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Abstract: The peak voltage depending on the load current can be affected by the external capacitors
installed in the output stage of the LDO regulator. However, the capacitor-less LDO regulator
proposed in this study was applied a current driving buffer structure between the output stage of
the error amplifier and the path transistor. Therefore, the proposed LDO regulator maintained a
stable output voltage regardless of the load current by controlling an effective over-
shoot/undershoot voltage. In addition, the proposed LDO regulator has a built-in LVTSCR based
on the ESD protection circuit. As most IC circuits are malfunctioned and destroyed by the ESD
phenomenon, the reliability was verified through the built-in ESD protection circuit of the pro-
posed LDO regulator. The proposed LDO regulator with the current driving buffer structure can
effectively control the peak voltage. As a result of the measurement, the undershoot voltage of 22
mV and the overshoot voltage of 19 mV were maintained when the load current of 250 mA was
provided under the conditions of 3.3 V to 4.5 V and the output power voltage of 3 V. The proposed
ESD protection circuit is also guaranteed to function at temperatures as high as 500 K.

Keywords: capacitor-less LDO; ESD protection; load transient response; current buffer structure;
SCR based ESD protection; LDO regulator; high reliability LDO regulator

1. Introduction

The reliability and stable voltage supply in integrated circuits are indispensable.
Reliability must be guaranteed to operate normally due to the external environment and
Electrostatic Discharge (ESD) phenomenon along the high integration of the semicon-
ductor process. If the destruction of IC occurs because of the ESD situation, the stable
operation of IC may not be guaranteed. Therefore, the output voltage must be provided a
constant voltage regardless of the load voltage or current. As the weight of mobile de-
vices is decreasing day by day, the size of the battery is getting smaller, but the power
consumption of the battery tends to increase continuously. In particular, it is impossible
for mobile devices to operate normally without a supply of stable power. Therefore, the
power in a battery with a limited capacity must be continuously managed by a power
management integrated circuit (PMIC). The Low Drop-Out (LDO) regulators are an in-
dispensable component for IC management [1-7]. In addition, the LDO regulator with
low noise and stable voltage drive is an important factor to consider in the circuit design.
The voltage and the load current of a LDO regulator must be controlled to provide the
output voltage required in the various blocks, as shown in Figure 1. However, the load
current required by the system may be rapidly increased or decreased by the
non-uniform input. Therefore, it is essential for the LDO regulator to provide a stable
peak voltage regardless of the load current. The peak voltage formed steadily by the
LDO regulator can affect the adjacent systems. Therefore, the LDO regulators must al-
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ways provide a constant output voltage regardless of load current [8-10]. Also, the con-
ventional LDO regulators used to achieve this purpose have large external capacitors. Of
course, the presence of an external capacitor affects the stability of the LDO regulator due
to the output voltage varying with the load current. However, the LDO regulator, which
has replaced the function of the external capacitor with a chip, has great advantages in
the view of economy and space utilization. In order to take advantage of them, studies
are being actively conducted to effectively implement the function of the LDO regulator
without an external capacitor. This study was carried out to propose a current-driven
buffer structure that can effectively control the peak voltage generated by mobile devices
without an external capacitor. Conventional LDO regulators typically control the mo-
mentary changes in the load current into the single feedback. However, the proposed
LDO regulator has added the feedback loop to effectively control the peak voltage in
response to the load current. In other words, the LDO regulator can be effectively con-
trolled at the output node by additionally supplying or discharging the current through
the feedback loop according to the instantaneous change in the load current. Namely, the
LDO regulator with an additional feedback loop can control the load current by the gate
node of the pass transistor. Therefore, the proposed LDO regulator was designed to
supply and discharge the current through an additional feedback path with the current
driving buffer structure [11-17]. IC circuits of miniaturized and highly integrated semi-
conductor devices cannot be operated normally by the electrostatic discharge (ESD). The
ESD is released by direct contact with a machine or human body and causes damage and
malfunction through the external pins. Therefore, it is essential to consider the ESD pro-
tection circuit. Diodes are widely applied because they have a very simple structure and
are easier to implement than other ESD protection circuits. However, recently, it has been
determined that SCR with a current driving capability superior to the diode is suitable as
an ESD protection circuit of an internal IC because of the high integration of semicon-
ductors and the fineness of the process. The reason why diodes are not mainly used as an
ESD protection circuit is that the turn-on voltage of the diode is very sensitive to tem-
perature, and thus is vulnerable to temperature. In addition, the diode with a certain area
has poor current driving capability. In order to solve these problems, the proposed ESD
protection circuit is embedded in the proposed LDO regulator to ensure high reliability
due to the high integration of semi-conductors and process refinement. The ESD protec-
tion circuit proposed in this paper is a Low Voltage Trigger Silicon-Controlled Rectifier
(LVTSCR) ESD protection circuit that has improved the conventional Silicon-Controlled
Rectifier (SCR) structure. The LVTSCR ESD protection structure has improved electrical
properties to effectively prevent ESD surge at a low voltage. The proposed LDO regula-
tor has built in an LVTSCR-based ESD protection circuit to secure the high reliability of
the IC circuit [18-24]. The proposed LDO regulator using the current driving buffer
structure was secured reliably by applying ESD surge to POWER CLAMP and I/O
CLAMP, and then the output voltage was verified.
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Figure 1. PMIC (Power Management Integrated Circuit) block.

2. The Proposed LDO Regulator with ESD Protection Structure
2.1. Current Driving Buffer Structure

Figure 2 shows a proposed LDO regulator with a current driving buffer structure.
The proposed LDO regulator has a current driving buffer structure to provide additional
feedback paths depending on the load current. The output node of the LDO regulator
must always supply a stable voltage regardless of the load current. As shown in Figure 3,
the current driving buffer structure has the function of increasing the voltage of the
output node while decreasing the voltage of the pass gate node for an undershoot state in
which the output voltage drops. Thereby, the output voltage reduced by the load current
can be increased. Therefore, an additional current discharge path may be formed at the
gate terminal of the pass transistor. In addition, the proposed LDO regulator provides
additional current to the output nodes through MOSFET detection. The result is a current
path that can effectively supply and discharge the additional current in an undershoot
condition. The current driving buffer structure has a function of increasing the gate node
voltage of the pass transistor while decreasing the rising voltage due to the load current
for an overshoot condition in which the output voltage increases as shown in Figure 4.
Thereby, the rising voltage due to the load can be reduced. Therefore, an additional cur-
rent supply path was formed at the gate terminal of the pass transistor. In addition, the
proposed LDO regulator discharges the additional current to the output nodes through
the MOSFET detection. The capacitor-less LDO regulator without an external capacitor is
essentially exposed to peak voltage occurred by the change in load current. The over-
shoot and undershoot conditions occur due to the instantaneous change of the load cur-
rent. Since the presence of an external capacitor can control the output voltage by the
load current applied to the LDO regulator, a system must be configured to provide ad-
ditional current to operate reliably in the load current range of the capacitor-less LDO
regulator. The capacitor was noticeable when the output voltage changed with the load
current. As a result, the proposed LDO regulator was designed as a system to replace the
capacitor by providing an additional current path in the given load current range. As a
result, the proposed LDO regulator obtained a current path capable of effectively sup-
plying and discharging additional current and maintaining a stable voltage under over-
shoot and undershoot conditions. And also, it can be confirmed that the proposed LDO
regulator also formed additional feedback paths at the output node and at the gate nodes
of the pass transistors in response to changes in the output voltage.
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Figure 2. Proposed LDO Regulator.
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Figure 3. Current Driving Buffer Structure with undershoot in the proposed LDO regulator.
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2.2. LVTSCR-Based ESD Protection Structure

Figures 5 and 6 show a cross-section of the proposed ESD protection circuit and an
equivalent circuit diagram. The proposed SCR-based ESD protection circuit is designed
based on the existing LVTSCR. In addition, it is formed on the deep N well to block the
P-type leakage path. The addition of the P-well region and the P+ implant to the left of
the N-well region was conducted, and the N+ implant was formed to the right. The P+
implant region on the left supports the forward junction of the P-well and N-well junc-
tions, and the N+ implant region on the right has the effect of increasing doping concen-
tration and lowering the element trigger voltage at the avalanche breakdown point. In
addition, the MOSFET structure was inserted in the same way as LVTSCR, and the base
region of the parasitic NPN bipolar transistor (Q3) was minimized by adjusting the gate
length. The operating principle of the proposed ESD protection circuit is as follows. First,
during normal operation, the protection circuit does not operate normally due to the re-
verse junction of the N+ bridge area on the center-right and the P-well area on the right.
When the ESD surge is applied, the electronic current increases the N-well potential and,
when the threshold is reached, causes an avalanche breakdown between reverse junc-
tions and produces the electron-hole pair. Among them, hole current enters the negative
terminal through the P-well area on the right, increasing the potential of the P-well. The
parasitic NPN bipolar transistor (Q3) is illuminated when the potential applied to Rp2
reaches the forward bias of the P-well and N+ cathodes on the right. This parasitic NPN
bipolar transistor (Q3) supplies the base current of the parasitic PNP bipolar transistor
(Q2), and finally the parasitic NPN transistor (Q1, Q3) turns on in turn. Therefore, three
parasitic bipolar transistors (Q1-Q3) are operated to form a positive feedback loop and
effectively discharge ESD current. An additional parasitic NPN bipolar transistor (Q1)
exists in the discharge path, as seen in the proposed equivalent circuit, increasing the
voltage of the proposed ESD protection circuit and significantly increasing the holding
voltage. Therefore, the proposed ESD protection circuit has a surface-facing current path
compared to the conventional LVTSCR, and the relatively high current gain NPN bipolar
transistor can minimize the increase in dynamic resistance and robustness deterioration
due to the increase in current discharge length. Therefore, an additional NPN bipolar
transistor Q1 is used to provide lower on-resistance characteristics. It is designed to be
optimized for the 3.3V application, the minimum operating voltage of the proposed LDO
regulator [25-35].

Anode Cathode

Figure 5. LVTSCR-Based ESD Protection Structure.
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Figure 6. Equivalent circuit of SCR-based ESD protection structure.

3. Simulation Result

Figure 7 shows the simulation results of transient response characteristics of the
proposed LDO regulator. The LDO regulator with the current driving buffer structure
was provided with an additional feedback path in accordance with the change in the in-
stantaneous load current, ensuring a stable output power voltage. Through simulations,
the proposed LDO regulator kept an undershoot voltage of 20 mV and an overshoot
voltage of 17 mV in accordance with a load current of 250 mA. As shown in Figure 8, it
was confirmed that the current driving buffer structure supplies and discharges current
like a switch according to the instantaneous generation of the load current.

Proposed LDO Regulator

302
3.016
3.012

3.008
3.004

3.000
2.996
2.988

Output voltage | V |

2.982

2.978

AVout =20 mV

AVout=17 mV

Load current | mA |

I, =0 mA ~ 250 mA

Figure 7. Results of simulation of transient response characteristics of the proposed LDO regula-

tor.
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Figure 8. Simulation on the performance of the current supply and discharge path operated in the
current driving buffer structure according to variation of load current.

If an undershoot voltage occurs with a load current of 250 mA, the current driving
buffer structure is operated through feedback. A generation of undershoot voltage means
that the current of the pass transistor is increased by the reduction of the voltage of the
gate node of the pass transistor. The proposed current driving buffer structure provided
an additional current discharge path to the gate node of the path transistor. At the same
time, the output node of the proposed LDO regulator is provided a supply current path
that can effectively increase the output voltage. When an undershoot voltage occurs, the
current driving buffer structure is ensured a gate node current discharge path of a path
transistor of 42 A and an output node current supply path of an LDO regulator of 57
HA. In addition, the generation of the overshoot voltage means that the voltage of the
gate node of the pass transistor is increased by the reduction of the current of the pass
transistor. The proposed current driving buffer structure is provided an additional cur-
rent supply path to the gate node of the path transistor. At the same time, the power
terminal of the proposed LDO regulator is provided a current discharge path that can
effectively reduce the power voltage. When an overshoot voltage occurs, the current
driving buffer structure is ensured a gate node current supply path of a path transistor of
64 HA and an output node current discharge path of an LDO regulator of 51 pA. The
current driving buffer structure is provided the additional supply and discharges current
to the path transistor and the output node. The proposed LDO regulator with the current
driving buffer structure can be provided the additional supply or discharge paths of the
driving current of 99 pA for undershoot and 115 pA for overshoot. The magnitude of the
additional supplied and discharged current is in pA, so it may feel small. This is because
the undershoot/overshoot situation is caused by an instantaneous change in load current.
Namely, when undershoot occurs, if the voltage applied to the gate node of the pass
transistor has a lower voltage, the current flowing into the pass transistor is effectively
increased. Accordingly, the output node of the LDO regulator is supplied with the re-
quired current. When an overshoot occurs, if the voltage applied to the gate node of the
pass transistor may have a higher voltage, the current flowing into the pass transistor is
effectively decreased. Even in this condition, the output node of the LDO regulator keeps
the required current. The proposed LDO regulator with the current driving buffer
structure is selectively supplied or discharged the additional current to two nodes com-
pared to the required current. In addition, since the path transistor of the proposed LDO
regulator is a very large-sized device, it is designed to effectively control the high current
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by the additional current driving buffer structure. As a result, it is confirmed that the
proposed LDO regulator stably kept the output power supply voltage regardless of the
instantaneous change of large load current.

4. Measurement Result

Figure 9 shows the chip layout of the proposed LDO regulator with the current
driving buffer structure. The manufactured chip dimension of the proposed LDO regu-
lator is 479 x 343 um. In addition, the damage and destruction of the semiconductor in-
tegrated circuit may occur because more than a few amperes of current are received in a
short time from the ESD phenomenon. To prevent this, the ESD protection circuits are
embedded in the POWER CLAMP and I/O CLAMP of the proposed LDO regulator.
Consequently, the high reliability characteristics of the proposed LDO regulator were
ensured by protecting the internal circuit from ESD and discharging the ESD current.

& A

Bandgap %%e Current

'2E Deiving
—Structure
I

SCR Based
ESD Protection, —

Figure 9. Chip layout of the proposed LDO regulator.

Figure 10 shows the measurement results of transient response characteristics of the
proposed LDO regulator. A stable voltage change is kept by equalizing the output volt-
age of the LDO regulator according to the load current. It was confirmed that it had an
undershoot voltage of 14 mV and an overshoot voltage of 12 mV when a load current of
100 mA occurred. As shown in Figure 11, undershoot voltage of 19 mV and overshoot
voltage of 15 mV were ensured at a load current of 200 mA. In addition, as shown in
Figure 12, a small undershoot voltage of 22 mV and a small overshoot voltage of 19 mV
were ensured even with a large load current of 250 mA. The current driving buffer
structure generated additional current supply and discharge at the gate node of the path
transistor and the output node of the LDO regulator. The undershoot/overshoot voltage
depending on the load current may cause a major problem in the system of the LDO
regulator, so a stable output power voltage shall be ensured. As a result, it was verified
that the proposed LDO regulator has a stable peak voltage through the additional cur-
rent supply and discharge paths through the current driving buffer structure, even with
a large load current.
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Figure 10. Load transient of the proposed LDO regulator (Load = 100 mA).
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Figure 11. Load transient of the proposed LDO regulator (Load =200 mA).
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Figure 12. Load transient of the proposed LDO regulator (Load =250 mA).
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Figure 13 shows the measurement results of load regulation kept by continuously
increasing the load current up to 250 mA in the proposed LDO regulator. It was con-
firmed that a change of 7 mV occurred in the load current range of 0 mA to 250 mA in
the proposed LDO regulator. It was verified that the proposed LDO regulator with the
current driving buffer structure has a stable output power voltage despite the constant
increase of the load current.

I I L I | I I I
3.5 +——— —%— Current Driving Buffer Structure LDO Regulator I

3“ B O O AAALA‘.‘. W R W AAAL
- VeV LOPOVRORRVR IV RO ROV TY
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2.5

20 AVout =7 mV

A
W

1.5

Output Voltage [V]

1.0

] [ Jidaa= 0 mA ~ 250 mA
0.5

0.0
0 30 60 90 120 150 180 210 240 270 300 330

Load Current [mA]

Figure 13. Load regulation of the proposed LDO regulator.

Figure 14 shows the measurement results of input control kept by continuously in-
creasing the input voltage range from 3.3 V to 4.5 V in the proposed LDO regulator. It
was confirmed that the voltage change of 12 mV occurred in the input voltage range of
3.3 V to 4.5V in the proposed LDO regulator. The LDO regulator with the current driv-
ing buffer structure has a stable output power voltage value despite the continuous in-
crease of the input voltage. In addition, the input voltage range of the proposed LDO
regulator was set at a line not exceeding 15 mV.
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Figure 14. Line regulation of the proposed LDO regulator.

Figure 15 shows the quiescent current of the proposed LDO regulator. In mobile
applications, low-voltage LDO regulators are often used. Therefore, the management of
low quiescent current it is essential to effectively improve the life of a mobile device. The
proposed LDO regulator secured a quiescent current of at least 47 pA and up to 49 pA.
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Figure 15. Quiescent current of the proposed LDO regulator.

In addition, Figure 16 shows the measurement result for evaluating the temperature
characteristics of the proposed LDO regulator. The recommended operating junction
temperature for LDO regulators is —40 °C to 125 °C. It was validated that the output
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voltage of the proposed LDO regulator changes only 3.8 mV in the temperature range of
—40 °C to 140 °C.

3.00417
3.00378 = Current Driving Buffer Structure LDO Regulator '
3.00339
3.00300
3.00261
3.00222
3.00183
3.00144
3.00105
3.00068
3.00027
2.99988
2.09949
2.99910

Output Voltage [V]

AVout =3.8mV
299874 Temp = -40°C~140°C

2.99832
i L
2.99793 | > =

2,99736
-40 -30 20 -10 o 10 20 30 40 50 60 70 BO 90 100110120130140

Temp. [C]

Figure 16. Temperature characteristics of the proposed LDO regulator.

Figure 17 shows the measurement results using Transmission Line Pulse (TLP) to
confirm the electrical properties of SCR, LVTSCR, and the proposed ESD protection cir-
cuit. The design window of the proposed ESD protection circuit was set between 3.66 V
of +10% margin of an operating voltage and 12.5 V of the gate-oxide breakdown region in
the 0.18 um BCD process. Thus, an ESD design window formed in which the operating
voltage of the proposed LDO regulator is 3.3 V. As a result of the measurement, the
trigger voltage of 9.14 V and the holding voltage of 4.55 V were observed. In addition, it
was confirmed that the parasitic NPN bipolar transistor with a high current gain has a
secondary breakdown current It2 with about 7 A due to the operation. Therefore, it was
confirmed to have a higher retention voltage and a lower trigger voltage compared to the
conventional SCR and LVTSCR.
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Figure 17. TLP I-V curve of proposed ESD clamp.

Figures 18 and 19 show the results of the thermal reliability evaluation at high
temperatures (300 K-500 K) of the proposed ESD protection circuit. The thermal reliabil-
ity was evaluated by a hot chuck controller, and I-V characteristics were measured by
TLP. The high-temperature characteristic is very important because it affects the ESD
protection circuit and the electrical characteristics of It2. In addition, the decrease in car-
rier mobility and the increase in well resistance components due to temperature rise are
important factors affecting the electrical and sensitivity characteristics of the ESD protec-
tion circuit. As a result of the measurement, the proposed ESD protection circuit kept a
holding voltage of 6.2 V (safety margin of operating voltage + 10% or more) at a temper-
ature of 500 K, has It2 value 5.1 A and HBM 6 kV (calculated from It2 x (1500 + Ron)), and
its excellent robustness was verified.
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Figure 19. Secondary trigger current and on-resistance (300 to 500 K)

Table 1 shows the circuit structure of the LDO regulator and the results of various
types of measurements. Although there will be design variables and various environ-
mental factors, it has been verified that the proposed LDO regulator can provide a stable
output voltage even with large load currents compared to the results of other researchers.
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Table 1. Performance summary and comparison with reported prior study.

Thi
Measurement [ 2] 3] 7] 81  [12] [14] 18
Work
Technology (um) 035 013 035 0.35 035 013 013  0.18
Supply Voltage(V) 3.3 2.7 1.2 3.3 2.5 1.2 1.2 3.3
Output Voltage (V) 2.9 25 1 3 235 1 1 3
Load Current: Ivax 100 100 200 100 50 100 250
(mA)
Quiescent Current 55 7 i 147 7 4 0.7 49
(HA)
Load Transient (loso ) - 45 100 236 140 76 2
Rising) (mV)
Load Tr.answnt (Itoap 160 ) 4 110 27 80 198 19
Falling) (mV)
Load Regulation - 100 42 45 8 10 10 7
(mV)
Line Regulation (mV) - 20 3 34 1 30 16.6 12
COUT (pF) 100 22x106 100  1x105 0-100 400 0-1x105 100
Year 2016 2013 2007 2010 2020 2019 2020 2022

5. Conclusions

This study was carried out to propose an LDO regulator with the transient response
characteristics improved by adding a current-driving buffer structure to the feedback path of
an existing LDO regulator. Thereby, the proposed LDO regulator can effectively control the
peak voltage varied according to the load current. It was confirmed that the node between
the pass transistor and the output node of the error amplifier improved the transient re-
sponse characteristics of the LDO regulator by supplying and discharging the current ac-
cording to the load current. Consequently, it was confirmed that the proposed LDO regulator
maintained an undershoot voltage of 22 mV and an overshoot voltage of 19 mV at the load
current of 250 mA. Namely, since the proposed LDO regulator with a current driving buffer
structure provides a feedback path operated selectively for additionally supplying and dis-
charging a driving current, it was verified that the proposed LDO regulator with a current
driving buffer structure designed to additionally form a new feedback control path instead of
the existing feedback loop can effectively control the peak voltage regardless of the change of
load current. The performance of the proposed LDO regulator was evaluated in comparison
with existing studies, as shown in Table 1. Since the blocks installed at the LDO regulators
are applied to the various load currents, the LDO regulator proposed in this study is judged
to be a suitable system that can easily respond to these requirements. In addition, stability
and reliability are also some of the most important issues in ICs. The proposed LDO regula-
tor has a built-in high-performance ESD protection circuit in I/O stage and power line. It was
verified that the proposed LDO regulator bypasses the high voltage surge by ESD and
maintained excellent current driving capability, stable power supply, and high reliability.
The ESD protection circuit with the new SCR-based structure has excellent thermal reliabil-
ity. In addition, the ESD protection circuit provides a suitable solution for high-temperature
characteristics and low voltage applications above HBM 6 kV.
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