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Abstract. Previous designs of programmable FIR digital filters have demonstrated that the use of broadcast data
and control can lead to a high performance-to-cost ratio. As the technology advances to the deep sub-micrometer
regime, such an approach should be re-examined by taking the effect of interconnections into account. In this paper,
we show that the contribution of interconnect delay to the cycle time is no longer negligible and will hamper the
scalability of such broadcast designs. Further speed and density improvements through scaling can be secured by
the fully pipelined design in which both data and control signals are restricted to local connections.

1. Introduction The operating frequency can be increased by a factor
close to two, if the multiply-add latency is evenly di-
In its transposed form, a finite impulse response (FIR) vided in two stages. The expense of an extra register
digital filter can be implemented as a cascade archi- (z in Fig. 1) is quite modest compared to the highly
tecture consisting oN fixed-size cells, one for each complex multiplier and adder that would be needed
tap. Input data are broadcast to all filter taps and the to achieve comparable performance improvement with
responses computed as inner-product steps in pipelinedthe single-stage module.
fashion. As the required number of taps may vary, de-  While the preceding assessment may be accurate
signs must be modular and expandable. Tap countsfor short filters, the reduced depth of pipeline stages
from 8 to 64 are found in different applications [1-7]. heightens the significance of propagation delays on
For adaptive applications, programmable coeffi- wires [8-10]. For a long filter, the broadcast over-
cients or weights must be supported to allow modi- head for input signals becomes a major portion of
fying the response in real time. The coefficients can the cycle time. Realistic analysis, therefore, requires
be loaded through the pipeline registers which form a a technology- and architecture-dependent model that
shift-register chain when the broadcast input is set to predicts the cycle time of aN-tap FIR digital filter as
zero. All coefficient registers are connected to a com- a function ofN. The cycle time is affected by two fac-
monenabldine which, when asserted, simultaneously tors: broadcasting data to all filter taps and performing
stores the contents of the pipeline registers as coeffi- a pipelined operation on data in each tap. The required
cients (Fig. 1 without the dotted registex. The fact cycle time increases witN simply because longer in-
that the data bus was already in place led previous de-terconnections will be involved and a larger load must
signers to adopt such a simple control scheme, making be driven.
the broadcast overhead relatively insignificant. In this paper, we show that the broadcast design may
As the throughput rate is often the primary con- cease to be cost-effective as scaling of dimensions in
cern, it is advantageous to introduce an intermediate integrated circuits is used to improve performance. We
pipeline level into the multiplier-accumulator module. note thatthe broadcast overhead cannot be alleviated by
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Figure 2 A single tap of the FIR digital filter with pipelined data
and control. The intermediate pipeline registés still optional, but

its inclusion will yield greater benefits in view of the absence of
broadcast overhead.

Figure 1 A single tap of the FIR digital filter with broadcast
data/control and an optional intermediate pipeline registehl-
thoughz is drawn between the multiplier and adder for clarity, it
can in fact be placed at a suitable midpoint within the multiply-add
computation.

o ) i The segment sizZehas cost and speed implications.
merely pipelining the data signals, since the overhead As k increases, the cost is reduced due to the need

will then shift to the control signals. As an alterna- o fewer pipeline registers and throughput is degraded
tive, we show that it is possible to pipeline the control e to the longer interconnections within segments.
signals with the data signals through the filter, thus lim- |1 4150 affects the latency since data must propagate
iting the global connections to clock and power supply. throughN + N/k pipeline registers. The extreme case
The increased area to accommodate more pipeline reg-yf i — N, corresponding to the broadcast design, has
isters can be compensated for by the higher operatingine smallest area; the fully pipelined design wits 1
frequency, thus maintaining the throughput rate with pa5 the highest throughput. Clearly, tradeoffs can be
scaling. o _ . made by selecting to achieve the most cost-effective

Our presentation is organized as follows. Section 2 design.
describes the fully pipelined design and its varia_nts, To facilitate our analyses, we assume that data are
followed by cost-performance tradeoffs among various renresented by fixed-point numbers with 12-bit inputs,
designs. Section 3 discusses the effects of scaling ony 5 it coefficients, and 26-bit outputs. The coefficients
the above designs. Section 4 contains our conclusions. 3ve encoded by applying Booth’s algorithm (which

replaces a sequence of ones representing the value
2. Fully Pipelined Design 21 4 2i-14 ... 4+ 2 by one positive and one negative
binary digit denoting 2t* — 2'). The partial products
If the inputx is to be pipelined through the FIR digital  for the current tap, along with the result from the previ-
filter, a register must be inserted on the data bus to ous tap, are collected in the form of sum and carry bits
stop the direct propagation between cells. The output by carry-save addition. To avoid carry propagation in
y will then leadx by one clock cycle. Regulating the each tap, the true result is not computed until the final
data flow requires the insertion of an extra register on tap. This technique is well known and commonly used
they output. in designing FIR digital filters [6].

The preceding design can be easily obtained by ap- Presently, designers tend to put the critical path on
plying the retiming technique [11] to the signal flow the carry-save adder, trying to prevent the broadcast
graph of the transposed direct-form realization. Con- overhead from being a dominating factor in the cycle
sequently, when the coefficients are loaded through time. In reality, the overall delay to be partitioned into
the pipeline registers, they reach the taps on alternatetwo pipeline stages is taken from the broadcast input,
clock cycles, implying that the load signal can also be through the partial-product generator, to the carry-save
pipelined. Figure 2 shows the resulting design. adder. The Booth encoder is not on the critical path,

More general designs can be derived by dividing the since the coefficients are held in static registers. The
numberN of taps intoN/k segments. In each segment, remaining registers can be dynamic and operate under
k — 1 cascaded cells of the type shown in Fig. 1 are a single-phase clock.
followed by a single cellshownin Fig. 2. Thus, thedata  We estimate the areas and cycle times for differ-
and control signals are allowed to propagate within a ent values ofk and a fixed numbeN =64 of taps
segment terminated by the pipeline registers, which act using a 1.Q«m CMOS technology. The area and speed
as repeaters between segments. characteristics of each component are listed in Table 1.
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Table 1 Area and speed characteristics 3. Scalability Analysis

of the implemented components.

Component  Delay (ns)  Aream?) The preceding results, however, cannot be simply ex-
: tended as we continue to exploit the downward scal-

Register 0.9 D x 10° ing of feature sizes in switching devices and wires to

Adder 6.1 98 x 10*

improve performance. In this section, we further an-
Multiplier 14.1 23x 10° alyze the scalability of the fully pipelined design and
show that as linear dimensions are scaled down to the
deep submicrometer regime, the broadcast design in no
longer cost-effective even for shorter filters.
Figure 3 shows the decrease in area and increase in Figure 4 shows the interconnect delay on wires
cycle time, relative to the fully pipelined design. The for 1.0, 0.5, and 0.2%m CMOS technologies, pre-
most cost-effective design, having the smallest area- sented as ratios with respect to the device switch-
time product, is obtained when the segment size is cho-ing time for the corresponding technology [12-14].
sen to bek =4; for such an optimal design, the speed For the broadcast design, we have conservatively es-
degradation is more then offset by the area saving.  timated the wire length in the range of 2 mm (8 taps)
Because of segmentation, the resulting cycle time to 6 mm (64 taps), using a 1,0m CMOS technol-
depends only on the segment sizerather than on  ogy and distributing the broadcast data by a stan-
the filter lengthN. Figure 3 also indicates that for dard tree-like network [15]. These base points appear
N=24,...,32, broadcast design wikh= N is more on the bottom curve in Fig. 4. As the linear dimen-
cost-effective that fully pipelined design wikh=1. In sions are scaled down by a given factor, the wire
these cases, the propagation delays incurred on longlengths are expected to be reduced by the same fac-
wires do not significantly affect the cycle time. Thus, tor.
trading speed for area is worthwhile. The interconnect delay is a function of the wire re-
The broadcast design allows the expansion of the sistance and capacitance. As the dimensions are scaled
number of taps in a limited range (2—32), while stillen- down, the wire resistance increases due to the reduc-
joying high cost-effectiveness. This explains why pre- tion in cross-sectional area, while there is no corre-
vious designs of short programmable FIR digital filters sponding decrease in the wire capacitance, leading to
have been based on broadcasting, rather than pipelin-increased interconnect delay. Figure 4 indicates that
ing, of the data and control signals. As the filter length the broadcast overhead will dramatically increase, even
grew to N =64 taps, broadcasting overhead emerged though the wire length is shortened with more advanced
as the primary limiting factor on performance. technologies. Hence, we need to reexamine the relative
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Figure 3 Cycle time and VLSI layout area, using Jué CMOS Figure 4 The ratio of interconnect delay to device switching time

technology, for designs with different segment sizeBercent values versus wire length for 1.0, 0.5, and 0.25n CMOS technologies
are relative to the fully pipelined design wikh= 1. using standard aluminum/silicon dioxide-based metallization.
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Figure 5 Cycle time and VLSI layout area for designs with differ-
ent segment sizdsrelative to the fully pipelined design with= 1,
using 0.25um CMOS technology.

measures of layout area and cycle time with each
change in technology.

We repeat the analysis previously done for A1)
CMOS in Section 2 (Fig. 3) using the more advanced
0.25um CMOS technology. The results are shown in
Fig. 5. Because of our assumption that the scaling fac-
tor applies to each dimension, the relative area remains
the same. The relative cycle time obviously increases
in order to accommodate the additional delays intro-

propagation delays on wires begin to curtail the bene-
fits of scaling.

We have shown that by restricting the segment size
to a small number of taps, the benefits of scaling can be
secured. Inview of the significant overhead involved in
broadcasting, resorting to such a fully pipelined design
is necessary if the continuous improvement of through-
put rate with scaling is to be maintained. Our results
serve to reiterate the importance of local and pipelined
communication in modular designs, based on state-of-
the-art VLSI technology.

Modifications to reduce the wire resistance and ca-
pacitance through the use of new conductor (e.g., cop-
per) and insulator (e.g., polymer) materials, as well as
multi-level interconnections, do not significantly affect
our conclusions. Optimistically, the interconnect RC
time constant can be reduced from 3 to 1 ng/¢hé).
Such a change is equivalent to dividing the intercon-
nect delay/switching time ratio of Fig. 4 by a factor of 3,
and thus shifting the optimal segment size of Fig. 5 by
the same factor. Furthermore, such a change involves
higher development and production costs. The result-
ing cost factors must be taken into account for a fair
and complete comparison.
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4. Conclusion

Scalability, as considered in this paper, has two aspects.
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