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Abstract—A 3-5V 50mA CMOS low Drop-out (LDO) linear
regulator with a single compensation capacitor of 1pF is
presented. The circuit realization is well-studied and developed
with respect to the loop-gain response, the transient response,
the output noise, the output accuracy, as well as the standby
power consumption. The proposed LDO regulator is
implemented in the AMI 0.6um CMOS process, the active layout
area is 541 x 320 pm. The experimental results show that the
maximum output load current is SOmA and the regulated output
voltage is 2.8V. The regulator provides a full load transient
response less than SmV overshoots and undershoots. Moreover,
it provides a power supply reject rate better than -65dB and an
output noise of 0.02 uV/sqrt Hz at 100 kHz.

Index Terms—Low drop-out, low-voltage regulators, CMOS,
linear regulator, Miller compensation, power supply circuits,
regulators.

I. INTRODUCTION

The demand for the low-voltage, low drop-out (LDO)
regulators is increasing because of the growing demand of
portable electronics, i.e., phones, pagers, laptops, etc.
Meanwhile low-dropout regulator has demonstrated its low
noise high-accuracy and fast-response performance, and
thereby is widely utilized to power up advanced analogue and
radio-frequency integrated circuits. The required regulator also
has to have a small active area, a small dip at the output
voltage.

Recently, LDO design has become more and more
challenging due to the increasing demand of high-performance
LDOs, of which low-voltage fast-transient LDOs are
especially important [3]. Methods to improve the classical
LDO structure have been proposed. [3]—[5]. However,
structural limitation, which is the main obstacle to
simultaneously achieving stability, high output-voltage
accuracy and short response time, still cannot be overcome.
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For the sake of good understanding theoretical knowledge,
gaining hand-on experience for whole processes of analog IC
custom design and academic interests, the LDO regulator has
been chosen as the final project for the course of Analog and
Mixed — Signal IC Design. The design is based on variety of
the state-of-the-art published structures [3]-[15], and designed
experimental result can achieve proposed specifications.

Through theory studying and models comparison, the
limitation of the classical LDOs is mainly due to the
associated single pole-zero cancellation scheme, in which an
off-chip capacitor with a high equivalent series resistance (
ESR) is required to achieve low-frequency pole-zero
cancellation. [3]—[10]. The resultant lop gain is not
sufficiently high to achieve good line and load regulations and
the loop-gain bandwidth is also not sufficiently wide for short
response time [3], [11], [12]. In addition, the required high
ESR introduces undesirable large overshoots and undershoots
during load transient response [3], [11], [12]. Further
improvement on the classical structure is difficult and hard to
implement as a course final project. Therefore, to achieve
good specifications, a novel LDO with a very simple circuit
structure is employed in this project—the structure, whit a
double pole-zero cancellation scheme and a linearly operated
power PMOS transistor at dropout to enhance the loop-gain
response. The design provides good performances but the key
feature settling time, which are an expensive trade-off and also
an interesting topic left to be explored further in the future.

II. PROPOSED LOW-DROPOUT REGULATOR

A. Structure and schematic design

The structure of the proposed LDO is shown in Fig. 1. It is
compose of a two stages OTA. The first stage, as in the
classical LDO, is the error amplifier to provide error signal for
voltage regulation. And the second stage is a common source
amplifier which has a high output swing. Due to the cascade



architecture, the loop gain depends on the products of the
voltage gains of the two gain stages. The high loop gain
provides good line and load regulations [4], [11], [12].

The circuit structures of the error amplifier and the second
gain stage are very typical two stages OTA. The circuit
schematic in Fig. 2 shows that the error amplifier is a
differential pair (M2 and M3) with active load (M4 and M5),
while the second gain stage is a common source stage (MO6)
with a bias-current source (M7). The output swing of the
second stage is much better than the source follower in turning
on or off the power transistor, and therefore this configuration
is suitable for low-voltage LDO designs. The current mirrors
(M1, M7 and M8) provide current sources for both stages.
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Fig. 1 Structure and circuit diagram of the proposed LDO

Fig. 2 Schematic View of the proposed LDO

The power transistor (MPT) is design to operate in linear
region at dropout. Although the voltage gain of the power
transistor is less than unity, the loop gain is not degraded due
toe the error amplifier and the second gain stage. A loop gain
of more than 60dB can be easily achieved in the proposed
design and is already sufficient for good line and load
regulations [12]. In the proposed design, for the good transient
response performance reason, the transistor size reaches milli-
meter or even centi-meter orders, which generate a bigger gate
capacitance. The slew rate at the gate of the power transistor
and the frequency response of the LDO are disadvantages for
the proposed LDO, which is a trade off for good line and load
regulation performance.

In Fig. 1 and 2, the voltage reference is chosen the widely-
used bandgap references voltage value. I, is chosen so that
the two-stage OTA and MPT work properly. And V;, works
from 3V to 5V, which is the proposed LDO’s regulating
range.

B.  Stability and loop-gain compensation analysis

The proposed LDO has three LHP poles which are created
at the LDO output (p,), the second-stage output (p,) and the
error-amplifier output (p;), respectively. The corresponding
pole frequencies can be expressed by
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where R,., and R,, are the output resistance of the first and
second gain stage, respectively, while C, and C, is the gain
capacitances of the second stage and the power transistor
operating in linear region, respectively. Since there are two
cascade gain stages to ensure a high loop gain, the gain of
each stage needs not be too high. As a result, both R,., and R,,
are relatively smaller than the output resistance of the error
amplifier in the classical LDOs.

The frequency compensation can be achieved by two pole-
zero cancellations. One LHP zero (z.) is generated by C,,;
and R, as given by
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while another LHP zero (zy) is created by the feedback
resistors and Cy; as give by
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This method makes use of the feedback resistor that must
be present in any LDO design to create the zero, and therefore
the additional chip area is only due to Cp. As the feedback
resistors are generally large to minimize the power loss at the
feedback resistors, the required Cp is very small. In the
proposed design, a Cp; of about 1pF is needed. The coupling
noise by the small Cy, is therefore negligible. Moreover, the
transient response is not affected as Cp is connected to the
LDO output. In fact, a LHP pole (p,) is created simultaneously
with z; and its position is given by
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From (5) and (6), zr <<p; when Ry<<Rp. This can be
achieved by using a small Vggr.
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Fig. 3 Loop gains of the proposed LDO at different conditions
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Fig. 4 Open-loop gains of the proposed LDO

at maximum V;, and maximum /,,,

Fig. 3 illustrated the stability of the proposed LDO at
different V;, and I,,,. At the minimum ¥}, (dropout condition)
and the maximum /,,, the proposed LDO is sable and ensures
that p, is beyond the UGF. When Vj, increases to the
maximum, the power transistor operates from linear region to
saturation region due to a larger drain-source voltage. The
output resistance of the power transistor increase, and
therefore the loop gain increases. The higher loop gain causes
a higher UGF. Stability is maintained when UGF < p; is
designed. For another extreme case, at the maximum V7, and
the minimum /,,, the dominant pole p," is at a very low
frequency and dominant-pole compensation is the most
efficient method to provide a stable LDO. It is noted that the

frequencies of p,, ps,ps Zes and zralmost remain unchanged
at the different 7V, and I,,. From the above discussion, the
proposed LDO should be stabilized at the designed maximum
Vi, and maximum /,, in order for the proposed LDO to be
perfectly stable at any operating conditions. The open loop AC
response simulation at maximum V;, and maximum I, is
shown on Fig. 4.

The output accuracy of the porposed LDO is high with
regard to the effect of the offset voltage since there are only
two pair of devices that requir good matching (M2-M3 and
M4 —-M5). The offset voltage due to large variations at the
errpr amplifier output, occurring in the classical LDOs, is
reduced in proposed LDO due to the gain stage formed by M6
and M7. As shown in Fig. 2, when there is a AV at the gate of
the power transistor due to the change of /,, , the change at
the error amplifier output is just a AVs; /A,,, where is the
vlotage gain of the second stage and is much larger than unity.
The variation of Vpgs is much reduced and so as the offset
voltage.

Due to the simple circuit structure, the output noise of the
proposed LDO is low. Moreover, there is no embedded
capacitor or resistor to create poles and zeros for stability
purpose, and therefore no coupling noise is imposed on the
error amplifier. Moreover, the output noise from the error
amplifier can be minimized by large g,,> and g,;.

III.EXPERIMENTAL RESULTS

The proposed LDO is designed in AMS (Austria Miko
System Group, Austria) 0.6-um CMOS technology, and the
threshold voltage is about 0.85V at room temperature. The
whole chip layout view is shown in Fig. 5, and the area is only

541 pm X 320 pm. The LDO is capable of operating from
3V to 5V, which covers a wide range of the typical battery
voltage. A dropout voltage of 200mV at a 50mA maximum
load current is achieved. Moreover, the utilized off-chip
capacitor is 100pF with a RSR of about 30mQ. Table 1
summarizes the LDO’s performance.

Owing to the high loop gain provided by the design
structure and extremely large size of power transistor, both
line and load regulations are pretty good. The measured line
and load regulation are 4mV/V and 2mV/mA, respectively.
The worst case measurements are shown in Fig. 6 and Fig. 7.
From the measurement, both overshoots and undershoots are
smaller than 5SmV. However, as discussed before, the trade off
for the good line and load regulations is the settling time of
full load changes. The huge width of power transistor, around
tens of mili-meters, makes the dynamic response of LDO
slow, effectively over 100 ps. This is a serious disadvantage
for the proposed LDO, which restrict the usage in high speed
area.

In addition to static-state and dynamic-state performances,
the LDO provides low output noise. The measured output
noise spectral density is 0.0239uV/sqrt(Hz) at 100kHz with
full load current. Moreover, the power supply rejection
(PSRR) is -60dB when operating at 3V.
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Fig. 5 Proposed LDO Full Chip Layout View

TABLE L SUMMARY OF MEASURED PERFORMACE
Technology AMS 0.6- pum CMOS
Threshold Voltage ~0.85V @ T=27°C
Chip Area 541 um X 320 pm
Supply Voltage 3Vto 5V
Ground Current 20pA
Output Current 0 to 5S0mA
Dropout Voltage 200mV @ 50mA
Present Output Voltage 2.8V
Line Regulation 4mV/V
Load Regulation 2mV/mA
Full Load Transient Response 150us

Output Noise

0.0239uV/sqrt Hz @ 100kHz

PSRR

-60dB @ Vin=3V
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Fig. 6 Measured Load Transient Response at V;, =3V
and 7,,~= 1 to 50mA
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Fig. 7 Measured Line Response at /,,,
and V;,=3to 5V

CONCLUSION

A low dropout liner regulation with a compensation
capacitor has been presented. The design is based on a simply
but advanced structure and a proposed double pole-zero
cancellation scheme. It achieves many published designs’
specifications. Experimental results show that the proposed
LDO has small overshoots and undershoot, excellent line and
load regulations, as well as low-noise output. However, the
proposed design has the disadvantage of slow load transient
responses. The designed LDO is suitable for powering up
low-voltage CMOS mixed-signal systems that require high-
precision supply voltage as well as low recovery speed. This
final design project is a great experience for learning
theoretical knowledge and gaining hand-on skills for whole
processes of custom analog and mixed-signal IC design.
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