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ABSTRACT	

A	reference	current,	which	is	widely	used	to	bias	analog	circuits	at	an	appropriate	operating	point,	is	one	of	the	parameters	that	must	
remain	stable	under	the	temperature	changes.	This	paper	aims	to	design	a	circuit	with	a	stable	reference	current	over	a	wide	range	of	
temperatures	and	low	power	consumption.	Since	the	mobility	of	carriers	in	MOS	devices	is	temperature-dependent,	the	new	design	
uses	a	translinear	principle-based	square	root	circuit	in	combination	with	two	current	source	circuits	to	cancel	the	thermal	effects	of	
the	carriers’	mobility	on	the	produced	current.	The	square	root	circuit	of	the	proposed	reference	current	circuit	was	designed	in	a	
0.1	μm	CMOS	technology	to	operate	in	the	weak	inversion	region	to	achieve	the	linear	property	and	guarantee	a	slight	increase	in	
saturation	current	when	 the	drain-to-source	voltage	 increases.	The	new	approach	circuit	was	designed	using	 the	SPICE	Multisim	
simulator	where	MOS	devices	with	0.1	μm,	1	μm,	and	10	μm	process	parameters	were	modeled	using	virtual	components	to	increase	
the	reference	current	to	a	larger	value.	The	simulation	results	show	an	output	current	of	25.06	μA	across	a	temperature	range	of	0	to	
100℃	with	a	temp	coefficient	of	92ppm/°C	and	a	power	consumption	of	only	1	μW	at	1	V	supply	voltage.	Thus,	the	new	approach	
presented	in	this	paper	largely	contributes	to	improving	the	performance	of	integrated	circuits	such	as	ultra-low-power	op-amps.	
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1. INTRODUCTION	

Access	to	credible	and	temperature-independent	reference	
currents	 is	 usually	 an	 important	 aspect	 in	 the	 design	 of	
integrated	circuits.	Current	references	are	broadly	used	in	
designing	 analog	 circuits	 to	 provide	 a	 suitable	 operating	
point	for	the	desired	applications.	However,	the	stability	of	
the	reference	current	relies	on	the	stabilities	of	the	voltage	
source	 and	 the	 resistor	 used.	 The	 optimized	 solution	 to	
provide	 a	 constant	 and	 temperature-independent	 bias	
current	is	the	use	of	the	translinear	circuit	technique.	The	
translinear	circuit	 is	 the	circuit	 that	performs	 its	 function	
using	the	translinear	principle,	where	translinearity	is	the	
linear	dependence	of	transconductance	on	the	current	that	
occurs	in	components	with	the	exponential	current-voltage	
relationship.	This	circuit	is	a	current-mode	circuit	that	can	
be	built	by	transistors	that	satisfy	an	exponential	current-
voltage	characteristic,	 such	as	bipolar	 junction	 transistors	
and	MOS	transistors	in	weak	inversion.	

Some	of	the	previous	propositions	in	designing	the	current	
references	use	the	complementary	to	absolute	temperature	
(CTAT)	and	proportional	 to	absolute	 temperature	 (PTAT)	
currents	[1–3].	These	propositions	have	used	the	method	of	
the	 sum	 of	 CTAT	 and	 PTAT	 currents	 generated	 at	 the	
resistors	across	base-to-emitter	voltage	and	the	difference	
base-to-emitter	voltage	of	bipolar	junction	PNP	transistors.	
Although	 these	 topologies	 have	 a	 low	 sensitivity	 to	 the	
temperature,	 the	 temperature	 coefficient	 is	dependent	on	
the	 resistors	 that	 these	 circuits	 are	 designed	 with.	
Therefore,	 to	 set	 the	 output	 current	 value,	 the	 resistors		
	

should	be	trimmed	to	save	a	zero	temperature	coefficient.	

The	most	recent	propositions	 in	 the	design	of	 the	current	
sources	 use	 a	 variety	 of	 techniques.	 These	 techniques	
include	using	a	β-multiplier	circuit,	in	which	only	four	MOS	
transistors	 and	 two	 bipolar	 junction	 PNP	 transistors	 are	
used	 in	 CMOS	 technology	with	 one	 trimmed	 resistor	 [4].	
This	circuit	was	implemented	in	a	0.35	μm	CMOS	technology	
to	generate	a	16	μA	current	with	a	temperature	coefficient	
of	105	ppm/℃	over	a	temperature	range	from	0	to	110℃.	
However,	 a	 digital	 calibration	 circuit	 is	 required	 in	 this	
method	 for	 trimming	 the	 resistor	 and	 setting	 the	 output	
current.	 A	 reference	 current	 circuit,	 which	 consumes	 a	
power	of	1.02	nW,	was	designed	by	only	PMOS	transistors	
to	 provide	 low	 dependence	 on	 temperature	 and	 enable	
trim-free	 operation	 [5].	 In	 this	 circuit,	 the	 average	
temperature	coefficient	was	282	ppm/°C	for	a	temperature	
range	 from	 −40°C	 to	 120°C,	 and	 the	 generated	 reference	
current	 was	 35	 nA.	 However,	 this	 method	 requires	 an	
additional	circuit	for	the	trimming.	

A	10.95	nA	reference	current	circuit	has	been	reported	that	
features	 a	 temperature	 coefficient	 of	 127	 ppm/℃	 over	 a	
temperature	range	from	–20	to	120℃	[6].	This	circuit	was	
implemented	 in	 0.18	 μm	 CMOS	 technology	 with	 an	
operating	 voltage	 of	 1.8	 V	 and	 power	 consumption	 of	
122	nW.	However,	this	circuit	requires	an	auxiliary	circuit	
to	compensate	for	temperature	variations.	Amendments	to	
the	 peaking	 current	 reference	 have	 been	 proposed	 using	
MOS	 transistors	 that	 operate	 in	 the	 sub-threshold	 and	
strong	 inversion	 region	 [7].	 In	 these	 modifications,	 the		
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temperature	 compensation	 technique	 was	 achieved	 by	
adding	a	source	degeneration	resistor	to	the	conventional	
peaking	 current	 source	 structure.	 This	 design	 was	
simulated	 in	 a	 0.18	 μm	 process	 in	 both	weak	 and	 strong	
inversion	 regions,	 where	 the	 generated	 output	 currents	
were	1.5	μA	and	40	μA	over	a	temperature	range	from	−40℃	
to	100℃.	A	low-power	and	high-precision	reference	voltage	
and	current	have	been	presented	in	a	single	simple	circuit,	
where	the	reference	voltage	is	derived	from	the	threshold	
voltage	 difference	 between	 the	 input	 and	 output	 with	
temperature-independent	 bias	 current,	 and	 the	 reference	
current	is	the	reference	voltage	divided	by	a	temperature-
insensitive	 resistor	 [8].	 This	 design	 was	 implemented	 in	
0.18	μm	CMOS	technology,	where	the	value	of	the	reference	
voltage	 and	 current	 reference	 at	 room	 temperature	were	
368	 mV	 and	 9.77	 nA	 with	 temperature	 coefficients	 of	
43.1	ppm/℃	for	the	reference	voltage	and	149.8	ppm/℃	for	
the	reference	current,	over	a	temperature	range	from	−40	
to	125℃.	However,	this	design	requires	a	resistor	made	up	
of	a	series	connection	of	PTAT	resistors,	and	CTAT	resistors	
in	a	series.	

A	 method	 for	 designing	 a	 current	 source	 with	 external	
electrical	 references	 has	 been	 proposed	 to	 separate	 the	
stability	of	the	current	source	from	the	noise	characteristics	
of	the	main	power	supply	[9].	However,	in	this	approach,	the	
current	 source	 stability	 is	 restricted	 by	 the	 quality	 of	
components	 used	 in	 the	 design,	 such	 as	 the	 voltage	
reference	 chips,	 resistors,	 and	 power	 supplies.	 An	 ultra-
low-power	 reference	 current	 circuit	 based	 on	 threshold	
voltage	was	reported,	which	consumes	power	in	a	range	of	
pico-watt	 at	 0.5	 V	 supply	 voltage	 [10].	 This	 circuit	 was	
designed	 in	 a	 40	 nm	CMOS	 technology,	where	 the	 power	
consumption	was	8.2	pW	with	a	temperature	coefficient	of	
18.6	ppm/℃	 over	 a	 temperature	 range	 from	0℃	 to	85℃.	
However,	 it	 is	 hard	 to	 design	 a	 reference	 current	 circuit	
based	on	threshold	voltage	with	power	consumption	in	the	
range	of	pico-watt	because	the	use	of	a	resistor	for	voltage-
to-current	conversion	requires	a	very	high	resistor	(in	the	
range	 of	 GΩ)	 to	 generate	 a	 current	 within	 pico-ampere	
range.	

A	 CMOS	 reference	 current	 circuit	 was	 presented	 that	
operates	based	on	the	threshold	voltage	difference	between	
two	 same-type	 NMOS	 devices,	 with	 different	 channel	
lengths	working	in	the	sub-threshold	region	for	low-power	
applications	 [11].	 In	 this	 circuit,	 the	 output	 current	 was	
11.6	nA	 and	 the	 temperature	 coefficient	was	169	ppm/℃	
over	 a	 temperature	 range	 from	 −40℃	 to	 120℃.	 The	
implementation	 of	 this	 design	 was	 in	 0.18	 μm	 CMOS	
technology.	 However,	 this	 method	 of	 design	 required	
temperature-independent	 resistance.	 Many	 researchers	
have	 proposed	 a	 variety	 of	 techniques	 in	 the	 design	 of	
temperature-independent	 reference	 current	 circuits,	 such	
as	 ∆VBE-based	 reference	 current,	 smart-bias-based	
reference	 current,	 division-based	 reference	 current,	 and	
calibration-based	 reference	 current	 [12].	 Each	 of	 these	
proposed	techniques	has	restrictions	on	the	stability	of	the	
reference	 current	 against	 temperature.	 A	 low-power	
reference	voltage	and	reference	current	have	been	reported		
	

in	one	simple	circuit	for	battery-powered	applications	[13].	
In	this	circuit,	 the	reference	voltage	was	derived	from	the	
band-gap	topology,	and	the	reference	current	was	gained	by	
summing	PTAT	current	and	CTAT	current.	This	design	has	
been	implemented	in	a	0.18	μm	CMOS	process,	where	the	
measured	 reference	 voltage	 and	 reference	 current	 were	
1.2	V	 and	 51	 nA,	 with	 temperature	 coefficients	 of	
32.7	ppm/℃	 and	 89	 ppm/℃	 respectively,	 over	 a	
temperature	 range	 from	 −45	 to	 125℃.	 However,	 this	
method	 required	 two	 feedback	 loops,	 with	 two	 resistors	
that	 should	 be	 independent	 of	 temperature,	 one	 is	 a	
negative	feedback	loop,	and	the	other	is	a	positive	feedback	
loop.	

An	on-chip	reference	current	generator	with	a	fully	off-chip	
resistor	 has	 been	 proposed	 in	 0.18μm	 CMOS	 technology	
[14].	The	simulation	results	have	shown	that	the	proposed	
design	 has	 31%	 more	 precision	 compared	 to	 the	
conventional	 on-chip	 reference	 current	 generator.	 This	
method	requires	cascade	MOS	devices	with	different	sizes	
such	that	they	are	closer	to	the	sub-threshold	region.	Two	
approaches	 for	 self-biased	 current	 references	 have	 been	
reported	for	reducing	noise,	mismatch,	and	impact	of	supply	
voltage	variation	and	temperature	[15].	The	first	approach	
consists	of	 a	 current	 loop	with	one	 linear	 current	mirror,	
one	 nonlinear	 current	 mirror,	 and	 two	 complementary	
nonlinear	current	mirrors.	The	second	approach	is	designed	
in	 a	 0.18	 μm	 CMOS	 technology	 and	 consists	 of	 multiple	
nonlinear	current	mirrors	connected	in	series	within	a	loop.	
However,	this	design	requires	a	large	number	of	cascaded	
MOS	 devices,	 resulting	 in	 an	 increase	 in	 power	
consumption.	 Thus,	 the	 new	 approach	 presented	 in	 this	
work	 is	 effective	 over	 a	 wide	 range	 of	 temperatures		
(0–100℃)	with	a	lower	temp	coefficient	of	92	ppm/°C	and	
a	higher	stable	output	current	of	25.06	μA.	

2. THE	REFERENCE	CURRENT	CIRCUIT	

Since	the	mobility	μ	and	threshold	voltage	VTH	of	the	MOS	
device	are	functions	of	the	absolute	temperature	T,	where	
they	are	related	to	T	by	Equations	(1)	and	(2)	[16,	17]:	

	 (1)	

	 (2)	

where	μ0	 is	 the	 surface	mobility	 at	T0,	T0	 is	 the	 absolute	
temperature	 measured	 in	 Kelvin	 (273.15°K),	 VTH0	 is	 the	
threshold	 voltage	 at	 T0	 and	 αTH	 is	 the	 coefficient	 of	 the	
threshold	 voltage	 temperature	 (–3	 mV/°C),	 the	 output	
reference	 current	 (Io)	 should	 be	 independent	 of	 these	
parameters.	In	this	paper,	canceling	out	the	effect	of	these	
parameters	 on	 the	 current	 Io	 is	 by	 using	 a	 combination	
structure	from	the	square	root	circuit,	which	is	based	on	the	
translinear	 principle	 with	 two	 current	 source	 circuits.	 In	
one	of	the	current	source	circuits,	the	output	current	(I1)	is	
directly	proportional	 to	 the	mobility	µ,	while	 in	 the	other	
current	 source	circuit,	 the	output	 current	 (I2)	 is	 inversely	
proportional	 to	 the	 mobility	 μ,	 as	 indicated	 in	 Figures	 1	
and	2.	

!(#) = !!(#/#!)"#.%	

V!"(#) = 	V!"# 	+ 	(!"(# − ##)	
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Figure	1.	I1	directly	proportional	to	μ	

	

Figure	2.	I2	inversely	proportional	to	μ	

In	 the	circuit	of	Figure	1,	 the	current	passing	 through	the	
PMOS	M1	(IM1)	is	expressed	as	Equation	(3):	

	 (3)	

Referring	to	the	circuit	in	Figure	1,	since	M1	and	M3	act	as	
current	mirrors,	then	IM3	=	IM1.	It	follows	that,	since	M4,	M7,	
and	M5,	M8	 is	also	a	current	mirror,	 IM1	=	 IM3	=	 I1,	 that	 is	
according	to	Equation	(4):	

	 (4)	

	

Thus,	in	the	circuit	in	Figure	1,	I1	is	directly	proportional	to	
the	surface	mobility	μh.	In	the	circuit	in	Figure	2,	the	current	
passing	 through	 the	 PMOS	 M13	 (IM13)	 is	 expressed	 as	
Equation	(5):	

	 (5)	

	

Referring	to	the	circuit	in	Figure	2,	since	VGS14	=	VGS12,	then	
IM12	 =	 IM14.	 It	 follows	 that,	 since	 M9	 and	 M11	 acting	 as	
current	mirror,	

	 (6)	

Thus,	from	Equation	(5),	

	 (7)	

Thus,	Equation	(7)	states	that	I2	is	inversely	proportional	to	
μh	in	the	circuit	in	Figure	2.	

To	cancel	out	the	effect	of	the	surface	mobility,	μh,	which	is	
a	 function	of	 the	absolute	 temperature	T,	 the	 square	 root	
circuit	 is	used.	The	work	 idea	of	 the	square	root	circuit	 is	
based	on	the	translinear	principle	(TLP).	TLP	states	that	in	
the	loop	containing	an	even	number	of	translinear	elements	
(TEs)	 that	 only	 goes	 through	 voltage	 connections	 of	 TEs	
arranged	in	a	clockwise	(CW)	and	counterclockwise	(CCW),	
the	product	of	the	currents	through	the	CW	TEs	is	equal	to	
the	product	of	the	currents	through	the	CCW	TEs.	TEs	are	
the	 elements	 that	 obey	 the	 exponential	 current-voltage	
relationship,	 such	 as	 the	MOS	devices	 that	 operate	 in	 the	
sub-threshold	 region	 (weak	 inversion).	 Thus,	 the	
translinear	MOS	devices	follow	the	following	relationship	as	
in	Equation	(8):	

	 (8)	

where	I0	is	a	pre-exponential	current	that	has	a	relationship	
with	the	device	dimensions	and	VT	 is	 the	thermal	voltage.	
Based	on	TLP,	the	loop	that	only	goes	through	the	voltage	
connections	of	TEs	is	a	translinear	loop,	where	in	this	loop,	
because	 the	voltage	around	the	 loop	 that	goes	 from	the	V	
connections	that	follow	CW	to	the	V	connections	that	follow	
CCW	must	be	zero,	

	 (9)	

From	Equation	(8):	

	 (10)	
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Thus,	based	on	Equation	(10),	 in	the	translinear	 loop	that	
has	an	even	number	of	translinear	elements	arranged	in	a	
CW	and	CCW:	

	 (11)	

From	 Equation	 (11),	 by	 using	 the	 natural	 logarithm	
properties:	

	 (12)	

In	 a	 MOS	 transistor	 that	 operates	 in	 the	 weak	 inversion	
region,	where	VGS	<	VTH,	the	drain	current	IST,	which	is	the	
sub-threshold	leakage	current,	is	given	by	the	Equation	(13)	
[19]:	

	 (13)	

where	α	=	μ	cox	(VT)2	(η–1),	μ	is	the	surface	mobility	of	NMOS	
or	PMOS	device,	and	η	is	a	coefficient	that	depends	on	the	
doping	 concentration	 of	 the	 MOS	 device.	 Hence,	 from	
Equation	(13):	

	 (14)	

Thus,	based	on	the	TLP,	if	the	loop	contains	an	even	number	
of	 MOS	 devices	 that	 function	 as	 TEs	 and	 connected	 only	
through	 VGS	 connections,	 then,	 the	𝑉!"# 	 summation	 with	
clockwise	and	counterclockwise	are	equal,	that	is:	

	 (15)	

Substituting	Equation	(14)	in	(15)	gives:	

	 (16)	

Or,	by	using	natural	logarithm	properties:	

	 (17)	

It	follows	that:	

	 (18)	

Hence,	the	circuit	topology	that	achieves	the	TLP	using	the	
MOS	devices	with	0.1	μm	technology	is	shown	in	Figure	3.	

It	 is	 observed	 from	 the	 topology	 of	 the	 circuit	 shown	 in	
Figure	 3	 that	 the	 loop	 is	 passing	 only	 through	 VSG	
	

	

Figure	3.	Circuit	topology	that	achieves	the	TLP	

connections,	where	VSG6	and	VSG10	of	M6	and	M10	are	CW,	
while	VSG17	and	VSG18	of	the	MOS	transistor	M17	and	the	MOS	
transistor	M18	are	CCW.	Therefore,	based	on	Equation	(18),	

	 (19)	

Or,	since	IST6	=	I1,	IST10	=	I2	and	IST17	=	IST18	=	Io,	

	 (20)	

Thus,	 from	 Equation	 (20),	 the	 output	 current	 Io	 of	 the	
proposed	reference	current	is,	

	 (21)	

Equation	(21)	indicates	the	interaction	between	the	circuit	
of	 the	 translinear	principle	and	current	 sources	 shown	 in	
Figures	1	and	2	by	canceling	the	effect	of	temp-dependent	
𝜇$	 by	 multiplying	 the	 currents	 𝐼%	 and	 𝐼&	 described	 by	
Equations	(4)	and	(7).	Thus,	substituting	Equations	(4)	and	
(7)	 in	 Equation	 (21)	 gives	 the	 temp-independent	 output	
current	of	the	proposed	reference	current	circuit	as:	

	 (22)	

Where:	

	 (23)	

𝛽& = (𝑊 𝐿⁄ )'% (𝑊 𝐿⁄ )'%(⁄ 	 (24)	

𝛽) = (𝑊/𝐿)'%( (𝑊/𝐿)'%)⁄ 	 (25)	

𝛽* = (𝑊/𝐿)'% (𝑊/𝐿)'&⁄ 	 (26)	

Thus,	 the	 complete	 proposed	 circuit	 of	 the	 temperature-
independent	reference	current	is	shown	in	Figure	4.	
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Figure	4.	The	proposed	circuit	of	the	temperature-independent	reference	current

In	this	work,	the	ratios	of	β	used	are	β1	=	β2	=1	and	β3	=	β4	=	
0.01,	and,	for	the	temperature	coefficient	of	resistance	to	be	
insignificant,	 the	value	of	 the	resistor	R	was	chosen	 to	be	
100	 kΩ.	 Table	 1	 lists	 the	 sizes	 and	 types	 of	 the	 MOS	
transistors	 used	 in	 the	 design	 of	 the	 proposed	 reference	
current	circuit.	

3. THE	RESULTS	

3.1. Output	Current	vs.	Temperature	

Figure	5	shows	the	output	current	vs.	Temperature.	In	this	
aspect	of	the	simulation,	the	reference	current	circuit	was	
tested	 over	 a	 temperature	 range	 from	 0	 to	 100°C.	 The	
output	 current	 over	 this	 range	 of	 temperature	 has	 been	
varied	 from	 25.06	 μA	 to	 24.83	 μA	 with	 a	 temperature	
coefficient	of	92	ppm/°C.	So,	the	change	is	only	0.23	μA.	This	
means	that	the	output	current	is	stable	against	fluctuations	
in	 temperature.	 This	 insignificant	 change	 is	 due	 to	 the	
temperature	 coefficient	 (TC)	 of	 the	 resistor	 R	 which	 is		
	

Table	1.	Sizes	and	types	of	the	MOS	transistors	used	in	the	design	
of	the	reference	current	circuit	

Device	Name	 Type	 W/L	(μm/μm)	
M1,	M15	 PMOS	 1/10	
M2,	M13	 PMOS	 10/1	

M3,	M6,	M9,	M10,	M11,	M17,	M18	 PMOS	 1/0.1	
M4,	M5,	M7,	M8,	M12,	M14,	M16	 NMOS	 1/0.1	

	

20	ppm/°C.	However,	for	more	accuracy,	a	binary-weighted	
trimming	circuit	can	be	used	for	the	resistor	R	to	cancel	out	
the	 effect	 of	 the	 resistance’s	 TC.	 In	 contrast,	 using	 the	
binary-weighted	 trimming	 circuit	 for	 the	 resistor	 R	 will	
complicate	 the	 design	 and	 increase	 the	 consumption	 of	
power.	

3.2. Output	Voltage	vs.	Temperature	

Figure	6	shows	the	output	voltage	of	the	proposed	reference	
current	circuit	versus	 the	 temperature	 in	Celsius	degrees.	
	

	

Figure	5.	Output	current	of	the	proposed	reference	current	
circuit	vs.	temperature	

	

Figure	6.	Output	voltage	of	the	proposed	reference	current	
circuit	vs.	the	temperature
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In	 this	 test,	 the	 change	 in	 the	 output	 voltage	 across	 the	
chosen	 temperature	 range	 was	 only	 0.42	mV.	 This	 slight	
deviation	 in	 the	 output	 voltage	 is	 due	 to	 the	 TC	 of	 the	
resistor	 R.	 However,	 the	 transient	 analysis	 of	 the	 output	
voltage	 versus	 the	 temperature	 change	 reported	 stability	
with	no	change	during	the	time	as	shown	in	Figure	7.	

3.3. Output	Current	vs.	the	Change	in	VDD	

Figure	8	shows	the	output	current	of	the	proposed	circuit	
versus	the	change	in	the	voltage	supply	VDD.As	indicated	in	
Figure	8,	the	output	current	of	the	proposed	design	changes	
exponentially	with	changes	in	the	supply	voltage.	This	type	
of	change	is	due	to	the	use	of	the	translinear	circuit.	Thus,	
the	proposed	reference	current	in	this	paper	is	significantly	
sensitive	to	variations	in	supply	voltage.	Table	2	represents	
a	 comparison	 between	 the	 best	 results	 of	 the	 previous	
propositions	and	this	work.	

4. CONCLUSIONS	

The	 circuit	 topology	 presented	 in	 this	 paper	 offers	 an	
operating	 of	 stable	 current	 and	 voltage	 reference	 over	 a	
wide	range	of	temperatures.	The	test	results	show	that	the	
proposed	circuit	of	the	reference	current	is	suitable	for	low-
power	 applications,	 especially	 for	 ultra-low-power	 op-
amps.	 In	 this	 circuit,	 temperature	 stability	 of	 the	 output	
current	 achieved	 by	 only	 one-time	 trimming	 of	 the	
temperature	 coefficient.	 This	 can	 reduce	 fabrication	 costs	
and	minimize	power	consumption.	
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