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Abstract—This work presents a biomedical signal processor 
(BSP) with hybrid functional cores to optimize the power 
dissipation and system flexibility for mobile healthcare 
applications. Embedded with the biomedical core and a 32-bit 
RISC core, multi-features are extracted for classification and the 
abnormal data are compressed. In addition, the crypto core 
secures both the data and wireless link protocols to protect the 
user privacy. This BSP chip is fabricated in a 90nm standard 
CMOS technology with core area of 1.17mm2. To overcome the 
leakage in advanced technology, a duty-cycled clock generator 
minimizes the system active duty and the inactive functions are 
power gated. Operating at 25MHz frequency and 0.5V supply 
voltage, the energy of RISC core is down to 3.44pJ/cycle. 
Accompanied with dedicated biomedical and crypto cores, the 
average BSP power achieves 38µW at 25MHz and 0.5/1.0V when 
performing the ECG alarm application. 

I. INTRODUCTION 
Long-term monitoring and data privacy are the key 

requirements in mobile healthcare applications, where the 
wireless sensor nodes are wearable to record the vital signals. 
These applications enable timely detection of risky syndromes 
and provide appropriate treatments for the users. To extend the 
monitoring time and keep the data secret, the local biomedical 
signal processors (BSP) can be applied to extract and protect 
the key information of raw biomedical signals.  

Although the BSP can reduce the transmission energy and 
enhance the user privacy, a low power BSP becomes another 
design challenge. A subthreshold BSP achieves low power 
consumption [1], nevertheless, the functionality of 8-bit 
microcontroller is limited. Although 32-bit processors are with 
more computational capability [2, 3], the low speed approach 
suffers from the increased leakage power in advanced 
technology (e.g. 90nm technology). Moreover, the general 
processors without dedicated accelerators still require much 
more operation cycles to perform complicated algorithms, 
such as ECG alarm application. The more operation cycles 
result in higher energy dissipation. Therefore, an ECG signal 
processor classifies and compresses the arrhythmia waveform 
with dedicated hardware [4]. However, only single ECG 
feature of the R-peak is extracted. The limited feature number 
provides lack of information for successive processing. 

Consequently, the proposed BSP is designed based on 
hybrid cores of (i) a biomedical core and (ii) a 32-bit RISC 
core. The combined function efficiently and flexibly extracts 

multiple features for syndrome classification and compresses 
the data for storage and transmission. Besides, (iii) a crypto 
core, including functions of AES, elliptic curve cryptography 
(ECC) and secure hash algorithm (SHA), supports both the 
data encryption and protocol operation with efficient key size. 
Furthermore, a duty-cycled clock generator (DCCG) raises the 
processor computational capability and minimizes the system 
active duty for reduced leakage dissipation. With voltage 
scaling, extensive clock and power gating, the proposed BSP 
overcomes the challenge in chip power reduction. 

II. HYBRID-CORE BSP OVERVIEW 
This work provides a hybrid-core BSP architecture for the 

abnormal ECG alarm system, as shown in Fig. 1. For most 
power saving, the BSP is operated in a duty-cycled scheme, 
which performs burst data computation with the use of DCCG. 
Besides, the dedicated biomedical and crypto accelerator cores 
perform routine and computation intensive functions that 
further reduce the required operation cycles, resulting in less 
energy dissipation. 

Initially when the system starts, protocol is activated to 
build up the secure link in mobile environment, and which is 
only activated during a fixed duration. Within data collection 
period, the sampled data are queued in the asynchronous 
buffer (ABUF), and the other parts of system are asleep.  

The main procedure of the abnormal ECG alarm system is 
the feature extraction and the syndrome classification. After 
filtering stage that mitigates some noise induced by the mobile 
environment, multiple features are extracted to the feature 
memory (FM) for classification, and the data is compressed in 
the data memory (DM). Finally, only the abnormal data 
should be preserved and encrypted for transmission.  
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under Grant 99-2220-E-009-068. 

 
Fig. 1 BSP system overview and the behavior time line 
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A. Biomedical Core 
As illustrated in Fig. 2, the biomedical core includes the 

programmable FIR/IIR filters, wavelet-based feature extractor 
(WFE), and multi-level compressor (MLC) that can routinely 
perform the filtering, multi-feature extraction and compression 
sample by sample.  

As the alarm performance is affected by the robustness and 
the amount of selected features, the WFE applies the time-
frequency analysis based on multi-scale discrete wavelet 
transform (DWT) [5]. The DWT-based solution mitigates the 
noises and extracts the peaks and boundaries of P, Q, R, S, T 
waves in different scales, providing more features than [4]. 
When designing the DWT, the quadratic spline function is 
chosen as the prototype wavelet, which equals to FIR filters as  

LPF: hi [n] = {δ[n+2i]+ 3δ[n+2i-1]+ 3δ[n]+ δ[n-2i-1]}/8 
HPF: gi [n] = {δ[n+2i-1]- δ[n]}×2 

in the i-th scale (1 ≦ i ≦ 5). This allows compact 
implementation by sharing the shift registers and replacing the 
multipliers with shift-and-add operations. The HPF outputs 
decompose the input signal into 5 wavelet scales. As shown in 
Fig. 2, the noise is separated at the lower scales and the 
features are enhanced in different scales. These wavelet 
outputs are then stored in the temporary memory (TM) for 
further extraction with the RISC core. 

The thresholds are applied at different scales for multi-
feature extraction. However, the original algorithm [5] is 
intended for offline operation that requires RMS computation 
over 216 samples. To make an alternative solution with 
reduced hardware, the adaptive threshold calculation is 
proposed. The RMS values of 512 samples in each scale are 
calculated and averaged with the last 7 blocks with different 
weightings as the adaptive thresholds. By applying the 
adaptive solution, both the required TM size and the 
accumulation values for RMS computation are reduced from 
the order of 216 to 29, resulting in large area and power 
reduction. Moreover, the WFE maintains the performance of 
multi-feature extraction with 99.91% sensitivity and 98.90% 
positive predictivity in QRS detection, and over 99% 
sensitivity and 95% positive predictivity (average) in other 
waves at the MIT-QT database. These indices are adjustable 
by programming the RISC core. 

The MLC compresses the coming signal blocks according 
to the signal variation level and each level corresponds to 
different down-sampling rate. Followed with lossless delta 
encoding, the remained data requires less bit-length for 
representation. Therefore a 4-bitwise lossless encoding further 
removes the redundant zeros and packetizes the data for 
memory storage. Implemented with block size of 16 samples, 
the signal variation in each block is measured by the min-max 
difference instead of standard deviation or mean deviation in 
[4], resulting in 55% area reduction. With 2x-16x down-
sampling rate in four levels, the encoded data achieves 16:1 
compression ratio with 0.7% PRD signal distortion in the 
MIT-BIH arrhythmia database. 

B. RISC Core 
As the property of biomedical signal differs from each 

person (especially ECG), the BSP is essential to online update 
the parameters, rules and even configurations for robust 

system alarm performance. Therefore a 32-bit RISC CPU core, 
AndesCore N903 [6], is utilized to complete the feature 
extraction and disease classification with flexible computing. 
Additional functions can be configured through updating the 
instruction memory (IM). Besides, an embedded debug 
module (EDM) is integrated in convenience of software 
development. The hardware divider and fast multipliers with 
corresponding instructions are also integrated. Compare to the 
8/16-bit processors, this 32-bit processor core possesses 
stronger computational capability to finish complicated 
operations, implying less computation time for lower energy 
dissipation. Moreover, the run-time power dissipation is 
minimized by the fully clocked gated pipeline. 

C. Crypto Core 
Fig. 3 shows the crypto core design. The biomedical data 

is encrypted by AES-128 designed in [7]. Additionally, the 
ECC-163 processor with SHA-256 hash function is integrated 
for key exchange and user identification protocols in mobile 
environment. As the protocol operations are merely activated 
during a long period, the ECC and hash function is designed 
with small area to reduce the leakage power.  

The ECC processor computes the elliptic curve scalar 
multiplication (ECSM) for protocol use. The required modular 
addition, multiplication and square function are implemented 
based on modular ALU in [8]. Furthermore, to support more 
advanced protocols, the modular inversion is integrated based 
on the formula of ( )n21 2modaa

2n−

=− . As a result, this ECC 
processor completes an ECSM within 348k cycles, and 
supports 4 modular operations over binary field based on only 
one modular ALU, resulting in 72.3% area reduction.  

Since the required parameters during computing SHA-256 
and ECC-163 are at least 32×32bits and 6×163bits, the storage 
occupy the most gate area in crypto core design. Therefore, a 
register file is designed to support both the ECC and hash 
computations. The required storage size is reduced by half 
through sharing between two computation modes, resulting in 
34% area saving. 
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Fig. 2 The biomedical core and the ECG feature extraction result 

 Fig. 3 The architecture of crypto core 



III. CHIP IMPLEMENTATION 

A. BSP Architecture Partitions  
As the leakage dominates the power dissipation in BSP 

design, systematic architecture partitions greatly reduce the 
system power. Therefore, the BSP is designed with eight 
power domain partitions for voltage scaling, multi-supply 
voltage, and power gating to achieve extremely low power 
consumption as illustrated in Fig. 4(a). With re-calibrated cell 
behavior and timing information, the standard cell library with 
0.5V supply voltage is constructed. This voltage scaling 
scheme is applied to all the logic blocks, except the transfer 
domain that is operated at 1.0V to interface with I/O pads. In 
addition, the memories are also operated at 1.0V for robust 
read/write behavior. The inactive domains are power gated by 
the power management cells that contain isolation cells and 
distributed coarse-grain power gating cells in [9]. 

The required on-chip memory is partitioned as memory 
banks with individual power supplies for different functions. 
The ABUF, FM and the IM are stayed in the always-on 
domain since the stored information should be retained for 
successive processing. The unused memories are power gated 
if no data inside should be preserved. Processing with 12bit 
ECG signal sampled at 250Hz, the required memory sizes are 
shown in Fig. 4(a). In addition, both DMA and AHB interface 
are provided for different configurations. 

There are three clock domains within the BSP. The timing 
controller and management circuits are worked at 50kHz 
frequency, and the sampling circuit is operated at 250Hz to 
1kHz for ECG data sampling. To minimize the active duty-
cycle for maximized BSP sleep time, the BSP cores work at 
MHz-scale frequency (i.e. target at 25MHz with 0.5V). The 
asynchronous interface within ABUF transfers the data 
between the slow and fast clock domains for further 
processing. In addition, extensive clock gating is applied to the 
logic and memory blocks for the dynamic power reduction. 

B. DCCG Design 
The MHz-scale DCCG enables higher computation 

capability and lower system duty-cycle for the proposed BSP, 
as shown in Fig. 4(b). Based on all-digital phase locked loop 
(PLL) architecture, the DCCG comprises a phase-frequency 
detector (PFD), frequency divider, digitally controlled 

oscillator (DCO) and the controllers for variable frequency 
settings. The PFD detects the phase and frequency difference 
between 50kHz reference clock and the divided DCO output, 
and provides the commands for DCO frequency tuning. When 
the loop is locked, the DCCG generates the target frequency 
and the locked DCO code is stored for fast switching purpose. 

As the PLL power is usually dominated by the DCO, the 
power efficient hysteresis delay cells (HDC) with power-of-
two delay architecture [10] are thereby applied for DCO 
power reduction. These HDCs generate various delays while 
consuming constrained current because of the hysteresis 
effect. The on/off selection of HDCs in the delay path is done 
by either AND gates with multiplexers or the internal switches 
of HDCs. Besides, the number of stacked transistors within 
each cell is limited to enable lower supply voltage. Moreover, 
the power-of-two delay architecture further reduces the 
required number of the delay cells for both area and power 
saving. 

In addition, the DCCG is operated in a duty-cycled 
clocking scheme that the DCCG is only activated when the 
BSP is to perform burst computation. With the control signal 
from clock manager, the DCCG enables the duty-cycled 
behavior by directly switching the on/off status of DCO, 
which reduces the BSP system power during data collection 
period. Furthermore, fast-relocked process is achieved with 
the previously locked DCO code, which shortens the DCCG 
settling time for less energy dissipation. 

IV. EXPERIMENTAL RESULTS 
The proposed BSP chip is fabricated in a 90nm 1P9M 

CMOS technology. The measurement instruments include a 
LeCroy SDA4000A oscilloscope and a current-meter with 
resolution of 100pA. And the data are tested with Agilent 
16902A logic analyzer system. 

Fig. 5 shows the measured ECG alarm result with the data 
recorded from real patients. The concerned syndromes can be 
selected by programming the RISC core. For instance, Fig. 5(a) 
shows the ECG with normal sinus rhythm, Fig. 5(b)(c) show 
the abnormal syndromes of atrial fibrillation (AF) and 
ventricular premature contraction (VPC). The compressed 
abnormal data is then encrypted for transmission. As a result, 
this data classification and compression scheme also save the 
DM size and power dissipation. 

 
                         (a)                                                                                                                 (b) 

Fig. 4 (a) The BSP chip design with power/clock domain partitions, (b) the block diagram and schematic of DCCG 



Fig. 6 shows the measured DCCG waveform (with 3.3V 
I/O pad) programmed with duty-cycle less than 1%. With 
1.0V and 0.5V supply voltage, the measured DCCG active 
power is 30μW and 3.92μW at 25MHz, implying 87% power 
reduction with the supply voltage scaling. The duty-cycled 
behavior with fast switching property further saves 66% 
power dissipation to 1.32μW in data collection period.  

Fig. 7(a) shows the BSP chip photo with core area of 
1.17mm2. Fig. 7(b) plots the energy versus the voltage and 
frequency of the RISC core (same trends to the other cores). 
With supply voltage scaling from 1.0V to 0.5V, the power is 
reduced by 78-82%. Since the energy is dominated by leakage 
power at sub-MHz frequency, the target BSP frequency is 
raised to 25MHz with the applied DCCG. The measured 
energy of the RISC core is down to 3.44pJ/cycle at 25MHz, 
which is more efficient than operating at sub-MHz frequency. 
And the energy of biomedical core and crypto core are 
2.17pJ/cycle and 8.60pJ/cycle at 25MHz, respectively. As the 
active duty-cycle is also decreased with the raised operation 
frequency, the system average power is reduced by applying 
power gating to the memories and each core. In addition, the 
HW/SW co-worked approach based on hybrid cores further 
reduces the operation cycles, thus decreasing system duty-
cycle. As a result, the BSP consumes 38μW average power 
dissipation at 0.5V/1.0V when performing the on-chip ECG 
alarm application, where 35μW is dissipated by the memories 
for retaining the data (IM, FM, DM and ABUF).  

Finally, Table I compares the BSP designs. The proposed 
BSP consumes the least energy by operating at MHz-scale 
frequency, which decreases the leakage effect. Besides, the 
most accelerators are integrated for the dedicated functions. 
Therefore, the required computing cycles are greatly reduced, 
resulting in lower system energy dissipation.  

V. CONCLUSION 
A hybrid-core BSP design is presented for mobile health-

care application, especially for abnormal ECG alarm. The 
required on-chip memory and the data to be transmitted are 
both reduced by the performed compression, feature extraction 
and the classification. In addition, the data and protocols are 
both secured with multiple cryptographic functions. The 32-bit 
RISC core with specific accelerator cores enhances the system 

flexibility with reduced computing cycles, implying less 
energy dissipation. Besides, the overall power is greatly 
reduced with the voltage scaling, power gating, and duty-
cycled operation scheme. As a result, this work provides a low 
power solution suitable for mobile healthcare applications. 
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Fig. 5 The measured result of ECG alarm output (filtered by BSP) with 

(a) Normal sinus rhythm, (b) Syndromes of AF, and (c) Joint VPC and AF 

Fig. 6 The measured waveform of DCCG 
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Fig. 7 (a) The chip photo of BSP and (b) the energy dissipation of RISC core 
versus different supply voltage and operation frequency  

TABLE I 
COMPARISONS WITH THE-STATE-OF-THE-ART DESIGNS 

 This Work [2] [3]  [4] 
Process 90nm 0.13µm 0.18µm 0.18µm 
Voltage 0.5-1.0V 0.5-1.0V 0.4-0.5V 0.7-1.8V 

Frequency 25MHz (0.5V) 7kHz (0.5V) 73kHz (0.4V) 360Hz (0.7V) 

Energy/ 
Cycle 

3.44pJ (RISC) 
2.17pJ (Biomedical)

8.60pJ (Crypto) 
29pJ* 28.9pJ 3.5nJ 

Processor 
Core 

32-bit 
AndesCore N903 

32-bit ARM  
Cortex-M3 

32-bit ARM  
Cortex-M3 16-bit RISC 

Accelerator 
Cores 

Biomedical core 
(Filter, multi-feature 

WFE, MLC), 
Crypto core  

(AES, ECC, SHA) 

FFT N/A 

Filter, 
R peak detector 

Compressor, 
AES 

*Dynamic power   


