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Abstract

A low-power CMOS current reference circuit was developed using a 0.35-pm standard CMOS process technology.

The circuit consists of MOSFET circuits operating in the subthreshold region and uses no resistors. It compensates

for the temperature effect on mobility ;1 and threshold voltage Vryg of MOSFETSs and generates a reference current

insensitive to temperature and supply voltage. Theoretical analyses and experimental results showed that the circuit

generates a stable reference current of 100 nA. The temperature coefficient of the current was 520 ppm/°C at best

and 600 ppm/°C on average in a range from 0 to 80°C. The line regulation was 0.2%/V in a supply voltage range of

1.8-3 V. The power dissipation was 1 W and the chip area was 0.014 mm?. Our circuit would be suitable for use

in subthreshold-operated, power-aware LSIs.

F—T—R : CMOS, ZERM, HCNA 7 AR, BEKE, BEGHEES, 7 AL v > a)l P (555R) 585K
(CMOS, Current reference, Self-biasing circuit, Temperature dependence, Ultra-low power, Subthreshold region, Weak

inversion, Power-aware LSIs. )
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# 1 Transistor sizes of our circuit.

Transistor Value (W/L)
M; 20 pm /2 pm = (2 pm / 2 pm) x 10
Mo 80 pm /2 pm = (2 pm / 2 pm) x 40
Ms 7pm /20 pm = (1 pm /20 pm) X 7
My 4 pm /20 pm = (1 pm / 20 pm) x 4
Ms 10 pm / 3 pm = (1 pm / 3 pm) x 10
Ms 320 pm /1 pm = (2 pm / 1 pm) x 160
My 12 pm / 3 pm = (2 pm / 3 pm) x 6
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#¢ 2 Comparison of reported low-power CMOS current reference circuits

This work JSSC 09 (49 T-CASII ’05 31 | JSSC ’88 (1) | JSSC '97 (*®) | Elec. Lett.’96 (3©)
Process 0.35-pm, CMOS | 0.35-uym, CMOS | 1.5-um, CMOS | 3-pm, CMOS | 2-um, CMOS 2-pm, CMOS
Temperature range 0-80°C —20 - 80°C -20 - 70°C 0-80°C —40 - 80°C 0-75C
Vbb 1.8-3V 14-3V >11V >35V >1.2V 5V
louT 96 nA 36 nA 0.41 nA 774 nA 1- 100 nA 285 nA
Power 1 W 0.3 uW 0.002 W 10 uW 0.07 uW N.A.
(@ Vpp) (@1.8V) (@15V) (@1.1V) (@5V) (@2.3V) N.A.
Room temp. Room temp. N.A. N.A. Room temp. N.A.
T.C 520 ppm/°C 2200 ppm/°C 2500 ppm/°C 375 ppm/°C | 1100 ppm/°C 230 ppm/°C
Line regulation 0.2%/V 0.002%/V 6%/V 0.015%/V 10%/V N.A.
Load regulation 0.02%/V N.A. N.A. 0.004%/V N.A. N.A.
Chip area 0.014 mm? 0.06 mm? 0.046 mm? 0.2 mm? 0.06 mm? N.A.
120 T T 150 T T T T T T T
100 - =
_80f -
<
£
~ 60 .
=]
S
a0 _
20f :
0 I
0 1 2 3 0 10 20 30 40 50 60 70 80
Vpp (V) Temperature (°C)

6 W& Ioyr DEREEMKAN (Line
regulation=0.2 %/V). BIHEL 1.8 V DL THEIfE.

TEHLTLE)DTHS. ISICRERIIVIRY
YA RE2HAGTEITTEIET, 70k 25 Y XD
BHIAENG. —J7, 6Vry DREHRFEIZNS L, 20F
NOSHERDORERFIEIZ/NZ V. TR TOSHERIF
MREEICR L C—EDREZ R L, 2 DIREREIL 520 - 670
ppm/C TH H, TR DO FIIEIZ 600 ppm/C TH 3.
2 ICREMB oM LR R T, £k, ERBKO
&, WG I T 2B EE S CMOS BIRIERIE D
PERE B R D~ GO G - H NI o B ] B AR AR 1,
oowyv%%%.%wfﬁ%u,%$mé<oomnmlf
HB. Fl, WHESINTLBEKICIE, HWEBEIE T.C. 1
kv—Pﬁ7ﬁ%é.%%E%ﬁ,%%ﬁﬁﬂluw7Tc
Y520 ppm/°C LY b L— FA 7 Ri2FHEBIL 7.

5. ¥ & &

AT, MAOBENTHET 2 SHERKREZREL
7o, ZORBFEEFZHOTIC, Y7 ALy al R
FEICEIfET 2 MOSFET OATHR I 5. REMKIZ

7 #24Fy TOMNBEROUERE. (T.C.=520
— 670 ppm/°C)

100 nA OZHERMEZ L, 2 0SEEROEE, BEIF
BIEMKEEIZ/NS C, 20F 01 520 ppm/°C, 0.02 %/V T
Hotz. MEEEAROEEET 1 pW OIEEE HEIEZ
FH L7, ThoofRED, 2ol M%) LSI I
B AKA KT ) r— a VIGETARETH Y, Bl 213
RFID ®A<— kv ¥ 3%y b7 —7 LSI, RIFHMOIAAR
FNA ZAFEOSHERFE L THHT IR TE 5.

E I

AWFFEI R RR A RKHIEER > R 7 LG BB v
Y=L, HA7 4 7 v AtkRXE&tomhcirbni
DTHB.

SE X

(1) K. Ueno, T. Hirose, T. Asai, and Y. Amemiya, “CMOS
Smart Sensor for Monitoring the Quality of Perish-
ables,” IEEFE J. Solid-State Circuits, vol. 42, no, 4,
pp. 798-803, Apr. 2007.

(2) Ueno K., Asai T., and Amemiya Y., “Temperature-to-

5/6



(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

frequency converter consisting of subthreshold MOS-
FET circuits for smart temperature-sensor LSIs,” in
Proc. 15th International Conference on Solid-State
Sensors, Actuators and Microsystems (TRANSDUC-
ERS), 2009, pp. 2047-2054.

A. Wang, B.H. Clhoun, A.P. Chandracasan, Sub-
threshold Design for Ultra Low-Power Systems. New
York: Springer, 2006.

A. P. Chandrakasan, D. C. Daly, J. Kwong, Y. K. Ra-
madass, “Next Generation Micro-power Systems,” in
Proc. IEEE Symp. VLSI Circuits, 2008, pp. 2-5.

P. Fiorini, I. Doms, C. Van Hoof, R. Vullers, “Microp-
ower energy scavenging,” in Proc. 84th European Solid-
State Circuits Conference (ESSCIRC), 2008, pp. 4-9.
S. Yan, “Low voltage analog circuit design techniques:
A tutorial,” IEICE Trans. Fundamentals, Vol.E83-A,
no.2, pp.179-196, Feb. 2000.

Tsugita Y., Ueno K., Hirose T., Asai T., and Amemiya
Y., “On-chip PVT compensation techniques for low-
voltage CMOS digital LSIs,” in Proc. International
Symposium on Circuits and Systems (ISCAS), 2009,
pp- 1565-1568.

Ueno K., Hirose T., Asai T., and Amemiya Y., “A
0.3-uW, 7 ppm/°C CMOS voltage reference circuit for
on-chip process monitoring in analog circuits,” in Proc.
34th European Solid-State Circuits Conference (ESS-
CIRC), 2008, pp. 398-401.

Ueno K., Asai T., and Amemiya Y., “A 30-MHz 90-
ppm/°C fully-integrated clock reference generator with
frequency-locked loop,” in Proc. 35th European Solid-
State Circuits Conference (ESSCIRC), 2009.

T. Hirose, T. Asai, and Y. Amemiya, “Power-supply
circuits for ultralow-power subthreshold MOS-LSIs,”
IEICE Electronics Express, vol. 3, no. 22, pp. 464-468,
2006.

Ueno K., Asai T., and Amemiya Y., ”Low-power
clock reference circuit for intermittent operation of sub-
threshold LSIs,” in Proc. International Symposium on
Clircuits and Systems (ISCAS), 2009, pp. 5-8.

J. Chen, B. Shi, “1 V CMOS current reference with 50
ppm/°C temperature coefficient,” FElectron. Lett., vol.
39, no. 2, pp. 209-210, Jan. 2003.

A. Bendali, Y. Audet, “A 1-V CMOS Current Refer-
ence With Temperature and Process Compensation,”
IEEE Trans. Circuits Syst. I, Reg. Papers, pp. 1424-
1429, 2007.

C. Yoo, J. Park, “CMOS current reference with supply
and temperature compensation,” FElectron. Lett., vol.
43, no. 43, pp. 1422-1424, 2007.

A. M. Pappu, X. Zhang, A. V. Harrison, A. B. Apsel,
“Process-Invariant Current Source Design: Methodol-
ogy and Examples,” IEEE J. Solid-State Circuits, pp.
2293-2302, 2007.

G. Serrano, P. Hasler, “A Precision Low-TC Wide-
Range CMOS Current Reference” IEEE J. Solid-State
Circuits, pp. 558-565, 2008.

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

W.M. Sansen, F. O. Eynde, M. Steyaert, “A CMOS
temperaturecompensated current reference,” IEEE J.
Solid-State Circuits, vol. 23, no. 3, pp. 821-824, Jun.
1988.

H. J. Oguey and D. Aebischer, “CMOS current refer-
ence without resistance,” IEEE J. Solid-State Circuits,
vol. 32, no. 7, pp. 1132-1135, Jul. 1997.

K. Ueno, T. Hirose, T. Asai, Y. Amemiya, “A 300 nW,
15 ppm/°C, 20 ppm/V CMOS Voltage Reference Cir-
cuit Consisting of Subthreshold MOSFETSs,” IEEE J.
Solid-State Circuits, vol. 44, no. 7, pp. 2047-2054, Jul.
2009.

K. Ueno, T. Asai, Y. Amemiya, “Current reference cir-
cuit for subthreshold CMOS LSIs,” in FExtended Ab-
stract of Int. Conf. on Solid State Devices and Mate-
rials (SSDM), 2008, pp. 1000-1001.

Y. Taur, T.H. Ning, Fundamentals of Modern VLSI
Devices, Cambridge, U.K.: Cambridge Univ. Press,
2002.

M. C. Hsu, B. J. Sheu, “Inverse-geometry depen-
dence of MOS transistor electrical parameters,” IEEE
Trans. Computer-Aided Design, vol. CAD-6, pp. 582-
585, July. 1987.

Y. C. Cheng, M-C. Jeng, Z. Liu, J. H. Huang, M. Chen,
K. Chen, P. K. Ko, C. Hu, “A physical and scalable
IV model in BSIM3v3 for analog/digital circuit simu-
lation,” IEEFE Trans. Electron Devices, vol. 44, No. 2,
pp. 277-287, Feb. 1997.

I. M. Filanovsky, A. Allam, “Mutual compensation of
mobility and threshold voltage temperature effects with
applications in CMOS circuits,” IEEE Trans. Circuits
Syst. I, Fundam. Theory Appl, pp. 876-884, 2001.

S. M. Sze, Physics of Semiconductor Devices, 2nd ed,
John Wiley & Son, 1981.

K. A. Bowman, S. G. Duvall, J. D. Meindl, “Impact of
die-to-die and within-die parameter fluctuations on the
maximum clock frequency distribution for gigascale in-
tegration,” IEEE J. Solid-State Circuits, vol. 37, no. 2
pp. 183 - 190, Feb. 2002.

H. Onodera, “Variability: Modeling and Its Impact on
Design,” IEICE Trans. Electron., Vol.E89-C, pp. 342 -
348, 2006.

M. J. M. Pelgrom, A. C. J. Duinmaijer, A. P. G. Wel-
bers, “Matching properties of MOS transistors,” IEEE
J. Solid-State Circuits, vol. 24, no. 5 pp. 1433 - 1439,
Oct. 1989.

A. Hastings, The Art of Analog Layout, Prentice Hall,
2001.

C.-H. Lee, H.-J. Park, ¢“All-CMOS temperature-
independent current reference,” Flectron. Lett., vol. 32,
pp. 1280-1281, Jul. 1996.

E. M. Camacho-Galeano and C. Galup-Montoro, “A
2-nW self-biased current reference in CMOS technol-
ogy,” IEEE Trans. Circuits Syst. II, Exp. Briefs, vol.
52, no. 2, pp. 61-65, Feb. 2005.

6/6



