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Abstract

This paper presents a floorplan for designing FIR filter
arrays, using enhanced Fermat ALUS, complementing previ-
ous work done in the VLS Group. The structure is based on
polynomial mapping of the Modulus Replication RNS, with
computational modulus 257. It exploits the redundancy in
the input representation, thus reducing the coefficient growth
due to the polynomial multiplication, leading to a smaller
probability of overflow error. The silicon area overhead for
the input/output mappings is less than 10%. This a great
reduction compared to conventional and recent RNS designs
of inner product processor array for DSP applications. A
0.35 um process implementation of a 53 tap filter is
detailed.

1. Introduction

The advantages of computing over cross product rings
are well documented. From a VLSI view it includes reduc-
tions in clock skew, fault tolerance and ease of testahility.
Form a computation stand point it promises high speed arith-
metic by removing the carry.

Conventional finite ring mapping are based on Residue
Number System (RNS), where the input and coefficients are
mapped to the residues via a modulo reduction operator for
each moduli. The operation are then performed component
wise for residues of like moduli. The final result is mapped
back using the Chinese Remainder Theorem (CRT). The
dynamic rangeis limited to the product of the moduli.

In the Modulus Replication Residue Number System
(MRRNS), the computational moduli may be replicated,
increasing the dynamic range. Thisis as aresult of mapping
data as polynomias, by selecting indeterminates equal to
powers of two. The coefficients of the polynomial will be
bound by the product of the moduli, but the actual dynamic
range will be much greater.

2. ModulusReplication

Here we provide a brief technical introduction to the
replication technique. We assume a signed binary representa-
tion of the integer data:
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where s, 0(-1,0,1). We may rewrite egn. (1) using a
polynomial of the form given in egn. (2):
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where B = By>B,>... >B,. We thus represent the

number as polynomias with indeterminates representing
weights of powers of 2. There is a double redundancy
present in this representation: the signed digit redundancy of
egn. (1) and the polynomial redundancy of egn. (2).

The polynomial representation is now mapped to afinite
polynomia ring (modulo M) and then to a direct product
rng, Z,, xZy x...xZy,, using an evaluation map; this is
implemented by multiplying the finite polynomial ring coef-
ficient vector by a Vandermonde matrix of all the possible
roots of the mapping ideal, [5]. Theidea should have greater
degree than any resulting polynomial after computation, so
that no actual reduction takes place when weinvert the direct
product map (the reduction is formal). We can now perform
independent calculations over each of the copies of z,,.

Conditions for reversing the mapping procedure are dis-
cussed in [5]. An important restriction is that the resulting
finite polynomial ring coefficients do not exceed the modu-
lus, M, during the computations, and we have discussed
applications using both very small moduli [5] and large mod-
uli [2]. In the latter case we introduced the Fermat ALU in
which the ring modulus was M = 257 x 17 ; both prime fac-
tors being Fermat primes. The ALU operates over the half-
index domain using index calculus for the multiplication and
L eibowitz's diminished-ones representation [6] for the accu-
mulation. This was found to be a better solution than the
Zech Logarithm [7] approach recently adopted by Zelniker
and Taylor [8] for their Gauss machine [9].

For completeness, a block diagram of the origina Fer-
mat ALU is shown in Fig. 1 for the Mod 257 computational
channel. Since we are using index calculus with a Fermat
prime, the index addition uses a binary adder (8-bits for 257
and 4-bits for 17). The diminished ones accumulation also



uses a binary adder with zero mapped to the “overflow”
value; this is easily handled with a small amount of extra
logic.
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Fig. 1 Fermat ALU mod 257

In the following section, we will demonstrate exploiting
the double redundancy in the polynomial map to reduce the
computational modulus to 257. Furthermore we will present
afloorplan for the design of FIR array based on Fermat ALU
discussed in[2] .
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Fig. 2 Foorplan of original Fermat 257 Array
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3. Enhanced Input Mapping

For a chosen indeterminate X=2" the simplest polyno-
mial mapping of the binary data, would be to group the data
into r-bit segments, each segment representing a coefficient.
In this case the range of the coefficients will be [-X+1, X-1]

The redundant property of the polynomia map is used
to optimize the input data representation. If we alow a mix
of positive and negative coefficients to represent any number,
regardless of sign, we can reduce the maximum value of the
coefficient by as much as half (this is anaogous to using
CSD representation to reduce the number of non-zero dig-
its). In order to achieve a reduction in the coefficients we
may have to increase the degree of the polynomid. In the

enhanced input mapping, the input polynomia will be at
most one degree higher than the simple mapping method and
the coefficient of this higher degree indeterminate will only
be 1 or -1. This means that in the input mapping process, the
trivial map of the binary number to a polynomial will be
replaced with alookup table to select the coefficient. Thefol-
lowing mapping stages will not change in spite of the possi-
ble increase in the degree of the polynomial. The effect of
the extra coefficient is realized by a polynomial addition, the
results of which will be summed with the output of the final
addition stage. This approach allows us to implement reason-
able filter lengths using only a Mod 257 ALU; in practice
this means that we can implement the equivalent of a 24-bit
FIR data path with completely independent, identically con-
structed, 8-bit computational paths. The effect on clock spike
reduction and ease of testing are well documented.

Let use represent the input polynomial from the smple
map as below:

a2x2 + alx1 + aox0 3
The conversion process is performed in sequence, start-

ing from the ‘least significant’ coefficient; the ROMs store
the following function (Fig. 3):

for (|aj <4) a = a C =0 (1)
for (g >4) a t

Fig. 3 Block diagram of the input polynomial mapper

The Fermat ALU performs inner product computation,
other words polynomia multiplication and addition. With
the simple mapping the input polynomials are of degree 2,
hence the multiplication will result in polynomial of degree
4, With the enhanced mapping the polynomial may be of
degree 3 and so the product polynomia will be of a maxi-
mum degree of 6. But this multiplication can be represented
in terms of a second degree polynomia multiplication asfol-
lows:



A(X) = a2x2 + alx1 + aoxO 4
B(X) = b,X* +b,x"+ byx°

(a®+ A(X))byx° + B(x)) where ag, by 0{~1,0, 1}

a3b3x6 +a5(B(x)) + bs(A(X)) + A(x)B(x)

The first three terms are simply a polynomial addition.
The last term is a polynomia multiplication of two second
degree polynomial, the same operation that the Fermat ALU
performs. The polynomia addition is performed outside of
the RNS system and summed with the final addition stage
result. This allows to use the existing multiply accumulators
(MACs) while increasing the dynamic range of the computa-

tion. A block diagram of the new FIR array is shown in Fig.
4
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Fig. 4 New floorplan of Fermat ALU Array

4. Hardware Design

In this section we will discuss the hardware requirements
and changes made to reduce the area of the Fermat ALU,
focussing on low power architectures. In the original design
a 256x8 dynamic ROM was used which exhibits much lower
power dissipation compared to static ROMs. The purpose of
the ROM isto lookup the inverse index in diminished-1 rep-
resentation. Since the ROM occupies the most area in the
Fermat ALU any reductionsin its size will greatly affect the
overall design area. With this in mind the contents of the
ROM were examined to see if a pattern existed in lookup
table. As it turns out the first half of the lookup table is a bit
inverse of the second half. This effectively means that only
half the look up table needs to be stored in the ROM, with
the inverse or true values being selected by the most signifi-
cant bit (Fig. 5).
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Fig. 5 Minimized ROM

The dynamic ROM was also custom designed to take
advantage of the triple metal process, which allowed for a
more denser ROM core design. The low power dissipation of
the ROMs was achieved through the design of dynamic
sense amplifiers and decoder.

Fig. 6 shows the dynamic sense-amp circuit. Signal X is
aword line from the decoder. MO is the selected ROM cell,
and M1-31 are the unselected ROM cells, which are parallel
connected with MO to the same bit-line. MN5 and MNG6 are
column selector, they are connected to VDD, means this bit
line are selected by column decoding.

DOUT

Fig. 6 Dynamic sense amplifier used in the ROM design

The adders used in the Fermat ALU, the polynomial
mapper and polynomial adder are dynamic EMODL
(Enhanced Multiple Output Domino Logic) adders. These
adders feature a low power dissipation, a good speed (when
the bit length is not bigger that 16), and design with modu-
larity.

The low power dissipation/good speed attributes of
EMODL are due to the elimination the p transistors in the
MODL evaluation phase and the use of a sort of new XOR
gate. Design modularity means that with the increasing of
the bit length, the Domino discharging tree (EMODL tree)
grows in modularity. Each extra bit can be grown from the
low-bit adder.
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Fig. 7 1 bit position adder module

The small lookup tables for the input polynomia map-
per where designed using minimized switching trees, as the

layout would be more efficient as shown in Fig. 8.
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Fig. 8 Switching tree ROM

Thefinal adder evaluates the output polynomial, by sub-
gtituting the indeterminate and summing the terms and it is

implemented by a CSA array.
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Fig. 9 CSA Array for fina polynomial addition

True Single Phase Clock (TSPC) strategy is used
throughout the whole design. In the whole design of Fermat
unit, all of the stages have the form of Fig. 10. and al of the
logic is implemented in the NMOS blocks of the Domino
stages which precede the TSPC latch. The transistors in the
latch were sized to overcome the self-skewing problem of
TSPC designs.

:

d
'-I OUTPUT

INPUTS

- [
L;# Lq L;T

Fig. 10 Domino stages with TSPC latch

Fig. 11 shows the layout of the Fermat ALU designed in
a0.35um, triple metal process.
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Fig. 11 Layout of Fermat 257

Table 1 shows an power estimation for the various com-
ponents of the Fermat ALU in both 0.5um and 0.35um. The
next table show a comparison of the Fermat IPSP(5 replica
tion of Fermat ALU) with a carefully designed binary multi-
ply/accumulator.

Table 1 Power Estimation

Power(mW/I00MHz)
0.5pm 0.35um
8-bits adder 1.24 1.18
| 2568 bits ROM 144 0.95
DFF 0.05 0.04
FermatZ/5 5.50 4.70




Table 2 Power Comparison

PoOWer(mwW/I00MHZ)
0.5p0m 0.35pm

FermatlPSP(257x17) 38.5 32.0

Fermat TPSP (257) 275 235

MAC with Booth algo- 41.0 34.0

rithm

The output delay of the 8-bits dynamic adder is 3.65ns

and 3.25ns for 0.5um and 0.35um designs respectively. As
discussed above the speed of adder is the limitation of maxi-
mum clock frequency for the pipeline IPSP structure, so the
PSP can work at the maximum clock frequencies 120MHz
and 133 MHz for 0.5um and 0.35um designs respectively.

2v/div 100ng/div

Fig. 12 Low cycle ratetest

0.5v/div 20ns/div

Fig. 13 Delay test

5. Conclusions
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