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Design of a Recursive Structure-based FIR Digital Filter
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Abstract

This paper proposes a new digital filter implementation which adopts an identical structure at both
behavioral and logic level in top-down design. This methodology is based on the observation that
multiplication is a form of convolution and carrying, and therefore multiplication is implemented with the same
structure as that of a convolution in a recursive manner at the logic level. -

In order to demonstrate a recursive structure-based FIR digital filter, we select L-tap transposed and
systolic FIR filters, and implement them to have a single structure. The proposed filter design becomes
regular and modular because of the recursive adoption of a single structure for convolutions, and is very
compact in that it needs only two 1-bit I/O ports in addition to significant improvement on hardware

complexity without time penalty on the output sequence.
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I . Introduction

A new method which gives a different way to
formulate structure for realizing digital filters has been
introduced by Pled and Liu [1]. This new formulation
is particularly focused on not another rearrangement of
multipliers, adders, and registers, but a new description
where the fundamental operation of convolution and
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distributed arithmetic
[2]. The first application of these ideas to signal
processing was introduced in [3]). The most obvious
practical form of realization using a table-look up of

multiplication are mixed-hence

stored precalculated partial products was presented in
[4-5].

This paper proposes a new digital filter with
recursive structure. This is based on the ideas that
multiplication is a form of convolution-carrying, and
therefore a convolution is regarded again as a bit-level
convolution and carrying instead of multiplication and
summation.

To perform the digital filtering operation in real
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time, high-speed computing hardware is often
necessary. While systems organized for processing
bit-parallel data
computer hardware, the bit-serial approach to digital
filter realization is efficient in digital signal processing

applications where data bits are available in bit string

have been used extensively in

form such as telephone voice and data signals.

To present a recursive structure-based bit-level FIR
digital filter, we select L-tap transposed and systolic
FIR filters as representatives, and implement them to
have a single structure.

The two proposed bit-level FIR filters are modeled
and simulated in RT level using VHDL, then
synthesized using Synopsys design compiler based on
Hynix 0.35um cell library. Compared to the conventional
transposed or systolic FIR filter with word-level data
flow, the proposed bit-level implementation brings
about significant improvement on hardware complexity
without time penalty on the output sequence, and
becomes very compact in that it needs only two 1-bit
ports; one port for input and one port for output.

II. FIR Digital Filters

Digital filters are typically used to modify or alter
the attributes of a signal in the time or frequency
domain. An FIR with constant coefficients is a linear
time-invariant (LTI) digital filter. The output sequence,
y(n), of an FIR of order or length L, to an input
sequence, x(n), is given by the finite version of
convolution sum as follows [6]:

L -

W)= 2 m)* Am) = ;:‘x(k)xn—k) Q)

=0
where fl0)=0 through RL-1)#0 are the filter's L

coefficients. For LTI systems it is sometimes more
convenient to express (1) in the z-domain with

Y(2)=F(2)X(z) (2)

where F(2) is a the FIR's transfer function defined
in the z-domain by

F(z)= Z:;f(k)z*k 3)

A. Transposed FIR Filter
The Lth order Transposed FIR filter is graphically

interpreted in Fig. 1 for L=4.

In this design. x(n) and y(n) move word-serially, so
wide data registers, N-bit for x(n) and N+M+K-bit
for y(n) each, are needed to accommodate the data of
varying length, where input sequence, x(n), and
coefficient, f(i), is N and M-bit wide each. These data
registers are not shown in Fig. 1 for simplicity. For a
filter length L, K guard bits for arithmetic operation
must be provided, where K=logzL. For a filter of
length 4 with 4-bit unsigned input and coefficient, the
adder width must be 4+4+log24=10.

y(n)

Fig. 1. Transposed FIR Fiiter

B. Systolic FIR filter

The locally recursive algorithms for the FIR filters
was developed by Kung [7], and its systolic array
[7-8] for FIR filters is shown in Fig. 2(a) for L=4.
The systolic array consists of identical
locally-connected processing elements, or cells, as
depicted in Fig. 2.

YO-Y(1)--- —
--- X(1) - 30) P>

A

f(0) f1) f2) f3)

Y
) J

Fig. 2. (a) Systolic FIR Filter (b) Cell

In this design, x(n) and y(n) move between cells
word-serially, so wide data registers, N-bit for x{(n)
and N+M+K-bit for y(n) each, are also needed to
accommodate the data of varying length as for the
transposed FIR filter. Each cell contains a multiplier
and an adder as shown in Fig. 2(b).
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Il _Multiplication as Convolution
—-Carrying

Consider the multiplication of two N-bit unsigned
integers X and F:

N—-1 .
C Xy = zgoxiZ‘

X=xn—lxn—2 *

N-1 .

= .« e o7
F=fy 1 fu-2 fo = SR (4)
P=XF="5 x2S f2i= T T xf2t

~xr=Bsa B~ B B

Now change of coordinates : k=j+i
2N—1N=1
= . . £
P z—-:o ;Ox,f,_,Z ©

According to the above relation, (5), the product
P=XF could be calculated from the convolution of the
X and F. This relation is true for any base and has
been suggested for high-speed multiplication of large
integers [9].

In evaluating (4), there exist two sets of indices.
Consider the following example for N=2

A fo
X1 X0
Sixo Joxo
Jim Joxi
D2 4 Do

Evaluating (4) first over j generates the partial
products (2fixot foxo) and (2fixi*+ foxa) which are shifted
(multiplied by 2) and added in the second sum over i.
Alternatively, expression (5) is summed over i first
which is convolution, then over k. This gives partial
products as (foxo), (fixor foxr), and (fix1), which are the
columns in the partial product array of the example.
The sum over k converts the convolution into a binary
form. In other words, multiplication can be interpreted
as convolution plus carrying. If it were not for the
carries, the sum over k would not be necessary.

The direct implementation of the binary convolution
of two bit streams [2] involving a concatenation of
zeros, segmenting or sectioning for the process of
carries by a overlap and add procedure would result in
even larger combinational logic - than an array
multiplier.

In this paper, the observation that a multiplication

can also be interpreted in terms of convolution
-carrying is
implementation,
implemented succinctly as a convolution-carrying logic
with a series of a combination of 2-input AND gate
and 1-bhit adopted
recursively from the upper-level.

The multiplier of the transposed form in Fig. 1, for

examined from the aspect of

and as a result, the multiplier is

serial adder in a structure

example, will be implemented with a series of a
combination of 2-input AND gate and 1-bit serial
adder as shown in Fig. 3, adopting the original
structure for convolution recursively. The details will
be explained in the following section.

In each type of implementation, the fundamental
structure for convolution will be adoptéd recursively, so

the entire structure becomes regular and modular.

X3 5X Xy

Fig. 3. Convolution-Carrying Multiplier

To analyze the performance of three 16x16
multipliers; array multiplier, convolution-carrying
multiplier in Fig. 3, and systolic multiplier proposed in
{101 which actually is another type  of
convolution—carrying multiplier based on systolic
structure, each one is designed with VHDL [11-12]
and implemented on XCS40 with approximate 784
CLBs and 224 IOBs [13]. Implementation reports of

each design are listed in Table 1.

Table 1. Implementation reports

o Convolution- .
16x16 Mutliplier | Array . Systolic
Carrying
CLB 208 24 33
Avg. connection
4.499 1.464 1.336
delay(ns)
Worst clock
19.772 4.388 3.708
cycle (ns)
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IV. Recursive Structure-based Bit-level
FIR filters

A. Design of a Transposed FIR Filter

For coefficient sequence of four M-bit integers, fi),
the proposed implementation of a recursive structure
~based bit-level transposed FIR filter is shown in Fig.
4. The multipliers in Fig. 4(a) is implemented again as
convolution and carrying as shown in Fig. 4(b), and
this brings recursive structure on the implementation
of a transposed FIR filter at logic-level.

Note that the N-bit input sequence, x(n), enters the
array from left
sequence, y(n), emerges from right without intermission

in bit-serial manner and output

in a bit-serial manner as well. New types. of delays
are adopted between FAs to synchronize the bit data
flow to guarantee the generation and summation of the
product terms according to recurrence relation of the
convolution sum; delay for y(n) is N+M+K unit delay
where K is guard bits. The N+M+K unit delay on the
path for output sequence flow is implemented with a
shift register of the same width as shown in Fig. 4(a).
The bit-level transposed FIR filter in Fig. 4 needs only
two 1-bit ports; one port for input and one port for
output,

- MD),8 B T® --- 3, 39,
e

- YO0, ¥,

Fig. 4. (a) Bit-level transposed FIR filter
(b) Convolution-Carrying multiplier

B. Design of a Systolic FIR Filter

The implementation of a recursive structu;e—based
bit-level systolic FIR filter is shown in Fig. 5. The
multiplier in the systolic array in Fig. 2(b) is

implemented recursively with the same  structure as
original systolic array as shown in Fig. 5(b).

Note that the N-bit input sequence, x(n), enters the
array through the left cell in bit-serial manner and
output sequence, y(n), emerges from the left cell in a
bit-serial manner as well.

The input data should enter the array at every other
unit delay to synchronize data flow,
degeneration on the throughput of bit-level systolic
FIR filter. This degeneration can be avoided by having
the input data interleaved with two input sequence X1
and X2. The scheme of interleaving two input
bit-level systolic FIR filter to
preserve the same efficiency as word-level systolic
FIR filter. The proposed a recursive structure-based
bit-level systolic FIR filter is also a super-systolic

resulting in

sequence enables

array [10] for FIR filter, for the cell of systolic array
itself is organized - as another systolic array, that is,
super-systolic array. The super-systolic array in [10]
is with a bit-serial systolic multiplier in each cell
based on mixed type of data flow in which data are
passed on bit-level in some part and word-level in
other parts.

= XX A, 8- - 0 XA, KA, 1=~ XA THE)y
MK N

e,

|- x_out

(b)

Fig. 5. (a) Bit-level systolic FIR filter
(b) Systolic multiplier

V. Syntheis and Performance Evaluation

To verify the correctness of the proposed recursive
structure-based bit-level FIR filters, a simulation is
performed on each of its VHDL. code. For two data

 streams fli)'s -~ F, 7, A and C -- and x(i)’s -- 5, 9
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B and 3 -- in hexadeciaml each, the simulation results
for recursuve structure-based bit-level transposed FIR
filter and recursuve structure-based bit-level systolic
FIR filter are shown in Fig. 6 and Fig. 7 respectively.
After synthesized using
Synopsys design compiler [12] based on Hynix 0.35um
cell library. The input sequence, x(n), and coefficients,
fi), of 16-bit each, and filter length L of 4 are
Table 2 shows

simulation, each one is

assumed. synthesis reports of

conventional word-level transposed FIR filter (WTF)
and a recursive structure-based bit-level transposed
FIR filter (RSBTF). Table 3 shows synthesis reports
of conventional word-level systolic FIR filter (WSF)
and a recursive structure-based bit-level systolic FIR
filter (RSBSF).

Table 2. Synthesis reports for transposed FIR filter

FIR Filter WTF RSBTF
Combinatorial area
) 8884.5 7575
(2-input NAND)
Noncombinatorial area
) 714 1645
(2-input NAND)
Net interconnect area
] 17.317 6.7
(2~input NAND)
Total area
) 9615.817 2409.2
(2-input NAND)
Critical path delay (ns) 35.81 0.99

Table 3. Svnthesis reports for systolic FIR filter

FIR Filter WSF RSBSF
Combinatorial
om' inatorial area 88875 8505
(2-input NAND)
Noncombinatorial area
) 1050 2947
(2-input NAND)
Net interconnect area
. . . . ) 17.86 9.49
Fig. 6. Simulation wave for resursive structure-based (2-input NAND)
bit-level transposed FIR filter Total area
. 9955.36 3806.99
(2-input NAND)
Critical path delay (ns) 35.41 0.99
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Fig. 7. Simulation wave for resursive structure-based
bit-level systolic FIR filter

VI. Conclusions

Based on the observation that multiplication is a
form of a convolution and carrying, this paper proposes
a new digital filter implementation methodology which
adopts an identical structure at both behavioral and
logic level in top-down design, and demonstrates
structure-based
transposed FIR filter and systolic FIR filter.

Results we got through synthesizing the recursive
structure-based bit-level transposed FIR filter and
systolic  FIR show that the proposed

implementation is very compact in that it needs only

implementations of L-tap recursive

filters

two 1/O ports in addition to significant improvement on
hardware complexity without time penalty on the

output sequence.
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