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Abstract. With increasing complexity of sensor network applications,
the trade-oﬀ between node-local processing and transmission of data to a
central node for handling becomes more signiﬁcant. For distributed structural health monitoring applications (SHM), we consider diﬀerent realization choices of the underlying wireless sensor network and implement
a key part of the application (a high-order ﬁlter) on the novel HaLoMote
architecture, a reconﬁgurable wireless sensor node (rWSN) with FPGAbased processing capability. We compare diﬀerent tool ﬂows supporting
development of algorithms above the RTL regarding to achievable area
and energy eﬃciency and outline the advantage of rWSN over traditional
MCU- and DSP-based sensor systems in this scenario.
Keywords: reconﬁgurable computing, wireless sensor network, highlevel synthesis, wordlength optimization, low-power mode.

1

Introduction

Networks of wireless sensor nodes (WSN) have been used in numerous practical
applications [1]. Those applications require data acquisition, some kind of processing for data aggregation, and ﬁnally the dissemination of results through the
network.
In general the small compute power of the WSN allows only limited local
preprocessing, restricting it to simple data logging and communication tasks.
This approach is not suitable for all applications, though. If data has to be sent
to the central node(s) at shorter intervals, a signiﬁcant amount of energy will be
required for the radio transmissions [2].
Motivated by adaptive vibration control and structural health monitoring
applications in the context of the LOEWE Research Center for Adaptronics
(AdRIA) [3], we have investigated the use of energy-eﬃcient reconﬁgurable computing in the nodes to allow for more intelligent local processing, thus saving
energy by reducing transmission data volumes. The ﬁrst focus of this work will
be the evaluation of real-world applications on diﬀerent platforms. To ease this
comparison, we concentrated on a high-order ﬁlter (384-tap FIR), a key operation in most AdRIA applications.
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Since our work in context of AdRIA is performed in close collaboration with
non-hardware designers, we also require our rWSN architecture, named HaLoMote (for Hardware-Accelerated Low-power Mote), to be easily “programmable”.
Thus, the second focus of this work is the support of automatic tool ﬂows from descriptions in Simulink and Matlab onto the target platform. We will characterize
the solutions examined in terms of computing performance, energy requirements
and area required.
To this end, we will brieﬂy survey related work in Section 2. Section 3 gives
an overview of the HaLoMote architecture, concentrating on the processing elements. A number of tool ﬂows for programming the HaLoMote from high-level
descriptions will be examined in Section 4. We evaluate our benchmark kernel,
the 384-tap FIR ﬁlter, implemented on the HaLoMote and on three traditional
low-power micro-controllers and DSPs in Section 5. Finally, Section 6 concludes
and looks forward to future work.

2
2.1

Related Work
Reconﬁgurable WSN Computing

Popular microprocessor-based WSN platforms are the Mica2 motes [4], which
use an 8 bit Atmel ATmega128L [5] MCU, the TelosB motes [6] and the T-Mote
sky [7], both of which are based on 16 bit MSP430 [8] MCU. A more detailed
summary about conventional WSN technologies and services can be found at [1].
While many FPGA vendors claim to oﬀer energy-eﬃcient devices, only few
devices are actually aimed at very low-power operation (e.g., in mobile devices).
The key to extreme energy conservation are deep sleep modes, that can be both
quickly entered and exited. While some suggestions have been made on how to
extend the conventional Xilinx Spartan-3 FPGA series with this capability [9],
devices which natively support such operations are preferable. Examples include
the SiliconBlue iCE65 family [10] and the Actel Igloo series [11], the latter of
which will be used in our HaLoMote.
Reconﬁgurable processing has been considered before for WSNs, speciﬁcally for image processing applications in a Wireless Visual Sensor Network
(WVSN) [12,13]. The combination of an 8051-based MCU and a Xilinx Spartan3 (XC3S200) FPGA was presented in [14]. However, these prior attempts have
not examined power consumption in detail and do not describe active power saving measures (e.g., managing deep sleep modes) or do not consider low-power
implementation alternatives.
2.2

Automatic Mapping of High-Level Descriptions to RTL

Our use-cases require mostly control engineering and signal processing applications to be executed in the WSN. Since these algorithms are often developed in
Matlab and Simulink, it is worthwhile to examine the current state of tool ﬂows
supporting the automatic mapping of these high-level descriptions to reconﬁgurable processing units.
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A number of commercial tools allow the translation of Matlab/Simulink models into RTL HDL netlists suitable for mapping onto FPGAs [15,16,17]. For
Simulink, this is generally achieved by restricting models to the subset of blocks
supported by the high-level synthesis tool (for which underlying hardware implementations have been developed manually). Translating Matlab, which allows
greater freedom of expression than just composing blocks, is supported by fewer
tools [15,17] and more severely restricted: Only very limited constructs can be
automatically translated into hardware (and then often not very eﬃciently).
An alternative is an indirect approach by ﬁrst exporting the Matlab/Simulink
description as a C program using a tool such as the Real-Time Workshop Toolbox
[18]. Then, the many academic (e.g., [23]) or commercial (e.g., [24,25,26]) Cto-HDL synthesis systems can be applied to hardware mapping problem. This
approach is not entirely seamless, as the generated C code contains unsupported
constructs (e.g., pointers, ﬂoating-point computation). We will examine later in
this paper how the gap between the Matlab-exported C and the subsets accepted
by the C-to-HDL tools can be closed.
Both approaches require predetermination of ﬁxed-point word length, which
should be done for each signal individually [20]. While an analytic approach
exists for signal to noise ratio (SQNR) [21], other quality functions often have
to be calculated by simulation.

3

HaLoMote Architecture and Prototype Implementation

Fig. 1 gives a high-level overview of the HaLoMote platform architecture. Some
of the aspects, e.g., the sensor interfaces, memory system and power supply
lie outside the scope of this work and will not be discussed further. Instead,
this work will mainly deal with the actual processing elements: An 8-bit MCU
is integrated into the Radio Communications SoC for low-performance tasks
(e.g., running the wireless networking protocols). The FPGA can be used both
to realize a software-programmable 32 bit soft-core CPU as well as dedicated
accelerators directly implementing an algorithm in hardware.
For our ﬁrst HaLoMote implementation, we selected the following devices
for the platform components: 2.4 GHz IEEE 802.15.4 compliant radio communications are provided by a TI CC2530 RF-SoC [27], which includes an 8051compatible MCU. Software running on the 8051 implements the Zigbee protocol
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Fig. 1. Simpliﬁed overview of the HaLoMote platform
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stack and support services. The RF-SoC consumes about 24 mW when operating
at 32 MHz with radio disabled, about 92 mW when receiving data and between
86 mW and 118 mW when transmitting data. The 8051 starts operations on the
RCU, implemented by an Actel M1AGL1000 Igloo FPGA [11], which was chosen
for to its ultra low-power “Flash Freeze” sleep-mode, that can be entered and
exited in ≈ 1 µs, saving all outputs and register content while lowering power
draw to 52 µW.

4

High-Level Synthesis Tool Flows

For evaluating the high-level programmability of our architecture, speciﬁcally
the RCU, we ﬁrst consider the ﬁxed-point word-length optimization, then two
ways to generate hardware: One going from Simulink directly to RTL HDL, the
second one exporting C and translating that to RTL HDL.
4.1

Word-Length Optimization

Due to the ineﬃciency (both area and energy-wise) of ﬂoating-point computations on FPGAs, we convert the computations to word-length optimized ﬁxedpoint form, allowing for separate word-lengths for each operator to achieve even
smaller logic. As a quality measure, we use the mean square error over the ﬁlter
response. Using a heuristic word-length approach we can generate an entire set of
possible realizations (targeting diﬀerent mean square error bounds) in 80 seconds
on a Core 2 Duo E8500 PC. Assuming that an error bound of 0.5 dB suﬃces for
this application, the resulting computation will have a 16 bit datapath, 14 bit
coeﬃcients and 7 bit data width on the multipliers.
4.2

Hardware Synthesis

The ﬁrst approach is the direct conversion from Matlab/Simulink to VHDL. This
is especially easy for our 384-tap FIR benchmark, which can directly map to a
specialized block, generally also giving additional implementation options such as
resource sharing (folding) or optimized constant coeﬃcient multiplication. In the
ﬁrst alternative, we directly translate this model to RTL HDL for implementation
on the FPGA.
The indirect approach using C based synthesis, is also applicable to models
containing blocks not available in the tool vendors hardware libraries. The C code
generated for the Simulink model by Real Time Workshop has to be transformed
to become suitable for C-to-Hardware compilation. This includes pointer and ﬁle
operations, computations split into several functions which need to be merged,
and ﬂoating-point arithmetic re-introduced during the C export. For discrete
single-rate Simulink models, we developed a software tool that automatically
removes or rewrites the problematic constructs, ending up with C code amenable
to hardware compilation.
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Experimental Evaluation

After annotating word-lengths into the Simulink model, we translate it to hardware suitable for execution on the HaLoMote-RCU. We will have to refer to the
design tools used for this step just by S1/S2 for direct Simulink-HDL translation, and C1/C2 for Simulink-C-HDL translation, since the tool license terms
prohibit direct benchmarking. However, this approach is suﬃcient to evaluate
the applicability of our architecture and design methodology.
5.1

High-Level Synthesis: Latency vs. RCU Area Trade-Oﬀ

Fig. 2 compares the latency required to process a single sample, and area required
on the M1AGL1000-FPGA, for diﬀerent implementations achievable using the
diﬀerent tool ﬂows. While the Simulink-HDL tools support a very ﬁnely granular
setting of resource sharing, the ﬂows involving C-to-HDL translation are more
restricted in that they support only the extremes; in the case of C2, actually only
the (very small, high latency) design point. This is due to C2 not recognizing
how often the loops in the FIR would be executed, and thus only allowing full
sequentially executing on a single multiplier. The two RTL models generated by
C1 diﬀer in their internal storage scheme: In the small (slow) implementation,
BRAMs are used to store the ﬁlter state while in the large (fast) implementation
registers are used for this purpose.
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Fig. 2. Area vs. latency for ﬁnal synthesis results

5.2

Latency and Area vs. RCU Power Draw Trade-Oﬀ

Fig. 2 does not consider the power drawn by the diﬀerent realizations. For further
analysis, two extremal solutions generated by S1 are examined: L=20 is the
fastest one ﬁtting on the FPGA and uses 19 multiplier in parallel, L=380 is the
smallest one generated by all tools containing only a single multiplier. The ﬁrst
ﬁlter needs 20 clock cycles at a maximum frequency of 8.2 MHz for one sample,
which results in a minimum execution time of 2.44 µs. The second ﬁlter has a
latency of 380 clock cycles at 14.1 MHz, resulting in a minimum execution time
of 26.95 µs.
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Fig. 3. Measured active and average M1AGL1000 power draw; computation of duty
cycle for 384-FIR at diﬀerent operating clock frequencies

To determine the power draw, each of these ﬁlters was mapped onto the
M1AGL1000-FPGA and measured their core current (at 1.2 V) when operating
them at a range of clock frequencies fop . The left graph in Fig. 3 gives the
resulting measurements as Pactive,L , which show the expected result of increasing
power drawn for larger logic areas toggling at higher speeds.
In a second scenario, which is typical for our vibration control application, the
ﬁlter is not running continuously. Instead, the M1AGL1000-RCU is just woken
up from Flash-Freeze by the RF-SoC at a rate of fs = 400 Hz to process a single
sample. Note that the ﬁlter hardware still executes for L cycles at the higher
clock frequency fop . Thus, the duty cycle of the RCU actually operating relative
s
to the entire sample time is dutyL (fop ) = ffop
· L.
As the right part of Fig. 3 indicates, the average power Pavg,L drawn in
this scenario is at least an order of magnitude below Pactive,L , and is actually
decreasing with larger fop . This demonstrates, that, given the availability of
an ultra-low power sleep mode, it is energy-eﬃcient to compute as quickly as
possible, even accepting faster clock speeds to maximize time in deep sleep mode.
It can also be seen that the power savings of L=380 due to smaller area in the
ﬁrst graph can not compensate the eﬀect of faster runtime which results in a
higher average power consumption of the smaller design.
5.3

RCU Performance Evaluation

Fig. 4 shows the power draw of the best design points generated by the diﬀerent
tool ﬂows. S2 outperforms S1 due to its lower latency, allowing longer sleep times.



































 

Fig. 4. Best results of diﬀerent Toolﬂows
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The two Simulink-C-HDL ﬂows fare worse, because only their (small, slow) fully
resource-shared designs actually ﬁt on the M1AGL1000 device. These designs
have long latencies and thus poor power eﬃciency, despite their small area.
In Fig. 5 energy eﬃciency of the M1AGL1000 implementation, is compared
to low-power MCUs and DSPs. The 8 bit 8051 MCU could not reach the desired
sampling frequency of 400 Hz, even when running at a maximum of 32 MHz. In
practice, this would require radio transmission of the sample to a central node
for computation. When ignoring protocol overhead, a lower bound for the duty
cycle of transmission of a 16 bit value over a 250 kbps IEEE 802.15.4 channel
each 2.5 ms can be calculated to draw 2.2 mW of average power.
For the 16 bit MSP430 MCU [28] an operating frequency of 9 MHz was suﬃcient to run the ﬁlter at fs = 400 Hz. At this operating frequency, the MSP430
draws 5.6 mW, but has to run continuously (no sleeping). Stepping up the
MSP430 clock frequency would allow sleeping between the samples, but also
requires higher supply voltage which annihilates the power savings of sleeping.
The 16 bit ultra-low-power DSP TMS320C5515 [29] running at 3 MHz fulﬁlled
the required sampling rate while drawing 0.75 mW.


 

 



!



+,



%



 "#$%&

%

-+,
-%




-+,
.%

























' ( #)(  *($+,&

+,



Fig. 5. Comparison of MCU- and RCU-based FIR implementations

6

Conclusion

We have shown that, with current design tools, even domain experts not proﬁcient in hardware design can implement performance-critical parts of common
algorithms on the RCU directly from their high-level Simulink descriptions.
Given a reconﬁgurable device capable of quickly entering and leaving an ultalow power sleep mode, we have determined that tools should aim for the fastest
possible realization, even if that requires higher clock frequencies or larger chip
areas (due to limited resource sharing). The energy gains of waking up from
deep sleep only brieﬂy for computation dominate the additional power required
for these faster designs.
Our “run to idle” strategy is only applicable, however, if the RCU is not used
to continuously perform traditional WSN middle-ware services (e.g., communication protocols, timekeeping, synchronization). To this end, our HaLoMote
platform, being a heterogeneous multi-processor, can leave these tasks on the
low-power MCU and use the RCU just for brief bursts of computation.
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