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A Low-Power RFID Integrated Circuits for
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Abstract—This paper presents low-power radio-frequency iden-
tification (RFID) technology for intelligent healthcare systems.
With attention to power-efficient communication in the body sensor
network, RF power transfer was estimated and the required low-
power ICs, which are important in the development of a healthcare
system with miniaturization and system integration, are discussed
based on the RFID platform. To analyze the power transformation,
this paper adopts a 915-MHz industrial, scientific, and medical RF
with a radiation power of 70 mW to estimate the power loss under
the 1-m communication distance between an RFID reader (bioin-
formation node) and a transponder (biosignal acquisition nodes).
The low-power ICs of the transponder will be implemented in the
TSMC 0.18-pem CMOS process. The simulation result reveals that
the transponder’s IC can fit in with the link budget of the UHF
RFID system.

Index Terms—Body sensor network, bioinformation, biosignal
acquisition, healthcare, low-power, radio-frequency identification
(RFID), reader, transponder.

1. INTRODUCTION

EALTHCARE monitoring using radio-frequency identi-

fication (RFID) technology is predicted as the next stage
in home care due to its great potential as a low-cost and high
patient-safety medical service [1], [2]. In recent years, the er-
gonomics industry has invested more money into the develop-
ment of information technology engineering (ITE) to improve
patient safety and enhance nursing efficiency, in addition to de-
creasing healthcare expenses. The RFID system is expected to
be a good choice for healthcare organizations to achieve the
objective [3].

RFID technology transfers the healthcare monitoring from
the clinic to the home-health center for long-term attention.
Generally, home-based monitoring allows patients to examine
their own situations in their normal daily activities using the
biosignal acquisition node (BAN) [4], [5]. In the body sensor
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network, the bioinformation is collected in the reader and the
message can be submitted to the healthcare center by the local
sensor network for diagnosis. Moreover, if a patient is leaving
the healthcare center without permission, the RFID system can
also send an alarm to the healthcare center to avoid any pos-
sible problems. This function is especially important for the
healthcare of elders.

Three main parts compose an RFID system: 1) an RFID
transponder (called a tag) with an antenna and an information-
storage chip that can sense the biosignal and transit the infor-
mation to an off-chip reader; 2) an RFID reader, which can
simultaneously read and write (program or erase) on several
transponders without the line of sight; and 3) a data-control
system used to handle the received/transmitted information be-
tween the reader and the transponders.

There are two main types of RFID transponders namely, ac-
tive and passive transponders. Active transponders have a greater
potential to achieve a more stable transmission, although its
size is larger and requires battery power. In contrast, the advan-
tages of passive transponders include its smaller size, absence of
power requirement, greater flexibility, simplicity, and long-term
operation capacity. However, passive transponders are limited
in terms of the resolution of location and short reading distance.
Since long-term operation dominates healthcare applications,
the passive RFID transponder is preferred in healthcare moni-
toring and medication management.

Traditionally, LF and HF passive transponders with coils as
antennas operated at 125 kHz and 13.56 MHz, respectively,
have been widely used in RFID products under near-field com-
munication (NFC). However, using LF and HF communication
for wearable healthcare monitoring systems will result in some
problems: 1) lower efficiency because of the bigger antennas
with lower frequency capability; and 2) short reading distance,
typically, the communicated distances are limited to less than
20 cm by coils antenna coupling in NFC. Due to the demands for
higher data rates, longer reading distances, and smaller antenna
sizes, people will be more interested in the UHF 868/915-MHz
or microwave 2.4-GHz industrial, scientific, and medical (ISM)
bands. However, more popular wireless communication systems
have been allocated in microwave 2.4-GHz ISM band, includ-
ing wireless LAN (WLAN: 802.11 b) and wireless personal area
network (WPAN: Bluetooth and ZigBee). Table I illustrates the
comparison of properties between 802.11 b, Bluetooth, ZigBee,
and RFID systems. It reveals that the selected UHF 868/915-
MHz in RFID design is preferred for healthcare systems to avoid
the influences of WLAN and WPAN.

This paper seeks to estimate the power transformation in
the UHF band, i.e., 915 MHz, between the reader and the
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TABLE I
WIRELESS STANDARD IN ISM BAND
Features 802.11b Bluetooth ZigBee RFID
Power Profile Hours Days Years Batteryless
Complexity Very Complex Complex Simple Simple
Nodes/Master 32 7 6400 100
Modulation QPSK FSK, GMSK | BPSK, O-QPSK ASK, PSK
Range 100 m 10 m 10 m 10cm ~ 10 m
Frequency 2.45 GHz 2.45 GHz 2.45 GHz LF, HF, UHF
Data Rate 11 Mbps 1 Mbps 250 kbps 64 kbps
Security 802.1x 64 bit, 128 bit AES-128bit EPC-GEN II

transponder. A transponder with the capability for ac-power
rectification, a system clock generation, a dc-voltage regulation,
an ASK demodulation/modulation, digital control, and biosig-
nal acquisition is simulated and the power consumption of the
whole system is estimated. The circuit simulation and device
modeling of a 0.18-ym RF CMOS standard process are adopted
to demonstrate that low-voltage low-power ICs are well suited
for the requirement of the power transformation in a UHF band.

In Section II, a healthcare monitoring system is introduced.
Section III describes the methodology of the estimation of the
RFID power consumption, including the near and far fields,
which are relative to the operated bands of RFID systems, and
the power transmission between transmitted reader and received
transponder. In Section IV, the circuit implementation of the
passive RFID transponders is presented. Moreover, the power
consumption of the circuits in each block is also estimated by
the circuit simulator, HSPICE. The estimation results and con-
clusion are presented in Section V.

II. HEALTHCARE MONITORING SYSTEM

With aging population, it has also grown many chronic
diseases, simultaneously. People should face up to this phe-
nomenon and discover the required solution. Prevention is better
than cure, and it is an important concept in the current society. In
recent years, home telecare system (HTS) has been employed
for self-examination and biosignal transmission between per-
son and medical center by Internet or wireless communication
systems [6]-[9]. However, the HTS is not a mobile observa-
tion system of anytime and anywhere for elders and patients.
In order to enhance the portability and increase the populariza-
tion of HTS, an interactive intelligent healthcare and monitoring
system (ITHMS) is proposed, as shown in Fig. 1.

Conventional healthcare monitoring can be divided into two
phases. The first phase is the treatment in the hospital, the most
urgent and the shortest medical therapy. If patients are ill, they
go to the hospital to receive emergency diagnosis and treatment.
The second phase is the long-time medical care in the health-
care center, which incurs a bigger social cost because more
human power and expensive medication are required to take
care of patients. To economize on the social cost and improve
the quality of medical treatment, a platform capable of exam-
ination anywhere and anytime by itself should be developed,
which can transmit personal examination data to the health-
care center or hospital via the Internet or wireless application
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systems [6]. Fig. 1 illustrates the concept of IIHMS via het-
erogeneous networks, including the body sensor network and
local sensor network [7]-[10]. The body sensor network is used
for communication between the BANs and bioinformation node
(BIN), and the personal examination data can be transmitted
to the bioaware service gateway (BGate) via the local sensor
network, such as the ZigBee sensor network for diagnosis. The
details are described in the next sections.

A. Body Sensor Network

The body sensor network provides the communication be-
tween the BANs and the BIN with RFID technology at 915 MHz.
The BANSs include the biosignal acquisition circuits and RF
front-end circuits for transmitting the multibiosignals to the
BIN. To miniaturize the sensor nodes (BANs), a system-on-a-
chip (SOC) with very large-scale integration (VLSI) technol-
ogy should be employed in the circuit implementation. More-
over, for the permanent and portable requirements, a passive RF
transceiver circuit that does not rely on a battery, as well as a
low-power analog acquisition circuit, should be developed. The
BIN is similar to a reader of the RFID that can be embedded
in an RFID mobile phone or an RFID watch. It can receive
the encryption security data from the BANs through the body
sensor network. Power-conversion efficiency (PCE), accurate
data transmission, and microwave radiation are the major con-
siderations in the body sensor network. However, the ability
of noise resistance is another problem in body sensor network.
The biosignal is usually difficult to be acquired because people
moving or environment changing will result in low SNR. There-
fore, the noise tolerance should also be considered in low-power
analog signal processing.

B. Local Sensor Network

The local sensor network shown in Fig. 1 supports the com-
munication medium between the BIN and BGate for biosig-
nal analysis and biocontext-aware service. Aside from this, the
power-transmission efficiency and the data-transmission quality
can be improved by this interactive network. However, the per-
sonal examination data should be encrypted to assure the high-
est confidentiality when the data are communicated between the
BIN and BGate. Moreover, the BGate holds an important com-
munication bridge between the human body and the network
server. It not only supplies the service of health monitoring,
but also conveys the advices of doctor for patients. If disease
diagnosis is required, the data in the BGate can further be sub-
mitted to the healthcare center or hospital via the Internet or
other telecommunication channels [11]-[13].

C. Intelligent Healthcare Service

Fig. 2 shows an example of ECG signal acquisition and pro-
cessing flow. First, the ECG signal is acquired from the cardiopa-
thy electrode leads. To enhance the SNR, the recorded signals
should be amplified, filtered, and digitized before transmission
to the BIN by the RFID transmitter. Therefore, a preamplifier, a
filter, an AD converter (ADC), and a class-E amplifier with ASK
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Fig. 1. Heterogeneous networks for healthcare monitoring.

modulation are required in the sensing path. The required sup-
ply voltage of the described analog ICs would be extracted from
the RFID receiver according to the on-chip rectifier and regula-
tor. Furthermore, the ECG signal can be received by the BIN,
which likewise performs data verification and encryption. This
assures the highest confidentiality and prevents data interfer-
ence by other devices [14], [15]. The aforementioned procedure
is accomplished in the body sensor network.

The local sensor network system is the communication
medium between the BIN and the BGate. The received data
in the BGate will be verified and decrypted by the ECG server
and analyzed by the healthcare center and doctor. If the server
finds a seriously abnormal ECG signal, the healthcare center will
send the emergency message to the hospital nearest to the pa-
tient so that urgent medical service can be provided. Moreover,
the doctor in the clinic (doctor node) can periodically check the
person’s ECG signal to diagnose any abnormality in advance.

III. RFID POWER ESTIMATION
A. RFID Field Analysis

In RFID application, the space between the reader and an-
tenna of transponder can be divided into two main regions:
the near-field region and the far-field region, as illustrated in
Fig. 3 [16].

1) Near-Field Region: 1t includes two subregions: a radiat-
ing region where the angular field distribution is dependent on
the distance, and a reactive region where the energy is stored,
but not radiated. In the near-field region, the coil antenna with
inductively coupled magnetic field H is employed to transmit
the RF power and biosignal. Fig. 4 shows the path of the lines
of magnetic flux around a short round coil. Equation (1) can
be used to calculate the field strength H along the X -axis of a
round coil, where N is the number of windings, R is the coil
radius, and r is the distance between the radiated source and the
received object in X -axis direction

2
g INR® %
2/ (R? +1r2)3

The wave radiation distance is dependent on the different
angular and transmission media, and the radiation attenuation
via free-space impedance is approximately decayed by 1/73.

2) Far-Field Region: The wave-propagation patterns cover
the electric and magnetic fields outward as orthogonal and di-
rection radiation electromagnetic (EM) wave. The energy trans-
ported by the EM wave is stored in the electric and magnetic field
of the wave. The power-radiation density S can be found from
the Poynting radiation vector S as a vector product of E and
o; ; therefore, a fixed relationship between the power-radiation
density .5, interconnected electric field £, and magnetic field
H can be illustrated in Fig. 5 and presented in (2) and (3),
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respectively [19]
S—ExH )
E=H - /2 -".2 3)
€0

where the vacuum permeability and permittivity of the free-
space propagation medium in the EM wave are py and e,
respectively, and the Z is the characteristic wave impedance
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Fig. 4. Path of the lines of magnetic flux around a short round coil.
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Fig. 5. Poynting radiation vector S as the vector product of £ and H .
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Fig. 6. Magnetic field strength H versus distance in the near field and the far
field.

in the free space. Therefore, the electric field strength E at a
certain distance r from the radiation source can be calculated
by (4), where Prirp is the transmission power emitted from the

isotropic emitter
N P, X Z
B — ,/iERP E )
d7r?

The fields are unique and irrelevant mutually, and the propa-
gation microwave attenuation via free-space impedance is only
decayed by 1/r.

Fig. 6 shows the magnetic field strength versus distance in
both the near field and the far field under the 13.56-MHz HF
band. Field strength H through the radiation antenna will be
operated in the near field, if it has a damping of 60 dB/decade of
distance. Approaching the far field, the free-space attenuation
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TABLE II
WAVELENGTH (A) AND BOUNDARY (') in RFID system
f (MHz) A (cm) r (cm) Band
0.125 240000 38197 LF
13.56 2212.39 352.11 HF
433 69.28 11.03 UHF
868 34.56 5.05 UHF
915 32.79 5.22 UHF
2450 12.24 1.95 Microwave
Zl‘ Zrea ant Ztag_ant
I\ ,\{~ Zitag
Reader Coupling Tag

Fig. 7. Two-port network model of power transmission.

of the EM waves in the field-strength path is only a damping of
20 dB/decade of distance.

The boundary between the near field and far field can be
approximated and illustrated as r = A/27w, where A is the wave-
length, which is usually larger than the antenna dimension.
Table II shows the wavelength and boundary of different fre-
quency bands. The boundary of the UHF bands is smaller
than that of the HF and LF bands. Therefore, the UHF band
is better for the biosignal transmission with longer distance
communication.

B. RFID Power Transmission

Since the antenna dimension and transmission gain will af-
fect system stability and data-transmission accuracy, the pattern
should be carefully selected. In the RFID system, the patch an-
tenna is preferred for use in a reader (BIN), while the dipole an-
tenna [17] is commonly adopted in a transponder (BAN). More-
over, the antenna dimension is dependent on the wavelength
and the power-transmission gain, thus the dimension can be
decreased under the higher operated frequency and lower trans-
mission gains. Therefore, in this study, the UHF with 915 MHz is
employed in the RFID power transmission and physical design.

The power transmission between the UHF reader’s and
transponder’s antenna can be represented by a well-known linear
two-port network model, as shown in Fig. 7, where Z, = R, +
j X, is the output impedance (typically 50 €2) of the reader,
Zrea_ant = Ry + jX; is the transmitted antenna impedance
of the reader, Zi,y_any = L&, + jX, is the received antenna
impedance of the transponder, and Z;,, = R, + jX_ is the chip
input impedance of the transponder [18].
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To assess the available energy of a transponder, the free-
space attenuation ap relative to the distance r of the antenna
between the reader and the transponder, as illustrated in (5) [19],
can be estimated, where G,, and G, are the transmission
antenna gains of the transponder and reader, respectively, and f
is the transmission frequency of the reader. Moreover, the power
received by the transponder’s antenna can be obtained by (6),
where P, is the received power of the transponder and P, is
the transmitted power of the reader

ap = —147.6 + 201og(r) + 201og(f) — Grea — Grag  (5)
Pre'(l
Piag = 10er /10" (6)

Based on our design, given the distance r of 1 m and the trans-
mission frequency f of 915 MHz, the implemented impedances
of the reader, the patch antenna, and the long dipole antenna
are 50, 42, and 73 ), respectively, and the measured antenna
gains of a reader G., and a transponder G, are 2 and 1.6 dBi,
respectively. Therefore, if the effective isotropic radiated power
(EIRP) of the reader’s antenna is 70 mW, the attenuation ap
is 28.03 dB in the 1-m free space between the reader and the
transponder, if we use (5) and (6), while the effectively received
power in the transponder received antenna is 0.25 mW. The ef-
fectively received power will provide the supply voltage for the
ICs in the transponder without a battery. Equation (7) can be
used to calculate the received equivalent voltage of 0.36 V with
Py of 0.25 mW and R, of 73 €2

Vrr = 2\/5 X 4/ Ptag X Rang.- N

IV. PASSIVE RFID TRANSPONDER AND CIRCUIT
IMPLEMENTATION OF THE ECG ACQUISITION SYSTEM

In Fig. 1, a BAN consists of an RFID transponder and an
ECG acquisition system (see Fig. 8). Since the received power
from the reader in the BIN is small, as described in the previous
section, a rectifier with a charge pump and a regulator with pure
dc-output voltage are required to provide the voltage supply for
the ICs in a BAN. Moreover, the basic communication ICs and
analog front-end circuits shown in Fig. 8 are also required to
achieve the biosignal acquisition and wireless communication.
To ensure that the whole circuit is performed in normal operation
under the low received power, the required ICs in a BAN should
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be implemented in low-power consumption. The detailed low-
power circuits are described in this section and how they fit the
power specification in a BAN is demonstrated.

A. Rectifier With Charge Pump

A proposed rectifier, as shown in Fig. 9, is employed in the
dc-voltage-supply generation from the received EM field. The
received root-mean-square voltage (Vrr1) and current (Igpi)
at the input are 0.36 V and 552 pA, respectively, as derived by
(7) under the distance of 1 m between the BIN and BANs. This
voltage is not appropriate for the operation of ICs implemented
in the 0.18-pum CMOS process with a threshold voltage of 0.5
V. Therefore, the charge pump circuit should be integrated in
the rectifier to pump the voltage from 0.36 V to near 1 V in the
worst case [20], [21]. As shown in Fig. 9, the diode-connected
transistors ()M;) with capacitors (CP;) can be adopted to imple-
ment the rectifier circuit capable of rectification and can serve as
the voltage pump, simultaneously. However, to prevent the over-
pump voltage from destroying the active circuits, the clamped
transistors (MCM,;) are also employed to suppress the output
voltage of the rectifier.

According to the simulation under Vyy; of 0.36 V and Izy;
of 552 pA, the output voltage Vypcor and current Igxgct of the
rectifier are 1.2 V and 59 pA, respectively. The PCE defined
in (8) can achieve 36%, which is higher as compared to the
conventional rectifier with a PCE of 5% [20]. The estimated
time constant (Tpgcr) of rectifier with charge pump circuit is
3.64 uS to achieve less than 0.1% error, according to (9), where
Rycq and Ct,q are Thevenin’s equivalent output resistance and
equivalent load capacitance of charge pump circuit, respectively

PCE — Pyt _ Irgcr (rms)Vigor (rms) ®
B Igpi (rms)Vipi (rms)
V rms
TRECT = 7RreqCLoad: 7%(>CLoad- )
IRECT(rms)

B. Regulator Circuit

The regulator circuit does not only regulate the output voltage
of the rectifier to a stable dc, but also provides protection behind
the ICs against higher RF input power due to the short distance
coupling between the BIN and BANs. The implemented regu-
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lator circuit with a bandgap reference structure is illustrated in
Fig. 10, which is combined with the proposed rectifier, as shown
in Fig. 11, to verify the ac-to-dc converter.

According to the simulation results under a distance cou-
pling of 1 m, the regulator output voltage Vpp is 0.87 V, while
the power consumption of the ac-to-dc converter is 41.76 pW.
The estimated time constant (Tgggy) of regulator is 1.1 uS to
achieve less than 10% error calculated by (10), where R,., and
Crecu are Thevenin’s equivalent output resistance and output
load capacitance of regulator, respectively. The simulated total
time constant is 4.81 uS from the RF reading signal to stable
dc-output voltage

Voo

TREGU = 2.3RyeqCRrEGU = ECREGU~ (10)

C. Low-Power Oscillator Circuit

In the RFID transponder, a clock is required to enable the
analog and digital circuits, such as encoder/decoder, encryp-
tion/decryption, synchronization, and switched-capacitor cir-
cuits. For the implantable wireless communication system, the
clock can be directly extracted from the RF input signal with
carrier frequency of 2 MHz [10]. However, because the car-
rier frequency in the body sensor network with UHF is rather
high, e.g., 915 MHz and the extracted clock should be divided
into an LF for system requirement; the extracted circuits and
dividers usually consume more power. Therefore, a low-power
internal clock is required. As shown in Fig. 12, a ring oscilla-
tor with nine-stage inverters, a buffer with three-stage inverters,
and a divider with a D flip-flop are implemented to generate the
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required system clock of 100 kHz. According to the simulation
results, the power consumption of the whole circuit is 10.4 yW
only.

D. ASK Demodulator/Modulator Circuit

Most of the digital modulations employed in RFID applica-
tion are the ASK and the PSK. Fig. 13 illustrates the Electronic
Product Code Generation 2 (EPC Gen2) digital data in RFID
handbook [19] versus the ASK and PSK modulation. In general,
the ASK modulation is commonly used in RFID communica-
tions and biomedical systems [21], especially in UHF band for
simple design and low-power concerns [22].

Fig. 14 depicts the RF front-end block and the required ASK
demodulator/modulator circuits (see Fig. 15). The ASK demod-
ulator in the receiver of a BAN consists of an envelop detector,
a low-pass filter, and a comparator with an output buffer. The
envelop detector is a half-wave rectifier used to detect the pos-
itive waveform and the low-pass filter is employed to average
the noise and to extract the envelope signal. The comparator
with a threshold voltage of 0.45 V is used to precisely detect
the digital data. According to the simulation result, the power
consumption is only 9.3 p/W.

The ASK modulator in the transmitter of the BAN can be
combined with a class-E amplifier [23], as shown in Fig. 15(b)
to modulate the digital signal. For easier data discrimination,
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a full modulation index with an ON-OFF keying is used here.
In addition, the output match network is required to achieve
maximum output power at the dipole antenna.

E. Digital Controller and EEPROM Memory

1) Digital Controller: A 15-bit protocol, as shown in
Fig. 16(a), is used in the digital controller to control the re-
ceived data and process the transmitted data. It comprises of
two start bits and two stop bits for recognizing the command,
three address bits for channel selection for placing electrodes in
the transverse plan under the ECG measurement, and eight data
bits for processing the encryption and decryption. All the data
are stored in the electrically erasable ROM (EEROM) memory.
The hardwares of encryption and decryption will dominate the
power consumption of digital system. Based on the chaos the-
ory [24], a low-power encryption/decryption system is proposed
to estimate the power feasibly. Fig. 16(b) and (c) shows the hard-
ware architectures of encryption and decryption, respectively. A
real-time-logic (RTL) coding method is employed to synthesize
the hardware with the 0.18-m CMOS technology. According to
the simulation result, the power consumption of both encryption
and decryption are 16.9 and 19.3 /W, respectively.

2) Electrically-Erasable Programmable Read-Only Memory
(EEPROM): The silicon-based nonvolatile memory EEPROM
retains data without consuming power, and the data retention is
usually 30 years at the minimum. The power estimation of the
EEPROM is based on the memory size of 1.3 kb [25], which is
enough to store the personal identification and command word,
and the estimated result is 10 pW.
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Fig. 16. (a) Format of the 15-bit command word. Hardware architecture of
(b) encryption and (c) decryption.

F. ECG Acquisition System

The ECG acquisition system in a BAN is responsible for
processing the ECG signal sensing from the electrode leads
and transmitting it to the BIN for recording and analysis. This
ECG signal detected by the electrode leads is a weak signal
with an amplitude range of 100 V-4 mV [26] and includes
some noise resulting from the 60-Hz power lines and instrument
interference. Therefore, a preamplifier and a filter were required
to clarify the signal before using the ADC. The detailed circuit
components are as follows.

1) Preamplifier: A variable gain amplifier (VGA) with auto-
matic gain control (AGC) circuits composed of a peak detector
(PD), and a nonlinear controller (NC) for digital ECG [27], as
shown in Fig. 17, was adopted to estimate the power consump-
tion feasibly. The proposed amplifier is a feedback system: VGA
is used to compress (or amplify) the signal. The peak value of
the VGA output would be detected by the PD and compared
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Fig. 18.  Low-power fifth-order Butterworth filter with the cutoff frequency of
250 Hz.

with the reference voltage (V}.r) by the NC to control the opera-
tion of VGA. According to the simulation results, the maximum
gain range of the AGC amplifier was 52 dB, and the power con-
sumption was only 1.8 W under the normal operation, and the
SNR was 39 dB.

2) Low-Pass Filter: To preprocess the ECG signal, an
ultralow power filter behind the preamplifier was required
to decrease the out-of-band noise. Therefore, a fifth-order
Butterworth filter, as shown in Fig. 18, was adopted [26] to
realize the low-pass filter with the cutoff frequency of 250 Hz.
The in-band performance of the fifth-order Butterworth filter
was good enough to filter the out-of-band noise and restore the
ECG signal precisely. This circuit was verified by the measure-
ment result, which reveals that it had a dynamic range of 50 dB
and a power consumption of 452 nW under 1-V supply voltage.

3) AD Converter: ADCs were required for processing ana-
log ECG signals in the digital domain. A low-power successive
approximation (SA) ADC with an 8-bit resolution and 10-kHz
sampling frequency was designed [28] to meet the requirement
of ECG acquisition systems. The basic architecture of an SA
ADC is illustrated in Fig. 19. The converter consists of an S/H
circuit, a comparator, a SA register (SAR) controller, and an
8-bit digital-to-analog converter (DAC). Using a binary search-
ing algorithm, the input sample voltage can be successively
approximated by the DAC output voltage. The subthreshold
technique was adopted in the comparator design to decrease the
power consumption of the SA ADC. Meanwhile, a passive S/H
circuit and an opamp-free, capacitor-based DAC were likewise
used to meet the low-power requirement. According to the mea-
surement results, the signal-to-noise distortion ratio (SNDR)
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Fig. 19. Block diagram of an SA ADC.

TABLE III
POWER BUDGET FROM BIN TO BANS AND THE POWER
CONSUMPTION OF ICs IN A BAN

Operation Frequency 915 MHz
Reading Distance Im
Reader Antenna Radiation Power 70mW
Dipole Antenna Received 252uW (-10dBm)
Rectifier Power Conversion Efficiency | 36%
Transponder Provided Power 100.8 uW
Regulator Power consumption 41.76 pW
ASK Demodulator Power 9.3 uW
CLK Power 10.4 uyW
Maximum Digital Power 19.3 uW
Memory Power 10 pW
A/D Converter 0.95uW
Filter 0.453uW
Preamplifier 1.5uW
Estimated ICs Power in Transponder 93.66pW

was 45.2 dB, and the peak spurious free dynamic range (SFDR)
was 54 dB. The effective number of bits (ENOB) was 7.2 bits
and its differential nonlinearity (DNL) and integral nonlinearity
(INL) were —0.41/+0.38 and —0.89/4-0.6 LSB, respectively.
Moreover, the power consumption of this 8-bit SA ADCs was
0.95 pW.

V. CONCLUSION

This paper has presented heterogeneous networks, including
a body sensor network and a local sensor network for healthcare
monitoring. For miniaturization and SOC concerns, the RFID
field analysis in the body sensor network was discussed and
the required ICs in BANs were designed to estimate the power
budget and feasibility in the implementation. Table III shows the
power budget under the design. According to the simulation and
the measurement results, the ICs can fit in with the link budget in
the UHF RFID system under the 1-m communication distance
that is compatible with the body sensor network. The proposed
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ICs will be fabricated in TSMC 0.18-pm CMOS process in the
future.
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