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A CMOS Bandgap Reference
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Abstract—This paper proposes a CMOS bandgap reference Vee
(BGR) circuit, which can successfully operate with sub-1-V sup- va
ply. In the conventional BGR circuit, the output voltage Vs is the vb :l>—"|
sum of the built-in voltage of the diodeV} and the thermal voltage
Vr of kT /q multiplied by a constant. Therefore, V¢ is about
1.25 V, which limits a low supply-voltage operation below 1 V.
Conversely, in the proposed BGR circuit,V;.s has been converted
from the sum of two currents; one is proportional to V5 and the
other is proportional to V. An experimental BGR circuit, which
is simply composed of a CMOS op-amp, diodes, and resistors, has
been fabricated in a conventional 0.4+m flash memory process. D1
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Index Terms—Bandgap reference, CMOS, low voltage Fig. 1. Conventional BGR circuit, which is composed of a CMOS op-amp,
' ' ' diodes, and resistors.
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I. INTRODUCTION is expressed as

EFERENCE voltage generators are used in DRAM's, Vi kT
flash memories, and analog devices. The generators are I=1- (6 - 1)

required to be stabilized over process, voltage, and temperature o L-T

- : ; e T L@ VIRT s (1)
variations, and also to be implemented without modification 8 f q
of fabrication process. The bandgap reference (BGR) is one of
the most popular reference voltage generators that successfully V=V In I )
achieve the requirements [1]. Regarding the generators, the de- ! 1,

mand for the low-power and low-voltage operation is strongly ) ]
increasing the spread of battery-operated portable applicatioff§erek is Boltzmann's constant (1.38 10-** J/K) andgq is
The output voltage of the conventional BGR is 1.25 V, whicRlectronic charge (1.& 107 C).

is nearly the same voltage as the bandgap of silicon. This!n the conventional circuit, a pair of input voltages for the
fixed output voltage of 1.25 V limits the low,. operation. OP-amp.V, andV;, are controlled to be the same voltagé’y
This work proposes a BGR that can successfully operate wighthe forward voltage difference between one didde and
sub-1-V supply. N diodes D2

AV =V — Vi

Il. CONVENTIONAL BGR QRrcuit =Vr-ln <N'R2>, 3)
R1

Fig. 1 shows the conventional BGR circuit, which is com-
posed of a CMOS op-amp, diodes, and resistors. It is essentiat,e BgGR output voltagd,.; then becomes
that the BGR circuit be designed without bipolar transistors
because most semiconductor memories are fabricated in the R2
CMOS process. A general diode current versus voltage relation Vier = Vi1 + ﬁdvf = Vier-CONV 4)

where V4, is the built-in voltage of the diode andV; is
. . . proportional to the thermal voltagér. Here,V;; has a nega-
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Fig. 2. Proposed BGR circuit. 0.0 0.0 o_|5 1%0 1|,5 2.0
negligibly small. As a result, the operational voltdge cannot Vee (V)

be lowered below than 1.25 V, which limits the low-voltage , ) o _
Fig. 3. SimulatedV,.s characteristics of the conventional and proposed

design for the CMOS circuits. BGR’s. The CMOS threshold voltages are optimized for the low-voltage
operation, such as PMOB; = —0.3 V and NMOSV;,, = 0.4 V.

Ill. PROPOSEDBGR QRCUIT

The concept of the proposed BGR is that two currents,
. . —_—_———
which are proportional td’; and V-, are generated by only Pad Tr. Res. Cap. Diode

one feedback loop. Fig. 2 presents the proposed BGR circuit.
The PMOS transistor dimensions Pf P2 and p3 are the Fig. 4. Test-chip microphotograph. The size without the pads is 0.2.mm

same, and the resistance Bl and R2 is the same
If the resistor and diode parameters for the proposed BGR

R1 = R2. (5) are the same as those for the conventional B&R;, prop is
simplified as
The op-amp is so controlled that the voltages/pfandV;, Ri
are equal'zed ‘/rer_prop: E‘/rer_conv' (13)
Vo = Vb (6)

Therefore,V..;_prop can be freely changed frol.;_conv
of 1.25 V. V,; for the proposed BGR is determined by the
resistance ratio oi?2, R3, and R4 and little influenced by the
absolute value of the resistance. The transistbrg2, andp3
are required to operate in the saturation region, so that their
drain-to-source voltages can be small when the drain-to-source
currents are reduced. Therefolg, for the proposed BGR can
be theoretically lowered t&; if Vier is set belowl .

Therefore, the gates gfl, p2, andp3 are connected to a
common node so that the currefit, 72, andI3 becomes the
same value due to the current mirror

I1=12=1I3. ©)

In this casella = [2a¢ and I1b = I2b
IV. SIMULATED RESULTS

de = Vfl —VfQ =VT1n(N) (8) L
The V.. minimum for the proposed BGR can be successfully
I2a is proportional toVy lowered by the SPICE simulation when the threshold voltages
are optimized for a low-voltage operation. Fig. 3 presents the
dv; simulatedV,.; when the threshold voltages are optimized to
120 = ‘R3 ©) ensure low-voltage operation of the op-amp, such as PMOS
) ) Vin = —0.3 V and NMOSV;;, = 0.4 V, which can definitely
I2b is proportional toVy be realized for a low-voltage design. Here, in the conventional
BGR, V..t is 1.25 V, and thél,, minimum is 1.3 V. In the
12 = E (10) proposed BGR, however, the operational voltage is simply
R2 limited by V; so that theV,. minimum varies with the

temperature. Even in the worst case-ef0°C, the simulated

Here,I2 is the sum off 2a andI2b, andi2 is mirrored tol3 -1 € - >H L
V.. minimum for the proposed BGR is 0.84 V, which is lower

I3 =12 = 2 + I2b. (11) than that for the conventional BGR by 0.46 V.
Therefore, the output voltage of the proposed BGR;, V. EXPERIMENT RESULTS AND DISCUSSION
becomes Fig. 4 shows a chip microphotograph of the proposed
BGR test chip, which has been fabricated in a conventional
Vieg = R4<E + %) = V,er_prop. (12) 0.4-um flash memory process with P-substrate CMOS, single
Rz R3 polysilicon, single silicide, and double metal. The test chip
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TABLE | 0.6
PROCESS PARAMETERS ) Voo 2.2~ 4V
-515i1mv
Flash Memory|  0-41tm P-sub CMOS
Technology 1 pmys;:;?é: silicide T 2785.125%C
515+3mv
PMOS Vth -1.0V
NMOS Vth 0.7V 4
Native . . -
NMOS Vith -0.2v Fig. 7. Measured/.r characteristics of the proposed BGR.
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Fig. 5. Schematic of the proposed BGR test chip. Vee(V)

Fig. 8. Simulated results of the BGR implemented in the test chip.

C> 515 mV & 3 mV from 27 to 1258C for the whole voltage
region, where the voltage resolution in the measurement is

1 mV. The operation current is 2.2A. Unfortunately, the

transistors were not designed for low-voltage operation of the
<& 0.4-um flash memory, and their threshold voltages were high,
so we utilized the native transistors. As a result, the op-amp
operation was limited by &,. of 2.1 V. Fig. 8 shows the
simulated results of the BGR implemented in the test chip.

P-Sub andV;, as shown in Fig. 5, are respectively given by
Fig. 6. Structure of the diode, which is easily fabricated by CMOS process. V2V + Vi (14)
— Ycc 1p
Ve =2V — Vi (15)

is composed of four pads; some transistors, resistors, and

capacitors; and 101 diodes. The size without the padswereV;y,, (~ —1 V) is the threshold voltage of PMOS field-
about 0.1 mrh. The process parameters for the test chip aefect transistors (FET’s) andy,; (~ —0.2 V) is that of native
summarized in Table I. The transistors were not design8MOS FET’s. The minimumV,, of the BGR is determined
for low-voltage operation, and their threshold voltages weeg follows. In accordance with the decreaseVinwith V.
high. The PMOS threshold voltage is1 V, and the NMOS |owering, V; is equal toV;. This defines the minimuny,,
threshold is 0.7 V. Fig. 5 shows the circuit schematic of thg., .;,, which is given by

proposed BGR test chip. An N-type diffusion layer is used

for the resistors. Fig. 6 illustrates the structure of the diode, Vee min = V¢ — Vini — Vinp. (16)
which is easily fabricated by CMOS process. The transistors,

with V, and V, applied to the gates, are native NMOS Fig. 9 compares the measur&gl; distribution of the con-
transistors ¥, = —0.2 V) because the threshold voltagesventional and proposed BGR'’s. Supply-voltage, temperature,
of the enhancement-mode NMOS transistors exdéeth the and process variations are included. There are ¥ouicondi-
standard 0.4:m flash memory process. The control signaions and three temperature conditions. Thus, there are twelve
PONRST is used to initialize the BGR circuit when the poweanatrix measurement condition$,,. = 2.4, 2.7, 3.3, and

is turned on. The capacitors1 and C2 stabilize the circuit. 3.9 V; and temp= 27, 85, and125°C. The number of samples
Fig. 7 shows the measuréd.; characteristics of the proposeds 34 for the conventional BGR and 23 for the proposed BGR.
BGR. V¢ iIs 515 mV 4+ 1 mV from 2.2 to 4 V at 27C; and In the upper graph, 408 (4 3 x 34) points are plotted, and in
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Fig. 9. Measured/,.; distributions of the conventional BGR and the pro-
posed BGR. The temperature and voltages are varied in the measurerr
Temp(27, 85, 125C) x V..(2.4, 2.7, 3.3, 3.9 V).

the lower graph, 276 (4« 3 x 23) points are plotted. Thes

of V,¢r for the proposed BGR is 15.3 mV, which is about one
third that for the conventional BGR of 44.5 mV. As a resull
the normalized dispersior8c/meari{V,.¢), for the proposed
BGR is 2.9%, which is similar to that for the conventional
BGR, 3.5%. The variation ofV,.; for the proposed BGR

mainly originates from an offset voltage of the op-amp, as it
does for the conventional BGR. Considering the offset voltage

of V., the BGR operates under the condition of
Vo=V + Ves. a7

The total V.., including the effect oV, is given by

R2 R2
re = o - 1 o " Yos 1
Viet Vfl + 3 de < + R3> V. ( 8)

for the conventional BGR and

R4 R2 R2
Vi & E-{vfﬁﬁdvf— <1+ﬁ) v} (19)

for the proposed BGR. The ratio of the effect¥df; on V.,

for the proposed BGR is the same as that for the conventional

BGR. To reduce the effect of,, on V.., it is effective to
decrease the ratio dk2/R3, i.e., to increaselV;.

VI. CONCLUSIONS

A CMOS BGR, which can operate with sub-1-V supply
has been proposed and verifidd.; is generated by the sum
of two currents with one feedback loop,..r can be set at any
level between 0 V and’.. The simulatedV,. minimum of
0.84 V has been achieved. The measurgdis 5184 15 mV

for 3. The proposed BGR may therefore be a key technology

for low-voltage CMOS circuit design.

ACKNOWLEDGMENT
The authors wish to thank Dr. J. Miyamoto, M. Asano, K
Numata, H. Kato, and S. Miyano for their encouragement.
REFERENCES

[1] K. E. Kuijk, “A precision reference voltage sourcdBEE J. Solid-State -
Circuits, vol. SC-8, pp. 222-226, June 1973.

673

Hironori Banba was born in Niigata, Japan, on
August 8, 1970. He graduated from the Technical
High School of Niigata in 1989.

In 1989, he joined Toshiba Corp., Kawasaki,
Japan. From 1989 to 1990, he attended a one-year
technical training program at the Toshiba Computer
School, Kawasaki, Japan. From 1990 to 1997, he
was engaged in the research and development of
EPROM’s and flash EEPROM'’s. Since 1997, he has
been designing embedded DRAM's at the Micro-
electronics Engineering Laboratory, Toshiba Corp.,
Yokohama, Japan.

Hitoshi Shiga was born in Matsuyama, Japan, on
February 9, 1971. He received the B.S. and M.S.
degrees in physics from Kyoto University, Kyoto,
Japan, in 1994 and 1996, respectively.

In 1996, he joined the Microelectronics Engineer-
ing Laboratory, Toshiba Corp., Yokohama, Japan,
where he has been engaged in the research and
development of flash EEPROM's.

Akira Umezawa was born in Tokyo, Japan, on
September 15, 1965. He received the B.S. degree
in metallurgical engineering from the University of
Tokyo, Tokyo, Japan, in 1989.

In 1989, he joined the Toshiba Semiconductor
Device Engineering Laboratory, Toshiba Corp.,
Kawasaki, Japan, where he has been engaged
in the research and development of EPROM'’s
and flash EEPROM'’s. He is now working on
the circuit design of nonvolatile memories at the
Microelectronics Engineering Laboratory, Toshiba
Corp., Yokohama, Japan.

Takeshi Miyaba was born in Shizuoka, Japan,
on April 19, 1969. He received the B.S. degree
in electrical engineering from the University of
Ibaraki, Hitachi, Japan, in 1993.

In 1993, he joined the Toshiba Microelectronics
Corp., Kawasaki, Japan, where he has been engaged
in the research and development of flash EEP-
ROM's. He is now working on the circuit design
of low-voltage, low-power flash memories.

Toru Tanzawa received the B.S. degree in physics
from Saitama University, Japan, in 1990 and the
M.S. degree in physics from Tohoku University,
Sendai, Japan, in 1992.

In 1992, he joined the Research and Devel-
opment Center, Toshiba Corp., Kawasaki, Japan.
Since then, he has been working on the circuit
design of high-density flash memories. In 1996,
he transferred to the Microelectronics Engineering
Laboratory, Toshiba Corp., Yokohama, Japan. He is
now working on the circuit design of low-voltage,
low-power flash memories.



674

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 34, NO. 5, MAY 1999

Shigeru Atsumi was born in Tokyo, Japan, on
August 27, 1957. He received the B.S. degre:
in applied physics from the University of Tokyo,
Tokyo, Japan, in 1981.

In 1981, he joined the Semiconductor Device
Engineering Laboratory, Toshiba Corp., Kawasaki
Japan, where he has been engaged in the resea
and development of EPROM’s and flash EEP-
ROM's. He is now working on the circuit design

Koji Sakui (M'92) was born in Tokyo, Japan, on
April 29, 1956. He received the B.E. and M.E.
degrees in instrumental engineering from Keio Uni-
versity, Tokyo, Japan, in 1979 and 1981, respec-
tively, and the Ph.D. degree from Tohoku Univer-
sity, Sendai, Japan, in 1995.

In 1981, he joined the Research and Development
Center, Toshiba Corp., Kawasaki, Japan, where he
was engaged in the circuit design of DRAM's. Since
of nonvolatile memories at the Microelectronics 1990, he has been engaged in the development of
Engineering Laboratory, Toshiba Corp., Yokohama high-density EEPROM’s. From 1991 through 1993,
Japan. he was a Visiting Scholar at Stanford University, Stanford, CA, doing research

in the field of multichip module and BICMOS technologies. Currently, he is
managing bothnanD- and Nor-type flash memory development.
Dr. Sakui is a member of the IEEE Electron Device Society.




