
International	Journal	of	Nanoelectronics	and	Materials	
Volume	11,	No.	2,	Apr	2018	[153‐166]	
 

 
 

	
	

An	Optimized	Low‐Noise	Low‐Power	Preamplifier	for	Cardiac	
Implants	

	

Sanna	Mairaj1,	Suhaib	Ahmed1,*	and	Vipan	Kakkar1	
	

1Department	of	Electronics	and	Communication	Engineering,	Shri	Mata	Vaishno	Devi	University,	Katra,	J&K	
‐	182	320,	India.	

	
	

Received	19	October	2017;	Revised	16	December	2017;	Accepted	2	January	2018	
	
	

ABSTRACT	
	

Among	various	analog	circuits,	the	preamplifier	has	a	prominent	role	in	the	analog	front	
end	(AFE)	circuit	of	biomedical	implantable	microsystems	for	a	reliable	acquiring	of	weak	
biophysiological	 signals.	 The	 AFE	 acts	 as	 an	 interface	 between	 the	 acquired	 analog	
biosignals	 and	 the	 digital	 part	 in	 these	 implants.	 As	 the	 industry	 of	 the	 biomedical	
implantable	 devices	 develops,	 lowering	 the	 power	 consumption	 as	 much	 as	 possible	
without	 sacrificing	 the	 performance	 is	 essential	 in	 improving	 the	 service	 time	 of	 the	
battery,	which	cannot	be	replaced	 frequently.	Hence,	there	 is	an	 increasing	demand	 for	a	
low	noise,	 low	power	bio‐acquisition	system	so	as	to	avoid	bulky	connectivity	and	reduce	
patient	mobility	and	discomfort.	This	paper	thus	presents	an	operational	transconductance	
based	 preamplifier	 for	 the	 application	 in	 cardiac	 implants.	 The	 performance	 of	 the	
proposed	design	was	evaluated	based	on	various	parameters	such	as	gain,	common	mode	
rejection	 ratio	 (CMRR),	 noise	 spectral	 density,	 and	 power	 consumption.	 Besides,	
optimization	by	supply	voltage	scaling	of	the	proposed	design	was	done	with	the	focus	is	on	
lowering	 the	 power	 consumption.	 The	 trade‐offs	 between	 various	 parameters	 like	 gain,	
speed,	and	power	consumption	were	observed	 in	 the	optimized	design.	The	preamplifier,	
designed	using	a	180nm	CMOS	technology,	provides	a	high	gain	of	50dB	at	a	supply	voltage	
of	1.5V	and	a	low	power	dissipation	of	61.10µW.	Based	on	the	performance	evaluation,	it	
was	 observed	 that	 the	 proposed	 preamplifier	 is	 suitable	 for	 low	 power	 cardiac	
applications.	
	
Keywords:	Cardiac	Implants,	Preamplifier,	Low	Power	Electronics,	Operational	
Transconductance	Amplifier.	

	
	
1. INTRODUCTION	

	
The	term	implant	represents	a	medical	device	that	acts	as	a	part	of	the	whole	biological	system	
or	 can	 be	 used	 to	 provide	 support	 to	 a	 damaged	 biological	 structure	 [1,2].	 Currently	
biomedical	 implants	 are	 used	 for	 various	 applications	 including	 cardiac	 pacemakers,	
defibrillators,	 and	 cardiovascular	 stents.	 The	 monitoring	 of	 biomedical	 signals	 provides	 us	
information	about	the	vital	health	of	the	body	and	thus	the	data	can	be	of	prime	importance	to	
medical	 practitioners	 [3].	With	 the	 rapid	 development	 in	microelectronics	 towards	medical	
therapies	and	diagnostic	aids,	 there	 is	a	need	 for	 lowering	 the	power	consumption	 in	active	
implantable	devices	that	are	battery	powered	so	 that	the	device	 lifetime	increases.	One	such	
example	 of	 active	 implantable	 device	 is	 the	 Cardiac	 Pacemaker	 in	 terms	 of	 its	 widespread	
application	 [4].	 A	 Cardiac	 Pacemaker	 is	 a	 device	 that	 uses	 electrical	 pulses	 to	 recover	 the	
normal	heartbeat	of	a	diseased	heart.	The	major	building	blocks	of	the	pacemaker,	as	shown	in	
Figure	 1,	 are	 an	 analog	 front	 end	 (AFE)	 circuit,	 a	 microcontroller	 with	 ultra	 low	 power	
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consumption,	a	battery,	and	an	output	circuit	that	stimulates	the	heart.	The	AFE	comprises	of	a	
preamplifier,	a	low‐pass	filter,	a	level	shifter,	and	a	synchronizing	circuit.	The	cardiac	signal	is	
given	to	a	low	noise	preamplifier	for	amplification	purposes	and	is	then	filtered.	This	filtered	
signal	 is	 then	 given	 to	 the	 comparator	 that	 produces	 a	 pulse	 which	 depends	 upon	 the	
threshold	voltage	level.	The	output	stage	of	a	pacemaker	is	called	a	charge	pump	that	uses	a	
pulse	generator	 to	 stimulate	 the	activity	of	 the	heart.	Thus,	 a	 preamplifier	 is	 a	 critical	block	
that	is	used	for	the	detection	of	small	level	signals	especially	for	biomedical	applications	[3].		
	

	
	

Figure	1.	General	Block	Diagram	of	an	Implantable	Cardiac	Pacemaker	System.	
	

Biosignals	like	EEG,	ECG,	EMG,	EOG	are	weak	signals	with	an	input	amplitude	typically	ranging	
from	0.5µV	 to	 5mV	 [5,6]	 and	 are	 highly	 susceptible	 to	 noise	 and	power	 line	 interference	 at	
50Hz	to	60Hz.	Nowadays	there	is	a	demand	for	a	low	noise,	low	power	bio	acquisition	system	
so	 as	 to	 avoid	 bulky	 connectivity	 and	 reduce	 patients’	 mobility	 and	 discomfort	 [7].	 A	
Preamplifier	is	one	of	the	important	components	of	the	analog	front	end	as	it	determines	the	
SNR	of	the	entire	biomedical	signal	acquisition	system	and	is	required	for	reliable	monitoring	
of	 the	 physiological	 signal	 [8].	 These	 weak	 biosignals	 need	 to	 be	 amplified	 before	 being	
compatible	 for	 processing	 by	 the	 other	 components	 of	 the	 implant	 for	 measurement	 and	
testing	purposes	[9].	
	
	 	
2.		 DESIGN	SPECIFICATIONS	

	
Neural	implantable	devices,	EEG,	and	cochlear	implants	are	the	major	application	areas	for	the	
preamplifier	design	 in	 the	 survey	 [10‐15]	while	 less	 explored	applications	being	 the	 cardiac	
pacemaker,	 EOG,	 PCG,	 and	 retinal	 prostheses.	 Some	 of	 the	 key	 design	 parameters	 of	 an	
amplifier	 are	 its	 Gain,	 stability,	 power	 consumption,	 CMRR,	 PSRR,	Noise,	 THD,	 and	Dynamic	
range.	Different	 applications	demand	different	parameters	 that	 are	 critical	 to	 that	particular	
application.	Some	applications	like	Neural	Implantable	devices	require	a	low	noise,	low	power	
analog	front	end	while	others	like	cochlear	require	a	high	PSRR,	and	good	SNR.	Based	on	the	
literature	 study	 [16‐18],	 the	 required	 design	 specifications	 for	 the	 preamplifier	 for	 Cardiac	
Implants	 are	 formulated	 and	 summarized	 in	Table	 1.	A	high	 gain	 of	 >50dB,	 a	 high	CMRR	of	
around	70dB,	and	a	high	PSRR	of	60dB	are	required	for	this	particular	application.	
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Table	1	Design	Specifications	for	Preamplifiers	in	Cardiac	Implants	
	

Parameters Target	Specifications	

Gain >	50dB

Slew	Rate 10V/µs

Load	Capacitance 10pF

Min	and	Max	Output	voltages േ2V

Unity	Gain	Bandwidth 7MEG

ICMR ‐1.5V	to	2.5V

CMRR >	70dB

PSRR >	60dB

Technology 180nm

	
		

3.		 PROPOSED	LOW	POWER	PREAMPLIFIER	
	

The	folded	cascode	Operational	Transconductance	Amplifier	(OTA)	was	chosen	for	the	design	
of	the	preamplifier	for	cardiac	applications.	An	OTA	is	actually	an	op‐amp	without	the	output	
buffer	and	is	capable	of	driving	only	capacitive	loads.	One	of	the	important	features	of	the	OTA	
is	 that	 its	 transconductance	can	be	adjusted	by	a	bias	current.	A	 folded	cascode	 is	actually	a	
compromise	between	a	two	stage	and	a	telescopic	cascode.	The	name	“folded”	comes	from	the	
fact	that	because	of	the	folding	of	P‐channel	cascode	active	loads	of	a	differential	pair	and	then	
converting	 the	 MOSFETs	 to	 N	 channel.	 A	 folded	 cascode	 overcomes	 the	 drawbacks	 of	 a	
telescopic	structure,	i.e.	limited	output	swings	and	difficulty	in	shorting	input	and	output,	thus	
provides	a	wide	swing.	A	Wide	Swing	means	that	an	input	Common	mode	range	is	very	close	to	
the	 supply	 voltage	 [19].	 The	Output	 voltage	 swing	 is	 limited	 by	 supply	 voltages.	 In	 a	 folded	
cascode	OTA	 a	 perfect	 balance	 of	 currents	 in	 the	 differential	 amplifier	 stage	 is	 not	 required	
because	 of	 the	 fact	 that	 excess	 dc	 currents	 can	 flow	 in	 or	 out	 of	 the	 current	 mirror.	 The	
practical	 version	 of	 an	 OTA	 and	 its	 small	 signal	Model	 are	 shown	 in	 Figure	 2	 and	 Figure	 3	
respectively.	The	bias	currents	I3,	I4,	and	I5	of	the	topology	should	be	designed	such	that	the	DC	
current	 in	 the	 cascode	mirror	 never	 goes	 to	 zero,	 e.g.	 if	 the	 input	 voltage	Vin	 is	made	 large	
enough	 such	 that	 M1	 is	 turned	 on	 and	 M2	 is	 turned	 off.	 Then,	 all	 the	 current	ܫଷ	will	 flow	
through	M1	 that	 results	 in	ܫଵ ൌ 	will	ଶܫ	and	ଷܫ be	 zero.	 If	 the	 currents	ܫସ	and	ܫହ	are	not	 greater	
than	 current	ܫଷ,	 then	ܫ	will	 be	 zero.	 To	 avoid	 this	 problem,	 the	 values	 of	 currents	 	ହܫ	and	ସܫ	
were	 kept	 between	 values	 of	 currents	ܫଷ	and	 	.[20]	ଷܫ2 The	 resistances	 RA	 and	 RB	 as	 seen	
looking	into	the	source	of	M6	and	M7	and	are	given	as:	
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Figure	2.	Folded	Cascode	OTA	schematic.	

	

	
	

Figure	3.	Small	signal	model	of	the	OTA.	
	
	
	Current	݅ଵ	is	given	as:			
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	Current	݅	can	be	written	as:	
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The	Output	Voltage	can	be	expressed	as	the	sum	of	݅	and	݅ଵ	flowing	through	ܴଵଵ	
	

 
1 2

1 11

2

2 2 1 2 2
out

in

V gm gm K
gm R

V K K

            
		 	 								(6)									

											

where	R11,	the	output	resistance	is	given	as	   11 9 9 11 7 7 2 5R gm rds rds gm rds rds rds     	

	
3.	1	Analytical	Modeling	

	
The	design	of	 the	Proposed	Folded	Cascode	OTA	was	done	using	 level	49	BSIM3v3	MOSFET	
and	 TSMC	 0.18µm.	 T‐Spice	 parameters	 were	 used,	 which	 are	 summarized	 in	 Table	 2.	 The	
design	consists	of	determining	the	specifications,	selecting	device	sizes	and	biasing	conditions,	
and	simulating	and	characterizing	various	performance	parameters	such	as	the	open	loop	gain,	
CMRR,	slew	rate,	and	output	swing.	
	

Table	2	Parameters	from	Tspice	Model	File	(TSMC	180nm)	
 

Parameter Value

kn’	 172.1μA/ܸଶ	

kp’	 ‐36.4	µA/ܸଶ	

Low	Field	Mobility	μn 398.72		(ܿ݉ଶ)/V*s	

Low	Field	Mobility	μp 84.33		(ܿ݉ଶ)/V*s	

Vthn 0.37965	V

Tox	for	NMOS 4.1e‐9	m

Vthp ‐0.4215	V

Tox	for	PMOS 4.1e‐9	m

	
The	 main	 goal	 is	 to	 design	 a	 preamplifier	 based	 on	 the	 above	 design	 specifications	 and	 to	
choose	proper	W/L	sizes	for	the	amplifier	design.	The	design	steps	to	compute	the	transistor	
sizes	are	as	follows	:						
	
i. Smallest	device	length	is	chosen	such	that	the	channel	length	modulation	parameter	λ	

is	kept	constant,	and	also	there	is	good	matching	for	current	mirrors.	(Here	L=1µm)	
ii. From	the	Slew	rate	expression,	the	tail	current	ܫଷ	is	obtained	
iii. 	

3 LI SR C  	 	 	 	 	 (7)	

	
					Where	SR	is	the	slew	rate	and	ܥ	is	the	load	capacitance.	
	

iv. Bias	currents	in	the	output	cascode	while	avoiding	zero	currents	in	the	cascode	are	
given	as:	
	

3 4 5 31.2 1.5I I I I   												 	 	 									(8)	
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v. Design	for	ܵହ	and	ܵ	is	obtained	from	the	maximum	output	Voltage.	Let	S4=S14=S5=S13	
and	S6=S7	
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vi. Design	for	 ଵܵଵand	ܵଽ	is	obtained	using	minimum	output	voltage.	Let	S10=S11	and	S8=S9		
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vii. Calculation	of	resistance	values.	
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viii. Design	of	ܵଵ	and	ܵଶ	is	obtained	from	the	value	of	Unity	gain	bandwidth	and	load	

capacitance	ܥ.	
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ix. ܵଷ	design	is	obtained	from	the	minimum	Input	common	mode	voltage	
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x. ܵସ	and	ܵହ	design	is	obtained	from	the	maximum	Input	common	mode	voltage.	
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Also	ܵସ	and	ܵହ	values	should	be	large	enough	to	satisfy	the	maximum	Input	common	
mode	voltage.	
	

xi. The	differential	Voltage	gain	is	given	as	

		 	 												 1 11 3

2

2 2v

K
A gm R I

K

     
																																									(17)	

	
xii. Power	dissipation	given	as	

	
	

   3 12 10 11 3diss DD SSP V V I I I I I       	 		 									(18)	

	
	

xiii. Positive	CMR	given	as:	
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xiv. Negative	CMR	
xv. 	
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14.	The	second	stage	resistance	is	
	

1 9 7 3
7 2 5

1 1 1
R R gm I

gds gds gds

 
    

 
  	 	 							(21)	

	
							Where	 9 9 9 11 3R gm rds rds I    		

	
15.	The	parameters	can	be	evaluated	from	the	following	equations	
	

'
3 , ,2 n p n p Dgm I k S I     	 	 	 	 (22)	

Dgds I 	 	 	 	 	 (23)	

1 1
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  	 	 	 	 			(25)	

	
From	the	above	mathematical	equations,	the	bias	currents	and	the	transistor	sizes	(

ௐ


)	for	the	

amplifier	were	calculated	and	summarized	in	Table	3	and	4	respectively.	
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Table	3	Parameter	Values	
 

Parameter Value
	ࡵ	 100µA
	ࡵ=ࡵ 125µA
	ࡸ 10pF

	ࡾ=ࡾ 2KΩ
 

Table	4	Calculated	
ௐ


	of	transistors	(Assuming	L=1µm)	

 
W/L	ratios	of	transistors	 Transistor	Widths	(ࣆሻ	
ࡿ ൌ ࡿ ൌ ࡿ ൌ =109.80ࡿ ହܹ ൌ ସܹ ൌ ଵܹସ ൌ ଵܹଷ=109.80	

ࡿ ൌ ૠࡿ ൌ	65.93	 ܹ ൌ ܹ=65.93	
ૡࡿ ൌ ૢࡿ ൌ ࡿ ൌ =47.44ࡿ ଼ܹ ൌ ଽܹ ൌ ଵܹ ൌ ଵܹଵ=47.44	

	=11.24ࡿ=ࡿ ଵܹ= ଶܹ=11.24
	=8.421ࡿ ଷܹ=8.421
	=10.5ࡿ ଵܹଶ=10.5

	
3.2	Circuit	Schematic		

	
The	proposed	preamplifier	schematic	is	shown	in	figure	4.	The	topology	uses	cascode	current	
mirrors	 as	 active	 biasing	 elements.	 Current	 mirrors	 are	 more	 economical	 than	 passive	
resistors	in	terms	of	the	die	area	required	to	provide	bias	current	of	a	certain	value.	
	

	
Figure	4.	Schematic	of	the	proposed	folded	cascode	OTA	based	preamplifier.	

 
A	 cascode	 current	 mirror	 provides	 a	 wider	 swing	 compared	 to	 a	 Wilson	 current	 mirror.	
Because	of	this	current	mirror,	folded	cascode	op‐amp	has	a	wider	output	swing.	The	3	main	
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stages	of	 the	OTA	 include	 the	differential	 input	stage,	 the	 folded	cascode	 load	stage,	 and	 the	
output	 stage.	 The	 Cascode	 topology	 increases	 the	 gain	 of	 the	 input	 differential	 stage.	 The	
folded	cascode	was	used	to	improve	the	ICMR	and	also	to	reduce	the	required	supply	voltage.	
The	Current	mirror	sink	used	in	this	folded	cascode	topology	has	the	following	advantages:	

	
i. High	Output	resistance		
ii. Low	Power	dissipation		
iii. Self‐biasing		
iv. High	swing		
v. Small	saturation	Voltage	

	
	
4.	RESULTS	AND	DISCUSSIONS	

	
Low	Voltage	and	low	power	are	important	attributes	for	cardiac	implants	to	achieve	a	longer	
battery	 life	 time.	The	proposed	preamplifier	was	first	designed	at	a	supply	of	2.5	V	and	then	
optimized	by	scaling	it	down	to	1.5	V	to	achieve	a	lower	average	power	consumption.	To	find	
the	AC	response	of	the	OTA,	a	100mV	input	was	given	to	the	differential	amplifier	along	with	
DC	 voltages;	 the	 ac	 analysis	 was	 done	 from	 1Hz	 to	 10MHz.	 Figure	 5	 shows	 the	 frequency	
response	of	the	proposed	designs.	

	

	
(a)	

	

	
(b)	
	

Figure	5.	Frequency	response	of	the	proposed	preamplifier	at	(a)	2.5V	and	(b)	1.5V	supply	voltage.		
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To	find	the	Common	Mode	gain,	both	Vin+	and	Vin‐	inputs	were	shorted	and	then	AC	and	DC	
voltages	were	applied.	The	simulated	results	in	Figure	6	show	the	common	mode	gain.	

	

	
(a)	

	
(b)	
	

Figure	6.	Common	mode	gain	at	(a)	2.5V	and	(b)	1.5V	supply	voltage.		
	

A	square	wave	was	given	to	the	inputs	of	the	differential	stage,	and	the	transient	analysis	gave	
the	simulation	results.	The	Slew	rate	actually	represents	the	current	available	to	drive	the	load	
capacitance.	The	slew	rate	for	the	proposed	designs	can	be	evaluated	from	Figure	7.	

	

	
	

Figure	7.	Slew	rate	at	2.5V.	
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(a)	

	
(b)	
	

Figure	8.	Output	swing	at	(a)	2.5V	and	(b)	1.5V	supply	voltage.	
	

The	output	swing	represents	the	values	of	the	maximum	positive	and	negative	voltages	above	
which	transistor	will	remain	out	of	saturation	and	thus	specifies	the	range	over	which	output	
voltage	can	vary	without	excessive	distortion.	The	graphs	in	Figure	8	shows	the	voltage	swing	
from	‐2.5V	 to	+2.5V.	The	OTA	provides	a	wide	swing,	meaning	 the	 input	CMR	 is	close	 to	 the	
supply	voltages.	The	output	swing	is	limited	by	the	supply	voltages	as	is	evident	from	Figure	8.	

	

	
(a)	
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(b)	
	

Figure	9.	PSRR	at	(a)	2.5V	and	(b)	1.5V	supply	voltage.	
	

If	there	is	a	change	X	in	the	supply	voltage	that	produces	an	output	voltage	change	of	Y	volts,	
then	the	PSRR	is	expressed	as	a	ratio	of	X/Y.	This	quantity	is	expressed	in	dB.	The	PSRR	can	be	
a	positive	or	negative	quantity.	To	determine	the	PSRR,	DC	bias	was	applied	to	the	inputs	of	the	
differential	stage	and	an	AC	Voltage	was	applied	to	the	positive	VDD	terminal	to	determine	the	
PSRR	+.	For	the	proposed	designs,	the	PSRR	can	be	calculated	from	the	graph	shown	in	Figure	
9.	
	
This	paper	first	presents	the	design	of	a	preamplifier	for	cardiac	implants	designed	at	a	supply	
voltage	of	2.5	V,	where	a	high	gain	of	around	60dB	was	obtained	but	the	power	consumption	is	
slightly	high.	Therefore,	 further	optimization	was	done	where	a	 supply	voltage	of	 1.5	V	was	
obtained.	The	average	power	consumption	 reduced	 to	61.10µW	at	 the	expense	of	 a	 reduced	
gain	 of	 50dB.	 Also,	 there	 is	 an	 improvement	 in	 the	 noise	 spectral	 density	 at	 1.5V.	 The	
performance	parameters	of	the	proposed	and	optimized	designs	are	summarized	in	Table	5.	

	
Table	5	Comparsion	of	Proposed	and	Optimized	Preamplifier	Designs	

 
Specification	 Proposed	Design Optimized	Design	

Supply	Voltage	 2.5	V 1.5V

Open	Loop	Gain	 62dB 50dB

Phase	Margin	 ‐95.83º ‐92.02º	

CMRR	 102dB 114dB	

PSRR+	 ‐50dB ‐60dB

Power	Consumption	 0.131mW 61.10µW	

Output	Swing	 ‐2.5V	to	2.5V ‐1.4V	to	1.4V	

Noise	Spectral	Density	
250µV/√ݖܪ	at		
100mV	input	

3.5µV/√ݖܪ	at		
100mV	input	

	
The	 state	 of	 the	 art	 comparison	 of	 the	 proposed	 low	 power	 preamplifier	 with	 some	 other	
related	work	is	given	in	Table	6.	A	gain	of	50dB,	a	low	power	consumption	of	61.10µW,	and	a	
high	 CMRR	 of	 94dB	were	 achieved,	which	 are	 suitable	 for	 the	 cardiac	 applications.	 Also,	 an	
improvement	in	the	noise	spectral	density	is	quite	evident	from	the	table.	
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Table	6	Performance	Comparison	of	Proposed	Preamplifier	
 

Parameter	 [21]	 [22] [23] [24] This	Work

Technology	
(µm)	

0.6	 0.35 0.18 0.18 0.18	

Gain	(dB)	 39.4	 20.4 40 63.06 50	

Power	
Consumption	

(W)	

2.4µ	 23.1µ ‐ 0.0154m 61.10µ

CMRR	(dB)	 66	 ‐ 82 ‐ 114	

PSRR	(dB)	 80	 ‐ ‐ ‐ 60	

Supply	
Voltage	(V)	

2.8	 3.3 1.8 1.8 1.5	

	
	

5.	CONCLUSION	
	

Parameters	such	as	size,	weight,	and	battery	are	of	prime	importance	in	cardiac	implants.	As	
the	industry	of	the	medical	implantable	devices	develops,	lowering	the	power	consumption	as	
much	 as	 possible	 is	 essential	 in	 improving	 the	 service	 time	 of	 the	 battery,	which	 cannot	 be	
replaced	 frequently.	Hence,	a	 low	voltage	operation	becomes	critical	 to	achieve	a	 low	power	
consumption.	This	paper	presents	the	design	and	optimization	of	an	OTA	based	preamplifier	
for	cardiac	application.	The	preamplifier	provides	a	gain	of	50dB	at	a	supply	voltage	of	1.5V	
and	 a	 low	 power	 dissipation	 of	 61.10µW,	 thereby	 making	 it	 suitable	 for	 this	 particular	
application.	The	trade‐offs	between	various	parameters	such	as	gain	and	power	consumption	
are	 also	 evident	 in	 the	 optimized	 design.	 In	 the	 future,	 further	 optimization	 to	 an	 ultra‐low	
power	level	can	be	done.	Also,	different	applications	such	as	retinal	prostheses,	EOG,	and	PCG	
can	be	considered	since	much	of	the	work	is	done	on	neural	implantable	devices.		

	
 
REFERENCES	
	
[1] W.	 Khan,	 E.	 Muntimadugu,	 M.	 Jaffe,	 A.J.	 Domb,	 Implantable	 Medical	 Devices,	 Focal	

Controlled	Drug	Delivery,	Springer	(2014)	33‐59.	
[2] R.J.	Baker,	Current	Mirrors,	CMOS	Circuit	Design,	Layout,	and	Simulation,	Wiley	Student	

Edition	(2005)	613‐657.	
[3] F.	Moulahcene,	N.E.	Bouguechal,	Y.	Belhadji,	A	Low	Power	Low	Noise	Chopper	Stabilized	

Two	 Stage	 Operational	 Amplifier	 for	 Portable	 Bio‐potential	 Acquisition	 Systems	 using	
90nm	Technology,	International	Journal	of	Hybrid	Information	Technology,	7	(2014)	25‐
42.	

[4] F.	 Silveira,	 D.	 Flandre,	 Implantable	 Cardiac	 Pacemaker,	 Low	 Power	 Analog	 CMOS	 for	
Cardiac	 Pacemakers,	 Design	 and	 optimization	 in	 Bulk	 and	 SOI	 Technologies,	 Kluwer	
Academic	Publishers	(2004)	1‐24.	

[5] S.	 Ahmed,	 V.	 Kakkar,	 Modeling	 and	 Simulation	 of	 an	 Eight‐bit	 Auto‐Configurable	
Successive	 Approximation	Register	 Analog‐to‐Digital	 Converter	 for	 Cardiac	 and	Neural	
Implants,	 Simulation:	 Transactions	 of	 the	 Society	 for	 Modeling	 and	 Simulation	
International	(2017)	p.	0037549717716537.	



Sanna	Mairaj,	et	al.	/	An	Optimized	Low‐Noise	Low‐Power…	

166	
 

[6] S.	Ahmed,	S.	Bashir,	B.	Bilal,	V.	Kakkar,	Feasibility	of	Successive	Approximation	Register	
ADC	 in	Ultra	Low	Power	Biomedical	Applications,	 International	 Journal	 of	Engineering	
and	Technology	9	(2017)	338.	

[7] R.	 Chebli,	 M.	 Sawan,	 Low	 Noise	 and	 High	 CMRR	 Front‐End	 Amplifier	 Dedicated	 to	
Portable	 EEG	Acquisition	 System,	 Proc.	 of	 36th	 Annual	 International	 Conference	 of	 the	
IEEE	EMBS	(2013)	3.	

[8] S.	Kumaravel,	K.N.B.	Tirumala,	B.	Venkataramani,	R.	Raja,	A	Power	Efficient	Low	Noise	
Preamplifier	 for	 Biomedical	 Applications,	 Journal	 of	 Low	 Power	 Electronics,	 9	 (2013)	
501.	

[9] J.H.	 Nagel,	 Biopotential	 Amplifiers,	 Biomedical	 Engineering	 Han‐dbook,	 2nd	 Ed.,	 CRC	
press	LLC	(2000)	2.	

[10] J.	Holleman,	B.	Otis,	A	Sub‐Microwatt	Low‐Noise	Amplifier	for	Neural	Recording,	Proc.	of	
29th	Annual	International	Conference	of	IEEE	EMBS	(2007)	23.	

[11] R.	Reiger,	J.	Taylor,	N.	Donaldson,	Low	Noise	Preamplifier	Design	for	Nerve	Cuff	Electrode	
recording	 systems,	 Proc.	 of	 IEEE	 International	 Symposium	 on	 Circuits	 and	 Systems,	
(2002)	193‐V‐196‐V.		

[12] M.‐Z.	 Li.	 K.‐T.	 Tang,	 A	 Low‐Noise	 Low‐Power	 Amplifier	 for	 Implantable	 Devices	 for	
Neural	Signal	Acquisition,	Proc.	of	31st	Annual	International	Conference	of	the	IEEE	EMBS	
(2009)	2.		

[13] R.R.	Harrison,	C.	Charles,	A	Low‐Power	Low	Noise	CMOS	Amplifier	for	Neural	Recording	
Applications,	IEEE	Journal	of	Solid‐State	Circuits	38	(2003)	958.	

[14] W.A.	Serdijn,	A.C.	van	der	Woerd,	J.	Davidse,	A.H.M.	van	Roermund,	A	Low‐Voltage	Low‐
Power	 Fully‐Integratable	 Front‐End	 for	 Hearing	 instruments,	 IEEE	 Transactions	 on	
Circuits	and	Systems	‐	Fundamental	Theory	and	Applications	42	(1995)	166.	

[15] V.	 Kakkar,	 S.	 Ahmed,	 S.	 Koul,	 An	 Enhanced	 Pre‐Amplifier	 for	 Cochlear	 Implants,	 Acta	
Technica	Napocensis	:	Electroncia	and	Telecomunicatii	56	(2015)	13.		

[16] A.	Gerosa,	A.	Maniero,	A.	Neviani,	A	Fully	Integrated	Two‐Channel	A/D	Interface	for	the	
Acquisition	 of	 Cardiac	 Signals	 in	 Implantable	 Pacemakers,	 IEEE	 Journal	 of	 Solid‐State	
Circuits	39	(2004)	1083.	

[17] L.	 Fay,	 V.	 Misra,	 R.	 Sarpeshkar,	 A	 Micropower	 Electrocardiogram	 Amplifier,	 IEEE	
Transactions	on	Biomedical	Circuits	and	Systems	2	(2009)	312.	

[18] K.	Lasanen,	J.	Kostamovaara,	A	1‐V	Analog	CMOS	Front	End	for	Detecting	QRS	Complexes	
in	 a	 Cardiac	 Signal,	 IEEE	 Transactions	 on	 Circuits	 and	 Systems	 ‐	 Regular	 Papers	 52	
(2005)	2584.	

[19] B.	 Razavi,	 Operational	 Amplifiers,	 Design	 of	 Analog	 CMOS	 Integrated	 Circuits,	 Tata	
McGraw‐Hill	Publishing	Company	Limited	(2002)	47.	

[20] M.H.	 Zarifi,	 J.	 Frounchi,	 S.	 Farshchi,	 J.W.	 Judy,	 A	 Low‐power,	 Low	 Noise	 Neural	 Signal	
Amplifier	 Circuit	 in	 90nm	 CMOS,	 Proc.	 of	 30th	 Annual	 International	 IEEE	 EMBS	
Conference	(2008)	20.	

[21] C.	 Qian,	 J.	 Parramon,	 E.	 Sanchez‐Sinencio,	 A	 Micropower	 Low‐Noise	 Neural	 Recording	
Front‐End	Circuit	for	Epileptic	Seizure	Detection,	IEEE	Journal	of	Solid‐State	Circuits	46	
(2011)	1392.	

[22] Z.	 Xu,	 P.	 Weihua,	 H.	 Beiju,	 Low	 Power	 CMOS	 Preamplifier	 for	 Neural	 Recording	
Applications,	Journal	of	Semiconductors	31	(2010)	045002.	

[23] J.	 Xu,	 R.F.	 Yazicioglu,	 P.	 Harpe,	 K.A.A.	 Makinwa,	 C.V.	 Hoof,	 A	 160µW	 8‐Channel	 Active	
Electrode	 System	 for	 EEG	 Monitoring,	 IEEE	 Transactions	 on	 Biomedical	 Circuits	 and	
Systems,	5	(2011)	555.	

[24] D.	 Basak,	 P.V.	 Nishanth,	 R.	 P.	 Paily,	 A	 Low	Noise	 Preamplifier	 and	 Switched	 Capacitor	
Filter	for	Heart‐rate	Detection,	Proc.	of	International	Conference	on	Advanced	Electronic	
Systems	(2013).	

	
	



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


