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A 60 �W 60 nV/ Hz Readout Front-End for Portable
Biopotential Acquisition Systems

Refet Firat Yazicioglu, Patrick Merken, Robert Puers, Senior Member, IEEE, and Chris Van Hoof

Abstract—There is a growing demand for low-power, small-size
and ambulatory biopotential acquisition systems. A crucial
and important block of this acquisition system is the analog
readout front-end. We have implemented a low-power and
low-noise readout front-end with configurable characteristics for
Electroencephalogram (EEG), Electrocardiogram (ECG), and
Electromyogram (EMG) signals. Key to its performance is the
new AC-coupled chopped instrumentation amplifier (ACCIA),
which uses a low power current feedback instrumentation am-
plifier (IA). Thus, while chopping filters the 1/f noise of CMOS
transistors and increases the CMRR, AC coupling is capable of
rejecting differential electrode offset (DEO) up to 50 mV from
conventional Ag/AgCl electrodes. The ACCIA achieves 120 dB
CMRR and 57 nV/ Hz input-referred voltage noise density, while
consuming 11.1 A from a 3 V supply. The chopping spike filter
(CSF) stage filters the chopping spikes generated by the input
chopper of ACCIA and the digitally controllable variable gain
stage is used to set the gain and the bandwidth of the front-end.
The front-end is implemented in a 0.5 m CMOS process. Total
current consumption is 20 A from 3V.

Index Terms—AC coupling, analog integrated circuits, biopoten-
tial amplifier, chopper modulation, electroencephalography, elec-
trocardiography, electromyography, electrode offset, instrumenta-
tion amplifier.

I. INTRODUCTION

E
LECTROENCEPHALOGRAM (EEG), Electrocardio-

gram (ECG), and Electromyogram (EMG) waves are

common biopotential signals that are recorded routinely in

modern clinical practice. Commonly, patients are connected

to a bulky and mains-powered instrument, which reduces their

mobility and creates discomfort. This limits the acquisition

time, prevents the continuous monitoring of patients, and af-

fects the diagnosis of the illness. Therefore, there is a growing

demand for low-power, small-size, and ambulatory biopotential

acquisition systems [1]–[3]. The ultimate goal is to implement a

biopotential acquisition system that is comfortable and invisible

to eye with long-term power autonomy, high signal quality,

and configurability for different biopotential signals. The aim

is not only to increase the patients’ quality of life but also to

extend device applications to sports, entertainment, comfort

monitoring, and so on.

A crucial and power consuming building block of the

biopotential acquisition system is the readout front-end, which
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Fig. 1. Frequency and amplitude characteristics of biopotential signals, EEG,
ECG, and EMG, and contaminating signals of the biopotential signals (not to
scale).

defines the quality of the extracted signals. However, long-term

power autonomy dictates the need for low-power circuitry,

putting strict design constraints on the readout front-end circuit.

Fig. 1 shows the characteristics of the EEG, ECG, and EMG

signals [4]. Due to the low frequency and V level amplitude of

these signals, in-band noise of the readout is dominated by 1/f

noise. Moreover, common-mode interference from the mains

correlate the biopotential signals [5], and there is the problem

of electrode offset generated at the skin-electrode interface [4].

Therefore, in order to achieve signal extraction under these cir-

cumstances a front-end is needed with high CMRR, low-noise,

and high-pass filter (HPF) characteristics. Moreover, amplitude

and bandwidth characteristics of biopotential signals vary for

EEG, ECG, and EMG signals and different applications of

these signals. Therefore, front-end should have configurable

gain and filter characteristics.

This work [6] describes a low-noise and low-power readout

front-end with configurable characteristics for different biopo-

tential signals. Section II gives an overview of the building

blocks of the front-end and presents the state of the art.

Section III describes the AC-coupled chopping technique and

presents the current feedback instrumentation amplifier (IA)

that is used in the AC-coupled chopped instrumentation am-

plifier (ACCIA). Section IV describes the chopping spike filter

stage that filters the chopping spikes generated due to the input

chopper of the ACCIA. Section V presents the gain stage of the

front-end. Section VI presents the test results of the ASIC and

compares its performance with literature. Finally, Section VII

states the conclusions of this work.

II. READOUT FRONT-END ARCHITECTURE OVERVIEW

Fig. 2 shows the architecture of the implemented readout

front-end for the acquisition of EEG, ECG, and EMG signals.

The readout channel of the system consists of the ACCIA, a

chopping spike filter (CSF) stage, a digitally programmable gain

0018-9200/$25.00 © 2007 IEEE
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Fig. 2. Architecture of the biopotential readout front-end for the acquisition of EEG, ECG, and EMG signals.

stage and an output buffer. In addition, ASIC includes a bias

current generator and a clock generator operating from a single

external clock of 128 kHz, and generating the 4 kHz chopping

clock for the ACCIA and 8 kHz track and hold (T&H) signal

with selectable duty cycle for the CSF stage.

The most important and power consuming building block of

the front-end is the IA. It defines the noise performance and

the CMRR of the front-end, and filters the differential electrode

offset (DEO). A standard IA architecture is the three-opamp IA

[7]–[11]. However, the CMRR of the three-opamp IA depends

on the matching of the resistors [12] and the need for low output

impedance amplifiers results in excessive power dissipation. A

second technique for implementing IAs is using switched-ca-

pacitor (SC) circuits [13], [14]. However, the main drawback of

the SC amplifiers is the fold-over of noise above Nyquist fre-

quency [15]. Thus, neither three-opamp IA nor SC IA is conve-

nient for low-power and low-noise front-ends.

Another IA topology is called current feedback (current bal-

ancing) IA [16]–[21]. The gain of the IA is defined by the ratio

of two resistors and the CMRR does not rely on the matching

of the resistors. Additionally, there is no need for low output

impedance amplifiers. However, the high number of parallel

branches and the need for operational amplifiers increases the

power dissipation of the IAs of [16]–[21]. Therefore, there is a

need for a current feedback IA with minimized number of par-

allel branches.

Although implementation of such an IA can reduce the power

dissipation, 1/f noise and process induced mismatches of the

transistors will limit the power reduction and reduce the CMRR

of the IA, respectively. A frequently used technique for filtering

the 1/f noise and increasing the CMRR is chopping [15]. How-

ever, chopping amplifiers are inherently DC coupled systems.

Two implementations of the AC coupling technique for chop-

ping IAs use either external passive HPFs before the input of the

IA [22], or use a differential difference amplifier (DDA) [23].

However, the low input impedance of the former design consid-

erably degrades the signal-to-noise ratio, where as the latter con-

sumes excessive power due to the resistive feedback amplifier

topology. Therefore, a new AC coupling technique for chopping

amplifiers is necessary.

In this work, an AC coupling technique for chopping ampli-

fiers is proposed and applied to a new low-power current feed-

back IA. Thus, while AC coupling filters the DEO, chopping

improves the CMRR and filters the 1/f noise of the current feed-

back IA. However, a common problem of the chopping ampli-

fiers is the chopping spikes generated at the output due to the

input chopper [15], where high frequency chopping spike com-

ponents can fold-over into baseband and correlate the signal, if

a sampling ADC is used after the front-end. Therefore, a CSF

stage follows the ACCIA.

A digitally programmable gain stage with selectable gain

and bandwidth is used to adjust the gain and bandwidth of

the readout for different biopotential signals. Conventional

gain stages use either SC or resistive feedback topologies,

where former has the aliasing problem and latter consumes

excessive power. The variable gain stage of this work operates

in continuous-time mode and gain is defined by the ratio of two

capacitors. Thus, while achieving low power dissipation, it can

also perform the operation of an anti-aliasing filter.

III. AC COUPLED CHOPPED INSTRUMENTATION AMPLIFIER

A. AC Coupled Chopped Instrumentation Amplifier (ACCIA)

Fig. 3 shows the concept of the AC-coupled chopping tech-

nique. Operation of the ACCIA can be described as follows: DC

input voltage, which is the DEO in our case, is mod-

ulated by the input chopper and copied to the terminals of .

This voltage creates a current through , which is copied to

and defines the output voltage after demodulation by the output

chopper. A transconductance stage, GM, with transconductance

and low-pass cut-off frequency, , filters the DC compo-

nent of the output and converts it into current. A chopper modu-

lates the output current of the GM since DEO current through

is modulated by the input chopper. At steady-state, the current

supplied by GM equals . Therefore, no current is

supplied by the IA and the current passing through is zero so

the output is zero. The transfer function of the topology can be
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Fig. 3. Concept of the AC-coupled chopped instrumentation amplifier
(ACCIA).

written as (1), assuming that low-pass cut-off frequency of the

IA, is much larger than , and .

(1)

On the other hand, the noise of the IA is only modulated by

the output chopper. Therefore, the output noise power spectral

density (PSD) of ACCIA, , can be expressed in terms of

the output noise PSD of the IA, , as

(2)

If and the 1/f noise corner frequency of the

current feedback IA is smaller than equals the

white noise component of S [15]. As a result, while

1/f noise of the current feedback IA is eliminated by chopping,

the electrode offset is filtered by the feedback loop implemented

by GM.

Fig. 4 shows the implementation of the concept presented

in Fig. 3. The GM is implemented by the

filter and the transconductance stage, . This results in

an equivalent transconductance of , where is the

voltage gain of . This ensures the condition

for the implementation of the characteristics presented in

(1). Therefore, by replacing of (1) with and

with , high-pass cut-off frequency of the

ACCIA, , can be found from (1) as

(3)

is implemented as a current mirror OTA, Fig. 5(a),

where is reduced using a series-parallel division of

current [24]. This results in of 1 S. The stage

is implemented as a basic differential stage, Fig. 5(b), which

acts as a voltage-to-current converter. The output of is mir-

rored to the terminals of through and in order to

supply the current on generated by the DEO. In addition to

the feedback loop that filters the DEO, another feedback loop is

implemented by and in order to filter the IA

offset. Input of is connected to the output of the

current feedback IA. Since at this node, DEO is modulated by

the input chopper, only filters the IA offset. At

steady state, the current supplied by equals .

Similar to , the output of is mirrored to the terminals

of in order to cancel the IA offset. Therefore, the combina-

tion of the two feedback loops cancels both the DEO and the IA

offset.

B. Current Feedback Instrumentation Amplifier

Fig. 4 also shows the simplified schematic of the proposed

current feedback IA. It has only four parallel branches and there

is no need for opamps, thus power dissipation can be low. Cur-

rent of is shared by the current sources and . The voltage

gain of the circuit can be calculated from the low-frequency

small-signal analysis of the half-circuit [25], Fig. 6, and can be

expressed as in (4). equals to , and

and are the transconductance of transistors and ,

respectively. During the derivation of (4), it has been assumed

that and , are much larger than and .

(4)

(5)

If , then the differential voltage gain of the

IA can be expressed as the ratio of two resistors, (6). The low-

pass cut-off frequency of the IA, (7), can be found by replacing

with ), where is shown in Fig. 4.

(6)

(7)

Therefore, both the gain and the low-pass cut-off frequency of

the circuit can be set by selecting , and designing the

transconductance’s of and .

Since we are interested in minimizing the power dissipation

of the circuit, the main limiting factor is the noise of the circuit.

Analysis of the simplified schematic of the IA in Fig. 4 reveals

that the input-referred noise power density of the current feed-

back IA can be given by

(8)

where , and are the transconductance of the

current sources, and and . Adding the

noise contributions of stages, and , and of transis-

tors and of Fig. 4 to (8) gives the input-referred noise

power density of ACCIA, (9). Only thermal noise of CMOS

transistors is considered due to the chopping process. It has been

also assumed that and transconductance of and

are equal to .

(9)
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Fig. 4. ACCIA implementation that can eliminate the 1/f noise, while filtering the DEO and the IA offset. Simplified schematic of the current feedback IA is also
shown. C and C are off-chip capacitors.

Fig. 5. (a) Schematic of the OTA that is used to implementOTA -C andOTA -C low-pass filters of Fig. 4. (b) Schematic of gm and gm of Fig. 4.

Fig. 6. Low-frequency small-signal model of the half-circuit of the simplified
current feedback IA of Fig. 4.

Equation (9) states that in order to decrease the noise of the

ACCIA, must be minimized. Therefore, if an AC coupling

technique similar to [26] is used, where AC coupling is achieved

using capacitors and pseudo resistors before the input of the am-

plifier, then noise contributions of the current sources can be

minimized by decreasing . However, this type of AC coupling

technique results in low CMRR for high performance biopoten-

tial acquisition systems (e.g., 86 dB for [26]) due to the process

related mismatches. Alternatively, we have selected close to

Fig. 7. Schematic of the input stage of the current feedback IA.M andM
set the source-to-drain voltage ofM independent of the input DC level.

and operate the input pair transistors in weak inversion,

and current source transistors in strong inversion, in order to

minimize the noise of our circuit. Therefore, (9) can be reduced

to (10), which gives the theoretical minimum noise assuming

that and is much larger than , and

. Similar analysis as in [26] gives a theoretical minimum

NEF [19] of 4.7 for the presented ACCIA architecture (It has

been assumed that the current through is 1/6 of the supply

current). However, in practice minimum noise level is limited

by the input–output voltage swing constraints.

(10)
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Fig. 8. Complete schematic of the current feedback IA that is used in the ACCIA implementation.

Another important point is the CMRR of the IA and effect

of DEO on the CMRR [27]. Chopping cannot prevent the DEO

induced CMRR reduction since the DEO is also modulated by

the input chopper. Electrode offset dependent CMRR [27] of the

IA can be written as

(11)

where , and

are the systematic CMRR, CMRR with drain-to-source conduc-

tance mismatch of input pair transistors, and CMRR with

mismatch of current sources and .

Since current sources and are used to cancel the

DEO current, their DC operating points are not matched leading

to output transconductance mismatch. Therefore, regulated cas-

code current mirrors (RGC) [28] are used in order to minimize

the output transconductance mismatch of and , which

increases .

On the other hand, an input stage is proposed in order to in-

crease and replaces the input transistors,

and , of Fig. 4. Fig. 7 shows the schematic of the input stage.

Current through , and are fixed due to the structure

of the circuit of Fig. 4, thus their gate-to-source voltages

are constant. Hence, source voltage of is copied to the drain

of , where its DC level is shifted by the difference between

the gate-to-source voltages of and ).

Therefore, source-to-drain voltage of , is fixed and

defined by

(12)

As a result, is increased due to the immu-

nity of drain-to-source voltage to the input DC level. On the

other hand, drain-to-source resistance of the final structure

equals to a classical cascode stage, ensuring the condition,

, for (6).

Fig. 8 shows the complete schematic of the implemented

current feedback IA. All the current sources are implemented

by paralleling the unit cascode current source,

for nMOS current sources and for pMOS current

sources. Current sources and are implemented by

combining a fixed current source and a RGC current mirror.

Thus, current through can be increased, while transconduc-

tance of the stages of Fig. 5(b) can be low to decrease its

contribution to the noise of the IA. is implemented with a

nMOS transistor so that the gain of the IA can be continuously

adjusted. The common-mode feedback circuit is implemented

using two differential pairs as in [29], and the common-mode

level is set via transistors and . The source follower

stages, which consist of transistors and ,

act as level shifters in order to maximize the input–output

voltage swing of the IA.

IV. CHOPPING SPIKE FILTER (CSF)

A well-known problem of the chopping circuits is the chop-

ping spikes at the output generated due charge injection from the

input chopping switches. Different techniques have been pro-

posed in order to filter these chopping spikes. Reference [30]

uses a bandpass filter between the input and the output choppers.

However, matching of the bandpass filter center frequency with

the chopping frequency limits the efficiency of this technique.

Another technique uses nested choppers in order to modulate

the output chopping spikes [31]. However, biopotential signals

have very high bandwidth for this technique (1 kHz for EMG

signals).

Fig. 9 shows the implemented CSF stage. Before the appear-

ance of the chopping spike, output is sampled to the capacitor

and during the presence of a chopping spike, switch S is opened

and output is held on the capacitor. An important consideration

during the design of the CSF is the effect of T&H operation on

the output noise of the IA. The noise transfer function of a T&H

stage is given in [32]. Therefore, the output noise of the CSF

stage can be written as

(13)
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Fig. 9. Schematic of the chopping spike filter stage and the operation principle.

where is the operating frequency of CSF stage, is the

noise bandwidth of the input, is the duty cycle of the hold

time . First and second terms represent the noise

contributions of hold and track operations, respectively. If is

small, then the output PSD of CSF stage is very close to the input

PSD. In this design, is digitally selectable between 6.25% and

12.5%. Ratio of the input and the output noise PSD at is

and for equal to 6.25% and 12.5%, respectively.

Moreover, since the operating frequency of the T&H operation

is twice the chopping frequency, there will be no aliasing of the

1/f noise into baseband, which is modulated to odd harmonics

of the chopping frequency by the output chopper of the ACCIA.

V. PROGRAMMABLE GAIN STAGE

The programmable gain stage of the design includes a fixed

gain stage, which is implemented as proposed in [26] with a gain

of 20 and also acts as a differential-to-single end converter, and

a continuous-time variable gain amplifier (VGA) stage with dig-

itally controllable gain. Fig. 10 shows the schematic of the im-

plemented continuous-time VGA. Pseudo-resistors of [26] are

used in order to set the DC level at the inverting node of the

OTA. A current-mirror OTA is used as shown in Fig. 5(a). The

transfer function of the VGA can be written as

(14)

where is the total equivalent capacitance of the variable ca-

pacitor bank, is the equivalent resistance of the pseudo re-

sistors, is the total load capacitance, is the transcon-

ductance of the OTA, and is the any parasitic resistance be-

tween node A and ground. The feedback loop implemented by

the source follower prevents any parasitic resistance at node A.

Therefore, DC gain of the stage can be set to unity and in-band

gain can be defined by the ratio of and . can be set

through the switches of the capacitor bank. If a capacitor is con-

nected to ground, it increases , else its effective value is can-

celed by the source follower stage. Moreover, low-pass cut-off

frequency of the gain stage can be set through the variable load

capacitance. The gain of the VGA can be selected to be 2, 4, 8,

or 13, setting the total gain of the gain stage to 40, 80, 160, or

260, respectively.

TABLE I
OPERATING POINT OF TRANSISTORS IN FIG. 8 AND FIG. 5(b)

VI. TEST RESULTS AND DISCUSSIONS

We have fabricated the presented readout front-end in the

AMIS 0.5 m three-metal two-poly CMOS process. Fig. 11

shows the die micrograph. Core area measures less than 2 mm .

Table I lists the operating point of each transistor in the current

feedback IA of Fig. 8 and in the stages of Fig. 5(b). Current

source transistors of the current feedback IA are operated barely

in strong inversion in order to increase the input–output voltage

swing. Transistor sizes are large in order to decrease the corner

frequency of the 1/f noise below half the chopping frequency.

Maximum allowed DEO is defined by the maximum differen-

tial current that can be supplied by stage of Fig. 5(b) and

. We have selected as 50 k , thus ACCIA can filter a

maximum electrode offset of 50 mV. This limit has been set

based on our DEO measurements from Ag/AgCl electrodes,

Fig. 12, and considering the non-polarizable characteristics of

Ag/AgCl electrodes [4] and low input DC current (presented in

the next section) of the ACCIA. Maximum allowed DEO can

be increased up to 200 mV without increasing the power con-

sumption of the ACCIA by excluding the constant pMOS cur-

rent sources of Fig. 8, and increasing the current mirroring ratio

between and of Fig. 4, and and of Fig. 8 to

2, while replacing the with a 100 k resistor. However, theo-

retical NEF limit will be increased to 5.6, and transconductance

of the current sources must be decreased in order to decrease

their noise contributions. Further increase of the maximum al-

lowed DEO is possible by increasing the power dissipation of

the ACCIA.

is implemented by a nMOS transistor of 2 m/120 m.

If the output common-mode level is set to 1.15 V and the

is tied to 3 V, equivalent resistance of this nMOS transistor is

500 k , setting the gain of the IA to 10. The bandwidth of

the current feedback IA is designed to be 40 kHz. Therefore,

the chopping frequency is selected to be 4 kHz. The simulated

1/f noise corner frequency is lower than 400 Hz, thus 1/f noise

aliasing due to chopping operation is prevented. CSF stage op-

erates at 8 kHz and duty cycle is set to 6.25% during the tests.

Authorized licensed use limited to: Katholieke Universiteit Leuven. Downloaded on March 30,2010 at 04:45:17 EDT from IEEE Xplore.  Restrictions apply. 



1106 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 42, NO. 5, MAY 2007

Fig. 10. Schematic of the VGA. Gain is set by the variable capacitor bank switches and low-pass cut-off frequency is set by the BW select switches.

Fig. 11. Die micrograph of the biopotential readout front-end implemented in 0.5 �m CMOS process.

Fig. 12. DEO measurements for two different Ag/AgCl electrodes on two sub-
jects from the same manufacturer during 24 hours. Five electrodes from each
type are placed on the chest of the subject. Dotted lines show the maximum
measured DEO from all possible combinations and straight lines show the av-
erage.

Table II gives the current consumption of the each block of the

readout front-end.

A. Measurement of Performance

Fig. 13 shows the measured gain-bandwidth of the readout

with changing VGA settings, when IA gain is 10. Gain of the

channel can be set to 400, 800, 1550, and 2500. Moreover, high-

pass cut-off frequency can be adjusted via external capacitor

of Fig. 4. Low-frequency roll-off occurs at 0.3 Hz for

of 1 F, convenient for EEG and ECG applications, and

can be set to 14 Hz for EMG applications by changing

to 22 nF. Additionally, low-pass cut-off frequency can be set

TABLE II
CURRENT CONSUMPTION OF THE BUILDING BLOCKS OF

THE BIOPOTENTIAL READOUT FRONT-END

by selecting the capacitive load of the gain stages through BW

switches of Fig. 2.

Fig. 14 shows the CMRR measurement of the front-end

and the change of CMRR with changing DEO. CMRR of

the front-end is better than 120 dB up to 1 kHz and better

than 110 dB, measured at 100 Hz, with 50 mV DEO. Fig. 15

demonstrates the operation of the chopping spike filter stage.

Gain of the readout is 800, bandwidth is set to minimum, CSF

duty cycle is 6.25%, and source resistance of input signal is

10 k . Chopping spike components, measured at the output of

the front-end, are completely filtered by the CSF stage.

Fig. 16 shows the measured input-referred voltage noise PSD

of the biopotential readout front-end. Thermal noise level of the

front-end is measured to be 57 nV/ Hz, which is consistent

with the simulated value of 60 nV/ Hz. Chopping effectively

eliminates the 1/f noise of the IA. Corner frequency of the 1/f

noise is reduced from 350 Hz to 3 Hz, if the gain of the IA is 10.

Residual 1/f noise is due to the stage of Fig. 4 and stages
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Fig. 13. Gain-bandwidth measurement of the biopotential readout front-end.
Gain is adjusted through VGA. High-pass cut-off frequency is defined by the
external capacitor, C . High cut-off frequency is set by digitally selecting
the load capacitor of the gain stages.

Fig. 14. CMRR measurement of the readout front-end and the change of
CMRR with increasing DEO.

Fig. 15. Measured output spectrum of the front-end when gain is 800 and band-
width is set to minimum. Chopping spike components appearing at the even har-
monics of chopping frequency (4 kHz) is completely filtered by the chopping
spike filter. (Chopping spike filtered spectrum is shifted to increase clarity).

following the ACCIA. As Fig. 16 shows, 1/f noise is decreased

if the gain of the ACCIA is set to 20 via changing the gate bias

of proving that the residual 1/f noise is due to the back-end

Fig. 16. Measured input-referred voltage noise PSD of the biopotential readout
front-end demonstrating the reduction of 1/f noise. Chopping reduces the 1/f
noise corner frequency from 350 Hz to 3 Hz, when the IA gain is 10. If the IA
gain is set to 20, the 1/f noise is decreased, proving that the residual 1/f noise is
due to the back-end stages.

TABLE III
IMPROVEMENT OF TOTAL NOISE WITH CHOPPING

stages. Table III shows the improvement of the noise perfor-

mance with chopping for different applications of the ASIC and

Table IV summarizes the measured performance of the ASIC.

B. Biological Test Results

Fig. 17 shows the extracted biopotential signals from the

readout front-end using disposable Ag/AgCl electrodes for

ECG and EMG measurements and using Ag/AgCl cup elec-

trodes with conductive paste for EEG measurements. It is

important to note that no digital signal processing is performed

on the extracted biopotential signals. EEG measurement has

been performed on a subject with two electrodes connected

to the backside of the skull (occipital cortex) and when his

eyes are closed. Gain of the front-end is set to 2500 with

minimum bandwidth configuration (140 Hz), and low cut-off

frequency is set to 0.3 Hz by selecting of 1 F. Fig. 18

demonstrates that dominant rhythm at the output is in the alpha

range (8–13 Hz) [5] and there is no sign of the 50 Hz. Similarly,

ECG is extracted by connecting two electrodes to the chest

of the subject and setting the gain of the front-end to 800 and

bandwidth to 350 Hz, and keeping high-pass cut-off frequency

at 0.3 Hz. All the characteristics of an ECG wave are clearly

visible without any sign of 50 Hz. Finally, for the extraction

of EMG waves, two electrodes are connected to the right arm

muscle and gain is set to 400 with high cut-off frequency of

400 Hz, and is changed by a 22 nF capacitor in order to

set the low cut-off frequency to 14 Hz.
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TABLE IV
PERFORMANCE SUMMARY OF BIOPOTENTIAL READOUT FRONT-END (FOUR SAMPLES)

Fig. 17. Extracted biopotential signals from the readout front-end using
Ag/AgCl electrodes without any digital signal processing. Amplitudes are
referred to the front-end input.

Fig. 18. Spectrum of the extracted EEG signal of Fig. 17 from occipital cortex.
Patients’ eyes are closed, thus dominant rhythm is in alpha range.

C. Comparison

In order to compare the power–noise performance of different

amplifiers, noise efficiency factor (NEF) [19] is used as a figure

of merit. A bipolar transistor having only thermal noise achieves

a NEF of 1. Fig. 19 compares the power–noise performance of

the ACCIA with the IAs in the literature and with the commer-

cially available micro-power IAs. The presented IA achieves an

NEF of 9.2, which is calculated from the 57 nV/ Hz noise level

Fig. 19. Power-noise performance comparison of the ACCIA with the commer-
cially available micropower IAs ( ) and IAs from the literature (}). Constant
NEF contours are indicated by dashed lines. NEF of the commercial IAs are
calculated for a�3 dB cut-off frequency of 100 Hz and including the 1/f noise
of the IAs.

and 11.1 A current consumption. The discrepancy with the the-

oretical NEF value of 4.7 and measured value of 9.2 is due to

the fact that current source transistors are operating barely in

strong inversion. If the supply voltage is increased to 5 V, NEF

of the ACCIA can be improved considerably. The IA of [22] is

not included in the NEF curve, since low-input impedance of

the AC-coupled amplifier of [22] will divide the input signal,

resulting in a much lower signal-to-noise ratio than presented.

Moreover, on the contrary to the proposal of [22], it is not pos-

sible to replace the external capacitor and resistor with on-chip

capacitor and a transistor operating in subthreshold region, since

this will prevent the operation of the chopping amplifier.

The only IA achieving a better NEF is proposed by [26]. How-

ever, it not only has very low CMRR (86 dB), which makes it

unsuited for extracting clean biopotential signals, but also fea-

tures a fixed high-pass cut-off frequency, which prevents its use

for EMG (10–20 Hz) applications. It should be noted that noise

level of the EEG amplifier of [26] is high for EEG applications.

Therefore, if one would like to implement a biopotential readout
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circuit using the topology of [26], then current consumption of

the circuit must be increased in order to reduce the total in-band

noise. However, as the thermal noise level is reduced by in-

creasing the current consumption of the circuit, 1/f noise will

start to dominate the total noise under low frequencies. There-

fore, NEF of the circuit will be degraded considerably. For in-

stance, it can be calculated from the given values of [26] that

the IA of [26], which has 16 A current consumption, would

have worse noise performance than our ACCIA, if the signal

bandwidth is limited 40 Hz. Thus, NEF of the IA topology of

[26] would be much worse than the ACCIA presented in this

paper for low-noise and low-bandwidth applications. As a re-

sult, it can be concluded that the presented ACCIA has the best

power–noise trade-off in the literature for EEG and EMG appli-

cations. On the other hand, it is important to note that IA [26] can

be designed to have a better NEF than our ACCIA for ECG ap-

plications (however with much worse CMRR) since high noise

levels (5 [33]) can be tolerated for ECG systems.

VII. CONCLUSION

A readout front-end with configurable characteristics for

EEG, ECG and EMG signals and capable of operating from

conventional Ag/AgCl electrodes is presented. The proposed

AC-coupled chopping technique eliminates 1/f noise, while

filtering DEO and IA offset. The proposed current feedback IA

that is used in the ACCIA achieves low-power dissipation due

to the minimum number of parallel branches and elimination

of the opamps. Combination of the AC-coupled chopping

technique with the low-power current feedback IA achieves

more than 120 dB CMRR and 57 nV/ Hz input-referred noise

density, while consuming only 11.1 A from 3 V. This results

in the best power–noise trade-off among the IAs in literature

for EEG and EMG applications. The proposed input stage of

the current feedback IA prevents the reduction of the CMRR

with increasing DEO and achieves more than 110 dB CMRR

at mV DEO.

The chopping spike filter stage completely filters the chop-

ping spike components generated due to chopping. Moreover,

digitally controllable VGA stage allows the adjustment of the

gain and bandwidth of the channel. If the IA gain is set to 10,

channel gain can be selected to be 400, 800, 1550, and 2500 via

the continuous-time VGA. Meanwhile, the channel bandwidth

can be decreased or increased in order to filter the out-of-band

signals that will allow decreasing the sampling frequency of the

back-end ADC, which will decrease its power dissipation.

The presented front-end consumes 20 A from a single 3 V

supply, thus it is capable of operating more than 3 years from

2 AA batteries. Combination of the presented front-end with

a low-power ADC and radio will enable the implementation

of portable/wearable fully autonomous biopotential acquisition

systems.

REFERENCES

[1] E. Waterhouse, “New horizons in ambulatory EEG monitoring,” IEEE

Eng. Med. Biol. Mag., vol. 22, no. 3, pp. 74–80, May/Jun. 2003.
[2] S. Park and S. Jayraman, “Enhancing the quality of life through wear-

able technology,” IEEE Eng. Med. Biol. Mag., vol. 22, no. 3, pp. 41–48,
May/Jun. 2003.

[3] C. W. Mundt, “A multiparameter wearable physiologic monitoring
system for space and terrestrial applications,” IEEE Trans. Inf. Technol.

Biomed., vol. 9, no. 3, pp. 382–391, Sep. 2005.
[4] J. G. Webster, Medical Instrumentation: Application and Design, 2nd

ed. Boston, MA: Houghton Mifflin, 1992.
[5] A. C. Metting van Rijn, A. Peper, and C. A. Grimbergen, “High-quality

recording of bioelectric events. Part I: Interference reduction, theory
and practice,” Med. Bio. Eng. Comput., vol. 28, pp. 389–397, Sep.
1990.

[6] R. F. Yazicioglu, P. Merken, R. Puers, and C. Van Hoof, “A 60 �W 60
nV/
p

Hz readout front-end for portable biopotential acquisition sys-
tems,” in IEEE ISSCC Dig. Tech. Papers, Feb. 2006, pp. 56–57.

[7] R. P. Areny and J. G. Webster, “AC instrumentation amplifier for
bioimpedance measurements,” IEEE Trans. Biomed. Eng., vol. 40, no.
8, pp. 830–833, Aug. 1993.

[8] M. J. Burke and D. T. Gleeson, “A micropower dry-electrode ECG
preamplifier,” IEEE Trans. Biomed. Eng., vol. 47, no. 2, pp. 155–162,
Feb. 2000.

[9] E. M. Spinelli, R. Pallas-Areny, and M. A. Mayosky, “AC-coupled
front-end for biopotential measurements,” IEEE Trans. Biomed. Eng.,
vol. 50, no. 3, pp. 391–395, Mar. 2003.

[10] E. M. Spinelli, N. Martinez, M. A. Mayosky, and R. Pallas-Areny, “A
novel fully differential biopotential amplifier with DC suppression,”
IEEE Trans. Biomed. Eng., vol. 51, no. 8, pp. 1444–1448, Aug. 2004.

[11] C. J. Yen, W. Y. Chung, and M. C. Chi, “Micro-power low-offset
instrumentation amplifier for biomedical system applications,” IEEE

Trans. Circuits Syst. I, Reg. Papers, vol. 51, no. 4, pp. 691–699, Apr.
2004.

[12] J. H. Huijsing, Operational Amplifiers: Theory and Design. Boston,
MA: Kluwer Academic, 2001.

[13] P. M. Van Petegem, I. Verbauwhede, and W. M. C. Sansen, “Microp-
ower high-performance SC building block for integrated low-level
signal processing,” IEEE J. Solid-State Circuits, vol. SC-20, no. 4, pp.
837–844, Aug. 1985.

[14] M. Degrauwe, E. Vittoz, and I. Verbauwhede, “A Micropower CMOS
instrumentation amplifier,” IEEE J. Solid-State Circuits, vol. sc-20, pp.
805–807, Jun. 1985.

[15] C. C. Enz and G. C. Temes, “Circuit techniques for reducing the effects
of opamp imperfections: Autozeroing, correlated double sampling, and
chopper stabilization,” Proc. IEEE, vol. 84, no. 11, pp. 1584–1614,
Nov. 1996.

[16] H. Krabbe, “A high-performance monolithic instrumentation am-
plifier,” in IEEE ISSCC Dig. Tech. Papers, Feb. 1971, vol. 14, pp.
186–187.

[17] F. L. Eatock, “A monolithic instrumentation amplifier with low input
current,” in IEEE ISSCC Dig. Tech. Papers, Feb. 1973, vol. 16, pp.
148–149.

[18] A. P. Brokaw and M. P. Timko, “An improved monolithic instrumen-
tation amplifier,” IEEE J. Solid-State Circuits, vol. sc-10, no. 6, pp.
417–423, Dec. 1975.

[19] M. S. J. Steyaert, W. M. C. Sansen, and C. Zhongyuan, “A micropower
low-noise monolithic instrumentation amplifier for medical purposes,”
IEEE J. Solid-State Circuits, vol. sc-22, no. 6, pp. 1163–1168, Dec.
1987.

[20] R. Martins, S. Selberherr, and F. A. Vaz, “A CMOS IC for portable
EEG acquisition systems,” IEEE Trans. Instrum. Meas., vol. 47, no. 5,
pp. 1191–1196, Oct. 1998.

[21] R. F. Yazicioglu, P. Merken, and C. Van Hoof, “Integrated low-power
24-channel EEG front-end,” IEE Electron. Lett., vol. 41, no. 8, pp.
457–458, Apr. 2005.

[22] A. Uranga, X. Navarro, and N. Barniol, “Integrated CMOS amplifier
for ENG signal recording,” IEEE Trans. Biomed. Eng., vol. 51, no. 12,
pp. 2188–2194, Dec. 2004.

[23] K. A. Ng and P. K. Chan, “A CMOS analog front-end IC for portable
EEG/ECG monitoring applications,” IEEE Trans. Circuits Syst. I, Reg.

Papers, vol. 52, no. 11, Nov. 2005.
[24] M. Steyaert, P. Kinget, and W. Sansen, “Full integration of extremely

large time constants in CMOS,” IEE Electron. Lett., vol. 27, no. 10, pp.
790–791, May 1991.

[25] B. Razavi, Design of Analog CMOS Integrated Circuits. New York:
McGraw-Hill, 2001.

[26] R. R. Harrison and C. Charles, “A low-power low-noise CMOS am-
plifier for neural recording applications,” IEEE J. Solid-State Circuits,
vol. 38, no. 6, pp. 958–965, Jun. 2003.

[27] R. F. Yazicioglu, P. Merken, and C. Van Hoof, “Effect of electrode
offset on the CMRR of current balancing instrumentation amplifiers,”
Ph.D. Res. Microelec. Elec. (PRIME), vol. 1, pp. 35–38, Jul. 2005.

Authorized licensed use limited to: Katholieke Universiteit Leuven. Downloaded on March 30,2010 at 04:45:17 EDT from IEEE Xplore.  Restrictions apply. 



1110 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 42, NO. 5, MAY 2007

[28] E. Sackinger and W. Guggenbuhl, “A high-swing high-impedance
MOS cascode circuit,” IEEE J. Solid-State Circuits, vol. 25, no. 1, pp.
289–298, Feb. 1990.

[29] P. W. Li, J. Chin, P. R. Gray, and R. Castello, “A ratio-independent al-
gorithmic analog-to-digital conversion technique,” IEEE J. Solid-State

Circuits, vol. SC-19, no. 6, pp. 828–836, Dec. 1984.
[30] C. Menolfi and Q. Huang, “A fully integrated, untrimmed CMOS in-

strumentation amplifier with submicrovolt offset,” IEEE J. Solid-State

Circuits, vol. 34, no. 3, pp. 415–420, Mar. 1999.
[31] A. Bakker, K. Thiele, and J. H. Huijsing, “A CMOS nested-chopper in-

strumentation amplifier with 100-nV offset,” IEEE J. Solid-State Cir-

cuits, vol. 35, no. 12, Dec. 2000.
[32] J. H. Fischer, “Noise sources and calculation techniques for switched

capacitor filters,” IEEE J. Solid-State Circuits, vol. SC-17, no. 4, Aug.
1982.

[33] American National Standards for Cardiac Monitors, Hearth Rate Me-

ters and Alarms, ANSI/AAMI EC13, 2002.

Refet Firat Yazicioglu was born in Ankara, Turkey,
in 1978. He received the B.S. and M.S. degrees in
electrical and electronics engineering from Middle
East Technical University (METU), Ankara, Turkey,
in 2001 and 2003, respectively.

From 2001 to 2003, he was a research assistant
at METU, where he was working on fabrication of
surface micro-machined capacitive accelerometers
and their readout circuits. He is currently working
towards the Ph.D. degree at IMEC in collaboration
with Katholieke Universiteit Leuven. His research

interests include low-power and low-noise circuit design and data acquisition
systems for biomedical applications.

Patrick Merken received the Engineer degree
in electrical engineering from the Royal Military
Academy, Polytechnical division, Brussels, Belgium,
in 1988, and the Master of Engineering in Material
Science from the University of Leuven, Belgium,
in 1996. He received the Ph.D. degree in electrical
engineering at the same university on the hybrid
integration of III-V type semiconductors and Silicon
CMOS VLSI circuits.

He is currently a Professor at the Royal Military
Academy. His research in IMEC’s Sensor Elec-

tronics team is mainly focused on the design and implementation of low noise,
low power sensor readout electronics, and cryogenic circuits.

Robert Puers (M’86–SM’95) was born in Antwerp,
Belgium, in 1953. He received the Master’s degree in
engineering from the Polytechnic Institute HRITHO,
Gent, Belgium, in 1974, and the M.S. degree from the
Katholieke Universiteit Leuven, Belgium, in 1977,
where he received the Ph.D. in 1986.

From 1980, he was employed as a Research Assis-
tant at the Laboratory ESAT at K.U.Leuven. In 1986,
he became Director (NFWO) of the clean room facil-
ities for silicon and hybrid circuit technology at the
ESAT-MICAS laboratories of the same University.

He was a pioneer in the European research efforts in silicon micromachined
sensors, MEMS and packaging techniques, for biomedical implantable systems
as well as for industrial devices. In addition, his general interest is in low power
telemetry systems, with the emphasis on low power intelligent interface circuits
and on inductive power and communication links has promoted the research
of the ESAT-MICAS laboratory to international recognition. At present, he is
a full Professor at the K.U.Leuven, teaching courses in microsystems and sen-
sors, in biomedical instrumentation and stimulation, technology for electronic
circuit production and basic courses in electronics, system control and infor-
mation technology. He is the author of more than 350 papers on biotelemetry,
sensors, or packaging in journals or international conferences.

Prof. Puers is a Fellow of the Institute of Physics (UK), council member of the
International Microelectronics and Packaging Society (IMAPS), member of the
Electron Device Society (EDS) and many others. He is Editor-in-Chief of the
IOP Journal of Micromechanics and Microengineering, and General Chairman
of the Eurosensors conferences.

Chris Van Hoof received the Ph.D. degree in elec-
trical engineering from the University of Leuven,
Belgium, in collaboration with IMEC in 1992.

He is currently Director of the Integrated Systems
Department of the Microsystems, Components and
Packaging Division at IMEC, Leuven, Belgium.
At IMEC, he became successively head of the
detector systems group (in 1998), Director of the
Microsystems Department (in 2002) and Director
of the Integrated Systems Department (in 2004).
His research concerns several key ingredients of

autonomous sensor nodes (sensor front-ends, energy scavenging) and is largely
focused advanced packaging and interconnect technology (2-D and 3-D
integration, RF-integration). He has contributed to two cornerstone ESA flight
missions. Since 2000, he has also been a guest Professor at the University
of Leuven, and he is currently the promoter of eight doctoral theses. He has
authored more than 130 publications (over 70 based on peer review) and he has
given 20 invited presentations.

Authorized licensed use limited to: Katholieke Universiteit Leuven. Downloaded on March 30,2010 at 04:45:17 EDT from IEEE Xplore.  Restrictions apply. 




