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Development of a Scalable FPGA-Based
Floating Point Multiplier

Summary

This paper presents the implementation of a general purpose, scalable architecture used to
synthesize floating point multipliers on FPGAs. Althoughiesal implementations of floating
point units tageted to FPGAs & been pndously reported, most of them are customized for
specific applications. This meimplementation is diérent in the sense that it accepts as a user
parameter the operand size of the unit about to be synthesized and creates the requested unit. This
feature maks our implementation aeky cowenient tool for rapid application prototyping. An
evaluation of seeral multipliers of diferent typical sizes synthesized for testing purposes is also
presented, highlighting the strengths and limitations of this approach in the creation of custom
floating-point units. A comparison between our results and someiopse reported
implementations shwes that our approach, in addition to the scalability featureyiges

multipliers with significant impreements in area and speed.
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Abstract

This paper pesents a scalable ehitectue for dereloping custom floating point multipletamgeted to FPGA
synthesis. Anwaluation of seeral multipliers of diferent typical sizes synthesized for testing purposes is also

presented, highlighting the stigths and limitations of this agyad in the ceation of custom floating point units.

1 I ntroduction

The reconfigurability and programmability of Field Programmable Gate Arrays (FPGAS) thretk attractie
tools for implementing digital signal processing (DSP) applicationsveAzy, DSP applications are arithmetic
intensive tasks, requiring in most cases floating point operations to be performed as part of the application itself [6].
This creates a necessity for somethé-shelf floating point units which could be used in these applications without
deviating the designes’attention from the main problem being salvA number of custom implementations oéix
and floating point units lva been reported forweral FPGA architectures [5], [7], [2] most of them aimed at solving

specific problems.

This paper presents the implementation of a general purpose, scalable architecture ugedldatimg point
multipliers on FPGAs. What mak this implementation dérent and general purpose is itiftélity in accepting as
a user parameter the operand size of the unit about to be synthesized. This feaareumakplementation aexy

corvenient tool for rapid application prototyping.

The net section &plains the format used to represent the FP numbers in the implementation. The multiplier
structure, along with the approach for writing the scalable circuit descriptiox@agned in section three. Section
four presents the results of synthesizing filifferent sizes of multipliers using thevééoped tool. This section also
includes a comparison of units generated with our toalnay similar units prgously reported, allwing us to

evaluate their diciengy.

2  Operand Format

In order to &cilitate the intgration of the multipliers into the \Brse applications that might require them, we
decided to follav as closely as possible the representation format of the IEEE 754 standard for single-precision
numbers. The selection of this format aléml us not only to adhere to a well knorepresentation formatubalso to

take adwantage of some features of the standard. These features include the reduction of the representatien error



ability of representing the werse of ap representable number without causing eitherfbow or underflav errors,

and gving support to infinity &lues in operations [3].

The number of bits allocated for a number represented in this formaidedlinto three main fields, as illustrated

in Figure 1. A brief description of these three fields feio

i) The mantissé, held in the rightmost field of the operand, is represented msb#runsigned-magnitude number
plus an implicit hidden +1 bit. Mantissalues are normalized to reduce the number of leading zeros in the field,

increasing the precision. Once normalized and augmented, the resaltiadies in the range [1,2).

i) The sign bit S, held in the leftmost position of tibit word, is set to one to represengat/e mantissas, or to
zero otherwise.

iii) The exponent E, ar-bit wide field, uses arxeess2®®'~*

—1 encoding lias) to represent the actuaimonent
value. This allavs, among other things, to represent all numbers in the format and treseism without causing

overflov/underflav conditions.

Some additional features supported by the 754 standard, and adopted in our representation inclugdue izero v
represented by E=@;0; an infinity \alue @) is represented as E=1.f£1..1 (all ones in both fields), and sign bit
accordingly Owerflov and underfley indications are praded through tw status bits. Denormalized numbers and

NaN representations are not supported in this implementation.

The \alue of a floating point numbeérin this format can be obtained as folk

F = (_1);Sx 1.f x 2E—bias

3 Multiplier Structur e

The multiplication of tw floating point numbers wolves three steps: adding thepenents, multiplying the
mantissas, and operating on the signs of tilaes. The xponent addition is performed as an gee operation,
requiring an adjustment in the result to subtract the redundponent bias. The mantissa multiplication is also
performed as an inger operation, from which only the most significambits are takn. The sign of the result is
computed by performing arx@usive-or operation on the signs of the inpatues. A postnormalization step might
be required if the resulting product is equal to ogdarthan tw. This step is commonly acked by shifting its

mantissa one position to the right, and adding one to the resupogent.

e-bits: biased m-bits: unsigned
S exponent E fractionf (mantissa)

Figure 1: Format of a floating-point number.



In addition, the bounds of the results must be obedk order to detect possibleesflow/underflav conditions

which may arise during the process.

In order to perform the ale sequence of operations within an acceptable time frame, the multiplier structure is
organized as a three-stage pipeline. This arrangemenisaliee system to produce one resuéirg clock gcle, after

the first three a&lues are entered into the unit.

Figure 2 sharis a block diagram with the structure of the multiplier pipeline. Each stage in this pipeline performs

one or more simultaneous operations, as described.belo

Stage 1 performs the addition of thepenents, the multiplication of the mantissas, and Kuusive-or of the
signs. Stage 2 tak these results as inputs, reéing the redundant bias in thep®nent, postnormalizing the
resulting mantissa, and passing the sign. Stage Jv@dedkto rounding and representing the result according the

overflow/underflav conditions which might be generated during the process.
3.1 Circuit Design

We designed the circuit for the multiplier in VHDL [4] as a structural description composeteoélsgesign

hierarchies.

The whole design is accessed as a structural COMPONENT which accepts as GENERIC parameters the sizes of
the operand fields. These parameters are passed along the whole hierarchical structure specifying the widths of the
mantissa andxponent fields, and accordingly generating the appropriately sized units required. Tivndpllo

paragraphs prade an insight into the multiplies’hierarch.

A floating-point multiplier is based on tatypes of intger units: an array multiplier and a look-ahead adgach

sign bits exponents mantissas
Sign Exponent Mantissa
addition | | multiplication| Stage 1

Postnormalization
and «p. adjustment Stage 2
Status & Roung Stage 3

sign bit exponent & mantissa

Figure 2: Block diagram of the multiplier pipeline.



of these units is designed as a scalable component which, upon instantiation, will accept a generic parameter

specifying the width of the operands it will be synthesized for

Three instances of the adder are used: The first adder in stage one of the pipeline performs the addition of the
exponents. A second instance is used as part of the array multiplier to perform the addition of ted FHspaetial
sums. The third adder is instantiated in stage ¢fvthe pipeline to perform the postnormalization arpoaent

adjustment step.

A single instance of the array multiplier is used in stage one of the pipeline to perform the multiplication of the

mantissas. The most significant bit of the product is used as a postnormalization flag instage tw

The overflov/underflav checking and corresponding corrections in the result are performed in stage three of the
pipeline. Wo status flags puide external notification of these conditions. The rounding step, also performed in stage
three of the pipeline, is accomplished by simply truncating the result to the number of bits required by the operand
size. Figure 3 shws a functional diagram of the FP multiplier pipeline, illustrating the interaction of the processes

and components which comprise it.

Both fixed units, adder and multipliantegrate other subcomponents whose numbeaiigble depending on the

size of the operands specified. The hienahentities in the FP multiplier is summarized belo

FP_Mult(m,e) -- Top level component

Look_aheadN(n) -- Scalable intger adder
Lk_ahl -- Single-bit look ahead adder
Lk_ah2 -- Two-hit look ahead adder
Lk_ah3 -- Three-bit look ahead adder
Lk-ah4 -- Four-bit look ahead adder

Array_MultN(m+1) -- Scalable array multiplier
mpyh_cell -- Half multiplier cell
mpyf_cell -- Full multiplier cell

Look _aheadim) -- Scalable intger adder
(adder sub-components as abp
-- end-of-hierarci --

A scalable intger adder is formed with a combination of multiple carry look-ahead modules connected in ripple
carry fashion to form a single-bit adder As a whole, the intger adder is ery flexible in the sense that it accepts as
a generic parameter the width of the operantd)( and generates an appropriately sized unit ygimgt)/4 | 4-bit
look-ahead adders plus a look-ahead unit of size mbiddf). The top leel entity determines ho mary four-bit

adders are required for asgh operand width, as well as the size of the look-ahead unit for the remaining b (if an

to complete the unit.

A similar approach is follwed for the scalability of the array multipliefhe top lgel entity of this component

accepts a parameter specifying the operand slig).(This \alue is used to generate aotdimensional array of

multiplier cells of ordel(nbit —1) x (nbit—1)). Each multiplier cell is essentially a (3,2) counter with an ANieg



which accumulates the intermediate sums and carry bits. TheWagt the array is completed with a look-ahead

adder of sizenpit) whose output corresponds to the upipaf of the product.

The whole structure for the floating point unit can begratted into a gien application by instantiating it as a
component, whose intex€e specification is the simple descriptiovegi belov (the deéult values e=6 and m=5 are

overriden by the component instantiation):

ENTITY fp_nult IS
CGENERIC (ebit : INTEGER := 6; nbit : |INTEGER :=5);
PORT (fpl,fp2 : IN Bl T_VECTOR(ebit+mbit DOANTO 0):
clk : INBIT;
stat : OUT BIT_VECTOR (1 DOWTO 0);
-- nmeb = overflow, |sb = underflow
fpr : OUT BIT_VECTOR(ebit+mbit DOAMTO 0));
END fp_nult;

4  Resultsand Analysis

To evaluate the diciency of our approach, fevdifferent floating point multipliers were synthesized and tested. The
target deice used in the synthesis is a Xilinx 4010 FPGA, whichvides 400 wailable CLBs [8]. The testing
platform used in oun@luation is the SPLASH 2 Custom Computing Machine [1] hosted on a Sun Sparcstation. This

platform allavs us to performyaustie testing of the correct performance of unitsyjating a suitable integce for

L mbit+2
v

Pipe2_mant
Process

mbit +

Pipe2_apo
Process

s 2 \ 4
tage 2l gl o 1 ebit |- ------ mbit |- - -

A
Pipe3_apo
Process

Pipe3_mant
Process

Stage_3 ________ _| Result |.| Status|. .| Result |. -

Figure 3: Functional diagram of the FP multiplier.



data &change in most of the cases. A SPLASH board is composed of 16 Xilinx 4010 FPGAs (acting processing
elements, PEs) plus an additional 401@icke devoted to control tasks. Datax@hange among the processing
elements on SPLASH is achkiexl through a 36-bitus which connects the 16 PEs as a linear array synchronized by a
global clock. Br our tests, one of the PEssvtageted to contain the multiplier under test and the remaining PEs

were configured as data passing elements tovettie results from the array

Table 1 summarizes the results of the syntheses, indicating the unit sizes, area requirements, and maximum speed
in each case. The second columnvehthe percent of FG function generators required by each of the synthesized
units. This alue is an indicator of the area resources required to implement the actual unit. The column indicating the
occupied CLBs includes those containing the function generators, plus the feedthrough CLBs used for routing the
design. The partitioning, placement, and routing (PPR) tools used were set to méalitifore¢he tested units. This

implies that imposing tighter routing constraints the CLB occupation might be reduced further

Table 1: Synthesisresults of FP units.

FG
Size of FP unit Funct. Max. Cli _Used Occup.
Speed Flip Flops | CLBs
Gen.
12-bit (e=6, m=5) 13% | 10.8 MHz 5.5% 19%
16-bit (e=7, m=8) 25% 7.3 MHz 7.0% 32%
20-bit (e=8, m=11) | 41% 5.3 MHz 8.5% 51%
24-bit (e=9, m=14) | 62% 4.4 MHz 10% 74%
18-bit (e=7, m=10) | 35% 6.2 MHz 7.7% 43%

The tested daces were designed in increments of one bit in ttoeents and three bits in the mantissas, to
produce units of 12, 16, 20, and 24 bits respelsti The field sizes for the first unit are 6-bipenent and 5-bit
mantissa. An additional 18-bit multiplieras also synthesized and tested, to compare our results with those reported
by Shirazi et al. in [7] for a similar implementation. The compared units operate on 18-bit floating point numbers
represented with a 10-bit mantissa (plus a hidden 1 bit) and a Xpguhent in a 3-stage pipeline. As can be
appreciated in dble 2, our scalable implementation wssubstantial imprements in both area and spegdrahe

unit used as a reference.

The evaluation performed on the tested units also included a search of the limiting éesoys, fwith the purpose
of identifying tagets for further impreements. This searchas aimed essentially to identify the limitations in area,

speed, and operand size.



Table 2: Comparison of resultsfor 18-bit unit.

Custom Scalable | Improve-
Parameter o .
unitin [7] unit ment
FG Funct. Generators 44% 35% 20.5%
Flip Flops 14% 7.7% 45.0%
Stages 3 3 -
Speed 4.9MHz 6.2MHz 26.5%

The utilization of area resources isry close to our>gectations. The structural approachetakor the circuit
descriptions played a deaisirole in these results, especially in the array multiph@ich is responsible for most of

the used area. As arample, the 18-bit FP unit requires an 11-bit array multiplidich uses 28% of the resources

(80% of the FP unit area). This is egalént to 113 CLBs, rendering an area comipfe O(nbit“) . This compleity

result confirms ourxectations that we can map a cell of the array multiplier to a CLB of the FPGA.

The critical fctor limiting the maximum operating frequgraf the designs as found to be the clock distution
network. As an gample, in the 12-bit FP unit, the delay of the clock net is 92.4 ns, roughlyvérseanof the

maximum frequengcof the unit. The nd largest delay belw that of the clock net is 32.6 ns in one of the data paths.

The scalable description does ngplecitly limit the size of the lagest FP multiplier that can be requestedalt,f
for simulation purposes only FP multipliers for operands aglas 64 bits wide could be successfully specified.
However, for synthesis purposes, the size of thgdat unit is limited by the number of CLBgilable in the taget
FPGA. Specificallyunits with mantissa widths asdaras 16 bits were found to &lery long PPR CPU time, and

not all paths were successfully routed. FP units withelamantissa sizes will not fit in a single X4010 FPGA.

5 Conclusion
A scalable architecture for implementing floating point multipliergetiad to FPGA synthesis has been

successfully deeloped andaluated. Its strengths and limitationsvddeen discussed.

Test results demonstrate its suitability for creating modestly sized FP units, which in most ceaisiestpeo

accurag and dynamic range characteristic needed in a number of DSP applications.

In addition to their scalabilitthe performance of the units created with this approach has been demonstrated to be

higher than similar units preusly reported in both area and speed.

Finally, the approach presented in this paper can also be used inél@pdeent other typical arithmetic structures.

Currently a floating-point adder using the same sgaie under deelopment.
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