay.3. FILTER OPTIMIZATIONAs the next step, the 
oeÆ
ients of the allpass se
-tions in di�erent �lter stages were optimized usingthe algorithm developed in [6℄. Allpass �lter se
tionsof the wave-digital latti
e �lter type were 
hosen [7℄.In VLSI implementations, a signi�
ant redu
tionin hardware 
omplexity is a
hieved, if the multipli-
ation of a data sample by a 
onstant adaptor 
o-eÆ
ient is implemented using 
anoni
-signed-digit(CSD) multiplier [8, 9℄. The signed-digit represen-tation of a fra
tional number has a general formx = RXr=1 ar2�Pr ; (1)where ea
h of the ar's is either 1 or �1 and thePr's are positive integers in in
reasing order. There-fore, the multipli
ation 
an be implemented as a se-quen
e of shifts and adds. The CSD representation250
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(b)Fig. 4: Typi
al sear
h spa
es for the poles whenthree powers of two with 7 fra
tional bits (R = 3and PR = 7) are used for the adaptor 
oeÆ
ients.(a) Upper-half-plane pole for the 
omplex-
onjugatepole pair. (b) Real pole.is a unique representation where the number of theadditions, R� 1, is minimum.It has turned out that a very straightforwardquantization s
heme for the �lter 
oeÆ
ients is ob-tained as follows. For ea
h 
omplex-
onjugate polepair, the largest and smallest values for both theradius and angle are determined in su
h a way thatby reoptimizing the lo
ations of the remaining poles,the overall magnitude 
riteria 
an still be met. Forea
h real pole, the smallest and largest values for theradius are found in a similar manner.The above pro
edure gives for the upper-half-plane pole for ea
h 
omplex-
onjugate pole pair theregion R exp(j�) where R(min) � R � R(max) and�(min) � � � �(max), as illustrated in Fig. 4(a).The 
rosses numbered from 1 to 4 
orrespond, re-spe
tively, to the points where the smallest radiusR(min), the largest radius R(max), the smallest angle�(min), and the largest angle �(max) are rea
hed. In-side this region there is the feasible region given bydashed line in Fig. 4(a) where the pole 
an be lo
atedsu
h that by relo
ating the remaining poles, thegiven overall 
riteria are still met by using in�nite-pre
ision arithmeti
. For ea
h real pole there is the
orresponding region R(min)0 � R � R(max)0 that issimultaneously the feasible region. In Fig. 4(b) the
rosses numbered by 5 and 6 indi
ate R(min)0 andR(max)0 , respe
tively.The next step is to �nd in the above regions thosepole lo
ations whi
h are a
hievable by implementingthe adaptor 
oeÆ
ients using CSD 
oeÆ
ient rep-resentation. The dots in Fig. 4 indi
ate these polelo
ations. Note that the distributions are very ir-regular due to the desired representation form. Allwhat is still needed is to 
he
k whether there exists a
ombination of the dis
rete pole positions with whi
hthe given overall 
riteria are met.The optimization redu
ed the 
oeÆ
ient 
om-plexity signi�
antly: 
onsidering CSD 
oeÆ
ient
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y in MHzFig. 5: Amplitude and group delay responses forthe optimized design.implementation, the number of adders/subtra
tersneeded to implement all the adaptor 
oeÆ
ients forthe overall design was redu
ed from 24 (obtained bydire
t rounding with minimum wordlength satisfyingthe spe
i�
ations) to 9. For the optimized design,the maximum shift, PR, required for the 
oeÆ
ientimplementations is �ve for both H1(z) and H3(z).For H2(z), the 
orresponding �gure is seven. Onthe other hand, for the FIR approa
h, the numberof additions required for 
oeÆ
ient implementation,obtained by dire
t rounding, is 78 while the maxi-mum shift is 14.In addition to these adders needed for the 
oeÆ-
ient implementation, the IIR stru
ture in
ludes 48adders in the adaptors and for bran
h 
ombining.The overall amplitude and phase responses of thedesign are shown in Fig. 5, and it 
an be seen thatthe spe
i�
ations are satis�ed quite well.4. ASIC IMPLEMENTATIONAs shown in Fig. 2 and Fig. 3, the VSB �lter is
onstru
ted by using delay elements and �rst- andse
ond-order allpass se
tions. Sin
e the 
oeÆ
ientsfor the �rst- and se
ond-order allpass se
tions areoptimized as simple 
ombinations of powers of two,a multipli
ation for ea
h 
oeÆ
ient of the �lter 
anbe realized by a few simple shift operations andadders/subtra
ters.The hardware des
ription language VHDL wasused to model hierar
hi
ally the designed VSB �l-ter. Additional pipeline registers were inserted tothe �lter stru
ture in Fig. 2 based on some estima-tions.Parallel 
omputational style was used for designsimpli
ity. Positive edge-triggered stati
 master-slave D 
ip-
ops were used for delay elements fortheir robustness and ripple 
arry adders were used251



for their small area and regularity.The VHDL model simulation results were 
om-pared with Matlab simulation results to verify theperforman
e of the designed 
ir
uits and to deter-mine the additional bits needed to satisfy �nitewordlength e�e
ts. In order to avoid over
ow andto satisfy round-o� noise requirements, three moreadditional bits are needed when input is 13 bitssinusoidal test signal. Using 16 bit overall datawordlength (12 fra
tional bits, 3 integer bits and signbit) in internal 
omputations, the round-o� noiselevel is well over 60 dB below the pi
ture-
arrier levelof the PAL-modulated signal.The VHDL model was synthesized for a 0.35 �mte
hnology. The synthesis results are summarized inTable 2.Data format 13-bit input and output16-bit internalTotal area 2.6 mm2Layout density 14 000 gates/mm2Gate 
ount 36 400Operating 
lo
k frequen
y 13.5 MHzAverage power 
onsumption 0.25 �W/MHz/gatePower dissipation 123 mW at 13.5 MHzTe
hnology 0.35 �m, 3.3 V,4-metal, n-well standard
ell pro
essTable 2: Synthesis results.5. CONCLUSIONWe have developed for the VSB �lter an eÆ
ientbaseband digital �lter design, whi
h seems to bequite feasible for implementation as an appli
ation-spe
i�
 integrated 
ir
uit.In the 
ontinuation, we are going to study thepossibilities to in
lude a digital up
onverter to 
on-vert the baseband video signal at the VSB �lteroutput to the 
ommonly used IF frequen
y of 38.9MHz [10℄.
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