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CMOS low-dropout regulator with 3.3 pA quiescent current
without off-chip capacitor
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Abstract: A CMOS ( complementary metal-oxide-semiconductor
transistor) low-dropout regulator ( LDO) with 3.3 V output
voltage and 100 mA output current for system-on-chip
applications to reduce board space and external pins is presented.
By utilizing a dynamic slew-rate enhancement( SRE) circuit and
nested Miller compensation (NMC) on the LDO structure, the
proposed LDO provides high stability during line and load
regulation without off-chip load capacitors. The overshot voltage
is limited within 550 mV and the settling time is less than 50 s
when the load current decreases from 100 mA to 1 mA. By using
a 30 nA reference current, the quiescent current is 3.3 pnA. The
proposed design is implemented by CSMC 0.5 pm mixed-signal
process. The experimental results agree with the simulation
results.
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ith the rapid development of system-on-chip designs,

‘ V there is a growing trend toward power-management
integration. Compared with switching regulators, LDOs can
provide low-noise and precision supply voltage with less
chip area and fewer off-chip components. Thus, on-chip and
local LDOs are widely utilized to power up sub-blocks indi-
vidually in battery-powered communication systems, which
can significantly reduce crosstalk and improve voltage regu-
lation. In addition, system-on-chip designs with on-chip and
local LDOs can significantly reduce both board space and
external pins. However, the conventional LDO needs a large
output capacitor to lower the dominant pole for stability con-
siderations, and this becomes the main obstacle to fully in-
tegrating LDOs in system-on-chip design.

Due to the emerging needs of the LDO without off-chip
capacitors for low-voltage mixed-signal systems, many re-
searchers have proposed a variety of advanced methods to
eliminate the off-chip capacitor. Leung et al. proposed a fre-
quency compensation method, a damping factor control, to
stabilize the LDO without off-chip capacitors'"' . Wang et al.
proposed a method using nested Miller compensation with a
feed-forward G, stage'”. Lam et al. proposed a method
using direct current feed-back'”'. The main aims of all the
proposed methods are: 1) To eliminate the off-chip capaci-
tor;2) To stabilize the feed-back loop;3) To improve load
regulation and transient response. However, the above meth-
ods cost a lot of quiescent current which is not suitable for
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low power design.

Based on the former study of low quiescent current
LDOs™™', a CMOS LDO that is targeted for CMOS system-
on-chip design is presented in this paper. Both the low qui-
escent current and the low overshot voltage are achieved due
to the dynamic SRE structure and the large capacitor which
is used in NMC.

1 Structure of Proposed Design

Fig. 1 shows the structure of the proposed design of the
LDO. In Fig. 1, A, is a folded differential amplifier with sin-
gle output, and A, is a source follower where a PMOS de-
vice is used as the input transistor; A, and A, form the error
amplifier( EA) together. M, is the power transistor, and resis-
tors Ry, and R, form the feedback networks. Block VREF is
a bandgap voltage reference which provides a 0.6 V refer-
ence voltage. Capacitors C,, and C_, form the nested Miller
compensation to stabilize the system loop. The dynamic SRE
block is added between the OPOUT node and the VOUT
node, and it provides an extra current, /., to charge the gate
capacitor of M, when the output current changes from heavy
load to light load. A 30 nA current reference'® is used in the
proposed design.
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Fig.1 The structure of proposed design of LDO

2 Dynamic Slew-Rate-Enhancement Circuits

Fig. 2 shows a novel SRE circuit which contains three
modules: a reference block, a differentiator, and an opera-
tion device M. With this topology, the expression of extra
current provided by the SRE circuit is

1
ISRE = ?MPCOX(T)M '

av 2
( VDD - vrel‘z - d(;UTCde - ‘ VTHP ‘) (1)

where V_, is the reference voltage of block VREF2.
According to Eq. (1), the SRE circuit is only sensitive to
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Fig.2 The topology of the SRE circuit

the changes of V;, and the DC magnitude of V,, will not
change the value of Ig.. Thus, this topology reduces the
complexity of bias circuits for SRE, and is suitable for the
LDO with programmable output voltage. With proper de-
signed magnitude for V_,, the voltage drop between the sup-
ply voltage and V_, is less than a threshold voltage; thus,
M is turned off to reduce the power consumption when V ;.
is stable. Then the quiescent current is saved. Moreover,
since V,; changes the most at the beginning of load regula-
tion, according to Eq. (1), the SRE circuit provides the max-
imum extra current at the same time which will push the
OPOUT node to higher voltage and reduce the output cur-
rent.

In order to clearly show the operation of the SRE circuit,
the SRE circuit is simulated. Fig. 3 shows the transient simu-
lation results of I, and V. In such a simulation, V, is
used as an input signal to the SRE circuit and is generated
by a piece-wise linear voltage source with three rising slopes
and one falling slope; a parallel resistor and capacitor net-
work is used as the load to Mg. As shown in Fig. 3, I, is
proportional to the changes of V., and equal to zero when
Vour 18 stable.
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Fig.3 V,ur and source-drain current of Mg

3 Load Transient Responses

Although the SRE circuit provides the maximum /. at the
beginning of load regulation, it still needs time to charge the
gate capacitor of M, and push the OPOUT node to a high
voltage. In order to prove the load regulation, the capacitance
of the Miller capacitor C,, increases to a comparable level
with the gate capacitor of M,. Since, in the low power de-
sign, the error amplifier has low unit-gain bandwidth, it can
be assumed that there is no output current from the error am-
plifier at the beginning of load regulation when an overshot
voltage V.. occurs at the VOUT node. According to the theo-
ry of charge conservation and capacitors connected to OPOUT
as shown in Fig. 4, it can be calculated that

V! % (Vs = Vo) =2
= + - ~ ~ -
OPOUT OPOUT out or)e i C
CmZ
Vorour + Vwerm (2)

where Vo, and Vg, are the node voltages of OPOUT and
VOUT before the beginning of load regulation; V., and
Vour are the node voltages after the beginning of load regu-
lation; and C, is the gate capacitor of M,. According to Eq.
(2), Vopour Will be pushed to a higher level immediately
when overshot voltage occurs at the VOUT node. Fig. 5
shows the node voltages of VOUT and OPOUT during the
load regulation. It can be seen that both voltages simultane-
ously increase.
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Fig.4 The capacitors connected to OPOUT during load
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Fig.5 The node voltages of VOUT and OPOUT during
the load regulation without SRE circuit. (a) The whole proce-
dure; (b) Details of rising part

Until V. becomes stable again, the source follower stops
to charge C,, and C,. As shown in Fig.5, this procedure re-
quires 120 s without the SRE circuit, since the maximum
output current of the error amplifier is 600 nA in this low
power design. With the cooperation of C,, and the SRE cir-
cuit, according to the experimental results, the overshot volt-
age is reduced to 550 mV, and the settling time is only 50

WS-

4 Nested Miller Compensation and Small Signal
Analysis

Since the off-chip capacitor has been eliminated, and a
large nested Miller capacitor and an SRE circuit have been
added to the error amplifier, the pole-zero distribution and
frequency compensation strategies are much more different
from the LDO with off-chip capacitors. As shown in Fig. 1,
the LDO can be viewed as a three-stage-amplifier with the
power transistor as the last stage. Fig. 6 gives the schematic of
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the core circuit of the proposed design, which includes the error
amplifier, the power transistor, NMC, feedback network and the
equivalent load capacitor and the resistor. Unlike the common
NMC strategy'”, the first capacitor, C,,, does not connect the
output of the first gain stage to the VOUT, but is placed
between the source of the cascade device M. and VOUT.
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Fig.6 The topology of the core circuit of LDO

By this method, the pole on VOUT has been pushed to a
higher frequency by g, R, times'™', where g, is the trans-
conductance of the cascade device, M...

Fig. 7 gives the small signal model of the circuit shown in
Fig. 6, where g, and R, are defined as the transconductance
and the output resistance of the i-th gain stage respectively;
g.. 1s the transconductance of the power transistor, and R,
and C, are the equivalent load resistor and the load capacitor
caused by the load of the LDO.
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Fig.7 The small signal model of the core circuit of LDO

Assume that C, and C,, are much greater than the
Iumped output capacitor of each stage, based on such a small
signal model and assumption, the transfer function is

C c.C
gmlgm2gmLR0]Rn2RL(1 _Sginﬂ_sz g gm]gmzR )
Apen(8) = o e (3)
(1 +5C, 8GRy RoR) [ 145 270 =802y 2 |
gngmL ngngmcRol
Besides, with an additional condition that g _, >g  and g.»» the transfer function is rewritten as
Cm" 2 le CmZ Cm2 2 Cm] CmZ
gmlgngmLRolRozRL(l -s— =5 ) l-s—-s
8o Bno8mi8mRo Boi  8m8m8mcRa
A (8) = ~ (4)
c. , C,LC sC,, N o o
(1+SCm1gm2gmLRolRu2RL)[1+s7+s ] [1+Sin+s —
m2 82 &m.8mc R 8mi Em 8m8m.&m Ko
According to the transfer function, there are two right- gml 18w _ 1 8u8m Ry
plane zeros and three left-plane poles. The poles and zeros (10)

are shown below:
The dominant pole

1
= (5)
Po Cri8m&m R RoR,
The nondominant poles
_8m
P=cn (6)
8. 8mc R
= 7
e (7)
Two zeros
EmL
- 8
= (8)
88k
g =S (%)

ml

According to the theory of multistage amplifier frequency
compensation'”’, in order to separate three poles, condition
GBW <p,/2 < p,/4 must be satisfied and this is achieved
by

S2c.54 ¢

When using this topology, the pole at the output will be
the nondominant pole. According to Eq. (7), the frequency
of this pole depends on the transconductance of the power
transistor and load capacitance. Larger transconductance and
smaller load capacitance result in higher frequencies of the
nondominant pole. Therefore, the worst case stability occurs
at zero load-current condition since the transconductance has
the minimum value (about 76 wA/'V, typically) when only a
current equalling Vo,/(Ry + Ry,) =1 pA drains from the
power transistor. AC analysis is done under this condition,
and simulation results are shown in Fig. 8. It can be seen that
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Fig.8 Open-loop frequency response of LDO
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there is a doublet above the unit-gain-bandwidth, and the ze-
ro of the doublet helps the phase margin reach 108°. Thus,
the loop is stable. In the proposed design, most of the set-
tling time is caused by limited charging current into the gate
of M, and C,,; thus, the affection of the doublet to the set-
tling time can be neglected in this application.

5 Results and Discussion

The proposed design of the LDO is implemented by
using a CSMC 0. 5 pm mixed-signal process. The chip oc-
cupies 0. 76 mm’ of area and consumes 3. 3 wA of quiescent
current. The microphotograph of the proposed LDO with a
dynamic SRE circuit is shown in Fig.9; most of the area is
invested in the 100 pF Miller compensation capacitor and
power transistor. The LDO is designed to provide a 3.3 V
output voltage with a maximum 100 mA output current and
a 200 mV dropout voltage. All the performance of the LDO
is measured without off-chip output capacitor, and Tab. 1
summarizes the performance of the proposed LDO.

Error
Amplifier

Bias & BG

Fig.9 The microphotograph of the proposed LDO

Tab.1 Summary of the performance of the proposed LDO

Parameters Value
Technology 0.5 wm CSMC
Chip area/m?* 927 x 819
Supply voltage/V 3.5t05
Quiescent current/ A <3.3

Dropout voltage 200 mV @ 100mA
Present output voltage/V 3.3
Error due to line and load changes/% < 0.39
550 mV @100 mA to 1 mA
load regulation
50 ps @100 mA to 1 mA

load regulation
56.6 dB @ 10 Hz
52.3dB @ 1 kHz

Overshot voltage
Settling time( the worst case)

PSRR(Vyy =5 V, Ioyr =100 mA)

The output voltage and quiescent current during the line
and load regulations are measured by Agilent 34411A 6.5
Digit Multimeter, and experimental results are shown in Fig.
10 and Fig. 11, respectively. Due to the 72.5 dB loop gain,
the total error of the output voltage caused by line and load
variation is just 0. 39% . Because of the dynamic SRE circuit
and the 30 nA current reference, the quiescent current re-
mains less than 3.3 WA during the line and load regulation.

The load and line transient response of the LDO are ob-
served by a Tektronix TDS5034B digital phosphor oscillo-
scope, and the experimental results are shown in Fig. 11 and
Fig. 12, respectively. Since the quiescent current is only 3. 3
WA, the overshot voltage and the settling time are larger
than that of Leung’s design'"'. Fig. 12 shows that the over-

shot voltage is less than 550 mV and the settling time is less
than 50 s during the load transient response. Fig. 13 shows
that the overshot voltage is less than 400 mV during the line
transient response.
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Fig.12 The output voltage of LDO during load transient response

6 Conclusion

A CMOS LDO, which needs no off-chip capacitor, based
on the architecture of a three-stage amplifier and NMC fre-
quency compensation, is presented. In order to satisfy the
low power requirement, a dynamic SRE circuit is used to
reduce the overshot voltage and the settling time, and only
3.3 pA quiescent current is used in the proposed design.
The behaviors of the SRE circuit and the Miller capacitor
C,,. theoretical analysis on the stability, and the experimen-
tal results are provided. The proposed LDO structure is ben-
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Fig.13 The output voltage of LDO during line transient
response. (a) Vi changes from 4 to 4.7 V; (b) Vyy changes
from4.7t04V

eficial for system-on-chip designs since it helps to eliminate
many off-chip capacitors while preserving high static-state,
frequency, and transient performances.
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