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It, is shown that distributed arithmetic is specially suited to 
iiiiplcment imicr product with any type of quantization without 
recurring to double precision calculations in the internal signals. 
The in;iin application aimed in the present work is the 
iinplcnicntation of digital filters without limit cycles. 

Building blocks consisting of simple and regular structures 
:I I'C prcscntcd, that yields efficient VLSI implementation. 

I-In troduction 
In recent years several recursive digital filter structures have 

1 ) c ~ ~ i  proposed that are free of zero-input and constant-input 
liinit, cycles [1]-[2], since limit cycles can be very disturbing in 
prii,ct,iral situations [3]. In order to guarantee their elimination all 
t . l ic multiplications in the recursive part of the filter must be 
coiiiputcd i n  double precision up to the quantization point. 

Despite of the many papers proposing new limit-cycles-free 
digital filter structures, to our knowledge these filters have not 
been widcly used in practice due to their hardware complexity. 

'rllis contribution shows that no double precision inner 
product computation is needed to implement digital filters free 
from limit cycles if distributed arithmetic [4]-[6] is employed. It is 
also shown that some uiiexpensive extra circuitry are needed to 
iinplcmeiit the appropriate signal quantization and overflow 
iionlinca.rity such that no nonlinear oscillation is sustained. 

The main result presented here is the development of a 
inodular implementation for inner products with several types of 
granular quantization and saturation arithmetic for overflow 
nonliiiearity. 

2-Implementation of Limit-Cycles-Free Digital Filters 
The node equation of recursive digital filters, including the 

ciiia.nt,izcrs, in which limit cycles can be eliminated have one of the 
following forms [2] : 

n 

y(k) = [Ic aiXi(k)}Qo]Q (2) 

y(k) = IC aixi(k))Qo (3) 

i = 1  

n 

i = l  

where: 
is the node output z[kk] is an extra feedforward signal 

ai are the filter multiplier coefficients 
xi(k) are internal signals 
[.IQo denotes overflow nonlinearity only 
[.IQ denotes granular quantization 

If the sequences xi(k) are represented in 2's complement code 

with b bits we have 

0 b-1  j .j 
xi = - x i  + c xi2 (4) 

j = I  

where xi are the bits representing xi, and the variable k is omitted 
for sake of brevity. 

Using the distributed arithmetic a roach the summations 
in eqs.(l) to (4) are computed as follows r47 

n n 0 b - 1  j -j 

C aixi = C ai(-xi + C xi2 ) = 
i = l  i= l  j = 1  

(5) 
b - 1  .. n . n 

= c 2 c aixi - c aixp 
j:1 i = l  i:l 

Defining 

(6) 
j n  j ~(xi ,x : , . . . ,x~)  = c aixi 

i = l  

we can rewrite equation (5) as 

n 
. i j  0 0  0 b-1  _. 

c aixi = c 2 J ~ ( X l , X 2  ,..., xi )  - F(X~,X~ ,..., Xn) (7) 
i= l  j.1 

If the values of the function F( .) are stored in a memory to be 
addressed by its arguments, only addition and shifting operations 
are needed to complete the summation [4]-[6]. 

It is well known [1]-[2] that zero-input limit cycles can be 
eliminated in a recursive digital filter if certain pseudopassivity 
conditions are satisfied. If these conditions are fulfilled zero-input 
limit cycles can be eliminated by quantizing the state variables 
through magnitude truncation. In addition, stable forced response 
is also guaranteed if saturation arithmetic is employed for 
overflow nonlinearity [z]. Constant-input limit cycles can be 
avoided in certain types of zero-input limitxycle-free 
structures [z], where a signal quantization in the state variables 
indicated by eq.( 1) is required. 

3-Proposed Architecture 

implementation o8a limitxycles-free digital filter is given by 
The most eneral equation that is required in the 

where NF is a power-of-two normalization factor to avoid large 
numbers, in modulus, in the memory contents, and SP(k) is 



given by 

n 
SP(k) = C aixi / NF = 

i = i  

(9) 
. i j  ' 0 0  0 b - 1  _ .  

= C 2 JF'(x,,x2 ,..., xi) - F'(x,,x, ,..., x,,) 
j = 1  

where F ' ( . )  is the scaled F(.). 
The overflow nonlinearity { .}Qo adopted is the saturation 

arithmetic. Three types of granular quantization [ . I Q  are 
considered : rounding [.IR, truncation [.IT and magnitude 
truncation [.IMT. All of them can be implemented based on the 
truncation in the following form 

where T Q  depends on the type of quantization. The values for T Q  
are zero for truncation, xo for magnitude truiication and x for 
rounding. Using eq.(lO), it  can be shown that eq.(8) can be 
rewritten as follows 

b 

where AMOV indicates an overflow in SP(k) computation and/or 
in NF product. As can be noted, no double precision calculation is 
required to perform the quantization to the result of the inner 
product. It should be noted that if the multiplications are 
performed individually then double precision arithmetic is 
needed. 

The hardware implementation of eq.( 12) in terms of 
functional blocks is shown in Fig.1. The block named Coefficients 
Adder (CA) is tipically an adder of multiple operands that are 
available simultaneously. As illustrated in Fig.2, a memory 
device that stores the precomputed addition results is employed, 
in order to  reduce the chip area and due to its regularity. To 
reduce in 50% the memory space needed, the technique of 
numerical data reinterpretation [GI is used. This requires some 
extra hardware such as: an address coding and the possible sign 
invertion of any partial results addressed [6] (implemented on 
PRA by one's complement with the addition of 2-bS1 to the 
result). 

The PRA shown in Fig.3 is basically an adder of several 
operands where each of them is received at a time. It also includes 
the shift operation in the inner product result due to  t.he 
normalization factor NF, and the overflow nonlinearity. 

The PRA adder-accumulator implementation is a 
combination of a carry-save adder and a carry propagate 
adder [7], due to  speed performance and circuit modularity. To  
implement the features of accumulation, division by two and 
addition of 2-b+1 (required by the partial result 2's 
complement), some modifications must be effected in the original 
adder, for example the inclusion of an extra digit. 

The product by NF is implemented through a programmable 
barrel shifter. After the product, an overflow detection and 
correction is performed. 

The Extra Summation and Quantizer block (ESQ) consists 
of a simple carry propagate adder of two operands that includes 
the overflow detection and correction of the quantized result. The 
ESQ building blocks is illustrated in Fig.4. 

The register ER that stores the extra operand e(k) is a 
two-stage shift register in order to avoid signal racing. 

The Arithmetic Unit Register (AUR) is a simple shift 
register similar to ER with parallel loading feature and reset 
operation, implemented by using 2x1 multiplexers after each 
output section. 

4-Modular Implementation 
All the building blocks described in the previous section can 

be efficiently implemented by using the basic cell depicted in 
Fig.5. Despite of the fact that the basic cell consists of two parts. 
both are needed in all building blocks. Due to that i t  can be 
interpreted as a configurable basic cell. Fig.6 illustrates some 
basic building blocks that are used in the modular 
implementation proposed. 

The operations sequencing is accomplished by a clock signal 
with two nonoverlapping phases. The loading of all latches are 
through level sensitivity. The control signals are listed in the 
appendix. 

The detailed hardware description of the CA, PRA, ESQ and 
AUR building blocks are given in Figs. 'i,S,9 and 10. respectively. 
As can be noted, they are all based on regular interconnection of 
the configurable basic cell. That makes the inner product 
implementation proposed suitable for VLSI implementation. A 
number of additional results towards this goal can be found in [SI. 

SDesign Tools 
Based on the architecture and the implementation described 

in the previous sections, a software environment has been 
developed. The primary aim is mapping a s ta tespace digital 
filter into a set of design masks for integrated circuits. 

The environment consists of several modules interconnected, 
each of them performing a specific function. The data manager 
module provides some file manipulations, including file 
transformations to communicate with other software tools 
already developed. Quantization of the filter coefficients is 
performed at the quantization module. The content generation 
module is responsible for generating the memor contents, 
including the data reinterpretation technique [6f, and the 
calculation of the normalization factor NF. Employing input 
signals from the signal preparation module, functional 
simulations can be achieved from the simulation module. The 
configuration of the basic cell is done at the cell programming 
module. Finally, the design masks are obtained from the mask 
generation module. 
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Appendix 

Di - i-th single shift signal 
M, R -quantization choice signals 
LDI -load in signal 
LDO -load out signal 
RST -reset signal 
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