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Abstract. Future SoCs will feature embedded FPGAs  ie+2f=

(eFPGASs) to enable flexible and efficientimplementations of 5 g, " -processor romaymmy
high-throughput digital signal processing applications. Cur- oS 32x32 block-
rent research projects on and emerging products containing,, 15+ psp~=T) matching
FPGAs are mainly based on "standard FPGA"-architectures g‘ 1E01 —— 2 non-weighted
that are optimised for a very wide range of applications. The 3 FPG,\ xx% . VUV-RGE.
implementation costs of these FPGAs are dominated by a& =% _ - / m conversion
very complex interconnect network. This paper presents a 1eos ‘;Em;jgs’;fn’%? o / /] ||AddReg-operation
method to improve the efficiency of eFPGAs by tailoring o standard cells™ (., _ / Viterbi-decoder
them for a certain application domain using a parametrisable phys. opt.

architecture template derived from the results of a systematic 105 "
. . . . . 1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06
evaluation of the requirements of the application domain. MOPS / mm?

Two different architectures are discussed, a reference ar-
chitecture to illustrate the methodology and possible optimi-Fig. 1. Design space for different architectures.
sation measures as well as a specialised arithmetic-oriented
eFPGA for applications like correlators, decoders, and fil-
ters. For the arithmetic-oriented architecture, a novel logiccost-restrictions make the use of dedicated integrated cir-
element (LE) and a special interconnect architecture that wasuits unfeasible. Fig. 1 illustrates the design space in terms
designed with respect to the connectivity characteristics ofof power efficiency (in mMW/MOPS) and area efficiency (in
regular datapaths, are presented. For both architecture tenOPS/mn#) for frequently used digital signal processing
plates, physically optimised implementations based on an autasks implemented on different architectures like general pur-
tomatic design approach have been created. pose processors, Field Programmable Gate Arrays (FPGAS),

As a first cost comparison of these implementations withphysically optimised macros etc. As is well known from
standard FPGAs, the LE-density (number of logic elementsFig. 1, programmable processor-architectures provide the
per mnt) is evaluated. For the arithmetic-oriented architec- lowest power- and area efficiency but feature highest flexi-
ture, the LE-density could be increased by an order of maghbility. In contrast, physically optimised macros lead to the
nitude compared to standard architectures. highest efficiency, but are inflexible. FPGAs offer an attrac-
tive compromise between these two extremes, as they allow
for highly parallelised implementations while preserving in-
system reconfigurability.

To meet the contrary demands of today’s and future sys-

The algorithmic complexity of current and future digital sig- €MS different architecture blocks are integrated on a sin-
nal processing systems leads to an ever growing deman@l€ chip building a heterogeneous System-on-a-Chip (SoC).

for performance, while short product cycles, mobility and A So-called SoC platform addresses a set of applications
with similar requirements and characteristics (application

Correspondence td3. Neumann domain). This offers the possibility to optimise the included
(neumann@eecs.rwth-aachen.de) components for this application domain. In the same way

1 Introduction

Published by Copernicus GmbH on behalf of the URSI Landesausschuss in der Bundesrepublik Deutschland e.V.



252 B. Neumann et al.: Design and quantitative analysis of parametrisable eFPGA-architectures

1 | 1 Area Power Dissipation
A ¥ - 9%
H i [} S- 9%
33 Eé- > H o~ - 0
I @
[ 5% 65%

73%
‘ Olnterconnect OLE OClock DI/O‘ ‘ O lInterconnect O Configuration OLE

3 SRAM

Fig. 3. FPGA area- and power breakdown.

}-TD
s
)

Fig. 2. General island-style FPGA-architecture.
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To relax the global interconnect requirements, several
logic elements can be combined in so-called clusters that
share a central connection box. Typically, a cluster consists
of about ten LEs. As delays for signals travelling long dis-

fici f iaital Sianal tances on the FPGA can get significant since they have to
iciency of a Digital Signal Processor (DSP) over a gen-p sq several routing switches, it is a common technique to

eral purpose CPU, ,th,e architectqre _Of an embedded FPG rovide segmented interconnects with routing lines of differ-
(e.FP(.BA) can b_e optimised bY des!gnmg itfora d.ed|c.at.ed aPent lengths. In this case, certain routing channels skip several
pI|cat|on do_mam. The_ potent!a_ll of improvement in efficiency routing switches before connecting to another RS.

for apphcathn domain specific eFPGAS Was__demonstrated The programmable interconnect features the highest con-
for example in Neumann et al. (2003) and Leijten-Nowak etyy, yion to area, power dissipation and delay times of an

al. ,(2003)' This paper focuses on arith_metic—oriented app,"'FPGA. Figure 3 shows an area- and power breakdown taken
catlpns “ke_ cprrglators, degoders and _fllters, as they PromiSgom Kusse et al. (1998) and George etal. (2001). The figures
a high optimisation potential concerning all structural ele- gy, that the highest optimisation potential can be expected
ments of an gFPGA-archltecture. from the interconnect architecture. It is therefore indispens-
The paper is structured as follows: In Sect. 2, a commonly,pje 16 analyse the specific interconnect requirements of the
appl!ed architecture for FEG_AS gnd its chgracterlsucs Con'given application domain and hence design the appropriate
cerning area and power dissipation costs is sketched. ThErpga-architecture.
properties of eFPGAs specified for an arithmetic-oriented ap-
plication domain are described in Sect. 3. In Sect. 4, the con-
cept of parametrisable eFPGA-architectures is explained an8 Arithmetic-oriented eFPGAs
two architecture templates with corresponding implementa-
tions are demonstrated. Conclusions are given in Sect. 5.  Commercial FPGA components are optimised for a wide
range of applications, as they are intended for universal use.
Significant research has been conducted in the optimisation
2 FPGA-architectures of these universal FPGAS, using benchmark circuits from dif-
ferent application domains (e.g. Betz et al., 1999). An analy-
Most common FPGA-architectures, as described e.g. irsis of the logic- and interconnect requirements of arithmetic-
Brown et al. (1996), consist of three basic building blocks: datapaths reveals that the architectural requirements differ
Logic Elements (LE), Routing Switches (RS) and Connec-significantly from irregular logic. In this contribution, an
tion Boxes (CB). Figure 2 shows the architecture of a so-eFPGA-architecture and the corresponding structural ele-
called island-style FPGA-architecture as it was used in thements have been tailored to an arithmetic-oriented applica-
first commercial devices. Most state-of-the-art FPGAs aretion domain. Considering the interconnect requirements of
still based on a modified island-style architectural concept. different applications mapped to FPGAs, it is useful to con-
An LE typically implements basic boolean functionality sider the histogram of the lengths of allocated interconnec-
on bit-level. In most commercial FPGAs, the architecturetions. Fig. 4 shows such a qualitative histogram of the al-
of an LE is based on one or more lookup-tables (LUTSs). Alocated connections between logic elements. For irregular
LUT with N inputs shall be called LU in the follow- logic, the number of connections between the LEs decreases
ing. Connection Boxes allow to connect interconnect lineswith the connection length L. Arithmetic-datapaths, however,
either as in- or outputs of the corresponding LEs. The rout-have a very high locality, hence exposing a peak in the distri-
ing switch provides configurable connections between all itsbution for short connections. Only few lines of intermediate
terminals to route signals through the FPGA. Most modernlength are required, while some long connections, usually
FPGAs use SRAMs to store the configuration information. representing broadcast lines, are used.
This allows fast reconfiguration (and in principle dynamic  To confirm this qualitative histogram, an investigation of
reconfigurability). the allocated routing resources in a commercial FPGA de-

the optimisation for an application domain improves the ef-
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Table 1. Exemplary architectural parameters.

arithmetic

datapaths
Q

# connections

LE no. of in- /outputs
amount of dedicated logic

Cluster no. and alignment of LEs

Fig. 4. Application domain specific routing requirements. no. of in- /outputs

Interconnect no. of hierarchy levels
size of routing channels

vice has been conducted. For this purpose, key components X .
segmentation of routing channels

of a GPS-receiver (Global Positioning System) have been im- flexibility

ple.mented on an Altera Strat@x device (Kappen et al. 2006). Configuration no. of parallel configuration sets
Using the corresponding design software, the number of al- no. of shared configuration sets
located routing resources according to their segment length
has been determined. Figure 5 shows the results for two ex-
emplary components, the correlator and the corresponding
control logic. While the irregular control logic has a high
fraction of intermediate segments and considerably less short
and long segments, the correlator logic itself has a significanft Parametrisable eFPGA-architectures

amount of direct nearest-neighbour connections. Since the ) i , o
overhead in the interconnect architecture of today’s FPGAérT thg foI!owmg section, the des'g” flow applied in th|§ con-
is mainly due to their high flexibility, a considerable reduc- tribution is presented. This flow is based on an architecture

tion of this overhead can be expected if the architecture igeMPlate of the eFPGA with adjustable parameters. From
tailored to this application domain. this template, physically optimised realisations of the macro

A further reduction can be achieved by carefully designingare created.
th_e Iogic_elements to preserve the communi(_:ation locality ofy 1 Layout automation and parameters
arithmetic datapaths. In order to relax the interconnect re-
quirements, appropriate dedicated logic and connections arghe basic design concept is based on generic architecture
provided in the LEs. A basic example is the use of dedicatedemplates which are parametrisable in a wide range and a
carry-chains in commercial FPGAs. Direct connections be-couple of physically optimised so-called leafcells. An auto-
tween the LEs enable the use of adders with no additionamatic layout generation using a flexible datapath generator as
routing involved in the carry-propagation. described in (Weiss et al. 2001) is used to generate the layout
Additional optimisation can be achieved if the LEs are de- of the eFPGA-macro. Table 1 lists some exemplary param-
signed such that frequently used basic operations of typicaéters influencing the basic structural elements of an eFPGA-
datapaths are directly mapped to one LE or LE cluster re-architecture.
spectively. An example of optimising the LE architecture in  These parameters feature strong interdependencies. For
that sense is to provide the possibility of realising a gatedexample, the architecture of the LE and the number of in- and
full-addition efficiently within one LE, as gated full-addition outputs have a strong impact on the interconnect architecture.
is a common part of many arithmetic-oriented applications In the present work, the design of a physically optimised
(multiply, etc.). In the same way, other dedicated logic andlayout for a parametrisable architecture is based on the fol-
dedicated interconnect can be employed to improve the effilowing steps:
ciency of the architecture. For example, while typical logic An architecture template has been conceived and realised
elements feature one register, arithmetic datapaths with exin form of a generic structural description. A small set of key
tensive pipelining require significantly more registers per LE.components like logic elements and switch points used for

Others granularity of supply and clock domains
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routing switches has been designed. After adjusting all reT19- 9 Interrelation of flexibility and area within CBO.

quired parameters of the architecture template, a physically

optimised macro is generated automatically applying the dat-

apath generator. After the netlist extraction of this macro anothe global c?nnec_:non I|r_1e?1 IS .exEcuf'Fed by the RS.b'II'here are
setting up the simulation environment, a detailed timing andWo types of routing switches: the first types enables regu-

power analysis can be performed. If design constraints anl.‘ar vertlcaldand hprlzo;:tal rogtm%biftweeﬂ nelght.)tc)).tlj_nnngS,
not met, parameters can be easily adapted within the generittl,ne set(:jon tYpe ;S en anpel_ an oAsrst Elposs' llity o se%-
description and the macro generation process can be initiate ente routmg_ or cert_am INEs. aptable parameters o
again. The cycle time of adjusting parameters and acquirind? e corresponding architecture template are for example the

cost and performance values depends on the complexity o umber of routing tracks, the number of clusters per CB and
the target macro the length of interconnect lines for the segmented routing.

The LE architecture unlike commercial devices has been
4.2 Reference architecture designed for arithmetic-oriented applications and is based on
dedicated logic without employing LUTs (Fig. 7). Gated
The first architecture template which has been realised servesill-addition, add-compare-select and other arithmetic op-
as reference (Fig. 6). The interconnect architecture of thiserations can be implemented very efficiently. In particu-
reference is based on the interconnect structure of modertar, the second register allows for efficient implementation
commercial devices (Website Altera, Website Xilinx). A lo- of pipelined datapaths. The logic complexity of the LE is
cal connection box (CB 0 in Fig. 6) provides the connectionsmaller than for a LUT with the same number of inputs.
between LEs arranged as clusters and the global connectiofihe number of SRAM-cells and hence overall silicon area
box (CB 1 in Fig. 6). The global CB provides the connection required for this LE is much smaller than a LUT-based solu-
to the global routing lines. Routing of signals coming from tion.
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Fig. 10. Local and broadcast-interconnect.

. . . Fig. 11. Arithmetic-oriented LE.
Applying the design flow mentioned above, several 9 riihmetic-oriente

macros with different parameter settings have been designeg 3 Arithmetic-oriented eEPGA-architecture
in a 180 nm-technology. Two exemplary macros featuring

different cluster sizes, different number of LES per macroThe requirements of arithmetic-oriented datapaths have been
and different number and segmentation of routing tracks argyddressed by the eFPGA architecture described in the follow-
depicted in Fig. 8. ing. The architecture uses arithmetic-oriented LEs that are
For the local CB (CBO in Fig. 6) a detailed analysis of connected as two-dimensional clusters, reflecting the typical
flexibility requirements has been conducted using a varietyorientation of processing elements in filters and multipliers.
of exemplary basic operations. Fig. 9 shows the area fractiorrhe LEs are connected with a directional nearest-neighbour
of the LEs proportional to the complete macro for different interconnect. Rather than providing random connections to
levels of connection box flexibility. The flexibility of the all surrounding neighbours, this structure reflects the typical
complete architecture is determined by the number of posnature of arithmetic-oriented datapaths featuring a preferred
sible connections within a CB. At first, the interconnect of data flow direction. In this architecture, a typical data flow
the local CB has been designed for simple arithmetic datfrom top to bottom and right to left is assumed. Diagonal
apaths (e.g. gated full addition, carry-ripple addition etc.). connections are provided in both left- and right-downwards
This means that only those connections are realised whiclgjirection to allow an efficient implementation of both right-
are required for ADD/MULT operations. Such a restricted and left-shift-operations. For efficient mapping of datapaths
CB would mean that other types of operations cannot be perwith arbitrary wordlengths, local connections are also pro-
formed with this CB configuration. In the next steps, the vided across cluster borders. Signals from the global in-
interconnect structure has been enhanced in a way that muterconnect, typically representing operands in datapaths, are
tiplexer functionality and randomised logic can be imple- distributed along the LEs inside a cluster as so-called broad-
mented (step 2, 3 and 4). cast lines. This is in contrast to the highly flexible (and large)
In the following step, more complex arithmetic datapaths connection boxes in standard FPGAs that allow each LE to
have been included (e.g. carry-save arithmetic, CSA). Theaccess global routing resources. Fig. 10 illustrates this data
reference point in this depiction corresponds to the full flex- flow oriented interconnect.
ible solution (rightmost bars). Above the diagram, the ac- The logic element used in the arithmetic-oriented eFPGA
cording layouts of the CB, which are created automatically,is depicted in Fig. 11. The core logic inside the dashed line
are shown. The area fraction of the LEs is directly influencedconsists of two lookup-tables with two inputs each, dedicated
by the routing parameters described above. Macro 1 includesum- and carry-logic and two latches.
more global routing tracks. Therefore, this solution features One LUT-2 can be configured as partial-product gate us-
a higher flexibility than macro 2 which has got a more re- ing the global inputs to enable a direct mapping of array-
stricted routing architecture. The area of the LE and the locaimultiplier-based structures to the eFPGA. In addition, the
CB is the same for both macros. two lookup-tables can be combined to a single LUT with
For this first architecture template, the routing architec-three inputs (LUT-3). Dedicated multiplexers allow to con-
ture is still the dominating factor in terms of area, timing nect the outputs of an LE to the broadcast-lines. The
and power consumption. Using the design methodologyuse of two latches per LE enables efficient pipelining of
(see Sec#.1) established with the reference architecture, anarray-based datapaths. Rather than using complete registers,
eFPGA-architecture tailored for an arithmetic-oriented appli-small transmission-gate-based latches reduce the implemen-
cation domain has been developed. tation costs.
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Fig. 12. Arithmetic-oriented architecture template. Fig. 13. Layout of arithmetic-oriented eFPGA.

The regularity and the typical wordlengths of arithmetic Both the Chim_aer_a_l-arch_itecture and the commercial Fle_x-
datapaths allow the shared use of configuration informationEOS show a significant improvement compared to the dis-
as for example presented in Ye et al., 2003). In this caseCrete standard FPGA.
several logic elements inside a cluster use the same configu- The arithmetic-oriented eFPGA presented in this paper
ration bits. As the SRAMs storing the configuration typically achieves an LE-density that is one order of magnitude higher
amount for about half the area of a logic element, significantthan for standard FPGAs. This comes at the cost of reduced
area-reductions can be achieved by choosing the appropriaféexibility when mapping arbitrary, irregular logic. Mapping
granularity for the eFPGA-architecture. The same concepfrregular logic to this architecture would lead to losses in
is applied to the global interconnect lines, thus reducing theefficiency due to misalignments in data flow, inefficient us-
overhead of the costly interconnect architecture. The overalbge of shared configurations and insufficient functional com-
architecture is shown in Fig. 12. plexity on LE-level. However, for arithmetic-oriented appli-

An according eFPGA-macro was designed in a 130 nm.cations the functional complexity of the LEs is equivalent
technology using a cluster size of«&4 and a configuration to LE-complexities in standard FPGAs (i.e. a similar num-
granularity of four. The global interconnect provides only ber of LEs is required to map a certain function to either
16 tracks, as the communication in arithmetic-oriented data@ standard- or the arithmetic-oriented eFPGA). Hence, the
paths is mainly based on local connections as shown beforearea efficiency of arithmetic-datapaths can be improved by as
A layout of four complete clusters with configuration blocks, much as an order of magnitude with the present architecture.
CBs and RSs is shown in Fig. 13.

As can be seen from the layout, the area of the macro is
dominated by the logic elements, while the area required by
the global interconnect could be reduced significantly. Thed Conclusion
area fraction of the LE for the arithmetic-oriented eFPGA is
40%, ComparEd to less than 10% in typ|CaI standard FPGAS}n this paper, an architecture temp|ate based design_

Figure 14 illustrates the LE-density (number of logic methodology for domain specific eFPGAs has been pre-
elements per mA for different (€)FPGA-architectures. sented. Based on the results of an exhaustive analysis
It compares commercial standard FPGAs like the Alteraof routing-, functionality- and regularity requirements of
APEX 20K (Website Altera) or the M2000 FlexEOS-eFPGA arithmetic-oriented applications, several architectural opti-
(Website M2000) as well as an exemplary research projectmisations have been applied. The parametrisable template
the Chimaera-architecture (Hauck et al. 2004) with theenables systematic optimisations according to the require-
eFPGA-macros presented in this paper. Also, a basic islandments of an application domain. Based on an analysis of
style architecture as described in Fig. 2 is considered. Asarithmetic-oriented applications like filters and correlators, a
expected, the reference macro 1 has an LE-density similar toovel eFPGA-architecture was presented. For this architec-
that of the APEX 20K, while reference macro 2 achieves ature, an area reduction of one order of magnitude compared
higher density due to the reduced number of routing tracksto common FPGA-architectures was achieved.
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