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Abstract— In this paper we present an automatic design gener- and unaffected by the reconfiguration [2]. So RTR allows more
ation methodology for heterogeneous architectures composed of sections of an application to be mapped into hardware, a larger
microprocessors, DSPs and FPGAs. This methodology is based, it of the application can be accelerated by contrast with
on an adequation algorithm architecture where application is . . - .
represented by a control data flow graph and architecture by a mlgroprpcessor computation. By changing dy_nam'ca”y the
an architecture graph. We focus on how to take into account functionality performed by the FPGA over the time, we can
specificities of partially reconfigurable components during the address SDR constraints and obtain a scalable system which
adequation process and for the design generation. We presentcan evolved in agreement with its environment requirements,
a method which generates automatically the design for both g4 hence using a reconfigurable hardware platform across
fixed and partially reconfigurable parts of a FPGA. This method . . . . .
uses prefetching technic to minimize reconfiguration latency of multiple Standard.S' However.recor}flguratlon 'ate”CY ISa major
runtime reconfiguration and buffer merging to minimize memory ~ drawback of runtime reconfiguration on commercial devices
requirements of the generated design. and must be considered during HW/SW partitioning process.
The objective is to obtain a near optimal scheduling of tasks in
time over an heterogeneous architecture [3]. These more and

Recent developments in radio technology have introducetbre complex systems must be handled by an appropriate
software defined radio paradigm SDR [1]. This evolution hafesign flow to reduce development time under strong time-
emerged with the proliferation of wireless standards, includirig-market pressure. These steps can be achieved by modeling
both local area networks 802.11 to 2,5G, 3G, and future 4dpplication operations through control data flow graph (DFG)
telecommunication standards. Future telecommunication sgsd operate an Adequation Algorithm Architecture (AAA)
tems will be software reprogrammable radios, which could meethodology.
reconfigured to adapt for changing communication protocolsin this paper we focus on codesign systems with DSPs
and channels. and commercial FPGAs for telecommunication applications.

Such systems require heterogeneous architectures based'tm first section describes the tool SynDEx [4] used for
digital signal processors (DSPs), general purpose processbes application partitioning stage. We describe the impact of
and reconfigurable devices like field programmable gate arrays-time reconfigurable component utilization on algorithm-
(FPGASs). The whole application is split between HW/SWrchitecture adequation in the second section. Next modeling
components during the partitioning process. This step leadsatgartially runtime reconfigurable part of a FPGA with this
a compromise between system’s performance of an hardwitedl is exposed. Then we present the automatic VHDL de-
solution and flexibility of a software solution. sign generation for a runtime reconfigurable component. We

These components use different levels of reconfiguratiomscuss how to generate an automatic management of runtime
Harvard-based architectures (DSPs, general purpose procesenfiguration over the time with SynDEx. As a proof an
sors) are reconfigurable at system-level and use a tempuoplementation example using a partially reconfigurable chip
ral scheme implementation of operations. Configuration &f presented in the last part of the paper.
the data path requires few data and can be performed at
each cycle. This high flexibility is well adapted to control !l- AAA APPROACH AND SYNDEX REPRESENTATION
based applications but suffers from its power efficiency for Some partitioning methodologies based on various ap-
repetitive and high throughput computations. The introductigmmoaches are reported in the literature [5]. They are character-
of Dynamically Reconfigurable Systems (DRS), can delivized by the granularity level of the partitioning, metrics, target
higher levels of performance, flexibility and power efficiencyhardware, support of runtime-reconfiguration, flow automation
Reconfigurable devices, including FPGAs, can fill the gagnd on-line / off-line scheduling policies. Few tools, based
between hardwired and software technology. Recently runtiroa these partitioning methodologies, provide a seamless flow
reconfiguration (RTR) of partial FPGA parts has led to thigom the specification to the implementation.
concept of virtual hardware. Its allows to change only a Choice of candidates for a dynamic hardware implementa-
specified part of the chip while other areas remain operationi@n can be guided by some metrics: execution time, memory

I. INTRODUCTION



hdeLllaTiﬂﬂ 1) entrelacement (13 ifft ("1} l l |

e [ Fr i i i

i : _ \ Ny i | _ e @ ‘ Algorithm graph ‘ Architecture graph Redesign
I ./ \ /

Performance
predictions

cond (71 L Heuristics
b Adequacy

| o mapping and scheduling

Synchronized
Distributed Executive

cormt (CF) dep2 (dep)

Softws
o0
dspl (dsp) el
S s
P (dsp fagat dpga) zdbll Fig. 3. SynDEx methodology flow

Fig. 1. Algorithm graph

cpl comz (CP) op0 sab1
cpl cpl
sdbl ] =dbl
zdbi | 2okl

which takes into account durations of computations and inter-
component communications. The result is a synchronized
executive represented by a macro-code for each vertices of
the architecture. Figure 3 depicts the overall methodology
flow. This macro-code is composed of operations calls, com-
constraints, power efficiency, reconfiguration time, configuraaunication interfaces, memory allocation directives, threads
tion prefetching capabilities and area constraints. and semaphores for synchronization. Each macro-code is then
Among theses methods we have chosen SynDEXx alredathnslated toward a high level language for each HW/SW
used in [6]. Many libraries have been developed for heteroggamponents. This translation produces an automatic dead-lock
neous platforms. free code generation, macro-code directives are replaced by
SynDEx is an academic system-level CAD tool whicla corresponding code given in libraries (C/C++ for software
supports AAA methodology. This free tool has been developedmponents, VHDL for hardware components). Today this
by the INRIA Rocquencourt France laboratory and severtlol is used on heterogeneous architecture based on DSP and
others laboratories contribute on its development over differédfPGA. Then we want to extend SynDEXx capacities to runtime
research topics. AAA methodology aims at finding the begtconfigurable components.
matching between an algorithm and an architecture whiIF
satisfying time constraints. SynDEx automatically generate
a distributed and optimized synchronized executive.
Application algorithm is modeled by a data flow grapH\. Minimizing reconfiguration cost
(DFG) to exhibit the potential parallelism between operations Runtime partially reconfigurable components must be han-
as represented by Figure 1. The algorithm model is a direfied with a special processing during the adequation step.
data dependence graph where each node models an operatianajor drawback of using runtime reconfiguration is the
and each oriented hyperedge models a data produced as oujiificant delay of hardware configuration. The total runtime
of a node and used as input of an other node or seveglan application includes execution delay of each task on the
others nodes. An operation is executed as soon as its inputiedware along with the total time spent for hardware recon-
available, and this DFG is infinitely repeated. SynDEXx includégjuration between computations. The length of the sequence
hierarchical algorithm representation, conditional statememiSreconfiguration is proportional to the reprogrammed area on
(if...then...else) and iteration of algorithm parts (for...do...). the chip. Partial reconfiguration allows to change only a spec-
Architecture is also modeled by a graph, which is a directéfied part of the design hence decreasing the reconfiguration
graph where the vertices are operators (e.g microprocesstirae. An efficient way to minimize reconfiguration overhead is
DSP, FPGA) or media (e.g OCB busses, ethernet) and edgesverlap it as much as possible with the execution of others
are connections between them. Operators have no interopérations executed on others components. It is known as
parallelism computation available but the architecture exhibi¢genfiguration prefetching [7]. Figure 4 illustrate our purpose.
the actual parallelism between operators. An example is sholmnthis one we want to map and schedule an algorithm graph
Figure 2. In order to perform the adequation between these taato an architecture composed of two resources, one of them is
graphs, operations and data dependencies have to be chatgeamically reconfigurable. The algorithm, composed of six
terized (time execution) on each vertices of the architectuienctions, is split into two branches. Functi@ needs the
graph. results ofC andY functions.
Adequation consists in performing a mapping and a schedul-Operations{X,Y} are assumed to be executed by the
ing of the operations and data transfers onto the operatdggiamic reconfigurable component of the architecture succes-
and the communication media. It is carried out by a heuristiively. Operationd A, B, C, D} are implemented on the non-

Fig. 2. Architecture graph

I. RUN TIME RECONFIGURATION CONSIDERATIONS FOR
ADEQUACY
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. . . . Fig. 5. Model of runtime reconfigurable parts of a FPGA with SynDEx
reconfigurable component. According to this algorithm, among

all operations scheduling possibilities, one potential selection
is:

IV. AUTOMATIC DESIGN GENERATION
A. General FPGA synthesis scheme

which is infinitively repeated. With this scheduling two Once mapping and scheduling of the algorithm are
reconfigurations are needed: one after computation of pérformed, macro-code is automatically generated and each
to implement Y, one after the second computation of Y tone must be translated. The translation generates the VHDL
implement X again. We have to define the following terms:code, both for the static and dynamic parts of a FPGA. We
use the GNU macro processor M4 and macros embedded in
libraries. Different kinds of macro are developed for:

S1{AX,B,Y,Y,C,D

« C}: Computation cost of operation k

« Tj.: Cost of data transmission between operations j and
k through the media

o Ry: The reconfiguration delay of operation k

e D;;: The time between the end of an operation j to
the beginning of the operation k, both executed on the
reconfigurable component.

o Py: Prefetching cost of operation k.

- communications,

memory allocations,

- operator instantiations,

- synchronization using semaphores.

The final FPGA design is based on several processes:

- process to control communication sequencings,

The prefetching cost of operatidnis P, = Ry-D; , with - process to control computation sequencings,
j a previous different operation. So considering scheduling - process which performs data transmission/reception,
S1, we have to add the following prefetching cost to the first - process for each kind of operator to control its be-

operation Y: haviour,
- process which controls activation of reading and writ-
P, = Ry-D, , ing phases of buffers,
with D, = T, y+Cp+Th, A same operator can be used at different time in the

data flow, only one instantiation of each kind of operator
In order to improveP,, R, must be similar to the de-is done in VHDL. We have defined an uniform interface
lay between two reconfigurable operations. Hence a way ftr each operator through encapsulation. As described in the
minimize prefetching overhead is to overlap a maximum a@fext section, we use global buffers which allow us to merge
computations or communications with reconfigurations of thdifferent kinds of buffer (depth and data width) filled by
dynamic part. The heuristic of SynDEXx has to be improved wperators to store computation results. These two points lead to
take into account this overhead on reconfigurable operatiomgild complex data paths automatically. Our libraries are able
to perform these constructions by using conditional VHDL
B. Architecture graph modeling of runtime reconfigurabl&ignal assignment. In next section, we deal with two important
components points: optimization of memory for exchanged data and control

of reconfigurations.
Runtime reconfigurable parts of an component must be

considered as vertices in the architecture graph. As shofin Macro-code preprocessing for memory minimization

in the example in Figure 5, runtime reconfigurable parts of aThe goal is to merge as much as possible independant
FPGA (D1 and D2) and fixed parts (F1) can be representbdffers to minimize the total memory requirement, this is
as hardware operators of the architecture. An internal mediaown as buffer merging technics [8]. We operate a macro-
(IL) allows data exchanges between them. (D1 and D2) widbde preprocessing which analyzes data life of variables
integrate the dynamic operator and the control to manage #tored in these buffers and results in a list of buffers which
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must be merged into a global one. Buffers can be different agreement with the protocol mode employed (e.g boundary
they must store computation results of operations working @oan). Encapsulation of operators with a standard interface
various depth and data width (we consider only 8,16 or 3lows to reconfigure only the area containing the operator
bits width). Hence global buffers are automatically generatedthout altering the design around. Functionalities involved
in agreement with operators data type computation resultsthe general control of the dynamic area and the operator
associated. We denote by: remain on a static part of the circuit with buffers. That allows
to reduce the size of the bitstream which must be loaded and

o L :{by,by,..b,} : Alistof n buffers which can be mergeddecrease the time needed to reconfigure.

where L) = by. Now this way to proceed must be adapted with architecture
e Dy : The depth of buffer k. considerations. There are many ways to reconfigure partially a
o Wy : The data width of buffer k. FPGA, Figure 7 shows three solutions of architectures for this
Hence the total amount of memory needed is: purpose. Case a) shows a standalone self reconfiguration where
the fixed part of the FPGA reconfigures the dynamic area. This
« Without buffer mergingMs— = 7, Dy = Wi case can be adapted for small amounts of bitstream data which

can be stored by on-chip FPGA memory. However bitstreams
which contain partial configurations require often a lot of
memory and can'’t fit within the limited embedded memory
provided by FPGAs, so bitstreams are stored by an external
Smem = Mg—— Mpyp,. memory as depicted in the case b). The last case c), shows
) _ ) ) the used of a microprocessor to perform the reconfiguration.
C. Design generation for runtime reconfigurable componengg this case the FPGA sends reconfiguration requests to the
In order to perform reconfiguration of the dynamic pamicroprocessor through hardware interruptions for example.
we have chosen to divide this process into two sub-partsiThis microprocessor can be viewed as a slave for the FPGA.
configuration manager and a protocol configuration buildetither the microprocessor can act as a master by reconfiguring
Figure 6 shows a simple example based on two operatiatisectly the dynamic area of the FPGA. The CPLD is used to
(i and k) which are executed successively. Case a) shoimerface these two components.
the design generated for a non-reconfigurable component, the

« With buffer merging:My,,, = max(Dr) * W)
forl1 <i<n.
So the saved memory is:

two operators are phys?cally implemented. C@és_based FPGA  rraa
on a dynamically reconfigurable component which implement , OF * o .

. . . . . Fixed part H Fixed part
successively the two operations. A configuration manager is - OF Slenen E: @)
in charge of the bitstream which must be loaded on the — > Belplpeiyety e %

reconfigurable part by sending configuration requests. These . sundione selfreconfiguration by Standalone self reconfiguration
requests are sent only when an operation has completed its with on-chip bitstream memory with off-chip bitstream memory
computation and if a different operation has to be loaded FPGA

. : P ez
after. So reconfigurations are performed as soon as the current 5 - Fiscd part
operation is complete to enable configuration prefetching as g ®<—>
- . - . . . 2 CPLD oyl
described before. This functionality provides also informa- g
2

tion on the current state of the reconfigurable part, this is
useful to start operator computations (with sighehable’)

only when the reconfiguration process is ended. Configuration
requests are sent to the protocol configuration builder which
is in charge to construct a valid reconfiguration stream in Fig. 7. Different ways to reconfigure dynamic parts of a FPGA

Memory

c) Reconfiguration through a microprocessor




LabelsM andP show where are implemented functionalities Input (1) transmitter (*1) propagation (1)
'Configuration managerand’Protocol configuration builder’ =0

” . ’ . [ o 31 [ o 31 [ o
respectively are implemented. Locations of these function-

alities have a direct impact on the reconfiguration latency. T

Case c) has the highest reconfiguration latency since " s =
'protocol configuration builder’ is a task of the microprocessc interleaving (138 iff ¢°1)
which can be activated through an hardware interruptiofip [ op, (Sereading G- F :

Moreover external memory accesses are often costing. Mac \ i o AL N L o>{7]
codes generated for runtime reconfigurable components cond (*1)/‘”

handled by a special library. THEonfiguration manageris |

automatically generated in agreement with the sequencing _. [x=0]x-1 1=0 ] u-1]
operations expressed in the macro-code. The reconfigurable \ ' 's
D\mmm/ D\mtem)/
i ] o T o
Operations of the DFG implemented on this reconfigurable .
part are viewed as a global operation from the point of view

part provides a virtual hardware, so at some time only one \
operator is physically implemented on this dynamic part. \
of the control computation process. Computation invocations Fig. 8. Algorithm graph of a MC-CDMA transmitter
of these operations are renamed with a generic name _in

the macro-code. This renaming is feasible because there/Z2ELEED [oga- T fea ) (el foga_dyn dogadyn)
no ambiguity on which operator is addressed when sigr|{ @ oo He
‘enable’ is driven (see figure 6). That allows to have onh} ) it

one control functionality for managing tasks implemented t uo

the dynamically reconfigurable part.

Fig. 9. Architecture graph
V. IMPLEMENTATION EXAMPLE

Figure 8 shows an example based on a MC-CDMA trans-
mitter. In this case the adequation algorithm - architectudesign. Module’s boundary cannot be changed and the position
is out of purpose. We want to map this application over aand region occupied by any single reconfigurable module is
architecture composed of one DSP and one FPGA dynamicallyvays fixed. Reconfigurable modules communicate with other
reconfigurable (Figure 9). BlocBpreadingis constrained to modules, both fixed and reconfigurable, by using a special
be executed on the dynamic part of the FP@pgadyn) bus macro. Bus macro implementation is based on 3-state
According to the spreading factor, two spreading operatiobsffers (TBUFs). The overall structure should be a top level
(fht4 or tht8), can be executed and selected by the entry cotesign with each functional module defined as a "black-box”
dition Cond Figure 10 represents a given mapping/schedulimgvel of hierarchy. Hence as shown in the Figure 12 the
performed by SynDEx for this application (reconfiguratiomperatorOp_Dyn must be connected through the bus macro
times are not taken into account). Modulation process @md instantiated in the top level of the FPGA design.
mapped onto the DSP, interleaving and ifft onto the fixed part2) Numerical results of implementationVe have imple-
of the FPGA. According to entrCond component OfDyn mented the transmitter on a prototyping board from Sundance
implements operationtht4 or fht8. technology [9]. This board is composed of one DSP C6201

. . from Texas Instrument running at 200Mhz and one FPGA

A. Design generation Xilinx Xc2v2000 partially reconfigurable. Virtex Il has an

Figure 11 represents the computation sequencing for tiiernal reconfiguration access port (ICAP) based on a subset
partially reconfigurable part as expressed by the macro-codé.the SelectMap interface. The previous example has been
We can merge buffer§B, C, D} and operationg fht4, fht8} implemented according to two different ways corresponding

are merged to generate operatiop_Dyn. to cases b) and c) of figure 7.
) In case c), see figure 12, total or partial reconfigurations of
B. Implementation results the FPGA are performed through the bus CP by the DSP.

1) Xilinx design flow for partial reconfigurationThis ex- Bitstreams are stored in the external memory of the DSP
ample has been tested on a Virtex || FPGA from Xilinx. Thafter they have been translated to an assembly file format.
code, both for fixed and dynamic part has been generated withpart of the protocol configuration builder is a task of
SynDEX, through librairies. However, the generation of thine DSP, this task is activated by hardware interruption and
bitstream needs a specific flow called modular design. sends configuration data to the CPLD which configures the

This design flow is broken down into three main phaseBPGA in mode SelectMap. Time to reconfigure the whole
creating the floorplan and constraints for the overall desigRPGA is nearly to 300 ms. On the other hand reconfiguration
implementing each module through the place and route pmf- the operatorOp.Dyn takes about only 75 ms from the
cess, assembling individual modules together into a complegzonfiguration request to acknowledgment by the FPGA. This
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represents 25% of the total configuration time. detailed - self reconfiguration based -
For the case b) depicted in figure 13, at power-up the
FPGA is fully configured with its bitstream stored in the

external memory. Then partial reconfigurations are handle

by the protocol configuration builder, which is in charge tol] Mitola J., “Software radio architecture evolution: Foundations, technology

. . . . . tradeoffs, and architecture implication#ICE Trans. Commnyvol. E83-
address memory and drive ICAP. Reconfiguration is driven B. no. 6, pp. 11651172, June 2000,

at 50Mhz and one bistream byte is loaded each cycle by §ag Edson L. Horta, John W. Lockwood, David E. Taylor, and David

ICAP, hence reconfiguration of the opera@p_Dyn takes only ParIOLfJ_r, “D_ynargic hardAware |D|ugir2:S ir} an fpgﬁvaggogartial runtime
! L - —_ reconfiguration,”Design Automation Conference .

4_.5 ms. So a_self reconfiguration is much_more efﬂClen_t inti 8 J. Noguera and R. Badia, “A hw/sw partitioning algorithm for dynami-

since there is no wasted DSP cycles in the reconfiguration cally reconfigurable architectures?roc. Design Automation and Test in

process. Europe vol. pp. 72934, 200t, 2001.

. - 4] .Y. Lavarenne C. Sorel, “From algorithm and architecture specifications to
Nevertheless, in all cases bitstreams take a large amount’bf g P

; automatic generation of distributed real-time executives: a seamless flow
memory and need to be stored in external memory. of graphs transformations,Formal Methods and Models for Codesign
Conference, FranceJune 2003.
[5] T.M.McGinnity J.Harkin and L.P.Maguire, “Partitioning methodology for

dynamically reconfigurable embedded systertSE Proc-Comput. Digit.

We have described a methodology flow to manage automati- Tech vol. 147, November 2000. _ _
cally partially reconfigurable parts of a FPGA. It allows to mafs’ rsneclfjgf; SLuerng‘rJCrﬁi‘tecEtﬁJrgi’ r?gttgr”o'zzt,']%;,ﬁg'%'gg?secg’lm%noge_ systemes
applications over heterogeneous architectures and fully exploit Decembre 2003. ' ' '
advantages given by part|a||y reconﬁgurable Components_ '|'[ﬁb$ HAUCK, “?onfiguration prefetch_ for single cqntext reconfigurable
AAA methodology and associated tool SynDEx have been E%%r_%ce,f;ogs’Fg?'g'gf?ﬁnénggg'onal Symposium on FPGASI.
used to perform mapping and code generation for fixed apgl E. A. Lee P. K. Murthy, S. S. Bhattacharyya, *Minimizing memory
dynamic parts of FPGA. Either, SynDEX’s heuristic needs \fle?Uggfsngmigogcgagnésst;lftljzendesii;gzapfﬁbc of ICASSP, Australia
;det?‘lrfrll?)rszl ii\r{r?;?g?gg:gtr? gﬁgn;.lrthﬂg]cetl,lr?ec?:gfr;gglz?)t;)%r;t EnLL@FeS?Jndance ,Multipr,ocessor Téchnology Ltd, “http://www.sundance.com,” .
than one dynamic parts.

This design flow has the main advantage to target as well as
software components as hardware components to implement
complex applications from a high level functional description.

We plan to apply this design flow for radio system telecom-
munication architectures and implement various telecommuni-
cation standards over a reconfigurable platform.
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