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Design of a Bandgap Reference with a Wide Supply Voltage Range”
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Abstract: An on-chip voltage reference with a wide supply voltage range is required by some applications,especially that

of power management (PM) controller chips applied to telecommunication, automotive, lighting equipment, etc. , when

high power supply voltage is needed. Accordingly,a new bandgap reference with a wide supply voltage range is proposed.

Due to the improved structure,it features a high power supply rejection ratio (PSRR) and high temperature stability. In

addition,an auxiliary micro-power reference is introduced to support the sleep mode of the PM chip and reduce its standby

power consumption. The auxiliary reference provides bias currents in normal mode and a 1. 28V reference voltage in sleep

mode to replace the main reference and save power. Simulation results show that the reference provides a reference volt-

age of 1. 27V, which has a 3. 5mV drift over the temperature range from — 20 to 120C and 56,V deviation over a supply

voltage range from 3 to 40V. The PSRR is higher than 100dB for frequency below 10kHz. The circuit was completed in

1. 5pm BCD (Bipolar-CMOS-DMOS) technology. The experimental results show that all main expectations are achieved.
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1 Introduction

Bandgap reference is widely applied in most ana-
log and mixed signal integrated circuits (ICs). Since
some ICs,especially PM ICs,work under a wide oper-
ating voltage range,typically 24V /48V in communica-
tion apparatus,14V/42V in automobiles,and 3 to 40V
in lighting such as LED equipment. Thus, a bandgap
reference capable of operating with a wide supply
voltage range is demanded in such applications.

As a voltage reference, the bandgap reference
should provide a voltage independent of power supply
and temperature. Moreover,high PSRR is also a criti-
cal feature since the power supply ripples will affect
its stability""
age.

and influence its output reference volt-

A typical bandgap reference contains two voltage
sources with opposite temperature coefficients (TC)
to compensate its temperature drift. The positive TC
(PTC) voltage source consists of a transistor pair with
different emitter areas. Their base-emitter voltage
difference (AVye) is an ideal PTC voltage source. The
voltage with negative TC (NTC) is derived from the
forward voltages of pn junctions. By aboratively
matching the opposite TCs of two voltage sources,ac-
curate temperature compensation can be achieved

over a certain range'**’.
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In the conventional topology, the offset voltage
(Vos) of the amplifier is a major error source and is
unpredictable since it is a random error produced
from dispersion during the manufacturing process™ .
Moreover, this structure restricts the operating supply
voltage range because the common mode input voltage
of the amplifier is limited™ . The margin of the am-
plifier also restricts the PSRR.

In this paper,a novel bandgap reference structure
is proposed. Different from conventional structures,
its PTC voltage is directly generated by an inner am-
plifier. Moreover, the inner amplifier is supplied by a
pre-regulated reference voltage, which guarantees its
normal operation over a wide supply voltage range. It
also effectively improves the PSRR and load regula-
tion of the reference. The novel bandgap reference
was implemented in 1.5um BCD ( bipolar-CMOS-
DMOS) technology and verified by experimental re-
sults.

2 Proposed bandgap reference

Figure 1 shows a conventional bandgap reference
and Figure 2 shows the complete schematic of the
proposed bandgap reference. The reference is differ-
ent from conventional one. It is composed of two
parts:a micro-power reference and a power supply in-
dependent bandgap reference. It can be implanted in-
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Fig.1 Conventional bandgap reference

to a typical switch mode power supply (SMPS) con-
troller IC. In addition,it supports the prevailing sleep-
mode technique. When the controller is shut down.
only the micro-power reference is active, providing a
rough threshold voltage for the startup comparator.
While the controller is working, the supply-independ-
ent bandgap reference will be activated to provide a
more precise reference voltage.

2.1 Micro-power reference

This circuit has two characteristics: providing a
primary reference voltage of 1.28V for the RUN
comparator when the controller is in sleep mode and
providing a PTAT current for the supply-independent
bandgap reference and other circuit blocks when the
controller is working. While working as the primary
reference, its typical quiescent current is less than
10pA, which makes it feature micro-power dissipa-
tion. By using transistors that can endure high volt-
age,it can be directly supplied by Vi ,which may va-
ry from 3 to 40V.

The principle of this circuit is shown in Fig. 3.

Here, m is the ratio of the emitter areas of QA2
and QAl,« is the current gain of M1~ M3, and f is
the current gain of M4~M6. A resistor R; of several
mega ohms determines the current I,. The forward
voltages of the base-emitter ( Vgz) of QA1 and QA2
arc:

Iy
Ve oa = Vrln IM_ (D

QB7, -
[ QBS

Supply- independent bandgap reference
)

Micro-power reference & bias circuits

J

Fig.2 Proposed supply-independent bandgap reference

Fig.3 Micro-power reference

IMS
ml
where V:=kT/q .k is the Boltzmann’s constant, g is

(2

Viin

VBE,QAz =

the electron charge, T is the temperature in Kelvin
(or absolute temperature) ,and I is the reverse satu-
ration current of the base-emitter junction of QAl.

Using the current mirror M1 ~ M3, the current
Iy and [y is:

Ivie = ITw; = da (3
Then the voltage across R, and R; becomes:
Vee = IRy = alaR, 4)

Vies = (s + Tmi)R; = (dda + Is)R; (5
Because QA1 and QA2 share the same base node,
the base voltage is:
Veeoar T Vre = Vieoar + Vs (6)
From Egs. (1) ~ (5),we can derive:
R;Ig + dda(R; — R;) = Vilnm P)
Here, R, is equal to R;. Thus,a proportional to abso-
lute temperature (PTAT) current is obtained as:
Vilnm
R;
Therefore, the output voltage of the micro-power

IB = (8)

voltage reference is:
VREFI = VBE,QAAl + lP'l'A’l RS
R; Viinm
R,
where Ve oad has a negative temperature coefficient.

= Vieoa T ﬁ (9

Thus,a stable reference voltage with a near zero tem-
perature coefficient can be obtained by choosing ap-
propriate values of 3, R3,Rs.and m.

Because the bias current [, is generated by R,
this reference does not need a startup circuit. Moreo-
ver,the accuracy of R, is not critical because the ref-
erence voltage does not depend upon 1,.

Transistors M7 and QA3 form a feedback loop to
keep QA1 and QA2 working in the forward active re-
gion. If the supply voltage Vy rises,the voltage across
R, and R; will also rise,as well as the gate voltage of
M7. Then the current flowing through M7 and QA3
rises too, pulling up the base voltage of QA3, QAl,
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Fig.4 Proposed supply-independent bandgap reference

and QAZ2. As a result,QA1l and QAZ keep their status
in the forward active region. Transistor M6 works as a
voltage controlled resistor. Because R, equals Rj,
when supply voltage V iy climbs up,the voltage varia-
tion over gate and source nodes of M6 is approximate-
ly equal. So the current flowing through M6 is not in-
fluenced by the supply voltage.

In the layout of this bandgap reference, R; is re-
placed by several trimmable resistors to achieve a pre-
cise predicted reference voltage after tape-outing.

2.2 Supply-independent bandgap reference

Using a unique structure to generate the refer-
ence voltage,the bandgap reference has good line reg-
ulation. Different from the micro-power reference
above, it can supply a current up to ImA, which is sig-
nificant to the SMPS controller. In addition, this ref-
erence can be shut down in sleep mode to save power.
The detailed circuit is shown in Fig. 4.

Usually, bipolar transistors have a smaller offset
and higher gain than MOS transistors® . Thus, bipolar
transistors are adopted as input differential pairs to
reduce the offset and to provide a higher gain.

Here, the parameter n is the ratio of the emitter
junction sizes of QB3 and QB4. I, is a bias current
provided by the micro-power reference. Transistors
0QB1~QB4 and resistor R, constitute an OTA circuit.
While working stably, the currents flowing through
QB3, OB4 differential pairs will tend to be equal.
Thus, the difference of the base-emitter voltage of
QB3 and QB4 is:

AVge = Vieoss — Ve os

= VTlnIIQBgf VTlnil(;Byl = VTlnn

The base nodes of QB3 and QB4 clamp the volt-
age drop across

(10)

R;, generating a PTAT current
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Fig.5 Reversed nested Miller compensation

through R;.The reference voltage includes two parts:
the PTC voltage across Rs and R;,which is produced
by the PTAT current,and the NTC voltage of V.
AV
R

7

Virer = Vieoss T

(Rs + R;)
V']‘lnn

7

(1D

= Viaeos + (R¢ + R7)

Transistors QB6~QB9 constitute a feedback loop
to stabilize the collector current of QB5. If this cur-
rent falls,the voltage across R; will become smaller,
which is amplified by the OTA. The base of QB6 is
connected to the reverse output terminal of OTA;
therefore, it also rises. Transistor QB7 is biased by
QB5,s0 it always works in the forward active region.
QB6 and QB7 can be regarded as a simple amplifier.
Therefore, the voltage rising of the base of QB6 cau-
ses a significant reduction in the collector current of
OBS8 and then an increase in the base voltage of QB9.
As a result, the current flowing through R, R;,and
QB5 rises and succeeds in compensating the initial
current fluctuation. Thus,the current flowing through
QB?5 stabilizes.

Here transistor QB9 is the key component. It
works in the forward active region. The current flow-
ing through QB9 ensures the large current output abil-
ity of Viggr up to 1mA. In addition, because QB9 is
forward biased,the voltage on node A equals the ref-
erence voltage plus Vy: (forward-biased diode voltage
drop of QB9).It is about 2V in this design and is pow-
er supply-independent,ensuring the circuit can be sup-
plied by a wide voltage range.

2.3 Frequency compensation

As mentioned above,the amplifier used to stabi-
lize the reference voltage is as a three-stage ampli-
fier,as shown in Fig. 5,and only the inner stage con-
stituted by QB6 and QB7 has a positive G, . Here, the
points A, B, and C correspond to those in Fig. 4. In
this situation, reversed nested Miller compensation
(RNMC) is the most suitable approacht™ . Based on
the Miller effect.,the dominant pole p, is related to
the compensation capacitor C¢, . Therefore, the value
of C¢ determines the system’s stability. Here,nulling
resistors are introduced to cancel the RHP zero and to
achieve a better high-frequency dynamic range. More-
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over,a proper resistor load at the output node can al-
so reduce the output impedance for better stability.

3 Simulation and experimental results

Simulations of the proposed bandgap reference
were preformed in 1. 5pm BCD technology. Figure 6
shows the simulated output voltages of the two refer-
ences, micro-power reference,and supply-independent
reference, respectively, when sweeps
from —20 to 120°C . Here.,a supply voltage of 12V is
applied. The Vier of the micro-power reference has a

temperature

maximum drift of * 3mV around the mean output
voltage of 1.286V. The Vigr of the supply-independ-
ent reference has a maximum drift of £ 1.7mV
around the mean output voltage of 1. 276V.

Figure 7 shows the simulated output voltage of
power supply-independent reference as a function of
the power supply voltage at 27C . The figure shows
that the line regulation of 1.5, V/V is achieved over
the supply voltage range from 3 to 40V with a maxi-
mum quiescent current of 80pA.

Powered by a 12V supply, the simulated PSRR
curve of the bandgap reference is shown in Fig. 8. The
curve shows that the PSRR is higher than 100dB for
frequencies below 10kHz.

110

80

PSRR/dB

501

P 1 1 1 ]
0l 0° 10? 10 10° 108
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Fig.8 Simulated PSRR of the bandgap voltage reference

versus output current

Fig.10 Photograph of proposed bandgap reference

Figure 9 shows the simulated output voltage of
the bandgap reference as a function of the operating
current when powered by a 12V supply. The Viggr is
nearly linear with the operating current and the maxi-
mum variation is about 22mV.

The bandgap circuit was fabricated in 1.5pm
2p2m BCD technology. The chip photograph is shown
in Fig. 10. The circuit area is 1180pym X 434;m inclu-
ding two trimming resistor arrays.

The testing schemes are shown in Fig. 11.

Adjusting the supply voltage from 2. 5 to 16V, the
measured line regulation curve is plotted in Fig. 12.
The curve is flat over a wide range of input voltages
from 2.5 to 10V with a drift of about 300.V. A dra-
matic change happens when Vy exceeds 10V. This is
due to the transistor breakdown under high voltages.,
which is restricted by the process. The working volt-
age could extend to 40V if the proper high voltage
process is available.

VREF
Reference

Iin module
V:
DC REFI  [—X

2.5-16V L

Testing scheme of line regulation

"
DC
8V

Testing scheme of load regulation

Vrer
Reference
module
VRert X

L _RL

Fig.11 Testing schemes for line and load regulation
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of the bandgap reference circuit

The load regulation was tested at a supply voltage
of 8V. A microampere meter in series with a load re-
sistor R, is used to monitor the current. By adjusting
Ry ,the curve of Vggr versus output current is ob-
tained, as shown in Fig. 13.

For supply voltages between 2.5 and 10V, the
test shows that the maximum quiescent current of this
reference is 66pA in normal mode and 10.5pA in
sleep mode.

Table 1 summarizes the reference specifications
obtained from simulation and measurement, respec-
tively.

Table 1

bandgap reference

Simulated and measured results of the proposed

Specification Simulated Measured
Supply voltage range 3 ~ 40V 2.5~10V*
Supply dependency 1.5p,V/V 40pV/V
. -20~120C
Temperature coefficient -
20ppm
. 0 ~ 1mA 0 ~ 100pA
Load regulation -
22mV/mA 20mV/mA
PSRR (<Z10kHz) 102dB -
Maximum quiescent Sleep mode 90 W 105, W
power consumption | Normal mode* * 556, W 660 W

* Limited by recent process

* % The value at supply voltage of 10V

Table 2 presents a comparison between the refer-
ence and reported wide-range supplied bandgap refer-
ences and shows that the proposed reference offers
better line regulation than those previously reported.

Table 2 Comparison of wide-range supplied bandgap reference

Rincon-Moral®’ Paul*®] This work
Year 1998 2005 2007
2pm CMOS
Technology with an added 0. 5um-BCD 1. 5pm-BCD
P-base layer
Suppl Itz
UPPTy vottage 1.2 ~ 10V 4~ 8V 2.5 ~10V
range
Measured line
R 408, V/V 2mV/V 40pV/V
regulation

4 Conclusion

A bandgap reference featuring supply-independ-
ent performance over a wide range of supply voltages
was designed and fabricated in 1. 5pm BCD technolo-
gy. A novel structure was proposed to improve its per-
formances such as PSRR and temperature stability.
Moreover,an auxiliary micro-power reference was in-
troduced to support the sleep mode and reduce its
standby power consumption. Experimental results
showed that besides wide supply voltage adaptability,
a near zero temperature coefficient of 20ppm/C, a
line regulation of 40,V/V, a PSRR higher than
100dB.and a load regulation of 22mV/mA were also
achieved.
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