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Abstract:  
In this paper, a high performance current-mode 

instrumentation amplifier has been proposed for low noise, 

low power, high CMRR and adjustable gain with an 

external resistor for various biomedical signal processing. 

The portable biomedical instrumentation has become an 

important part of diagnostic and treatment instrumentation, 

including telemedicine applications. The low voltage and 

low-power design tendencies are becoming more prevailing 

one. A two-electrode bio potential amplifier design is 

discussed with a high common-mode rejection ratio 

(CMRR), high input voltage tolerance and standard first-
order high-pass characteristic. The circuit makes use of 

passive components of popular values and tolerances. The 

modern battery cell voltages are in the range of 3–3.6V that 

require appropriate circuit solutions powered by a single 3V 

source. This innovative amplifier tolerates a 1V common 

mode voltage with 50 mA common mode current and 2 V 

input DC voltage which in turn provides a CMRR of 60 dB. 

The low voltage amplifier has got the applications in various 

systems say Holter-type monitors, defibrillators, ECG 

monitors, biotelemetry devices etc. This low voltage  

current-mode  amplifier is designed using 0.18µn  CMOS 

technology for the various biomedical applications. The  
amplifier circuit  is  based  on  the  use  of  two  positive 

current  conveyors  of  second generation  and  a current  

differential  output  stage.  The device exhibits high 

common-mode rejection ratio which is gain unaffected in a 

wide  frequency  band. SPICE simulation results are 

promising for high frequency medical applications. 

Keywords: Instrumentation amplifier, high CMRR, low 

power, biomedical signal, component ECG amplifier, Bio-

potential amplifier, Low supply voltage amplifier, AC 

coupled amplifier,  low-voltage, High  CMRR.  

 

I.  INTRODUCTION  
The recording biomedical signal is one of the challenges in a 
biomedical electronics detection system, because biomedical 
signals have very weak amplitude and low frequency, 
usually of few milli-volts or less and the frequency below 1 
KHz [1]. The biomedical electronics detecting system is 
shown in Fig. 1, which consists of electrodes, amplifier, LPF, 
Sample and Hold (S/H) and ADC. Biomedical signals, such  

 
as EEG/ECG signals, are characterized by their low voltage-

levels and very low frequencies. Thus, an instrumentation 

amplifier (IA) must exhibit very low input-referred noise [1-

12].  
 

These biomedical signals are acquired and transferred to the 
voltage type signals with amplitude of several milli-volts. 
The used IA must have high input impedance, low output  
 
impedance, limited bandwidth, and low power consumption 
[1-6]. Additionally, it must have adequate gain, high power-
supply rejection ratio (PSRR) and high common-mode 
rejection ratio (CMRR) to suppress noise. 
 

 
 
 
 
 
 
 
 
 
 

Figure 1 Block Diagram of Biomedical Application [1, 5] 
 

There are lot many application areas, especially in 
biomedical instrumentation, that require wide bandwidth 
(BW) low voltage amplifiers with high common mode 
rejection ratios (CMRR), [7-8]. It is well known that the 
conventional based on the operational amplifier topologies 
exhibit a narrow BW which is dependent on the gain. On the 
other hand these topologies require precise resistor matching 
so as to achieve high CMRR [9-10]. The Current mode 
instrumentation amplifiers have better performance with 
respect to CMRR and frequency range of operation and also 
they do not require resistor matching [11].  
 

II. BASIC CONVENTIONAL 

CONFIGURATIONS OF AMPLIFIERS 
In addition to the well-known (ECG) and blood pressure 
signals, various telemedicine applications require 
instruments of improved design, compatible with modern 
microcomputers and microcontrollers.  
 

The low voltage and low power are among the most 
important requirements for such instrumentation. Now a day, 
the rechargeable or non-rechargeable 3.6V/3V battery 
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voltages need adequate bio-potential amplifiers. The high 
performance of the amplifier should be obtained in spite of 
the low supply voltage limitation, especially concerning 
electrode polarization voltage and common-mode input 
voltage tolerance [10-15].  
 

The most widely used circuits for bio signal amplifiers are 
based on the three-operational-amplifier configuration, or 
instrumentation amplifier, followed by an additional AC-
coupled stage.  Usually, the „classical‟ amplifier gain is split 
between the instrumentation amplifier and the stage after the 
high-pass decoupling filter. The first stage gain is set to low 
values, because of the electrode polarization potentials. Their 
voltage difference can reach up to about 200mV, depending 
on various factors (electrode metal, conductive gel, patient 
skin etc.), and appears as an input signal DC component. 
 

 
 
 
 
 
 
 
 
 

(a) 
 
 
 
 
 
 
 

 
 
 
 
 

  
(b) 

 

Figure 2 Basic amplifier circuit (a) Simplified & (b) 
Detailed Circuits [2, 6] 
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where b, c and d are the inputs to the differential amplifiers 
and Ad is the gain of the amplifier. And the high pass cut-off 
frequency is defined by the time constant 2R3C that also 
constitutes the first order low pass filter [16-20]. The 
differential gain of the amplifier is given as: 
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The minimum expression for a conventional amplifier can be 
calculated as: 

4

4

1_ 4 5

1_ 4 5

4

1
1

2

1.5

4

d d

cm cm

d

d

A A
CMRR

A A

A
CMRR

R

R

CMRR A





   
    
   

 
 

 
   
    
 

 

         (4) 

where δ is the tolerance of the resistor R4 used in the circuit.  
Figure 3 Conventional amplifiers [8, 11] 

 

In order to reduce the noise of the amplifier, there are two 
different design methods that have been implemented so as 
to improve the prior limitations i.e. particularly flicker noise 
which is less effected with the use of PMOS and then we can 
have the combination of PNP transistor using BJT since it 
has got better noise characteristics. The commonly used 
standard amplifiers are unable to work at low supply 
voltages such as below 1V [21-25].  
 

Moreover, there exists a limitation for analog circuits to 
properly operate at low-voltage supplies is due to the 
limitation of the threshold voltages [26-28]. The first stage 
amplifier consists of M1~M10 and the input resistor Ri, 
which form a feedback loop. By KCL, the difference current 
between i4 and i3 is equal to 2Vin/Ri [29-35]. Therefore, this 
circuit is used as a transconductance (gm) cell whose overall 
Gm is equal to 2/Ri. By the second stage amplifier, the gm 
cell output is then converted to a single-ended output. 
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Figure 4 Configuration of Basic CMIA [15] 

 

The current-mode instrumentation amplifier (CMIA) is an 
another approach that does not require resistor matching to 
achieve a good CMRR [36-42]. This design approach is 
more commonly suited to a VLSI design approach, leading 
to the applications in implantable biomedical devices.  
 

This current-mode approach was discussed and fabricated 
using discrete devices that resulted in the desired CMRR of 
approximately 80dB. A circuit approach limited by the 
matching of the open-loop gains of the op-amps employed in 
the design for  a CMIA, which is then fabricated in a 0.18µn  
CMOS  technology, using the current mirrors as current 
summing networks. The current mirroring technique 
employed in a CMIA has two main advantages over the 
standard approach i.e.  
 

 The first is that no resistor matching is required to 
achieve a high CMRR.   

 The second advantage is that a CMIA does not 
require “ideal” op-amps. 

 

The basic design of a CMIA, presented in Figure 4, consists 
of two distinct stages; a differential input stage, and a gain 
stage. The input stage consists of two identical op-amps 
connected as unity-gain buffers.  The outputs of these op-
amps are connected via resistor R7. Any differential signal 
(Va) applied to the input of the CMIA will induce a current, 
to flow through R7. In order to achieve differential gain, the 
current (i), is mirrored i.e. copied into R8 [43-45]. The 
differential gain of the CMIA is simply the ratio of R8/R7.   
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If, the two gains are assumed to be equal i.e. AOL1 = AOL2 
then 
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If the open  loop-gains  of  the  input op-amps  are  different,  
a finite CMRR will result [36]. The magnitude can be 
approximated by 
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III. PROPOSED APPROACH OF THE LOW 

VOLTAGE AMPLIFIER 
The biomedical signals, such as EEG/ECG/EMG etc 

signals, are characterized by their low voltage-levels and 

very low frequencies. Thus, a low voltage and highly 

precise instrumentation amplifier (IA) is required so as to 

ensure the suitable and true measurement of the value of the 

most important signals, which also be able to exhibit very 
low input-referred noise [47].  
 

These biomedical signals are acquired and transferred to the 
voltage type signals with amplitude of several milli-volts. 

Thus, the desired IA must have high input impedance, low 

output impedance, limited bandwidth, and low power 

consumption [48]. Additionally, it should also have 

adequate gain, high power-supply rejection ratio (PSRR) 

and high common-mode rejection ratio (CMRR) to suppress 

noise. 
 

In order to eliminate and optimized the presence of the 

flickering noise at the output of the amplifier, this circuit has 

been designed and simulated with the use of 0.18µn CMOS 

technology that is well efficient to eliminate this presence of 

noise.  

 

Figure 5 Proposed Low Voltage & High Performance 

Amplifier using CMOS technology 
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Figure 6 Low Voltage & High Performance Amplifier 

using PMOS technology 

The current mirroring technique i.e. copying of the current 

used in the amplifier has two main advantages over the 

standard designed approach used. The main advantage is 

that there is no requirement of any resistor matching so as to 

achieve a high CMRR value. In this proposed circuit, the 

transistor (CMOS) from M1 to M24 acts as the input stage 

of the amplifier whereas, the transistors (CMOS) M25 to 

M32 constitutes the output stage of the amplifier [49-53].  
 

The resistance connected between the transistors M2 and 

M4 acts as the feedback loop so as to provide a path to the 

flow of currents i2 and i4. Then, with the help of the KCL 

the difference between the currents i2 and i4 is determined 

which comes out to be 2Vin/Ri. Now in order to achieve a 
higher CMRR value for the amplifier, either a very high 

open-loop gains must be achieved, or the open-loop gains of 

the amplifier must be tightly matched. Since the extremely 

high open-loop gains in case of the transistors are difficult 

to achieve by using low-voltage CMOS processes, the open-

loop gains must be tightly matched.     
 

IV. SIMULATION RESULTS AND 

DISCUSSIONS 
In this discussion, a low voltage and high performance 
amplifier has been proposed for both low power and 
adjustable gain for various biomedical signal processing with 
an external resistor using a standard 0.18-µn CMOS 
technology. 
 

The table 1 shows the simulation results of the proposed low 
voltage amplifier designed with the help of CMOS transistor 
input and PMOS transistor input. Besides, the comparison 
results of the proposed amplifiers with the low noise, low 
power [11], they reflects both the original signals i.e. a 
biomedical signal that could be a ECG/EEG/EMG (Vin) and 
the amplified output (Vout) signals with the external resistor 
set to 10 KΏ, as shown in figure 7 (a & b).  
 

 
(a) 

 
(b) 

 

Figure 7 Simulation results of the original 2-mV ECG 
(Vin) and the amplified ECG (Vout) Signals 

 
The above figures 5 & 6 shows the most suitable and 
innovative schematic circuits of the low voltage and high 
performance amplifier using CMOS and PMOS technology, 
which are the best suitable and can be most commonly used 
in the various biomedical applications. The proposed circuit 
has been simulated for level 3 parameters with 0.18µn 
CMOS technology using pSPICE software. 
 

The above figure 7 (a & b) shows the performance of the 
proposed amplifier circuit with the input and output 
performance of the biomedical signal that shows the output 
signal has been optimized and minimized for the presence of 
the unwanted flickering noise signal i.e. distortion in the 
output signal.  
 

Hence based on performance and the simulations of the 
innovative circuit of the low voltage amplifier, the proposed 
amplifier achieves the various desired parameters as shown 
in the below given table 1, say an overall gain of 85.1 dB 
(CMOS),  92.0 dB (PMOS), etc.. 
 

TT, 25°C Proposed 

CMOS 

Transistors 

Proposed 

PMOS 

Transistors 

[09] 

VDD (V) 1.5 1.5 0.9 

Power (µW) 60.5 62.6 2.2 

Ad (db) 85.1 92.0 40.3 

Acm (db) -40.1 -29.3 -19 ~ -22 
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CMRR (db) 127.3 122 62 – 65 

PSRR+ (db) 127.3 121 64 – 68 

PSRR- (db) 128 155 62 – 68 

Input 

referred 

noise (1KHz) 

108.7 nV/√Hz 53.9 nV/√Hz 2.6 

nV/√Hz 

Output noise 

(IKHz) 

3.06 nV/√Hz 5.3 nV/√Hz Desired 

 
Table 1: Comparative analysis results of the proposed Low 

Voltage Amplifier between CMOS and PMOS devices 
 

 
Figure 8 DC analysis of the Low Voltage Amplifier 

 

The above figure 8 shows the DC performance analysis of 
the proposed circuit reflecting that the amplifier is very much 
optimized so as to provide the same signal at the output with 
minimum possible distortion and delay caused due to the 
presence of the various transistors.  

 
Figure 9 THD analysis of the Low Voltage Amplifier 

 

The above figure 9 shows the threshold distortion analysis of 
the amplifier that reflects that the distortion behavior of a the 
circuit in terms of the continuous – time domain, with equal 
transistors modeled parameters, say the  size and W/L  ratio.  

V. CONCLUSION 
Biomedical signals, such as EEG/ECG/EMG signals, are 
characterized by their low voltage-levels and very low 
frequencies. Thus, there exists a requirement for a low 
voltage and high performance instrumentation amplifier 
(IA). The biomedical signals are acquired and transferred to 
the voltage signals with amplitude of several milli-volts. 
Therefore, the IA must have high input impedance, low 
output impedance, limited bandwidth, adjustable gain and 
low power consumption. Additionally, it must have adequate 
gain, high power-supply rejection ratio (PSRR) and high 
common-mode rejection ratio (CMRR) to suppress noise. 
This proposed amplifier inherits all  the valuable features  of 
the amplifier desired i.e., gain independent bandwidth with 
no resistor matching requirement. In addition to this, with the 
use of the differential stage at the input end of the circuit 
further improves the bandwidth and the level of CMRR.   

VI. ACKNOWLEDGEMENT 
The authors are thankful to Prof. D. S. Chauhan (Vice 
Chancellor, UTU) for providing the environment for this 
work, Mr. Aseem Chauhan (Additional President, RBEF), 
Major General K. K. Ohri, AVSM, Retd. (Director General, 
AUUP, Lucknow campus), Prof. S. T. H. Abidi (Director, 
ASET) and Brig. Umesh K. Chopra, Retd. (Dy. Director, 
ASET) for their kind cooperation, motivation, kind and most 
valuable suggestions. 

VII. REFERENCES 
[1] E. L. Douglas, D. F. Lovely, and D. M. Luke, “A Low-

Voltage Current-Mode Instrumentation Amplifier 
Designed in a 0.18-Micron CMOS Technology”, 
Canadian Conference on Electrical and Computer 
Engineering, Vol. 3, pp. 1777-1780, 2004.   

[2] J. G. Gift, “An Enhanced Current-Mode 
Instrumentation Amplifier” 

in IEEE Transactions on Instrumentation and 
Measurement, Vol. 50, No. 1, pp. 85-88, 2001.  

[3] A. Harb and M. Sawan, “New low-power low-voltage 
high-CMRR CMOS instrumentation amplifier”, IEEE 
ISCAS, Vol. 6, pp. 97-100, June 1999.  

[3] J. Szynowski, ”CMRR analysis of instrumentation 
amplifiers”, Electron. Lett., Vol. 19, No.14, pp. 547-
549, 1983.  

[4] R. P. Areny and J. G. Webster, “Common Mode 
Rejection Ratio for Cascode Differential Amplifier 
Stages”, IEEE Trans., Instrum. Measm., Vol. 40, No. 4, 
pp. 677-681, 1991. 

[5] K. A. Ng and P. K. Chan,, “A CMOS analog front-end 
IC for portable EEG/ECG monitoring applications”,  
IEEE Trans. on Circuits and Systems I, Vol. 52, Issue 
11, pp. 2335 – 2347, Nov. 2005.  

[6] Honglei Wu and Yong-Ping Xu, “A low-voltage low-
noise CMOS instrumentation amplifier for portable 
medical monitoring systems”, IEEE NEWCAS, pp. 
295-298, 2005.  

[7] Edward K.F.Lee ,E. Matei and R. Ananth “A 0.9V rail-
to-rail Constant gm Amplifier for Implantable 



Research Inventy : International Journal of Engineering and Science                                              Vol 1-Issue 1 

Rajinder Tiwari, R. K. Singh 

www.researchinventy.com                                                    23 | Page 
 

Biomedical Applications”, IEEE ISCAS, pp. 653-656, 
2006.  

[8] W. T. Holman and J. A. Connelly, “A Compact Low 
Noise Operational Amplifier for a 1.2 um Digital 
CMOS Technology”, IEEE JSSC, Vol. 30, pp. 710-714, 
1995.  

[9] Honglei Wu and Yong-Ping Xu, “A 1V 2.3ȝW 
Biomedical Signal Acquisition IC”, IEEE International 
Solid-State Circuits Conference, 2006.  

[10] H.-C. Chow and J.-Y. Wang, “High CMRR 
instrumentation amplifier for biomedical applications”, 
IEEE International symposium on signal processing and 
its applications, Feb. 2007. 

[11] Tietze U and Schenk Ch: Measurement circuits.In 
Electronic Circuits Design and Application.1990; 767-
778.  

[12]  Neuman MR: Biopotential amplifiers.In Webster JG, 
editor.Medical instrumentation application and design. 
John Wiley & Sons: New York, 1998; 233- 286.  

[13] Hamstra GH, Peter A and Grimbergen CA: Lowpower, 
low-noise instrumentation amplifier for physiological 
signals. Med Biol Eng Comput, 1984; 22: 272-274.  

[14] Dobrev D: Two-electrode low supply voltage 
electrocardiogram signal amplifier. Med Biol Eng 
Comput, 2004; 42: 272-276.  

[15] Amer MB: A design study of a bioelectric amplifier and 
improvement of its parameters. J Med Eng Technol, 
1999; 23: 15-19.  

[16] Spinelli EM, Martinez NH and Mayosky MA: A single 
supply biopotential amplifier. Med Eng Phys, 2001; 23: 
235-238.  

[17] Jefferson CB: Special-purpose OP amps.In Operational 
amplifiers for technicians. Breton publishers: 1983; 
281-285.  

[18] BURKE, M. J., and GLEESON, D. T. (2000): „A 
micropower dryelectrode ECG preamplifier‟, IEEE 
Trans. Biomed. Eng., 47, pp. 155–162  

[19] CHEE, J. (2002): „Low-frequency high gain amplifier 
with high DCoffset voltage tolerance‟. US patent, 
US6396343 B2 

[20] Lidgey, F.J., Toumazou, C.  (1989) "Novel Current-
Mode Instrumentation  Amplifier".  Electronics Letters 
v. 25 p228  -  p230.  

[21] Lidgey, F.J., Toumazou, C. (1995)  "Common-Mode 
Rejection Ratio  in Current-Mode Instrumentation 
Amplifiers".  Analog Integrated  Circuits and Signal 
Processing v. 7 p257 -  p260.  

[22] Lidgey, F.J., Porta, S, Zhu, Q.S.  (1994) "Analysis of IC 
Op-Amp Power-Supply Current Sensing". IEEE 
International Sym. on Circuits and Systems.  

[23] Lidgey, F.J., Su, W.J. (1994)  "Improvements to opamp 
power-supply current sensing  technique". Electronics  
Letters v. 30, #19 p1567 -  p1568.  

[24] Blalock B.J., Allen, P.E. (1995) "A Low-Voltage, Bulk-
Driven MOSFET Current Mirror for CMOS 
Technology".  IEEE International Symposium on 
Circuits and Systems. v. 3 p1972 -  1975.  

[25] Ramirez-Angulo, J.  (1994) "Current Mirrors with Low 
Input Voltage and Low Output Voltage Requirements".  
37" Midwest Symposium on Circuits and Systems.  

[26] Harb, A., Sawan, M. (1999) 'Wew Low-Power Low- 
Voltage High-CMRR CMOS Instrumentation 
Amplifier".  IEEE International Symposium on Circuits 
and Systems.  v. 6, p. 97-100. 

[27] S. Zhu, F. J. Lidgey and W. J. Su: „High C.M.R.R.,  
Second generation  current- mode  Instrumentation  
amplifier‟,  1993  

[28] Ramon  Pallas-Areny and  John  G. Webster:  „AC  
Instrumentation Amplifier for  Bioimpedance 

Measurements‟, IEEE Transactions on Biomedical 
Engineering,  

[29] Smither, D.R.  Pugh  and  L.M. Woolard: „C.M.R.R.  
Analysis  of  the 3-op-amp Instrumentation  amplifier‟, 
Electronics letters,  29th  September  1977,  Vol.  13, 
No. 20, pp. 594. 

[30] Szynowski:  „C.M.R.R.  analysis  of Instrumentation  
amplifiers‟, Electronics letters, 7th July 1983, Vol.  19, 
No.  14, pp. 547-549. 

[31] Toumazou  and  F.J.Lidgey: „Novel current-mode  
Instrumentation  amplifier‟, Electronics letters, 2nd  
February  1989, Vol. 25, NO.  3, pp. 228-230. 

[32] Wilson: „Universal conveyor Instrumentation  
amplifier‟, Electronics letters  30th  March  1989 Vol.  
25 No.  7, pp. 470-471. 

[33] Thomas  Kaulberg:  „A  CMOS  Current- mode  
Operational  Amplifier„,  IEEE journal  of  solid-state 
circuits,  Vol.  28, NO.  7, July 1993,  pp. 849-852. 

[34] G.Di Cataldo,  G.  Palumbo  and  S. Stivala:  „New  
CMOS current  mirrors with  improved high-frequency 
response, International journal  of  circuit theory and  
applications,  5  February  1993, Vol. 21, pp. 443-450. 

[35] Wilson:  „Recent developments  in  current conveyors  
and current-mode  circuits‟, IEE  PROCEEDINGS,  
Vol.  137, Pt.  G, No. 2, April 1990, pp. 63-77.  

[36] Sendra, G. W.  Roberts,  F.  Gohn:  „The current 
conveyor  : history, progress  and new  results‟, IEE 
PROCEEDINGS, Vol. 137, Pt. G, No.2, April 1990, 
pp. 78-87.  

[37] C.  A.  Mead  “Analog VLSI  and Neural Systems”, 
Addison-Wesley 1989.  

[38] C, J. Abel,  C. Michael, M.  Ismail and  C. S.  Teng, 
“Chsractenzaa  „on  of  Transistor Mismatch  for 
Statistical CAD of Sub”  Analog Circuits”  IEEE 
ISCAS p~ 1401-1404, May 1993. 

[39] C.  Toumazou, J. B.  Hughes and N.  C.  Battenby 
“Switched  Currents:  An Analogue  Technique  for 
Digital Technology”  Peter Peregrinus, London,  1993.  

[40] J  B Hughes,  N  C  Bird,  I  C  Macbeth,  Switched- 
currents * A NCW  Technique  for Sampled-  Signal 
Processing, EEE  Int Symp CAS, pp 1584-1587, M;ry  
1989. 

[41] C Taumazoy  F  J  Lidgey,  D G  Haigh  @is), 
Anai0gaeICDesign:TheCurrent Modc Approach, Peter  
Pentgrinus Ltd, 1990.  

[42]  J.  B. Hughes  and  K.  W.  Moulding  “S21:  A 
Switched Current  Technique  for High-performance” 
Electronics Letters pp  1400-1401 Vol  29  no.  6  5th  
August  1993.  

[43] G.A.S. Machado  and  C. TOUMAZOU  “CMACS-
Current Mode Micropower  Analogue  Computational 
Systems”  ESPRIT  Research  Proposal,  Imperial 
College, March 1993.  

[44] P.  Shah and  C. Toumazou,  ISCAS  94,  these 
proceedings.  

[45] N C Battersby,  C TOUMAZOU,  “Class AB  
Switched- Current  Memory  for  Analogue  Sampled  
Data Systems”,  Electronics Letters,  Vol  27 ppS73-
875,  9 May 1991.  



Research Inventy : International Journal of Engineering and Science                                              Vol 1-Issue 1 

Rajinder Tiwari, R. K. Singh 

www.researchinventy.com                                                    24 | Page 
 

[46] L. Watts, D.  A.  Kerns,  R.  F. Lyon,  C. A.  Mead 
“Improved Implementation of  the  Silicon Cochlea”, 
IEEE JSSC,  VOI 27 NO.  5 May 1992  pp 692-700. 

[47] W.  Liu, A. G. Andreou and  M.  H. Goldstein Jr,, 
„„Void-Spee.ch Rq”tation  by an Analog Silicon Model 
ofthe Auditory Periphery”, IEEE  Tran.  NN  Vol 3, No 
3, May 1992  pp 477-4.87.  

[48] J.C. Park,  C. Abel  and M.  Ismail, “Design of  a 
Silicon  Cochlea  Using  MOS  SwitchedCurrent 
Techniques”,  ECCTD‟93, Elsevier, pp 269-274.  

[49] G. Bogason, “Switched-current F-POW~X  4th order 
lowpass  -  highpass  filter”,  ESSCIRC‟93, September 
1993.  

[50] V.  Valencic,  “Convertisseurs  A/N  a Approximations 
Successives en  Technologie CMOS  a Capacites 
Commutees”, These  708, EPFL, 1987.  

[51] G. Wegmann-  “Design  and Analysis Techniques for  
Dynamic  Current Mi”‟, These  890,  EPFL, 1990.  

[52] E. Vittoz, “Intensive Summer Course on CMOS & 
BiCMOS VLSI  Design”, EPF-Lausanne, 1992.  

[53] N C Battersby  C TOMOZOU,  “Class AB  Switched-
Systems”,  Electronics Letters,  Vol  27 ppS73-875,  9 
IEEE JSSC,  VOI 27 NO.  5 May 1992  p~ 692-700.

 


