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Flexible, Self-Adaptive Sense-and-Compress SoC for Sub-microWatt
Always-On Sensory Recording

Jaro De Roose , Member, IEEE, Haoming Xin , Member, IEEE, Ahmed Hallawa,
Gerd Ascheid, Life Senior Member, IEEE, Pieter J. A. Harpe ,

and Marian Verhelst , Senior Member, IEEE

Abstract—We present a 5-sensor, fully integrated sensing system with
interchangeable sensors and programmable configuration to create a sub-
microWatt multisensor node that can tackle a wide range of sensing
applications. Furthermore, the sensor node is capable of autonomously
adapting its configuration to the application requirements hence minimiz-
ing system power. Such self-reconfiguration is enabled at low overhead
by developing an automated offline optimization strategy, in combina-
tion with an autonomous embedded configuration controller, using the
concept of behavioral trees (BTs). The resulting fully integrated platform
consumes a maximum of 321 nW when sampling at 500 Hz and 3025 nW
at 8 kHz. Furthermore, we demonstrate the end-to-end autonomous
optimization flow for two different applications exploiting different sen-
sors: 1) human activity recognition using accelerometers and 2) machine
listening using a microphone. Both use cases demonstrate that the intro-
duced system and methodology reduces the power by more than a factor
2 without losing significant application detection accuracy.

Index Terms—Automated optimization, behavioral tree (BT), flexible
sensor node, low overhead flexible hardware, ultralow power.

I. INTRODUCTION AND SOTA

Miniature multisensor IoT systems with small batteries require
continuous gathering of multisensor information at minimal power
consumption in a multitude of applications, such as human activ-
ity tracking [1], machine listening [2], voice activity detection [3],
human health monitoring [4], etc. Besides the energy efficiency, also
the monetary cost of sensor nodes is a critical element, mainly con-
sisting of development and production cost. This development cost
could be amortized when creating a single, versatile sensor node,
capable of reconfiguring to the requirements of a wide range of
applications. Some works have created multisensor platform [5],
with configurable sensor interfaces [6], or even a complete recon-
figurable biomedical SoC with interchangable sensors [7] to cover
many biomedical applications. Yet, these designs are not optimized
for energy efficiency. Other recent work, on the other hand, has
introduced self-reconfiguration techniques, enabling the sensor node
to tune down its sensing effort, and hence power consumption, at
runtime whenever circumstances tolerate this. A few examples are
the adaptive decimation of ECG signals [8], usage of compressed
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Fig. 1. Information-goal-oriented automated optimization scheme.

sensing [9], or the online tuning of health monitoring sensor efforts
based on the early warning score, a measure of potential health
danger a patient is in [4]. These works effectively reduce power
through online adaptivity, yet the designs are custom-made to their
application, putting the burden back on the development cost.

To overcome this conflict, this letter aims to achieve energy effi-
ciency over a wide range of applications, by automatically tailoring
sensor node configurations to the application. This is both pursued
at design time, to limit design effort and cost, as well as at run-time,
enabling online self-reconfiguration to adapt to online changes. This
is achieved by letting the node learn its optimal “behavior,” capturing
how it should adapts its setting to external stimuli.

II. SELF-CONFIGURATION THROUGH OFFLINE OPTIMIZED

BEHAVIORAL TREES

Fig. 1 shows the system concept of the proposed automated online
reconfigurable sensor nodes. The first important building block is a
configurable sensor node, whose power scales down when required
performance decreases (Section III). Second, we require a control
center that executes the learned behavior to reconfigure the sensor
node in function of online sensor stimuli. This is implemented in
the form of a behavioral tree (BT), which conditionally changes
sensor configurations based on online calculated features from the
incoming sensory data (Section IV). This allows the node to achieve
its most energy-efficient operation for a given performance target.
The optimal BT is determined automatically at low cost, using a
dataset of the targeted application as training material. Using a model
of the sensor node and the training dataset, an optimizer simulates
the impact of a deployed BT on the system power consumption.
Furthermore, it calculates a figure-of-merit that indicates the quality
of the application-targeted information (e.g., % of steps recognized
for a step counter application). This allows the optimizer to optimize
the sensor node behavior toward the desired tradeoff between power
consumption and information quality (Section V).

2573-9603 c© 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Fig. 2. Hardware of the flexible sensor system overview.

III. FLEXIBLE AND SCALABLE HARDWARE

The developed sensor node targets configurable multisensory
recording and lossy data compression, before storing the compressed
data in a memory (e.g., for later wireless transmission or readout).
Specifically, the implemented multisensor chip (Fig. 2) can connect to
up to 5 passive resistive or capacitive sensors, whose analog signals
are time-multiplexed into one ADC and stored in a 5 × 256-sample
buffer bank. Once the buffer is full, the samples are compressed using
zero-order hold (ZOH): each sample from a sensor is compared to
the previously stored sample of the same sensor, if the difference
is larger than a configurable parameter �, the new sample is stored,
combined with the run length (=numbers of samples passed since the
last stored sample) [10]. The compressed data is stored in an output
buffer which is used for the data transfer to an external ULP flash
memory [11].

The sensor platform supports power scalability through six
dynamic tuning knobs that can be changed for each of the five sen-
sors individually each time the buffer is full: sensor sensitivity [12],
sample frequency, bits stored per sample, compression harshness (�),
bits used for RL encoding (more bits allow longer possible run length
and thus higher compression ratio), and sensor data deletion.

As leakage is dominant in the targeted sensing applications with
<10 kSps, all parallel hardware that leaks is eliminated. As such, all
five sensors share the same ADC, feature extraction, and compres-
sion hardware. Furthermore, the sample buffer allows to power gate
the compression logic and memory while sampling. Since the sample
buffer is a source of leakage, it is banked to be able to powergate seg-
ments corresponding to unused sensors. All flexibility in the design
comes with minimal power and area overhead.

IV. EMBEDDED BEHAVIORAL TREE IMPLEMENTATION

The node’s behavior, its self-configuration, is controlled using a
BT [10] (Fig. 3, top left), which is built using three types of nodes.

1) Action nodes (AN) are the nodes that reconfigure the sensor
node, i.e., determine all six settings of a sensor.

2) Condition nodes (CN) are nodes that evaluate online sensor
stimuli. They have access to five hardware-friendly features per
sensory stream (Fig. 3): a) mean; b) mean-average-deviation;
c) zerocrossing; d) slope; and e) peak-to-peak information. The
CN compares a feature to a learned threshold and outputs
success/failure.

3) Composite nodes (CPN) connect the CNs to ANs to create
sequences of ANs and CNs. The CPN executes its children
nodes from left to right until either the first success or the first
failure of a CN (see Fig. 3, top left).

The complete BT can be translated to if-else code which has to be
programmed into the SoC for each application. To execute this code,
without consuming too much overhead power, a small specialized

Fig. 3. Low power BT implementation enabling online adaptivity.

processor is implemented on chip, shown in Fig. 3. A custom com-
piler compiles the BT with one binary word per AN or CN, containing
all relevant information to be used by the processor. AN commands,
starting with a “1,” contain the targeted sensor, the requested settings
for this sensor and to what BT node the processor should jump next.
CN lines, starting with a “0,” contain the feature that needs to be
compared, the comparison threshold, and to which BT node the pro-
cessor jumps if the CN is successful, resp. failing. The BT program
is executed at powerup and each time the buffer is full, hence chang-
ing the SoC configuration whenever a new set of features becomes
available.

V. OFFLINE BEHAVIORAL TREE TRAINING

Using 1) training data, consisting of sensor data of the targeted
application, 2) a model of the sensor node, and 3) figure-of-merit
that indicates the quality of the application-targeted information, a
BT is optimized to achieve the best tradeoff between the information
metric and power consumption. To converge efficiently to an optimal
BT from virtually infinite possible BTs, training is performed in three
steps.

1) The algorithm creates a pool of suitable ANs (Fig. 4 left) using
an evolutionary algorithm (EA) that identifies sensor configu-
rations that are Pareto-optimal (power versus figure-of-merit)
when applied statically throughout the whole simulation. Ten
of the configurations across this Pareto front are selected and
added to the action pool, to keep the action pool compact.

2) The algorithm creates a pool of potential CNs by statistically
analyzing the sensory features calculated on the training set
and choosing a select number of thresholds, which cover the
expected range of their respective feature (Fig. 4 upper right).

3) A BT synthesizer uses CPNs to tie ANs and CNs from the pools
together to form BTs and a second EA automatically evolves
the BTs to an application-optimal BT (Fig. 4 lower right).

This application-optimal BT is then translated to if-else code, com-
piled and loaded into the sensor node. Hence the sensor node has
optimal online reconfiguration without any manual design effort.

VI. MEASUREMENT RESULTS

The complete sensing system depicted in Fig. 2 has been inte-
grated in a 3-mm2 65-nm LP CMOS chip (Fig. 5). We first show
the system’s measured power consumption in various configurations
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Fig. 4. Automated behavior training using previous data of the targeted
application in three steps: action pool creation, condition pool creation, and
BT training.

Fig. 5. Chip photograph

Fig. 6. Power model.

Fig. 7. Correlation between power measurements and power model.

and its correlation with the derived power model, followed by the
automated deployment of the system in two specific applications.

1) Power Consumption and Model: The power consumption of the
chip (without flash) is measured for various configurations at 8-kHz
sampling frequency at 23 ◦C, and shown in Fig. 6. The system has
a minimum power of 110 nW@500 Hz and a maximum power of
>2500 nW@8 kHz, showing >20× power scalability. Furthermore,
the base power only measures 110 nW@500 Hz, consisting mainly
of leakage.

Fig. 8. Multiple HAR applications and their performance-power tradeoff in
simulation.

To support the automated optimal behavior learning, a power model
has been constructed for the complete sensor node, including an
external signal-level-simulated flash memory [11]. The model and
its parameters are shown in Fig. 6. The power model is corre-
lated with the chip measurements, shown in Fig. 7, demonstrating
a correspondence with a root-mean-square error of 12 nW over five
configurations.

2) Automated Application-Adaptivity: The low-cost adaptivity to
specific applications is showcased through deployment in two differ-
ent types of applications: 1) human activity recognition (HAR) and
2) machine fault detection through machine listening.

Using a public dataset [1], we consider three specific HAR
applications: 1) full activity recognition; 2) sleep recognition; and
3) step counting, to showcase how our automated flow can customize
the sensor node to application specifics. The application-specific
information figure-of-merit for activity and sleep recognition is
obtained by the smoothened output of a neural-network-based clas-
sifier operating on the dataset’s inherent features. Step detection,
on the other hand, is triggered when the combined magnitude of
the three accelerometer axis crosses the average signal value. The
baseline reference corresponds to operating at nominal settings:
a static Nyquist sampling sensor node with lossless compressing
only using the 3-axis accelerometer data. Fig. 8 shows the results
of the automated configuration flow. The triangles show nominal
settings, circles show the Pareto front found by the EA optimiz-
ing static settings or “flexible” solutions (solutions found for the
action pool), and crosses show solutions achieved through BT-enabled
online reconfiguration, or “adaptive” solutions. Using the automated
application-adaptivity flow, up to 80% of the dynamic power can
be saved, depending on the difficulty of the task and the targeted
performance.

Next, we consider a machine listening application with micro-
phone sensors to show the sensor node’s and the framework’s
versatility. We select a pump anomaly classification case from the
MIMII dataset resampled at 8 kHz [2] (machine id 6, 0-dB SNR,
post-processing using mel features and a neural network). The
base accuracy is expressed as area under the curve (AUC). Fig. 9
shows the power performance tradeoff we obtain using our frame-
work, showing more than a factor 3 power reduction by flexibility
alone.
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Fig. 9. Machine listening application.

Fig. 10. State-of-the-art comparison. This work can be used for a multitude
of applications at very low power levels.

3) SotA Comparison: Fig. 10 compares this letter to the state-
of-the-art. This hardware is unique as a reconfigurable multisensor
platform, which works down to microWatt level, while dealing with
a multitude of applications.

VII. CONCLUSION

The work presented in this letter is a complete multisensor system
with changeable sensor setup and flexible behavior reconfiguration,
to maximize automated, low-cost reusability of the same platform
over multiple applications. The system consumes 321 nW for HAR
applications without optimized settings at 500 Hz and 3025 nW for
machine listening at 8 kHz. From this baseline, specific applica-
tion experiments demonstrated the ease to adapt the settings and the
dynamic behavior of the complete sensing system in an automated
way to any new application. Moreover, the EA- and BT-enabled

adaptivity pushes dynamic power by a factor 2 for all demonstrated
applications without significant accuracy loss.
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