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Abstract: A high-accuracy, low-dropout (LDO) voltage regulator is presented. Using the slow-rolloff frequency

compensation scheme,the LDO effectively overcomes the stability problem, facilitates the use of a ceramic capaci-

tor,and improves the output voltage accuracy, which is critical for powering high-performance analog circuitry.

The slow-rolloff compensation scheme is realized by introducing three pole-zero pairs,including the proposed pole-

zero pair and sense zero. The post-layout simulation results demonstrate that this LDO has robust system stability,

a high open-loop gain,and a high unit-gain frequency, which lead to excellent regulation and transient response

performance. The line and load regulation are 27;:V/V and 3. 78,V/mA ,and the overshoots of the output voltage

are less than 30mV,while the dropout voltage is 120mV for a 150mA load current.
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1 Introduction

The low-dropout (LDO) voltage regulator is
a vital part of an electronic system. One of the is-
sues in LDO design is to maintain system stabili-
ty[lj
performance, the conventional equivalent series

. Besides degrading the load transient response

resistance (ESR) frequency compensation tech-
nique relies heavily on the ESR value of the out-
put capacitor,which is not properly specified and
varies with temperature®’. The commonly used
Miller compensation scheme, however,is not effi-
cient for LDOs because of the large variance of
the load impedance and the output capacitor of
the LDO"™/.

Another issue is to improve the line/load reg-
ulation and transient response performance,which
requires high DC open-loop gain and unit-gain
frequency (UGF). Although the internal zeros
were introduced in Refs. [4,5], they are still not
sufficient for the requirements mentioned above.
Furthermore,in order to generate these zeros, an
extra quiescent current is required.

To circumvent these difficulties, the LDO
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presented in this paper employs the slow-rolloff
67 This scheme not only
enhances the stability effectively, but also aids in
the design of a high-gain,high-accuracy LDO. The
slow-rolloff compensation topology is realized by
three pole-zero pairs, including a proposed sense

compensation scheme

zero and a novel pole-zero pair. The sense zero
can replace the conventional ESR zero and make
the use of a low ESR ceramic output capacitor
possible. Since it is embedded in the differential
input stage of the error amplifier, the pole-zero
pair generation circuit does not consume any addi-
tional power.

2 Pole-zero pair and sense zero gener-
ation circuit

The proposed pole-zero pair generation cir-
cuit is shown in Fig. 1(a). In this figure, V, is the
output voltage of the differential input stage, V;/2
and — V;/2 are the differential input signals,
while R and C function as pole-zero pair genera-
tion components.

Figure 1 (b) presents the small-signal model
of this circuit, where Cu; and Cyy are the gate-

(©2007 Chinese Institute of Electronics
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Fig.1 (a) Pole-zero pair generation circuit; (b)
Small-signal model

drain parasitic capacitances of M3 and M4, while
gm ~ &ms and g, ~ g are the transconductances
and output conductances of transistors M1~ M4.
C, and C,; are the parasitic capacitances from
node V; and V, to ground,respectively.

The transfer function is given by Eq. (1).
Here, the following approximations have been
made: gm = gm2 s 8ms = &3 &mR>1;C>Cp s Cpe s
gm3 RngS 5 Cpl ’ sz > ngs ’ ng4 .
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Fig.2 (a) ESR zero generation circuit; (b) Sense ze-
ro generation circuit
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The zeros in Eq. (1) are given below:
ngS

0T T+ guRIC @
_ 1+ gme
wzz — 7ch1 (€))

Under the conditions of C,,/(gw + 8u) >C/gm
and C>g.; RC,, ,the poles in Eq. (1) become:

wp — 7gozg 8ot 4)
p2

wp2 — % (5)
_ 1

wp3  — 7RCP1 (6)

The required pole-zero pair is composed of

— 4 —)+ s?
g2 T 8ot 8m3 (goz + gofi)gm:s

Cn,C ,  CnCRC, D
(8o + 8o1) &ms
the zero wz and pole wp, . When g3 R =7,the fre-
quency of the zero wz is 4 times lower than that
of the pole wp, . Thus, the phase shift of the feed-
back loop can be effectively reduced at specific

frequency ranges.

This pole-zero pair generation circuit has
three advantages: First, the circuit realization is
simple and only needs two passive components;
Second,although embedded in the differential in-
put stage,these components do not change the DC
operation state of the input stage; Third, no extra
quiescent current is needed, which is critical for
portable electronic applications.
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Fig.3 Circuit implementation of the LDO core
Figure 2 gives the ESR zero and sense zero /\, 1 (1
: L . . wz1 =2
generation circuits. The former is the convention- (R gm/&m + Risr) Cou
al structure, while the latter is the topology pro- If R gm/gmn>Resrthen wz reduces to:
posed in this paper. Mp is the power transistor, 1 (12)

Mps is the sense transistor, while g, and g, are
the transconductances of Mp,Mps. Vs Vous Vi
are the power transistor gate control voltage, the
output voltage and the feedback voltage, respec-
tively. The output capacitor C,, and associated
ESR.and the lumped load resistance R, are also
included.

In Fig. 2(a) . the transfer function from V.

to Vg is characterized by two zeros and two
poles:

1
. = 7
wzs3 Rfle ( )

_ 1
wa RESR Coul (8)
® — Rfl + RfZ + RL (9)

" (Rfl +Rf2)RLC0ut
Ry + Ry

= ——= 10
@ = R.R,C, (10)

In Fig. 2 (b),the resistor R, senses the drain
current of Mps, while the feedback capacitor C;
not only forms another pole-zero pair with the
feedback resistors Ry . Ry . but also senses the
drain voltage of Mps and helps to generate a sense
zero. In the corresponding transfer function of
Fig. 2 (b),with the assumptions of g,>>gun; Rn>
R;(Ry +Rp)? RiCo>Ru Ry (Ry + Ry + Ry)
X Ci and Ry C; > (R €ms/8&m T Resg) Cous the
sense zero wy can be approximated to:

2 (Rogm/gm) Cou

The other zero and poles are the same as that
shown in Eqgs. (7,9,10).

The aspect ratio of Mp is 1000 times larger
than that of Mps. The current cross R, (3000 in
this design) is 150 A under a full load (the cur-
rent across Mp is about 150mA) , thus the voltage
drop on R, is small (45mV). Therefore, the Mps
has almost the same operational state as Mp,
which means that g,=1000g,.

Under this condition, the sense zero with
R.gm/gm equals 300m{) and has the same function
as the ESR zero with the ESR value of 300mQ. In
other words, the sense zero can replace the ESR
zero, which facilities the use of low-ESR (typically
less than 50mQ) , low-cost, and compact ceramic ca-
pacitors and improves the load transient responses.

The current in Mps flows to the load, thus the
sense-zero generation circuit does not increase the
power of the LDO.

3 Circuit and layout realization of the
LDO

The circuit diagram of the LDO core is
shown in Fig. 3. It contains the first gain stage
(consisting of MO~ M4, R, C), the second gain
stage (consisting of M5~M&8) ,and the sense zero
generation circuit (which also is the third gain
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stage of the LDO). Based on the topology presen-
ted in Ref. [8], the bandgap circuit provides the
reference voltage and bias current for the LDO
core. The reference voltage (V,y) of 0.3V is
adopted because it is suitable for low supply volt-
age applications and required by the slow-rolloff
compensation scheme.

3.1 Stability and accuracy improvement

Besides the zeros wz ~wz and poles wp ~ wes
mentioned above,other poles of the LDO are giv-
en by

1
L (13)
_ 1
B R[Z Cfb
Here. R 4y s Coue are the output resistance and the
lumped parasitic capacitance of the node Vg,
while Cy, is the lumped parasitic capacitance of

QEY)

wp7

the node V4, to ground,which is mainly composed
of the gate-source capacitance of the transistor
M2.
Dominant-pole compensation scheme in-
volves a dominant pole (the output pole wp ) »s0
any additional poles potentially degrade the phase

(451 " This scheme has three drawbacks.

margin
First,the pole wps is usually located in the UGF,
thus a compensation zero is necessary. However,
an accurate pole-zero cancellation is difficult to a-
chieve because wps is highly variable relied on the
operational region of the power transistor Mp,
which is determined by the load conditions and
the supply voltage. Second, the internal pole wp
should be at a significantly higher frequency than
the UGF, which restricts the achievable UGF and
loop gain. Third, high dc gain and high UGF can-
not be achieved simultaneously because of the sin-
gle-pole roll-off characteristic.

In such cases, slow-rolloff compensation of-
fers a valuable option. A dominant half-pole,
whose magnitude rolls off as the square root of
frequency and whose phase lag is 45" ,is approx-
imately implemented by the pole wps and three
pole-zero pairs. The first pole-zero pair is
achieved by zero wz; and pole wps » the second is
wz and wp s while the third is wz; and we; . In addi-
t10N s wyzs » wps » wza » wp1 » wz1 and wp, distribute alter-
nately with an almost constant frequency ratio 4.
The phase lag of this dominant half-pole is 457,
while the in-band output pole wp; contributes at
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Fig.4 Comparison of slow-rolloff and dominant-pole
compensation

most a 90" phase lag,so that the worst-case phase
margin of the proposed LDO is 45°.

The UGF of the slow-rolloff compensation
LDO can be well above the internal pole wp » be-
cause this pole is included in the pole-zero pairs.
The primary advantage of the proposed LDO is
that high loop gain and high UGF can be obtained
at the same time. As shown in Fig. 4,compared to
the dominant-pole compensation (curve 1), the
slow-rolloff compensation (curve 2) achieves a
much higher loop gain (especially at DC and low-
frequency, which is critical for improving regula-
tion performance) and a higher UGF (which
translates to fast transient response). Curve 3 has
the same DC gain as curve 2, but at the cost of po-
tential instability.

The high-frequency poles wp; »wp; and zero wz,
can be ignored because they are well above the
UGF of the LDO.

3.2 Layout implementation of the whole LDO

Figure 5 shows the layout of the whole LDO,
which includes the LDO core, the power tran-
sistor,the bandgap reference, the current limiter,
and the overheat protector.

During layout design, the device matching
and the impact of device parasitic capacitance on
circuit performance were taken into considera-
tion. For instance, the capacitor C; used in the
LDO core is realized by a polyl-poly2 capacitor,
whose lower electrode is connected to node Vi,
which is not sensitive to the parasitic capacitance.

4  Post-layout simulation results of
the LDO

The LDO was simulated using HSPICE and a
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Fig.5 Layout of the LDO

commercial 0. 5pm CMOS double poly mixed-sig-
nal process model from CSMC Technologies Cor-
poration. The supply voltage (V) varies from
1.8 to 5.5V, and the output voltage is 1. 5V. C,y,
=1uF,R,=300Q, Rn =480kQ, Ry, =120kQ, C; =
10pF. R =180kQ, C =1pF.

4.1 Frequency responses and phase margin

Figure 6 presents the frequency response
characteristics of the LDO at V,, =1.8V and Vi,
=5.5V,respectively, while Rgsg = 0. The UGF is
located in the range of 306kHz~3. 13MHz when
I, varies from 1 to 150mA ,while the phase mar-
gin is better than 45" for all cases.

Figure 7 gives the phase margin versus load
current curves of the proposed LDO at supply
voltages of 1. 8V and 5. 5V. An R range of 0 to
0.3Q was used in the simulation, which is suffi-
cient to account for the Ry variance of the mul-
tilayer ceramic capacitor.
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Fig.6 Frequency response curves of the LDO at V;,,
=1.8V and 5.5V
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Fig.8 PSR characteristics of the LDO at Vi, =2.5V,
Vou =1.5V

The phase margin is higher than 45" at the four
extreme cases, which demonstrates that this com-
pensation scheme is valid over the entire load cur-
rent range and suitable for the use of a ceramic
output capacitor.

4.2 Power supply rejection (PSR) characteristics

The PSR characteristics of the LDO are given
in Fig. 8. The supply voltage is 2. 5V, which corre-
sponds to the PSR test condition of Vi, = V, +
1V.The PSR values are higher than 93,85,66,55,
and 42dB at DC, 1kHz, 10kHz, 100kHz and
1MHz, respectively.

4.3 Load transient response

Figure 9 shows that, when the load current
changes between 0 and 150mA in 5us, the over-
shoot and undershoot of the output voltage both
are less than 30mV.

1501
< 100f
= 50F
~ O 1 1 1 1
0 40 80 120 160 200
Time/ps
1.53F
Z 151 /\__
N 1495
]4‘7 1 \f 1 1 1 1
0 40 30 120 160 200
Time/ps

Fig.9 Load transient response of the LDO at V;, =
1.8V. VW =1.5V
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Table 1
sults

Summary of the post-layout simulation re-

Technology CSMC 0. 5pm CMOS

Va0, 75V, Vi — 1. 02V

Threshold voltage

Chip area 1100pm X 900m
Supply voltage range 1.8~5.5V
Output voltage range 1.5~5.2V

Ground current 32.5pA
Output current range 0~150mA

Output capacitor 1uF or above ceramic capacitor
120mV@150mA, Vo = 1.5V
70~100dB
27uV/V@ I g = 150mA
3.78uV/mA@ Vi, = 1.8V
< 30mV
93dB@DC.42dB@1MHz

Dropout voltage

DC open-loop gain

Line regulation

Load regulation
Overshoot & Undershoot
PSR @V, =2.5V

Table 1 summarizes the performance of the
LDO. A dropout voltage of 120mV is achieved at
the 150mA maximum load current. Owing to the
high open-loop DC gain guaranteed by the slow-
rolloff compensation, the line and load regulation
are only 27, V/V and 3. 78, V/mA.

5 Conclusion

The design of a high-accuracy LDO based on
a slow-rolloff frequency compensation scheme is
presented in this article. Besides the detailed de-
scription of the proposed pole-zero pair and the
sense zero,the stability analysis and the method of

accuracy improvement of the slow-rolloff com-
pensation LDO have been given. The post-layout
simulation results confirmed that this LDO is
highly-stable under various supply voltages, ESR
values,and load conditions. In addition, excellent
line/load regulation and transient response per-
formances can be achieved. This paper offers a
novel approach for achieving pole-zero pairs
without increasing the quiescent power.
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