IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 52, NO. 11, NOVEMBER 2005

2335

A CMOS Analog Front-End IC for Portable
EEG/ECG Monitoring Applications

K. A. Ng and P. K. Chan

Abstract—A new digital programmable CMOS analog front-end
(AFE) IC for measuring electroencephalograph or electrocar-
diogram signals in a portable instrumentation design approach
is presented. This includes a new high-performance rail-to-rail
instrumentation amplifier (IA) dedicated to the low-power AFE
IC. The measurement results have shown that the proposed
biomedical AFE IC, with a die size of 4.81 mm?2, achieves a
maximum stable ac gain of 10000 V/V, input-referred noise of
0.86 14 Vims (0.3 Hz-150 Hz), common-mode rejection ratio of at
least 115 dB (0-1 kHz), input-referred dc offset of less than 60 .V,
input common mode range from —1.5 V to 1.3 V, and current
drain of 485 pA (excluding the power dissipation of external clock
oscillator) at a £1.5-V supply using a standard 0.5-um CMOS
process technology.

Index Terms—Analog IC, biomedical circuits and systems, elec-
trocardiogram (ECG), electroencephalograph (EEG), instrumen-
tation amplifier (IA), rail-to-rail amplifier.

1. INTRODUCTION

HE realization of a portable device for electroencephalo-

graph/electrocardiogram (EEG/ECG) recording is im-
portant for monitoring human or nonhuman subjects without
restricting their mobility [1]-[7]. With such devices, successful
monitoring of a patient’s EEG/ECG had been performed on
out-field physiological studies [1], [2]. In portable applications,
there is a constant demand for reduced device size and weight
without impacting recording quality. The ultimate goal is to
make the subject of study unconscious of the existence of the
recording device while the EEG/ECG monitoring process is
taking place. A feasible solution [2] is to integrate most of
the analog front-end (AFE) circuitry onto an IC and perform
telemetry on the bio-potential signal to a remote computer.
Recently, there has been a few reported AFE implementa-
tions using the IC approach [4]-[7] for single bio-potential
measurement.

ECG and EEG signals are considered to be weak signals with
signal amplitudes ranging from 100 pV in the case of the EEG
signal and up to 5 mV for the ECG signal [8]. With reference
to [8], the ECG signal bandwidth ranges from 0.1 to 150 Hz for
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normal operation. In addition, due to the skin—electrode inter-
face, the dc half-cell voltage can be as high as 300 mV and
the maximum input-referred noise voltage must be less than
30 nV,,, for a bandwidth from 0.1 to 150 Hz. For the EEG
signal, the typical bandwidth can range from 0.3 to 100 Hz, and
the input-referred noise should be less than few p/Vy,,. Similar
to the ECG signal, the dc half-cell voltage during EEG measure-
ments can be as high as 300 mV. Both ECG and EEG are vul-
nerable to common-mode interference from the 50/60-Hz mains
supply. For a typical condition where the patient is isolated from
the earth ground, the common-mode signal coupled to a human
body can be calculated approximately to be as high as 1 mV
[9].

An AFE IC implemented in CMOS VLSI technology is
attractive due to its low current consumption capability, dense
integration, and wide availability. However, the dominant
1/f noise of MOS devices will greatly limit the minimum
detectable signal in CMOS instrumentation amplifiers (IAs) at
low frequency. In addition, due to finite transconductance of
MOS transistors and threshold voltage variation from device
to device, they often exhibit poor input offset and inferior
common-mode rejection ratio (CMRR) performance when
compared to the bipolar transistor counterparts. These nonideal
effects give a significant challenge to the circuit design that
demands an AFE IC to offer low offset, low noise, high gain,
as well as high CMRR simultaneously. If these design issues
are tackled, it avoids the dc saturation problem and the minute
EEG/ECG signals being swamped by electronic circuit noise or
radiated common-mode interference. In addition, the variation
of dc common-mode voltage, arising from the EEG/ECG in-
puts, becomes another critical problem for the AFE circuitry to
operate in a lower supply voltage, for example, at a 3-V supply.
Although this may not be an issue in most of the reported
AFE implementations [3]-[7] using a 6-V supply or above, the
operating headroom becomes inadequate in a reduced supply
voltage. Therefore, the primary goal of the AFE IC design is
to accomplish a low-power task with a reduced supply voltage
without jeopardizing the signal quality or dynamic range. This
permits the usage of button-cell-sized batteries, which leads to
substantial reduction of power consumption, size, weight, and
electrical hazard.

A new CMOS AFE IC for portable biomedical applications
is presented, with advantages of system operation in a reduced
supply voltage (£1.5 V) whilst offering a high CMRR, low
input-referred noise, and rail-to-rail input common-mode range.
Being powered with two 1.5-V button cell batteries and using
some external components, it provides eight multiplexed inputs
for EEG/ECG signal acquisition and conditioning functions on

1057-7122/$20.00 © 2005 IEEE
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Fig. 1. AFE IC for nine-channel ECG acquisition [5].

a single IC. In addition, a built-in serial interface provides the
capability to control the functions and to test the chip.

Section II reviews different state-of-the-art AFEs. Section I1I
describes the architecture of the proposed AFE chip and the de-
sign of its individual block. The experimental results are pre-
sented in Section IV, which is then followed by the concluding
remarks in Section V.

II. AFE IMPLEMENTATIONS FOR PORTABLE MONITORING
APPLICATIONS

The early portable EEG/ECG monitoring devices are based
on extensive usage of discrete components [1], [2] or thick-film
technology [3] in the AFE design. Although these methodolo-
gies benefit short design time in conjunction with a wide choice
of discrete analog components, they are bulky for system real-
ization and consume high power dissipation.

With the availability of VLSI technology, various types of
AFE ICs were reported in [4]-[7]. They provide an attractive
means for portable monitoring tasks because there is a reduc-
tion in the number of external components required together
with the possibility of obtaining lower power consumption. One
of the primary objectives is to achieve full integration. Illus-
trated in Fig. 1, the incorporation of an analog-to-digital con-
verter (ADC) allows data communication with digital devices,
which can be regarded as the representative examples [4], [5]
targeted for ultimate system-on-chip approach, with the incor-
poration of a digital signal processor for full function. However,
for dedicated EEG recording process, the switching activity of
the on-chip digital system has the possibility to cause significant
interference to the sensitive analog circuit. The digital noise,
arising from the injection to the common silicon substrate, cou-
ples to the critical front-end stage which processes only a few
tens of puVy, in the input signal. The partition design [6], [7]
presents another design context because the ADC is isolated
from the AFE IC, as shown in Fig. 2.

Nevertheless, it is common to observe that they operate at
high supply voltages, consume reasonably high power con-
sumption, and support single bio-signal-type measurement.
In this paper, a new AFE IC for portable EEG and ECG ac-
quisition applications is proposed to alleviate the problems
and to provide an optimum tradeoff for meeting the stringent

biomedical performance requirements. The proposed AFE IC
is based on a partition design approach.

III. DESIGN AND IMPLEMENTATION OF PROPOSED AFE
A. System Specifications

With typical signal amplitudes of less than 100 uV (for the
EEG) or 5 mV (for the ECG) [8], the AFE has to provide a stable
programmable ac gain from 200 to 10000 V/V to amplify the
very small voltage signal amplitudes for post-processing tasks.
The targeted maximum output swing is £1 V,, in a £1.5-V
supply. Having a common-mode interference level of as high
as 1 mV,, [9] on the output of the electrodes, the input CMRR
of the AFE has to be greater than 80 dB to meet the standard
specifications for ECG and EEG [8]. With the key objectives
for high CMRR performance and mechanical simplicity, the
AFE IC is designed to accept inputs coming from normal dis-
posal electrodes. Although the alternative approach using ac-
tive electrodes are effective in further reducing common-mode
noise pick-up, they increase the cost due to extra packaging.
Most often, they suffer from increased power consumption due
to the use of conventional low-noise analog amplifiers with typ-
ical high supply and high current drain. In view of the poten-
tial reduction of battery-powered operating time, the active elec-
trodes are preferred for laboratory or clinical measurements. Re-
garding the high sensitivity of the AFE, the internal amplifiers
are needed to contribute low input offset voltages so as to pre-
vent the dc saturation from the output of any internal amplifying
device. The AFE inputs should also provide balanced and high
input impedance (> 1 Gf2) to reduce the measurement loading
effect of the electrodes, and to reject the potential common mode
signal arising from the impedance mismatch [8].

B. AFE IC Architecture

The proposed AFE system chip in Fig. 3 consists of an
8:1 input analog multiplexer, a new rail-to-rail input IA, a
programmable gain amplifier (PGA), a low-pass filter, and an
output scaling amplifier. A digital interface is also integrated to
support flexible configuration for ECG or EEG acquisition and
to facilitate on-chip circuit characterization. Compared with
previous architectures [4]-[7], the proposed architecture only
utilized one IA with the multiplexed inputs. It is important to
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Fig. 3. System block diagram of the proposed AFE IC.

note that the AFE IC can only monitor one channel at a time; 10000 V/V (for EEG). Derived from an external clock input,
to make it a truly multichannel system, it would need eight an on-chip clock generator provides the necessary clock signals
copies of the IA at the expense of greater power dissipation and for the chopping amplifiers in both the rail-to-rail IA and the
area. To attain full output swing of £1 V,, in a &1.5-V supply, PGA. The functions of each building block are described in the
the AFE gain can be programmed from 200 V/V (for ECG) to  subsequent sections.
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C. 8-to-1 Analog Multiplexer

The 8-to-1 analog multiplexer allows the selection of one
out of eight inputs to be acquired and signal conditioned. Each
switch path within the multiplexer is made up of a CMOS trans-
mission gate. As the EEG and ECG input signals are low-fre-
quency signals, the switch sizes can be made small to minimize
the chip area. Different input information can be time multi-
plexed to a common IA and, hence, there will be uniform gain.

D. Rail-to-Rail Instrumentation Amplifier

The most critical component in the AFE is that of the input
IA. It directly dictates the input-referred noise and input CMRR.
Not only does it provide high and balanced input impedance, it
supports a rail-to-rail input common-mode range in a reduced
supply environment.

The classic three op-amp IA [10] and the current-mode TA
[11]-[14] are popular approaches. Though simple to implement
using discrete components, they require at least three op-amps
and several resistors. Integrating the low-noise, rail-to-rail
op-amps on an AFE chip would result in area and power
penalties compared to a single IA. For meeting high CMRR
performance, these amplifiers require the resistors and op-amp
gain to be precisely matched, thus the trimming technique such
as on-chip laser trimming will be needed to achieve more than
80 dB of CMRR [8], [13]. In [6] and [7], the current-feedback
amplifier, which is designed using MOS transconductance
input stages, serves as the input IA of the AFE. Since the
MOS transconductance is significantly lower than that of the
BIT transistor, the noise performance of such stages will be
higher than their bipolar equivalents. In particular, the CMOS
amplifier design [6], [7] is constrained by the 1/f noise, and
so the large input transistor sizes are adopted to achieve lower
1/ f noise and better matching characteristic in the differential
input pair. Recently, [15] has reported an IA suitable for EEG
signal acquisition. To provide stable signal amplification, it
uses negative feedback around a simple operational transcon-
ductance amplifier with the closed-loop gain determined by the
ratio of two capacitors. However, this amplifier is constrained
by high 1/f noise (which needed large transistor sizes) and
has an CMRR that just meets the minimum specification of 80
dB. Another promising approach is the differential difference
amplifier (DDA)-based noninverting IA [16], [17], which has
favorable properties such as simplicity and acceptable low
power dissipation. Fig. 4 shows the basic DDA noninverting
amplifier. Its input/output relation is defined as

Viut = Vin X <@ + 1) . (1)

The major advantage of the DDA noninverting amplifier over
the three op-amp IA or current-mode IA is that it requires only
one active amplifier plus two resistors to set the instrumenta-
tion gain. In this DDA-based design, the CMRR performance is
related only to the mismatch of the input ports. Mismatch be-
tween resistors 2y and R» only affects the gain factor, but it
does not degrade the CMRR of the amplifier. Incorporating the
chopper stabilization technique [18]-[21] into the DDA, it al-
lows a higher tolerance to input ports mismatch, thus attaining
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Fig. 4. Noninverting DDA for use an IA [16].

high CMRR and low input offset and 1/ f noise simultaneously.
More importantly, the component matching issues are relaxed.
The DDA in this work is based on the chopper-stabilized DDA
described in [20], and the circuit is depicted in Fig. 5. Each DDA
input port consists of one transconductance stage (M;—Ms or
M3-M,) and a MOS chopping switch network (S7/S52). S1
and S» modulate the respective input differential signal to the
chopper frequency. The differential currents flowing through
transistors M7 and Mg are converted back to differential volt-
ages via the active load (M71—Mj2). On the other hand, the tran-
sistors M7 and M7+ in conjunction with the switch network S5
constitute the demodulator. The common gate connection of the
active load is commutatively connected to the drains of My,
and Ms via the periodic chopping action of S3. The output
voltage at the drains of My, and M5 are thus demodulated.
Finally, the differential output of the first stage is coupled to
the inputs of the two-stage amplifier (M;3—M19), which serves
multiple functions as a differential-to-single-ended converter,
final gain stage, and buffer. Nested—Miller frequency compen-
sation is implemented from the topological placement of C'; and
C5. The transistor dimensions for the pMOS differential-input-
based chopper-stabilized DDA of Fig. 5 are depicted in Table I.

To operate at a £1.5-V supply, the input common-mode
voltage range is significantly limited because the variation of
the dc voltage between each signal electrode with reference to
the reference electrode can be as high as £300 mV, depending
on the conditions of the skin—electrode interface. For some
applications, the supply voltage will be just £1.2'V when
NiMH/NiCad rechargeable batteries power them. This further
restricts the input common-mode range. Hence, the IA has
to exhibit rail-to-rail characteristic in this design. Although
the well-known rail-to-rail amplifier topologies [22], [23]
contribute good performance, they may not be suitable for this
application on the basis of meeting the biomedical specifica-
tions of high CMRR, low noise, and low offset in a wide-input
common-mode range simultaneously.

A new rail-to-rail input IA is proposed in Fig. 6. In this real-
ization, two chopper-stabilized DDAs are arranged in parallel
configuration. Depending on the input common-mode range,
only one chopper-stabilized DDA is active at any time. The
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TABLE 1

TRANSISTOR SIZES OF THE pMOS DIFFERENTIAL-INPUT-BASED
CHOPPER-STABILIZED DDA

Devices W/L (um)
M,-M,y 320/3
Ms, Mg 40/4
M7;-Mjo 60/15
M, Mya 32/4
Mz, My 30/3
Mis 16/4
Mis, M7 18/4
Mg 144/4
Mo 64/4

pMOS differential-input-based chopper-stabilized DDA is ac-
tive when the input common-mode voltage is from VSS to 0 V.
The nMOS differential-input-based chopper-stabilized DDA2
is active when the input common-mode voltage is from 0 V to
VDD. The selection of either chopper stabilized DDA is made
by continuously monitoring the dc level of the negative input
terminal with respect to 0 V. The common-mode dc voltage on
the negative terminal is extracted through a simple RC low-pass
filter having a cut-off frequency of 0.08 Hz. To obtain such a
low cut-off frequency, an external 5-uF capacitor is chosen for
C1 whereas an on-chip 400 k€2 poly resistor is designed for
R7. A hystersis of £80 mV is built into the comparator [26]
to prevent noise from creating chatter effect when the input
common voltage is close to 0 V for selection of the chopper-sta-
bilized DDA. Since the worst case ac common-mode voltage
present at the AFE inputs is 1 mV,, [9] and the maximum input
signal strength is 5 mV),, the input signal amplitudes will al-
ways be lower than the hystersis window of the comparator,
and signal distortion associated with instantaneous amplifier se-
lection does not occur. For the gain fixed at 40 V/V in this
rail-to-rail IA design, it is necessary to suppress the dc com-
ponent of the input EEG/ECG signals. This dc component is re-
sulted from the voltage difference between the half-cell voltages

Circuit schematic of the pMOS differential-input-based chopper-stabilized DDA.

of the input electrode—skin interface [8]. With a typical voltage
difference of tens of millivolts, the output of the IA easily sat-
urates to either supply rail. Fig. 6 shows the filtering circuits
added to the basic chopper-stabilized DDA noninverting ampli-
fier for suppressing this input dc-offset voltage. Based on the
circuit topology comprising C, Ry, Ro, and chopper-stabilized
DDA, the output transfer function of the IA can be derived as

Vout1 (jw) _ ( JwR2Cy ) +1

Vin(jw) — \JwRiC1 +1

Equation (2) reveals that the noninverting amplifier only pro-
vides unity gain for a dc input signal, whereas the gain of
the IA is maintained at 40 V/V for frequencies above 0.1 Hz
(1/(2rR1C1)). In addition, the bandpass filter, formed by
R3—Rs5 and C9—CYy, sets the effective bandwidth of the AFE
(0.3 Hz to 150 Hz) and blocks the dc component of the V1
output. With the upper cut-off frequency of 150 Hz controlled
by the bandpass filter, the harmonics generated from the 10-kHz
chopping clock within the chopper-stabilized DDA are attenu-
ated. For low-noise design considerations, the passive bandpass
filter in Fig. 6 is considered to be a reasonable tradeoff circuit
in view of shared signal-conditioning function for multiplexed
inputs: simplicity for a low-noise characteristic in the context of
active filter approaches [24], [25]. Although the bandpass filter
located after the multiplexer would not allow the simultaneous
measurement on several channels, it can measure different
input information with latency if the sufficient settling time
is allowed in the applications. Due to the physical size of the
passive components, R3—Rs; and C1—Cy are placed off the
chip; only R and R are integrated to provide a gain of 40 V/V
through the resistor ratio, independent of process, supply, and
temperature variations.

@

E. Analysis of Chopper-Stabilized DDA

Fig. 7 shows the conceptual circuit block diagram of the
chopper-stabilized DDA circuit [20] in Fig. 5. The two pairs of
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input differential voltage signals are modulated concurrently
and translated to the current signals via the transconductance
cells having identical transconductance gain of GG,,,. The modu-
lated signals at the inputs of the transconductors can be written
as

Vi1 (t) = Vi(t) - m(t) + Va1 (1)
Vina(t) = Va(t) - m(t) + Vaz(t)

3)
“4)

where V,,1(t) and V;,2(t) model the respective input-port com-
ponent of the DDA which combines dc offset and 1/f noise,
and m(t) describes the chopping function at a frequency fchop-
Its time-domain definition and Fourier series are given as

1, 0<t< e 1
m(t) = T< < 2 Tr,hop = —(Sa)
—1, % <t< Tchop’ fchop
oo . ke
Sin |\ -5
m(t)=2>" % co8(27 fenopht). (5b)
k=1 2

From (3) and (4), the input choppers translate the input signals of
the chopper-stabilized DDA to the sidebands of the fundamental
and every odd harmonics of fchop. The undesired components
V,1(t) and V,,o(t) still reside at the baseband spectrum. The cur-
rent signals are then summed and converted to a voltage signal
Vit (t) with a transimpedance gain of K. After the second de-
modulator, V,,,+(t) is translated back to the baseband spectrum.
Assuming that stage A of Fig. 7(a) exhibits infinite bandwidth
and no signal delay, the signal at the output of the demodulator
is

Vam(t) =G - K[(Vi(t) - m(t) - m(t) + Var (¢)) - m(t)
= (Va(t) - m(t) - m(t) + Vaa(t) - m(t))]. (6)

From (5a), it is worked out that (m(¢) * m(t) = 1) [21], and
hence (6) can be simplified as

Vim(t) =G - K - [Vi(£) = Va(8)] + G - K
[(Var(t) = V(1)) - m(D)]. ™

As can be seen in (7), the output of the demodulator V,,, (¢) con-
sists of a baseband component, which is the output of the ideal
chopper-stabilized DDA transfer function plus the frequency-
translated dc offset and 1/ f noise residing at the odd harmonics
of the chopping frequency. The last singled-ended output am-
plifier further amplifies Vy,,, (¢) with a gain of A. If a low-pass
filter with maximum cut-off frequency at fehop/2 is added in
this stage, the frequency-translated dc offset and 1/ f noise, de-
fined as the second term in (7), will be subsequently removed.
In practice, when stage A exhibits finite signal bandwidth and
nonzero signal delay, the output of the demodulator would con-
tain the spectral components around the even harmonics of the
chopper frequency [18], [19]. The baseband chopper-stabilized
DDA transfer function would also suffer the same gain degrada-
tion as described in [18] and [19]. However, the low-pass filter
in the last amplifier stage would remove the spectral compo-
nents due to the dc offset, 1/ f noise, and even-order harmonics,
leaving only the baseband signal at the final output V. (¢). The
final signal at the output of the low-pass filter is therefore ob-
tained as

Vout(t) = Gm K- [Vl (t) - V2(t)] (8)
From (8) and (9), the analysis has shown that the chopper-sta-

bilized DDA implements the original DDA function with the
additional advantage of removing the dc offset and 1/ f noise.
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Fig. 8. PGA with chopper stabilization.

FE. Programmable Gain Amplifier

The PGA shown in Fig. 8 provides further amplification with
respect to the output of the rail-to-rail IA. To prevent the input
impedance of the amplifier from loading the bandpass filter
output of the rail-to-rail IA, a noninverting configuration is
used. Note that the first chopper-stabilized stage inside the PGA
is derived from the chopper-stabilized DDA by just removing
one input differential port. By digitally connecting the resistors
via CMOS switches, the amplifier provides programmable
voltage gain of 5, 10, 25, and 50 V/V. For EEG acquisition, the
AFE is programmed such that the PGA has a gain of 50 V/V
and the output scaling amplifier has a gain of 5 V/V. Assuming

typical input-referred offset of CMOS amplifiers of tens of
millivolts, the total gain of this amplifier and the output scaling
amplifier will force the final output to saturate at either a supply
level of +1.5 V. In order to alleviate the offset problem, the
chopper-stabilization technique is realized in the design.

G. Low-Pass Filter

The second-order low-pass filter [10] in Fig. 9 is used to atten-
uate the frequency harmonics generated by the chopping action
of the PGA. It also permits further attenuation of the frequency
harmonics generated by the chopping action of the DDAs inside
the rail-to-rail IA. In addition, the ) factor of this low-pass filter
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is set to 1 to compensate for the gradual low-pass roll-off char-
acteristic arising from the low-pass section of the rail-to-rail IA
after 100 Hz. This ensures that the frequency roll off at 150 Hz
is sharp. To maximize design reuse, the op-amp used for this
filter is the same circuit as that of the output scaling ampli-
fier, which will be discussed in the subsequent section. From
HSPICE simulation, the combined effect of the bandpass filter
in the rail-to-rail IA and the low-pass filter attenuates the chop-
ping clock related signal, with a residual value of 56 1V, at
the AFE output. This simulation was done with the total AFE
gain set at 10 000 V/V and adding intentional 5-mV offset at the
inputs of the rail-to-rail IA.

H. Output Scaling Amplifier

The output scaling amplifier, as depicted in Fig. 10, provides
the output drive needed for the inputs of an external ADC. To
reduce power consumption, the output scaling amplifier has uti-
lized a standard low-voltage, class-AB output stage [26], which

is capable of driving a 10-k{2 resistive load in parallel with a
30-pF capacitive load. In addition, it provides a 5-V/V or unity
gain to achieve the total gain of 10 000 V/V for the EEG signal or
200 V/V gain for the ECG signal. By spreading the high gain be-
tween all of the amplifier stages when acquiring the EEG signal,
the risk of instability via parasitic feedback is minimized.

The operation of the output scaling amplifier is briefly ex-
plained as follows. The input differential stage is formed by tran-
sistors M7 and M,, which converts the input differential volt-
ages to differential currents flowing through M; and M,. The
differential currents are mirrored via Mg—My to flow through
transistors M7y and M. Transistors Mg, M11, M5, and Mg
form a loop to set up the class-AB biasing condition. The feed-
back path formed by R; and R, sets the closed-loop amplifier
gain. When the output stage needs to sink a large load current,
Vin goes low and causes the voltages at the source and drain of
M1 /Mjg to increase. Mg will be forced to turn on harder and
M5 will be forced closer to turn off. Hence, Mg will sink the
large load current. When the output stage needs to source a large
load current, V;;, goes high and causes the voltages at the source
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and drain of My /Mjy to decrease. My5 will be forced to turn
on harder and Mg will be forced closer to turn off. Hence, M5
will source the large load current.

1. Digital Interface

The digital interface adopts three wire inputs: CHIPSELECT,
DATAIN, and CLOCKIN inputs. The input CLOCKIN allows a
clock to shift serial data from the input DATAIN to the on-chip
control registers that directly control the configurations and test
functions of the AFE chip. The CHIPSELECT input serves to
turn on/off the AFE chip and keep the final output pin in a state
of high output impedance when the AFE is tuned off. With this
feature, the CHIPSELECT input provides an expansion capa-
bility for the AFE since multiple chip-select inputs can be used
to enable multiple AFE chips individually.

J. Clock Generator

The clock generator generates the nonoverlapping phase
clocks for the chopper stabilization operation in the rail-to-rail
IA and PGA. An off-chip oscillator is needed to drive a clock
signal on the MASTER_CLOCK input. The outputs of the
nonoverlapping clock generator will not directly drive all of the
chopper switches in the rail-to-rail IA and PGA. Otherwise, it
would cause potential clock skews at the inputs of the choppers.
Instead, separate clock buffers are established to drive the
chopping switches of the pMOS differential-input-based DDA,
nMOS differential-input-based DDA, and PGA. Each clock
buffer would provide dedicated nonoverlapping clocks to the
chopper switches within the individual amplifier.

IV. RESULTS AND DISCUSSIONS

The AFE system chip is fabricated using the AMIS 0.5-pm
CMOS process. Occupying an area of 2.28 mm x 2.11 mm, as
shown in the chip microphotograph in Fig. 11, the floor plan of
the chip employs mixed-signal layout techniques [27] to min-
imize the digital signals from disturbing the sensitive analog
signals. For example, the noisy clock generator is placed far
away from the input multiplexer and rail-to-rail IA. This helps
to minimize the weak input signals from being disturbed by
the switching noise of the clock generator. A large decoupling
capacitor is also placed close to the rail-to-rail IA and 8-to-1
analog multiplexer so as to provide better on-chip supply decou-
pling for both circuits. The chip has three sets of VDD and VSS
pads to minimize common impedance coupling between the
sensitive analog circuits, output drivers, and the digital circuits.

Two 1.5-V battery cells are utilized to power the AFE IC and
the minimum supply voltage is 1.0 V. At a low current con-
sumption of 485 pA, a 500-mAHTr battery can supply power
for this AFE chip continuously for a minimum of 1000 h (ap-
proximately six weeks). For all measurements, the AFE IC is
clocked at 10 kHz with an external oscillator circuit [28] con-
suming 40.5 pA at a £1.5-V supply. The input common range
is almost rail-to-rail with the positive input range limited to
below 200 mV from the positive supply. For verifying the pro-
grammable gain capability of the AFE chip, Fig. 12 shows the
possible gain of the AFE chip, with a bandwidth of 0.3—-150 Hz.
The AFE gain can be programmed from 0 dB to a maximum of
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Fig. 11.  Microphotograph of the complete AFE chip.
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Fig. 12. Frequency response of the AFE for a bandwidth of 0.3-150 Hz.

80 dB. With the wide range of programmable gain, the AFE is
capable of amplifying ECG as well as EEG signals. As shown
in Table II, the measured gain results are close to the theoretical
prediction.

For evaluating the noise performance of the AFE, Table III
summarizes the input-referred noise of the AFE for 0.3—150-Hz
bandwidth. The worst case input-referred noise is 0.86 (Vs
when the pMOS differential-input-based chopper-stabilized
DDA is the active IA. Nevertheless, at this noise level, it is still
suitable for EEG/ECG acquisition. For accessing the CMRR as-
pect, the respective frequency-dependent CMRR performance
for either the active pMOS differential-input-based chopper-sta-
bilized DDA or the active nMOS differential-input-based
chopper-stabilized DDA is depicted in Fig. 13. Note that the
pMOS differential-input-based chopper-stabilized DDA is
the active IA when the input common-mode voltage ranges
from VSS to 0 V whereas the nMOS differential-input-based
chopper-stabilized DDA is the active IA when the input
common-mode voltage ranges from 0 V to VDD. Regardless of
the input common-mode range, the CMRR is at least 115 dB
from O to 150 Hz, and this is more than sufficient for ECG
or EEG measurement requirements. In addition, despite the
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TABLE 1I
COMPARISON OF THE MEASURED GAIN WITH THE SPECIFIED
GAIN OF THE AFE IC

Specified gain (dB) | Measured Gain (dB) | Error (dB) Condition
0 0.35 +0.35
32 324 +0.40
46 46.2 +0.20
52 52.4 +0.40 Measured
60 60.2 +0.20 at 10 Hz
66 66.1 +0.10
74 74.1 +0.10
80 80.2 +0.20
TABLE III
INPUT-REFERRED NOISE VOLTAGE OF THE AFE FOR 0.3—-150-Hz BANDWIDTH
AFE Gain Condition PMOS chopper NMOS chopper
(V/V) stabilized DDA stabilized DDA active
active
200 Chop @ 10 kHz 0.86 UVims 0.68 Vs
10,000 Chop @ 10 kHz 0.86 UWVims 0.59 WVims
CMRR [dE)

hop J’a; 10 kHE

120
PLuO S ]J)DA ac t'uu
120 o
N
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Frequency (Hz)

Fig. 13. CMRR performance of the AFE chip.

decrease of CMRR to 90 dB at 5 kHz, this is not detrimental
to the AFE performance, as the maximum EEG/ECG signal
bandwidth is much lower than 5 kHz. For evaluating the offset
aspect, the input-referred offset results for ten samples are
illustrated in Fig. 14. It is noted that the maximum offset value
is less than 60 V. Further investigation has revealed that the
input-referred offsets are contributed mainly by the low-pass
filter and the output scaling amplifier. Nevertheless, for all of
the samples, the input-referred offsets did not cause any output
saturation. For accessing the linearity of the AFE, the spectral
of the AFE output signal in response to a 5.8-mV,, sinewave
test signal is depicted in Fig. 15. It shows that the distortion
components are 71 dB below a test signal with fundamental
frequency of 30 Hz. For this measurement, the AFE gain was
set to 200 V/V such that the output swing was approximated as
1.16 V,,. This demonstrates that there is no cross-over distortion
since the input stimulus is made close to the biopotential signal,
which will not false trigger the comparator in the hystersis
window of £80 mV in the design. The typical chopping clock
signal was measured to be 47 1V, at the AFE output under
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Fig. 14. Input-referred offset of the AFE chip samples (chopping at 10 kHz).
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Fig. 15. Signal spectrum of AFE response to a 30-Hz input sinewave with
5.8-mV,, amplitude.

the maximum gain of 10000 V/V. This shows that the filter of
the system is sufficient to attenuate the chopping clock signal
to insignificant amplitudes.

To demonstrate this AFE chip capable of acquiring an ECG
signal, the AFE chip was set up to acquire the ECG of a human
subject at his chest position V5 as defined in [8]. During the
recording session, the AFE gain was set to 400 V/V. The output
of the AFE is depicted in Fig. 16, and it clearly shows the QRST
complex of the acquired ECG signal. The input-referred ECG
signal is 6.25 mV ;.

To test the EEG signal acquisition capability of the AFE IC,
the AFE IC was set up to acquire an EEG signal from a human
subject. The reference electrode was placed on the subject’s
right mastoid and the ground electrode was placed on the sub-
ject’s forehead. The acquired EEG signal at site P3 on the sub-
ject’s scalp is shown in Fig. 17. For this measurement session,
the subject was sitting on a chair with both eyes closed. Since
the AFE gain was set to 10 000 V/V, the average input-referred
EEG signal strength was calculated as 40 ;1V,,,. Fig. 18 shows
the signal spectral of Fig. 17. As can be seen in Fig. 18, there is a
strong signal activity at a frequency of 11.7 Hz. This coincides
with the alpha-wave activity characterized by signal frequen-
cies from 8 to 13 Hz [8]. Another experiment was performed
where the same subject under study was asked to close both
eyes, followed by opening both eyes for 3 s and then closing
both eyes thereafter [8]. The result of this experiment is de-
picted in Fig. 19. It indicates that the alpha-wave activity ceases
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Fig. 16. Captured ECG signal at V5 position [8] with the AFE gain of 400 V/V.
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Fig. 18. Signal spectrum of the EEG signal depicted in Fig. 17.
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when both eyes are open but the activity resumes when both
eyes are closed.

To demonstrate the measurement of both ECG and EEG in
the multiplexed mode, an experiment was set up such that the
reference electrode was placed on the subject’s right mastoid
and the ground electrode was placed on the subject’s forehead.
The V0 input of the AFE was connected to the electrode placed
on FP1 position of the subject’s head and the Vi,; of the AFE
was connected to the electrode placed on the left shoulder posi-
tion of the subject. The acquired signals at both sites are shown
time-multiplexed in Fig. 20. In this experiment, the AFE set-
tling time was governed by the time constant of filter circuits
and measured to be 5.28 s.

Comparing the new rail-to-rail IA with the published EEG
amplifier in [15], the MOS transistors in the EEG amplifier op-
erated in the subthreshold region, which allows it to have a
much lower power consumption (0.9 W) and better power effi-
ciency than the proposed rail-to-rail [A. On the contrary, the pro-
posed rail-to-rail IA was designed to operate in the strong inver-
sion region in exchange for a more predictable circuit character-
istic, which leads to better manufacturing yield. In addition, the
rail-to-rail IA benefits for obtaining high CMRR are in spite of
the mismatch effects arising from fabrication in manufacturing
process. The EEG amplifier in [15] also has a smaller active area
(0.22mm?) than the proposed rail-to-rail IA (0.56 mm?). This is

Time (S)

Fig. 19. EEG signal acquired at site P3 with eyes open and closed.

- 0.00s 2.00s/ A2 STOP

i

Fig. 20. Acquisition of both ECG and EEG signals. The ECG signal is
captured at shoulder position [8] with an AFE gain of 2000 V/V. EEG signal is
captured at the FP1 position [8] with an AFE gain of 10000 V/V.

due to the use of a more complex chopper-stabilized DDA cir-
cuit topology within the rail-to-rail IA. However, it is possible to
further reduce the active area of the rail-to-rail IA by adopting
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TABLE IV
PERFORMANCE COMPARISON WITH OTHER PUBLISHED AFE ICs
Ref Ref This Work

Parameter [5] [6]-[7]
Technology 2 um 2.4 um 0.5 pm

CMOS CMOS CMOS
Supply (V) 10 9 +/-1.5
No. of Channels 9 16 ot
Application ECG EEG ECG & EEG
Area (mm®) 65 N2 24 4.81
Supply current in each supply (uA) | 27000 V°3 520 485 =4
Normalized supply current per 3000 32.5 485
channel (pA)
EEG Bandwidth (Hz) - 0.3 -150 0.3 -150
ECG Bandwidth (Hz) 0.1 =250 - 0.3 -150
Mid-band gain (dB) - Upto 74 0—80
Input common mode range (V) - -3.8t0 1.5 -1.5t01.3
Inter-channel gain mismatch (%) - 0.9 0.01
PSRR + @ 10Hz (dB) -4 40 65
PSRR - @ 10Hz (dB) - B 52
Input-referred noise (1tVims) 0.61 1.39 0.86
Input-referred dc offset (WV) - <1000 <60
CMRR @ 50 Hz(dB) - 99 117
Channel cross talk @ 100Hz (dB) 85 - 123

Note 1: Single channel with 8 multiplexed inputs.

Note 2: This includes the area of the integrated ADC. From the micrograph in [5], the ADC
occupied 43 % of the total chip area.

Note 3: This includes the power consumption of the integrated ADC.

Note 4: The measurement does not include the power consumption of external
oscillator circuit [28], which consumes 40.5 pA.

a simpler chopper-stabilized DDA topology in the next proto-
type AFE IC. The EEG amplifier in [15] also does not need any
external passive components to define the frequency response
of the amplifier. However, it is possible to replace the external
passive filters of the rail-to-rail IA by the log-domain filters in
the next prototype AFE IC.

Table IV summarizes the comparison of the measured param-
eters of this AFE chip with those of reported AFE IC works. It
can be seen that the proposed AFE IC offers technical merits
of reduced supply voltage, reasonable low power, very high
gain and sensitivity, low gain mismatch for different time-multi-
plex inputs, very low crosstalk, and input rail-to-rail operation,
yet offers comparable measured results of the critical perfor-
mance parameters such as CMRR, noise, and offset. Although
the present AFE implementation is not fully integrated, this is
justifiable in terms of performance aspect and multiple bio-po-
tential measuring or processing functions in the context of the
IC realization of the previous state-of-the-art devices.

V. CONCLUSION

The design of a CMOS AFE IC for portable biomedical
signal acquisition applications is presented. The AFE IC is
capable of acquiring either ECG or EEG signal without any
change of external hardware. The system IC offers benefits
in terms of acceptable silicon area and power consumption.
Since the proposed system architecture has utilized only one
instrumentation amplifier for the eight multiplexed inputs, the
system gain is highly matched for each multiplex input signal.
Besides, the new circuit topology of the rail-to-rail instrumen-
tation amplifier overcomes the operation headroom constraint
in a reduced supply. Through utilizing the parallel chopper
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stabilized DDA configuration in conjunction with the input
common-mode sensing circuitry in the proposed rail-to-rail
instrumentation amplifier design, we have shown that the
1/f noise and offset are significantly reduced while offering
very high CMRR, very high gain, and very high sensitivity
without compromising on the power tradeoff and the input
common-mode range. The measurement results have validated
that the AFE IC meets the design objectives and is suitable for
portable biomedical signal acquisition applications.
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