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System Architecture of an Adaptive
Reconfigurable DSP Computing Engine

An-Yeu Wu, Member, IEEE K. J. Ray Liu, Senior Member, IEEEand Arun Raghupathy

Abstract—Modern digital signal processing (DSP) applica- which includes low-level tasks like discrete cosine transform
tions call for computationally intensive data processing at very (DCT) and filtering/convolution operations as well as medium-
high data rates. In order to meet the high-performance/low- oy tasks like motion estimation (ME), variable length coding
cost constraints, the state-of-the-art video processor should be o .

a programmable design which performs various tasks in video (VL_C:)’ and Y?Ctor quam'zfat_'on (VQ)j A” these tasks require
applications without sacrificing the computational power and the Millions-to-billions of additions/multiplications per second

manufacturing cost in exchange for such flexibility. Currently, to ensure the real-time performance of those applications.
general-purpose programmable DSP processor and application- As a result, the computational power of the traditional

specific integrated circuit (ASIC) design are the two major ap- } L : .
proaches for data processing in practical implementations. In general-purpose  programmable ~ digital signal = processing

order to meet the high-speed/low-cost constraint, it is desirable (DSP) processor [1] is not sufficient under such a speed
to have a programmable design that has the flexibility of the constraint. Although the performance of the DSP processor
general-purpose DSP processor while the computational power can be improved by using advanced VLSI technology and

is Sri]m”ar to AfS'C ddeSiQ”S- In thifs_ papglr. vagPpresent the system gpecial arithmetic kernels [2], [3], the manufacturing cost
architecture of an adaptive reconfigurable computing engine . Lo . .
for numerically intensive front-end audio/video communications. is_significantly increased due to the complexity of the

The proposed system is a massively parallel architecture that is PSP processor. On the other hand, dedicated very large
capable of performing most low-level computationally intensive Sscale integration (VLSI) application-specific integrated circuit
data processing including finite impulse response/infinite impulse (ASIC) designs, which are optimally designed for given DSP
response (FIR/IR) filtering, subband filtering, discrete orthog- functions, can handle the speed-demanding tasks. However,

onal transforms (DT), adaptive filtering, and motion estimation . . . .
for the host processor in DSP applications. Since the properties of since a collection of ASIC chips are required to perform

each programmed function such as parallelism and pipelinability various tasks, it results in higher manufacturing cost and larger
have been fully exploited in this design, the computational speed system complexity. Therefore, we are motivated to design a
of this computing engine can be as fast as ASIC designs that hjgh-speed DSP computing engine with the flexibility of a

are optimized for individual s_pecific _applications. We also s_how general DSP processor while meeting the stringent speed
that the system can be easily configured to perform multirate

FIR/NIR/DT operations at negligible hardware overhead. Since requ"e_ment as in the ASIC deSigr_]_S' )

the processing elements are operated at half of the input data I this paper, we propose a unified approach to integrate
rate, we are able to double the processing speed on-the-fly basedthe rotation-based finite impulse response/infinite impulse re-
on the same system architecture without using high-speed/full- sponse (FIR/IIR) structure, quadrature mirror filter (QMF)
custom circuits. The programmable/high-speed features of the | yice structure [4], discrete transform (DT) architecture [5],

roposed design make it very suitable for cost-effective video-rate i . . "
BSE appncaﬁgn& Y [6], and adaptive recursive least square (RLS) lattice filter

_ . - [7] into one reconfigurable parallel processing architecture. It
Index Terms—Coordinate rotation digital computer (COR- 5 sarve as a computing engine in the audio/video system
DIC), discrete cosine transforms, FIR digital filters, IIR digital . . .
filters, multirate processing, quadrature mirror filter, reconfig-  {© Perform those front-end computationally intensive DSP
urable architectures. functions for the host processor. We first extract the common
inherent features of each function, then design a programmable
rotation-based computational module that can serve as a basic
processing element (PE) in all desired functions. The overall
ODERN communication services such as highsystem of the proposed DSP computing engine consists of
definition TV (HDTV), video-on-demand servicesan array ofP identical programmable computational modules
(VOD), and PC-based multimedia applications call fosind one reconfigurable interconnection network. Each compu-
computationally intensive data processing at a video data rggfional module can be adaptively changed to the basic PE in
Manuscript received July 27, 1995; revised October 15, 1996. This pap?e@cfh desired DSP fun.Ctlon by setting suitable Parameters gnd
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have been fully exploited, the maximum processing spesite exceeds the total available programmable modules. The
of the proposed design can be as fast as dedicated ASi&allel processing nature together with the programmability
designs. Our approach is similar to the CORDIC-based FIBf the DSP computing engine makes it very suitable for cost-
IIR, and DCT architectures in the literature [8]-[10], bueffective, high-speed DSP applications.
the functionality is much more general-purpose. It can be The organization of the this paper is as follows: Section Il
classified as thealgorithm-driven solution [11] since the discusses the basic operations of the FIR, IIR, QMF filtering,
programmability and ASIC-like processing speed of our desigmd discrete transforms. Section Il presents the design and
are achieved by fully exploiting the inherent properties of theperation of the proposed reconfigurable DSP computing
given DSP algorithms. Besides, the proposed architectureeizgine for the operations of FIR/IQMF/IIR/DT. In Section 1V,
very suitable for VLSI implementation due to its modularitgthe speed-up of the DSP computing engine based on the
and regularity. multirate approach is discussed. The incorporation of the
Next, we will show how to improve the speed performanc®@RD-LSL algorithm into our design is presented in Section V.
of the system by using the multirate approach. In vided-he comparison of the proposed computing engine with other
rate signal processing, the data throughput rate is limited byistent approaches is discussed in Section VI followed by
the maximum processing speed of the PE’s. The demandihg conclusions.
speed requirement in general calls for the use of expensive
high-speed multiplier/adder circuits or full-custom design
Hence, the cost and the design cycle will increase drastica
Recently, it has been shown that the multirate approach isn this section, we present a unified treatment of FIR
a powerful tool for high-speed/low-power DSP application@ltering, QMF bank, IIR filtering, and DTs to identify their
[12]-[14]. By employing the multirate architecture with decbasic computational modules. Then, based on the common
imation factor equal to two, we can process data at, fépatures of those computational modules in each DSP function,
example, 100 MHz rate while using only 50-MHz PE’s. ThugVe derive a unified programmable module that can integrate
we can speed up the system at the algorithmic/architectutf@pse basic computational modules in FIR/QMF/IIR/DT.
level without using expensive high-speed circuits or advanced
VLSI technologies. We will show that we can map thé. Basic Module in FIR
multirate FIR/IIR/DT operations onto our design. As a result, The FIR filter is widely used in DSP applications. In

we can double the speed performance of the DSP computifigyition to the MAC implementation of the filtering operation,
engine on-the-fly by simply reconfigurating the programmablg, 5 jternative realization of the FIR filter is the lattice structure
modules and the interconnection network. as shown in Fig. 1 [15]. It consists o basic lattice sections

In the last part of this paper, we incorporate the featufga¢ are connected in a cascade form. The advantages of the
of adaptive filtering into our design. The RLS filter, whichagice structure over the MAC-based implementation are its
is widely used in channel equalization, system identificapysiness to the coefficient quantization effect as well as

t?on, anq image restoration, has pecome anot.her COMPUYRAs smaller dynamic range, which is due to the orthogonal
tionally intensive key component in PCS equipment. Tk@peration used in each lattice.

reason is that wireless communication requires fast adaptatiogsjyen anNth-order FIR transfer function
to highly nonstationary mobile channels. We will show that,

ﬁ’g{ BAsiC COMPUTATIONAL MODULE IN THE FIR/QMF/IIR/DT

with little modification of the programmable module design, Nl mt1)

the proposed system architecture can also perform the QR- H(z)=1- Z Am% (1)

decomposition-based RLS lattice algorithm (QRD-LSL) [7] in m=0

a fully pipelined way. _ _ the FIR lattice parameters can be computed as follows [16].
The purpose of this work is to map an important set of 1) Initialization: JND 0 N1

signal processing algorithms onto a common parallel core
which is of CORDIC nature. Although there already exist
some works on CORDIC-based designs of DSP algorithms,

2) Fori=N-1,N-=-2..-.0

none of those works, to our best knowledge, has a unified i :ai(i)’ @
architecture that can be easily reconfigurated to perform such a1 — am, + ka2, m=0,1,(i—1). (2
a large set of DSP functions (FIR, IIR, QMF, eight DT's, ™ 1=k ST '

and adaptive filtering) as presented in this paper. In addition,

the proposed architecture is very different from the traditional end

multiply-and-accumulate (MAC)-based DSP processor. Thehere the parametét’s,: =0,1,---, N—1, are known as the
latter approach relies on very high-speed arithmetic logieflection coefficientsor the PARtial CORrelationPARCOR)
units (ALU’s) to perform DSP functions serially. The speegoefficients in the theory of linear prediction [17]. Aftéy's
performance will be degraded as the order/block-size of thee computed, the lattice section of the FIR filter can be
DSP functions increase. Our design, on the contrary, utilizdescribed by

P identical programmable modules running in parallel to

perform those DSP functions in a fully pipelined way. The [xfmt} — [ 1 —ki} [win} 3)
system throughput rate remains constant until the order/block-

out
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Fig. 1. Lattice FIR structure: (a) basic FIR lattice filter section WiH < 1,

(b) basic FIR lattice filter section witljk;| > 1, and (c) overall filtering

structure.
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wheresign(k;) denotes the sign df; andé is defined by
6; = tanh ™ (—1/k;). 7)

The lattice modules to realize (4) and (6) are depicted in
Fig. 1(a) and (b), respectively. Each module is composed
of two scaling multipliers and one rotation circuit. In gen-
eral, the rotation circuit can be implemented by using either
general-purpose multipliers/adders or the CORDIC processor
in hyperbolic modd9]. Note that we need to swap the two
inputs for the case df;| > 1 since the input vector is inverted

in (6). These two basic modules constitute the FIR lattice
structure as shown in Fig. 1(c). The operation of the lattice
structure is parallel in nature. It performs FIR filtering in a
fully pipelined way. The throughput rate is bounded by the
maximum processing speed of the lattice module (scaling plus
rotation), which is independent of tap length

B. Basic Module in QMF

The QMF plays a key role in image compression and
subband coding [18], [19]. In [4], the two-channel paraunitary
QMF lattice was proposed. It possesses all the advantages of
the lattice structure such as robustness to coefficient quantiza-
tion, smaller dynamic range, and modularity. Such properties
are preferable when the filter bank is implemented in fixed-
point arithmetic. Fig. 2 shows the QMF lattice structure, where
part (c) is the analysis bank and part (d) is the synthesis
bank. We can see that the QMF lattice is very similar to
the FIR lattice except that the inputs of the lattice become
the decimated sequences of the input signal, and two scaling
multipliers are set to one. If CORDIC processor is employed
to realize the rotation circuit in the QMF lattice, it works in
the circular modeto perform the rotation operations. Its speed
performance is twice as fast as the FIR lattice since the data
rate is halved after the downsampling operation.

The conversion of a two-channel (real-coefficient, FIR)
paraunitary QMF bank to the QMF lattice is as follows. Given
a predesigned power-symmetric FIR analysis fili&(z) with
unit sample responsey(n),n = 0,1,---, N, we can first find
the unit sample response of the other analysis fifetz) by

hl(TL) = (—1)nh0(N - 7‘L) (8)
Then the rotation angle#; in each QMF module can be
computed by the following [20, Ch. 6].
1) Initialization: Hé‘])(z) = Hy(z) and Hf‘])(z) = Hq(2)
with N = 2J 4 1.
2) Fori=J,J—-1,---,0
(1+ o) Hy' ™V (2) = Hy(2) — s H{V(2),
(1+ad)z 2 H{ ™V (2) =ai H (2) + H{" (),

8, = tan~! o,

~

(9)

)
>
o
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Fig. 3. (a) All-pole IIR lattice structure and (b) general IIR (ARMA) lattice structure.

The coefficieniy; is computed by setting the highest poweflow in the IR module makes it difficult to be incorporated
of 2~ in H?(2) — oy HY(2) equal to zero. into our unified design. Besides, the modularity of the lattice
structure is no longer maintained if we want to implement a
general IIR (ARMA) filter [see Fig. 3(b)]. Therefore, we are
motivated to find an IIR lattice structure that has similar data

Next we want to consider the basic module in IIR filteringpaths as in the FIR/QMF lattice while retaining the property
The lattice structure of an IIR system (all-pole and ARMAPf modularity.

[15] is shown in Fig. 3. Although the basic lattice module in Fig. 4 shows the lattice structure that can be used to realize
IIR filters is similar to the one in FIR lattice, the opposite data second-order IIR filter. It can be shown that the transfer

C. Basic Module in IR
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as linear combinations of two functions defined by

[?ﬂ L—1
=)
. iRotation circuit Xc(k) 23 Z cos[(2n + L)wy, + mJx(n) (14)
x(n) — < Jar (0 n=0
/W Yo(n) 1
TSing A .
Xs(k)=p Z sin[(2n + Dwi + mi]z(n) (15)
k, n=0
ne e 157, Yl(n)
fork=0,1,---,N — 1. The only differences among various
@ DT'’s are the setting of the parameters in (14) and (15) and
how to combineX (k) and X (k) together. As an example,
the discrete Hartley transform (DHT) can be represented as
Fig. 4. Rotation-based second-order IIR lattice module.
functions of the two outputs are given by by setting
N Yo(z)  7(kgcos@ + kysin@) — r?koz~1 B 1 _ —km B
HO(Z) = X(z) = 1 — 27)(30892_1 + 7)22_2 (10) L = .Z\f7 /3 = \/—N7 W = T, and e = —Wgk.
- Y (2 (L 60—k .9—’2/€V_1 (17)
Hi(z) = Xl(:; = ( 11(:0527) COSO;:I_ll :_7)277_;7 . (11) The other example is the modulated lapped transform (MLT)

[21]. It can be computed by
Now given an even-order real-coefficient IR (ARMA) filter

H(z), we can first rewrite it in cascade form Xupr(k) = —su[Xo(k+1) + Xs(k)] (18)
N/2—-1 for k¥ = 0,1,---,N — 1, where the scaling factog;, =
H(z) = [] Hi(») (12) (=122 if kis even,s;, = (=1)*~Y/2 if k is odd, and
i=0 the parameter settings are
and each subfilted;(z) is of the form L=2N. p= 1 ’ Wk:ﬁ7 and 77k:z<k+ 1)
ci+dizmt ez V2N 2N 2 2
H;(z) =
(2) 14+ a2z +b;272 (19)
4ot di + ezt Equations (16) and (18) are referred to as twenbination
‘ L+ aiz=t + biz=2 functionswhich describe how to combin& (%) and Xs (k)
=c; + 27 A (2) (13) together to obtain the desired DT coefficients. By the use

) of (14), (15), and the combination functions, we are able to
whered; = d; — a;c; ande; = ¢; — bic;. Comparing (10) and perform most of the existing DT’s. The parameter settings
(11) with (13), we see thatl;(z) can be realized by either yng the corresponding combination functions of most DT’s
Ho(z) or Hy(z) with appropriate settings df, k1,7, andf.  are Jisted in Table I, and the resulting lIR-based unified DT
The conversion of those parameters is derived in AppendiX Aychitecture is described in [13].
where Hy(z) is chosen for the realization. _ In order to incorporate the unified DT operations into

Now based on (12) and (13), we can realiz¢z) using the o gesign, we need a rotation-based computational module,
structure depicted in Fig. 5. Each stage perf_orms 'Fhe filteringstead of the IIR-based one in [13], as the processing element.
of Hi(z) fori =0,1,.--,N/2—1, whereA,(z) is realized by | [5] [6], a rotation-based module was derived for the dual
the §epond—qrder IIR quule in Fig. 4. Note that the SC"?‘"rﬁbneration ofXc(k) and Xs(k) [see Fig. 6(a)], where the
multiplier ¢; is also realized by the 1R module by settingscajing multipliers and the rotation operation are given by
ko = ¢,ki = 0,r = 1,6 = 0, and disconnecting the
feedback data paths. We use a dashed box to symbolize this ¢ _ [fo,k:| _ {/3COS((2L + Dwi +77k):| (20)
implementation. By doing so, both modules to realizeand Rk Bsin((2L + wr + mr)

A;(z) will have the same latency. Hence, the two inputs %{nd

the adders in Fig. 5 can be synchronized. To perfornivam

order (V is even) H(z), we need a total ofV IIR lattice R, = {CO_S(ka) Sin(QWk)} (21)
modules running in parallel. The maximum data throughput —sin(2wy)  cos(2wy)

rate is bounded by the feedback loop within the IIR rnOdulel’espectively. This module works in a serial-input-parallel-

output (SIPO) way: the block input data is fed serially into

the module. After the updating of the last datum is completed,
The DT's are the kernel operations in the transform codiribe values ofX (k) and Xs(k) in (14) and (15) are available

applications and signal compression schemes. Recently, atethe module outputs.

have developed a unified time-recursive 1IR-based DT archi-The aforementioned module can be used as a basic build-

tecture [13] which shows that most DT’'s can be representad) block to implement the rotation-based DT architecture.

D. Basic Module in Discrete Transforms
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Fig. 5. IR (ARMA) structure based on the second-order IIR lattice module.

TABLE |
PARAMETER SETTING OF THE UNIFIED DISCRETE TRANSFORMATION ARCHITECTURE WHERE Re{ Xy (k)} AND Imn{ Xy ()} DENOTE THE REAL PART
AND THE IMAGINARY PART OF THE DFT, RESPECTIVELY. ¢}, IS THE SCALING FACTOR USED IN THE DCT/DST AND THEIR TRANSFORMS

L B8 wg Nk Combination Function
DCT N K i 0 Xpor(k) = Xo(k)
IDCT N 1 o (k+ 1) —wp, Xiper(k) = Xc (k) + (co — ¢1)z(0)
DST-1V [27] N 1 Z(k+1) ] Xpsr(k) = Xs(k)
IDST-IV [27] || N el ek + 1) 0 XipsT{k) = X5 (k)
MLT [21] N | i Zk+ 1) Xmrr(k) = —si[ Xo(k+ 1) + Xs(k) ]
ELT [28] AN | 5= | sk +3) | S(k+3) | Xewr(k) = —Xs(k+1) +V2Xc (k) + Xs(k— 1)
DFT N e ~km —wg Re{Xprr(k)} = Xc(k), In{Xprr(k)} = X5 (k).
DHT N %ﬁ —kz —wy Xpur(k) = Xc(k) + Xs(k).

Fig. 6(b) illustrates the overall rotation-based MLT architecswitches, four scaling multipliers, and one rotation circuit.
ture for the case ofV = 8. It consists of two parts: One One pipelining stage (the dash line in Fig. 7) is inserted after
is the programmable module arrayhich computesX(k) the scaling multipliersf,; and f, ;, respectively, to shorten
and Xs(k),k =0,1,---,N — 1, in parallel. The other is the the critical path of the programmable module. By setting the
interconnection networlwhich selects and combines the arragwitches, multiplier coefficients, and the rotating angle, the
outputs to generate the desired DT coefficients accordingunified programmable module can be programmed to act as
the combination functions defined in Table I. It is similar tahe basic PE in FIR/QMF/IIR/DT. The detailed settings are
the unified DT architecture discussed in [13] except that thkscussed below.
lIR-based computational module is replaced with the rotation-The six switches[sgsis2s3s4s5] control the data paths
based module in Fig. 6(a). inside the module: the switch pasp and s; select the input
from eitherin; or inl: with sgps; = 00,in;, becomes the
N _ common input of the lattice which is required in the first stage
E. Unified Programmable Module Design of FIR and in the IIR module. Usingys; = 10, we can swap
From Figs. 1, 2, 4-6, we observe that all the architethe inputs for the FIR lattice withk;| > 1. Switchess, andss
tures share a common computational module with only sordecide if the delay element is used or not. Wi#3; = 01, the
minor differences in the data paths, the module parametéwer-left delay element is included in the data path, which
(multiplier coefficients and rotation angle), and the way this required in the FIR/QMF lattice (except the first stage in
modules are connected. With this observation in mind, we fil@MF banks). With the setting,s3 = 11, the delay element in
integrate those basic computational modules into one unifiEd@). 5 can be incorporated into the module(z). Therefore,
programmable module as shown in Fig. 7. It consists of sixe do not need to implement the delay elements explicitly
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— of the unified modules discussed in the previous section, and
T Ms | /9“« — Xa(6) connecting them via a reconfigurable interconnection network,
M, | o we are able to perform all functions in the FIR/QMF/IIR/DT
[ e in a fully pipelined way.
1M |
8
A. Operation of the DSP Computing Engine
Programmable Interconnection
Module Array Network In previous section, we have derived a unified pro-
(b) grammable module that can be used as the basic PE in

Fig. 6. SIPO MLT architecture. (a) Rotation-based module for the dulil€ operations of FIR/QMF/IIR/DT. Since in each function
generation ofX (k) and Xs(k), where the downsampling operatidnL  of the FIR/QMF/IIR/DT, the basic PE's are connected in
denotes that we pick up the values &t (k) and X s(k) at the Lth clock Qiﬁerent way, we employ a reconfigurable interconnection
cycle and ignore all the previous intermediate results. (b) Overall ML ! ) .

transform architecture. network to perform the connection task. Fig. 8 shows the
overall architecture of the proposed DSP computing engine
. . . . - under FIR filtering mode. It consists of two parts: one is

N t:‘_ﬁ IR f':ﬁ”??hog\?vra?onag hi lastths";’r'f(iﬂ pg}”fla’n\?\lh the programmable module arrayith P identical unified

s5. 1Ney control In€ two feegback pains € modufe- erogrammable modules. The other is thmeconfigurable

s485 = 11, the delayed module outputs are added with t Ifiterconnection networkvhich connects those programmable

current inputs as required in the IIR and DT operations. Tr}ﬁodules according to the data paths. In the FIRIQMF/IR

setting 8485 = 0(,) will disconnect the feedbapk pe_lths.. Theoperations, the data are processed in a serial-input-serial-output
two multipliers ;’s at the outputs of the rotation circuit are

ired onlv wh 1o | te IR function i t(SSISO) way. Hence, the programmable modules need to be
requirec only wnen we want to Incorporate unction N'Qascaded for those operations. For example, the FIR modules
this unified module design.

" can be connected by setting the interconnection network as
In addition to the data paths, we also need to set tg y 9

: o fiown in Fig. 8. We can also realize the connections of
vr?lues of the sc;l;ngemulnpllherﬁo,gfl? andr;, as V.\:f“ 35S the IIR modules in Fig. 5 by using the network setting as
e e o ot oo aonlgUn I g, 9 On he othr hand, he DT arcicte i

: . &ttion 11-D performs the block transforms in an SIPO way.
Section II-A-D. The complete settings of the programmab

) ) . The interconnection network is configured according to the
?:b?glﬁ for the FIR/QMF/IIR/DT operations are listed ""combination functions defined in Table 1. The detailed settings

of the interconnection network used in this paper (Type I-IX)
are described in Table IIl.
lIl. DSP COMPUTING ENGINE The operation of the DSP computing engine is as follows:
DESIGN FOR THEFIR/IQMF/IIR/DT during theinitialization mode the host processor will compute
In this section, the design of the proposed DSP computia$l the necessary parametefs r;,8; according to the func-
engine under normal operation (without speed-up) is discusstdn type (FIR/QMF/IIR/DT) and the function specification
We will show that, by appropriately setting the parametees listed in Table Il. In general, the DSP functions to be

N
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TABLE I
SETTING OF THE /TH PROGRAMMABLE MODULE, WHERE Npax |S THE MAXIMUM ORDER (OR BLock Size IN DT) THAT
CaN BE ReALIZED BY A P-MODULE ARRAY, AND SWITCH s IS ONLY USED IN THE QRD-LSL OPERATION

Network

S = [sos18283845556] fi = [fo,s, fl,z]T R; type Nmax
1~ k2 ) y
FIR 000100 (Mp) \/ ; [ 29::? b?: Z’ ] ! Type I P
(Jksl < 1) 010106  (M;, 7 # 0) 1 — k2 smb G coshby yp
with k, defined in (2) with 0; defined in (5)
~sign(k )\/k2 -1 s s
— WV ore el | ],
(lkil > 1) 100100 (M, ¢ #0) —sign(ki)\ /K2 — 1 e i S Y yp
with k; defined in (2) with 6, defined in (7)
cos sin 8
QMF 010000 (M) 1 [ o Lo ] , _
(analysis) 010100 (M;, i # 0) 1 Tsinf cosdy Typel 2P -1
with 6; defined in (9)
cos 6; sin 6,
QMF 010000 (FMpa_,) 1 —sin6; cos by T
. - > ype 2P —1
(synthesis) 010100 (M;, 1 # N—1) 1 withf; = 65 _1_,, where
On_1_; is defined in (9)
IR €
(ei) 000000 0 ri=1land 8, =0 Type 111 p
) with ¢; defined in (13}
k r; Cos 6, r;3in 6; :|
0 s < ;
ITR 001111 ks T; 3in 6 T; €056 Type I11 P
(Ai(2)) defined in (43) with r;,6; defined in
) (39)or(41)
Beos((2L + 1)w; + 1) :| L
N co3 2w, 3in 2wy
DT 000011 [ Bsin((2L + Vw; + 7:) —sin2w;  cosdw, | Type P
with L, 8, w,, m ith w; defined in Table 1 v-vit
defined in Table 1 With @i definedin 2able
1 — k2 s si
Multirate FIR 000100 (Mg, My, M) \/ : Ci’:: g’ c’:)“: g' , Tvpe 11 2P
(lkil < 1) 010100  (M,, i > 2) /1 — k2 = i sh 6, vp L
with k; defined in (2) with 6, defined in (5)
—sign(k )\/k2 -1 5 si
Multirate FIR 000100 (Mg, My, Ms) ' : Cﬂ: gf C”:)“l}: g' , Tvoe 11 2P
(lk:1 > 1) 100100 (M;, 1 # 2) —sign(k;)y/k? =1 smials o cosh b ype 3
with k; defined in (2) with 0; defined in (7)
. c;
M““‘(rj‘)e 1R 000000 0 ri=1and 8, =0 Type IV £
' with ¢; defined in (13)
ko r;cos8; 7; sin B; ]
Multirate TIR 001111 ky ~rysin 6, r;cosf; Type IV P
(Aq(2)) . . with r;,6; defined in 3
defined in (43) (3'9)01_(41)
Beos((2L + 21 + Dw; + ;) } .
- cosdw; sin 4w,
Multirate DT 000011 [ Beos((2L + 21+ Dws + 1) —sindw; cosdw; |’ 3y\’/’fu £
with [ = ¢ .m"d 2, and L, B, wi, with w; defined in Table 1 .
77, defined in Table 1 i
0100101  (My;) _
QRD-LSL 0101101  {My;41) [ ‘1) ] { g"‘ggg = ANJI‘*“ M“J(;l Type IX £
0100100  (My;42, Myiys) R = Maig2, Maiga

performed are determined beforehand. All the parameters @hinternal registers (delay elements) of the programmable
be computed in advance so that the host processor can finddules to zero so that the next block transform can be
the necessary parameters through table-look-up to reduce ¢heducted immediately.

set-up time in this mode. Next, the host processor needs

to configure the interconnection network according to tH&. Design Examples

function type as listed in Table II. o _ In what follows, we will use some design examples to
Once the computing engine has been initialized, it entejgmonstrate how to convert a given system specification to the
the execution modeln the applications of FIR/IIR/QMF, the parameters used in the programmable modules. The orders of
host processor continuously feeds the data sequence intotfienumerator and the denominator in the IR ARMA filter are
computing engine. All PE’s are running in parallel and thgestricted to be even so that we can perform all the necessary
host processor can collect the filtering outputs in a fulljecompositions. Here, a ten-module DSP computing engine is
pipelined way. In the block DT application, the block inputised to carry out the given function. As a result, the maximum
data is fed into the computing engine serially. Each PE of tieder of the FIR/IIR/QMF is ten and the transform size of
programmable module array updatés (k) andXs(k) in (14) the DT is also limited to ten. For the DT, we use an eight-
and (15),k =0,1,---, N — 1, simultaneously. After the last point DCT as the design example due to its prevalence in the
datum enters the programmable module array, the evaluatapplication of transform coding.
of DT coefficients is completed. Then the interconnection 1) FIR Filtering: Given the FIR transfer function
network will combine the module outputs according to the _ _ _
combination function defined in Table I, and the transform H(z) =1-08843:"" - 0'13272,2 — 11219277
coefficients can be obtained in parallel at the outputs of the +0.532827 - 0.888227°
network. At the same time, the host processor will reset +0.103827% — 0.37862~7
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From host processor To host processor

x(n) =ino M = y()
in0”’ 0
inl | .inl
;gl ’ Ml ———inl"
in2 M —— in2
in2’ 2 —in2’
in3 M | — ——»in3
in3” 3 F——>in3’
ind > in4
ind’ M, in4d’
in5 M F——1in5
in5”’ 5 in5’
in6 F——>1iné
in6’ M6 D e — in6"’
in7 M —— - in7
N 7 .
in7’ ————in7"
in8 M 2 l— +in8
ing” 8 ko ——in8’

Programmable Interconnection
Module Array Network

Fig. 8. Overall architecture of the DSP computing engine for FIR filtering.

is used for the QMF filtering. We have the analysis filter

From host processor Jpasssy : To host processor

s —if y, P /$ / ym —1 %—:1

x(n) =4 — : : in HO(Z) = h’o(n)z_n (23)

" B =
. T s \ . .
in2 M, T / in2 with
in2’ T [ > in2’
iﬁ':?‘@L ,: /I —cy ho(0) =0.1605, ho(1) = 0.4156, ho(2) = 0.4592,
o :EL’ N / N ho(3) =0.1487, ho(4) = —0.1642, ho(5) = —0.1245,
ma M / A \\—*iﬂ' ho(6) =0.0825, ho(7) = 0.0888, ho(8) = —0.0508,
in, {\1__1\_43 7“‘; / — ho(9) = —0.0608, ho(10) = 0.0352, ho(11) = 0.0399,
in ’ 7777777 )r,rﬁ m in =—-0. 4 = 0.
ins —f L:tg AN ing. ho(12) =—0.0256, ho(13) = —0.0244,
s _:m; / . ho(14) =0.0186, ho(15) = 0.0135, ho(16) = —0.0131,
R 7 T ho(17) =—0.0074, ho(18) = 0.0129,

fromyr il o fo(19) =—0.0050.

Fig. 9. Overall architecture of the DSP computing engine for IR (ARMAMVE can go through (8)—(9) to find &l’s in the modules, and
filtering. the results are shown in Table IV(b).

3) IIR (ARMA) Filtering: Given the IIR (ARMA) filter

+0.219527% — 0.10947° (22) "
14 Zpiz_i
we first apply (1)—(2) to compute all PARCOR coefficients H(z) = i=1 (24)
N
1+ iz—i
ko =—0.4472, ky = —-0.6917, ko = —0.5865, ;q

ks =—4.1573, ky=1.1595, ks = 0.2655,

with M = 4, N = 10, and
ke =0.2942, k7 = —-0.1243, kg = 0.1094.

p1 =—1.7314, po=1.6788, p3=—0.7913,
;hen aIL p?ramgtsrs of ea&f; r(g?dt#ﬁ SUChfle’%% S and o, —0.2304, ¢ =0.4036, g2 = 1.3227,
i, can be found by using (4)—(7). The complete settings are R o _ .
listed in Table IV(a). q3 =0.2376, q, =1.1558, ¢q5 =0.0047, ¢ = 0.6950,
2) QMF Filtering: Suppose that the predesigned power-27 =—=0.0733, gs = 0.2735, g9 = —0.0542,
symmetric low-pass filter described in Example 5.3.2 of [20}1¢ = 0.0788
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TABLE 11l
SWITCH SETTING OF THE INTERCONNECTION NETWORK, WHERE N DENOTES THE ORDER OF THE FIR/QMF/IIR/QRD-LSL oR THE BLock Size oF THE DT
Type 1 Type 11 Type I
(FIR, QMF) (Multirate FIR) (IIR)
1. in; = z;(n), 1 =0,1,2.
1. ing = z(n). . .
2. &m:O,],...,(%—At) 1. in; = z(n), i = 0,1
2. Form=0,1,...,(N-2) .
) Mm43 = OUtm, 2. Form =0,1,...,(N -3)
Mm41 = OUlm, ; ' .
in’ _ Out’ ~ an+3 = out,,. Mymy2 :OUtZL%J+o“t2L%J+l'
m+1 m @ end
end =
3. yin) =out sv_ g, 3. y(n) = outy_; + out ny_o.
3. y(n) = outn_;. (S5-—3)+ y(n) N-—1 N-2
i=0,1,2.
Type IV Type V Type VI
(Multirate IIR) (DCT) (MLT)
1. in,:zL%J(n),i:D,l,...,S. - -
1. in; = z(n), 1. in; = z(n),
2. Form=0,1,...,(3N=7)
] i=0,1,...,N —1. i=0,1,...,N—1.
1Mm46 = OUtZL%J + Ou't2|.%J+1 .
end 2. Xpcr(t) = out;, 2. Xpor(d) = —si(outiy1 + out:),
3. yi(n):0“¢(3N—5)+21+Out(3N—6)+2iv t=0,1,...,N — 1. i=0,1,...,N—1.
1 =0,1,2.
Type VII Type VIIT Type IX
(DFT) (DHT) (QRD-LSL)
1. inl =x(n), i=0,1.
1. in; = z(n), 1. in; = z(n), 2. Form=0,1,...,(4N - 3)
in = out, ,
i=0,1,...,N—1. i=0,1,...,N —1. m+2 ™
if (m mod 4 = 0) then
2. Xprr(i) =out; + 5= out:, 2. Xpyr(i) = out; + out;, pin(m+3) = pout (m),
tin{m+2)= pout (m+1).
i=0,1,...,N—1. i=0,1,...,N ~ 1. end
3. f(n)=out]y_,, b(n)=out;_,.
we first rewrite it in cascade form IV. SPEEDUP OF THEDSP (MPUTING

ENGINE USING MULTIRATE APPROACH

In video-rate signal processing, the fundamental bottle-
neck is the processing speed of the processing elements.

—0.2122 + 0.21752 71
H(z) = <1 +271 + i )

1-0.9192271 4 0.4225272

y <1 4ol 0.1500 — 0.20252"* ) Although the aforementioned computing engine architecture
1-0.7500z—1 4 0.5625z 2 has fully exploited the parallelism and pipelinability of each
_; —0.8000 — 0.64002% programmed function, the input data rate is still limited by
% <1+ © 14 0.8000z1 —|—O,64()Oz—2> the maximum speed of the adders and multipliers inside
(14 —1.2728 — 0.8100z~1 the programmable moQuIe. In applicatio'ns sych as HDTV
© 1+1.2728:-1 + 0.81002-2 and VOD, the demanding speed constraint will result in the

use of expensive high-speed VLSI circuits and/or full-custom
(25) designs. Thus, the cost as well as the design cycle will be
drastically increased.

Following the steps described in (38)—(43), we can find the In [12]-[14], it has been shown that the multirate approach
parameters used in each second-order subfilter. The coRevides a direct and efficient way to achieve very high-
sponding settings can be found in Table IV(c). speed data processing at the algorithmic/architectural level.
4) Block DCT: For the eight-point block DCT, we can Therefore, if we can find a way to reconfigure the computing
calculate fy ;, f1,;, and 6; of each programmable module byengine to perform multirate operations, the aforementioned
using Table I. The settings are listed in Table IV(d). speed constraint can be resolved. In this section, we will show

y <1+7_1 —0.6400z~* )

1+ 0.6400z2
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TABLE IV
SETTING OF THE (a) FIR RLTER, (b) QMF RLTER, () IR (ARMA) FILTER, AND (d) EiGHT-PoinT DCT
Mo M, M M; My Ms Ms M Mg
S 000100 | 010100 | 010100 | 100100 | 100100 | 010100 | 010100 | 010100 | 010100
fo.i 0.8944 | 0.7222 | 0.8100 4.0352 | -0.5870 | 0.9641 0.9557 0.9922 0.9940
f1 0.8944 | 0.7222 0.8100 | 4.0352 | -0.5870 | 0.9641 0.9557 0.9922 0.9940
Ty 1 1 1 1 1 1 1 1 1
9; 0.4812 | 0.8512 | 0.6723 | 0.2454 | -1.3027 | -0.2720 | -0.3032 | 0.1249 | -0.1098
Interconnection Type [
@)
My M, M, M; My Ms M M~ Mg My
S 010000 | 010100 { 010100 | 010100 | 010100 | 010100 | 010100 | 010100 | 010100 | 010100
fo, 1 1 1 1 1 1 1 1 1 1
fra T 1 1 1 1 1 1 I 1 1
r; T 1 1 1 1 1 1 1 1 1 1
8; -1.2022 | 0.6993 | -0.4465 | 0.3051 | -0.2146 | 0.1511 -0.1043 | 0.0690 | -0.0426 | 0.0311
Interconnection Type I
(b)
MO Ml MZ M3 M4 M5 Me M7 Mg Mg
S 000000 | 001111 | 000000 | 001LI1 | 0OOOOO | 001111 | 000000 | 001111 | 000000 | OOL111
Jo,i 1 -0.5148 1 0.3600 1 1 1 1 1 1
S, 0 0.0531 0 0.0231 0 -0.5774 0 -1 0 0
r; 3 0.6500 1 0.7500 1 0.8000 3 0.9000 1 0.8000
8, 0 0.7854 0 1.0472 0 2.0944 0 2.3562 0 1.5708
Interconnection Type 1
(©)
Mo M, M, Ms M, Ms M M7
) 000011 | 000011 | 000011 | 000011 | 000011 | 000011 | 000011 | 000011
fo,i 0.3536 | -0.4904 | 0.4619 | -0.4157 | 0.3536 | -0.2778 | 0.1913 | -0.0975
fii 0 -0.0975 | 0.1913 | -0.2778 | 0.3536 | -0.4157 | 0.4619 | -0.4904
ri 1 1 1 1 1 1 1 1
9; 0 0.3927 0.7854 1.1781 1.5708 1.9635 2.3562 2.7489
Interconnection Type V
(d)

how to map the multirate FIR/IIR/DT architectures with speedmplement each subfilter using the FIR lattice structure dis-

up of two to our computing engine design. Since processicgssed in Section II-A. The resulting architecture is depicted

elements now operate at only half of input data rate, the spérdFig. 11(a), whereR;, }?i, andR; correspond to théth basic

performance of the proposed DSP engine can be doubladdules used irHO(z),fI(z), and H;(z), respectively. Note

on-the-fly based on the same programmable modules ahdt each basic FIR module can be realized by the unified

interconnection network. computational module in Fig. 7. Hence, we can map Fig. 11(a)
onto our computing engine design with the mapping

A. Multirate FIR Architecture

The multirate FIR filtering architecture was proposed in [22]
and [23]. Fig. 10 shows the multirate architecture to realizefgr ; = o, 1, ..., N/2—-1. Besides, the interconnection network
given Nth-order FIR filterH (z), where Ho(z), H1(2) are the js set to Type Il for the connections. Fig. 11(b) illustrates
polyphase componenf&0] of H(z), and H(z) 2 Hy(z)+ the realization of a multirate sixth-order FIR by using nine
H,(z). As we can see, the multirate architecture can hEogrammable modules. The detailed settings are described in
readily applied to the speed-up of the filtering operation¥ables Il and Il
For example, it can process data at 100 MHz rate while onlyThe operation of the DSP computing engine to perform
50-MHz processing elements are required. multirate FIR filtering is as follows. Once the programmable
To map this multirate FIR architecture to our design, wmodules and interconnection network have been initialized, the
first find the thred N /2)th-order FIR subfilterdd(z), H1(z), host processor sends datgatate to the downsampling circuit
and FI(z) of the given FIR transfer function. Then we cann Fig. 10. Then the outputs of the downsampling circuit,

Ri — Ms;, Ri — Msiy1, Ri— Maiys (26)
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From host processor

L /
x(n) V2

12

fS tposmes

Xom) Ygm)
o) Hy(z) ¢ (D
+ +H
E To host processor
xy(m) [~ ¥,n) J
H{(z)=Ho(z)+H(z) - y(n)
_ +
+ il Hy(z) 2 +JA
Downsampling Circuit Upsampling Circuit
e £,/2 Emnesd Eec b 8

Fig. 10. Multirate filtering architecture in [22], wherg; is the data sample rate.

To upsampling

circuit

ydn)

¥,(n)

From
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%) - L) PN
Ro R, R, Ry,
L | - | wene
%,(n)
— [ = as e —
Ro R R» Rasy
—»{ —= =0 0 & —p
%(n)
- - |+ e0e—
Ro R, R, R%“
(@
Xy () =in0 ‘ I M, |
inQ*’ A 0 :
x,(n)=inl s
" inne : —
x,(n) =in2 —~ M =
iz ———~ Mo [\
M vrree e, e
J S
in3 7 A
in3”’ M, ;
ind —— /E '! FE_’
ind’ ; M,
in5 :
in5”’ M; 7
Vg et i A o -
. / oute
6 —— 1 M, [outd]
iné — 1 4 //
in7 ‘out?
L, T M outy’
in7 — ¢ 7 ; //
in8 . out8
ine Ms  [Cours]

Programmable
Module Array

(b)

Interconnection
Network

x;(n),7 =0, 1,2, will be processed by the three FIR subfilters
in parallel at onlyf, /2 rate. After the subfilter outputg (n)’s

are generated, the FIR filtering outpytn) is reconstructed
through the upsampling circuit in a fully pipelined way, and
the data rate ofi(n) is back tof,. Since all PE’s are running

in the f;/2 region, now the data rate is twice as fast as the
one in Fig. 8. Namely, we double the speed performance at the
architectural level without any specially designed high-speed
circuits.

As we can see, the only new hardware for this multirate
operation is the downsampling and upsampling circuits in
Fig. 10 for the pre- and post-processing of the data. Since we
need N/2 modules for the implementation of each subfilter,
a total of 3¥/2 modules will be used to perform aWth-
order multirate FIR filtering operation; i.e., we only need
50% more PE’s for the doubled speed performance. This
overhead is handled by simply activating more PE’s in the
programmable module array and reconfigurating the intercon-
nection network instead of implementing new types of PE’s
and new interconnection network explicitly.

B. Multirate IIR Architecture

The proposed computing engine design can also be recon-
figurated to perform the multirate IIR filtering. Given an IIR
system

M
1+ Zpiz_i
. i=1

= ~
1+ Zqz‘z_i
=1

H'(2) 27

(M < N,M,N are even numbers), we can follow the
derivations in Appendix B to find the polyphase components of
H'(z),H)(z), and H{(z), as well asFI’(z) 2 H{(z)+H{(2).
After substitutingH}(z), H,(z), and H'(z) for Ho(z), H,(z),

Fig. 11. (a) Multirate FIR filtering structure based on the FIR lattice struggnd fI(z), respectively, the multirate filtering structure in

ture. (b) Mapping part (a) to the DSP computing engine architecture; t
figure demonstrates the multirate sixth-order FIR architecture using ni

programmable modules.

lﬁig. 10 becomes a multirate IIR filtering architecture with
downsampling rate equal to two.



66 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY, VOL. 8, NO. 1, FEBRUARY 1998

From Teupsampling D€ Mapped to our system architecture by
downsampling circuit
circuit

%n ST, TP o i ¢ — Ms;, éi?M?)H—Qa Ei—>1\£31+47
' Ai(z) = Maziy1, Ai(z) = Maiys, Ai(z) = Maiys (28)

fori =0,1,---,N/2—1. Fig. 12(b) demonstrates the multirate
fourth-order IIR architecture using 12 programmable modules.
The detailed settings of the modules and interconnection
network can be found in Tables Il and Ill. Note that the
order of the denominators i#(z) and H{(z) is still N.
This indicates that the use of Fig. 10 will triple the hardware
cost; i.e., we will need 8 modules to realize avth-order
multirate lIR filter.

C. Multirate Discrete Transform Architecture

In addition to multirate FIR/IIR filtering, the proposed
system can also be reconfigured to perform multirate DT
operations [13]. Note that the multirate DT operations in [13]
(@) are performed using the IIR-based computational modules.
Here we derive the rotation-based multirate DT architecture
so that it can be mapped to our design.

Split the input data sequence(n),i = 0,1, ---, L, into the

________

ko T
s : !
A ]

1 H

syt =ind M, E— evensequence
in Ny el / : [
x,(n) =in2 :/j M, | ": —— y,(n) .’L’e(TL) I.’L’(27’L), HIO,l,"',L/2— 1 (29)
in2” ! 2 T —
X (n)=in3 L it . and theodd sequence
W= i My i —
x,(m) =ind '/ M4IE —y,m zo(n) = z(2n + 1), n=0,1,---,L/2-1 (30)
ind-’ v ' :
xz(m:igg'—\L;iﬂm%mt'ﬁ—», E— (14) and (15) can be rewritten as
. T - L/2—1
1n6’—,—z—d M, " —————-;nSl
in§'—T7 ﬂ:'lx ———in6 Xc(k) =0 Z COS[(47’L + ]_)wk + nk]xe(n)
127 : M, : : - 127 n=0
4 § : / ' . ; L/2—1
igg E I M, | E //‘” \—.in8' + 4 Z COS[(47’L + 3)wk + nk]xo(n)
in9 : jJ M Ll A —in9 n=0
Ry \ " ind” =Xc (k) + Xc,o(k) (31)
into__ v L - in10 L/2-1
inl0-—t Mo —] > ini10- .
=} Xo(k) = 3" sinl(dn+ Ly, +mJz.(n)
inll—p—~ My [ - in1l for
Nmmzrz L/2—1
- +5 Y sinl(dn+ B)er + mro(n)
n=0
b
® = Xs.o(k) + Xs.0(k) (32)

Fig. 12. (a) Multirate IIR filtering structure based on the IIR lattice structure
discussed in Section 1I-C. (b) Mapping part (a) to the DSP computing engif@l k& = 0,1,---, N — 1. Here we useX¢ (k) and X¢ ,(k)
architecture; the figure demonstrates the multirate fourth-order IIR architectite denote the components dfc(k) that are generated by
using 12 programmable modules. z.(n) andz,(n), respectively. SimilarlyX s . (k) andX s , (k)

are the even and odd componentsX§(k). Following the

derivations in [5] and [6], it can be shown that we can use the

The mapping of the multirate IIR filtering is similar torotation-based module in Fig. 6(a) for the dual generation of

the FIR case. We first implement each of the subfilteB/en componentsXc (k) and Xs.(k), by setting
H)(z),H,(z), and H'(z), using the cascade IIR structure

discussed in Section II-C. The corresponding parallel archi- Jre= [fo’“} = BC.OS(@LJF 1w +77’“)}

tecture is shown in Fig. 12(a), whefé;, A;(2)}, {&, Ai(2)}, 7 Tir f Sm.((% + Dewr +me)

and{e;, A;(z)},i=0,1,---,N/2—1, are used to realize the R, = { CO_S(4wk) sin(dwy,) } (33)
subfilters of H)(z), H'(z), H,(z), respectively. Then it can | sin(dwy)  cos(dwg)
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Programmable circuit function of DHT
Module Array
Interconnection
Network
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Fig. 13. (a) Multirate architecture for the dual generation ¢ (k) and Xg(k). (b) Multirate four-point DHT architecture based on eight pro-
grammable modules.

Similarly, the same module can be used to obtain the oifdo two decimated sequences,(n) andz,(n), through the

components X¢ (k) and X ,(k), by setting decimatort ThenX¢ . (k), Xs.(k), Xc,o(k), andXs , (k) are
. generated by the two modules in parallel, and the outputs are
fr. = [Jfo,k} _ [/3905((% +3)wi + Uk)} summed up to obtaik (k) and Xs(k).
Fo T L fuk Bsin((2L + 3)wr + 1) The multirate DT architecture can be mapped to the com-
R — { cos(dwy,) Sin(4wk)} (34) puting engine design by setting the parameters of module
o =1 _sin(dwy)  cos(dwy) |

. . . . . 1The extra delay element on the top is used to synchronize the two
The paraIIeI architecture to realize (31)_(34) IS deplcted Hecimated sequences so that they can arrive at the two rotation modules at

Fig. 13(a). The input data sequengén) is first decimated the same time.
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TABLE V
SETTING OF THE MULTIRATE (a) FIR RLTER, (b) IIR (ARMA) FILTER, AND (C) EiGHT-PoinT DCT
Mo M M, Ms M, Ms Me M7 My My Mo M
S 000100 | 000100 | 000100 | 010100 | 100100 | 010100 | 010100 | 100100 | 010100 | 010100 | 010100 | 010100
fo,i 0.9878 | 0.1154 | -0.6574 | 0.8833 | -0.4092 | 0.8005 | 0.9902 | 81.0896 | 0.9613 | 0.9756 | 0.3073 | 0.9923
fi 0.9878 | 0.1154 | -0.6574 | 0.8833 | -0.4092 | 0.8005 | 0.9902 | 84.0896 [ 0.9613 | 0.9756 | 0.3073 | 0.9923
i 1 1 1 1 1 1 1 1 1 1 1 1
0. -0.1571 | 0.0731 | 0.8086 | 0.5086 | -1.6262 | 0.6920 | 0.1406 | 0.0119 | 0.2827 | 0.2231 | 1.8484 | 0.1244
Interconnection Type [1
(@
Mo M, M M My Ms Mg M Ms My Mo M
S 000000 | 001111 | O0OOOO | OOt1l1l | OOOOOO | 001111 | OOOCOO | 001111 | OOOOOO | 001111 | OOOOOO | 001111
fo,i 0 -2.0706 0 -1.1526 0 -0.6991 1 0.7742 | 2.4192 | 2.0129 0 -0.5266
fi 0 0.2303 0 0.7602 0 1.6195 0 0.3163 0 0.6021 0 2.3668
i 1 0.8100 1 0.8100 1 0.8100 1 0.4225 1 0.4225 1 0.4225
9; 0 2.0943 0 2.0943 0 2.0943 0 1.5709 0 1.5709 0 1.5709
Interconnection Type IV
(b)
M, o M 1 AM2 M. 3 M. 4 1‘/[5 M, 6 M. ed
S 000011 | 000011 | 000011 | GOOO11 | 000011 | 000011 | 000011 | 00QO011
fo,i 0.5000 0.5000 | -0.6533 | -0.2706 | 0.5000 { -0.5000 | -0.2706 | 0.6533
fia 0 0 -0.2706 | -0.6533 | 0.5000 0.5000 | -0.6533 | 0.2706
r; 1 1 1 1 1 1 1 1
9 0 0 0.3927 1.1781 | 0.7854 | 2.3562 1.1781 | 3.5343
Interconnection Type V
(©)

My, 10 fy oo Ry and Moy t0 f , Ry, respectively, for Then we can follow the steps in (1)—(2) and (4)—(7) to find
k=0,1,---,L/2 — 1. Fig. 13 shows the multirate four-pointthe parameters for each filter in (35). The results are listed in
DHT architecture based on eight programmable modules. Thable V(a).

speed performance is doubled as in the multirate FIR/IIR case2) Multirate IIR (ARMA) Filtering: Now consider the IIR
There are two parts inside the interconnection network: one(ISRMA) filter shown below

the summation circuit to combine the even and odd outputs of

the array. The other is the circuit to perform the combinatidd’(»)

function defined in Table I. In practical implementation, we 1 — 0.400021 + 0.16002~2
can either add one summation circuit so that the switch settings= 77— g799,-1 1 2.05082—2 — 1.12482-3 + 0.34222—4"
of the DT in Table Il can still be used, or we can define new (36)

switch settings by merging these two circuits together. The
hardware overhead to perform the multirate DT is the doublgge can find its polyphase components from (44)—(47) as
complexity.
Hp(z)
14 1.4921271 4+ 0.2219272 + 0.05482 73

) o . i 1 + 0.81002~1 + 0.83462=2 4+ 0.14462=3 + 0.11712—*
1) Multirate FIR Filtering: Given the FIR transfer function 14 1.35852—1

in (22), we first perform the polyphase decomposition which = 17 0.8099-1 + 0.65612—2

yields (1,1 0133601382
z
1+0.0001z~1 + 0.17852~2

D. Design Examples Using Multirate Operations

!
Ho(z) =1 —0.1327271 +0.5328272 4-0.10382 Hi(z)

+0.2195274 = i 3 3 1
B ) 37863 14 0.81002~1 4 0.8346272 + 0.14462=3 + 011712~
Hi(z) =—0.8843 — 1.121927! — 0.8882272 — 0.37862 1.4192 + 0.45872—1

—4 o
) —0.1094z 140.8099z1 + 0.65617 2
H(z) =0.1157 — 1.2546271 — 03554272 — 0.27482 73 14 0.0940271

X
+0.1101z7%, (35) 1—0.00012—* 4 0.17857~2

1.4192 4 0.59202~1 + 0.04312—2
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Fig. 15(a) shows the overall architecture to perform linear pre-

;Z: ___________ R(0) Tout diction. The PE's (angle computers and rotators) are running in
Yin ——> > Yout parallel, and forward/backward prediction errg(s.) andb(n)
are obtained in a fully pipelined fashion without any feedback
(@) paths. The readers may refer to [7] and [24, Ch. 18] for
detailed operations. The QRD-LSL can be implemented using
Tin———» > Tout the CORDIC processors by replacing the angle computer with
vin Ra(0) [T o CORDIC in angle accumulation mod& 4 (6)), and the rotator
is replaced with CORDIC in vector rotation mod&g(6)).
() The resulting system is shown in Fig. 15(b), where the dashed

Fig. 14. (a) CORDIC invector rotation mode(b) CORDIC inangle accu- lines denote the data pa_ths of thg, and siou Seguen.ces'
mulation mode. The 1104, S€qUences are first computed by tRg(6)’s using

the forward and backward signals at each stage. Later the
. generatedu.,; sequences are sent Br(6)’s to rotate the

H'(z) signals at next stage.
2.4192 4 2.084121 + 0.2650272 4 0.054822

1+ 0.810027! 4+ 0.8346272 + 0.1446273 + 0.11712—* B, Mapping QRD-LSL to the DSP Computing Engine

4 -1
= 1+0.75622 From Fig. 15, we observe that the basic modules used

140.8099z~ +0'6561f_2 o1 in QRD-LSL are very similar to the unified programmable
y <2'4192+Z_1 0.2543 — 0.3593% ) (37) Module in Fig. 7. Also, the connection of the modules can
1+ 0.0001z~1 + 0.17852~2 be easily handled by the interconnection network. We thus

L modify the programmable module by adding one direct path
The parameters of each AMRA filter in (37) can be computed,y 5ne more switch to select this new direct path. One

from (38)—(43) in Appendix A. The corresponding paramet(?lrlput port for y;, and one output port fofi. are also

settings of the programmable modules are listed in Table V(R)yjeq for the propagation of the rotation parameters (see
3) Multirate Eight-Point DCT: The ~ rotation parametersg;q 16y Now based on this modified programmable module,
6;'s and the scqlmg factorgy,i’s, f1,;'s of the computational e ¢an implement the QRD-LSL in a very straightforward
modules opgratmg on the even and ogd subsequenc_es Ca(hgﬁ Fig. 17 shows the mapping of a fourth-order QRD-LSL
found by using (33) and (34), respectively. The settings aggseq on our DSP computing engine. The detailed settings

given in Table V(c). of the module array and the interconnection network can be
found in Tables Il and IlII.

V. INCORPORATION OF THEQRD-LSL ADAPTIVE FILTERING

In this section, we discuss how to incorporate the feature of VI. PERFORMANCE AND COMPARISON
adaptive filtering into the computing engine design. We will
show that, with little modification of the programmable modul
design, the proposed system can also perform the QRD-L
algorithm [7].

Consider the programmable modules in Figs. 7 and 16. We
n use either the general-purpose multipliers or the CORDIC
cessor to implement the rotation circuit. In the former case,
the critical path is the path along two multipliers and two
) ) adders in the middle of the programmable module. Hence,
A. CORDIC Operation and QRD-LSL Architecture the data throughput rate is approximate}{2 - Ty ac, where

The COordinate Rotation Dlgital Computer (CORDIC) proiyiac denotes the processing time of a MAC operation. If
cessor is capable of performing various rotation functiorvge use the CORDIC processor as the processing kernel of
based on a sequence of shift-and-add operations [9]. Th#te programmable module, the data throughput rate is limited
are two operating modes in the CORDIC processor: Onelig the CORDIC processor and the scaling multipliers. It can
the vector rotationmode [see Fig. 14(a)] which rotates théve approximated byl /Tcorpic + Tvac, Where Tcorpic
two-input vector for a given anglé. Let W be the total denotes the total processing time to finish one CORDIC
iteration number in CORDIC algorithm. In practical imple-operation.
mentation, the rotation is performed by feeding a sequenceThe speed performance of the proposed design can be
of £1,pu;,¢ = 0,1,--., W, to the CORDIC processor. Thejudged by the following examples. To perform afth-order
other operating mode of the CORDIC processor isdhgle FIR filtering, the general-purpose programmable DSP pro-
accumulationmode [see Fig. 14(b)]. The CORDIC processocessor requiresV - Tyac processing time for each serial
rotates the input vector until one of input components iaput data. As a result, the data throughput rate will be
annihilated. Meanwhile, the..., sequence that reflects thedegraded asV increases. On the contrary, our computing
performed rotation is generated. In the applications of RL&hgine performs the FIR filtering at a fixed data rate of
adaptive filtering, both modes are used for the updating ©f2-Ty;ac (multiplier implementation) ot /7yiac+7corpic
RLS parameters. (CORDIC implementation) for anyVv < P, where P is

The QRD-LSL algorithm is one of the most promisinghe total humber of available programmable modules in the
candidates for the implementation of RLS adaptive filteringystem. Moreover, the processing rate can be doubled in the
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Fig. 15. (a) QRD-LSL adaptive filter structure in [7]. (b) Realizing the QRD-LSL using the CORDIC processors.
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Fig. 16. (a) Modified programmable module with the QRD-LSL feature. (b) Switches used in the module.

multirate mode for anyVv < 2P/3, which is comparable to which is a function of the block siz¥. Instead, our computing
the speed performance of fully pipelined FIR ASIC designengine performs the time-recursive DCT at a fixed data rate of
Another example is the computation of the DCT. Suppod¢2-Tyac. We can also perform the multirate DCT to double
that the fast DCT algorithm in [25] is employed to realizéhe processing speed by using twice as many programmable
the transform function using a general-purpose programmahbi@dules. The ASIC-like speed performance of the proposed
DSP processor. It takes approximatel - log, N/2 MAC design is due to the fact that we fully exploit the parallelism
operations to compute afv-point DCT; i.e., the averagedof pipelinability of each programmed DSP function at the
processing time of each serial input datddg, N/2 - Tyac, algorithmic/architectural level.
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TABLE VI
COMPARISON OF THEPROPOSEDDSP (MPUTING ENGINE DESIGN WITH GENERAL-PURPOSEDSP FRROCESSOR ANDASIC DESIGNS

General-
purpose programmable DSP
processor

The proposed DSP computing

i i ASIC desi
engine design esigns

Programmed to perform vari-
ous DSP functions?

Yes (programmed to perform
FIR, QMF, IR, DT and QRD-
LSL).

Usually designed for spe-
cific functions.

The way to
grammed feature

change pro-

Change firmware program.

Set
module parameters and config-

. . Not applicable
urate interconnection network.

Scalable design?

Yes (higher-order
FIR/QMF/IIR/DT/QRD-
1.SI. can be achieved by invok-
ing more programmable mod-
ules. The number of modules
is proportional to the order of
those DSP functions.)

Design dependent

Fully exploit the parallelism

Not applicable for parallel

and pipelinability of each pro- | and pipelined implementa- Yes Design dependent.

grammed function? tion.

Data throughput rate to 1 1 (fixed) for

perform Nth-order N Tyac s (fixed) 2 Taac, V7 .

FIR/QMF/IIR filsering (function of order N) Mac fully-pipelined design.
-2 R

Data thrm}ghpub rate to per- s Moo 1 (fixed) T (fixed) for

form N-point DCT 2Tyac

(function of block size N)

fully-pipelined design.

Multirate data processing ca-
pability for high-speed appli-
cations?

Not applicable

Yes (at the expense of us-
ing more silicon area. See
the FIR design in [14] as an
example).

Yes (only at the expense of
invoking more programmable
modules).

From host processor

in0
x(n) =1in0”

inl
x(n)=1inl"’

in2
in2”

in3
in3’

in4
in4-’

To host processor

Programmable
Module Array

Fig. 17.

Interconnection
Network

Realizing the QRD-LSL using the DSP computing engine.

size N increases. Besides, we can easily change function
specifications (e.g., FIR tap coefficients) by reprogramming
the parameters of the programmable modules, which is in
general not the case for ASIC designs. The programmable
feature can significantly reduce the hardware cost compared
with ASIC-based implementations.

To summarize the above arguments, a brief comparison of
the proposed system with general-purpose programmable DSP
processor and ASIC designs is listed in Table VI. As we can
see, our DSP computing engine design possesses the advan-
tages of the other two approaches such as programmability,
scalable design, and high data throughput rate. The real-time
processing speed as well as the programmable feature of this
computing engine makes it very attractive for video-rate DSP
applications.

VII. CONCLUSIONS

In addition to the speed performance, our design also hadn this paper, a system architecture of an adaptive reconfig-
good flexibility in modifying the programmed functions in theurable DSP computing engine for numerically intensive front-
FIR/IIIR/IQMF/DT/QRD-RLS. As an example, we can easilyend data processing is presented. It can adaptively perform
increase the order/block-size of those programmed functiorarious important DSP functions such as FIR, QMF, IIR, DT,
at the expense of invoking more programmable modulesd QRD-LSL for the host processor by simply loading the
while retaining the same system throughput rate. Althougluitable parameters and reconfiguring the interconnection net-
the general-purpose programmable DSP processor also Wwask. The proposed parallel architecture retains the advantage
the flexibility of modifying the programmed function, theof the ASIC designs but is much more flexible. Moreover,
system throughput rate will be degraded as the order/blodke architecture is regular and modular, which makes it very
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suitable for VLSI implementation. We also showed that we 3) Solveky andk; used inA4;(z) by setting
can reconfigure the proposed computing engine to perform . y
the multirate FIR/IIR/DT operations. The significance of this ri(ko cosb; + ky sin 6;) = d;
feature is that we can speed up the speed performance of the —r7ko =¢; (42)
computing engine by two at the algorithmic/architectural level.
Neither expensive high-speed dedicated circuits nor advanced
VLSI technologies are used. ko= —c/r2, ki =(d,/r; — kocosb;)/sinb,;. (43)

The focus of this work is on the “system architecture” aspect
which considers how to map a set of important DSP algorithms ~ end
onto the proposed CORDIC-based parallel system architectudate that all r;’s should be less than one to ensure the
It is noteworthy that when we map many algorithms altogethestability of the IIR filtering. There are some limitations in
optimization of individual DSP algorithm/structure has to behis realization: first, the order of the ARMA filter is restricted
sacrificed in some sense. For example, although the deriteche even to facilitate the decomposition in (12). Second, we
rotation-based IIR lattice structure is not as efficient as itannot realize the second-order IIR which has two multiple
direct form counterparts in terms of speed and complexitsgal poles or two real poles with opposite sigms i (40)
it can easily fit into our rotation-based design. We beliewsannot be solved). In some cases, this situation can be avoided
inefficiency of this particular IIR as well as other programmelly arranging the real poles with the same sign as a pair, or
DSP functions is not the point. The issue is whether the systémposing such constraints in the design phase of the filter.
architecture is efficient enough to handle so many different
DSP algorithms under the same framework. APPENDIX B

designers can implement the whole system using dedicatedG_ the IR ; in (27 first —
hardware and/or chip solutions for speed-demanding DSR; |ven1 ie i .syshem in (27), wed (ljrs mu iply Jfrh
systems. It is also possible to apply field programmable gate=1 (=1)’¢iz™*) in the numerator and denominator of the

array (FPGA) to realize the design. With the reconfigur::xb%"’msfer function. We then have

which vyields

feature of the proposed design and the flexibility of FPGA, it M ‘ N ‘ ‘
becomes a very good candidate to serve as the DSP processing <1 + sz‘z_z> <1 + Z(—l)z%‘z_z>

core in an FPGA-based rapid prototyping system. Furthermore,  H'(z) = i=1 ~ i=1

since the DCT-based motion estimation (ME) scheme in [26] I

employs DCT/DST as a basic processing kernel, and the 1+ ZQiz

computations are inherently local operations, we can also map 5 =t . 5

the DCT-based ME scheme to our design so as to perform the _ NG No(z) + 2 M=) (44)
function of motion estimation in video applications. D(z?) D(2?)

where Ny(z?) and N1(2?) are the polyphase components of

APPENDIX A the new numeratorN(z), and §'s are given by

CONVERSION OF PARAMETERS FOR THE

SECOND-ORDER IR LATTICE FILTER - Gt i " N
—1)¢? —1Vaq. i | 7 -
Fori = 0,1,---,N/2 - 1, ~ ( >%+§< Yaitais <3
1) Find the poles ofH;(z) %= ‘ N—i-1 ’ N
—a; + /a7 — 4b; —a; — /a7 — 4b; (-1'gi + Z (L av—jgai-y+i, 12 27
Po,i = * y P = : . =0
2 2 (45)
(38) Thus, the polyphase decompositionéfz) can be written as
2 | H'(2) = Hy(2*) + 27 HY () (46)
a) For the case? — 4b; <0 (complex conjugate poles
at r;e*%), compute the radius; and phase; of with
h I
the poles 21 (72) — NO(ZQ) H (72) — Nl(ZQ) (47)
ri = mag(posi), 0 = arg(po,i)- (39) OO DET TR T D(R?)
b) For the case? — 4b; > 0 (two real poles ap,; and REEERENCES

P1,:), computer; and§; by equating
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