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A CMOS Under-voltage Lockout Circuit

Mohammad R. Hoque and Simon S. Ang

Abstract— A new configuration for a CMOS under voltage
lockout (UVLO) circuit is described. This circuit consists of a
pre-regulator, a hysteresis control resistor divider and an inverter
pair. The UVLO circuit was fabricated using a 0.5 pm CMOS
technology operating at a supply voltage of up to 5V, yielding a
low quiescent current of 12 pA, an input high threshold voltage of
3.75 V and a hysteresis of 0.55 V.

Index Terms — power good monitor, voltage protection circuit,
UVLO.

I. INTRODUCTION

HE rapid growth of portable consumer products has created

a competitive landscape for equipment manufacturers.
These manufacturers must satisfy the insatiable consumer
demand for higher performance, smaller size form factors, and
competitive pricing while quickly getting new and exciting
products to the market well ahead of the competition. Adding to
the design complexity is the convergence of these functions into
one product. From the design standpoint, incorporating
protection and control features into a single integrated circuit
simplifies design, reduces part count, ensures reliability and
conformance to industry standards, and also, meets consumer
expectations for the latest technologies and features.

An important design consideration is how the system behaves
in conditions when the system supply voltage, whether powered
by battery or DC source, dips to levels that may cause undesired
operations for other critical ICs. A control circuitry that
provides under-voltage lockout (UVLO) protection to ensure
protection against supply voltages that have not stabilized is
helpful [1]. This simple function ensures that the switch is
disabled when the input voltage is below the specified threshold.
A built-in hysteresis, as the input voltage is increasing, ensures
that the device does not turn off intermittently near the threshold
voltage. Fig. 1 (a) shows a simple application of the UVLO
circuit. As can be seen, the UVLO circuit monitors the battery
voltage and changes its modes of operation accordingly. To
understand how the circuit works, three different modes of
operation can be considered as shown in Fig. 1(b):
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Mode X: When the battery is charging by an external source,
but not connected to the load.

Mode Y: When the battery is connected to the load.

Mode Z: When the battery is disconnected from the load.
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Fig. 1. (a) Application of UVLO (b) Battery voltage (c) UVLO output.

During the time of charging, the voltage at the positive
terminal of the battery is rising. When it reaches a certain
threshold voltage, the UVLO circuit will send a HI signal to the
switch (SW) to connect the battery to the load as shown in Fig.
1(c). This threshold voltage is determined by the UVLO circuit
and is known as the HI threshold (HVTH) voltage. The battery
voltage will keep rising as long as the charging is progressing.
Once the charging is completed, battery voltage starts to drop as
its current capacity is being depleted by the load. It is important
that the battery is not disconnected form the load when its
voltage reaches very close to the HVTH voltage. Disconnecting
the load from the battery at HVTH will increase the battery
voltage instantaneously that in turn creates instability by
switching the load back to the battery. Therefore, UVLO circuit
should turn off the load from the battery at a different threshold
voltage than the HVTH. The difference between these two
thresholds is known as hysteresis of the UVLO circuit. The turn
off threshold of the circuit is the difference between the HVTH
and the amount of the desired hysteresis, which is known as the
LO threshold voltage (LVTH).

When designing UVLO, the quiescent current requirement is
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an important issue [2]. For example, when the low-battery mode
of operation is indicated, a cell phone (or any portable device)
automatically powers down after the battery-low indicator has
been flashing for some time. If the phone is misplaced in this
condition and found a week later, the protection circuitry may
over-drain and damage the battery, because of its high quiescent
current requirement.

Although UVLO is an important part of many modern
electronics, not many of these circuits have been reported [2, 3].
In most of these reported designs, the UVLO circuits require a
bandgap reference system to provide the bandgap voltage to set
the reference voltage to the UVLO circuits. This paper presents
the design of a CMOS on-chip UVLO circuit without the need
of a bandgap circuit to operate the UVLO; this feature reduces
the quiescent current of the system during the sleep mode.

II. CIRCUIT DESCRIPTION

The complete UVLO circuit is shown in Fig. 2. The left
portion of the circuit is a pre-regulator [4] circuit. The output of
the regulator (Vreg) is supplied to the inverter pair. The resistor
voltage divider controlled by an NMOS switch (M12) is the
hysteresis controlling section which generates the input voltage
to the first inverter of the inverter pair.

During mode X operation, transistor M12 will be in
conduction that bypasses resistor R, to reduce the effective

resistance from node A to GND. Hence, a higher
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Fig. 2. Complete schematic of CMOS UVLO circuit.
BAT_SUPPLY will be required to turn ‘on’ transistor M14.
This voltage can be considered as the HVTH. Once transistor
M14 is in conduction, it switches off M 12 and retains the actual
resistance from node A to GND. This condition is considered as
mode Y operation with the load connected to the battery, i.e.,
the output of the UVLO is HI as shown in Fig. 1(c). During this
instant, a lower BAT_SUPPLY is required to keep transistor
M14 in conduction than that during mode X operation. If we
consider this voltage as LVTH, the hysteresis voltage will be the
difference between these two threshold voltages. The
pre-regulator is necessary in this design to properly define these
threshold voltages which will be elucidated in more detail in the
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next section.

III. DESIGN METHODOLOGY

This section discusses the analytical design of UVLO circuit
using SPICE LEVELI1 model. The circuit is designed for the
following specifications which are very common in most
commercial ICs [5, 6]:

HVTH=3.75V,
Hysteresis = 0.55 V,
Vsupply =upto 5V,
Quiescent Current < 12 pA.

Pre-regulator design:

Transistors M7, M2, M3, M6 and diode connected MOS
transistors M9 through M11 are used to provide negative
feedback. Transistors M8 is used as a current source for M3 and
provides positive feedback to the output. The positive feedback
gain is lower than the negative feedback gain because of the
source resistor RBIAS [4]. Three series connected MOS diodes
MO9-M11 determine the output voltage of the regulator. The
lowest operating voltage and output voltage of the regulator
circuit should be well below the lower threshold voltage (LVTH)
of the UVLO circuit to operate the hysteresis accurately. In this
design, the pre-regulator is designed to operate at 2.7 V with an
output voltage of 2.6 V. There is no particular restriction of
these voltage selections. It depends on the LVTH and output
voltage requirement of the UVLO circuit.

The CMOS bias circuit of the regulator, which is independent
of the supply voltage and MOSFET threshold voltage, consists
of two deliberately mismatched transistors M7 and M8, where
MS is 4 time wider than transistor M7. A resistor Rgpag i
connected in series with the source of transistor M8 to
determine the bias current through transistors M7 and MS8. If the
aspect ratio (S8) of transistor M8 is 20 and the bias current is 2.5
UA, then the value of Rppas can be determined using the
following equation [7]:

Ro. -2 [[S_, )
e A\ 2u'ncoxleIB 57

A 2.5 pA bias current has been chosen to design the
pre-regulator to satisfy the requirement for a low quiescent
current. Using the process parameters supplied by the vendor,
the bias resistor, Rgj,s, is calculated from equation (1). Since the
pre-regulator is driving a pair of inverter, the load current of the
regulator is approximately zero. Thus, the current flow through
transistor M6 is simply the bias current Iy. Therefore, to meet
the output requirement,

Vgp, 0.1V
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The three series-connected MOS diodes determine the Vreg
voltage at the output. The current through these diodes is 2.5 pA,
determined by transistor M9 which has a similar dimension as
transistor M7. To achieve a 2.6 V at the output,

Voso + Vepio + Vspi, = 2.6V 3)

The drain/source to source/drain voltage of these transistors
can be simply calculated from the following equation [9]:

2
| Vos = [ Bt |V, | @)

HC,S),
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In the pre-regulator design, no attention has been given to
compensate temperature variations. To achieve a constant
performance over varying temperature ranges, a temperature
compensated regulator can be used [9]. However, a + 8§ %
variation of the UVLO threshold is acceptable in most
applications [6] as long as the required amount of hysteresis is
present.

Inverter and hysteresis logic design:

Inverter plays an important role in determining the threshold
voltage of the UVLO circuit. The inverters are designed for a
threshold voltage that is half of the Vreg voltage. There are two
advantages of such design [6]:

1. The noise margin for both input high and low will be
equal.
2. Their values will be maximized.

This requirement can be fulfilled by designing the inverters

according to:

l’l‘pcoxSIS =1 (3)
p'ncoxsm

A hysteresis phenomenon can be achieved by changing the
impedance at node A (input of the inverter) during mode X and
mode Y operation. If the aspect ratio of transistor M12 is large
enough (~10) and the current flowing through the resistors is
low (~3pA), the voltage at node B is approximately 0 V when
transistor M12 is in conduction, i.e., in mode X operation.
However, increasing the aspect ratio of transistor M12 will
introduce a delay to the output of the UVLO due to the gate
capacitance of transistor M12. The designer has to make sure
that this delay is within the acceptable range of operation. A plot
of delay versus output capacitance is presented in the next
section. During mode X, the output of the first inverter (M13 &
M14) is ‘HI” which switches on transistor M12. Therefore, the
total resistance from supply to GND is the sum of Ry and Rc.
Since the threshold voltage of the inverter is half of Vreg, to
achieve an HVTH of 3.75 V, the values of Rg and R¢ can be
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determined as follows,

Vreg _ R¢

- HVTH ©)
2  Rz+R¢

Once the circuit reaches mode Y operation, (i.e., the Vsupply
>HVTH), the output of the first inverter (M 13 & M14) is LOW,
which turns ‘off” the switch M12. Hence, the total resistance
from the supply to GND becomes R, + Rp + Re. The resistance
R, determines the hysteresis (i.e., the difference of HVTH and
LVTH). For a LVTH of 3.2 V, R, can be calculated from the
following equation.

Vg _ Rc+R,

= LVTH %)
2  Rg+R¢+R,

One of the important requirements of the UVLO circuit is the
low quiescent current for the battery operated devices.
Therefore, the pre-regulator including the start-up circuit is
designed for a quiescent current of approximately 9 pA. Since
the load of the regulator is a CMOS inverter pair, its power
consumption is approximately 0 W. The resistor divider draws
approximately 2.5 pA from the supply when the battery voltage
goes below the LVTH, which is considered LO battery (mode Z
operation). Hence, the total quiescent current for the complete
UVLO circuit is approximately 11.5 uA at LO battery
operation.

IV. SIMULATION AND MEASURED RESULTS

The UVLO circuit was fabricated using a 0.5-pm n-well
CMOS process. Fig. 3 shows the die photo of the fabricated
UVLO circuit. The circuit occupies approximately 0.25 mm?,
without any layout optimization. Fig. 4 shows a plot of the
output voltage versus input supply voltage. As can be seen, the
output of the UVLO is HI when the input supply voltage reaches
the HVTH of 3.75 V. The output stays high as long as the supply
voltage is above the LVTH of 3.2 V. This yields a hysteresis of
0.55V, similar to our designed value.

The AC power supply sensitivity (PSS) of UVLO output is
affected by the PSS of the pre-regulator. Fig. 5 shows a plot of
PSS versus frequency when the battery is connected to the load
(i.e., mode Y operation). As shown, the PSS is 26 dB up to 3
kHz. Since the function of the UVLO circuit is to connect the
battery to the load at the designed voltage, it should meet the
PSS requirement of the load. The UVLO PSS performance can
be improved by enhancing the PSS of the pre-regulator. Figure
6 shows the simulated output delay versus load capacitance. The
load capacitance is the gate capacitance of the switch that
connects or disconnects the battery from the load. The load
drive capability of the UVLO can be improved by incorporating
a buffer at the output of the circuit. The measured power
dissipation of the UVLO circuit is 36 uW during mode Z
operation, compared to the designed value of 34.5 uW.
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V. CONCLUSION

This paper presents a new CMOS UVLO circuit for power
management

circuit applications. The methodology of

designing the UVLO circuit has been described. The fabricated
UVLO circuit yielded circuit performance similar to the
designed goals.
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