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ABSTRACT 
Two alternative circuits for very low-supply-voltage 

bandgap voltage references BGR in a Flash memory 
environment are designed and compared. The circuits 
allow operation at supply voltages as low as 0.9V, 
while requiring as low as SPA current. Sensitivity to 
supply voltage variations is reduced by means of 
suitable feedback circuits. Experimental results confirm 
that the BGR operates correctly and can be employed in 
future ultra-low-supply-voltage Flash memory devices. 

1. INTRODUCTION 
The continuously shrinking dimensions of MOS 

devices call for a correspondent scaling of the electrical 
quantities in the circuits. It is well known that scaling 
bears in general the added advantage of a reduction in 
the power dissipated by the circuit. However, in many 
cases, new circuit topologies have to be considered, 
since the constraint of low voltage operation rules out 
many otherwise clever circuit configurations. 

In the case of FLASH-EEPROM integrated circuits, 
a further consideration should be kept in mind: the 
voltages needed to program and erase the cells do not 
scale in practice. In fact, they depend on the conduction 
band discontinuity between silicon and silicon dioxide, 
which of course does not scale, and on the thickness of 
the tunnelling oxide, which cannot be made at present 
smaller than, say, Snm, to cope with charge retention 
issues. In modern FLASH-EEPROM devices, a single, 
low, supply voltage is converted within the chip, to 
higher positive voltages and even to negative ones, by 
means of suitable circuits, called charge pumps. 

In order to make the charge pumps operate 
correctly, it is necessary to regulate their output. This is 
customarily done by comparing their output against a 
stable reference voltage within a feedback loop. This 
reference voltage should be quite stable and 
independent of temperature and process variations: a 
band-gap reference (BGR) seems to be the best choice. 

Although the BGR theory has long been developed 
and circuits have been in use for many years, when it 
comes to integrate them in a low voltage memory 
device, new problems arise, and their solution is not 
quite easy. One should consider: 
1) a FLASH process is optimised for MOS devices and 
only parasitic BJT are present; 

2) due to the long times needed to charge the internal 
high voltage nodes, some high voltage should be 
present in the circuit even during standby, therefore 
very low current consumption (say less than 10pA) 
becomes a must; 
3) when it comes to voltages compatible with a single, 
almost discharged battery, i.e., 0.9V, the standard BGR 
topology does not apply: in fact, the BGR output is a 
non scalable 1.27V level. 
The aim of the work presented in this paper has been to 
compare known circuit topologies in order to evaluate 
their ability to allow 0.9V supply voltage BGR 
operation (sect. 2.), to design and implement one of 
such circuits in a FLASH technology (sect. 3.), and to 
experimentally verify the correctness of the design 
(sect. 4.). 

2. BGR COMPATIBLE WITH LOW 
VOLTAGE OPERATION 

The operation principle of BGR circuits is to sum a 
voltage with negative temperature coefficient (a 
forward biased p-n junction) with another one 
exhibiting the opposite temperature dependence 
(typically a multiple of the thermal voltage kT/q, 
obtained, e.g., from the offset voltage of an unbalanced 
differential amplifier). Since the temperature 
dependence of a p-n junction is -2mV/K at room 
temperature, the thermal voltage should be amplified by 
approximately a factor 25. By summing these voltages, 
an overall output voltage of roughly 1.27V is obtained. 

Two alternative topologies have been considered, 
which can be used to fabricate a BGR with a lower 
output voltage. The first one [l] operates by summing 
two currents with opposite temperature dependence on 
a resistor. Thus, stable voltages can be generated with 
values controlled by the resistor value. The other 
technique [2] operates a voltage sum, as is the case of 
the original BGR, but the two voltages to be summed 
are first attenuated by a given factor, e.g., using 
resistive voltage dividers. Both techniques have been 
considered and compared in order to evaluate which 
one is most suitable for low voltage operation. 
2.1 current summing (fig.1) 

In the case of current summing, the circuit is split in 
three subcircuits operating in parallel: the first 
generates a current proportional to absolute temperature 
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(PTAT); in the second, this current is mirrored into a 
transistor which is employed to generate the other 
component. The third subcircuit is just a resistor in 
which the sum of the two currents flows, and which 
converts them into a voltage of suitable value. 

An evident limitation of this circuit is that the load, 
which uses the BGR output, should not draw current 
from it. However, this is not a serious limitation in the 
present application: the BGR can be used just for 
biasing the gate terminals of MOS devices. Of course, 
the output voltage should be greater than the threshold 
voltage of a n-MOS transistor (0.65V in our 
technology, see later on). Another concern arises from 
the temperature dependence of the resistor, which 
should be cancelled (see later). Last but not least, the 
possible circuit configurations implied by the current 
approach does not, in principle, favour reduction of the 
current drawn from the power supply. The advantages, 
on the contrary, can be summarised as follows. The 
minimum supply voltage needed to operate the circuit is 
the roughly 0.7V of the forward biased diode, plus the 
drain to source voltage of the output transistor of the 
current mirror driving it. By designing this mirror in 
such a way as to operate it just above threshold, this 
latter voltage can be reduced to 0.2V or even less while 
leaving it in saturation. Therefore operation at supply 
voltages as low as 0.9V can be obtained. The other two 
blocks do not require higher voltages to operate 
correctly. 
2.2 voltage summing (fig.2) 
In the case of voltage summing, the circuit is again split 
into three subcircuits. The first two are identical to 
those of the current summing topology. The third is 
different. It employs in a non-inverting feedback loop 
the well-known differential amplifier, with unmatched 
bipolar input transistors, whose offset voltage is used as 
the PTAT component. The difference with respect to a 
standard BGR is, that the diode voltage applied to this 
circuit is not the full base to emitter voltage, but a 
fraction of it. This circuit has the advantage of a 
buffered output, and can therefore be used with 
dissipative loads, but it cannot work at supply voltages 
as low as those of the previous solution. In fact, on one 
path the differential amplifier requires at least a 
threshold voltage plus a Vcesat, plus a source to drain 
voltage of the tail current generator. 
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Fig. 1: Schematic of the “sum of currents” 
configuration 

A base to emitter voltage plus the minimum voltage of 
the tail current generator plus the output voltage of the 
Vbe generator is necessary on another path. In our 
technology, this means at least 1V. Another drawback 
is that its power consumption turns out to be greater 
than that of the current summing one: current is needed 
also for operating the differential amplifier. A final 
remark on this topology is that the PTAT current 
generator is still necessary to correctly bias the diode. 
Extensive simulation of both circuits was carried out 
before choosing between the two solutions. 

3. IMPLEMENTATION ISSUES 
The circuits were designed in the ST T6Y triple 

well Flash technology. This technology has only 
parasitic bipolar transistors, both npn and pnp, whose 
electrical characteristics are not a primary technological 
concern. In particular, the current gain (beta) of the 
devices can easily be lower than 10 and parasitic 
emitter and collector resistance can be significant. 
Furthermore, there is no layer optimised for the 
fabrication of resistors. The threshold voltage of the 
MOS devices is at present 0.65V: it will be reduced in 
the next technologies in order to allow operation at very 
low voltages. 

Coming to electrical issues, as was already pointed 
out, the BGR circuit should always work, even in 
standby, and therefore a target of less than 10pA 
current consumption for the whole circuit was 
considered. 

In the following we refer to the current summing 
topology, but similar considerations hold for both 
circuits. 

The circuit for generating the PTAT current is a 
standard one, except the use of MOS devices operating 
in the subthreshold region. This approach results in 
reduction of both area and current consumption. The 
current depends also on the value of the resistor R1. 
Compensation for its temperature dependence should 
be provided for. 

The circuit for generating the current proportional 
to Vbe employs the npn parasitic bipolar transistor; bias 
is provided by mirroring the PTAT current. The current 
is set by R2. 
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Fig. 2: Schematic of the “sum of voltages” 
configuration 
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Fig. 3: Expected temperature dependence of the “sum 
of currents” BGR output 

Due to the low beta of the transistor, care should be 
used in the design of R2: it has to be high enough to 
minimise the operating current, while it has to be low 
enough to make the transistor base current negligible at 
any temperature. As in the previous case, the resulting 
current depends on R2 and on its temperature 
dependence. 

Finally, two mirrors perform the sum of the two 
current components, and a third resistor, Rref, generates 
the final voltage. The resulting voltage value is: 

which depends only on the ratio of resistor values and is 
therefore almost independent of temperature if the three 
resistors in the formula are built in the same layer. 

n-ldd resistors 

Fig. 5: Photograph of the entire test chip 

Extensive simulation was performed on the circuit. 
As an example, the expected temperature dependence 
of the output voltage is shown in Fig.3. It was 
eventually decided to implement only this circuit, in 
two different versions, which differ in the kind of 
resistors employed, namely n-well and n-ldd types. The 
n-well type results in a lower temperature dependence 
of the resistor, at the expense of a much bigger area, see 
Fig.4. 

While the expected temperature dependence of the 
circuit was within design targets, some concern arose 
due to the dependence of the output voltage on the 
supply voltage, deriving from the poor output resistance 
of the employed MOS devices. It was therefore decided 
to design a voltage regulator aimed at maximising the 
low frequency PSRR of the circuit. The circuit needs 
some extra supply voltage in order to operate, so that 
the minimum supply voltage rises to 1.2V. 
Furthermore, it is necessary to introduce circuit 
components to facilitate start up at power on. By 
accurately designing such circuitry, a start up time of 
the circuit of about 2 0 0 ~ s  was obtained in simulation. 

4. EXPERIMENTAL RESULTS 
The current summing BGR was implemented within 

a test circuit in both versions discussed above. Both 
layouts are shown in Fig.4: the area reduction obtained 
by using n-ldd resistors is striking. A photograph of the 
chip is shown in Fig.5. The area used by the BGR 1s 

Among the ten circuits we tested. all ten were found 
n-vdl  resistors clearly visible. 

Y 

to work within specifications. The average BGR output 
voltage was 521mV for the n-ldd resistor 
implementation and 672mV for the other one. 

Fig. 4: Layouts of the two implemented BGRs. The 
drawings are in scale. Note the area difference. 
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The rms spread was 13mV, i.e., 2.4% of the BGR 
voltage in the first case; and 15mV (2.2%) in the other. 
The output voltage was tested against the supply 
voltage, and found to change by less than 0.5% and 
respectively 2% over the range 0.9V to 2.5V. Also the 
temperature dependence of the output voltage was more 
than satisfactory (see Fig.6). The reason for the lower- 
than-expected output voltage in the n-ldd 
implementation was found to be due to an inaccurate 
model for the sheet resistance of the n-ldd layer. 

The voltage regulator was then introduced: the 
circuit power on transient is shown in Fig.7 for both 
implementations of the circuit. A different slope of the 
output voltage is clearly visible, which was shown to be 
caused by the considerably different parasitic 
capacitance of the two resistor types. The ac sensitivity 
of the output voltage to supply voltage was then tested. 
Results are shown in Fig.8, and are again compatible 
with specifications for Flash memory applications. The 
total current drawn by the circuit was found to be 5pA. 
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Fig. 6: Experimental plots: output voltage versus 
supply voltage (top trace) and temperature dependence 
of the "sum of currents" BGR output (bottom trace) 
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5. CONCLUSIONS 
In conclusion, we found that it  is possible to design 
BGR circuits in a Flash EEPROM technology 
compatible with 0.9V supply voltage, and having such a 
low power consumption as to be compatible with 
operation in stand-by mode of the memory circuit. 
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Fig. 7: Power-on transient of the BGR circuits. 
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Fig. 8: Effects of a sudden variation of the supply 
voltage on the BGR output. 


