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Highly Efficient High-Speed/Low-Power
Architectures for the 1-D Discrete Wavelet Transform

Francescomaria Marino, David Guevorkian, and Jaakko T. Astola

Abstract—in this paper, we propose two scalable architectures  In many of these applications, real-time performances are re-
(say, Arcy and Arc3) that perform the discrete wavelet transform  quired in order to achieve attractive results. Therefore, the im-
(DWT) of an No-sample sequence in onlyNo /2 clock cycles. g1emantation of the DWT by means of dedicated VLS| applica-
Therefore, they are at least twice as fast as the other known archi- _. e L7 ;
tectures. Also, they have an A% parameter that is approximately t!on-specmc integrated circuits has recently captivated the atten-
1/2 that of already existing devices. tion of a number of researchers, and many DWT architectures

This result has been achieved by means of a carefully balanced have already been proposed [12]-[25]. Some of these devices
pipelining, and it has two “faces.” First, Arc; and Arc; can be have been targeted to have a low hardware complexity, but they
employed for performing two times faster processing than allowed require at least &, clock cycles (ccs) to compute the DWT of

by other architectures working at the same clock frequency (high- & havina V. | the devi di
speed utilization). Second, they can be employed even using a twol Séquence havingivo Sampies (€.9., the devices proposed in

times lower clock frequency but reaching the same performance as [12]-[14], the architecture A2 in [15], etc.). Nevertheless, also
other architectures. This second possibility allows for reducing the a large number of devices, having a period of approximaigly
supply voltage and the power dissipation, respectively, by a factor ccs, has been designed (e.qg., the three architectures in [14] when
of two and four with respect to other architectures (low-power uti- they are provided with a doubled hardware, the architecture Al

lization). . - - . .
As a)final result, we show that a parallel architecture imple- in [15], the architectures in [16]-{18], the parallel filter in [19],

menting an L-tap filter-based DWT with J decomposition levels €tc.). Most of these architectures exploit the recursive pyramid
[say, Arcopr(J, L)] can be defined, aiming at having an excel- algorithm (RPA) [26] or similar scheduling techniques in order
lent efficiency (say, effArcopr(J, L)]) for any value of J and L. poth to reduce memory requirement and to employ only one or
For instance, the average value of efArcopr(J, L)] [computed 4 filter units, independently from the number of decompo-

in very wide setX’ of “points” (J, L)]is 99.1%. The minimum . . .
value of effArc opr(J, L)] in él’is %3_8%’ and, except for five sition levels to be computed. This is done by producing each

“points,” in all the others, eff [Arcopr(J, L)] is not lower than ~output at the “earliest” instance that it can be produced [26].
96.9%. The demand of low-power VLSI circuits in modern mo-

bile/visual communication systems is growing all the time. On
l. INTRODUCTION the other hand, the running progress of the VLSI technology has

I h f the h . Theref h -
HE DISCRETE wavelet transform (DWT) [1]-[4] is astrongy reduced the cost of the hardware. Therefore, the pos

: . _ __~ sibility of reducing the period, even increasing the hardware,
mathematical technique that decomposes a signal in

time d in by Using dilated/contracted and t lated . gbecoming an important issue. In fact, low-period devices
Ime domain by using dilated/contracted and transiated versiofiy important also for low-power utilization. For instance, a

of a single basis function, named the prototype wavelet. vice D having a periodl’ = N/2 ccs could be employed

the last dg(_:ade, the DWT has then beeﬁ found_ prefe_rablent& only for performing a two times faster processing than that
other traditional signal-processing techniques since it 01‘feg1

. . ) Howed by D’ having a periodl” = N ccs but also (clocked
useful features such as inherent scalability, computational co “a frequencyf) for reaching the same performance reached
plexity of O(No) (where N, are the samples of ihe processe D’, when this one is clocked at a frequenty= 2f. This
sequence), low aliasing distortion for signal-processing applic rcumstance allows) of reducing the supply voltage (linear
tions, and adaptive time-frequency windows. Hence, the D T . . .
has been studied and applied to a wide range of applicatiogﬁf) and the power dissipation (linear Jff), respectively, by

i . . - ; actor of two and four with respect ' [27].
numerical analysis [3], [6], biomedicine [7], different branches The above considerations have motivated the work of this

?f irr]n age an(iovideo pr?]cessing [1].' [% [9]. signal—lproclelssirg;aper’ which proposes two scalable architectures having an AT
echniques [10], speech compression/decompression [11], & farameter that is approximately 1/2 that of already existing de-

vices and performing the DWT of al¥,-sample sequence in
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Fig. 1. One-dimensional DWT: dyadic decomposition in four levels. The syrbenotes decimation by two.

Even though the pipeline paradigm already has been dion of the sequencE ™ (havingN;_, samples) into two sub-
ploited by existing DWT architectures (e.g., those in [12] andandsl’ andh’ (both havingV,; = N;_1/2 samples). Such a
[23]-[25]), to the best of our knowledge, none of them reachdgcomposition is produced by two convolutions followed by a
the performance claimed in this paper. Also, it is worth notindecimation by two, as depicted in Fig. 1 and formalized by
that the existing pipelined devices are underutilized. In fact,
the downsampling occurring in each DWT decomposition level
greatly helps in designing RPA-based architectures (e.g., those
in [14]-[17], [19], [20], [22], etc.) but makes the pipelined 1
devices heavily underutilized, since the stage implementing the Bo— Z ¢ P

=0

2n—1?

L—1
U=> aB1; 0<n<N, (1a)
:=0

o . < < ;
decomposition levek is usually clocked by a frequency 2! n—e Osn <A (1b)

times lower than the clock frequency used in the first level
[24]. This underutilization comes from a low balancing of thevherea; andb; denote coefficients, respectively, of low-pass
pipelines when they implement the DWT and leads to a loand high-pasé-tap filters (saya ande),? and we have assumed
efficiency. On the other hand, the architectures Aand Ar¢; 17 = 0forn < 0orn > N;.
are highly balanced. A direct consequence of the decimation by two in (1a) and
In addition, because the designs of the proposed architectuis) is the following Property P, which assumes particular im-
depend only on the number of decomposition levEland on portance in the body of this paper.
the length of the filter., we characterize the efficiencies (oth-
erwise saichardware utilization) of Arc ; and Arg; within a 2-D
space’. of coordinates.J, ). Such characterization shows tha mpﬁ%{’,&
the efficiency of Arg decreases witly, while the efficiency eti ’
of Arch has an opposite behavior. This study suggests definin
an architecture Argpr(.J/, L), which is highly efficient for
any specific application identified by a poig#’, L') € X.
Arcopr(J’, L') is simply the architecture (between Arand
Arc}) having the highest efficiency i6J’, L’). The efficiency
of Arcopr, evaluated for a very wide subset of pointsinhas
excellent results, 99.1% being the average value.
The outline of this paper is as follows. In the next section, the
one-dimensional (1-D) DWT is shortly recalled. The strategy [L/21-1
leading to the design of Ajcis illustrated in Section Ill. The  ji+1 _ Z GEVEN | lj-EVEN
computing blocks of Arg implementing the decomposition ! o

a™VEN and ¢*VEN be the sequences consisting
of the even-numbered samples, respectively; ok, andc
(i.e.,l{,;EVEN = lém; alVEN = qag; and cPVEN = ¢y

0 <m < N,;/2,0< i< L/2). Moreover, let? 9PP qOPD
andc¢®PP be the sequences consisting of the odd-numbered
samples, respectively, &f, a, ande (i.e., 12,°PP =13, .,
CL?DD = azit1, andCf)DD = C2i41, 0<m< Nj/2;

0 < i < L —[L/2]). Therefore’** and h’** can be
expressed as

levels 1 and 2 (namely}; andBs) are described, respectively, ZL_E [L/2]-1
in Sections IlI-A and 11I-B. Designs of blocks implementing 1 Z aOPP ,lj-QDD; 0<n< N
decomposition levels higher than the second one are described =0 . e -
in Section IlI-C. The “hybrid pipeline-RPA” architecture Arc (1a)
is motivated and described in Section IV. Evaluations of the [r./21-1
proposed architectures in terms of computing performances+1 — Z c;EVEN-lf;'EVEN
and efficiency, as well as the definition of Ag6r, are given in P o
Section V. Conclusions are summarized in Section VI. L—[L/2]-1
R S P
=0

Il. THE 1-D DISCRETEWAVELET TRANSFORM (1b)

The 1-D DWT [1]-[4] is a multilevel decomposition tech-

nigue. In it, each decomposition levgll < 57 < .J; Ng =
q P ﬁ(l =J = 0 2The filtersa andc may also have different number of taps. Nervertheless,

7 . . :
P27, NO(v) andp b?'ng' respectively, the length of the input sep, the literature on DWT architectures, they are considered to have an equal
quencd” and an integer) can be seen as the further decompasimber of taps, since, in any case, the shorter filter can be suitably zero padded.
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» »'  independent convolutions having, as filtes§) ™ anda®"P
P B > [VEN andcPPP] and, as inputl® VN andi® 9P respec-
No S ll—’ B, | e 3 tlvely
Wi—2L N2 : ) >k Therefore, fouy independent  filter units  (say,
— > I v APVEND AOPPCFVEN and C©PP), globally employing Z
” L. >k PEs [say, wa(0): Wa(1)s -« - Wa(r.—1); We(0), We(1)s --- and
s we(z—1)], can be designed and arranged in order to process
> B in parallel I EVEN and 1°°°PP | and therefore, perform the
N2 ’ first level of DWT at the rate of 2 samples per cc, supposing
;’ that 1 cc is the time needed by one PE to compute one product
W’=|-U2 -I and one sum. Block B; is shown in Fig. 3 forL = 6.

The data dependence graph (DDG) AFYVEN and A°PP
computingl® is provided in Table I. From this, the DDG of
CEVEN and ¢°PP can be straightforwardly derived. In this
1. ARC ;: A BALANCED PIPELINED APPROACH TO THEL-D  DDG, and in the other DDGs that will be considered in the
DWT following, the columns related to the 1/O data lines [e.qg.,

Because of its structure, 1-D DWT can be straightforwardie: 1o, I, Or-1), O, Oy, and Oy, as well as the
pipelined intoJ blocks B;(1 < j < J), each blockB; being Ccolumns related to the select signals (e5§.5", 5”), show the
devoted to compute the decomposition leyeNevertheless, data present on that line in a specific cc [identified by the c!ock
from (1a) and (1b), we observe that the complexity (§gy,0f cycles counter(k), 1 < k < J]. The products computed in
the decomposition levglis linear inV; with a factor depending €ach cc by the multipliers inside each PE are shown in the
on L. Therefore, because of the decimation by two performéglated columns. Arrows are used to denote how these products

Fig. 2. Arc;: top-level architectural scheme.

in each decomposition level have to be added in order to achieve the final results.
The block B; has two input lines/g and . I feeds
C; = 2C;41. (2 1"VEN poth into ATVEN and intoCFVEN, while I feeds

17°°PP hoth into A°PP and into C°PP. Because of the
As a clear consequence of (2), in order to balance a pipelingdependence of the computatiod®; >N and 19PP are

T

DWT architecture, each block; should employ a numbé¥;  fed in parallel during the same eg;, = i at the rate of 1

of processing elements (PEs) (each PE will be basically congtgmple per cc. Therefore, the input sequdfi@an be sampled
tuted by one multiplier and one adder) at a frequency twice higher than the working frequency of the
device and can be “consumed” B in only (Ny/2) + 1 ccs
(this additional cc is due to the fact that the inputf&f°°P
is delayed by 1 cc). The subbait(i.e., the point-wise sum
of the outputs fromA=VEN and from A°PP) is generated by
nile addertSy, and output by means of the lir;,;) at the rate
of Arc, is given in Fig. 2. of 1 sample per cc, starting of;y = _1. Slmllarly_/, in parallel
We assumé¥, = 2L since, as we shall see in Section Ill,and at the same rate, the subbaid(i.e., the point-wise sum

EVEN ODDy
this choice leads to design of a bloBg having a period of only of the outputs fromC” and fromC~") is generated by

No/2 ccs that is 100% efficient arstalable with any value of the adderSy and output by means of the lirt@;;(,). The filter
L. Because of this choice, in order to balance Artom (3), units have been designed according to a well-known scheme
we must havéV, = I and, in general [28], but any scheme for serial input/output convolution could

be used. The four latches (shown in gray in Fig. 3) at the input
W — L 4 of the addersSy;, and Sy have no functional reason but have
k= [or—2 ) been inserted in order to make the critical paths limited to one
multiplier and one adder. By this way, we can satisfy (in a very
where [z] denotes the rounding to the smallest integer n@tst approximation) the assumption that the clock period (i.e.,
smaller thare, and takes into account the discrete nature of thge duration in time of 1 cc) is bounded by the latency of one
PEs. multiplier and one adder, which is the standard clock period for
Designs of blocksB; and B, employing, respectivelyY2L.  pwT architectures [13]-[24]. Additional latches inserted at the
andL PEs, are introduced in Section lll-Aand -B, respectivelyyytput of each multiplier could further decrease the minimum
Blocks By (3 < k < J) havingW;, PEs as defined in (4) are gjiowed clock period.
described in Section I1I-C. The proposed design @f, is fully scalable with any value of
L and has 100% efficiency since during each cc, all the PEs are
employed in effective computations.

W; =2Wji1. ®)

Therefore, our idea is to build a balanced architecturey An-
stituted by a pipelin¢ B, — B, — --- — B}. Each blockB;
is designed carefully taking into account (3). A top-level sche

A. First Level of DecompositionB;

In order to design a high-speed blaBk performing the first

level of DWT decomposition, we consider Property P intro- 3Actually, (1) and (1b’) require globally 2 products and 2—2 sums, but
we approximate these operations to those performed in 1 c£ IBEA. This ap-

. . ) 1
duced in Section Il. Foy = 0, Property P means tha]t[h ] proximation makes simpler the efficiency evaluation. Moreover, it will be com-
can be computed by the point-wise sum of two different an@nsated by an opposite approximation that will be assumed in Section V.
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Fig. 3. BlockB;: architectural schemd(= 6). The gray latches have no functional reason but have been inserted in order to make the critical paths limited to
one multiplier and one adder.

TABLE | the period. By this wayi},[13,, 1] is available for 2 ccs and

BLOCK B;: DDG oF AFVEN aND A°PP CoMPUTING I (NINE PERIODS). Wonn [0 0 < m L/2) has the time for processing it
THE DDG oF CEVEN anp C'OPP CaN BE STRAIGHTFORWARDLY DERIVED 2 [W2m-41](0 < < L/2) P 9
both byas,,, and bycs,,, [bY a2,,+1 and byes,,,+1]. In order to

Tl T | lo || wew | wory | way [| O [ way | wamy | wats) do this, amAdaptersuch as that shown in Fig. 4 has to be inserted
Offo | 0falo]alo aof"o__“oi SIS L betweerD ;) and the linedz /1. Such an adapter allows the
L P | P flasls]alsl aofall 1o, Lafy Last) Last) following strategy:
TR & A&

2 La | B alsl als a0104,‘1'1‘ ,allO; ,aalo} L as 5 .
3N P | Psll aalel afs aolo(,, 112‘ ,allog ,asloi ,aslgs IE(T(Q)) — {OL(I)(T2)’ I; S(T(Q)) =0 (Sa)
4 los 107 a41°s\ azfos\ aolos‘ 1 ,a|107 ,a3107 ,as/J7 IE(T(Q) o 1)7 : S(T(Q)) - 1
5 1010 109 adlol[)\ 021010\ aol'10] 114 i 1012 Las 1039 ,a5/019 IO(T(Q)) — {IO(T(Q) - 1)’ If S(T(Q)) =0 (5b)
6 1012 /011 as PIZ\ az 1017\ aoplg l's . —41[01} Las /031 Las 1011 OL(I)(T(Q))’ If S(T(Q)) = 1
1 A PR AR i Y P

R R T A AT AT where the clock cycles counteg, is here adopted only in order
8 17 | Pis flas P, iﬁ&-{‘ﬁﬂ‘“ P g das s to make transparent the propagation delay introduced in the pipe

by B [i.e., 7(2y = 0 whenl§ is output byB;] and S(r(2)) is a

select signal, which is zero [1] for the even [odd] valuesgf.4

The functionality of B, becomes clear by an analysis of its
o DDG, which is given in Table Il. Starting on,y = 0, the

When more than one level of decomp05|t|0n is needed, aqufbut linelg [IO] provides the even-numbered [Odd-numbered]
most of the applications, the subbalichroduced byB; hasto PpEs of B, with the even-numbered [odd-numbered] samples
be further transformed. This requires a second biBgkwhich  of 1* which are duplicated as shown in tig [I5] column
has to be pipelined to the output lider,;y coming fromB;.  of the DDG. The multipliers in the even-numbered PEs,
In this section, we describe how such a bldgk having 100% are provided with two-cell circular shift registers (CSRs) pre-
efficiency for any value of, can be designed. loaded in such a way that the filter coefficients,, are used in

As previously statedB; has to be provided withl. PEs the even-numbered c¢$ = 0) and the filter coefficientss,,
w;(0 < 4 < L) in order to constitute a balanced team Witiyre used in the odd-numbered ¢&= 1). Conversely, CSRs
B,. Therefore, a possible way of employing these PEs is gnnected in input to the multipliers of the odd-numbered PEs
assign tow; the computations related both tg and toc;. 4, ., operate in the opposite way, i.e., the coefficients afe
This strategy is made possible by Property P introduced in thged in the odd-numbered ccs, and the coefficientsaoé used
previous section. in the even-numbered cesBy this way,I*> andk? can be pro-

In fact, as shown in the DDG dF; (Table I), the lineOy,(1)

outputs the samples & in a sequential data stream at a rate of ~A" alternative way of achieving the desired data flow ofitoand/s is to
replace the two multiplexers in thedapterwith two latches triggered at a rate

1 sample per cc. Therefore, by splittiﬁg(llg into two different  yyjice slower than the clock signal.
linesig andly carrying, respectively,1 EVEN andit©P" into 5In practice, these circular shift registers work as multiplexers, but they
B., we have the possibility of duplicating dIE[IO] the single are more compact. Their use, instead of the use of multiplexers, will be even

1 1 more convenient in the other levels of the pipe, since, as we shall show in
Samplel%[l _2” + 1](0 <n < N1/2) befqre a n.eW sample Section 1II-C, each multiplier inB;, will need a (2 ~')-input multiplexer,
13,4203, 4] is sent byOy 1y onto I (1], without increasing suitably replaced by a (2-*)-cell CSR.

B. Second Level of DecompositiaBs
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Fig. 4. BlockBs;: architectural schemgl = 6). The select signa$, controlling multiplexers and demultiplexers, is not explicitly shown. The two-cell CSRs
storing the filter coefficients work as two-input multiplexers.

TABLE I TABLE Il
BLock B;: DDG (FOUR PERIODS) BLoCK Bj: DDG (THREE PERIODS). “—" D ENOTES THAT ONLY PARTIAL
RESULTS AREAVAILABLE ON O
T OLfiS | Ie [To ]| ws we w3 w2 wi wo 0 || O Oney =
ol e flofrelo] e 0 al 0 azllo\ 10| aol'ofeiy || %o | © T3 OZL(Z) s st w2 wi wo " 0 HOus | Ongy
1 1 il 1 A 1 A 1 -~ T 2 0 o 0 0 110 a412° \ @ ]20 \ aolzo + [30 IJO 0
L /5 L ff el asli | cal al | erla | a! coloi’y || O | Ao n
‘ b Lfofo] il cfo el colo —# ol o #o
2 P O | 75| M est! asl' el arl el ao ' A 0 \ \
S SNa SN : 2l A f] oAl er NVar a 0| o
3 s asts ety [asta | erts [arty [eotr i || O | K 3 o [ zl — 31zl l1Zl
17 cs i ¢ -
affraflo i e ||| ests Tant's [Tests [Catte et [aolapis || £2 | 0 4 AHfoloe 2l : 2I y 3,21 A ; 12 £ ? :))
2 s ag f’ a ao !’ 4 1 1
S 2s (0| el 2sl as s | TE i Tas s | ea e et [eodapa || O | A 2 i 22 ( i ( 0 3 3
; 1 " ; ; : : - z = ) S50 0 (o] 1A 6411‘( ol ‘( co 8! 0 | Ky
6 || s |1O{Z6]?'s 0515\ asls | c3l's azls\ al's [alsWls || I3 s T a T ol - < 2 P 5 5
3 I3 I -
7 e asls | eal's [ asl's [ eal'e [ atl's co s || © 3 = 23 <“3 - ial 3
'y 7 O 1] 1A esis als als - 0 0
- 8| A flo]o Pl aa s V( @l ‘{ a0t i} Pa|l £ | 0
9 0 1o | LA ot ‘( aly ‘( cola u i o |
duced and output via the lin€%;, ;) andO ), respectively, in 1wl s fit]oflal e NGz o Ps - oo
the even-numbered and in the odd-numbered ccs. mifofif: 2, || N, -
sl oests e3ls ca ls 0 0
Block B, is balanced withB; since its design has been di-

mensioned o, PE’s. Also, itis fully scalable witl, and 100%
efficiency. . . . .
the down-sampling, since the lidg;,_,) (coming fromB;._;)
C. Higher Levels of Decompositiod#;, Having Less than feeds intoB;, the samples of*~! at the rate of 1 sample every
L PEs 2*=2 ccs. Therefore, such input data can be suitably replicated,
without increasing the period, in order to allow each processor
to perform the needed number of operations, before new data are
utfromB;_1. Also, because of this folded-like computation,
communications among the PEs will not be exclusively sys-
tolic, since also a feedback of the partial results will be required.
L In the following, we will explicitly refer to the case df = 3,
Wi = [Ww : but we will also describe how other cases can be derived.
Table 11l shows the DDG of blocB; for Wy = 3,5 < L <
SinceL is at least two, fork > 2, W, < L. Therefore, in g s The computation is periodic with a period df2 ccs (in this
this section, we deal with the designsiottap filter structures case, 4 ccs). The periods are subdivided into two semiperiods
employing less thait, PEs. identified by a binary select signal. S is zero [1] when an
To solve this problem, we will consider a semisystolic aRsyen-numbered [odd-numbered] input sample is inputBito
proach based on arrays similar to those used3pyand B2, |n the semiperiods = 0, the PEw;(0 < i < W),) performs
where, ata given co(2 %t <7 < 2872(t4+1),0 <t < Ni), “for j = 0 to (2*-3—1)" the products of the input sample by
each PE processes the same input saifpte the filter coefficientsuy; 2 v, andeg;yo;w, (in this order) and
An alternative approach based on arrays can be found in [28}4s these products to the data produced by itself during the
where at a given ce (2%t < 7 < 2" %(t +1),0 < t < previous semiperiod (feedback). In the semiperoe: 1, w;
Ny), the PEs process different input samples and, specifica@érformS “forj = 0 to (2*=3 — 1) the products of the input
w; procesd;~. sample by the filter coefficientsz; y2,w, +1 and cz; 25w, +1
Independently from the approaches, a direct consequence of
(4) is that inBy,, each single PE will perform the computations_°When a particular application requires a filter lengthc L} = . 2*~2,
related both to ®2 coefficients ofz and to 2 coefficients of the exceedind.;, — L coefficients have to be replaced by zeroes. As we shall

- ) " i s show in Section VI, such a situation will imply underutilization, leading to an
¢. This “folded-like computation” is made possible because efficiency lower than 100%.

In this section, we describe the blocks.(k > 2), which
have to be implemented in Aydor anyk < .J. in
In order to be “at the best” balanced with the above-describﬁgg
B; andB-, a block By, should employ a number of PEs
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Fig. 5. BlockB;: architectural schem@ < L < 6). TheAdaptercan be replaced by a single latch triggered by a signal having a frequency twice as low as the
frequency of the clock. The four-cell CSRs storing the filter coefficients work as four-input multiplexers.

(in this order) and adds these products to the data produced by TABLE IV

; ; ; ; ; inati LOCK B,4: DDG (Two PERIODS). “~" D ENOTES THATONLY PARTIAL RESULTS
wi4 during the preVIOus.Semlpe”qd. (systolic Communl_thlonZRE AVAI4LABLE O(N 0. THE COIEIDITION {S =1,5 =0}, WHICH ENABLES
The correct use of the filter coefficients by each multiplier isye exrernaL FeeDBACK (GRAY ARROWS), HAS BEEN EVIDENCED IN BOLD

simply achieved by storing the coefficients irk(2)-cell CSRs

(one CSR for each PE) in the above-specified orderkFer3, Twlowls [s]s ] w) wi || o [loww[om
the operations performed in each periodayare simply those Of fofo o] ofifofar, wlo ol fo] 0
related toao; andces; (semiperiodS = 0”) and those related to Lo fojo]ifiefers | cofo W o | o | o
azi+1 andeg; 11 (Semiperiods = 1). This scheduling takes into 2o o lr{ofre)acrs \ \” as Po ~Jolo
account Property P. The final results are produced at the same 3 [ o fo [ 1] 1[a]er \ \ }k s 0| o
rate of the input, i.e., two samples per period, which meanstwo 4 || A 1|0 | o] ar \ oA Y al 0|0
samples every’2! ccs (in this case, 4 ccs). The architecture s [ o 1o 1o er NI ar 0|0
implementingB3 according to this data DDG is shown in Fig. 5. 6l ofltft]ofrfar I« 0] 0
The Adapterduplicates for one semiperiod, i.e., fof 2 ccs 7o ffr|1] ]l eh ) es Py 0] o
(for £ = 3, 2 ccs) the input samples onto the lihgas soon s |2 folofo]r]er [I[X Yo, oo
as they are produced by, ;. The multiplexers in input to the s o [oTo{ ] er: [IX % wfi o | &
adders select (by means of the sigialthe feedback or the oo ol olrar. [TO\[N, ar o | o
systolic communication among the processors. o foli]1]ner o il o | o
The proposed scheme assumes a substantial difference for 217217 [0 | o |7, [ a7, ol o | o
k > 3. In fact, sincew; has to be shared by*2? coefficients Bl o 1]e | lnlan o s 1o
(which are at least two, fok > 3) for each one of the filters o 111]olmlmn ol o 1 o
aFVEN  qODPD " cEVEN gnd OPP | the same input data will be Y P P R I Y S "y o
multiplied (in each PE) at least by two low-pass and at least by - 3

two high-pass filter coefficients. Therefore, the composition of
the final result needs an external feedback between the first and
the last PE of the systolic array. These concepts are clearer frdgfiptions, designs aBy,, with & > 4, can be easily derived.

an exam of the DDG of block., which is provided in Table IV Also, the extension td@;. having higher values dfv; is trivial.

(W, =2, 5 < L < 8). The above-mentioned external feedbacl the case o#?;, = 1 (i.e., L < Lj = 2¥2), only one PE is
(denoted by gray arrows in the graphs) concerfis{22) every employed, and therefore, the external loop connecting the first
2%=2 data accumulated by the addetdgin the first semiperiod PE with the last one becomes a loop connecting the@ghyith

S = 0 (the remaining two data constitute a sampldkoand a itself. Note that théddaptersat the input of the blocks shown in
sample ofh* and do not need further processing). Specifically;igs. 5 and 6, as well as the tree of demultiplexers at the output
these data are delayed byt2—2) ccs and sent in input to the of the blocks, can be avoided by a suitable sampling of the data
adder of the last PE of the array (i.euy, _1). Therefore, in lines.

the semiperiods = 1, the adder inwyy, —1 receives the data

that were generated i, during the previous semiperiod. This!V. ARC3: A HYBRID PIPELINE-RPA ARCHITECTURE FOR THE
external feedback is enabled by the combinafisn= 1, S’ = 1-D DWT

0} and does not involve the last 2 ccs of the semipefiod 1, As we shall show in the next section, Arés 100% efficient
since in those ccayy, —1 is employing the filter coefficients 4, any value ofL whenJ < 3. For.J > 3, the efficiency of

having index(L;, — 1) = (Zk__2Wk~ - 1. _ Arc, say, eff[Arg;], is still 100%, but only if
The architecture that realizes such a data graph is represente

in Fig. 6. From the presented examples and from the above de- L =L (=W -2"2%) (6)
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From B3: oo

Owoy .., £1,0,0,0, Fo %
1

2

3

/

Lo PPy PPy, o, o, Po, Po

Ou: ..., 0, 1,0,0,0,0,0,0,0, I'
Ongy. .., £'1,0,0,0,0,0,0,0, 1%, 0

Discarded values

Fig. 6. BlockBy: architectural schemg < L < 8). TheAdaptercan be replaced by a single latch triggered by a signal having a frequency four times lower
than the frequency of the clock. The eight-cell CSRs storing the filter coefficients work as eight-input multiplexers.

foranyk < J. This restriction is due to the rounding in (4) that » 5
leads to implementation iB,. two filters havingL;, taps, where -» B > 2K
Lj, may al_so be greater than As we have seen in Section Ill, No > /| B% (RPA Scheduling)
when (6) is not verified, @Lj, — L) filter coefficients, among W=l Nol2
. ! —» 7
those preloaded i, have to be zeroe$ and therefore By Tl
will be underutilized. g
Another consequence of the rounding in (4) is that solme
and somel may exist such that Fig. 7. Arc;: top-level architectural scheme.
z‘]: W — z‘]: L S ol ) thanW is needed byB; in order to not deteriorate the perfor-
— k= P 2k—2 mance allowed by3;. Therefore, we choosé’; = W; = 2L.
- B As an effect of this choice, Akcwill be more efficient than
which means that the bloci,, Bs, ..., By_1, andB; glob- Arc, in any application requiring’ decomposition levels and
ally require more than 2 PEs. employingL-tap filter bases whed and L satisfy (7).

On the other hand, from (2) in Section Ill, we observe that The design of Ar§ does not require additional descriptive
details, since we observe that thg samples of! are fed into

J B3 by the lineOy,;) in a sequential data stream and at the rate
5 > Z Ci (8a) of 1 sample per cc. This means th2g can simply be an RPA-
k=j+1 based architecture able to decomposg il levels a sequence
_ ] _ of N; samples inV; ccs, employing2. PEs. Many of these
foranyl < j < J.In particular, forj = 1 devices have already appeared in the literature: for instance, the
J architectures described in [16]-[18], the parallel filter proposed
CL > Z Ch. (8b) in [191, the grchitecture “Al” proposed in [15], the three devices
— described in [14] when, as the same authors suggest, they are

provided with a double number of processors, etc.
Therefore, it seems reasonable to us to design also a second aFherefore, for our purposes, a scheme ofyAcan be simply
chitecture (say, Arg), which is constituted by a pipelifgB; —  proposed in the form of Fig. 7, wherg, is the block described
B3} having only two blocks for any value of > 2. In Arc;, in Section Ill-A and B3 is any RPA-based architecture em-
the decomposition level 1 is produced By exactly as in Arg,  ploying 2L PEs and transforming th&; samples of* in N,
while all the levelsk(2 < k < .J) are performed by a new ccs. Itis worth noting that Aig(i.e., the above-described “cou-
block B;. Because of (8b), a numbé¥; of PEs not bigger pled use” ofB; with any already known RPA devidg;) allows

two times faster processing than does the classical RPA-based

For instance, (7) is trivially verified for an§ > L + 2. deviceB;.
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V. PERFORMANCE EVALUATIONS AND DEFINITION OF TABLE V
ARC, (J L) COMPARATIVE EVALUATION OF DWT ARCHITECTURES PERIOD AND
OPTAY, INDICATIVE ESTIMATION OF AT'? PARAMETER

A. Period andA7? Parameter -
Architectures Number of “PEs” Period AT
In order to evaluate the global time required by the propos€are, 4L Nol2 o

architectures to perform the DWT of a sequeift@aving Ny Z[ L w
samples, we observe that each bi@khas a period}, = 2*—1 @ <27 Nof2 =a
ccs, since it produces a samgfe every 21 ccs (immedi-  Architectures in (14] @oubled hardware) 2L Mo 20
ately followed byhY). As a consequence, each block needarhitecture al in(is) 2L N =201
TuNi/2 = No/2 ccs to perform its task (balanced computa Architecuures in [16] 2L Mo =20
tion). Therefore, the period of Aycis Architectures in [17] L Mo =2
Architecture in [18] 2L Ny =20

NO liel Filter i
T ArC -9 A cc 9 Parallel Filter in [19] 2L Ny =20,
[ J] 2 T [ ﬂ ( ) Architecture in [23] 2L No =200
whereA ; takes into account the “startup” delay due to the prop‘*":““‘”re it L 2 o
. . . Archi in[14 2N, ~
agation through the pipe (i.e., the number of ccs needel py 24 £ ° o
7 . . Architecture A2 in [15] L 2Ny =40
to outputly). Nevertheless, it can be neglected sidce ~ .J, ——

hich, in practical applications, is very much smaller thén DpelneIn BA) 2 i e
W ’ p pp ! y Pipeline in [12] JL 2N, =4Jo

ApproximatelyNy /2 ccs is also the value @f[Arc3], whenB;

is implemented by devices as those referenced in Section IV.
Measures of [Arc ;] andT’[Arc}] can be known only taking nonparallel architecturB (i.e.,W[B] = 1) andW|[A] times the

into account the particular adopted technology. However, to period7’[A] of the parallel architecturd. From the efficiency

independent of the technology, in a very first approximatioeff[ 4], the speedup of an architectuse(say,speedup4]) can

(considering a latch inserted between each pair of adjacéetstraightforwardly derived apeedupd] = eff[A]W[A].

blocks), we can assume the cc period as the latency of onén order to simplify the following analysis, we define one

multiplier plus the latency of one adder, which is the sam@oduct and one sum as one “basic computation” occurring in

assumption made by other authors. Therefore, as we halwe 1-D DWT. Since we assumed 1 cc as the time needed by a

already claimed in the introduction, Arand Arc; are approx- single PE to perform one “basic computation,” the pefidé)|

imately two times faster than all the other “single chip” knowmeasured in ccs is simply the number of basic computations re-

architectures. quired by the 1-D DWT. Because the production of each coef-
Our architectures allow approximately the same improvéeient of a given subband requirdsbasic computationswe

ment (i.e., by a factor of two) in terms of thé7? parameter, have

as summarized in Table V. In such a table, the VLSI area has 7

been characterized only by means of the number of multi- T[B] = LZ

j=1

Ng
=1

5 [ccs] (10)

pliers and adders: such a measure is therefore only indicative.
Nevertheless, it should be remarked that in DWT applications,
the required precision grows with the levels. Therefore, whi@n the other hand, the global number of PEs employed by Arc
the only processing unit in classical RPA-based devices masid Arg ist©

achieve the precision required by the leve(i.e., the highest

one), pipelines might be realized by blocks that in lower levels WArc,] = Z [Lw (11a)
achieve lower precision. This possibility could provide further = 202
reduction t(_) the VLSI area qf Agcqnd_Arc;. Moreover, Arg _ WIArcs] =4 for J > 4. (11b)
(and Arg, in part) are semisystolic (i.e., they do not require o .
complex routing, as many RPA devices do) and use a controligterefore, considerind’[Arc,] = T[Arc3] = No/2 ccs,
simpler than that needed by fully RPA architectures. In fact, ti§&f[Arc ;] and eff[Arc;] result
multiplexers and demultiplexers employed in any bldgk of L
Arc; need a set ofk — 1) select signals, which are ttigé — 1) =2
least significant outputs of a counter mod@tb—. Therefore, off[Arc j=1 12a
this counter is the only control unit needed by Arsince it [Arc,] = I (12a)
provides all the needed select signals. Z [23'2}
j=1

B. Efficiency o

Another important issue in parallel architectures is the effec- efffArc3] = Z 5 forJzd4 (12b)
tive utilization of the processors, which is characterized by the =t

efficiency We can define the efficiency of a parallel architecture actually, any subband coefficient requirgsproducts and.—1 sums, but
A havingW[A] PEs as the ratio between the peribfB] of a we approximate these operationsZidasic computations. On the other hand,
this approximation compensates the approximation made in the opposite sense,
8Even though single-input multiple data realizations have been shown in [19}€n blocksB;. havingVx multipliers andi¥,, — 1 adders were considered
performing decompositions either InJ or in L ccs, these devices require, re-havingiy PES.
spectively, 2V, and N, PEs, and in most applications cannot be implemented 1%Arc; has to be considered only fdr> 4. In fact, Arc,, for J < 4 and for
in a single chip. any L > 2, requires fewer PEs than Ardoes.
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Fig. 8. Efficiencies for different values of and L.

As was expected, the only parameters that affect the efficien-Therefore, given the parameters of a particular problem or
cies areJ and L (in particular, eff{Ar¢] depends only orV/), application [i.e., a pointJ’, L") € %], the designer can choose
since the designs of both the architectures are independenttuat architecture (between Arand Arg;) that is the most effi-
Ny. Therefore, we can characterize any specific problem or apent in(J’, L’). We call this architecture theptimal architec-
plication by the coordinates/, L) of a 2-D spacé:, and plot turefor (J’, L’), and we denote it as Agr(J’, L’), which is
eff[Arc ;] and eff[Arc;] for any point of . Fig. 8(a) and (b) simply given by

shows such a study for a wide sub%8t= {(.J, L),1 < J <

8,2 < L <22} C . Eff[Arc ;]is 100% in all the point$l, L) L *
and (2 L), which are denoted by” in Fig. 8(a). Nevertheless Arc., :fee ﬁi[':éc dglitz ((a;f)['g%ﬂt satisfied b
it is worthwhile to note the following. "], .énqu’ y y
1) Foragiven value of, eff[Arc ;] decreases aincreases. ArCorr = £ , *
2) eff[Arcs] is independent ol and increases with. ATC:: :ff ﬁi['r?éthdezlis/ t(e;f)[?src;%a]ﬂsﬁed by
In other words, Arg and Ar¢; compensate themselves each j/ .:;md I
other in terms of efficiency. This circumstance is visually evi- (13)

dent in Fig. 8(a) and (b). In fact, in Fig. 8(a), the white symbols

(corresponding t& < J < 8) label lower efficiencies than

those labeled by the black symbols (correspondingjo.J < Fig. 8(c) shows effl[Argpr] in ¥/. The average value of
4), which is the opposite of Fig. 8(b). efffArcopr] in ¥/ is 99.1%, and its minimum value is 93.8%.
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It is remarkable that except for five points, eff[Aygr] is not [5]
lower than 96.9%.
(6]
VI. CONCLUSION
[7]

In this paper, we have proposed two scalable architectures
(Arcy and Arg) that perform a DWT of atVg-sample sequence
in only Ng/2 ccs. Therefore, the proposed devices are at Ieasf8
twice as fast as the other known architectures. Moreover, they
have andAT? parameter that is approximately 1/2 that of already
existing devices.

This result is twofold. First, Arg and Ar¢; can be employed
for performing two times faster processing than that allowed by10]
other architectures working at the same clock frequency (high[-ﬂ]
speed utilization). Second, they can be employed, even using
a two times lower clock frequency, but reaching the same per-
formance of other architectures. This second possibility allow§?
for reducing the supply voltage and the power dissipation, re-
spectively, by a factor of two and four with respect to the otherf13]
architectures (low-power utilization). These results have been
achieved by means of pipelining. Even though other architec-
tures have already exploited the pipelined approach, they do n{i#]
reach the performance of the proposed architectures, and they
result in heavy underutilization. In fact, the stage implementing 5
the decomposition 13 levéd in pipelined architectures is usu-
ally clocked at a frequency*2! times lower than the clock
used in the stage performing decomposition level 1. Converselym]
our architectures have been designed taking into account the
balancing of the pipeline. Therefore, they are highly efficient.[17]
Specifically, we have shown that the efficiency of Arde-
creases with the number of levelswhile the efficiency of Aré [18]
grows with.J. Therefore, as a conclusive result, an impressively
efficient architecture has been defined [say, #¥¢(J’, L')], 19
which is simply the architecture between Arand Arc, having
the highest efficiency when it implements Afitap filter based
DWT in J’ decomposition levels.

The efficiency of Argypr(.J/, L") is excellent. For instance,
its average value [computed in very wide set of po{ts /)]
is 99.1%. Its minimum value is 93.8%, and, except for five
points, the efficiency is not lower than 96.9%.

(9]

(20]
[21]

(22]
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