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Abstract— Reconfigurable System-on-Chip (RSoC) devices in- efficiency with respect to time and energy performance. They
corporate various components, such as processor core, reconfig-have been shown to achieve energy reduction and increase in
urable logic, memory, etc., onto a single chip. They are being ¢, mnytational performance of at least one order of magnitude

used to implement many wireless embedded systems, where . o .
energy efficiency is a major concern. When an application is compared with traditional processors [2]. One important ap-

synthesized on RSoCs, part of it can be executed using hardware Plication of RSoCs is software defined radio (SDR). In SDR,
implementations on the reconfigurable logic or software imple- dissimilar and complex wireless standards (e.g. GSM, IS-

mentations on the processor core. Besides, the communicationgs  wideband CDMA) are processed in a single base station,
and reconfiguration costs between the tasks can significantly where a large amount of data from the mobile terminals results

impact the overall system energy dissipation depending on how . . . .
th(f application is s{/nthesizedggn ngc. In or%er togdevelop in high computational requirement. The state-of-the-art RISC

applications on RSoCs for energy efficiency, we propose a three- Processors and DSPs are unable to meet the signal processing
step design process in this paper. We develop (a) a performancerequirement of these base stations [6], [7]. Minimizing the
model to abstract a general class of RSoC architectures for power consumption has also become a key issue for these
application development, (b) a mathematical formulation of the 556 stations due to their high computation requirements that
energy-efficient synthesis problem for a class of applications, dissipat lot of I the i ibl d
and (c) a dynamic programming algorithm that minimizes !ss[pae a lo _o energy as we asf € Inaccessibie an
the system energy dissipation. We illustrate our approach by distributed locations of the base stations. RSoCs stand out
implementing two beamforming applications on a state-of-the- as an attractive option for implementing various functions of
art RSoC device. Beamforming is one of the key techniques SDR due to their high performance, high energy efficiency,
for improving the capacity of wireless systems such as software and reconfigurability.

defined radio. Compared with a greedy algorithm, reduction in In the systems discussed above, the application is decom-
energy dissipation ranging from 41% to 54% is observed in our X ’ )
experiments. posed into a number of tasks. Each task is mapped onto
different components of the RSoC device for execution. By
synthesis we mean finding a mapping that determines an
implementation for the tasks. We can map a task to hard-
ware implementations on reconfigurable logic, or software
|. INTRODUCTION implementations using the embedded processor core. Besides,
Reconfigurable System-on-Chips (RSoCs), which integrad®50Cs offer many control knobs (see Section Il for details),
processor core, reconfigurable logic, memory, etc., are becoadich can be used to improve energy efficiency. In order to
ing popular. This is driven by the advantages of programmaldletter exploit these control knobs, a performance model of the
design solutions over application specific integrated circuiRSoC architectures and algorithms for mapping applications
and a recent trend in integrating configurable logic, e.gnto these architectures are required. The RSoC model should
FPGA, and programmable processors, offering the “best @fow for a systematic abstraction of the available control
both worlds” on a single chip. An example of these RSodgwobs and enable system-level optimization. The mapping
is the Triscend A7 CSoC device [19], which integrates a 32{gorithms should capture the parameters from the RSoC
bit ARM7TDMI processor core with programmable logic, anodel, the communication costs for moving data between
memory subsystem, and a high-performance dedicated intergiffierent components on RSoCs, and the configuration costs
bus on a single chip. Another example is Xilinx Virtex-llifor changing the configuration of the reconfigurable logic.
Pro [21], which integrates low-power IBM PowerPC 405LAhese communication and configuration costs cannot be ig-
processor(s), high density FPGA, on-chip memory as well asred compared with that required for computation. We show
other dedicated hardware components. that a simple greedy mapping algorithm that maps each task
In recent years, energy efficiency has become increasingito either hardware or software, depending upon which dis-
important in the design of various computation and commegipates the least amount of energy, does not always guarantee
nication systems. It is especially critical in battery operatedinimum energy dissipation in executing the application.
embedded and wireless systems. RSoC architectures offer higiiye propose a three-step design process to achieve energy
efficient hardware/software co-synthesis on RSoCs. First, we
This work is supported in part by United S_tates National Science Foudevek)p a performance model that represents a genera| class of
dation (NSF) under award Mo, 0311823 and In part by the DARPA POWFgSoC architectures. The model abstracts the various knobs that
Aware Computing and Communication Program under contract No. F33615> :
C-00-1633. can be exploited for energy minimization during the synthesis
J._ Ou,_S. Chqi, anq V. K. Prasanna are vyith the department of EIectri%loceSS_ Then, based on the RSoC model, we formulate a
Engineering, University of Southern California. . L
mapping problem for a class of applications that can be mod-
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applications, such as the ones considered in the paper, emergy dissipation for the same computation. For example,
composed of such a linear pipeline of processing tasks. Finatlyere are three possible bindings for storage elements in
a dynamic programming algorithm is proposed for solving thértex-1l Pro, which are registers, slice based RAMs, and
above mapping problem. The algorithm is shown to be abtenbedded Block RAMs (BRAMSs). The experiments by Choi
to find a mapping that achieves minimum energy dissipati@t al.[5] show that registers and slice based RAMs have better
in polynomial time. energy efficiency for implementing small amount of storage
We synthesize two beamforming applications onto Virtex-While BRAMs have better energy efficiency for implementing
Pro to demonstrate the effectiveness of our design methdarge amount of storage.
ology. Virtex-1l Pro is a state-of-the-art RSoC device from Algorithm-level knobsefer to knobs that can be used during
Xilinx. In this device, PowerPC 405 processor(s), reconfighe algorithm development to reduce energy dissipation. It
urable logic, and on-chip memory are tightly coupled throudias been shown that energy performance can be improved
on-chip routing resources [27]. The beamforming applicatiosggnificantly by optimizing a design at the algorithm level
considered can be used in embedded sonar systems to dgfeljt One algorithm-level knob is architecture selection. It
the direction of arrival (DOA) of close by objects . They camplays a major role in determining the amount of interconnect
also be deployed at the base stations using SDR to exploit tred logic to be used in the design and thus affects the
limited radio spectrum [15]. energy dissipation. For example, matrix multiplication can
The organization of the paper is as follows. Section Be implemented using a linear array or a 2-D array. A 2-D
identifies the knobs for energy-efficient designs on RSoC daray uses more interconnects and can result in more energy
vices. Section Il discusses related work. Section IV describdissipation compared with a 1-D array. Another algorithm-
the proposed RSoC model. Section V describes the classlesfel knob is the algorithm selection. An application can be
linear pipeline applications we are targeting and formulatesiapped onto reconfigurable logic in several ways by selecting
the energy-efficient mapping problem. Section VI presents odifferent algorithms. For example, when implementing FFT, a
dynamic programming algorithm. Section VII illustrates theadix-4 based algorithm would significantly reduce the number
algorithm using two state-of-the-art beamforming applicationsf complex multiplications that would otherwise be needed if
The modeling process and the energy dissipation resultsaofadix-2 algorithm is used. Other algorithm-level knobs are
implementing the two applications onto Virtex-1l Pro are alsparallel processing and pipelining.
given in this section. We conclude in Section VIII. As reconfigurable architectures are becoming domain-
specific and integrate reconfigurable logic with a mix of
resources, such as the ASMBL (Application Specific Modular
Block) architecture proposed by Xilinx [18], more control
Various hardware and system level design knobs are avaihobs are expected to be available on RSoCs in the future.
able in RSoC architectures to optimize the energy efficiency
of designs. For embedded processor cores, dynamic voltage
scaling and dynamic frequency scaling can be used to lower
the power consumption. The processor cores can be put inté&upta et al. [9] and Xie et al. [25] have considered
idle or sleep mode if desired to further reduce their powéhe hardware/software co-design problem in the context of
dissipation. For memory, the memory (SDRAM) on Triscenteconfigurable architectures. They use techniques such as
A7 CSoC devices can be changed to be in active, stand-bgnfiguration prefetching, to minimize the execution time.
disabled, or power-down state. Memory banking, which can lergy efficiency is not addressed by their research.
applied to the block-wise memory (BRAMS) in Virtex-1l Pro, Experiments for re-mapping of critical software loops from
is another technique for low power designs. In this techniqua,microprocessor to hardware implementations using config-
the memory is split into banks and is selectively activatagrable logic are carried out by Villarreat al.[26]. Significant
based on the use. energy savings is achieved for a class of applications. How-
For reconfigurable logic, there are knobs at two levels thaver, a systematic technique that finds the optimal hardware
can be used to improve energy efficiency of the designs: Iamd software implementations of these applications is not
level and algorithm level. addressed. Such a systematic technique is a focus of this paper.
Low-level knobsrefer to knobs at the register-transfer or A hardware-software bipartitioning algorithm based on net-
gate level. For example, Xilinx exposes the various featuresrk flow techniques for dynamically reconfigurable systems
on their devices to designers through t@simlibrary [22]. has been proposed by Rakhmatev al. [16]. While their
One low-level knob is clock gating, which is employed t@&lgorithm can be used to minimize the energy dissipation,
disable the clock to blocks to save power when the outpdesigns on RSoCs are more complicated than a hardware-
of these blocks is not needed. In Virtex-Il Pro, it can beoftware bipartitioning problem due to the many control knobs
realized by using primitives such as BUFGCE to dynamicallgiscussed in the previous section.
drive a clock tree only when the corresponding block is usedA C-to-VHDL high-level synthesis framework is proposed
[27]. Choosing hardwarkindingsis another low-level knob. A by Guptaet al. [9]. The input to their design flow is C code
binding is a mapping of a computation to a specific componesuid they employ a set of compiler transformations to optimize
on RSoC. Alternative realizations of a functionality usinghe resulting designs. However, generic HDL description is
different components on RSoC result in different amounts abually not enough to achieve best performance as the recent

II. KNOBS FORENERGY-EFFICIENT DESIGNS

Ill. RELATED WORK



OU, et al: ENERGY-EFFICIENT HARDWARE/SOFTWARE CO-SYNTHESIS FOR A CLASS OF APPLICATIONS ON RECONFIGURABLE SOCS 3

TABLE |
MAXIMUM OPERATING FREQUENCIES OF DIFFERENT
IMPLEMENTATIONS OF AN 18x18-BIT MULTIPLICATION

IV. PERFORMANCEMODELING OF RSOC ARCHITECTURES

An abstraction of RSoC devices is proposed in this section.
A model for Virtex-lIl Pro is developed to illustrate the
Design| VHDL(inferred) | VHDL(unisim) | IP cores modeling process.
Frax ~120 MHz ~207 MHz | ~354 MHz

A. RSoC Model

In Figure 1, the RSoC model consists of four components:
a processor, a reconfigurable logic (RL) such as FPGA, a

memory, and an interconnect. There are various implemen-

FPGAs integrate many heterogeneous components. Usetacffons of the interconnect. For example, in Triscend CSoC

deviqe specific design 'con§traint files anq vendor IP cores [i‘@], the interconnect between the ARM7 processor and the
that in the MATLAB/Simulink based design flow plays arsppaw is a local bus while the interconnect between the

yirtex—ll Pro_ has embedded multipligrg. We copsider thre§ata bus and a dedicated address bus. In Virtex-l Pro [27],
implementations of an 1818-bit multiplication using these y,q jnierconnect between the PowerPC processor and the
m“'t'P“erS- In th.e.flrst implementation, we use VH[,)L forRL is implemented using the on-chip routing resource. We
fuml:tlonal _descrzlpt]:on. The use ]?f ergt;)eddhed mulﬂpllgrs foo\rbstract all these buses and connections as an interconnect
implementing the functions is inferred by the synthesis QL (hossibly) different communication time and energy costs

In the second implementation, this is accomplished by direc@étween different components. We assume that the memory is
controlling the related low-level knobs through tlhmisim shared by the processor and the RL

library. In the third implementation, we use the IP core for

multiplication from Xilinx. Low-level knobs and the device e ™
specific design constraints are already applied for performance
optimization during the generation of these IP cores. The Processor % Recoilgg.trable%
maximum operating frequencies of these implementations are g
shown in Table I. The implementation using IP core has by | ! Thierconnact : |
far the fastest maximum operating frequency. The reason for
such performance improvement is that the specific locations
of the embedded multipliers require appropriate connections Memory

J

between the multipliers and the registers around them. Use of -
appropriate location and timing constraints as in the generatip@_ 1. The RSoC model

of the IP cores leads to improved performance when using . . )
these multipliers [1]. It is expected that such constraint files SINCe the operating state of the interconnect depends on the

and vendor IP cores will also have a significant impact diPerating state of the other components, an operating state

energy efficiency of the designs. Therefore, comparing wift] theé RSoC device, denoted asspstem staieis thus only
Gupta et al’'s approach, we consider task graphs as inpggtermlned by the operating states for the processor, the RL,
to our design flow. In our approach, the energy efficienéi‘ﬁd the memory. Lef denote the set of al! possible system
of the designs is improved by making use of the varioates- Le?S(s), RS(s) and M S(s) be functions of a system

control knobs on the target device and available parameteriz&@(€s: s € 5. The output of these functions are integers that
implementations of the tasks. represent the operating states of the processor, the RL and

the memory, respectively. An operating state of the processor

System level tools are becoming available to synthesizerresponds to the state in which the processor is idle or
applications onto architectures composed of both hardware amdoperating with a specific power consumption. Suppose
software components. Xilinx offers Embedded Developmetitat an idle mode and dynamic voltage scaling with- 1
Kit (EDK) that integrates hardware and software developmewbltage settings are available on the processor. The processor
tools for Xilinx Virtex-Il Pro [21]. In this design environment, is assumed to operate at a specific frequency for each of the
the portion of the application to be synthesized onto softwaveltage settings. Then, the processor hasperating states,
is described using C/C++ and is compiled using Get 0 < PS(s) < wv—1, with PS(0) = 0 being the state in which
The portion of the application to be executed in hardware tise processor is in the idle mode. The RL is idle when there is
described using VHDL/Verilog and is compiled using Xilinxno input data and it is clock gated without switching activity on
ISE. In the Celoxica DK2 tool [3], Handel-C (C with addi-it. Thus, when the RL is loaded with a specific configuration, it
tional hardware description) is used for both hardware awdn be in two different operating states depending on whether
software designs. Then, the Handel-C compiler synthesizéess idle or processing the input data. Suppose that there are
the hardware and software onto the device. While thesenfigurations for the RL, then the RL hasoperating states,
system level tools provide high level languages to describe< RS(s) < 2¢c — 1. We number the operating states of RL
applications and map them onto processors and configurableh that (a) for0 < RS(s) < ¢ — 1, RS(s) is the state
hardware, none of them address synthesis of energy efficientwhich the RL is idle, loaded with configuratioRS(s);
designs. (b) for ¢ < RS(s) < 2¢—1, RS(s) is the state which the



4 INTERNATIONAL JOURNAL OF EMBEDDED SYSTEMS, VOL. X, NO. XX, JUNE 2004

RL is operating, loaded with configuratiaRS(s) — ¢. Each dissipates negligible amount of energy compared with that
power state of the memory corresponds to an operating statden it performs computation. Two partial reconfiguration
For example, when memory banking is used to selectivetyethods which are module based and small bit manipulation
activate the memory banks, each combination of the activatibased [20] are available on the RL of Virtex-Il Pro. For the
states of the memory banks represents an operating statesrofll bit manipulation based partial reconfiguration, switching
the memory. Suppose that the memory hasperating states, the configuration of one module on the device to another
then 0 < MS(s) < m — 1. The operating state of theconfiguration requires downloading the difference between
interconnect is related to the operating states of the othbe configuration files for this module. This is different from
three components. Considering the above, the total numitiee module based approach, which requires downloading the
of distinct system states Bcem. entire configuration file for the module. Thus, the small bit
The application is modeled as a collection of tasks witmanipulation based partial reconfiguration has relatively low
dependencies (see Section V-A for details). Suppose that téatlency and energy dissipation compared with the module
i is to be executed immediately preceding taskAlso, based one. Therefore, we use the small bit manipulation based
suppose that tasK is executed in system staté and task method. We estimate the reconfiguration cost as the product
1 is executed in system state If s’ # s, a system state of the number of slices used by the implementation and the
transition is required. The transition between different systeamverage cost for downloading data for configuring one FPGA
states incurs certain amount of energy. Our model consistssti€e. According to [21], the energy for reconfiguring the

the following parameters: entire Virtex-11 Pro XC2VP20 device is calculated as follows.
o AEVpg(s),ps(s)- €nergy dissipation in the processor fotet /CCr,; denote the current for powering the core of the
transition from statePS(s’) to stateP.S(s) device. We assume that the current for configuring the device
o AECRs(s),rs(s)- €nergy dissipation in the RL for tran-is mainly drawn from/CC1,;. From the data sheet [27],
sition from stateRS(s’) to stateRS(s) ICCry,: =500 mA@1.5V during configuration and'C,,; =
o AEMy5(s),m5(s)- €nergy dissipation for changing the300 mA@1.5V during normal operation, the reconfiguration
memory state from\/S(s’) to MS(s) power is estimated as (500-309)1.5 = 300 mW. The time for
e [ P: processor power consumption in the idle state reconfiguring the entire device using SelectMAP (50 MHz) is
e /R: RL power consumption in the idle state 20.54 ms. Thus, the energy for reconfiguring the entire device

e PM);5(s): memory power consumption in stadd S(s) is 6162 1J. There are 9280 slices on the device. Together
e MPy;5(5): average energy dissipation for transferring onéith the slice usage from the post place-and-route report
bit data between the memory and the processor when mem@@perated by the Xilinx ISE tool [21], we estimate the energy
is in stateM S(s) dissipation of reconfiguration a8 ECrg (), rs(s) = 6162 x
e MRy 5(5): average energy dissipation for transferring ondotal number of slices used by the RL in operating state
bit data between the memory and the RL when memory is 85(s)) / 9280 1J. The quiescent power is the static power
state M S(s) dissipated by the RL when it is on. This power cannot be
The system state transition costs depend not only on tpRtimized at the system level if we do not power on and off
source and destination system states of the transition but &8 RL. Thus, it is not considered in this paper. Sinde
on the requirement of the application. Lét; ; ., be the represents the quiescent power, it is set to zero. We also ignore
energy dissipation for such system state transitifp.; . the energy dissipation for enabling/disabling clocks to the
can be calculated as design blocks on the RL in the calculation& Cr (s, rs(s)
since it is negligible compared with the other energy costs. For
memory modeling, we use BRAM. It has only one available
Aitsise',s =AEVps().ps(s) T AECRs (), RS () (1) operating stateyn = 1 and MS(s) = 0. Since the memory
+ AEMrs(s),08(s) T AAiri does not change its stat® EM 55y, ars(s) = 0- The BRAM
where, AA;; is the additional cost for transferring datalissipates negligible amount of energy when there is no
from task ' to taski in a given mapping. For this givenMemory access. We ignore this value so that, = 0. Using
mapping, AA;; can be calculated based on the applicatidfi€ Power model from [5] and [23], energy dissipatidbfii

models discussed in Section V-A and the communication codisestimated as 42.9 nJ/Kbyte. The communication between
MPyys(s) and MR ). processor and memory follows certain protocols on the bus.

This is specified by the vendor. Its energy efficiency is different
depending on the bus protocols used. Energy ddst, is
B. A Model for Virtex-1l Pro measured through low-level simulation.

There are four components to be modeled in Virtex-11 Pro.
One is the embedded PowerPC core. Due to the limitations
in measuring the effects of frequency scaling, we assume
that the processor has only two operating stafsand Off,
and is operating at a specific frequency when iOis Thus, A model for a class of applications with linear dependency
v = 2. We ignorel P since the PowerPC processor does nabnstraints is described in this section. Then, a mapping
draw any power if it is not used in a designhEV,; and problem is formulated based on both the RSoC model and
AEV;  is also ignored since changing the processor stat® application model.

V. PROBLEM FORMULATION
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TABLE I
ENERGY DISSIPATIONEZ"S FOR EXECUTING TASKT; IN STATE s

0<s<@w—-—1Dem—-1|@w—1em<s<wvem—1|vem<s<(2v—1)em—1
1| EP., ER., EP., + ER,,
2 [ TP, IR TR, IP 0
3 TPZ"S 'PMjws(s) TRZ"S PMMS(S) max(TPZ-,S,TRi’S) PMMS(S)

A. Application Model 2¢ — 1) and the memory is in stat&/S(s). PS(s), RS(s)

The application consists of a set of taskg, Ti, Tb, and M S(s) are determined by solving equatien= (RS(s)

-+, T,_1, with linear precedence constraint§; must be c)m+ MS(s) + (v — 1)em.
executed before initiatingi.1, i — 0,---,n — 2. Due to _ ® Forvem < s < (2v—1)em—1, s denotes the system state
the precedence constraints, only one task is executed at Hhyhich the processor is in stafeS(s) (1 < PS(s) < v—1)),
time. The execution can be on the processor, on the RL, BF RL is operating in stat&5(s) —c (¢ < RS(s) < 2c —1)
on both. There is data transfer between adjacent tasks. ¢l the memory is in state/ S(s). PS(s), RS(s) and M S(s)
transfer can occur between the processor and the memon2t determined by solving equation= (PS(s) — 1)em +

between the RL and the memory, depending on where th@S(s) —¢)m + MS(s) +vem. .
tasks are executed. Let E; ; denote the energy dissipation for executifigin

states. E; ; is the sum of the following:

e The energy dissipated by the processor or/and the RL that
T ( ) is/are executing;;

o If the processor or the RL is in the idle state, the idle
energy dissipation of the component;

e The energy dissipated by the memory during the execution
The application model consists of the following parametergg 7.

e D;, andDy,,: amount of data input from memory to task The above three sources of energy dissipation are calculated
T; and data output from task; to memory. as in Table IL.

e EP; s and TF; ;: processor energy and time cost for \we calculate the system state transition costs using Equa-
executing taskl; in system states. EP;; = TP s = o tjon (1). Since a linear pipeline of tasks is considered,
if task T; cannot be executed in system state i’ = i — 1. The energy dissipation for state transitions

e ER; s andT'R; ;: RL energy and time cost for executingbetween the execution of two consecutive tagks; and
task T; in system states. ERZ‘,S = TRi,S = oo if task T; T, namely, Ai—l,i,s’,s is calculated aSAEVps(5/>7ps(s) +

Fig. 2. A linear pipeline of tasks

cannot be executed in system state AECrs(s).rs(s) + AEMsssn,as(s)+ Db M Parssn+
D;,, - M Pyrs(s)-
B. Problem Definition Let s; denote the system state while executifigunder a

We now formulate the problem based on the parametﬁj@edﬁc mappingf) < i <n — 1. The overall system energy

of the RSoC model and the application model. In this pap issipation is given by

an energy efficient mapping is defined as the mapping that n—1

mini_miz_es the overall energy dis;ipation for executing the Eiotal = Eo s, + Z(EW +Ai 1 ) (2
application over all possible mappings. i=1

During the execution of the application, a task can begin Now, the problem can be stated disd a mapping of tasks
execution as soon as its predecessor task finishes the execufipRysiem states, that is, a sequencek,, - - - , s,_1, such

Thus, for any possible system statehe processor and the RLthat the overall system energy dissipation given by Equation
cannot be in idle state at the same time. The total number @} is minimized.

possible system states|i§= (2v—1)cm. Let the system states

be numbered from 0 t¢2v — 1)cm — 1. Then, depending on V1. ALGORITHM FORENERGY MINIMIZATION

the sources of energy dissipation, we divide the system state
into three categories:

e For0 < s < (v—1)em—1, s denotes the system state i
which the processor is in stafeS(s) (1 < PS(s) < v—1), the
RL is in the idle state loaded with configuratiddS(s) and _ )
the memory is in statel/ S(s). PS(s), RS(s) and M S(s) A Creation of the Trellis
are determined by solving equatien= (PS(s) — 1)em + A trellis is created as illustrated in Figure 3. It consists of
RS(s)m + MS(s). n + 2 steps, ranging from -1 ta. Each step corresponds to

e For (v—1)em < s <wem —1, s denotes the system stateone column of nodes shown in the figure. Step -1 and step
in which the processor is in the idle stateq(s) = 0), the consist of only one node 0, which represents the initial state
RL is operating with configuratio®S(s) — ¢ (¢ < RS(s) < and the final state of the system. Step < i < n—1, consists

Ksl\/e create a trellis according to the RSoC model and the ap-
rplication model. Based on the trellis, a dynamic programming
algorithm is presented in Section VI-B.
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of |S| nodes, numbered fro@m 1,--- ,| S | —1, each of which The configurations and the hardware resources are not reused
represents the system state for executing fBsklhe weight between tasks in most cases, which means that the trellis
of node NV, in steps is the energy cosk; , for executing task constructed in Figure 3 is usually sparsely connected. There-
T; in system state. If task T; cannot be executed in systenfore, the following pre-processing can be applied to reduce the
states, then E; ; = oco. Since nodeN, in step -1 and step running time of the algorithm: (1) nodes witko weight and

n do not contain any taskdy_, o = E,0 = 0. There are the edges incident on these nodes are deleted from the trellis;
directed edges (1) from nod¥_; in step -1 to nodeV; in (2) the remaining nodes within each step are renumbered.
step 0,0 < j <|S| —1; (2) from nodeN; in stepi — 1 to  After this two-step pre-processing, we fornreduced trellis
node Ny in stepi fori =1,--- ;n—1,0 < j, k <|S| —1; and the dynamic programming algorithm is run on the reduced
and (3) from nodeN; in stepn — 1 to nodeN, in stepn, trellis.

0 < j <|S| —1. The weight of the edge from nod¥,. in

stepi — 1 to node N, in stepi is the system state transition VII. 1LLUSTRATIVE EXAMPLES

energy costA;_;; 5, 0 < ', s <|S| —1. Note that all the

weights are non negative. To demonstrate the effectiveness of our approach, we im-

plement a broadband delay-and-sum beamforming application
and an MVDR (minimum-variance distortionless response)
beamforming application on Virtex-1l Pro, a state-of-the-art
reconfigurable SoC device. These applications are widely used
in many embedded signal processing systems and in software
defined radio [7].

A. Delay-and-Sum Beamforming

Using the model for Virtex-Il Pro discussed in Section IV-
B, implementing the delay-and-sum beamforming application
Fig. 3. The trellis is formulated as a mapping problem. This problem is then

solved using the proposed dynamic programming algorithm.

1) Problem Formulation:The task graph of the broadband

B. Dynamic Programming Algorithm delay-and-sum beamforming application [8] is illustrated in
Figure 4. A cluster of seven sensors samples data. Each

Based on the trellis, our dynamic programming algorlthns1e of the sensor data is processed by an FET unit and

I;_ dfas[;:g;?fed; ek;v;/. t\rlw\f r?\?;%?iﬁ;eeenicrgyngggtv;lg:]eigg}gnct%sen all the_data is fe_d into the beamforming application.
T:)’STl o Lv\jith T, executed in nodeY, in stepi. Initially gI'he output is the spathl sp.ectrum response, which can be
P—’l . T 0_’ Tzhen folr each successive ;tep) <i<n wé used_ to.determlne the directions of the c_>bjects near by. The
calculate the pat,h cost for all the nodes in the stgp. ,The p Ilcat'lon.calculates twelve beams an'd IS composeql of three
cost P, , for node N, in stepi is calculated as ?ask; with linear depender_mes: calcul_a_tlon of the relative delay
. F(;;z' o s for dlffere_nt beams according the positions of the senSDf)s (
' computation of the frequency respons&s)( and calculation
Ps=A_100s+ F1s for0<s<|9) -1 (3) of the amplitude for each output frequency). The data
in and data outare performed via the 1/0 pads on Virtex-Il
Pro. The number of FFT points in the input data depends on
= min {P1s+Di—1iss+Eist the frequency resolution requirements. The number of output
0<s'<|S|-1 ' (4) frequency points is determined by the spectrum of interest. The
, for 0 < s <[] ~1 three tasks can be executed either on the PowerPC processor or

A
0,1,-18-1

efFor1<i<n-1:

1,8

e Fori =n: on the RL. The amount of data inpubf,) and output D¢ ;)
) varies with the tasks. For example, when both the numbers of
Pis= OSS%I}QH{PL'—LS’+Ai—1vias/vs+Ei78}’ fors=0 (5 EFT points and the output frequency points are 1024, and

) ) ) ) D}, for taskT; are 14 bytes and 84 Kbytes, respectively.
Only one path cost is associated with nadlg in stepn. A )

path that achieves this path cost is defined asraiving path T T T
. . . . 0 1 2
USI.ng this path' we Identlfy a Sequence %f’ 51,775 Sn—1r  pa Calculation of Calculation of complex Calculation of Data
which specifies how each task is mapped onto the RSof relative delay frequency response amplitude out
device. From the above discussion, we have,
Proposition 1: The mapping identified by a surviving pathFig. 4.  Task graph of the delay-and-sum beamforming
achieves the minimum energy dissipation among all the magpplication
pings.
Since we need to considé?((2v — 1)em) possible paths  We employ the algorithm-level control knobs discussed
for each node and there a¥(2v — 1)em - n) nodes in the in Section Il to develop various designs on the RL. There
trellis, the time complexity of the algorithm ©(v?c*>m?n). are many possible designs. For the sake of illustration, we
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TABLE 1l
ENERGY DISSIPATION OF THE TASKS IN THE
DELAY-AND-SUM BEAMFORMING APPLICATION (1.J)

implement two designs for each task. One of the main dif-
ferences among these designs is the degree of parallelism
which affects the number of resources, such as 1/O ports and
sine/cosinelook-up tables, used by the tasks. For example,
one configuration of tasy handles two input data per clock
cycle and requires more 1/O ports than the other configuration
that handles only one input per clock cycle. While the first
configuration would dissipate more power and more recon-

Eoo | 917 | E1o | 3847 | Eyy | 2.31
Eoy | 465 | By, | 2631 | By, | 2.29
Eoo | 48.31| Ey, | 3039.52| E,, | 123.24

figuration energy than the second one, it reduces the latency  ®%[pynamic Programming: DP GR ‘ﬁ
to complete the computation. Similarly, one configuration for Greedy: GR ™
task 7> uses twosine/cosindgables and thus can generate the 5001 W ‘@

I Execution
Il Communication
[] Configuration DP

output in one clock cycle while the other configuration uses
only onesine/cosingable and thus requires two clock cycles
in order to generate the output.

Each task is mapped on the RL to obtdik; ; and ER; ,
values. The designs for the RL were coded using VHDL and
are synthesized using XST (Xilinx Synthesis Tool) provided
by Xilinx ISE 5.2.03i [21]. The VHDL code for each task is
parameterized according to the application requirements such 100
as the number of FFT points, and the architectural control
knobs such as precision of input data and hardware binding 0 256 512 1024 2048
for storing intermediate data. The utilization of the device Number of output frequency points
resources is obtained from the place-and-route report files (a) The input data is after 2048-point FFT processing
(.par files). To obtain the power consumption of our designs,
the VHDL code was synthesized using XST for XC2VP20 600 Dynamic Programming: DP
and the place-and-route design files (.ncd files) are obtained. Greedy: GR GR
Mentor Graphics ModelSim 5.7 was used to generate the % R GR _
simulation results (.vcd files). The .ncd and .vcd files were B xecuton ation
then provided to Xilinx XPower [24] to obtain the average [ Configuration
power consumptioril'R; s is calculated based on our designs
running at 50 MHz and 16-bit precisiol£R; ; is calculated
based on botll'R; ; and power measurement from XPower.

For the PowerPC core on Virtex-Il Pro, we develop C
code for each task, compiled it using tigec compiler for
PowerPC, and generated the bitstream using the tools provided 01
by Xilinx Embedded Development Kit (EDK). We used the
SMART model from Synopsis [17], which is a cycle-accurate 0 256 512
behavioral simulation model for PowerPC, to simulate the Number of FFT points
execution of the C code. The data to be computed is stored in (b) The number of output frequency points is 256
the BRAMSs of Virtex-Il Pro. The latencies for executing the_. S . . .

. . X ) . .Fig. 5. Energy dissipation of different implementations of
C code are obtained directly by simulating the designs uslt broadband delay-and-sum beamforming application
ModelSim 5.7. The energy dissipation is obtained assuming
a clock frequency of 300MHz and the analytical expression

for processor power dissipation provided by Xilinx [27] as: . . .
0.9 MW/MHz x 300 MHz = 270 mW. Then, we estimate'S especially the case for designs on RL. However, using the

the TP; , and E'P; , values. Note that the quiescent power igomain—specific modeling technique p.roposec.i i.n [4] a_nd the
ignored} in our exberiments as discussed in Section I\v-B, PoWwer estimation tool proposed by us in [13], it is possible to

Considering both the PowerPC and the FPGA, we hahave rapid and fairly accurate system-wide energy estimation

¥F data paths on RL without performing time consuming low-
three system states for each of the three tasks on the reduge P P g 9

&981 simulation.
trellis after the pre-processing discussed in Section VI- o) E Minimization:Wi te a trellis with fi ¢
Thus,0 < s < 2. Table Il shows thel;  values for the three ) Energy Minimization:We create a trellis with five steps

tasks when the number of input FFT points and the outp represent this beamforming application. After the pre-
frequency points is 1024 processing discussed in Section VI-B, step -1 and step 3 con-

tain one node each while step 0, 1 and 2 contain three nodes
For simple designs, the values of the parameters discussegh on the reduced trellis. By using the values described
above can be obtained through low-level simulations. Howbove, we obtain the weights of all the nodes and the edges
ever, for complex designs with many possible parameteriza-the trellis. Based on this, our dynamic programming based
tions, such low-level simulation can be time consuming. Thimapping algorithm is used to find the mapping that minimizes

4001

3001

2001

Energy dissipation (i J)

4001

3001

200F

Energy dissipation (i J)

1024
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Data Levinson Durbin Correlation of predicator FFT Spectrum LMS welght Filt Data
in recursion coefficients calculation update iltering out

Fig. 6. Task graph of the MVDR beamforming application
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Fig. 7. MAC architectures with various input sizes
the overall energy dissipation. processor dissipates less amount of energy than executing it

For the purpose of comparison, we consider a gree@y the RL.
algorithm that always maps each task to the system state in
which executing the task dissipates the least amount of enel@y.MVDR Beamforming
The results are shown in Figure 5. For all the consideredysing a similar approach as in Section VII-A, we im-

problem sizes, energy reduction ranging from 41% to 54fffemented an MVDR (Minimum Variance Distortionless Re-
can be achieved by our dynamic programming algorithm ovgponse) beamforming application on Virtex-1l Pro. Details of
the greedy algorithm. the design process are as follows.

Considering the case where both the number of FFT pointsl) Problem Formulation: The task graph of the MVDR
of the input data and the number of output frequency points dveamforming application is illustrated in Figure 6. It can be
2048, the greedy algorithm maps tdgkon the RL. However, decomposed into five tasks with linear constraints. 7l
the dynamic programming algorithm maps this task on tf¥® and 7>, we implemented a fast algorithm described in
processor and a 54% reduction of overall energy dissipatif8] for MVDR spectrum calculation. It consists of: Levinson
is achieved by doing so. The reason for the energy reductiorDarbin recursion to calculate the coefficients of a prediction-
analyzed as follows. Task; is executed efficiently on the RL error filter (I), correlation of the predictor coefficientd}(),
for both the configuration files employed (ranging from 4.18nd the MVDR spectrum computation using FFIL) This
to 9.171J). But the configuration costs for these two files arast algorithm eliminates a lot of computation that is required
high (ranging from 272.49 to 343.03J) since taskl; needs by the direct calculation. We employ an LMS (Least Mean
sine/cosinefunctions. The Xilinx FPGA provides the CORESquare) algorithm1(3) to update the weight coefficients of
Generator lookup table [27] to implement thiee/cosindunc-  the filter due to its simplicity and numerical stability. A spatial
tions. For 16-bit input and 16-bit outpsine/cosinelookup filter (7}) is used to filter the input data. The coefficients of
tables, the single output desigsir{e or cosing needs 50 the filter are determined by the previous tasks.
slices and the double output (bo#fine and cosing design We considered the low-level and algorithm-level control
needs 99 slices. Two and threme/cosindook-up tables are knobs discussed in Section Il and developed various designs
used in the two designs employed ffy, which increases the for the tasks which are listed in Table IV. Different degrees of
reconfiguration costs for this task. The amount of computatigrarallelism are employed in designs for tégkandT;. Task
energy dissipation of task; is relatively small in this case and7; uses FFT to calculate the MVDR spectrum. We employed
thus the configuration energy cost impact the overall enerthe various FFT designs discussed in [5] which are based on
dissipation significantly. Therefore, executing the task on thiee radix-4 algorithm as well as the design from Xilinx CORE
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Fig. 8. Energy dissipation of task, implemented using Number of output frequency points
various MAC architectures . (@) M =64
x 10
Dynamic Programming: DP
Greedy: GR GR
Generator. Clock gating, various degree of parallelism and 6r ' ' ]
memory bindings are used in these FFT designs to improve ;?57 B Execution |
energy efficiencyV, and H,, are the vertical and horizontal f 5 ggnmfgﬂgﬁiﬂon
parallelism employed by the designs (see [5] for more details). % al GR oP |
Two different bindings, one using slice based RAMs and the & ] GR
other using BRAMs, were used to store the intermediate val- 3
ues. The number of dedicated multipliers used in the designs &
for task T35 and T, is varied. Using the approach described E
in Section VII-A, we developed parameterized VHDL code
for Ty, Ty, and T,. Parameterized designs fdf; and T,
are realized using a MATLAB/Simulink based design tool
developed by us in [13]. All the designs for the RL and the 256 512 1024 2048
processor core were mapped on the corresponding components Number of output frequency points
for execution. Values of the parameters of the RSoC model (b) The number of points of FFT is 256

a.nd th? application model were obtained through Iow—IevEllg_ 9. Energy dissipation of various implementations of the
simulation. The synthesis designs for the RL run at a C|O$%VDR beamforming apolication

rate of 50 MHz. The data precision is 10 bits. Table V shows g app
the E; ; values whenM/ = 8 and the number of FFT points

is 16 after the pre-processing discussed in Section VI-B. the tasks.

Let M denote the number of antenna elements. For task2) Energy Minimization: A trellis with seven steps was
T, and taskl}, we need to perform a complex multiply-andcreated to represent the MVDR application. After applying
accumulate (MAC) for problem sizes from 1 M. Typically, the pre-processing technique discussed in Section VI-B, step
M = 8,16 are used in the area of software defined radid and step 5 contain one node each, step 0 and 1 contain
while M = 32,64 are used in embedded sonar systemfour nodes each, step 2 contains seven nodes, step 3 contains 3
There are several trade-offs which affect the energy efficienngdes, and step 4 contains 5 nodes on the reduced trellis. Using
when selecting the number of inputs to the complex MA&e values described in the previous section, we obtain the
when implementing tasky andT;. Architectures for complex weights of all the nodes and the edges on the reduced trellis.
MACs with 2, 4, and 8 inputs are shown in Figure 7. For @he proposed dynamic programming algorithm is then used to
fixed M, using a complex MAC architecture that handles moffind a mapping that minimizes the overall energy dissipation.
input data at the same time reduces the execution latencyThe results are shown in Figure 9. For all the considered
However, it dissipates more power. It also occupies mopeoblem sizes, energy reduction from 41% to 46% are achieved
FPGA slices, which increases the configuration cost. Tl our dynamic programming algorithm over a greedy algo-
energy dissipation when using MACs with different input sizesthm that maps each task onto either hardware or software,
for task T} is analyzed in Figure 8. While a MAC with input depending upon which dissipates the least amount of energy.
size of 4 is most energy efficient for tagk when M = 8, For both the dynamic programming algorithm and the
a MAC with input size of 2 is most energy efficient whergreedy algorithm, taskl, and task7; are mapped to the
M = 64. Also, the number of slices required for a compleRL. However, the dynamic programming algorithm maps them
MAC that can handle 2, 4, and 8 inputs are 100, 164, and 378,the design using 2-input complex MAC while the greedy
respectively. This incurs different configuration costs betweatgorithm maps them to the designs based on 4-input complex
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TABLE IV
VARIOUS IMPLEMENTATIONS OF THE TASKS ONRL FOR THEMVDR BEAMFORMING APPLICATION
To andT; TS T3 Ty
Design | No. of inputs| Design| V, | H, | Binding || Design | Number of embedded Design | Number of embedded
to the MAC 1 1 2 | SRAM multipliers used multipliers used
1 2 2 1 3 | SRAM 1 11 1 32
2 4 3 1| 3 | BRAM 2 7 2 28
3 8 4 1| 4 | BRAM 3 3 3 24
5 1 5 | BRAM 4 20
6 Xilinx design 5 16
TABLE V
ENERGY DISSIPATION OF THE TASKS IN THEMVDR BEAMFORMING APPLICATION (uJ)
Eopo | 1452 | E1p | 61.0 | Eqp 67.2 | Eso | 21.4| Esp | 5.0
Ep 1 1619 | Ey1 | 473 | By | 4323 | Es; | 69.9| Esq | 10.1
Epo | 2744 | E1o | 598 | Eas | 3632 | E3o | 821 | Eup | 17.7
Eys3 | 24590.2| E, 5 | 5397.8| Ey3 | 2223.1 Ey3 | 23.3
E; 4 | 12687.4 Eyq | 276
Ey5 | 167.7
Ey¢ | 16038.0
MAC in cases such as wheh/ = 16. Designs based on REFERENCES
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