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Abstract grammable logic, a robust memory subsystem, and a high-
performance dedicated internal bus on a single chip. An-
Reconfigurable System-on-Chip (RSoC) devices are beother example is the Xilinx Virtex-1l Pro [16], which inte-
ing used to implement many battery operated systemsgrates low-power IBM PowerPC 405LP processor(s), high
where energy efficiency is a major concern. RSoCs incor-density FPGA and on-chip memory.
porate many different components, such as processor core, Inrecent years, power management has become increas-
reconfigurable logic, memory, etc. Various power manage- ingly important in various computation and communication
ment techniques can be applied to these components. Tasksystems. It is especially critical in battery operated embed-
within an application can be mapped onto different com- ded and wireless systems. RSoC architectures offer high
ponents for execution. The communication and reconfigu-efficiency with respect to time and energy performance and
ration costs incurred under different mappings significantly have been shown to achieve at least one order of magni-
impact the overall system energy dissipation. In order to tude in power reduction and increase in performance com-
achieve energy-efficient designs on RSoCs, we develop (apared to traditional processors in various application areas.
a performance model to abstract a general class of RSoCThus, they are being used to implement many of these sys-
architectures for application development, (b) a mathemat- tems [1]. One important application of RSoCs is software
ical formulation of the energy-efficient mapping problem for defined radio (SDR) [7]. In SDR, dissimilar and complex
a class of applications, and (c) a dynamic programming al- wireless standards (e.g. GSM, 1S-95) are processed in a
gorithm that minimizes the system energy dissipation. Wesingle adaptive base station, where a large amount of data
illustrate our approach by mapping two beamforming ap- from the mobile terminals presents high computational re-
plications onto Xilinx Virtex-1l Pro. For these two applica- quirement. State-of-the-art RISC processors and DSPs are
tions, our approach leads to an average 52% energy reduc-unable to meet the signal processing requirement of the base
tion over a greedy algorithm. stations. Minimizing the power consumption has also be-
come an issue for the base stations due to the high computa-
tion requirement that dissipates a lot of energy as well as the
1. Introducti inaccessible and distributed locations of the base stations.
- introduction RSoCs stand out as an attractive option for implementing
] o various functions of SDR due to their high performance,
Reconfigurable SoCs (RSoCs), which integrate proces-|,, power dissipation and reconfigurability.

sor core, reconfigurable logic, memory, efc., are becom-  \any control knobs for energy-efficient design are avail-
ing popular. This is because of a strong trend toward pro- gpje on RSoCs and are discussed in Section 2. In order to
grammable design solutions over application specific hard-petter exploit these control knobs, a performance model of
ware and a recent trend in integrating configurable logic, the RSoC architectures and algorithms for mapping applica-
e.g., FPGA, and programmable processors, offering thetons onto these architectures are required. A RSoC model
“best of both worlds” on a single chip. One example of shoy|d allow for a systematic description of the available
these RSoCs is the Triscend A7 CSoC device [14], which ¢qnirol knobs and enable system-level optimization. The

integrates a 32-bit ARM7TDMI processor core with pro- g jication can be decomposed into several tasks and the

*This work is supported by the DARPA Power Aware Computing and taSk.S are mappeq onto C.“ﬁerent components of the RSoC
Communication Program under contract No. F33615-C-00-1633 moni- device for e>.<ec_u.t|on. D'ﬁerem mappings of these.ta_SkS
tored by Wright Patterson Air Force Base. can cause significant difference in overall energy dissipa-




tion. For example, moving data between the processor and2. Knobs for Energy-efficient Designs
the reconfigurable logic results in additional communica-
tion time and energy dissipation. Also, the energy required
for changing the configuration on reconfigurable logic can-

Various hardware and system level design knobs are
available in RSoC architectures to increase the energy effi-
ciency of designs. For embedded processor cores, dynamic

not be ignored compared with that required for computa- ; . :
tion. A simple greedy algorithm that maps each task onto voltage scaling and dynamic frequency scaling can be used
to lower the power consumption. The processor cores can

either the processor or reconfigurable logic depending upon S ;
which dissipates less amount of energy, does not guarante e putinto idle or sleep mode and further reduce their power
' dissipation when they are not in execution. These features

:ir:)e;]mlmmum energy dissipation for executing the applica are available in IBM PowerPC 405 processors and Intel XS-
cale processors. For memory, Triscend A7 CSoC devices
This paper makes three contributions to the area of ap-can change the state of the memory (SDRAM), to be in
plication synthesis on RSoC. First, a performance modelactive, stand-by, disable, or power-down states. Memory
to represent a general class of RSoC architectures is develbanking is another technique for low-power designs, which
oped. The model abstracts various capabilities such as dysplits the memory into banks and activates only the banks
namic voltage scaling, reconfiguration, communication, as currently in use.
well as various memory implementations and power man-  For FPGA, there are many energy-efficient design knobs
agement, that can be exploited for energy minimization dur- at low level and algorithm level. Low-level knobs refer to
ing application designs. Second, based on the RSoC modelknobs at the register-transfer or gate level and algorithm-
a mapping problem is formulated for a class of applications level knobs refer to knobs that can be used at the algorithm
modeled as a linear task graph. Third, a dynamic program-development to reduce energy dissipation.
ming algorithm is proposed to solve the mapping problem.  One of the low-level knobs is clock gating, which is em-
The algorithm can find a mapping that achieves minimum ployed to disable clocks to large blocks within a design in
energy dissipation in polynomial time. order to save power when the output of these blocks is not
needed. In Virtex-ll Pro, clock gating can be realized by
We map two beamforming applications onto Xilinx using primitives such as BUFGCE to dynamically drive a
Virtex-1l Pro as examples to demonstrate our RSoC model clock tree only when the corresponding block is used [19].
and the effectiveness of our approach based on dynamicChoosing energy-efficiemindingsis another knob. A bind-
programming. Embedded signal processing applications,ing is a mapping of a computation to an FPGA fabric. The
such as the two beamforming applications considered in theapility to choose different bindings is due to the existence
paper, are typically composed of a linear chain of process-of various configurations which dissipate different amounts
ing tasks. In these applications, the sampled data are proof energy for the same computation. For example, there
cessed on-the-fly by an embedded system on an air-bornere three possible bindings for storage elements in Virtex-l|
or sea-borne vehicle, where energy dissipation is a concernpro, which are registers, sliced based RAM, and embed-
These beamforming algorithms can also be used at the basged Block RAM (BRAM). As for energy efficiency, while
stations in SDR to better exploit the limited radio spectrum registers and sliced based RAM are better for small storage
[11]. Xilinx Virtex-1l Pro is used for illustration because it  elements, BRAM is better for large storage elements.
has high computation ability and is a good example for the  Besides the low-level design knobs, it is known that en-
RSoC architectures. Within Virtex-1l Pro, the PowerPC 405 ergy performance can be improved significantly by optimiz-
core, the reconfigurable logic, and the on-chip memory areing a design at the algorithm level [10]. One algorithm-level
tightly coupled with each other through the FPGA routing knob is the architecture selection. It plays a large part in de-
resource [19]. termining the amount of interconnect and logic to be used
in the design and thus affects the energy dissipation. For

id T?? or%:mliatut))n ?f the paperf;fs _astft()jlloyvs. SectF|aoSn éexample, matrix multiplication can be implemented using a
iaentimies the Knobs Tor energy-ethicient designs on RS0L jineqy array or a 2-D array. A 2-D array would use more in-

devices. Section 3 discusses related work. Section 4 de'terconnects and would possibly dissipate more energy since

| fli ineli licati ) q 80-70% of the total power is dissipated in the interconnects
class oflinear pipelineapplications we are targeting and. j, xjiny virtex-1l FPGAs [12]. Another knob is the algo-

formulates the energy-eﬁicient m_apping p_roblem. Sgction_ 6 fithm selection. A given application is mapped onto FPGAs
Ioresents c;]ur dlyna_n;:c programming alg?n:}hm. SSC“O? 7k differently by selecting different algorithms. For example,
lustrates the algorithm using two state-of-the-art beamtorm-, o, implementing FFT, a radix-4 based algorithm would
Ny a_ppllca'uons. The mgdellng process a”‘?' the er]erg,y_d's'significantly reduce the number of complex number multi-
sipation results of mapping the two applications onto Xilinx plications that would otherwise be needed if a radix-2 al-

\S/Ier::etro: 8Pro are also given in this section. We conclude in gorithm is used. More algorithm-level knobs are parallel



processing and pipelining [5]. four components: a processor, a reconfigurable logic (RL)
3. Related Work such as FPGA, a memory, and an interconnect. The in-
- Relate or terconnect connects the processor, the RL and the mem-

A simple model for specifying and optimizing designs Ory. Taking Triscend A7 CSoC devices [14] as an exam-
that contain run-time reconfigurable elements is developedP!e, the interconnect between the ARM7 processor and the
in [9] However, it cannot be used to model and describe SDRAM is a local bus while the interconnect between the
RSoC architectures and most importantly, it does not ad-SDRAM and the configurable system logic is a dedicated
dress the energy efficiency of designs. data bus and a dedicated address bus. In Xilinx Virtex-11

Several a|gorithms to solve mapp|ng prob|ems in the Pro [19], the interconnect l_)et\Neen the PPC405 core and the
context of configurable logic, e.g. FPGAs, have been pro- FPGA is implemented using the FPGA routing resource.
posed [2], [6]. In [2], a dynamic programming algorithm to We abstract all these buses and connections as an intercon-
find an optimal mapping of loops onto reconfigurable logic nect with different communication time and energy costs
with minimum execution time is proposed. Energy perfor- between different components. To configure Xilinx FPGA,
mance is not considered in these algorithms. Also, theseOne can use SelectMAP, serial or boundary-scan program-
algorithms cannot be applied directly to solve the mapping Ming mode to download the configuration data onto the
problems for RSoC architectures. FPGA, which have significant influence on the configura-

In [18], experiments for re-mapping of critical software tion time and energy costs. We assume that the memory is
loops from a microprocessor to configurable logic are car- shared by the processor and the RL in the model.
ried out and significant energy savings is achieved for a

class of applications. However, a systematic technique that (_ovs Reconfiguration o |
finds the optimal re-mapping is missing in their research Processor Rmfggi%rableéﬁ
and is a focus of this paper. I

System level tools are becoming available to map ap- [ Tnterconnect ]
plications onto architectures composed of a processor and Operating states
configurable logic. Xilinx offers System Generator that Memory
integrates hardware and software development for Xilinx N J

Virtex-1l Pro [16]. In this design environment, the por-
tion of the application to be mapped onto the embedded
PowerPC processor is described using C/C++ and is com
piled using GNU gcc. The portion of the application to
be executed in the configurable logic is described using
VHDL/Verilog and is compiled using Xilinx ISE. In Celox-
ica DK1 tool [3], the user describes a design using Handel-C
(C with additional hardware description) for both hardware
and software. Then, the compiler for Handel-C synthe-
sizes the h_ardware and software. While mosF sy_stem IeveIerating with a specific power consumption. For example, if
tools use high level languages to express applications and t(?dle mode and dynamic voltage scaling with- 1 voltage
map them _onto processors and conflgurat_)l_e hardware_:, nor'%ettings are available on the processor, the processar has
of the design tools addresses energy-efficient mapping Onoperating states) < PS(s) < v — 1. PS(0) = 0 is the

RSoCs. state which the processor is in idle mode; otherwi3g(s)
. . is the state which the processor is operating in one of the
4. Performance Modeling of RSoC architec- voltage settings. An operating state of the RL is defined as
tures the state which the RL is idle or operating, loaded with a
specific configuration. If there akeconfigurations for the
RL, the RL ha2c operating states) < RS(s) < 2¢— 1:
(@) for0 < RS(s) < ¢ — 1, RS(s) is the state which
the RL is idle, loaded with configuratioRS(s); (b) for
4.1. RSoC Model ¢ < RS(s) < 2¢—1, RS(s) is the state which the RL
is operating, loaded with configuratid®S(s) — ¢. An op-

A RSoC system model should capture various capabili- erating state of the memory is defined as the state which the
ties that can be exploited for performance optimization dur- memory is operating with a specific power consumption.
ing application mapping onto RSoC architectures. There-For example, when memory banking is used to selectively
fore, as is shown in Figure 1, the RSoC model consists ofactivate the memory banks, each combination of the acti-

Figure 1. The RSoC model
In the RSoC model, an operating state of the RSoC de-
vice, that is, a system state, is determined by the operating
states for the processor, the RL, and the memory.SL.ee-
note the set of all possible system states. For system state
s € S, PS(s), RS(s) and M S(s) are integers represent-
ing the operating states of the processor, the RL and the
memory, respectively. An operating state of the processor
is defined as the state which the processor is idle or is op-

A RSoC model is proposed in this section. A model for
Virtex-11 Pro is used as an example to illustrate the modeling
process.



vation states of the memory banks represents one operatinghe RL of Virtex-1l Pro [15]. The module based partial re-

state of the memory. If the memory hasoperating states,
0 < MS(s) < m — 1. The operating state of the inter-

configuration has relatively high latency and energy dissi-
pation. Therefore, the small bit manipulation method is

connect is related to the operating states of the other threaused. We estimate the reconfiguration costs by multiply-
components. Considering the above, the total number ofing the number of slices used by the configuration files and

distinct system states &cm.

the average cost for downloading one slice of data onto the

The application is modeled as a collection of tasks with FPGA. According to [16], the complete reconfiguration en-
dependencies (See Section 5.1 for details). Suppose thagrgy for Xilinx XC2VP20 FPGA is calculated as follows.
taski’ is scheduled to be executed immediately before taskSince the device supply curreh€'Cr,,; = 500 mA@1.5V

1. Taski’ is executed in system statg and taski is exe-
cuted in system state. If s;; ands; are different system

during configuration andCCy,,; = 300 mA@1.5V during
normal operation, the reconfiguration power is (500-300)

states, a system state transition is required. The transitionx 1.5 = 300 mW. The complete reconfiguration time us-
between different system states incurs certain amount of ening SelectMAP (50 MHz) is 20.54 ms. Thus, the com-
ergy. Our model consists of the following performance pa- plete reconfiguration energy is 6162. There are 9280

rameters:

o AEVps(s,),ps(s;)- €nergy dissipation for the proces-
sor from statePS(s;/) to stateP.S(s;)

e AECRs(s,),RrS(s;): €nergy dissipation for the RL
from stateRS(s;) to stateRS(s;)

e AEMys(s,),Mm5(s;): €nergy dissipation for changing
the memory state from/ S(s; ) to MS(s;)

e IP(IR): processor (RL) power consumption in the
idle state

° PMMS(si):
MS(Si)

o MPhrg(s,)(MRys(s;)). energy dissipation for trans-

memory power consumption in state

slices on the device. Together with the slice usage from
the post place-and-route report generated by the Xilinx ISE
tool [16], we estimate the energy dissipation of reconfigu-
ration asAECRs(s,,),rs(s;) = 6162 x (number of slices
used by the RL in operating stafeS(s;)) / 9280uJ. The
guiescent power is the static power dissipated by the RL
when it is on. This power cannot be optimized at the sys-
tem level if we do not power on and off the RL. Thus, we
ignore it in this paper./ R represents the quiescent power
and is set to zero. We also ignore the energy dissipation for
enabling/disabling clocks to the design blocks on the RL
in the calculation ofAECgs(s.,) rs(s;) Since it is trivial

ferring unit data between the memory and the processorcompared with other energy costs. For memory modeling,

(RL) when memory is in stat&/.S(s;)

we use BRAM. It has only one available operating state,

The system state transition costs depend on not onlym = 1andM S(s;) = 0. There is NAAEM rs(s,,),015(s;)-
the source and destination system states of the transitioriThe BRAM dissipates negligible amount of energy when it

but also the requirement of the application. et ; ., s,

holds data without memory access. We ignore this value so

be the energy dissipation for such system state transitionthat PM, = 0. Using the power model from [5] and [17],

Air s, s, Can be calculated as

Airisysi =AEVPs(s,),ps(s;) T AECRS(s,),RS(s:)
+ AEMs(s,),08(s;) T AAiri
(1)

the energy dissipatioh Py andM R, are estimated as 65.4

nJ/Kbyte and 42.9 nJ/Kbyte, respectively.

5. Problem Formulation

A model for a class of applications with linear con-

straints is described in the section. Then, a mapping prob-

Where,AAM is the additional data transfer cost incurred by lem is formulated based on both the RSoC model and the

taski’ and taski due to a specific mapping.

4.2. A Model for Virtex-Il Pro

There are four components to be modeled in Virtex-II

application model.

5.1. Application Model

The application consists of a set of tasky, 71, 15,

Pro. One is the embedded PowerPC core. Since no volt---, T,,_1, with linear precedence constraints; must be
age scaling is available, the processor has only two oper-executed before initiating;,,7 = 0,--- ,n — 2. Due to

ating states: on and off. Thus, = 2. We ignorelP

the precedence constraints, only one task is being executed

since the PowerPC processor does not draw any power ifat any time. The execution can happen in the processor, the

it is not used in a designAEV, ; andAEV g is also ig-

RL or both. There is data transfer between the tasks. The

nored since changing the processor states dissipates nedransfer can occur between the processor (the RL) and the
ligible amount of energy compared with that when it per- memory, depending on how the tasks are executed.

forms computation. Two partial reconfiguration methods,

The application model consists of the following perfor-

module based and small bit manipulations, are available onmance parameters:



oL _>® sidered, i’/ = i — 1. The energy dissipation for

state transitions between the execution of two consec-
Figure 2. A linear pipeline of tasks utive tasksT;_, and T;, namely, A;_q;,, s IS cal-
culated aSAEVpS(Siil),ps(,?i) + AECRS(sl,l),RS(Si) +
‘ . AE]\/[MS(si,l),MS(s,-) + Déut : MPMS(s,-,l) + Din :
o D! (D?,.): amount of data input (output) to (from) MPys(s,)-
task7; from (to) memory. Let s, denote the initial system state. The overall system
e EP; , (TP;,,): the processor energy (time) cost for energy dissipation is given by
executing task’; on system state,. EP; ;, = TP, ;, = 00
if task T; cannot be executed in system state _—
e ER; ., (TR, s,): the RL energy (time) cost for execut- _ , o
ing taskT; (()n syst)em state;. ER;,, = TR;,, = oo if Btotar = Ho.so + Z(Ez’si Fhictisae) ()
taskT; cannot be executed in system state

=1

Now, the problem can be stated adind a map-
ping of tasks to system states, that is, a sequence of
80,81, * ,Sn—1, such that the overall system energy dis-
sipation given by Equation (2) is minimized.

We now formulate the problem based on the parameters
of the RSoC model_ a_md the applicatiqn m_odel._ In this pa- 6. Algorithm for Energy Minimization
per, the energy efficiency of a mapping is defined as the
energy dissipation for executing an application under this
mapping. Thus, a mapping that minimizes the overall en-
ergy dissipation for executing an application is also the one
that achieves maximum energy efficiency.

For any possible system statethe processor and the g 1 creation of the Trellis
RL cannot be in idle state at the same time. Thus, the total

number of possible system stategds= (2v — 1)em. Let The trellis is illustrated in Figure 3 and consistsrof-

the system ste}tes be numbered from (2o — 1)crr_L — _1. 2 steps, ranging from step -1 to step Step -1 and step
Then, depending on the sources of energy dissipation, We, .,nsist of only one nodaV, each, which represents the
divide the system states into three categories: (a) fer

initial state and the final state of the system. Step <

s < (v—="T)em —1, s = (PS(s) = L)em + RS(s)m + i < n— 1, consists of| S | nodes,Ny, Ny, -+, Nig|_1,
MS5(s) denotes the system state that the processor is in stat@ 5, of which represents the system state for executing task
PS(s) (1 < PS(s) < v—1), the RLis in the idle state =~ g weight of nodeV, in stepi is the energy cost
loaded with configuratio®S(s) and the memory is in state El .. for executing task7;, |n system states;. If task 7,
MS(s); (b) for (v — 1)em < s <wem —1, s = (RS(s) — cannot be executed in system stgtesetE; ,, = co. Since
cJm + MS(s) + (v — 1)em denotes the system state that e v in step -1 and step do not contain any tasks, set
the processor is in the idle stat®§(s) = 0), the RL is E_1 0= E, o= 0. There are directed edges (1) from node
operating with configuratio®S(s) — ¢ (¢ < RS(s) < n_in step -1 to nodeV, in step 0; (2) from nodeV; in
2¢ — 1) and the memory is in statk/ S(s); (c) for vem < stepi — 1 to nodeN; in stiapz‘ fori—1.--.n—1: and 3)
s < (2v=1)em—1,s = (PS(s) =l)em+(RS(s) —c)m+  gom nodeN; in stepn— 1 to nodeN, in stepn. The weight
M S(s)+wvem denotes the system state that the processor ISof the edge from node,, _ in stepi—1 to nodeN,. in step
in statePS(s) (1 < PS(s) < v—1)), the RLis operating ;s the system state transition energy cst s ; .. . ..
in stateRS(s) — ¢ (c < RS(s) < 2¢ — 1) and the memory e
is in stateM S(s).

Note thats; is the system state in which tagk is ex-
ecuted and®; ;, is the energy dissipation for executifigy
in states;. E; s, is the sum of (1) the energy dissipated by
the processor or/and the RL that is/are execuiing2) if
the processor or the RL is in the idle state, the idle energy
dissipation of the component; (3) the energy dissipated by
the memory during the execution®f. These three sources
of energy dissipation are calculated as in Table 1.

We calculate the system state transition costs using Figure 3. The trellis
Equation (1). Since a linear pipeline of tasks is con-

5.2. Problem Definition

We create a trellis according to the RSoC model and the
application model. Based on the trellis, the dynamic pro-
gramming algorithm is presented.

A
0,1,/S1-L[SH1



Table 1. Energy dissipatioB; ,, for executing task; in states;

0<s;<(v—1)em—1] (wv—1Dem<s; <vem—1 | vem <s; < (2v —1)em — 1
1| EPR,, ER; i, EP;;, + ER;
2| TP, - IR TR;,, -IP 0
3| TPhis, - PMyss) TRis, - PMyss)) max(TP; s, TRis,;) - PMars(s,)
6.2. Dynamic Programming Algorithm 7.1. Delay-and-Sum Beamforming

Based on the trellis, our dynamic programming algo-  Using the model for Virtex-Il Pro discussed in Sec-
rithm is described as below. We associate each node withtion 4.2, implementing the delay-and-sum beamforming ap-
a path cost; ,,. DefineP; ;; as the minimum energy cost plication is formulated as a mapping problem. This prob-
for executingTy, T1, - - - , T; with T; executed in nodeV, lem is then solved using the proposed dynamic program-
in stepi. Initially, P_; o = 0 for nodeN, in step -1. Then,  ming algorithm. Note that even though energy and power
for each successive steg) < i < n, we calculate the path  are closely related to each other, they are different. Energy
cost for all the nodes in this step. The path cBst, for is the product of average power consumption and latency.
nodelV;, in stepi is calculated as

7.1.1 Problem Formulation

b 0<s?g\%\—1{Pi—1vs.f FAictiss T Bisit (3) The task graph of the broadband delay-and-sum beamform-
ing application [8] is illustrated in Figure 4. A cluster of
Only one path cost is associated with nallg in stepn. seven sensors samples data. Each set of the sensor data is
A path that achieves this path cost is defined asuge processed by an FFT unit and then all the data are fed into
viving path Using this path, we identify a sequence of the beamforming application. The application calculates
50,81, ,Sn—1, Which specifies how each task is mapped twelve beams and is composed of three tasks with linear
onto the RSoC device. From the above discussion, we havedependences: calculation of the relative delay for different
. . . . beams according the positions of the sens®p$, compu-

Proposition 1 The task mapping identified by a surviving tation of the frequency responseg ), and calculation of
pgth achieves minimum energy dissipation over all map- the amplitudes for each output frequenci@s)( The data
pIngs. in anddata outare performed via the input and output pads
on Virtex-1l Pro. The input data contains different number
of FFT points depending on different frequency resolution
requirements. The number of output frequency points is de-
is O(v2c2m?n). However, due to the resource limitation on termined by the spectrum of interest. The three tasks can
the RL, such as the number of slices, the number of tasksP€ executed either on the PowerPC processor or on the RL.

that a configuration can be used to execute is limited. Thus, "€ @mount of data input(;,) and output ;) varies
the trellis in Figure 3 is usually sparsely connected. The fol- With the tasks. For example, when both the numbers of FFT

lowing pre-processing can be applied to further reduce the|°°1intS and the output frequency points are 1024, and
practical time complexity of the algorithm: (1) nodes with Dout fOr taskTy are 14 bytes and 84 Kbytes, respectively.
oo weight and the edges incident on these nodes are deleted

. . "y T0 T1 T2
from trellis; (2) the remaining nodes within each step are : , :

. ata | Calculation of Calculation of complex Calculation of Data
renumbered. After the two-step pre-processing, we form a in ™ relaivedelay [~ frequency response  [~| amplitte [~ out
reduced trellis and the dynamic programming algorithm is
run on the reduced trellis. Figure 4. Task graph of the delay-and-sum beamforming

Since we need to consid€p((2v — 1)cm) possible
paths for each node and there apg(2v — 1)cm - n)
nodes in the trellis, the time complexity of the algorithm

7. lllustrative Examples We employ the algorithm-level control knobs discussed

in Section 2 to develop various designs on the FPGA. There

To demonstrate the energy efficiency of our mapping al- are many possible designs. For the sake of illustration, we

gorithm, we implement a broadband delay-and-sum beam-implement two of them for each task. One main difference

forming application and an MVDR (minimum-variance dis- in the designs is the level of parallelism, which causes dif-
tortionless response) beamforming application on Virtex-11 ferent usage of I/O ports arsihe/cosindook-up tables. For

Pro. These applications are widely used in embedded signaéxample, one configuration of tagky handles two input
processing systems and SDR, data per clock cycle and requires more 1/O ports than the



other configuration that handles only one input per clock tion 6.2. Thus0 < s; < 2. Table 2 shows thé’; ;, val-
cycle. While the first configuration would dissipate more ues for the three tasks when both the numbers of input FFT
power and more reconfiguration energy than the secondpoints and the output frequency points are 1024.

one, it reduces the latency to finish the computation. Sim-

ilarly, one configuration for tasi} uses twosine/cosine Table 2. Energy dissipation of the tasks in the

tables and thus can get the result in one clock cycle while delay-and-sum beamforming.()

the other configuration uses only osi@e/cosindable and Foo | 917 | E1o | 3847 | Fso | 2.31

thus requires two clock cycles in order to obtain the output. Eo’1 4.65 E1’1 26.31 E2’1 229
Each task is mapped on the RL to obtdiR; ;, and Eopo | 48.31| E; 5 | 3039.52| E,, | 123.24

ER; s, values. The designs for the RL are coded using
VHDL and are synthesized using XST on Xilinx ISE 4.2i For simple designs, the parameter values can be obtained
[16]. The VHDL codes for each task are parameterized ac- P gns, the p

. o . through low-level simulations. However, for complex de-
cording to the application requirements such as the number_,

of FFT points, and the architectural control knobs such as>'Ins: It is top t_|me—con§um|ng to obtain thes_e values in
- . R . this way. This is especially the case for designs on FP-
precision and binding. The utilization of resource is ob-

tained from the place-and-route report file (.par file) for GAs. However, using the domain-specific modeling tech-

Virtex-1l Pro XC2VP20. Since the XPower from the latest ¢ proposed in [.4]’ Itis possnbl_e to _have rapid and fairly
i . L accurate system-wide energy estimation of data paths con-
ISE for the time being does not support power estimation of

. X . . ... figured using FPGAs. The end user can first obtain esti-
Virtex-1l Pro devices, we first estimate the power dissipation mates of the parameter values for various desians and use
for XC2V1500 and then all the power values for Virtex-I| P 9

are multiplied by 85% except for the Selectl/O power to the proposed RSoC model and dynamic programming al-

get the power dissipation for Virtex-l1l Pro XC2VP20, as is g_orithm_ to _obtain a few _candidate designs. Then, low-level
suggested by Xilinx [17]. XC2V1500 is chosen bécause s!mulatlon is used t_o refine the p_arametervalu_es of these qle-
o . o . .~ signs. The dynamic programming algorithm is used again
it is the FPGA in the Virtex-Il family whose gate count is to identify the final design

closest to that of XC2VP20. To get the power consump- '

tion for XC2V1500, our designs are synthesized using XST

for XC2V1500 and the place-and-route file (.ncd file) is ob- 7-1.2  Energy Minimization

tained. Mentor Graphics ModelSim 5.6b is used to simulate \yjo ¢reate a trellis with five steps to represent this beam-
the design and generate simulation results (.vcd file). Theseforming application. After the pre-processing discussed in
two files are then provided to XPower to estimate the eNnergy section 6.2, step -1 and step 3 contain one node each while
dissipation for XC2V1500.T'R; ;, is calculated based on step 0, 1 and 2 contain three nodes each on the reduced

our designs running at 50 MHz and 16-Dbit precisiéri; , trellis. By using the values described above, we obtain the
is calculated based on bmivsi and the power measure- weights of all the nodes and the edges on the trellis. Based
ment from XPower when task; is executed on the FPGA ) iis our approach based on dynamic programming algo-
in operating stat&S((s;). rithm is used to find the mapping that minimizes the overall
For the IBM PowerPC core on Virtex-1l Pro, we imple-  energy dissipation.
ment the application in C, compile it usiggccompiler for For the purpose of comparison, we consider a greedy al-
PowerPC and generate the bitstream using the tools fromyorithm that always maps each task to the system state in
Xilinx Virtex-1l Pro developers kit. We perform a SWIFT  which executing the task dissipates the least amount of en-
model simulation of the PowerPC, which permits the exe- ergy. The results are shown in Figure 5. For all the consid-
cution of actual PPC405 code. The data to be CompUtEd iSered pr0b|em sizes, energy reduction from 41% to 54% can
Stored in the BRAM Of\/irtex-” Pro. The Iatencies f0r exe- be achieved by our dynamic programming a|gorithm over
cuting the C code come directly from the simulation based the greedy algorithm.
on ModelSim 5.6b. The energy dissipation is obtained as- Considering the case where both the number of FFT
suming a clock frequency of 300MHz and the analytical ex- points of the input data and the number of output frequency
pression for processor power dissipation provided by Xilinx points are 2048, the greedy algorithm maps t&skon the
[19] as: 0.9 mW/MH2zx 300 MHz = 270 mW. Then, we es-  RL. However, the dynamic programming algorithm maps
timate thel'P; 5, andE'P; , values. Note that the quiescent  thjs task on the processor and a 54% reduction of overall
power is ignored in our experiments as is discussed in SeC-energy dissipation is achieved by doing so. The reason for
tion 4.2. the energy reduction is analyzed as follows. Tagks ex-
Therefore, considering both the PowerPC and the FPGA,ecuted efficiently on the RL for both the configuration files
we have three system states for each of the three tasks oemployed (4.15 to 9.1%J). But the configuration costs for
the reduced trellis after the pre-processing discussed in Secthese two files are high (272.49 to 343.A3) since task
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Figure 5. Simulation results for the broadband delay-and-
sum beamforming application

T, needssine/cosindunctions. The Xilinx FPGA provides
the CORE Generator lookup table [19] to implement the
sine/cosinegfunctions. For 16-bit input and 16-bit output
sine/cosindookup tables, the single output desigiingor
cosing needs 50 slices and the double output (sitieand
cosing design needs 99 slices. Two and theiee/cosine
look-up tables are used in the two designs employedior
and this increases the reconfiguration costs. The amount o
computation performed by tagk is relatively small in this
case and the configuration energy cost can raise the overa
energy dissipation significantly. Therefore, executing the

7.2.1 Problem Formulation

We implement the fast algorithm in [8] to compute the
MVDR spectrum. This fast algorithm eliminates much
computation that is required by the direct calculation of the
spectrum. The task graph is illustrated in Figure 6, which
can also be decomposed into three tasks with linear con-
straints: Levinson Durbin recursion to calculate the coef-
ficients of a prediction-error filterI(), correlation of the
predictor coefficientsT(;), and the MVDR spectrum com-
putation using FFT algorithnig).

We consider both the low-level and algorithm-level con-
trol knobs discussed in Section 2 and develop various de-
signs for the tasks which are listed in Table 3. Different lev-
els of parallelism are employed in designs for tdgkand
T,. TaskT; uses FFT to calculate the MVDR spectrum. We
employ the various FFT designs discussed in [5] which are
based on the radix-4 algorithm as well as the design from
Xilinx CORE Generator. Clock gating and different mem-
ory bindings are used in these FFT designs to improve the
energy efficiency. Two different bindings are used, with one
using sliced based RAM and one using BRAM to store the
intermediate values. Using the approach described in Sec-
tion 7.1, we develop parameterized VHDL code. All the de-
signs for the RL and the processor core are mapped on the
corresponding components. Parameter values for the RSoC
model and the application model are obtained through low-
level simulation. For the RL, the designs run at 50 MHz and
the data precision is 10 bits. Table 4 shows e, values
whenM = 8 and the number of FFT points is 16 after the
pre-processing discussed in Section 6.2.

TO T1 T2
Data _|Levinson Durbin{ __Correlation of predicator| _| Spectrum Data
in recursion coefficients computation out

Figure 6. Task graph of MVDR beamforming

Let M denote the number of antenna elements. For task
T, and taskr, we need to calculate complex multiply-and-
accumulate (MAC) for problem sizes from 1 id. Typi-
cally, an MVDR algorithm with)/ = 8 is used in software
Eefined radio while MVDR algorithms withi/ = 32 and
NM = 64 are used in embedded sonar systems. As far as
IJenergy—efficient design is concerned, there are trade-offs in
selecting the number of inputs to the complex MAC struc-

task on the processor dissipates less amount of energy thaﬂjre. Architectures of the complex MAC with 2, 4, and 8

on the RL.
7.2. MVDR Beamforming

Using a similar approach as in Section 7.1, we formulate

inputs are shown in Figure 7. For a fixdd, using a com-

plex MAC architecture that can handle more inputs at the
same time would reduce the execution latency. However, it
uses more FPGA interconnects and slices and thus dissipate
more power. Also note that due to the limitations on the

the implementation of the MVDR beamforming application available FPGA resource, it is not possible to have a com-
as a mapping problem and solve this problem using the dy-plex MAC architecture that can handle all the input data at
namic programming algorithm. the same time. For example, there are not enough slices on



XC2VP20 to implement the complex MAC structure with
64 inputs. Thus, we need to use the complex MAC struc-
ture repeatedly to perform the calculation. The energy dis-
sipation when using the MAC with different input sizes for
taskT is analyzed in Figure 8. While the MAC with input
size of 4 is most energy-efficient for tagk when M = 8,

the MAC with input size of 2 is most energy-efficient when
M = 64. Also, the numbers of slices required for a com-
plex MAC that can handle 2, 4, and 8 inputs are 100, 164,
and 378, respectively, which have great impact on the con-
figuration costs.

[~ outy

—ouT,

(a) 2-input (b) 4-input (c) 8-input

Figure 7. MAC architectures with different input sizes
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Figure 8. Energy dissipation for tagk using different
MAC architectures

7.2.2 Energy Minimization

A trellis with five steps is created to represent the MVDR
application. After applying the pre-processing technique
discussed in Section 6.2, step -1 and step 3 contain one nod

Table 3. Different designs for tasks in the MVDR
beamforming application

To andT1 T
Design | No. of inputs || Design| V,, | H, | Binding
to the MAC 1 1| 2 | SRAM
1 2 2 1| 3 | SRAM
2 4 3 1 3 BRAM
3 8 4 1| 4 | BRAM
5 1 5 BRAM
6 Xilinx design
Table 4. Energy dissipation for the tasks in the MVDR
beamforming application4J)
Eoo | 1452 [ Eyo| 610 | Eao | 672
Eoq, | 1619 | Evq | 473 | Epy | 4323
Eoo | 2744 | Ey5 | 598 | Eup | 363.2
Eops | 24590.2| Ey 3 | 5397.8| Ey3 | 2223.1
E,, | 12687.4
E,5 | 167.7
E,¢ | 16038.0

The results are shown in Figure 9. For all the consid-
ered problem sizes, energy reduction from 52% to 78% are
achieved by our dynamic programming algorithm over the
greedy algorithm discussed in Section 7.1.2.

TaskT, and taskl’; are always mapped to the RL. How-
ever, the dynamic programming algorithm maps it to the
design using 2-input complex MAC while the greedy algo-
rithm maps them to the designs based on 4-input complex
MAC in cases such as whel = 16. Designs based on
the 2-input complex MAC is not the ones that always dissi-
pate the least amount of execution energy. However, the de-
signs based on the MAC with 2 inputs occupy less amount
of area than those based on the MAC with 4 and 8 inputs.
Configuration energy reduction ranging from 34% to 66%
is observed during our simulation. For tagk the dynamic
programming algorithm always maps it on the PowerPC
processor core while the greedy algorithm always maps it
on the FPGA. Even though the parameterized FFT designs
in [5] minimize the execution energy dissipation through
the employment of parallelism, radix and choices of stor-
age types, such energy minimization is achieved by using
more area on the FPGA, which increases the configuration
costs.

8. Conclusion

each, step 0 and 1 contain four nodes each, and step 2 con-
tains seven nodes on the reduced trellis. Using the values We have proposed a model for general RSoC architec-

described in the previous section, we obtain the weights of

tures and a formulation of the energy-efficient mapping

all the nodes and the edges on the reduced trellis. Our proproblem based on the model. We have also proposed a dy-

posed dynamic programming algorithm is then used to find
the mapping that minimizes the overall energy dissipation.

namic programming algorithm to solve the mapping prob-
lem for a class of applications with linear precedences. The
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