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Abstract—We present a synthesizable, sub-threshold, four-
channel signal band power extractor for a batteryless body sensor
node system on chip (SoC). The power extractor consists of a
programmable 30-tap finite impulse response (FIR) filter and
signal power circuit (SPC). The filter uses a serial, resource-shared
architecture to reduce area, leakage, and power. The FIR supports
a programmable number of taps, number of active channels, and
coefficient register data. The SPC uses power-of-two arithmetic for
reduced complexity, area, and power. The design was synthesized
in 130-nm CMOS and consumes 34 nW (32 nW for FIR, 2 nW for
SPC) per channel at 350 mV and 29 kHz.

Index Terms—Body sensor node (BSN), electroencephalogra-
phy (EEG), finite impulse response (FIR) filter, spectral analysis,
sub-threshold, ultra-low-power (ULP).

I. INTRODUCTION

W IRELESS sensor nodes, body sensor nodes (BSNs), and
other ultra-low-power (ULP) systems demand energy-

efficient signal processing to meet their stringent power re-
quirements. For example, a BSN system on chip (SoC)
with four input channels for electrocardiography (ECG)/
electroencephalography (EEG)/electromyography (ExG) data,
ADC, microcontroller (MCU), radio, power management, and
energy harvesting runs entirely on power harvested from body
heat with no battery [1]. To enable this, the chip must consume
an average power less than the power harvested, which is
typically in the 30–50 μW range. When extracting heart rate
from ECG and sending regular RF updates, the entire chip
consumes just 19 μW [1]. Since the chip harvests power, the
processing blocks are power limited to keep the total average
chip power below the harvested power and avoid depleting
energy on the storage capacitor.

Filtering is frequently required for processing ExG data,
and signal spectra power analysis is used for various neural
applications, so we present a custom ULP finite impulse re-
sponse (FIR) accelerator block and signal power circuit (SPC)
integrated on the SoC in [1].
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TABLE I
EEG FREQUENCY BANDS OF INTEREST [2]

A primary use of the power extractor on the SoC is process-
ing EEG signals to determine the amount of cortical neuronal
activity in the brain. From individual electrodes, the band power
can be determined by filtering the data and averaging the square
of the data over a window of time [2]. The majority of the signal
power of EEG signals is concentrated at frequencies < 200 Hz
and can determine neuronal activity such as processing or
movement, sleeping events, and seizure prediction as seen
in [2]. By filtering the EEG data prior to processing using the
SPC, the amount of signal energy within a single-frequency
band can be determined and used to classify specific brain
activities if the energy passes a known threshold. Normal
neuronal activity from an awake subject can be extracted from
four key EEG frequency bands: α (8–12 Hz), β (18–26 Hz),
low-γ (30–50 Hz), and γ (70–100 Hz). To begin to classify
sleep, the δ (0.5–25 Hz) and θ (4–7 Hz) bands are also used, as
seen in Table I. The filter is programmable to allow for subject-
specific frequency bands or to handle general-purpose filtering
on-node. The presented FIR was designed considering these
bands of interest, but is not limited to this application.

Other power extractor circuits have also been presented for
EEG/ECoG systems that consume more power and area due to
an analog or mixed signal implementation, as in [4] and [5], or
the use of more versatile but costly spectral density algorithms,
as in [6]. As the filter consumes > 90% of the power in this
implementation of the power extractor, reducing power within
the FIR was of high importance and was completed through
the use of a serial architecture and sub-threshold operation seen
in Fig. 1 with a corresponding timing diagram in Fig. 2. Other
sub-threshold filters have been proposed that use body-biasing
techniques to reduce the effects of variation, as in [7], or boost
a sub-threshold supply voltage to the super-threshold region so
that the circuit no longer operates in sub-threshold, as in [8].
We avoided body biasing to make our synthesizable design
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Fig. 1. Filter resource-shared architecture of the four-channel FIR including
detailed diagram of the channel.

Fig. 2. Timing diagram of the FIR filter showing serial operation.

Fig. 3. Block diagram of the signal power circuit (SPC).

process portable and kept a sub-threshold supply voltage since
it provided ample performance for our set of BSN applications.
The power extractor circuit used power-of-two arithmetic to
eliminate the need for multipliers and divider circuits for re-
duced power, as seen in Fig. 3.

II. DESIGN CONSIDERATIONS

A. Sub-Threshold Operation

The effects of variation on the threshold voltage, Vt, are
pronounced when operating in the sub-threshold region due to
an exponential dependence of the drain current of the transistor
on Vt. To mitigate the effects of this on the performance of the
power extractor, static CMOS gates with short stacks were used
throughout the design to provide robustness. To avoid ratioed
circuits, 6-T SRAM cells for storing data and coefficients were
avoided in favor of standard cell registers using high Vt devices
for reduced leakage and to maintain a synthesizable design [9].

Fig. 4. PMOS headers and clock gating for power savings. Table of measured
energy savings for the FIR (energy bottleneck of the system) compared to using
the on-chip microcontroller (MCU).

B. Energy Savings

As the filter and power extractor are not always in use by
the reconfigurable datapath on chip, they required extremely
low leakage during idle periods. To reduce leakage energy,
PMOS headers were added to the design to reduce leakage
by cutting off the voltage supply to the gates during idle
mode. Appropriate header sizes were chosen iteratively based
on a starting width of ∼10% of the total NFET width of the
design and the header width was increased or decreased until a
< 2% supply voltage droop was seen in simulation for normal
circuit operation. The filter and extractor can both be clock
gated at the block or individual channel level. This prevents
excess switching energy due to an active system clock when
these blocks are not in use, as seen in Fig. 4.

III. SUB-THRESHOLD POWER EXTRACTOR

A. FIR Filter Design

To support concurrent ExG processing on data from the four
analog input channels on chip, the architecture of the FIR has
four independent channels, as seen in Fig. 1. The SoC uses a
200-kHz XTAL for the system clock to modulate data in the
Medical Implant Communication Service band radio and for
a digital clock. Since the typical data sampling rate for ExG
is much lower than 200 kHz (< 1024 Hz for our chip), we
use a serial architecture [10] versus the traditional direct-form
architecture for a FIR filter to reduce power, area, and leakage.
The direct-form FIR architecture computes the result in parallel
using as many adders and multipliers as there are taps. This
method results in a much higher throughput than required for
this application space as well as a large area penalty for up to
30 taps replicated over four channels. Resource reuse of the
arithmetic units was achieved through using the faster 200-kHz
clock for serially processing data between receiving input sam-
ples. This allowed for a higher utilization of arithmetic units
per sample, resulting in lower leakage from inactive or excess
circuitry when the design is operating or not on the datapath.
At every rising edge of the sampling clock, a new input sample
is received, processed at the faster clock rate, and the result is
computed in a fraction of the sample period, as seen in Fig. 2.
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Fig. 5. FIR frequency response for the α, β, low-γ, γ, δ, and θ bands of EEG
for tap lengths of 15 and 30 and a sampling rate of 256 Hz.

Each channel contains one 8-bit Baugh-Wooley multiplier,
one 16-bit ripple-carry adder, coefficient registers, and a small
filter controller for channel synchronization and state retention
of the channels. During active operation, each channel is indi-
vidually clock-gated for any remaining cycles after the result
is computed to further reduce energy. Sharing arithmetic units
within each channel reduced the overall area by 6–12×/filter
compared to prior work [7], [8] and by 12×/channel compared
to a traditional parallel architecture. The smaller area also
reduces leakage, which helps reduce energy drawn from the off-
chip storage capacitor particularly during idle periods.

The filter supports programmability by the SoC’s MCU for
several modes of operation. A programmable filter is important
due to the volatility of energy on the storage capacitor during
power harvesting. The on-chip power-management controller
can reduce the number of taps used for filtering or the number
of active channels to reduce power in the circuits based on
available energy. A 30-tap filter met the accuracy specifications
for this set of applications as this was the point that the mag-
nitude responses for bandpass filters in the targeted frequency
ranges (for non-sleep bands) were attenuating frequencies be-
low the lower cutoff frequency as seen in Fig. 5. When high
throughput and energy are more critical than accuracy, a 15-tap
mode is available. Each stream of input data can be filtered
using one channel or two simultaneously with different filtering
coefficients (e.g., EEG bands). The frequency spectra of a
filtered EEG signal for an awake subject are shown in Fig. 6.
The FIR filter coefficients used for testing were found through
MATLAB’s filter toolbox using a Kaiser window with β = 0.5.

The relationship between energy/sample and number of taps
in the FIR is linear in our serial design as each tap requires one
additional multiply accumulate operation than the previous, so
varying the number of taps trades off energy with fidelity using
this architecture. This also allows the processing of different
types of data with different fidelity requirements.

Fig. 6. Original EEG motor activity signal spectrum [11] and measured
filtered waveforms using 30 taps.

B. SPC Design

The SPC receives output data from the FIR filter and com-
putes the average signal power within a specific frequency
band. This block has four input channels corresponding to
the channel outputs of the filter and can save state for each
channel during a channel switch from the ADC. The extractor
also has a programmable summing window size and number
of active channels. The circuit directly implements the signal
power equation shown in

px =
1

N

N−1∑

n=0

|x[n]|2 (1)

where px is the average signal power for a signal, x, and N
is the summing window size. This is an alternative to directly
computing the power spectral density of the signal that gives
energy per hertz, as seen in (2), where ω is the angular fre-
quency. Power spectral density is a robust way for determining
EEG signal characteristics as a function of frequency [2]

ϕ(ω) =

∣∣∣∣∣
1√
2π

∞∑

n=−∞
x[n]e−jωn

∣∣∣∣∣

2

=
F (ω)F ∗(ω)

2π
. (2)

The equation in (2) is equivalent to finding the fast Fourier
transform (FFT) of the signal, x, and multiplying by the com-
plex conjugate of the result. The FFT is a computationally
expensive operation that would also require post-processing for
determining the signal power.

Implementing the signal power equation in (1) directly re-
quires a squaring circuit, accumulator (adder), and a division
circuit. Since these are costly operations to have multiplied
over four channels, computation complexity was reduced by
working with the data in powers of two, which reduces the
division operation to a series of shifts (Fig. 3). The window size
is a programmable input and can be set to any power-of-two
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Fig. 7. Relative error due to a power-of-two implementation of the SPC for
an awake subject completing 1-D random motion of both hands.

Fig. 8. Body sensor node chip micrograph with power extractor and FIR.

in the range of 4–128. To replace the multiplier required for
the squaring operation, data were rounded to the nearest power
of 4, and the squared results came from a lookup table using
high-Vt standard cells to reduce leakage. The rounding reduced
the number of bits required during data transformation as the
lower two bits were always 0. The error due to this implemen-
tation can be seen in Fig. 7 with an example EEG signal for an
awake subject performing random 1-D movements of the left
and right hand [11]. The SPC used a window size of 128 to
process this data and shows higher relative error in frequency
bands that do not contain a large amount of the overall signal
power and a low error for the frequency bands describing motor
planning and awareness. The absolute error between the ideal
and the power-of-two methods is small enough to still allow for
accurate detection.

IV. EXPERIMENTAL RESULTS

The filter and power extractor were synthesized using only
standard cells and fabricated in 130-nm CMOS as part of the
BSN SoC (Fig. 8). They operate correctly across the target
range of 0.3 V–0.7 V with a corresponding frequency range of
8 kHz–6 MHz, as seen in Table II. Fig. 4 shows the mechanisms
for additional power reduction in both blocks. Clock gating
channels after the result is ready reduces switching energy by

TABLE II
DESIGN SUMMARY

Fig. 9. Measured energy-delay curves for one active channel with 30 taps, two
active filters using 30 taps, and one active channel using 15 taps including the
SPC with a window size of 128.

Fig. 10. Relationships between the supply voltage and the energy and delay
of the power extractor.

4×, and the MCU power gates the filter and extractor using
PMOS headers when the blocks are unused, reducing leakage
by up to 15×. It was shown that the frequency response of the
FIR in the EEG energy extraction bands shows that coefficient
quantization had little effect on cutoff steepness (Fig. 5). Fig. 6
also shows the accuracy benefits of going from the 15 to 30 tap
modes in the α, β, low-γ, and γ, δ, and θ frequency bands. A
measured energy-delay plot is shown in Fig. 9 with a minimum
energy-delay product occurring at 350 mV and 29 kHz for the
one channel, 30-tap, and 128 length SPC window case. Energy
with respect to the supply voltage and delay with respect to
the supply voltage are shown in Fig. 10. Recent sub-threshold



KLINEFELTER et al.: SUB-THRESHOLD SIGNAL BAND POWER EXTRACTOR 941

TABLE III
FIR COMPARISON TABLE

FIR filters have included fewer than 15 taps, consumed more
power, more area, and have a much larger FOM without having
the flexibility demonstrated in this design, as seen in Table III.
To date, our filter has the smallest FOM compared to the
state of the art. The design implemented in [4] implements
an analog multi-channel extractor with fourth-order bandpass
filters followed by an integrator for an area 12× larger and a
power consumption of 24× larger than our design.

To measure the signal power within different frequency
bands, filtered EEG data was input to the SPC to determine
power per band. Compared to a direct implementation of the
power extraction equation in (1), the power-of-two format SPC
has a < 7% error in the average case for random input values
with a mean of 128, such as the data provided by the 8-bit
on-chip ADC. The total area of the SPC was 180 × 180 μm
and always consumed < 10% of the energy of the total power
extractor including the FIR. Our FIR filter and SPC blocks
help the BSN SoC maintain its robust, ULP energy harvesting
operation.

V. CONCLUSION

A programmable, sub-threshold signal band power extractor
was designed for use in a low-throughput and ultra-low-power
body sensor network SoC. The filter and full extractor circuit
are the lowest power designs compared to the state of the art.
Although presented here for a single biomedical application,
the filter is flexible for use in general purpose DSP applications.
By serializing the traditional FIR architecture, the number of

adders and multipliers required for the design was reduced,
thereby reducing active and leakage energy for the overall
design. Individual channel clock gating was used to reduce
leakage for on-chip modes using fewer than the four maximum
electrodes. Similarly, the SPC successfully uses power-of-two
format to reduce computational complexity, area, and power
for little loss in data fidelity. As the extractor was synthesized
using only standard cells, the design is highly portable for new
technologies.
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