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Abstract — This paper proposes a nove VLSI architecture to
compute the DWT (discrete waveld transform) coefficients using
Mallat’s algorithm with reduced complexity. We sudied the
commonality embedded in the mirror filters d the algorithm and
use a PLA as an Address Gerrator (PAG) to load the data for
cascade FIR computation. By using an embedded down-
samging process h the contrd signal design we reduced the
complexity by saving storage and computation. The prototyping
design is implementel and fabricated using AMI 1.5 micron
CMOS process throughMOSIS.

l. INTRODUCTION

Discree Wavelé Transfom (DWT) isa vel usefu tod in
time-frequeny analyss becaus d its exdlent locdization
both in time ard frequeng [1]. It has been vely swceessfu in
severhareas sud a imag comprssion communicaion and
denoishg. DWT is a god dternae o FFT (Fas$ Fourier
Transform) in mog applicdions Fa the same reasoss DCT
ard FFT ASICs thee is good demand tonvegigate dficient
implementéon arclitectue o VLSI despn for DWT and
pudhit into the real-wortl high-sgeed IC industry.

Mallat's pyramd algoithm is consideré the most
importart algorithm to calculae DWT codficients ard it
plays tre sinilarly importart role in wavelé transfom as FFT
has been in Fourig Transform Mallat's algoithm is bastaly
a cdledion of cascade FIR filtering operdions by a par of
mirror filters ard down-samfing praedue in eah <ale.
The poblem is statd briefly as fdlows. Given a sgnal
{x(n)} , we ae expectd to genera a se of wavelet

codficients{ d jk} ard gcding codficients {c* } froma pair
of mirror FIR filters{ h, (n)}, {h,(n)} - The computéon of

one scale include two ses d coefficients wavelet
codficients, {4 ! ,tha are the detided represention o the

signd and scding codficients, (¢ y ,tha are the coarse
represention of signal.

In this paperwe firs describd Malat's DWT algoithm.
We made a compléy analyss ard studied conmondity in
the algoithm. We found sone embddel redundang in the
mirror FIR filtering ard down-samling pracess Basel on
sone inportart observéions we derivel a VLSl architecture
with redwed computéiond and storag compleity compared
to the origind algorithm A Progranmabk Logic Array
(PLA) Address Generato(PAG) is gplied to genera index
ard contrd signak b load tle data @ a MAC (Multiplier

Accumulate) unit. The prototype degh is implementd with
AMI 1.5 micron CMOS pracess.
Il. DWT & MALLAT' S PYRAMID ALGORITHM

According o waveléd transform a sé of time serisf(t) can
be gproximatel by the snooth version progdion onto
multiple scéing subspce ad the detded versim projedion
to the wavelé subspces as in

f(t)= ch) 2% /220t —k) + ZJZOdj(k)Zj’Zw(th -k ()
£

@(t)'s ae scding fundions in mutiple scals ard  (t) 's

are wavele fundions They form an orthogonhbass d the
signd space In (1), j is the index of scale with a range from
{0,J,} ;ard k is tre time shit factor Given the orthogonal

basis signd f(t) can be representt by a sé of scding
codficients {c, (k)} and wavele codficients {d (k)};°,

wher J,isa desird ale.

Mallat's algoithm stats tha the codficients
{c,, (k)} ard {d, (k)};° can be calculatd by cascaé FIR
with a par of filters: low-pass flter H () derived from
the scding fundion ard high-pass fiter H , (w) derived from

waveld fundions [1]. The filters hawe the popery to make
them mirror filters. In Fig.1, H (w)am H,(w)are the

frequeny repone d predefing filter codficients
{h,(n)}: and hl(n)}i‘ , resgdively. {h,(n)}+ and
{h,(n)} - are computd from specific wavelé construction
methods ard they have a synmetrc propery which makes,

h(n) = (=)™ hy(L +1-n). (2)

Here L is the length of the filters. In Fig.1, Daub4 wavelet
is usel & a exampé © demonstrat the miror filters.

The computdon congitutes o two step recursively:
initially the origina signd f(n) with length N (N = 2°) is
considerd as the scale 0They are both low-pass fltered by
H , (w) and high-pass fltered by H  (w) - The FR filtering

is computd thraugh circula convolution by making the data
periodic.
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Fig.1 Mirror filter of Ho and Hi for Daub4 wavelet

This first step generate a se of coefficiens {cl (K)} o2 N+L L and
{d", ()} 57 with length N+L-1 In the seond stepadown
sample demmats the codficients © gd the sczkng

codficients{ ¢, (k)} 7 and wavele codficients {d, (k)} \/7 i
the first scale.
He, (k) =c’y (27 k-1)
Edl (k) =d", (2*k -1)
In the nex scale computtion, {d, (k)},.2is kept as the
final result but {c (k)})/?is usé & the data and
deconposel recursivey as the éowe procedus urtil it
reache the desird salke J,. This will form a pyramid

structue o cascade FIR ard decimding computtion & in
Fig.2 The find codficients ae {c, (k)}in the las scale

3)

Jo,ard {dj(k)}lJO in the previos scales The procedure is

depictel in Fig.2 ard is al® cdled pyramd algoithm
becaug d the structure.

1. COMPLEXITY ANALYSIS AND OPTIMATION

For a space ah compleity constrain VLSI ASIC desgn,
the key chdlenge is the compleky in both storag and
computdéion. Generdly, we nee two FIR computéions for
eah <cale with the same legth filters {h (n)}; and

{h,(n)}; for haf the length of the previos <ale Typicaly

a DWT is block-base computéion, i.e. a blok of data is
first collected befoe the compution begins Then the
window shifts o anothe blok afte the computdon of
codficients. So we analyze the compuian in ore block.

The FIR computsion for one scale ca be capturd by
equdions:

tirme shift k
>
[ e N
H0 and decima‘e/ \El and decimate
see | [ o) oD
] g N
* ‘
) | agy |

]

A\
Fig. 2 Mdllat's Pyramil algoithm for DWT computdion
SN @
B, =H,*C,,
where
HC, =lc; (D) c,(2)..c;(N/2)]" (5)
- .
D, =[d;(1) d;(2)..d,(N/2")"
and
EH o =[Ny (1) o (2)... ho (N /27)]7 ©)
H, = [0, (1) hy(2)... hy(N /7207

where h_(k)are the rov vectos consitutes tre filter
codficients amd paddng zerc for both wavele filters and
scding filters(m=0,1). They haw the fom of
[0 0O h, h h, h O 0]. Fo an
easie explandion, we use a exampé with L=4, N=8 to
denoe the matn in the equéion, as in Fig. 3.

In this examplewe have{ x(n) | n O (1,8)} . The circular
convolution will generae N+L-1 codficients
{cs c, cg C; C,...Ce} . It is obviousy naive © compue the
dired multiplicaion of thee two big matrixes sirce the
matrix H is highly redundan ard has ske (N+L-1)*(N+L-1)
with only L codficients.

[Cs [ .4h3 h2 ..... hl -::‘0 0

B o[hh h R0 o

.0 000 < hy Ty

‘@:DE - h, h, h hlI

$gg ©, MR .
00 O 0 : .o

.0 0 h, h h mH B%E

Fig. 3. Matrix Multiplication of Circular Convolution
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We ndiced tha the computtion for different codficients
is jug shifting the filter through a window of the data If we
follow the FIR + decimation archtectue am uge the
standad FIR computéion with shifted operéion of the index,
we then will have b first compue am stoe N+L-1
codficients amd then decimate Moreover, thé computéion
will need storag for two filters { h, (n)}, {h,(n)} .

Howeve we made sevelabservéons here 1) The filters
{hy (N}, {h,(n)} are miror filters aml only differ in the
index ard sign; 2) a down-sampng pracedue afte the FIR

introdwces redindang in the computtion ard we waste half
the resource © compué those cdicients tha we do not

convenient for the PLA to implemen a finite state machine
(FSM) with vely simple statesWe only requite fou states for
all coefficients. And sirce the indg is generate by the PLA,
it can be rardom ard flexible rathe than the exat patten of
shifting-orde in a FIR computéon.

We achieve a ghificart improvementn the storage and
computdion complexty with this desgn. TABLE.l
summaried the improvementHere N is the length of data
block ard L is the length of the filter codficients. For
simgicity, we al® ue thenumbe of the example,i.eN=8,
L=4.

TABLE |. Reducel Complexty afte Optimization

wart; 3). By gpplying the standad FIR operdion, we will Mallat's Optimized VLSI blocks
neal an extla deciméing praedue © pik the desired ~
codfficients; the storag for the intermediate cdlicients Storage 1)3,\(1'12'[';38 N#2L=16 - Memou /Latch
' N+L-1 1 N+L-1:
{cy (K} ard {d 1 (k) k=L IS redindant. */+ 2(Nh+L-1)*L=88 N*L=32  Accumulator/Muti
. . li
For a detdled study we expad the exprasian of only ) ) per
thoe scéing/wavelé codficients o interest, Overread Filter Mirror Logic, PLA

Down-sampler

e/ d) (D) =hg,, (9 * X +hg1 (3 * X(D) + N1 (D * X(3) + g, (D* X(4)
He/d),(2) =1 (4)* X@ + hyys(3* X(4) + Ny, (2)* X(5) + N, (D * X(6)

c/d);(3) =hg,(4)* X(5) + g1 (3 * X(6) + g1 (2 * X(7) + hy,, () * X(8)
He/d)1(4) =10 (8)* X(7) + 1,1 (3 * X(8) + g1 (2 * X(1) + g, (D) * X(2)

and the reldion of the filters are,

Ch, (1) = h, (4)
Hh,(2) = ~hy (3)
oh.(3) = hy (2)

Hh, (4) = -h, (1)

Notice tha 1). Each codficient now only has 4
multipli cations ard 3 addtions; 2). Wavelé filter {h,(n)}
is onl differert from scding filter{ h (n)} ; in the indec and
the spn; 3). The computéion of {d (k)} and {c, (k)} are

alo only differert in the indices  the two ses o data {x(n)}
and {h,(n)};. 4). The computdon of redundant

codficients {c2’, c4’, c6’, c8} has o &fed on the desired
codficients {cl1’, c3’, ¢5°, c7’} which are actudly the final
codficients {c(1),c(2),c(3),c(4)}.

Recdl that in VLSI despn the adde can hawe one inptibit
contrd signd "sub' to swtch between adition and
subtadion. So if we know the index ard sign d each
codficient & ead computéion cycle we will be able ¢ get
the cared results.

()

(8)

The key idea B b embed th deciméon into the FIR
computdion. Rathe than usinga shift-registeto generat the
ordera index of the FIR codficients & in a standat FIR
computdion, we desjn a PLA to generat both the aldress
ard sign far x(n) ard h(n) a a paticular step Becaug the
numbe of MAC is fixed for ead codficient asL, it is very
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V. VLSI ARCHITECTURE

The tp leve architectue d our desgn is depictd in
Fig.4. The core 6this desjn consist d the fdlowing parts:
a 8'8 Booh Remding mutiplier; a 12b*12b accumulator;
internd memowy unit to stoe the data x(n ard filter

codficients {h, (n)} ; PLA block to generag the adress to

load {x(n)} and {ho(n)}lL ard relevam control sgnak such

as “suly signd for the ful adder, ard severh“load” control
signak far the latche separting the different modules A
MUX is use to mutiplex the inpt dat ard upda¢ d the
scding codficients {c, (k) to the memory an 1/O interface

with the externaMPU(Micro Pracessa Unit). The man PLA
is contrdled by three caintess careponding © three levé of
periodidty: the index of coefficiens k the wavelé/scding
codficient switch(CDSwitch ard the scale indej.

During compution of the DWT codficients, an external
MPU first inputs the data §(n)} and scding filter {h, (n)} -

Then the DWT chip swtches © computéion node by
“XICSW” MUX contrd signal The PLA will generage the
relevan address b the deode of memory unit accordng to
the curert scale type o coefficiert ard index of the curertly
computel codficient. The man PLA uses a predefined
lookup tabk o generat the adress aml sign for both {x(n)}
and {h,(n)},; . When it is in the node d computdion of

scaing codficients, {h,(n)}, decreas in orde ard no
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Fig. 4. VLSI architecture of Embedded Decimation with PLA
Address Generator (PAG) in Mallat’s Algorithm

“sub” signal is produced. When it is in the mode of wavelet
coefficients, x(n) is the same as in scaling mode, but the index
and sign of {h, (n)}; are generated according to the relation
in (8).

When all the coefficients are computed in one block of

{x(n)}, the MPU will feed in another block and this procedure
continues recursively.

V. PLA DESIGN

Seale j | co sw|

In the proposed architecture, only one MAC is required
(However we can use multiple MACs for a pipelined
computation. This is a possible enhancement). The design of
the PLA is essential to the algorithm. Since there are several
coefficients to compute, the state transitions of the PLA might
be very complicated if we do not extract the commonality
among the computation of coefficients.

Notice in the computation of four scaling/wavelet
coefficients in (4), we have 3 additions and 4 multiplications
for each coefficient. We notice further that in general, when
the filter length is L, each coefficient in the complete Mallat’s
pyramid tree has L-1 additions and L multiplications. This is
very important since we can design the PLA with L as
constant number of the basic state and use counter to generate
the switch control signals of different coefficients.

A simplified FSM is depicted in Fig. 5. In the
STARTDWT state, original signals and the filter

{h,(n)}; are inputted to the memory. After the data has

become valid, the whole system is set to idle state (state0). All
latches and other registers should be initialized after the
RESTART is asserted. Then a STARTDWT (SD) signal is
sent to the chip. From this point, the DWT chip is controlled
by the internal main PLA and the calculation cycle begins.

RESTART
\ IN(MD.j,k,CDSW,..)/OUT(Addr,LD,Sub...)
DONE
IN(MD.,j,k,CDSW,..)
IN(MD.,j,k,CDSW,.. /OUT(Addr,LD,Sub

OUT(Addr,LD,Sus"..)

IN(MD,j,k,CDSvm

OUT(Addr,LD,Sub...
)

Fig. 5. Basic FSM for the main PLA

In one cycle, the FSM includes four basic states {s0, s1, s2,
s3}, each for one multiplication. The transition of the state is
caused by the completion of one multiplication operation.
After each multiplication, a “LDACC” signal for the
accumulator is generated. After four states, one coefficient is
computed. Then it updates the number of coefficient and
enters another cycle to compute the second coefficient. After
the completion of scaling coefficient, C/DSW is updated to
generate address and sign of the wavelet filter and the
corresponding {x(n)}. Then after one scale, it continues to the
next scale. After the last coefficient of the last scale is
computed, the state returns to idle and waits for the next block
data. In the simplified FSM depicted in Fig.5, the bubbles are
the states. The lines indicate the transition of the state based
on control signal values. The output of PLA is also depicted
on the lines with the form “i npu/output” above the lines.

Basically, there are three different periods. The first one is
for addition, which equals to 4 multiplication cycles; the
second one is for switching of different coefficients, i.e. d; or
¢;, which equals to the sum of 4 cycles of additions; the third
one is for the number of coefficients computed in the current
scale. So, three counters are designed for these three different
periods. They send out corresponding control signals to the
main PLA (Fig. 6). This first counter generates MD, AD and
XH switch signal for main PLA. MD is asserted every four
clock cycles to activate the state transition to another
multiplication state. Meanwhile, the loading controls for the
accumulator starts. After every four MD, an AD is asserted,
which means a coefficient has been computed. XH is used to
switch between loading data and wavelet coefficient.

IN(MD.j,k,CDSW,..)
JOUT(Addr,LD,Sub
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Fig. 6. PLA design with counters

summaried in TABLE.II.
TABLE II. PLA FSM Inputs/Outputs

Inputs From Note
RESTART | Inpu pin Rese the PLA to idle states
SD Input pin Stat the DWT process
CD Counte #3 Switch calculdion between d & ci
AD Counte #1 Accumuldion Done
XH Counte #1 Loading dat/ Loading codficients
MD Counte #2 Multiplicaion Done
Ci (i=0,1) Counte #2 Choos whidh to be calculated
Outputs Destination
RD Output pin Data is read for output
Multiplier Load Wavelé¢ Codficient to
MH o
Multiplier
MX Multiplier Load dah o Multiplier
MC Multiplier Clea inpu latch of Multiplier
MR Memory Rea Memoy Enable
Ai(i=1~4)| Memory Address fa Decoder® Load Data
MD Ca’:An?(lean PLA Multiplicaion Done
AC Accumulato| Clea inpu latch of Accumulator
AS Accumulatol Chang o subtradion mode
AO Accumulato| Accumulate oufput enable
AT Accumulatol Load temporay result.

VI. CONCLUSION

The desgn is implementd andfabricated usng the AMI
15 micrsmn CMOS pracess thraigh the MOSIS prototyping
servce The mag layou is show in Fig 7. The size 6 the
chip core is 2.2nm* 2.2mm. Although ths is nd the most
advarced technique in fabrication, it is enaigh fa the
pumpose d prototyping. The simuldion resit showel carect
computdion of the desjn with rediced compleity compared
to the origind Mallat's algoithm. A detdled descripion of
the wokk can be found in [3].

Booth Recoding
- iMultipliert

1 iAccumulator:
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