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Abstract

An analog-assisted digital low dropout regulator
(AAD-LDQO) is proposed to solve the problems of a slow
transient response and a large output ripple in a
conventional digital LDO. In AAD-LDO, a fast-response
auxiliary analog LDO is added to the digital LDO in
parallel. Compared with the digital LDO, the measured
AAD-LDO in 180nm CMOS reduces the transient
response time and the output ripple by 59% and 28%,
respectively, at the same current efficiency of 97.1%.

1. Introduction

The number of on-chip voltage converters is increasing,
because recent SoC’s require a lot of power supply voltages.
A low dropout regulator (LDO) is a reasonable choice for
the on-chip voltage converters, because LDO requires no
off-chip components. The low power SoC’s require a low
input-voltage LDO with the low quiescent current (Ig) (=
supply current for a controller in LDO) [1]. A digital LDO
[1-5] achieves the low input-voltage operation with low I.
Problems of the digital LDO, however, are a slow transient
response and a large output ripple. In order to solve the
problems, an analog-assisted digital low dropout regulator
(AAD-LDO) is proposed.

2. Problems of Conventional LDO’s

Fig. 1 shows a conventional analog LDO. The current
efficiency (n) of the analog LDO is low due to high I in the
operational amplifier. Fig. 2 shows a conventional digital
LDO [1]. In the digital LDO, the current efficiency is high
by low Ig in the controller and the comparator, though the
transient response is slow and the output ripple is large. In
order to reduce the transient response time, high frequency
clock (CIk) is required, which increases I and decreases n
[2-3]. In order to reduce the ripple, the unit gate width
(Wynir) of the power transistors is reduced and the number
(n) of the power transistors is increased. The increased n,
however, increases Iy and decreases m. Therefore, a new
circuit is required to reduce both the transient response time
and the ripple without decreasing n.

3. Proposed Analog-Assisted Digital LDO (AAD-LDO)
Fig. 3 shows a concept of the proposed AAD-LDO. In
AAD-LDO, a fast-response auxiliary analog LDO is added
to the digital LDO in parallel. Fig. 4 shows a detailed
schematic of the proposed AAD-LDO. In AAD-LDO, the
digital LDO is main and the analog LDO is auxiliary,
because Wanarog < Whpigitar. The digital LDO slowly
controls the output voltage (Voyr) with a coarse digital

voltage step. In contrast, the analog LDO quickly controls
Vour with a fine analog voltage control. By operating both
the digital LDO and the analog LDO simultaneously in
parallel, AAD-LDO reduces both the transient response time
and the output ripple.

4. Measurement Results and Discussion

Both AAD-LDO and the digital LDO are fabricated in
180nm CMOS. In AAD-LDO and the digital LDO, the
digital LDO part is the same and only AAD-LDO has the
analog LDO. Fig. 5 shows the chip microphotograph and the
layout of AAD-LDO. The total chip area 1.2mmx0.5mm.
The core area of the digital and analog LDO is
200umx170um and 30umx50um, respectively. Table I
shows a performance summary of AAD-LDO. The
fabricated AAD LDO achieved the 1.2-V input voltage and
0.95-V output voltage with 99.6% current efficiency and
14.2-pA quiescent current at 3.4-mA load current.

Figs. 6 and 7 shows the measured n dependence of the
transient response time and the peak-to-peak ripple of Voyr,
respectively, in the conventional digital LDO and the
proposed AAD-LDO. The input voltage is 1.2V, Vgyr is
0.95V, and the load current is 3.4mA. The reference voltage
(Vrgr) is changed from 0.8V to 0.95V and the response time
of Vour is measured at the load resistance of 270Q2. The Clk
frequency is varied from 1MHz to 14MHz in the digital
LDO, while the bias current of the operational amplifier is
varied from I1pA to 15puA in AAD-LDO at the Clk
frequency of 1MHz. Compared with the conventional digital
LDO, the proposed AAD-LDO reduces the response time
from 40us to 2.4us by 94% and from 4.4pus to 1.8us by 59%
at n of 99.6% and 97.1%, respectively. Fig 8 shows the
measured waveforms of Vygr and Vour at m of 99.6%.
Similarly, AAD-LDO reduces the ripple from 10.8mV to
7.8mV by 28% at 1 of 97.1% as shown in Fig. 9.
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Fig. 1 Conventional analog LDO.
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Fig. 2 Conventional digital LDO [1].
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Fig. 3 Concept of proposed AAD-LDO.

0.5mm

=256pm
Fig. 4 Detailed schematic of proposed AAD-LDO. Fig
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Table | Performance summary of AAD-LDO. o 30 o ’ < 12
CMOS Technology 180 nm g 20 DIg(I:ta:]\I;DO £ 10
Active area 0.036 mm?2 o 10k (Conv.) o
Clock frequency 1 MHz S -94% 2 8
Input voltage 1.2V § 5 s 6 AAD-LDO
Output voltage 0.95V Z 5 '59%J AAD-LDO v 3 A - |
Maximum load current 11mA 8, (Proposed) o9 g (Proposed)
Nominal load current (1) 3.4mA 2] r——o—o—‘ Fig.8(b) 2F
Output capacitor 10 nF (Off-chip) g 1 1 1 1 1 J 0 1 1 1 1
Quiescent current @ |, | 14.2 pA - 242 pA 95 96 97 . 98 99 100 95 96 97 - 98 99
Current efficiency @ I, | 93.3% - 99.6 % Current efficiency [%)] Current efficiency [%]
Fig. 6 Measured transient response time Fig. 7 Measured output ripple vs.
vs. current efficiency. current efficiency.
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Fig. 8 Measured transient waveforms of Ve and Vg at ny of 99.6%.

(a) Conv. digital LDO. (b) Proposed AAD-LDO.
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Fig. 9 Measured output ripple waveforms at 1 of 97.1%.
(a) Conv. digital LDO. (b) Proposed AAD-LDO.
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