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Abstract 
Field Programmable Gate A r m y s  represent a very 

promising technolo y that attempts t o  provide the ben- 
efits of custom VL& with low turn-around time. How- 
ever, the applicability of this technology f o r  serious 
DSP applicatiovs, that aTe compute-intensive and typ- 
ically demand high throughput, has not yet been fully 
explored. A s  a case study, real t ime digital FIR filters 
of both the constant and progmmmable coeficient types 
art considered. Twojil ters,  one of each t pel have been 
successfully implemented in SRAM- base%FPGA parts. 
In the process of design, several generic issues sur- 
faced: the most important among them being eficient 
utilisation of muting resources. A s  ever-improving 
process technology enables higher and higher speeds of 
operation, density seems t o  be the more important de- 
ciding factor for the feasibility of such applications on 
FPGAs.  

1 Introduction 
Programmability as a convenience to the hardware 

designer has evolved with time. It has given rise to 
several levels of compromise between fast implemen- 
tation of logic and its performance. The ultimate 
in flexibility in terms of field programmability and/or 
reprogrammability is offered by Field Programmable 
Gate Arrays (FPGAs). It combines the logic integra- 
tion benefits of custom VLSI with the design, produc- 
tion and time to market advantages of standard prod- 
ucts. FPGAs can be designed, verified and if neces- 
sary redesigned in dramatically less time than masked 
ASICs. However, they have yet to achieve the perfor- 
mance and densities of standard gate arrays. 

The development of suitable architectures for real- 
time VLSI implementations of compute-intensive sig- 
nal processing applications is a topic of considerable 
interest. However, to date little work has been re- 
ported on the suitability of FPGAs for this applica- 
tion [l]. It is therefore worthwhile to explore the fe* 
sibility of arithmetic type of applications on FPGAs. 
Since digital filters cover a wide area in this field, these 
were chosen for case studies. Both constant coefficient 
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and programmable coefficient type FIR filters were im- 
plemented successfully. The design issues that came 
up are reported here. 

The FPGA part used was XC3090PG175 -the 
largest available part in the 2nd generation of FPGAs 
from XILINX 21. The major portion of the total chip 

called Configurable Logic Blocks (CLBs). A CLB can 
implement two independent functions of four variables 
or a single function of five variables. Both the outputs 
can be registered. Configurable Input/Output Blocks 
(IOBs) are arranged along the periphery. Spread all 
over the chip are the routing resources of basically two 
types. Local interconnects are dedicated for commu- 
nication among neighboring CLBs and feature least 
delay. Global interconnects span the entire area of 
the chip, but they are considerably slower. 

The function generator block is basically a multi- 
plexer fed by a look-up table -the size of which deter- 
mines the maximum number of variables. Any func- 
tion of the input variables can be implemented by a 
CLB. So the depth of logic gets redefined in terms 
of CLBs, rather than logic gates. Logic partitioning 
should take care of this fact. 

For arithmetic applications, the basic building 
block is a full adder which operates on three inputs 
and has two outputs. So the granularity offered by 
this family of FPGAs matches the application. Also, 
for high throughput applications bit-level pipelining 
is often necessary. The presence of two storage ele- 
ments in each CLB offers the possibility of bit-level 
pipelining. 

One of the key design issues concerns multipliers, 
which is an essential building block of digital filters 
and often becomes a deciding factor in terms of the 
density. However, there are techniques to avoid the 
use of multipliers for constant coefficient filters. Us- 
ing Canonical Signed-Digit (CSD) representation [3], 
multiplications are realised with minimal hardware 
through the use of a few shift-and-add's. This made 
desi nin of an entire 11-tap FIR filter possible on a 
singfe F#GA part. In Section 2 we describe the design 
issues that were handled in this design. 

Since actual multipliers are essential for pro- 
grammable coefficient filters, maximal reuse of hard- 
ware was attempted by condensing as much of an en- 
tire filter as possible in a single FPGA part. This 
makes use of a novel architectural concept called 

area consists o I an array of the key functional elements 
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Figure 1: The z/sin(z)  FIR filter 

pipelined clustering [4 In Section 3 we describe the 

sions of both the designs, we highlight the design con- 
siderations that have an impact on the implementation 
of high-speed arithmetic in general. We conclude the 
paper in Section 4 by providing some insights into the 
suitability of SUM-based table look-up FPGAs for 
compute-intensive applications. 

implementation of suc b. an architecture. In our discus- 

2 Constant coefficient FIR filter 
The constant coefficient FIR filter chosen for the 

case study corrects the sin(%)/% distortion introduced 
by DiA converters incorporating zero order hold. 
This lter with a transfer function that approximates 
z / s in ( z ) ,  is used just before the D/A converter to pre- 
distort the digital samples. It is a linear phase filter 
having 11 taps. So there are 6 different coefficients. 
The fact that constant coefficients can be represented 
in CSD form reduces the hardware requirement by 
a great extent. The use of approximated values of 
the coefficients does not distort the transfer function 
much [3]. By representing the 11 coefficients ho - hlo 
in CSD form, all multiplications are replaced by at 
most 2 additions/subtractions of shifted data words 
(see Fig 1). 

Since each CLB of the FPGA can implement two 
independent functions of up to four input variables, it 
is appropriate in this application to implement a full 
adder in one CLB. Further, since the two outputs can 
be registered, the carry-save transpose form of an FIR 
filter is the natural choice for implementation. 

Linear phase filters feature symmetric coefficients. 
This can save the amount of hardware by a factor of 
2 when actual multipliers have to be used. But in this 
case, where multiplications are replaced by a small 
number of shift-and-add operations, the saving is not 
much. On the other hand, the design becomes irreg- 
ular and consequently demands lot of routing. Since 
the penalty for irregular designs is severe in terms of 
speed, this does not provide an attractive alternative. 

In this design, the input data word is broadcast 
vertically down. Each row of CLBs is used as a 3-2 
compressor (see Fig 2). The multiplication by the 
CSD digits were implemented by shifting the input 
data word by an appropriate number of places. Each 
row of CLBs merges this shifted data word with carry 
and sum word coming from the previous row and pro- 
duces output in carry-save form. Following the CSD 
representation given in [3J there are a total of 16 rows 
to implement multiplication by 11 coefficients. 

230 

D13 

F D, D, 9 1 

Carry-select Adder 

%JlJ l J -  
0 1 3  - Do - U 

Data word Pipeline registers Full Adder Row 

Figure 2: The floorplan of z / s i n ( z )  FIR filter 

2.1 Routing Resources and Pipelining 
The architecture of the specified FPGA supports 

efficient data flow from left to right rather than the 
reverse. By ‘efficient’ it is meant that this type of 
data flow use8 less routing resource and costs less de- 
lay. Consequently, the implemented array is the re- 
flected version of the normal one, so that the LSB is 
in the left most position. The respective shifted words 
were placed one below the other in such a way that 
the digits of the same modified weight were aligned in 
a column. This was to ensure that most of the data 
flow was among the adjacent CLBs. Thus, use of lo- 
cal interconnects was maximised. The arrangement is 
illustrated in Fig 2. 

The finest grain of pipelining that is possible is 
at the CLB level. Here since CLBs are used as full 
adders, this offers the potential of bit-level pipelin- 
ing. However, the routing delay associated with the 
broadcast of the input data word bits was the limit- 
ing factor in terms of speed. Therefore, pipelining was 
maintained at  the level of two CLBs as dictated by the 
filter architecture (see Fig 1) and bit-level pipelining 
was not attempted. In 2’s complement arithmetic, 
the shift and add requires a wide broadcast of the 
MSB of the data word. This only worsens the broad- 
cast problem. This is taken care of by the use of a 
constant vector as suggested in [3] (see Fig 1). 



Chip used 
Input word length 
Output word length 
Internal word length 
Maximum latch to latch delay 
Clock frequency 
Latency 
Hardware utilisation 
Configuration Program size 

XC 3090PG175-70 
14 bits 
14 bits 
15 bits 
55 ns 
18 MHz 
1 clock cycle 
75% of 320 CLBs 
13208 bytes 

Table 1: Features of the z / s in ( r )  filter 

The final stage of the filter is the vector merge adder 
(VMA). This was chosen to be of the carry-select type. 
It was carefully partitioned and pipelined by one stage 
to match the maximum latch to latch delay with that 
in the actual filter part. The latency introduced by 
the adder was thus 1 clock cycle. 

The features of the desi n are summarised in Ta- 
ble l. The data word ant the output word are 14 
bits wide while the internal arithmetic was of 15 bits. 
The worst case latch to latch delay was 55ns which 
translates to approximately 18 MHz. The estimate is 
for a chip with a 70 MHz toggle rate [2]. The chip 
3090 is available with 150 MHz as toggle rate and also 
the identical chip is available in the 3100 series which 
is fabricated in reduced feature size technology and 
is advertised to be twice as fast as the corresponding 
3000 series chips. Hence the same design should be 
capable of running several times faster. 

Recently, implementation of the above filter in a 
1pm p-well CMOS process was reported in [3]. The 
1400@transistor chip takes up 3.45 mmx4.25 mm on 
silicon. It operates at 200 MHz and has a total latency 
of 20 clock cycles. 

3 Programmable coefficient FIR filter 
In a programmable coefficient filter, multipliers are 

indispensable. Since multipliers demand a lot of re- 
sources, maximal reuse of hardware was essential for 
efficient design. A concept called pipelined cluster- 
ing [4 facilitates this by using a clock frequency that 

this means time-multiplexing multiple number of taps 
(multiply-add modules) on a single physical multiply- 
accumulate module. 

Pipelined clustering transforms an FIR filter to that 
shown in Fig 3. Local interconnections between neigh- 
bouring taps give rise to feedback loops with proper 
number of synchronisation delays. The communica- 
tion between neighbouring clusters takes place via the 
accumulation path which also needs proper number 
of delays to retain the functionality. Multiplexers in 
the cluster take care of the scheduling of the coeffi- 
cients and accumulation of the result. The switching 
instances of the multiplexers and the number of syn- 
chronisation delays in the accumulation path and the 
feedback path have been derived in [5]. 

It turned out that the size of the multiplexers was 
one of the deciding factor of the maximum clustering 
possible. This is typical of the design issues in this 

is mu 1 tiple of the data-arrival rate. For an FIR filter, 
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technology. Since a CLB can perform any function of 5 
variables, 3:l is the maximum multiplexing it could do 
(3 input and 2 select bits ). Anything more than that 
would increase the depth of logic by one more CLB. 
Thus, initial estimates of both the resource and the 
speed were in favour of a 3 + 1 cluster. The proper 
number of delays in the feedback and the accumulation 
path are 2 and 5 respectively. 

A pipelined carry-save array multiplier forms the 
heart of the design. One input to the multiplier is 8- 
bit data comin from outside. Another input is one 
of the three 1 2 k t  coefficients corresponding to three 
successive taps. The multiplier implements modified 
Bough-Wooley algorithm for multiplying 2’s comple- 
ment numbers[6]. Each of the CLBs that made up the 
multiplier was a gated full-adder in the sense that, 
each CLB generated the partial product bit from the 
multiplier and multiplicand bits and merged it with 
the incoming carry and sum bits. For the same rea- 
sons as in the previous design, the multiplier was not 
pipelined at the bit level. Instead, the carry and sum 
bits were registered after every 2 CLBs. The multi- 
plier produces the result in carry-save form. A 4+2 
compressor [7] merges this with the incoming, accu- 
mulated data. 

clusters are to be cascaded 
with a vector merge adder at the end. Since each 
cluster was implemented on a different chip, it was 
absolutely necessary to make the clusters systolic so 
that, when multiple clusters are cascaded together to 
build an entire filter there was no speed penalty. 

Delay elements were necessary in both the broad- 
cast and the accumulation paths to make the desi n 
systolic. Since algorithmic delays are available in t%e 
accumulation path only, retiming is applied to get 
some af these delays on the broadcast path. Since 
the clusters are time-variant, retiming requires that 
the switchin instances of the multiplexers be modi- 
fied properlyf81. 

The final placement of the delay elements is shown 
in Fig 4. However, this way, the switching instances of 
the multiplexers et rotated by 2mod3 = 2 clock cy- 
cles. This resultef in three different designs -different 
only in the switching instances of the multiplexers. 
For SRAM based FPGAs this only implies that three 
slightly different confi uration programs have to be 
created for otherwise i%entical designs. 

For an N-tap filter, 



Chip 3090PG175-70 
No of taps 3 
Input word length 8 bits 

12 bits Output word length 
Maximum latch to latch delay 35 ns 
Clock frequency 29 MHz 

Hardware utilisation 
Configuration Program size 14028 bytes 

Data rate 9.66 Million samples/sec 
66% of 320 CLBs 

Each of the clusters is complete in itself along with 
the required control circuitry to take care of coefficient 
loading and to operate as part of a filter. At a clock 
speed of 29 MHz, each 3 4 1  cluster works as 3 con- 
secutive taps of a filter for a dat*rate of 9.66 Million 
samples per second. The features are summarised in 
Table 2. 

4 Summary and Conclusions 
We have presented two digital filters; each designed 

in a single XILINX 3090PG175-70 chip. The first one 
is an 11-tap constant coefficient FIR filter, which is 
estimated to run at a worst case clock frequency of 18 
MHz. The second design is a systolic module for pro- 
grammable coefficient FIR filters. Through the use 
of the technique of pipelined clustering three filter 
taps are provided through appropriate multiplexing 
and synchronisation of a single pipelined multiply-add 
module. At an estimated worst case clock frequency 
of 29 MHz, the cluster can support a data rate of 9.66 
Million samples per second. 

The speeds are, however, worst case predicted val- 
ues for a slow 3090 chip. As already pointed out, a 
speed-up of several times should be possible for the 
same designs due to the availability of the same chip 
in the faster 3100 series. 

arithmetic algorithms. 
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