IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 47, NO. 5, MAY 1999

(5]

8
7 (1]
% 4
g
; : \G\Square 2
5 04 —— @l
= . N Triangle
- =S 4
E 4 \\\\ [4]
e ] Strip \:?
1

-8

12 16 20 24 28 32
6]

Number of Illuminations

Fig. 3. Threshold SNR for at least 90% success in correct estimation of scalé]
and orientation as a function of number of illuminations. Fifty Monte-Carlo
runs were performed. The stripe requires lowest threshold SNR and the squatre

1481

REFERENCES

K. Iwata and R. Nagata, “Calculation of three dimensional refractive
index distribution from interferrogramsJ. Opt. Soc. Amer.vol. 60,

pp. 133-135, 1970.

A. J. Devaney and G. A. Tsihirintzis, “Maximum likelihood estima-
tion ofobject location in diffraction tomography/EEE Trans. Signal
Processing vol. 39, pp. 672-682, 1991.

G. A. Tsihirintzis and A. J. Devaney, “Maximum likelihood estimation
of object location in diffraction tomography, Part II; strongly scattering
objects,”IEEE Trans. Signal Processingol. 39, pp. 1466-1470, 1991.
., “Application of a maximum likelihood estimator in an experi-
mental stuy in ultrasonic diffraction tomographyEEE Trans. Med.
Imag, vol. 12, pp. 545-554, 1993.

D. J. Rossi and A. S. Willsky, “Reconstruction from projections based on
detection and estimation of objects—Parts | & IFEE Trans. Acoust.,
Speech, Signal Processingpl. ASSP-32, pp. 886-906, 1984.

—, “ML estimation of object size and orientation from projection
data,” in Proc. IEEE ICASSP1984, vol. 3.

P. S. Naidu, A. Vasuki, P. Sathya Murthy, and L. Anand, “Diffraction
tomographic imaging with a circular array/EEE Trans. Ultrason.
Ferroelect. Freq. Contr.vol. 42, pp. 787-789, 1995.

8] A. J. Devaney and G. Beylkin, “Diffraction tomography using arbitrary

hoghest. The triangle lies in between the cases.

TABLE 1

CoMmPARISON OF CRB’s AND MEAN SQUARE ERROR (MSE)
FOR DIFFERENT ANGLES OF ORIENTATION (OTHER PARAMETERS
ARe N;, = 16, Np = 32,5 = 2, AND SNR = 15.3 dB).
THE WAVELENGTH OF THE RADIATION IS ASSUMED TO BE1 m

transmitter and receiver surfaceslltrason. Imag. vol. 6, pp. 181-193,
1984.
[9] M. Abramowitz and L. Stegun, EdsHandbook of Mathematical Func-
tions New York: NBS, 1964.
W. H. Press, “Numerical recepies in FortrariThe Art of Scientific
Computing Cambridge, U.K.: Cambridge Univ. Press, 1992.
H. L. Van TreesDetection, Estimation and Modulation Theory, Part |
New York: Wiley, 1968.

[10]

[11]

Orientation] CRB for Scale/s? MSE in " CRB for MSE in ) .
:J?gleon or Scalel cs[’imatlcd orientation estimated [12] A Schatzberg, A. J. Devaney, and A. J. Wittens, “Estimating target
® scale/s? orientation location from scattered field dateSignal Processvol. 40, pp. 227-237,

00 | 5.7089¢-06 5.9037e-06 5.0642¢-05 5.1746¢-05 1994. ' ' ' '
100 | 5.8043¢-06 7.0073e-06 5.5717¢-05 6.4249¢-05 [13] D. J. ROS?I’ A. S. Wlllshky, and D. M. Sp|e|marf1, “Object shlape
estimation from tomographic measurements—A performance analysis,”
0 _ - — - .
20 5.6221c-06 6.0444¢-06 4.4946¢-05 4.9411e-05 Signal Process.vol. 18, no. 1, pp. 63-87, 1989.
400 | 5.5518¢-06 6.5848¢-06 4.5063¢-05 6.1276e-05
TABLE I

CoMPARISON OF CRB’s AND MEAN SQUARE ERROR (MSE) FOR DIFFERENT
ScALES (OTHER PARAMETERS ARE Ny, = 16, Np = 32,5 = 20°, AND
SNR= 15.3 dB). THE WAVELENGTH OF THE RADIATION IS ASSUMED TO BE1 m

A Two-Level Interleaving

Scale CRB for MSE in CRB for MSE In Architecture for Serial Convolvers
(s) Scale/s? ¢cstimated orientation estimated
scale/s? orientation ] ]
025 | 8713406 9.2214¢-06 8.2711e-04 9.5376¢-04 Francescomaria Marino
0.5 | 8.3348¢-06 8.8571e-06 1.3278¢-04 1.4008¢-04
1.0 | 7.4335¢-06 7.9803¢-06 7.3486¢-05 1.0521¢-04 ) - .
" 4494 29411 Abstract—In this correspondence, we present a bit-serial architecture
2.0 ]5.6221e-06 6.0445¢-06 4946¢-05 9411e-05 for convolving/correlating long numerical sequences by long filter func-
3.0 ]47221e-06 5.0600¢-06 3.4231e-05 3.6429¢ 05 tions. Because of its two-level interleaving structure, the proposed device

does not require “wait cycles” between consecutive input samples. As a
result, it achieves the highest possible throughput. Cascadability, fault

VI DiscussioN tolerance, feasibility in VLSI technology, and computing performances
The CRB'’s for scale and orientation increase with wavelengthre discussed and analyzed.

To explain this phenomenon, recall that as the wavelength increaseg,gex Terms—Bit serial ASICS, convolvers/correctors, pipelined archi-
the size of the disc in the Fourier plane decreases, and hence, aadyures.
a low-frequency part of the Fourier transform is available for shape
estimation. The effect of orientation of the object has maximum effect
in the high-frequency region, particularly for an equidimensional
object such as a square. Therefore, for reliable estimation, the Fouriein this correspondence, we present a bit-serial VLSI architecture
transform of the object over as large a disk as possible must be udedthe direct convolution/correlation of long numerical sequences by
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Fig. 1. Pipeline architecture. Word-serial input convolver.

long filter functions. Such an architecture is a highly modular pipelirtee highest possible throughput in each part of the architecture. As a

structured in two levels of interleaving that avoid the need for “waiesult, the used VLSI area is optimized. The proposed device produces

cycles” between consecutive input samples. As a result, the proposeslilts without loss of precision and operates at the same frequency

device can work “on-the-fly,” i.e., its processing can proceed at tias the sampled bit-serial input, up to the maximum allowed by the

same frequency as data input access, achieving the highest possibfgementation technology. The pipelining allows easy cascadability,

throughput. fault tolerance, and potential wafer scale integration. Theoretical
Even though, from the computational point of view, indirecEomparative evaluation in terms of computing performance and

approaches (such as the FFT [1]) are less complex than the dife@tdware complexity is given in Section lll, and some simulation

approaches, they need the previous acquisition of the whole inggsults for a particular implementation technology are reported in

sequence (from now on composed bfysamples) when only a single Section IV. A conclusive remark is given in Section V.

point of the output sequence is required. As a consequence, indirect

techniques are not practicable when an “on-the-fly” computation II. THE PROPOSEDARCHITECTURE

is desired. Moreover, although the direct convolution requires a

) , i S oA The aperiodic convolution of two numerical sequences (real or
computational complexity growing with/ =, it has greater simplicity c

omplex)z = [zo, -+, zm—1] and b = [ho, -+-, hn—1] is the

and smaller sensitivity to error propagation than the indirect approa%'%quencey = [yo. - yarsn—o], whose elements, are

especially when long filters are used [2]. Therefore, direct convo- ’

lution notably contributes to hardware simplification and to overall N—1

performance. Ym = Z YR (1)
Because of the real-time requirement of many applications needing n=0

convolution, a large number of convolver/correlator architectures

have been proposed. Among these, the most suitable for vL e reference processor structure that we used for the on-the-fly
implementation are those designed to exploit the bit-serial approaRMPUtation of (1) is the pipeline shown in Fig. 1 since, among
In fact, this approach has many advantages with respect to the pardJlgfly_alternatives, this requires only one input line (for ahy
one [3], such as a simpler communication strategy (single wird9d N) and provides the shortest latency. It requires a preloading
instead of data-buses), a reduced number of pins, and the possibﬁﬂ?‘se of the filter function coefficients, but this does not restrict the

of achieving very high throughput by pipelining at the bit level. SucfOMPuting performances since the filter function needs infrequent
advantages increase when long filters have to be realized updating during processing. Moreover, because of the trivial relation
The removal (total or partial) of “wait cycles” between tWObetween convolution and correlatibrthe same device can be also

consecutive input samples is a key for increasing the achievab'l%ed for computing a correlation (it is sufficient to preldaih the

throughput in bit-serial convolution and correlation. Such a task hggverted grder). . .
'Accordlng to this scheme, at theith step, thenth processing

been addressed in some architectures [4]-[7], which exploit particul . .
: ) hinl) plort par ment (PE) computes the prodéGtz,.., and sums this datum with
processing elements (PE’s) schemes [6], double adder circuits N

e term(hp 1 2m_1 + (hng2tm—2 + (hnizem_3 + (---)))) that

[6], or automatic vyord rounding [7]. All of these schemes are ful%as computed during ther( — 1)th step by the  + 1)th PE. The
S'Nysit:“t%earﬁrﬁilﬁ"gf ?”tselje;/;eg) paAr:II:I C'QE:; Te\;\vgédse\g\g:etrheouﬁﬁ’t output from the deviceh{zo) is immediately available while
: PS)- q ’ Zo is input, and partial products are generated. No carry propagation

t/r:ego?reugg;,igtfiglnf?(;r1pﬂ::tglo;: d V:'rf; Zm?él d%aluev\?ng: éeiﬁ; occurs in this architecture since the sum computation is distributed.
) q P 9 9, WhETE In this scheme, we have introduced two levels of interleaving (IL's)
dimension of the vectors [8]), because of the pin-limitation, the:

. N 'Sh order to allow a correct format expansion that occurs during the
are absolutely not suitable for those applications where long filt

oducts and the sums required by {1).
functions are prescribed. Word-serial input schemes are the oﬁfy a y

practicable solutions for such applications since they need only
input line for any value ofV and M.

To the best of our knowledge, the only bit-serial device that is ableAn analogy between multiplication and convolution algorithms
to convolve a word-serial input without the need for “wait cycles” i§uggests that the same architecture that is used for the convolver
the Dadda’s polyphase convolver [9]. Polyphase convolvers requp@uld be used at a lower level to implement the multipliers for on-the-
at least three phases, and therefore, they need three multipliersfipProduct computation. This is possible when the bits are serially
each tap of the filter. Such multipliers allow the processing of inp@focessed.
streams without “wait .cycles,". but they are underutilized because on@ e correlation of two numerical sequencemndh is the sequence,
or more of them are idle during each clock cycle. wherey,, = SN0y, - @

In the next section, we describe an architecture that uses only twas ;. andg;, are the number of bits used to quantize, respectivelgnd
multipliers per tap. These multipliers are fully utilized and allows, each element of might require up toy. + q5, + [log, (V)] bits.

one_. .
R. First Interleaving Level (Product)
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Fig. 2. Pipe-line architecture. Serial-parallel multiplier. Such a device computes = 2 h., Whereh,, is available in parallel and:,, is bit-serially
fed. Superscript index denotes theth bit, and 0 denotes the least significant hithas been used to denofg.
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We adopted the serial/parallel multiplier shown in Fig. 2. Such a So.[ ] [ v | 1 [ L
device is appropriate because in our scheme, the imgatserially So.3 ! 1 [ o ] o

fed, and the filter coefficients can be stored in parallel once and for
all (in a preloading step) since they remain constant during the Whol@§teast Significant Bit ~ |Most Significant Bit == 87 -Delay and sum
process. The bit serialization does not introduce processing delay, ang.., Additional bits generated by

the generation of the final result requires exactly the minimum numbey = carry-propagation during the sum
of computing steps. Moreover, in terms of hardware complexity, this
multiplier is simpler than a fully parallel one (e.g., the one described Fig. 4. Temporal diagram.
in [10]) because the number of logic ports is reduced by a factor of

approximatelygy, .

In the following, we will refer to digital convolvers using 8-b (i.e., the LSB ofx,.4»). This is represented on the axgsc, D, and
guantization both for and forh (i.e., ¢» = ¢» = 8). Extension of E, which are related, respectively, td, 1,0, My11,1, My, 0, and
the model to the case of more precision is straightforward. M, .. ’

In this case, each terf, z,,—, may require up to 16 bits. There-  \ye shall show that by introducing a second IL, which is constituted
fore, eight additional processing steps (eight steps were performggiwo full adders in cascade for each multiplier, we also solve the
during the bit-serial input of ., . ) are needed to output the completgyrgplems caused by carry propagation in the sum chain, and we

result. This additional delay is a bottleneck to performing on-the-fiychieve the highest possible throughput in each part of the whole
convolution. To solve this problem, a pair of multipliedf{ o and 5rchitecture.

M; 1) has been used in each RPEvhere both are controlled by an
interleaving unit (Fig. 3, IL 1).

A multiplier receives only one datum,, (over two) of the bit- B. Second Interleaving Level (Sum)
serial input streame; in Fig. 4, the axisA shows the data input To focus on the problems resulting from carry propagation, we
to M; o (upper side) and tad/;,; (lower side) in each PEAs a consider one of the two multiplierd/,, ;. If we assume only one
result, exactly 16 clock cycles (from now on;'s) are given to each adder circuit in cascade for such a multiplier at a given time, this
multiplier to correctly compute the product and to output the resubidder should be used by the 16 bits/ofv2r+; and immediately
This time slice separates the input of the first bit of a datum (i.e., tladter by the bits ofi, 22141)4, (these values have to be added with
LSB of «,,,) from the input of the first bit of the next datum to processlata coming from PE; ).

===ap OQuiput from adders
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Fig. 5. Connectivity of C' chips, each one havingy/C PE’s. In this
example,C' = 3.

Fig. 6. Fault-tolerant connectivity.

] ) determined by end-of-production testifgEach bitw; is set to 1 if
Now, if we denotep,, .. as the output from PEafter the input of pE; is faulty. By this way, the data flow will bypass all the faulty PE’s

L + 1 elements of the sequence during processing. The preloading @fmust precede the preloading
L of h in the initialization phase.
Pi, 1 = Z Phgimr @ —i 2)
=0 ll. COMPARATIVE EVALUATION

after the addition ofi, 244 ; With p,.41.2x4,—1, the most significant In_this section, we evaluate_ the proposed two-level interleaving
part of such a sum will conflict with the least significant part of th@rchitecture (from now orgL) in terms of throughpuf’(2L) and
following sum in the adder output. This is shown in Fig. 4, wherBardware complexity”(2L). In order to do comparative evaluations,
the data on the axesand are partially overlapped concerning thel () andC(.) will be estimated in terms df:c’s|~" and the number
additional bits generated by carry propagation. of transistors since such measures are independent from the imple-

To solve this problem, we have provided each multiplief, mentation tgphnology. In the next.section, we shall present the “acltual
with a pair of output line€),,; andO,,. ,4», where each one is input values” of §|_I|cpn area and _operatwe frequency that have been derived
to a single adde}", ; and3>, ., (Fig. 3, IL 2). Such adders are for a specific implementation dfL.
realized simply by a FULL-ADDER with thearry suitably fed back.

The axes, ¢, D andE in Fig. 4 show how the results are interleaved®. Throughput

on the output lines by each multiplier. In particular, each axis showsBecause of its interleaving structur2 does not require any
the data that are output .., ; (upper side) and by).., ;-2 (lower “wait cycles” between two consecutive bit-serial input samples. As a
side). consequence,L can receive in input a new datum evetycc's, and

In this way, there are 16 voiet’s between the MSB o,z and it can achieve a throughpit(2L), which is the maximum achievable
the LSB of h, z..+2 on each channel,. ;. Therefore, each adder by a bit-serial architecture
may produce a result having up to 16 additional bits (one bit for each —1
void cc). This is shown on the axeg G, H and I, where each one T2L) = 1/¢x(cc’s)™" = Trmax. ()
represents the output of a different adder. This result is reported in row #8 of Table | and represents an impres-

Fig. 3 also shows how the output lines of each adder, , ; must sive speedup with respect to the conventional bit-serial architectures
be delayed and connected to the adders in REcorrectly compute that achieve a throughput (row #0 in Table 1)

(1). These relationships are also noted in Fig. 4 by solid arrows.

Negative terms may be easily managed (e.g., as proposed in [11]) T(Conventional = 1/(¢» + ¢n + [log,(N)) “
if they are presented in a two’s complement form. since they requireg, + [log, (V)] “wait cycles” between two
consecutive input data in order to allow the format expansiog,in
C. Cascadability In Table |, we also compargL with other architectures which

Jemove (totally or partially) the bottleneck of the “wait cycles.” Such
architectures are properly described in [4]-[7] and [9] and are briefly
?ommented on by means of some remarks in Table I.
Architectures #1-4 require onfffog, (V)] “wait cycles” between

0 consecutive data quantized by bits, and therefore, they can
()),//hieve a throughput

As a consequence of the introduced two interleaving levéfs,
terms can be correctly added in the casegpf= ¢, = 8. This
means that filters having'2taps can be implemented by means o
the proposed architecture. We would like to remark that this limjt
can be achieved independently by the integration, which means
cascading a suitable number of chips, since the architecture is i

modular. Such a possibility is shown in Fig. 5. Af-tap filter can T(.) =1/(q= + [log, (N)]) ®)
be straightforwardly realized by means @fchips, where each one  3gch a test is required only for the devices that were detected as faulty.
integratesN/C PE’s. Since it has to distinguish fault-free and faulty PE’s, it has a complexity of

O(N + v). Briefly, it consists of a) verifying a fault-free connectivity (a
faulty connectivity implies an unusable array). This is accomplished setting
D. Fault Tolerance w; = 1 for eachi (all the PE's are bypassed) and transmitting a set of
The proposed architecture is a pipeline having identical stag@st vectors{h. so, s1, s2, s3} across the lines?, So, 51, Sz, and Ss.
(PE’s). Therefore, fault tolerance capability can be added at tf§ then have b) to characterize pgor eachj =0, 1, ---, N+ v — 1).

. . is is accomplished setting; = 0 andw; = 1 (for eachi # j). In this
expenses of a little hardware overhead. A fault tolerant device is COlsy ‘only PE is enabled. Afterwards, PHs tested by a set of test vectors
posed byN + v PE'’s, wherev is the maximum number of tolerable {x, h, so, si, s2, s3}, whereso, s1, s2, s3 are addends that simulate the
faults. Such PE’s are provided with one register storing one single Bita that should be computed by ,RE > j) during normal processing. The
w;, which drives five 2:1 demultiplexers, as shown in Fig. 6. sudsst does not need additional pins since in a), the correct transmission of the

: : Wi | . test vectors is verified through the pins used for connecting more chips. Even
demultiplexers are used to configure the “logical” connectivity q ough run-time faults cannot be detected during the computation, periodical

the pipeline according to a status-wotd =wowiwsz -+ - wn4v—1), tests can make the device robust to these kind of faults by simply updating
which maps the “health” of the device. The status wardis w.
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TABLE |
THROUGHPUT FORDIFFERENT BIT-SERIAL CONVOLVERS: ¢ AND ¢j, ARE THE QUANTIZATION LEVEL OF  AND h, RESPECTIVELY. REMARKS: &) WORD-PARALLEL
INPUT MODE (N INPUT PINS). b) WORD-SERIAL INPUT MODE (ONE INPUT PIN). C) AUTOMATIC ROUNDING (Loss oFPRecisION). d) FuLL PrRECISION

# Name Reference Throughput [cc’s™'] Remarks
#0 Conventional Architectures - 1 /(‘Ix +q, + ﬂog2 ( N)—[) —
#1 Unidirectional ARIPA 71 1/(g, + [10g2 ™MD ac
#2 Orthogonal ARIPA 71 1/(‘1; + flogz (N)D ac
#3 Systolic Matrix-Vector Multiplier 4] 1 /(qx + [logz (N)D ad
#4 Systolic Inner Product Convolver [6] 1 /(qx + ’—10g2 (N)—D ad
#5 Modified Unidirectional ARIPA [71 1 /qx a, c
#6 Optimised Systolic Array for Convolution [51 1/q, ad
#7 Polyphase Convolver [91 1/q, b d
#8 Two-Level Interieaving Convolver - /g, b d

Hardware Complexity TABLE 1l

NUMBER OF TRANSISTORS PERSTANDARD CELL
(0.7.4m CMOS, ES2, EcHNoLOGY [12])

10,000,000
2-input And D-Flip Flop Full Adder | Bit Register
9,000,000 +——F——-
7 16 31 20
8,000,000 -
0 7,000,000 2L, q=8 input pins, and therefore, they are absolutely not suitable for those
£ 00000 ‘:zt g;;g applications that require long filter functions (e.g., high-precision
2 R 1+3P‘, a8 radars) because of the pin limitation.
£ 5,000,000 —=3P, q=16 The only practicable solutions for those applications appear to be
g |—=-3P, q=32 2L and the polyphase convolvers (architecture #7) since such bit-
£ 4,000,000 || A—4P.q=8 serial schemes require only one word-serial input (rentarkds a
2 4,000,000 | ‘::? ::,2 consequence, such architectures need a global VLSI area that can be
: ' reasonably estimated by the number of transistors (3ay, since
2,000,000 - they use only one input pin for any value fand M and have only
few bit-serial data lines, which are not local since they are semi-
1,000,000 systolic. ConverselyN. gives only a partial and rough estimation of
o the global VLSI area needed by architectures #1-6. In fact, in such

architectures, the VLSI area needed by the neces¥argput pins
log2(N) has the same order of magnitude®f (i.e., O(N)). At the current
integration levels, such VLSI area becomes preponderant (or at least

Fig. 7. Hardware complexity (evaluated in terms of number of transistors) .
for the proposed two-level interleaving architectu2l), a three-phase i¥'cannot be neglected) with respect to the VLSI area needed by the

convolver 8P) and a four-phase convolved ) [9] for different values transistors.
of N andgq = ¢, = q5,. Note that{3P, ¢ = 8} cannot implement filters  For such a reason, in Fig. 7, we have estimafg§d by means

having N > 2% taps. of the number of transistord’; only for 2L and for two different
o ) _ polyphase convolvers, namely, a three-phase convoB&) and a
which is lower tharT..... Note that architectures #1 and 2 aCh'eV?our-phase convolverd() [9]. In order to computeV,, we have
this target by means of automatic word rounding (remarkand  3ssymed an implementation based on standard cells having the same
therefore, they are not suitable for applications requiring high pre¢inaracteristics as those reported in Table II.
sion, whereas architectures #3 and 4 do not have such a limitation the diagram shown in Fig. 7, we have considered different values
(remarl_< d). of N andq = ¢. = ¢, (for the sake of simplicity, we assumed
Architectures #5-7, as well as the proposed one, are able iy same quantization level far and for h). Conversely,M has
completely remove the need for “wait-cyles.” Therefore, they caf peen taken into account sin€¥.) is independent from it for
achievel'n.x as well. Note that architecture #5 uses automatic WoLg| the architectures. Note that even though2L) and C(3P) are
rounding (remark:), whereas architectures #6 and 7, as welas  gimost equivalent2L can implement filters having up &> taps,

compute results with full precision (remarg. whereas 3P cannot implement filters having more t2anaps [9].
For such filters, a polyphase convolver requires at least four phases
B. Hardware Complexity (4P) and a complexity’'(4P) that is approximately 32% higher than

We would like to point out that all the architectures consideref (2L)-

in Table | (excepL and architecture #7) require a skewed parallel 4 detailed evaluation oV, for architectures #1-6 in Table | can be found
input of NV words (remarka). As a consequence, they requifé in [7].
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Fig. 8. Logical simulation.N = 300; tested frequency= 50 MHz. In order to avoid aliases due to the capacitive effects and to reduce the length of

critical paths (e.g., for the line feeding) latches have been inseted in the pipe every 50 PE’s. (a) Bit serial input data streams}; it does not
require “wait cycles.” (b)—(e) Bit serial ouput data streams probed before the latches. (b’)—(e’) bit serial output data streams probed aftesthi) lat

and (g) control signals for IL 2. They have a semiperiod of 6.

IV. SIMULATION RESULTS
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that due to some physical phenomena (e.g., load capacitances, fan-in,
and fan-out, etc.), “actual values” may be different from the derived
“abstract values.” Such “actual values,” as well as the silicon areg]
needed by the interconnecting wires, can be known only by means
of a detailed analysis of the implementation. For such a purposé?]
an implementation oR2L in standard cells (0.Z4m CMOS, ES2
technology [12]) was evaluated.

The complete placement and routing for 300 PEis € 8) in an
11.6 x 11.6 mnt chip was automatically obtained using the softwarel4]
tool SOLO2030 developed by CADENCE. An operating frequency
of 50 MHz was verified through a logical simulation performed by g
SILOS, in which standard cell characteristic data were used (Fig. 8£
Such a result means that an 8-b quantized sequence could be bit-
serially convolved by a long filter function at 6.25 Msamples/s[6]
without loss of precision.

(3]

[7]
V. CONCLUSION

We have described a bit-serial VLSI architecture for the on-thel8]
fly convolution of numerical sequences with long filter functions.
Such a device operates without loss of precision, achieving comple[e]
hardware exploitation; in addition, it can be fully pipelined. Theg10]
obtained throughput is the highest possible one since no “wait cycles”
are required between consecutive input samples. Its feasibility in
VLSI has been verified. Moreover, a comparative evaluation wiI[f%l]
other existing architectures in terms of throughput and hardware,)
complexity has been provided.
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