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1Abstract—The development of wearable biomedical 

equipment benefits from low-power and low-voltage circuit 
techniques for reduced battery size and battery, or even 
battery-less, operation. This paper proposes a fully-differential 
low-power resistance-free programmable instrumentation 
amplifier for the analog front-end of biopotential monitoring 
systems. The proposed instrumentation amplifier implements 
the current balancing technique. Low power consumption is 
achieved with subthreshold biasing. To reduce chip area and 
enable integration, passive resistances have been replaced with 
active equivalents. Accordingly, the instrumentation amplifier 
gain is expressed as the ratio of two transconductance values. 
The proposed instrumentation amplifier exhibits two degrees 
of freedom: one to set the desired range and the other for fine-
tuning of the voltage gain. The proposed IA is employed in a 
programmable biopotential acquisition front-end. The 
programmable frequency-selective behavior is achieved by 
having the lower cutoff frequency of a Gm-C Tow-Thomas 
biquad varied in a constant-C tuning approach. The proposed 
solutions and the programmability of the operation parameters 
to the specifications of particular bio-medical signals are 
validated on a 350nm CMOS process. 
 

Index Terms—analog processing circuits, biomedical 
monitoring, biomedical signal processing, operational 
amplifiers, programmable circuits. 

I. INTRODUCTION 

Recent trends in the semiconductor industry guide the 
circuit development process towards low-power and low-
voltage integrated circuits. Specific low-voltage and low-
power circuit techniques, such as charge pumps, bulk 
terminal biasing, bulk terminal input, subthreshold 
operation, etc. [1, 2] have enabled the portability of a wide 
range of applications, ranging from consumer electronics to 
communications and healthcare. 

In biomedical electronics, the low-voltage and low-power 
trends target the development of battery-operated, or even 
battery-less, wearable medical equipment for in-vivo 
monitoring and stimulation of the human tissue [1]. 
Examples of applications which nowadays gain considerable 
attention are: brain-computer interface systems, insulin 
pumps, pacemakers, auditory prostheses, bio-potential 
monitoring systems, non-invasive cerebrovascular 
monitoring, etc. [2-7]. 

Biomedical monitoring systems operate towards the 

acquisition of the bio-potentials of the human body [3]. 
Although signal processing in bio-medical monitoring 
systems is mostly digital, bio-potential acquisition and some 
pre-processing in terms of amplification and filtering is 
analog. Large-gain high-precision amplification in 
biomedical monitoring systems is implemented with an 
instrumentation amplifier (IA). Signal preconditioning and 
some artifact removal, prior to analog-to-digital conversion, 
is performed with analog filters. As such, biomedical 
monitoring systems can strongly benefit from low-power 
and low-voltage circuit techniques to improve equipment 
portability and lengthen battery lifetime.   

 
1The results presented in this paper were obtained with the support of the 

Technical University of Cluj-Napoca through the research Contract no. 
2000/12.07.2017, Internal Competition CICDI-2017. 

One step forward, wide-range parameter programmability 
is a key factor for optimizing the operating performance of 
integrated electronics. For the specific case of bio-potential 
monitoring systems, the programmability feature can be 
used to adapt the operation parameters, in terms of gain and 
bandwidth, to the particular specifications of the targeted 
bio-potential. For exemplification, the amplitude and 
frequency specifications for some biopotentials are listed in 
Table I [8, 9]. 

 
TABLE I. AMPLITUDE AND BASEBAND SPECIFICATIONS FOR SOME 

BIOMEDICAL SIGNALS 

Bio-potential 
Amplitude 

range 
Baseband 
frequency 

Electrocardiogram (ECG) 100μV - 10mV 0.05Hz - 100Hz 
Electroencephalogram (EEG) 10μV - 100μV 0.1Hz - 50Hz 

Electromyogram (EMG) 1μV - 10mV 20Hz - 2kHz 
Electroneurogram (ENG) 0.1μV - 10μV 500Hz - 10kHz 
Electrooculogram (EOG) 10μV - 1mV DC - 100Hz 
Electroretinogram (ERG) 1μV - 1mV DC - 50Hz 

 

The specified amplitude range and baseband frequency of 
the bio-potential signals state the requirement for large 
voltage gain values, as well as low frequency filtering. 
Common solutions for amplification and filtering employ 
passive components [8], which limit integration and 
programming.  

In this paper we propose a low-power resistance-free 
programmable IA for use in the analog front-end of a bio-
potential monitoring systems. The proposed IA is built 
around the current balancing technique, and enables 
integration and parameter programming by replacing the 
passive resistances with active equivalents. Given the very 
low baseband frequency however, passive capacitors cannot 
be avoided. Therefore, we have employed a constant-C 
tuning approach for programming the frequency behavior 
internally to the IA. 
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This paper is organized as follows. Section 2 presents a 
review of IA solutions proposed in literature and describes 
the current balancing technique employed in IAs. Section 3 
describes the proposed programmable resistance-free 
instrumentation amplifier with frequency-selective behavior. 
Next, Section 4 presents the employment of the proposed IA 
in the analog front-end of a biopotential monitoring system. 
Results are presented in Section 5 to validate the proposed 
solutions. 

II. RELATED WORK 

The requirements for instrumentation amplifiers are 
expressed in terms of high input impedance, low input-
referred noise, low offset voltage, high differential gain, 
high common-mode rejection ratio (CMRR) and high power 
supply rejection ratio (PSRR) [3, 10]. 

A general solution for IAs is the pre-amplifier - difference 
amplifier configuration [11], illustrated in Fig. 1. 
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Figure 1. Block diagram of the pre-amplifier - difference amplifier 
configuration for instrumentation amplifiers 
 

The most common implementation of the IA 
configuration in Fig. 1 assumes three operational amplifiers 
(OpAMP) with resistive feedback. The pre-amplifier stage 
sets the IA gain as the ratio of two resistance values, 
followed by the difference amplifier which operates 
differential to single-ended conversion. The IA gain is then 
expressed as a resistance ratio [11] 

G
V R

R
A 12

1   (1) 

This configuration is implemented in many commercially 
available instrumentation amplifiers, e.g. the AD62X, 
AD82XX, AD855X series from Analog Devices [11]. An 
alternative IA with the 3-OpAMP configuration, which 
employs passive capacitors instead of resistors to set the IA 
gain, was proposed by Fay et al. in [12]. Subthreshold 
biasing of the amplifiers in this case lowers the power 
consumption. Also, the employment of passive capacitors 
rather than resistors enables integration. 

In either IA solution based on the pre-amplifier - 
difference amplifier configuration, precise matching of the 
passive components is mandatory for high CMRR, and 
consequently proper IA operation.  

In order to implement a high CMRR, the IA can be 
extended with the employment of the chopper stabilization 
technique [13], which is illustrated in the block diagram 
from Fig. 2. 

Chopper stabilization is typically employed for offset and 
drift suppression, yet it has also been successfully employed 
for biomedical applications [14]. The input signal is applied 
to a switch modulator driven by a chopper frequency clock 
signal fchop. The modulated signal is then amplified, 

followed by demodulation and lowpass filtering (LPF). For 
exemplification, a chopper stabilized IA was developed by 
Hsu et al. for the monitoring of ECG signals [15]. 

 IA

fchop

vIN

fchop

LPF vOUT

CIN

Figure 2. Block diagram of the chopper-stabilized instrumentation amplifier 
 

The advantages of employing chopper stabilization for the 
implementation of IAs are high CMRR, high accuracy, low 
drift, suppression of low-frequency noise with low signal 
aliasing and can achieve rail-to-rail input operation [14]. 
Accordingly, chopper-stabilized IAs are very well suited for 
acquisition of EEG biopotentials. Indeed, Huang et al. 
employed a chopper stabilized IA for the acquisition of EEG 
signals [16]. Wu et al. on the other hand employed chopper-
stabilized IAs for the development of an 8-channel EEG 
acquisition front-end [17]. Other examples of employment 
of the chopper stabilized IA accounts to Denison et al. for 
the chronic measurement of neural field potentials [14], or 
to Kim et al. who developed a low-power and low-noise 
dynamic IA for biopotential acquisition [18]. 

For improved IA performance, chopper stabilization can 
be employed in conjunction with auto-zero schemes [19], 
[20], i.e. the switched capacitor CIN in Fig. 2. For 
exemplification, Guesa et al. developed a switched-capacitor 
chopper-notch modulator for replica image cancelation in 
chopper amplifiers [21]. Another example of implementing 
the switched-capacitor technique in IAs accounts for the 
commercially available LTC1043 [22].  

An alternative solution for IA implementation is the 
current balancing technique [9-10], [23] illustrated in Fig. 3. 

R1 R2vin i2=k·i1

vip

vim

vop

vout

vom

Figure 3. Block diagram of the current-balancing instrumentation amplifier 
 

The differential input voltage vin generates a current 
through resistor R1, expressed as 

11 / Rvi in    (2) 

The current i1 is copied to the output section with a 
current gain factor k, thus 

12 iki     (3) 

The current i2 generates a voltage drop on resistance R2, 
which provides the differential output voltage expressed as 

2
1

2122 R
R

v
kRikRiv in

out          (4) 

Then, the voltage gain of the instrumentation amplifier is  

1

2

R

R
k

v

v
A

in

out
V           (5) 

The typical CMOS implementation of the current-
balancing IA assumes the buffered input and output stages 
from Fig. 3 implemented with a differential pair each, with a 
passive resistance deployed between the transistor sources. 
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A differential input voltage, sensed by passive resistance R1, 
will cause an imbalance of the differential input pair. 
Negative feedback is then applied via a transconductance 
amplifier to bring the input differential pair to equilibrium. 
The same transconductor output current is sourced into the 
IA output stage, thus determining a voltage drop on R2. 
Overall, the IA implements the transfer function expressed 
in (5). This procedure has been implemented by Martens et 
al. for IA development of a portable EEG acquisition 
systems [24]. Another illustration of this procedure was 
described by Nanda et al. for the development of a portable 
ECG monitoring system [25]. Implementation of the 
programmability feature on this current balancing IA 
structure was described by Huang et al. in [9], as well as in 
our previous work [26].  

A differential input voltage, sensed by passive resistance R

A current balancing IA which reduces the implementation 
complexity and drops the transconductance amplifier for the 
implementation of negative feedback was described by Wu 
et al in [27]. Alternatively, Steyaert et al. illustrated an 
implementation of a current-balancing instrumentation 
amplifier with a single differential stage [28].  

A current balancing IA which reduces the implementation 
complexity and drops the transconductance amplifier for the 
implementation of negative feedback was described by Wu 
et al in [27]. Alternatively, Steyaert et al. illustrated an 
implementation of a current-balancing instrumentation 
amplifier with a single differential stage [28].  

The advantage of the current-balancing IA is that its 
transistor-level implementation allows for integration in 
application specific integrated circuits (ASIC). Accordingly, 
the IA can be integrated on the same silicon dye along with 
latter analog signal processing sections, e.g. programmable 
gain sections [4] and analog filters [29], for the silicon 
implementation of the biopotential acquisition front-end. An 
ASIC example accounts for Garje et al. who developed a 
high CMRR bio-circuit for ECG signal monitoring around 
the current-balancing IA structure [30].  

The advantage of the current-balancing IA is that its 
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the IA can be integrated on the same silicon dye along with 
latter analog signal processing sections, e.g. programmable 
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implementation of the biopotential acquisition front-end. An 
ASIC example accounts for Garje et al. who developed a 
high CMRR bio-circuit for ECG signal monitoring around 
the current-balancing IA structure [30].  

For improved CMRR performance, the current balancing 
IA can also be deployed in conjunction with chopper 
stabilization, as illustrated by Huang et al. for portable 
biopotential acquisition [31].  

For improved CMRR performance, the current balancing 
IA can also be deployed in conjunction with chopper 
stabilization, as illustrated by Huang et al. for portable 
biopotential acquisition [31].  

III. THE PROPOSED INSTRUMENTATION AMPLIFIER III. THE PROPOSED INSTRUMENTATION AMPLIFIER 

The current balancing technique is indeed a versatile 
approach for IA implementation. Gain setting is 
straightforward by adjusting the ratio of two resistance 
values, and high CMRR is inherently achieved by avoiding 
the severe requirement for passive component matching. 
Also, if the IA is properly biased in subthreshold, very small 
power consumption is obtained. 

The current balancing technique is indeed a versatile 
approach for IA implementation. Gain setting is 
straightforward by adjusting the ratio of two resistance 
values, and high CMRR is inherently achieved by avoiding 
the severe requirement for passive component matching. 
Also, if the IA is properly biased in subthreshold, very small 
power consumption is obtained. 

Several issues however need to be addressed for 
subthreshold biasing. In subthreshold operation, usual 

current levels are tens to hundreds of nA. Resistance values 
are therefore in the MΩ order of magnitude, making the 
solution unfeasible for integration in silicon. External 
resistors are usually required, and IA gain is consequently 
limited by the available discrete resistors. Moreover, digital 
gain programmability becomes impractical in this situation. 

Several issues however need to be addressed for 
subthreshold biasing. In subthreshold operation, usual 

current levels are tens to hundreds of nA. Resistance values 
are therefore in the MΩ order of magnitude, making the 
solution unfeasible for integration in silicon. External 
resistors are usually required, and IA gain is consequently 
limited by the available discrete resistors. Moreover, digital 
gain programmability becomes impractical in this situation. 

In this paper we aim to address these implementation 
issues in order to develop a resistance-free fully integrated 
current-balancing IA which enables parameter tuning in 
either analog or digital fashion. The transistor-level 
schematic of the proposed IA is illustrated in Fig. 4 and is 
explained as follows. Bulk-input PMOS transistors Mina and 
Minb were used as input differential pair, for low flicker 
noise and linearity [3], [25]. 

In this paper we aim to address these implementation 
issues in order to develop a resistance-free fully integrated 
current-balancing IA which enables parameter tuning in 
either analog or digital fashion. The transistor-level 
schematic of the proposed IA is illustrated in Fig. 4 and is 
explained as follows. Bulk-input PMOS transistors M

Aiming to compensate for the issue of large passive 
resistances when implementing subthreshold biasing, we 
have developed a resistance-free IA solution. Therefore, 
resistance R1 from Fig. 3 is implemented with transistor Mdr 
biased in linear region. To be noticed is that in typical 
implementations of the current-balancing IA schematic, the 
passive resistance R1 doesn’t count for linearization but 
rather for acquisition of the differential input voltage [24], 
[26]. In the proposed work however, we target linearization 
of the input stage via source degeneration. Accordingly, 

Aiming to compensate for the issue of large passive 
resistances when implementing subthreshold biasing, we 
have developed a resistance-free IA solution. Therefore, 
resistance R

in
eq GR /11  in
eq GR /11       (6)      (6) 

where R1
eq is the equivalent resistance of Mdr, and Gin is the 

transconductance of the input transistors. Consequently, the 
input transconductance is expressed as 

where R

eqRG 11 /1 eqRG 11 /1    (7)    (7) 

which accounts for the gain of the voltage to current 
conversion by the input stage. 
which accounts for the gain of the voltage to current 
conversion by the input stage. 

In the IA output stage, we have employed a fully 
differential operational transconductance amplifier (OTA) 
G2 with negative feedback for the active simulation of R2. 
Thus, the equivalent resistance value is given by  

In the IA output stage, we have employed a fully 
differential operational transconductance amplifier (OTA) 
G

22 /1 GR eq  22 /1 GR eq     (8)    (8) 

Replacing expressions (7) and (8) in (5) gives the IA gain 
as the ratio of two transconductance values, expressed as 

Replacing expressions (7) and (8) in (5) gives the IA gain 
as the ratio of two transconductance values, expressed as 
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biased in linear region. To be noticed is that in typical 
implementations of the current-balancing IA schematic, the 
passive resistance R1 doesn’t count for linearization but 
rather for acquisition of the differential input voltage [24], 
[26]. In the proposed work however, we target linearization 
of the input stage via source degeneration. Accordingly, 

1
eq is the equivalent resistance of Mdr, and Gin is the 

transconductance of the input transistors. Consequently, the 
input transconductance is expressed as 

2 with negative feedback for the active simulation of R2. 
Thus, the equivalent resistance value is given by  

     (9) 

The proposed implementation of the current balancing 
principle in the proposed IA is based on the solution 
described in [27] and is explained as follows. The output 
current of the input transconductance stage is applied to a 
folded-cascode stage M1-M4. The folded-cascode stage 
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Figure 4. Transistor-level schematic of the proposed programmable resistance-free current-balancing instrumentation amplifier  
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differential output voltage drives the bias transistors M5 in a 
negative feedback configuration. This generates a small-
signal current which aims to drive the input 
transconductance stage to equilibrium, by balancing the bias 
currents of the input differential pair. The same small-signal 
current is generated in the drains of transistors M6, i.e. in the 
IA output stage, with an additional current gain factor k 
which can be implemented at this point.  

To be noticed is that, unlike the solutions proposed in [9], 
[10] and [23], [25], we skip differential - to - single-ended 
conversion in the IA output stage and maintain the 
differential nature of the output signal in order to perform 
further analog signal processing in a fully differential 
fashion. 

The common-mode feedback (CMFB) amplifier is 
implemented with transistors M9-M11, which actually 
resembles a single-ended difference amplifier. The error 
measuring the difference between the IA output common-
mode voltage, applied to M10a and M10b, and the reference 
common-mode voltage (VCM) applied to M10c and M10d, is 
amplified in order to drive the gates of the bias transistors 
M7. The negative feedback loop thus balances differential 
signal of the folded-cascode output around the reference DC 
level. Capacitances Cc1 and Cc2 compensate the CMFB loop 
for stability [32]. 

The bias circuit implemented with current source Iref and 
transistors M12-M15 generate the required gate voltages to 
bias the transistors in the IA structure [3]. Alternatively, one 
could employ a self-biasing scheme as described in [33]. 

Finally, passive capacitance C connected between the IA 
output pins operates towards band limitation in terms of a 
lowpass filter [24], [25], [28]. In a similar fashion, a passive 
inductance connected between the IA output pins would 
operate towards band limitation in the shape of a highpass 
filter. This achieves IA band limitation to the biopotential 
baseband specifications listed in Table I.  

Rather than employing a passive inductance for tuning the 
IA frequency band to the specifications of the biopotentials 
being monitored, in this work we adopt a solution based on 
a tunable bandpass filter, as will be illustrated in the next 
section. 

Programmability of the proposed IA is discussed as 
follows. Active source degeneration in the input differential 
pair was implemented with the switched array of parallel 
transistors illustrated in Fig. 5. Provided a fixed resistance 
value 1/G2 in the IA output stage, the parallel transistor 
array was designed to switch the IA voltage gain between 
three reference values: x1, x10 and x100 respectively, by 
digital control word [a2a1a0]. 

The OTA from the IA output stage, resembling an active 
resistance, is implemented with the binary weighted 
transconductor array illustrated in Fig.6 (a) [32]. This 
topology realizes an equivalent transconductance value 
expressed as the binary weighted sum of a unit 
transconductance Gmu given by 
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 Figure 5. Schematic of the switched array of parallel transistors 
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Figure 6. Schematic of the (a) binary weighted transconductor array, and 
(b) transistor-level implementation of the unit operational transconductance 
amplifier 
 

The transistor-level schematic of the unit transconductor 
with folded-cascode load is illustrated in Fig. 6 (b). The 
transconductor must exhibit sufficient linear range to 
accommodate the IA output voltage swing. Therefore, the 
variation of the IA output voltage had to be considered. For 
example, for EEG signal monitoring, the IA input signal 
reaches up to 200μVp-p. Assuming a gain factor of 100, the 
IA output signal may reach 20mVp-p. Similarly, the 
maximum 20mVp-p ECG input signal with a gain factor of 
25 translates to a 500mVp-p variation of the IA output. In 
order to accommodate the required linear range, the OTA 
from Fig. 3 (b) is linearized with bulk input - Min, and bump 
linearization - Mbump [34].  
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Transistors Mr1 and Mr2 biased in the linear region 
implement a current divider which realizes transconductance 
tuning expressed as [32] 

mumu GG  *
   (11) 

where α is the current division factor and is expressed with 
the transistor aspect ratios and bias voltages as [29] 
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The parameters in (12) are as follows: μ, Cox and Vth are 
process parameters and represent the charge mobility, oxide 
capacitance and threshold voltage respectively, W and L are 
the width and length of transistors Mr1 and Mr2, as indicated 
by the subscripts, and VDA is the voltage in the drain of 
transistor Mina.  

Starting from the IA reference gain, the equivalent 
transconductance value G2 implemented with the 
transconductor array and expressed with (10), will adjust the 
IA voltage gain to the desired level according to (9). For 
fine-tuning, having transistor Mr2 implemented with a 
parallel transistor array similar to Fig. 5, achieves digital 
programming of the IA voltage gain. Differential-mode 
control voltage  

21 rrcd VVV     (13) 

then achieves analog tuning as expressed in (11). 

IV. ANALOG FRONT-END FOR BIOPOTENTIAL MONITORING 

SYSTEMS 

The electrical schematics of the biopotential monitoring 
system analog front-end is illustrated in Fig. 7 and is 
explained as follows. 
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Figure 7. Analog front end for a biopotential monitoring system 
 

Capacitors C1 and C2 and transconductors Gm1, Gm2, Gm3 
and Gm4 implement a bandpass Tow-Thomas biquad. 
Capacitances C1 and C2 implement the frequency-selective 
behavior of the biopotential monitoring front-end as follows. 
Capacitance C1 implements frequency limitation in terms of 
an upper cutoff frequency. The gyrator-capacitance structure 
Gm3, Gm4 and C2 implements frequency limitation in terms 
of a lower cutoff frequency.  

The limits of the targeted frequency bandwidths are in the 
DC/0.01Hz - 10kHz range. Even though the IA and the 
OTAs are biased in subthreshold, the capacitance values are 
rather large i.e. 470pF and 800nF for the upper and lower 
cutoff frequencies respectively. The capacitors are thus 
unsuitable for integration and external components are 
required to implement the desired frequency-selective 
characteristics. 

Given the high capacitance values, which require external 
components, we have adopted a constant-C tuning approach 
[35], which keeps the capacitance value fixed and varies 
only the transconductance.   

To be noticed in Table I is that, while the upper cutoff 

frequency only exhibits a few distinct values, the lower 
cutoff frequency covers a much larger variation range. Thus, 
only the lower cutoff frequency was considered for soft 
programming. This motivates our choice for the Tow-
Thomas biquad structure, as it enables independent tuning of 
the lower cutoff frequency as a function of the 
transconductance value in the constant-C tuning technique. 

Provided the transconductors Gm1 - Gm4 are implemented 
with the operational transconductance amplifier from Fig. 6, 
the biopotential monitoring analog front-end allows both 
digital programming and analog fine-tuning of the operation 
parameters. Accordingly, in the proposed implementation of 
the constant-C tuning technique, switching the binary 
weighted transconductor arrays Gm3 and Gm4 sets the 
frequency range, while variation of the unit 
transconductance via the current divider Mr1_Gm3,4-Mr2_Gm3,4 
implements fine-tuning of the lower cutoff frequency, 
following equation 
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V. RESULTS 

The proposed resistance-free IA with programmable 
frequency-selective behavior was designed for subthreshold 
operation with a 1.6V asymmetrical supply. The transistor-
level schematic was implemented in Cadence using the 
AMS 0.35μm technology. Results obtained with Virtuoso 
proves the functionality of the proposed IA solution.  

The OTA was designed for a unit transconductance value 
Gmu of 200nS. The performance parameters of the unit 
transconductor are listed in Table II.  

 
TABLE II. SIMULATED PERFORMANCE PARAMETERS OF THE UNIT 

TRANSCONDUCTOR 
Parameter Value 

Supply current 1.17 μA 
Input common mode range -100 mV - 1.3 V 

Unit transconductance 200 nS 
Linear range 500 mVp-p 

3dB bandwidth 60 kHz 
THD@10Hz, Vin=10mVp-p -57dB 
THD@10Hz, Vin=1mVp-p -71dB 

Power consumption 1.87 μW 
 

The IA performance parameters are then listed in Table 
III. For comparison, the performance measures of some IAs 
reported in literature were also listed in Table III. As 
illustrated, the proposed IA in this work requires a 
considerably lower supply current absorption. With the 1.6V 
supply voltage, this leads to a lower power consumption in 
comparison to other solutions proposed in literature. 
Moreover, the common-mode rejection ratio (CMRR), noise 
performance and offset can be improved even further by 
deploying the proposed IA in conjunction with the chopper 
stabilization technique.  

Further on, the programmability of the IA voltage gain is 
illustrated. The x1, x10 and x100 reference IA voltage gain 
levels, set by switching the active source degeneration 
transistor Mdr, are illustrated in the IA voltage transfer 
characteristics in Fig. 8. As illustrated, both x10 and x100 
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TABLE III. SIMULATED PERFORMANCE PARAMETERS OF THE INSTRUMENTATION AMPLIFIER 

Parameter [12] 
[11] 
EEG 

[14] [7] 
[13] 
ECG 

This work 

Technology 3 μm n. a. 0.35 μm 0.35 μm 0.18 μm 0.35 μm 
Supply voltage ±2.5 V ±4.5 V 1V ±1.5 V 1V 1.6 V 
Supply current 31 μA 520 μA 50 μA 47.4 μA 165 μA 4.3 μA 

Input common mode range -1.12 – 0.76 V n. a. 0.68 – 1.2 V -1.4 – 0.33 V -50 – 650 mV -0.1 – 1.3 V 

Voltage gain 
programmable, 

max. 40 dB 
programmable, 

max. 40 dB 
43 dB 80 dB 45.5 dB 

programmable, 
max. 60dB 

Bandwidth 570 Hz 150 Hz 0.4 Hz – 35 kHz n.a. 150 Hz 
programmable, 
0.01 Hz → 40 

kHz 
CMRR@0.05Hz→200Hz > 70 dB 99 dB 106 dB 155 dB 127.3 dB 103 dB 
PSRR@0.05Hz→200Hz > 50 dB 40 dB 73.5 dB 131 dB n.a. 87 dB 

reference IA gains exhibit sufficient input linear range to 
accommodate the biopotential amplitude ranges with the 
required voltage gain. 
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Figure 8. IA voltage transfer characteristics illustrating the x1, x10 and 
x100 reference gains respectively 
 

For the x10 reference gain value, variation of the IA 
voltage gain with the transconductance G2 is illustrated in 
Fig. 9 as follows. The voltage transfer characteristics are 
plotted in Fig. 9 (a) for values of Gm2 ranging from Gmu to 
8Gmu. The IA gain programming characteristics vs. Gm2 is 
then plotted in Fig. 9 (b), following the linear trend 
expressed in (9). 
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Figure 9. Variation of the IA voltage gain with G2  equivalent 
transconductance value: (a) voltage transfer characteristics and (b) 
programming characteristics 
 

Analog tuning of the IA voltage gain via the 
transconductor G2 current divider Mr1-Mr2 differential 
control voltage Vcd is illustrated in Fig. 10, with Fig. 10 (a) 
plotting the voltage transfer characteristics for various 

values of Vcd and Fig. 10 (b) plotting the programming 
characteristics of the IA voltage gain vs. Vcd. 
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Figure 10. Analog tuning of the IA voltage gain with the Mr1-Mr2  current 
divider differential control signal Vcd: (a) voltage transfer characteristics 
and (b) tuning characteristics 
 

Simulation of the biopotential monitoring system analog 
front-end from Fig. 7 is illustrated further on. The analog 
front-end was configured for ECG signal monitoring, i.e. 
0.05-100 Hz baseband frequency, as plotted in Fig. 11. A x1 
IA gain was initially considered. 
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Figure 11. Frequency characteristics of the proposed IA configured for 
ECG signal monitoring 
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Tuning of the IA voltage gain is illustrated in the ECG 
baseband around the x100 reference voltage gain. 
Accordingly, Mdr was switched to the x100 reference 
voltage gain and G2 was varied in the 4Gmu - 8 Gmu range. 
The frequency characteristics are plotted in Fig. 12. 
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Figure 12. Frequency characteristics of the proposed IA configured for 
ECG signal monitoring 
 

The frequency characteristics form Fig. 12 illustrate that, 
similarly to Fig. 9, digital programming of the IA voltage 
gain vs. G2 follows the linear trend expressed in (9).  

The programmability of the biopotential monitoring 
system analog front-end frequency-selective behavior is 
presented as follows. For fixed values of Gm3=Gm4, the filter 
lower cutoff frequency is plotted vs. the transconductance 
value in Fig. 13. Accordingly, digital programming of the 
frequency characteristics follows the variation trend 
expressed in (14). 
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Figure 13. Variation of the IA lower frequency limit with Gm3= Gm4 
equivalent transconductance values 
 

Fine-tuning the filter lower cutoff frequency around the 
nominal value of 0.05Hz for ECG signal acquisition via the 
Mr1-Mr2 current divider of both transconductors Gm3 and 
Gm4 is plotted next in Fig. 14. 
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Figure 14. Tuning of the IA lower cutoff frequency around the 0.05Hz 
value with the equivalent width of Mr2  switched parallel transistor arrays 
 

VI. CONCLUSION 

This paper proposed a fully-differential low-power 
resistance-free instrumentation amplifier for use in the 
analog front-end of bio-potential monitoring systems, with 
programmable frequency-selective behaviour. The proposed 
instrumentation amplifier was implemented around the 
current balancing technique and thus achieved increased 
flexibility. The passive resistances have been replaced with 
active equivalents, enabling integration in silicon by 
considerably reducing chip area. Accordingly, IA gain is set 
as the ratio of two transconductance values, rather than two 
resistance values as was the case in formerly reported 
solutions. Bulk input and bump-linearization were employed 
as linearization techniques to accommodate the required 
voltage swing. The proposed instrumentation amplifier 
exhibits two degrees of freedom to control the operation 
parameters. One degree of freedom sets the desired value of 
the operating parameters and the other is used for fine-
tuning. Subthreshold biasing was employed to achieve low-
power consumption. The instrumentation amplifier output 
stage was applied to a Gm-C bandpass Tow-Thomas biquad. 
Considering the rather large capacitance values, which 
require external components, a constant-C tuning technique 
was implemented for programming the biopotential 
monitoring front-end frequency-selective behaviour. The 
proposed circuits were validated using Cadence on a 0.35 
μm CMOS process, thus demonstrating the applicability of 
the proposed solutions for programming the operation 
parameters to the amplitude and baseband specifications of 
particular bio-medical signals. 
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