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Abstract: A stable CMOS low drop-out regulator without an off-chip capacitor for system-on-chip application is presen-

ted. By using an on-chip pole splitting technique and an on-chip pole-zero canceling technique, high stability is achieved

without an off-chip capacitor. The chip was implemented in CSMC’s 0. 5pm CMOS technology and the die area is 600 m

X 480um. The error of the output voltage due to line variation is less than 0. 21% ,and the quiescent current is 39. 8 A.

The power supply rejection ratio at 100kHz is — 33. 9dB,and the output noise spectral densities at 100Hz and 100kHz are

1. 65 and 0. 89.V/ v/ Hz, respectively.
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1 Introduction

Low-dropout voltage regulators (LDO) have
demonstrated low noise, high-accuracy, and fast-
response. Therefore, they are widely used. Portable
electronic equipment including cellular telephones and
laptop computers increase the need for efficient volt-
age regulation to prolong battery life. On-chip and lo-
cal LDOs are used to power up sub-blocks of a system
individually, which can significantly reduce crosstalk,
improve the voltage regulation, and eliminate load-
transient voltage spikes from the bond wire induct-
ances. In addition, system-on-chip designs with on-
chip and local LDO can significantly reduce both
board space and external pins.

Researchers have proposed several approaches to
improve the performance of LDOs. Fan et al. inte-
grated a foldback current limiter into the error ampli-
fier', which makes a special current limiting circuit
unnecessary. Gupta et al. realized an LDO with a
high power supply rejection ratio (PSRR) over a
broad frequency spectrum'*
to cascade a pMOS pass transistor. Rincon-Mora
et al. discussed a way to optimize the pole-zero con-
figuration” and proposed a Miller-compensation
scheme to further improve the LDO stability'*'. Pedro
et al . placed a MOS transistor in parallel with a resis-
tor in the feedback network™ to make the output
voltage adjustable.

using an nMOS transistor

These works have effectively improved the per-
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formance of drop-out.quiescent current, PSRR,stabil-
ity ,and applicability. However, the off-chip capacitor
with certain equivalent series resistance (ESR),which
is the key factor for stability and high LDO perform-
ance,was not eliminated. This off-chip capacitor with
ESR must be strictly chosen and requires additional
pins and board space. Thus it is the main obstacle to a
fully integrated LDO in system-on-chip design. To
eliminate the off-chip capacitor, Leung et al. have
recently proposed a damping-factor-control frequency
compensation scheme™” . However, this scheme is too
complicated to work well under all process corners. In
this paper, we first propose another approach to sus-
tain LDO stability without an off-chip capacitor and
then discuss the stability. Finally, we present the
measurement results for important specifications such
as line and load regulation,as well as line transient re-
sponse.

2 Circuit design and theoretical analysis

A classical CMOS LDO is composed of an error
amplifier,a pMOS pass transistor,a feedback resistive
network and a voltage reference. The LDO of such a
structure has two poles under unity-gain frequency
(UGPF) . The high stability of the classical LDO is re-
alized by off-chip pole-zero compensation, which is
achieved by an off-chip capacitor along with its
equivalent series resistance™® . This implies that the
classical LDO cannot be integrated effectively into
system-on-chip design since it requires a large capaci-
tor for stability. Therefore, we introduce an on-chip fre-
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Structure of the proposed LDO

quency compensation scheme to solve this problem.
2.1 Circuit structure

The structure of the proposed LDO is shown in
Fig. 1.1t is composed of a high-gain error amplifier,a
high-gain high-output-swing stage,a pMOS pass tran-
sistor working in the linear region at dropout,a feed-
back resistive network,a CMOS bandgap reference,
and two on-chip capacitors C, and C; for frequency
compensation. The capacitance of the load capacitor
Co is very low and mainly from the parasitic capaci-
tor of the output wire and pad.

The resulting structure is as a three-stage ampli-
fier driving a capacitive load and a current load. The
pMOS pass transistor with a certain output resistance
can be taken as the third gain stage. The channel
length and width of the pass transistor are 0. 55 and
3000pm,respectively. Rincon-Mora placed a capacitor
between the input and the output of the second
stage'’’ to implement frequency compensation. Be-
cause the gain of a single stage cannot be very high,
the Miller compensation effect is not significant
enough. Here,the gain of the third stage can be used
to enhance the Miller compensation effect. There-
fore,the compensation capacitor C,, is placed between
the input of the second stage and the output of the
third stage.So the dominant pole p, in Fig. 2 decrea-
ses and the pole splitting effect is achieved.

Due to the pole splitting effect, the open-loop
bandwidth decreases and the transient performance
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Fig.2 Magnitude plot of the proposed LDO

degrades. To get a fast line and load transient re-
sponse and minimize the overshoots,another compen-
sation capacitor C; is used in parallel with resistor Ry
in a feedback network to provide a high frequency
bypass path for the loop gain'”. This capacitor creates
a pole-zero pair in the open-loop transfer function as
follows:
Ry % 1+ sCiRy

Ry + Ry 1+ sCi(Ry // Re)
This analysis shows that one pole p; and one zero

H:(s) = (D

z¢ are created. These two poles are given by

_ 1 + Rfl/RfZ
Pe = CiRy (2)
_ 1
Zy = 4CfR“ (3)

respectively. The frequency of z; is lower than the
frequency of p;.For a better compensation effect, Ry,
should be much smaller than Ry, . This implies that the
required reference voltage should be much smaller
than the LDO output voltage. The zero created by the
feedback network can also improve the PSRR per-
formance and guarantee the stability of the LDO with
an off-chip capacitor.

2.2 Stability analysis

Since there are four high impedance nodes in the
structure illustrated in Fig. 1,there are four poles. The
final open-loop transfer function. based on a small
signal equivalent circuit,is given by

ADC<1+1)
Z¢ 1
H(s) = C c,C %
1+ s g+S2g—O <1+i><1+i)
ng ngng pi b
4
in which
R,
Ape = gml}’Olgmzrozgmp”opRHTLR%2 )
by = 1 (6)

B 8 m2 rOngpropCerI

Here, Apc is the low-frequency gain, p; is the domi-
nant pole,and C, and g., are the gate capacitance and
the transconductance of the pass transistor, respec-
tively. gmi» &m2» Yo1» Fo2» and r,, are the transcon-
ductances of the first stage and the second stage, the out-
put resistances of the first stage and the second stage,and
the output resistance of pass transistor,respectively.

We compare the second-order function in Eq. (4)

with a standard second-order function given by
2
F(s):1+s2—§+(i) (7
pc pC
where ¢ is the damping factor and p. is the frequency
of complex poles. Therefore, p. and ¢ are given by

— /8m28mp
De A/Cgco (8
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Fig.3 Diagram of CMOS voltage reference

_ 1 /Cigm
£=5 2w Co (9

The damping factor is critical to the LDO stabili-
ty. If the damping factor is too small, a frequency
peak occurs and pole-zero cancellation by separated
zeros is not effective. If the damping factor is too
large, the complex poles become separate poles and
the loop bandwidth will degrade.

Since g, is large and Co is very small, p. is high-
er than UGF. Therefore, as illustrated in Fig. 2, there
are two poles p;. p; and one zero z; under UGF. So
the phase margin is 90" in theory. Simulation results
show that the phase margin ranges from 86" to 92" un-
der five process corners, = 10% supply voltage varia-
tion,and temperature from —25 to +80C .

When the LDO works with a large load capaci-
tor,the frequency of complex poles goes low accord-
ing to Eq. (8),and the UGF goes below p;. Since the
large load capacitor and its ESR creates a zero z.,
there are three poles (p; and two complex poles) and
two zeros (z¢,z.) under UGF. Therefore,the LDO is
also stable with a large load capacitor.

2.3 Bandgap reference

The diagram of the bandgap voltage reference in
CMOS technology is shown in Fig. 3. Here, the pnp
transistor is realized with the vertical parasitic p-n
junction in CMOS technology. The output reference
voltage is given by

Vit = Vs T 2.77Vy %

1

(10)

in which, v,s has a negative temperature coefficient
and V; has a positive temperature coefficient. Choo-
sing an appropriate value for R, and R achieves zero
temperature coefficient for V.

An important issue in supply-independent biasing
is the existence of a degenerate bias point™® . In the
circuit shown in Fig. 3, MOS transistors M0, M1, M2
carry zero current when the supply is turned on and

Fig.4 Test board with packaged chip

may remain off indefinitely because the loop can sup-
ply a zero current in every branch. To solve this prob-
lem,a start-up circuit is drives the bandgap reference
out of the degenerate bias point when the supply is
turned on.

3 Fabrication and measurements

The LDO has been implemented in standard
0.5pm CMOS technology from CSMC (Wuxi, Chi-
na). The die area (not including pads) is 600pm X
480pm. The chip was tested without an off-chip ca-
pacitor and a photo of the test board is shown in
Fig. 4.

The measured line regulation with different load
currents is given in Fig. 5. As illustrated in the figure,
the LDO is capable of operating from 4 to 7V, which
covers a wide range of the typical battery voltage. A
drop-out voltage of 200mV at a 40mA load current is
achieved. The quiescent current is 39. 8y A, which is
sufficiently low for typical low-power applications.
The line transient response of the supply voltage from
4.5 to 5.5V and the load transient response of load
current from 1 to 40mA are also measured,and the re-
sults show that no oscillation occurs. The step re-
sponse of the supply voltage from 0 to 5V is shown in
Fig. 6. The figure indicates that the setup time of the
output reference voltage is about 8ms. The perform-
ance of the LDO is summarized in Table 1.
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Fig.5 Output voltage with respect to input voltage with differ-
ent load currents
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4 Conclusion

In this paper,a capacitor-free CMOS low-dropout

regulator for system-on-chip design is designed and
implemented in CSMC 0. 5pm CMOS technology. The
on-chip pole splitting technique and on-chip pole-zero

cancelling technique are used to achieve high stability
without an off-chip capacitor. This LDO also features
high PSRR and low output noise spectral density.
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