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A CMOS Bandgap Reference Circuit for Sub-1-V Operation
without Using Extra Low-Threshold-Voltage Device

Ming-Dou KER¥, Jung-Sheng CHEN', and Ching-Yun CHU'', Nonmembers

SUMMARY A new sub-1-V CMOS bandgap voltage reference with-
out using low-threshold-voltage device is presented in this paper. The new
proposed sub-1-V bandgap reference with startup circuit has been success-
fully verified in a standard 0.25-um CMOS process, where the occupied
silicon area is only 177 um X 106 um. The experimental results have shown
that, with the minimum supply voltage of 0.85 V, the output reference volt-
age is 238.2mV at room temperature, and the temperature coefficient is
58.1 ppm/°C from —10°C to 120°C without laser trimming. Under the sup-
ply voltage of 0.85V, the average power supply rejection ratio (PSRR) is
—33.2dB at 10kHz.

key words: voltage reference, bandgap voltage reference, temperature co-
efficient, PSRR (power supply rejection ratio), startup circuit

1. Introduction

Low voltage and low power are two important design crite-
ria in both analog and digital systems. It has been expected
that the whole electronic system will be operated down to a
single 1-V supply in near future. The bandgap reference
(BGR) generators which can be operated under 1-V sup-
ply have been widely used in DRAM, flash memories, and
analog-to-digital converter (ADC). So far, many techniques
have been proposed to develop voltage or current references,
which can be almost independent to temperature and power-
supply voltage. The bandgap reference is the major design
to provide a precision voltage reference with low sensitivity
to the temperature and the supply voltage.

When CMOS technologies enter the nano-scale eras,
the demand for battery-operated portable equipments will
increase. The supply voltage has been scaled down from
1.8 V (in 0.18-um technology) to 1.2 V (in 0.13-um technol-
ogy), and will drop to only 0.9 V in the next generation tech-
nology [1]. In CMOS technology, the parasitic vertical bipo-
lar junction transistor (BJT) had been commonly used to im-
plement P-N junction of the bandgap reference. But, the
traditional CMOS bandgap reference circuits did not work
in sub-1-V supply voltage. The reason, that the minimum
supply voltage can not be lower than 1V, is constrained by
two factors. One is the bandgap voltage of around 1.25V in
silicon [2]-[11], which exceeds 1 V supply. The other factor
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is that the low-voltage design of the proportional to abso-
lute temperature current generation loop is limited by the
input common-mode voltage of the amplifier [2], [S]. These
two limitations can be solved by using the resistive subdivi-
sion methods [6], [7], low-threshold voltage (or native) de-
vice [6]-[8], BICMOS process [5], or DTMOST device [9].
However, those approaches often require specialized pro-
cesses and characterization, which increase fabrication cost
and process steps.

In this work, a new bandgap reference is proposed,
which can be successfully operated with sub-1-V supply in
a standard 0.25-um CMOS process without special process
technology [12]. Without laser trimming, the new proposed
bandgap voltage reference has been proven in the silicon
chip with a stable output voltage Vggp of 238.2mV at room
temperature and a temperature coefficient of 58.1 ppm/°C
under VDD power supply of 0.85 V.

2. Traditional Bandgap Reference Circuit

A typical implementation of bandgap reference in CMOS
technology is shown in Fig. 1. In this circuit, the output is
the sum of a base-emitter voltage (Vgg) of BJT and the volt-
age drop across the upper resistor. The BJTs (Q; and Q)
are typically implemented by the diode-connected vertical
PNP bipolar junction transistors. The output voltage of the
traditional bandgap reference circuit can be written as

R, Ay
VREF— =V +—=VrIn|—], 1
REF-TRAD EB2 R T H(Az) (D

VDD

Fig.1  The traditional bandgap reference circuit in CMOS technology.

Copyright © 2005 The Institute of Electronics, Information and Communication Engineers



KER et al.: A CMOS BANDGAP REFERENCE CIRCUIT FOR SUB-1-V OPERATION

where A; and A, is the emitter areas of Q; and Q,, and
Vr is the thermal voltage. The second item in (1) is pro-
portional to the absolute temperature (PTAT), which is used
to compensate the negative temperature coefficient of Vgg.
Usually, the Vprar voltage comes from the thermal volt-
age Vr with a temperature coeflicient about + 0.085 mV/°C,
which is quite smaller than that of Vgp. After multiplying
Vprar with an appropriate factor and summing with Vgg,
the bandgap reference will have a very low sensitivity to
temperature. Hence, if a proper ratio of resistors is kept, an
output voltage with very low sensitivity to temperature can
be obtained. In general, the Vggp is about 1.25 V in CMOS
process, so that the traditional bandgap reference circuit can
not be operated in low voltage application, such as 1V or
below.

3. New Proposed Bandgap Reference Circuit

The design concept of the new proposed bandgap refer-
ence is that the two voltages (which are proportional to Vgp
and V7, respectively) are generated from the same feedback
loop. The two-stage operational amplifier with p-channel in-
put is used in this new proposed bandgap reference. The p-
channel input has a lower input common-mode voltage than
that of the n-channel input to keep the transistors working in
the saturation region.

The new proposed bandgap reference is shown in
Fig. 2, which uses the resistive subdivision Ry,, Rjp, Raa,
and R, to reduce the input common-mode voltage of the
amplifier. The voltages V| and V, in Fig.2 have a neg-
ative temperature coefficient as that of Vgg. In the tra-
ditional bandgap reference, the negative input of the op-
erational amplifier is connected to Vgp,, whose value is
varying from 0.65V to 0.45V when the temperature is
changed from 0°C to 100°C. The minimum supply voltage
(VDD) of the traditional bandgap reference circuit needs
Vepe + 2|Vps sarl + [Vrapl. The Vry, is the threshold voltage
of PMOS. The supply voltage of the traditional bandgap ref-
erence is more than 1 V. In Fig. 2, the dimensions of PMOS
devices M| and M, are kept the same. The resistance of R},
and R, is the same, and the resistance of Ry, and Ry, is also
the same. Following the KCL at the nodes of V| and V; in

VDD

=

Fig.2  The new proposed bandgap reference circuit for sub-1-V opera-
tion.
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Fig. 2, the node equation can be written as
AV _ Veer = Vo ’ @)
R; Ry
AVgg — AV AV
—EB_ 7 __ (3)
Riq Ryp

where AVgg = Vigpy — Vgpr and AV = V, — Vj. According
to Egs. (2) and (3) reference voltage Vggr can be expressed
as

Ry,

Vrer =

(R4+ RiR1p )AVEB N VEB2]
Ria+Rp Ria+Rip) Rs

Rip RiaR1p )%
Ry + Rip Ris+Rip) Rz
The item of Vggr_rrap in (4) is identical to the traditional
reference voltage in (1). In order to achieve sub-1-V op-
eration, the ratio of Ry;,/(Ry, + Ryp) is used to scale down
the reference voltage level. Therefore, the minimum sup-
ply voltage of the new proposed bandgap reference can be
effectively reduced to only

VDD rim= Vo+ |Vrip| +2 Vs sarl - (5)

[VREFTRAD + ( ] )]

The new proposed bandgap reference can be operated under
sub-1-V supply voltage.

The whole complete circuit to realize the proposed sub-
1-V bandgap reference is shown in Fig.3. The circuit is
composed of a bias circuit, a bandgap core, two startup cir-
cuits, and a two-stage operational amplifier. The bandgap
reference circuit has two stable points. To ensure that it ends
up to the correct state, a startup circuit must be added. The
startup circuit for the bias circuit is used to avoid the bias cir-
cuit working in the zero-current state, which is realized by
Mg, — Mg, in Fig. 3 [3]. Similarly, another startup circuit
is used to ensure that the input voltage of the amplifier is not
kept at zero in the initial state. The Mg, and My,, form a
function of inverter in the startup circuit. The device dimen-
sions (W/L) of Mg, and My, are chosen to be much less
than one. When the circuit operates in zero-current state, the
gate voltages of My, and Mg, are pulled high and close to
VDD. The drain voltages of Mg, and Mg, are pulled low
to turn on the Mg3, and Mg3,, which inject current to the
bandgap core circuitry (by Ms3,) and the bias circuit (by
Ms3,). The drain voltages of Mp; and M, are decreased,
therefore the bandgap core circuitry and bias circuit start to
operate. Once the drain voltage of M4 and the gate voltages
of My, My, M4, and Mue are decreased, the drain voltages
of My, and Mg, are pulled high to cut off M3, and Mg3;.
The device dimensions (W/L) of Ms,, and Mg, are critical
since the loop of the bandgap reference could be destroyed,
if Mg3, or Mgs3, were not completely cut off after startup.
To ensure a complete cutoff operation of Mys, and Mys3,
the device dimensions (W/L) of Mgs, and M3, should be
designed with the considerations of both maximum supply
voltage and operating temperature [3]. The capacitors C;
and C, are used to stabilize the circuit. The bulk and the
source of the input pair transistors M, and My3 in the am-
plifier should be connected together to avoid the body effect.
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Fig.3  Complete schematic of the new proposed bandgap reference.
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Fig.4  Small signal model of the proposed bandgap reference.

In real-world applications, the power supply voltage is
never perfect. It consists of a DC level plus AC noise caused
by transient currents from circuit operations. Another im-
portant factor of the bandgap reference circuit operated in
sub-1-V supply voltage is the power supply rejection ra-
tio (PSRR) [13], which represents the resistance against the
noise from the supply voltage in the unit of decibel (dB).
The small-signal model of the proposed bandgap reference
circuit with the operational amplifier of p-channel input is
shown in Fig.4, where only considers the noise from the
supply voltage. The resistances of R'3 and R; in Fig.4 are
R3; + (R14//R1p) and R4 + (Ry,//Rop), respectively. The ca-
pacitor C is the parasitic drain-to-bulk junction capacitance
of M,. Since the turn-on resistance of the PNP transistors
is small, both Q; and Q, can be simplified as short-circuit
path to the ground. The amplifier is modeled with an out-
put resistor R,,, and two voltage-controlled current sources
iy and igy, which are driven by the differential input voltage
vy and power supply voltage v,,, respectively. The power
supply rejection ratio (PSRR) of this new proposed bandgap
reference circuit, which is the ratio of the output reference
voltage and the noise from the supply voltage, can be ex-
pressed as

Veer(s) 1

VDD(NoiSE)(S) sCryp + V{_;,2+1 '

4

(6)

From (6), the PSRR of the proposed bandgap reference
will become worse at high frequency. It is apparent that
the pole location can be shifted by changing the capacitance
at Vgyegr node. Moving the pole to the left in the s-plane
will result in an improvement in high-frequency noise rejec-
tion. This can be achieved by inserting a capacitance C), to
ground at Vggr node. Thus, the PSRR in (6) is modified to

Veer(s) 1

Vopwioise)(s) S(C + Cp)rop + T2
R, +1

(N

A larger C, provides better stability, but the startup
time will become longer. The pre-regulated circuit [14] also
used to improve the PSRR of the bandgap circuit. However,
minimum supply voltage is the tradeoft.

The operational amplifier in Fig. 3 under sub-1-V oper-
ation has a limited gain. Thus, there will be a nonzero input-
referred offset voltage Vpg. Considering the offset voltage
of Vos, the Vggr in (4) including the offset voltage can be
written as

Ry RiR1p, \ AVpe
Vrer = R4+ +V
REE ™ Rig+R1p [( ! R1a+R1b) R3 B2
Ry
- —Vps. 8
R, V08 ®)

The offset voltage, Vg, is a temperature dependent voltage.
To reduce the impact of Vpg on Vggp, the ratio of Ry/R3
should be designed as small as possible.

4. Experimental Results
4.1 Simulation

The proposed bandgap reference circuit has been simulated
by varying its operating temperature from O to 100°C. The
dependence of Vggr (output reference voltage) on the oper-
ating temperature is shown in Fig. 5 under difference power
supply voltage (from 0.8 to 1.1 V). The temperature co-
efficient is around 75 ppm/°C with the supply voltage of
0.85 V. With supply voltage of 0.8V, the temperature co-
efficient grows sharply to be above 200 ppm/°C. The depen-
dence of Vggr on the supply voltage is shown in Fig. 6 under
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Chip micrograph of the new proposed bandgap reference circuit
fabricated in a 0.25-um CMOS process.

Fig. 6
erence.

Simulated minimum supply voltage of the proposed bandgap ref-

the temperatures of 0, 25, and 100°C. The curves of out-
put reference voltages under the temperatures of 0, 25, and
100°C grow together while the supply voltage of the pro-
posed bandgap reference is above 0.85 V. This means that
the minimum supply voltage for the new proposed bandgap
reference can be as low as 0.85V. The PSRR at low fre-
quency of the proposed bandgap reference, which works in
the low supply voltage of 0.85V, is —=30.2 dB.

4.2 Silicon Verification

The proposed bandgap reference circuit has been fabri-
cated in a 0.25-m single-poly-five-metal (1PSM) CMOS
process. Figure 7 shows the overall die photo of the new
sub-1-V bandgap reference circuit. The occupied silicon
area of the new proposed bandgap reference circuit is only
177 um x 106 um. The active devices (MOSFETs) have
been drawn in a common centroid layout to reduce process
mismatch effect. The bipolar transistors in this chip are the
parasitic vertical PNP BJTs in CMOS process. The ratio be-
tween the emitter areas of Q and Q, is 8. The total emitter
area of Q; is 200 um? and that of Qs is 25 um? in the lay-
out. The resistors in this chip are formed by salicided ploy
resistors, which have minimum process variation to improve
the accuracy of resistance ratio. The bandgap reference cir-
cuit has been measured by varying its operating tempera-
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Fig.8 Dependence of output reference voltage on the temperature under
different VDD voltage levels.
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Fig.9 Dependence of output reference voltage on the VDD supply volt-
age under different temperatures.

ture from —10 to 120°C. The power supply voltage was set
from 0.8 to 1.2 V. The measured results are shown in Fig. 8.
The measured temperature coefficient of the new proposed
bandgap reference circuit is around 58.1 ppm/°C under the
supply voltage of 0.85V. The dependence of output refer-
ence voltage on the VDD supply voltage under different
temperatures is shown in Fig.9. The experimental results
in Fig.9 have confirmed that the minimum supply voltage
for this sub-1-V bandgap reference is 0.85 V.



IEICE TRANS. ELECTRON., VOL.E88-C, NO.11 NOVEMBER 2005

2154
Table1 Comparison among the low voltage bandgap references.
This werk Ref. [2] Ref. [3] Ref. [7]
Technology (CMOS) 0.25 pm 1.2 pm 0.6 pm 0.4 pm
Minimum Supply Voltage 085V 12V 098V 084V
Temperature Coefficient 58.1 ppm/°C 100 ppm /°C 15 ppm /°C 39 ppm /°C
Extra Modification / Process No No Laser Trimming | Native NMOS
-30
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nusoidal amplitudes.

About the measurement setup for power supply rejec-
tion ratio (PSRR), a sinusoidal ripple is added on power
supply to measure the small-signal gain between the sup-
ply voltage and output reference voltage. The AC input sig-
nal at the power supply pin must include a DC offset that
corresponds to the normal power supply voltage so that the
bandgap reference circuit remains powered up [15]. The
dependence of measured PSRR on the frequency under dif-
ferent input sinusoidal amplitudes is shown in Fig. 10. The
averaged power supply rejection ratio (PSRR) is —33.8 dB at
10 kHz, whereas the reference output voltage is 238.2 mV at
25°C under the VDD power supply of 0.85 V. The compari-
son among the proposed sub-1-V bandgap reference of this
work with other prior-art low voltage bandgap references is
summarized in Table 1. The new proposed bandgap refer-
ence has the advantages of low operating voltage and low
temperature coefficient in the general standard CMOS tech-
nology without special low-threshold-voltage device.

5. Conclusion

A CMOS bandgap voltage reference with Vggp of 238.2 mV
and temperature coefficient of 58.1 ppm/°C, which con-
sumes a maximum current of 28 uA at 0.85V supply, has
been presented. The sub-1-V operation of the bandgap ref-
erence has been successfully achieved in this work with-
out using the low-threshold-voltage devices. Moreover,
other techniques to achieve sub-1-V operation have been de-
scribed, such as low voltage startup circuit and the lower
common-mode input range of the amplifier by using the re-
sistive subdivision method. Without using low-threshold-
voltage device, the proposed bandgap reference circuit can
be implemented in general CMOS technology.
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