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Abstract

FPGAs are increasingly being used in the high per-
formance and scientific computing community to imple-
ment floating-point based hardware accelerators. In
this paper we analyze the floating-point multiplier and
adder/subtractor units by considering the number of
pipeline stages of the units as a parameter and use through-
put/area as the metric. We achieve throughput rates of more
than 240Mhz (200Mhz) for single (double) precision opera-
tions by deeply pipelining the units. To illustrate the impact
of the floating-point units on a kernel, we implement a ma-
trix multiplication kernel based on our floating-point units
and show that a state-of-the-art FPGA device is capable
of achieving about 15GFLOPS (8GFLOPS) for the single
(double) precision floating-point based matrix multiplica-
tion. We also show that FPGASs are capable of achieving
upto 6x improvement (for single precision) in terms of the
GFLOPSW (performance per unit power) metric over that
of general purpose processors. We then discuss the impact
of floating-point units on the design of an energy efficient
architecture for the matrix multiply kernel.

1 Introduction

The recent FPGA devices have multi-million gate logic
fabrics capable of achieving frequencies upto 300MHz, rea-
sonably large on-chip memory and fast 1/0 resources (for
off-chip communication to either processors or memory).
Platform FPGAs also include embedded processors for ei-
ther processing or general housekeeping. Most signal pro-
cessing, linear algebra and scientific algorithms use ker-
nels using matrix and vector operations and are suitable
for pipelined implementations. Pipelined architectures for
such kernels, can use deeply pipelined floating-point units
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to achieve an order of performance more than general pur-
pose floating-point processors.

For most of the previousimplementations of the floating-
point units, the precision of the mantissa and exponent was
usually assumed to be the critical parameter. The floating-
point units were optimized for either a high frequency or a
low dice count after considering a given bitwidth as a pa-
rameter for design trade-offs. Also most of the available
floating point units were assumed to be stand-alone units
and weren’t considered with the encompassing kernel in
mind. We use the throughput achieved per unit area metric,
since optimizing the floating-point units in terms of only
areaor only frequency at the cost of the other, might reduce
the performance per device for the overall kernel.

The computational power of FPGASs is finding accep-
tance in high performance embedded computing where
power is an issue. Though platform FPGAs are not low-
power, they compare favorably with floating-point pro-
cessors. We use the performance obtained(in GFLOPS)
per unit power(in Watts) consumed as a metric metric to
judge both performance and power. Energy efficiency of
fixed-point architecturesis obtained by considering various
tradeoffs between architectural parameters like the paral-
lelism, number of compute elements and storage elements,
throughput/latency, etc. Floating-point units themselves
can be parameterized with respect to depth of pipelining,
throughput/latency, area, etc. Hence, the impact of the
pipelined floating-point units on the overall architecture and
the architectural parameters have to be considered together
to obtain energy efficient floating-point based architectures.

Inthis paper, we analyze the area, latency and achievable
throughput of a floating-point adder/subtractor and multi-
plier by considering the pipelining of the units as a parame-
ter. Pipelining can exploit the unused flipflops present in
the dlices of the recent FPGA architectures like the Vir-
tex2Pro and cause only a moderate increase in area. How-
ever, we see that pipelining beyond a certain point achieves
diminishing returns. For this, we present a frequency/area
vs. pipelining stages analysis. We then analyze the perfor-



mance of the floating-point units in the context of the ma-
trix multiplication kernel asit iswidely used in high perfor-
mance and scientific computing. Designs for matrix multi-
plication for large sized matricestypically occupy thewhole
device and contain many floating-point units. Hence we an-
alyze the performance of the complete device along with
that of the floating-point units.

In this paper, we have used optimizations for and re-
sources of the Xilinx Virtex2Pro architecture. Most of the
recent FPGASs have a similar architecture. The optimiza-
tions we did were limited to pipelining the subunits and
using the options provided by the synthesis and place and
route tools. We did not manually place and route the de-
sign. Thus, our designs are not specific to any single device
and a so the designs can be manually optimized further.

The rest of the paper is organized as follows. In Sec-
tion 2, we describe the applications using floating-point
units, related work and the floating-point format used. In
Section 3, we describe our floating-point units. In Sec-
tion 4, we present the quantitative details of the floating-
point units. We also present the performance of a matrix-
multiply kernel with our floating point units. In Section 5
we analyze the impact of floating-point units on the energy
efficiency of the matrix multiply kernel. Section 6 draws
conclusions.

2 Floating-point Operationson FPGAs
2.1 Applications

High performance and scientific computing applications
are typically compute-intensive and require high through-
put rates. Examples of such applications are radar/sonar
signal processing, image processing, molecular analysis,
etc. These applications demand high numerical stability
and accuracy and hence are usually floating-point based.
FPGAs are increasingly being used for such applications
when processor implementations do not satisfy the real-
time and high performance requirements. Moreover, since
embedded signal processing systems operate under low-
power constraints, FPGA implementations can be preferred
over processors. These applications typically involve ker-
nels like matrix and vector operations. In order to utilize
deeply pipelined, throughput optimized floating-point units,
the kernels should essentialy have a simple computational
pattern and the logic surrounding the floating-point units
should also be able to achieve high throughput rates. These
kernels can be built using a linear array of processing el-
ements, with each processing element having one or more
floating-point units. In the case of large sized matrices or
vectors, data dependencies occur after long and definite in-
tervals. These intervals can be determined during the archi-
tectural design and a designer can hide the latency of the

deeply-pipelined floating-point units. For example, in the
matrix multiplication algorithm [5] that we use, there will
be read-after-write hazards only if the matrix size is less
than the number of pipeline stages. Such architectures need
to have throughput rather than latency optimized floating-
point units. However, since such architectures might use
a large number of units, the throughput obtained for the
units shouldn’t be too area prohibitive for the whole kernel.
Hence, we use throughput/area as a metric for the floating-
point units.

2.2 Related Work

Much work in the past has been done on designing
floating-point units on FPGASs [9]. Some of the work has
concentrated on optimizing the large bitwidth fixed-point
adder/multipliers, shifters, priority encoders etc. In im-
plementations on previous devices, these took up a lot of
dices and were slow. However designing floating-point
units nowadays has become much easier with resourceslike
adders or priority encodersusing fast carry chains, fast em-
bedded multipliers, etc available. Moreover pipelining can
utilize the large number of flipflops already present in the
fabric. Also, at the synthesis tool level, area/speed opti-
mizations, forced synthesis of subunits etc also result in
good designs. IP cores like parameterised fixed-point mul-
tipliers and adder/subtractors can also be incorporated into
the floating-point units. Hence the focus is shifting from
designing the floating-point units to optimally utilizing the
available subunits.

Some of the commercial [7] and open source floating-
point cores [1] assume the precision to be the critical pa-
rameter. However, the number of pipelining stages also has
to be considered as a parameter to get optimal throughput
rates. Some of the commercia floating-point cores use a
custom format with conversion to and from the |IEEE754
standard at interfacesto other resources in the system. Var-
ious tools [6] have been built to automate the optimization
and generation of the floating-point units.

3 Description of our Floating-point Cores

We describe our floating-point adder/subtractor and the
floating-point multiplier in this section. In this paper,
though we have followed the IEEE754 format for the sin-
gle and doubl e precision, we haven’'t provided for denormal
or NaN numbers. Denorma and NaN numbers are gen-
erally considered rare and may not justify the usage of a
lot of hardware required for their handling. We also imple-
mented only the rounding-to-nearest and truncation options.
We used the standard three stage algorithm consisting of
denormalization/preshifting, mantissa addition/subtraction
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Figure 1. Block Diagrams for Floating Point Cores (m1, ms are the mantissas of the operands, eq, es
are the exponents, and si, s are the sign-bits; m, e, s are the mantissa, exponent and sign-bit of the

result respectively)

and normalization/rounding. Figure 1 shows the block di-
agrams of the well known[4] floating-point a gorithms for
addition/subtraction and multiplication that we use.

The first stage of the floating-point adder/subtractor is
the denormalization/preshifting module. The denormaliza-
tion/preshifting module is made up of:

1. A denormalizer to make the hidden bit explicit. It
uses a comparator for checking whether the exponent
is zero. The outputs of the denormalizer are registered.
Comparators of a bitwidth less than or equal to 11 can
achieve 250MHz. Comparators take about n/2 slices
for abitwidth of n.

2. A swapper to swap the mantissas after comparing the
exponents. A comparator and a multiplexer are used
and a pipeline stage can be inserted between the com-
parator and multiplexer. The mantissa comparator for
double precision can achieve a frequency of 220MHz
and requires pipelining for higher frequencies. The
outputs of the swapper are registered.

3. A shifter to align the mantissas depending upon the
difference in exponents. The shifting operation is
done by using large muxes ( takes up about nlogn/2
dices for a bitwidth of n). Muxes implemented us-
ing tristate buffers are faster, but the tristate buffers are

limited. Synthesis options for forcing MUX synthe-
sis with MUXCY, MUXF attributes can be also used.
Typically the shifting operation has to be pipelined to
achieve a better frequency. Three muxesin serial can
be considered as a stage and a frequency of more than
200Mhz can be achieved by doing so. Higher frequen-
cies require two-mux stages.

The second stage is the fixed-point adder/subtractor. Itis

made up of
1. A fixed-point mantissa adder/subtractor which can use

the Xilinx library cores which have the number of
pipeline stages as a parameter. For example a 54bit
adder/subtractor can achieve 200MHz with 4 pipelin-
ing stages. It takes about n/2 slices for abitwidth of n
excluding pipelining.

2. A pre-normalizer module which shifts the sum by one

if there was a carryout and adds a one to the exponent.
A pipeline stage can be inserted between the adder and
1bit shifter. The outputs are registered.

The third stage is a normalizer/rounding module. It is

made up of
1. A normalizer consisting of a priority encoder/shifter

and an exponent subtractor to bring the first onein the



mantissato the MSB. The priority encoder is acritical
subunit for large bitwidths and its synthesis by the tool
hasto beforced. For 54bitsit hasto be brokeninto two
smaller priority encoders and a 3bit adder and related
muxes, to achieve a frequency greater than 200MHz.
The shifter also can be pipelined as described abovefor
the shifter in the first stage. A pipeline stage between
the priority encoder and the shifter can be used. The
outputs of the shifter are pipelined.

2. A rounding module which essentially is made up of
constant addersfor the mantissaand the exponent. The
constant adders can be from the library cores. Pipeline
stages can be inserted between the adders. The outputs
of the rounding module are registered.

Floating point multiplication is easier than addi-
tion/subtraction to implement. The first stage of the
floating-point multiplier is the same Denormalization mod-
ule used in addition to insert the implied 1 to the mantissas
of the operands.

The second stage is made up of

1. A fixed-point mantissa multiplier. We use the Xilinx
library cores which have the number of pipeline stages
as a parameter. Typically, for the 54bit fixed-point
multiplication, seven pipelining stages are required to
achieve a frequency of 200MHz. Also, speed opti-
mizations for the synthesis tool might result in more
embedded multipliers being used up. The outputs of
the module are registered.

2. A fixed-point adder and subtractor to add the expo-
nents and subtract the bias from the sum. A pipeline
stage can be inserted between the adder and subtractor
to achieve a greater frequency.

Thethird stage is a Normalizer/Rounding moduleand is
made up of
1. The normalizer which is simpler than the one used for
the adder. It is made up two bit shifter and a subtrac-
tor. Since we do not consider denormal numbers, we
shift the mantissa of the result atmost by two bits. The
exponent is adjusted accordingly with each shifting.
Pipeline stages can be inserted between the shifter and
the exponent subtractor. The outputs of the normalizer
areregistered.
2. Therounding modulewhichisthe same as used for the
adder.

For both multiplier and adder, registers are inserted be-
tween or inside the modules when pipelining is needed. At
every stage exceptions are detected and carried forward into
the next stage. An output signal “DONE” isalso usedtoin-
dicate that the operation of the module is completed.

For each floating point unit, we can begin with an im-
plementation with least pipeline stages. After synthesize,

place & route, we identify the critical path of the imple-
mentation. A new pipeline stage is then inserted to break
down the critical path to decrease clock cycle and improve
throughput. We repeat this process until diminishing re-
turns occur, that is, new pipeline stage yields no improve-
ments in throughput. Note that using a different optimiza-
tion objective (speed or area) for the synthesis and place and
route tool gives vastly different results. Thus the through-
put/area metric should be obtained for all implementations
with different pipelining stages and also for different opti-
mization objectives for the tools. Also, though extensive
pipelining increases achievable clock frequency, it aso re-
quires a lot of area for the registers between the pipeline
stages. For the floating point adders, the pipelining to split
the adder/multiplier, the priority encoder and the shift reg-
isters for the normalizing unit, shows an immediate im-
provement in frequency, without much increase in area.
Further pipelining, however, shows diminishing returns in
frequency and the area increases significantly. As for the
floating point multipliers, the pipelining inside the mantissa
multiplier contributes most in throughput improvement.

4 Experimental Resultsand Analysis

We implemented our floating-point unit designs using
VHDL. These were synthesized and placed and routed us-
ing the Xilinx ISE5.2i, on a Virtex2Pro X C2V P125-7f1696
device[10Q].

4.1 Performanceof the Floating Point Cores

Figure 2 shows the variation of the frequency/area met-
ric with the number of pipelining stages. We see that for
both the adder/subtractor and the multiplier, the curves flat-
ten out towards the end and may dip for deep pipelining.
This shows that pipelining beyond a certain limit gives di-
minishing returns.

Table 1 shows the areas and throughputs obtained
for 32,48 and 64 bit precisions floating-point addi-
tion/subtraction with minimal, maximal, and optimal im-
plementation. By “optimal”, we mean that the implemen-
tation reaches highest freg/arearatio. Table 2 provides the
corresponding values for floating point multipliers. Note
that optimization objectives (area or speed) for the synthe-
sisand place and route tool result in vastly different results.
A speed optimization objective for the synthesis tool might
result in logic replication to reduce logic levels and will re-
sult in larger area. Similarly speed optimization objective
for the place and route tool will result in more slices being
used only for routing resources and will result in a greater
area. Similarly, tight timing constraints without efficient
pipelining can result in area overhead, which can otherwise
be saved by analyzing and pipelining the critical path.
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Figure 2. Analysis of Frequency/Area vs. Number of pipeline stages in the floating point cores

Table 1. Analysis of 32, 48, 64-bit Floating Point Adders

Precision 32-bit 48-hit 64-bit

min | max | opt | min | max opt min | max opt

No. of Pipeline Stages 6 19 16 6 19 14 6 21 19

Area (sices) 390 | 551 | 520 | 504 820 703 633 | 1133 | 933
LUTs 549 | 548 | 548 | 674 780 706 | 1020 | 1049 | 1032
Flip Flops 391 | 801 | 520 | 479 | 1126 | 950 | 443 | 1543 | 1148
Clock Rate (MHz) 150 | 250 | 230 | 130 250 230 50 220 200
Freg/Area(MHz/slice) | 0.38 | 0.45 | 0.44 | 0.257 | 0.304 | 0.327 | 0.078 | 0.194 |0.216

Table 3 compares our 32-bit floating-point cores and the
cores obtained from Nallatech [7] and Quixilica [8]. Note
that the Nallatech and Quixilica cores use custom formats
and require additional modules to perform format conver-
sions at interfaces to other resources in the system. Hence,
due to a lower area, their Frequency/Area metric is some-
times better than ours. Asthere are few 64-bit floating point
cores available, we compared our 64-bit cores with the de-
signs generated using the parameterized library of [1]. The
comparison results are shown in Table 4.

We also show the power consumption of different de-
signs at 100MHz. The power values were obtained using
Xilinx XPower [10]. Figure 3 shows the variation of the
power with the number of pipelining stages. These power
values include only the clocks, signal and logic power. In-
puts, outputs and quiescent power which have to be counted
for adesign on the complete device, are not counted.

4.2 Floating-point based Matrix Multiplication

In this paper, we use matrix multiplication as an exam-
ple to illustrate the tradeoffs in selecting the floating-point

units. Our architecture for matrix multiplication is a linear
array of identical PEs (Processing Elements), each of which
contains a floating-point adder and a floating-point multi-
plier. For adetailed description of the matrix multiplication
architecture and algorithm, refer to [5]. Since the number
of slices on a given device is constant, the device will ac-
commodate fewer PEs if deeply pipelined units occupying
alarge area are used. Hence, the performance of the device
might be lower even if the frequency of the units is high.
Also, the overall architectures operating frequency should
be considered while choosing the floating-point units. Since
our matrix multiplication architecture is capable of achiev-
ing 250MHz for single precision, we use the optimal im-
plementations discussed in 4.1. If the overall architectures
operating frequency is less than the optimal frequency for
the floating-point unit then floating-point units with the best
frequency/area metric considering a lower frequency have
to be chosen.

Using our designs, a Xilinx Virtex-11 Pro XC2V 125 de-
viceis ableto achieve 19.6 GFLOPS for 32-bit matrix mul-
tiplication. This is a 6X improvement over the 2.54 GHz
Pentium 4 processor, and a 3X improvement over the 1.25



Table 2. Analysis of 32, 48, 64-bit Floating Point Multipliers

Precision 32-bit 48-hit 64-bit
min | max | opt | min | max opt min | max opt
No. of Pipeline Stages 4 9 7 4 11 9 6 15 12
Area (slices) 116 | 220 | 201 | 227 508 423 491 | 1019 | 910
LUTs 186 | 203 | 196 | 382 448 383 750 77 764
Flip Flops 65 324 | 249 91 795 647 320 | 1749 | 1546
Clock Rate (MHz) 100 | 250 | 240 70 215 215 60 215 205
Freg/Area(MHz/dlice) | 0.862 | 1.13 | 1.24 | 0.308 | 0.423 | 0.508 | 0.122 | 0.211 |0.225
Table 3. Comparison of 32-bit Floating Point Units
32-bit Adder 32-bit Multiplier
USC | Nallatech | Quixilica | USC | Nallatech | Quixilica
No. of Pipelines 19 14 11 8 6 6
Area (dlices) 551 290 306 182 126 326
Clock Rate (MHz) 250 184 169 250 188 152
Freg/Area(MHz/slice) | 0.45 0.63 0.55 1.37 1.49 0.467

GHz G4 processor [3].

5 Impact on Design of the Matrix Multiplica-
tion Architecture

In this section, we show the impact of the floating-point
units on architectural design. To quickly estimate the per-
formance of the various designs and also perform high level
design tradeoffs, we have employed domain-specific mod-
eling proposed in [2]. Domain-specific modeling is a hy-
brid (top-down plus bottom-up) approach to performance
modeling that allows the designer to rapidly evaluate can-
didate algorithms and architectures in order to determine
the design that best meets criteria such as energy, latency,
and area. Initially, the architecture is split into it's individ-
ua components. The components for the matrix multiply
architecture are the floating-point units, storage elements
like registers, slice and block-based memory and other ele-
ments like multiplexers, counters, etc. From the algorithm,
we know when and for how long each component is ac-
tive and its switching activity. Additionally, with estimates
for the power dissipated by each component, we can esti-
mate the energy dissipated by thedesign. Theerror between
the results from actual implementation and the results from
the domain-specific modeling approach is usually less than
10% [2].

For floating-point based matrix multiplication, in order
to satisfy data dependencies due to the long latencies of the
units, the problem size should be greater than the sum of
the adder and the multiplier latencies. Similarly, the con-
trol signals aso have to be shifted using shift registers so

that the correct schedule of operations is maintained. For
smaller problem sizes, zero padding has to be used, to sat-
isfy the above latency constraint. This zero padding consti-
tutes wasteful energy dissipation and has to be minimized.
In[5], block matrix multiplication was employed for matri-
ceswith large problem sizes. Block size b was used as a pa-
rameter while performing design tradeoffs. In the floating-
point architecture, for small block sizes, zero padding has
to be used to satisfy the latency requirement. With energy-
efficiency as the objective, the block size b can be used asa
parameter.

Figure 4 showsthe energy distributionina PE for prob-
lem sizes of n = 10 and n = 30 when minimum, moderate
and maximum pipelined floating-point units are used. We
see that for the smaller problem size using deeply pipelined
floating-point units result in lot of energy wastage due to
zero padding. Figure 5 shows the energy, resources and la-
tencies for various problem sizes when minimum, moder-
ate and maximum pipelined floating-point units are used.
PL implies pipeline stages and is the sum of the laten-
cies of the multiplier and adder. We see that even though
the deeply pipelined architecture consumes a lot of ares, it
might consume the least energy due to less latency. Thus
based upon the area, latency and energy constraints, ar-
chitectural choices can be made from Figure 5. Figure 6
shows the energy, latency and resources for various block
sizes when minimum, moderate and maximum pipelined
floating-point units are used for a problem size n = 16.
We see that there is large amount of wasteful energy dissi-
pation when the block size is much smaller than the latency
of the floating-point units.



Table 4. Comparison of 64-bit Floating Point Units

64-bit Adder | 64-bit Multiplier
USC | NEU | USC NEU
No. of Pipeline Stages 19 8 12 5
Area (slices) 933 | 770 | 910 477
Clock Rate(MHz) 200 54 205 90
Freg/Area(MHz/dlice) | 0.216 | 0.07 | 0.225 | 0.188
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Figure 3. Analysis of Power vs. Number of pipeline stages in the floating point cores

6 Concluding Remarks

In this paper, we showed that FPGA based fl oating-point
architectures like the matrix multiplication employing effi-
cient floating-point units can achieve a significant improve-
ment in performance over that of processors. Moreove,
performance per unit power expended, for designs on FP-
GAs is lower than that for designs on processors. We
aso showed the impact of the floating-point units on the
overall design. And since, the floating-point units can be
resource/latency/energy dominant than the other resources
like storage, control, etc, they have to be analyzed in the
context of the overall architecture.
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Figure 4. (a) Energy distribution (for problem size n = 10 and n = 30) for three different sets of
floating-point units.

6.E+05 60000 40
—e—Slice (pl=10)
5.E+05 50000 | —%— Slice (pI=19)
—— Slice (pl=25) " 30
4.E+05 40000 + —m— BMult (pl=10,19,25) E
8 —a—BRAM (pl=10,19,25) & 2
= o =}
3.E+05 & 30000 £ T
° = 2
2 & 2
2.E+05 20000 *§ 3
(=]
z 10
1.E+05 10000
0.E+00 0 0
0 8 16 24 32 40 48 56 64 0 8 16 24 32 40 48 56 64 0 8 16 24 32 40 48 56 64
Problem size (n) Problem size (n) Problem size (n)
@ (b) ©

Figure 5. (a) Energy, (b) Resources, and (c) Latency for various problem sizes for three different sets
of floating-point units.
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