Edited by Foxit Reader
Copyright(C) by Foxit Software Company,2005-2Q07
For Evaluation Only.

A Capacitor-Free CMOS Low-Dropout Regulator
With Damping-Factor-Control Frequency
Compensation

Ka Nang LeungMember, IEEEand Philip K. T. Mok Senior Member, IEEE

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 38, NO. 10, OCTOBER 2003

Abstract—A 1.5-V 100-mA capacitor-free CMOS low-dropout  pole-zero doublet for load-regulation enhancement [2], and ca-
regulator (LDO) for system-on-chip applications to reduce board pacitance multiplication [3]. Heislegt al. proposed using a
space and external pins is presented. By utilizing damping-factor- DMOS power transistor [4]. Chevalerias al. proposed using

control frequency compensation on the advanced LDO structure, . . .
the proposed LDO provides high stability, as well as fast line and an nMOS power transistor with charge-pumped gate drive [6].

load transient responses, even in capacitor-free operation. The pro- The main aims of all the proposed methods are: 1) to enable low-
posed LDO has been implemented in a commercial 0.6m CMOS  voltage regulation; 2) to reduce slew-rate limit at the gate drive;
:e;:r}nology,f?rr:d thlt? atCtiVIet Chipd areta :_5 56&(;n| X 341 MT The and 3) to improve load regulation and transient response. How-
otal error of the output voltage due to line and load variations is i :

less than+0.25%, and the temperature cogffi_cient is 38 ppnf/C. ter\é?jré(t)r;fz %?ﬁ Ifg) 8 cs)'];aobl:ri‘t);tz\am[;a]g?ﬂ?g2;2)?/13:2\?;;;310;?;?@
Moreover, the output voltage can recover within 2us for full load- s L

current changes. The power-supply rejection ratio at 1 MHz is thatthere are limitations on the structure and frequency compen-
—30 dB, and the output noise spectral densities at 100 Hz and sation scheme of classical LDOs, especially for the low-voltage
100 kHz are 1.8 and 0.3§.V/+v/Hz, respectively. LDO designs. Moreover, the off-chip capacitor, which is the key

Index Terms—Damping-factor-control frequency compensa- for stability and high LDO performance, cannot be eliminated.
tion, loop-gain stability, capacitor-free low-dropout regulator  This off-chip capacitor is the main obstacle to fully integrating
(LDO), CMOS voltage reference. LDOs in system-on-chip designs.

As a result, I -
de-
I Solving the correlated tradeoffs on stability, precision,
OWER MANAGEMENT is necessary to reduce theynd recovery speed is the main challenge of capacitor-free
standby power of portable applications such as cellulabo design. In this paper, a CMOS LDO that is targeted for
phones and PDAs. The low-dropout linear regulator (LDQ3MOS system-on-chip designs is presented [8]. The circuit
[1]-[4] is one of the most popular power converters widelyrchitecture i< RGGTNNNGGEEEEEEEEson. and
used in power management. It is especially suitable for appti-provides a capacitor-free feature to eliminate the need of
cations that require low-noise and precision supply voltagggiky off-chip capacitor. Both fast load transient response and
with few off-chip components. With the rapid developmenigh power-supply rejection ratio (PSRR) are achieved due to
of system-on-chip designs, there is a growing trend towagge fast and stable loop gain provided by the proposed LDO
power-management integration. On-chip and local LDOs ag@ycture and damping-factor-control (DFC) compensation
utilized to power up subblocks of a system individually [S]scheme [9], [10]. The power pMOS transistor in the proposed
and this can significantly reduce crosstalk, improve the voltaggeyo operates in linear region at dropout, and hence, the
regulation, and eliminate load-transient voltage spikes fropaquired transistor size can be reduced significantly for the ease
the bondwire inductances. In addition, system-on-chip desig@sintegration and cost reduction. In addition, a novel CMOS
with on-chip and local LDOs can reduce both board space ajsltage reference based on weighted difference of gate—source
external pins significantly. voltages [11] enables full-CMOS implementation.

Due to the emerging need of high-performance low-voltage |n, this paper, a brief review i | R Os i be
LDOs for low-voltage mixed-signal systems, many researchejgen in Section II, and then the proposed LDO structure with
have recently proposed many advanced methods to improve tilec compensation will be introduced in Section IlI, where
performance of LDOs. Rincon-Mokt al. proposed current-ef- the stability conditions and circuit design considerations are
ficient voltage buffer [1], forward-biased power transistor [1lexplained in detail. Finally, the measurement results on some

important specifications of the proposed LDO such as line and
load transient responses, as well as PSRR, will be presented

Manuscript received January 6, 2003; revised June 9, 2003. The work viis Section V.
supported by the RGC Competitive Earmarked Research Grant, Hong Kong
SAR Government, HKUST6022/01E.
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Fig. 1. Structure of classical LDO. s 1) static-state specification; 2) dynamic-state speci-
fication; and 3) high-frequency specification. Line and load

. L . , regulations, as well as temperature coefficient, are regarded
PMOS transistor operating in saturation region, afeedback—g;s- static-state specifications, while line and load transient
sistor network, and a voltage reference. The structure is intrin]s sponses, as well as ripple ’rejection ratio, are dynamic-state
cally unstable because it has three low-frequency poles, Wh%bcificatiéns. The high-frequency specifi’cations are PSRR
are generated_ ?t the outpgts of LDO.’ the voltage bufer, alfq output noise. All specifications are correlated, and they
the error amplifier, respectively. Dominant-pole compensatiQn, o tadeoffs with the LDO stability when dominant-pole
with pole-zero cancellation scheme, which is achieved by t%mpensation with pole-zero cancellation is used.
off-chip capacitor and its equivalent series resistance (ESR), ine and load regulations are two important specifications
utilized for LDO stability [1}-{4], [7]. In addition, the design of that relate to the output-voltage accuracy. The dependences of
high-output-swing voltage buffer is critical to low-voltage LD line and load requlations are. respectivel ' iven by [1], [2]
design. Often, the voltage buffer is a source follower, which 9 » 1esp ¥: 9 YL
cannot provide a high output swing to fully turn on (for pMOS-
implemented source follower) or off (for nMOS-implemented | ine Regulation= AVour _ gmpTop 1 <AVREF>

source follower) the power transistor in low-voltage supply ef- AVin L, g AVix
ficiently. Approaches using depletion MOS transistor [4] and 1)
bipolar junction transisfcor (BJT) [1] cannot be realized in stan-| -4 Regulation= AVour ___Top )
dard CMOS technologies. Alour 1+ L,

The stability of classical LDOs based on dominant-pole com-
pensation with pole-zero cancellation can be studied in Fig.\®hereL, is low-frequency loop gain = Rr2/(Rr1 + Rr2),
The second polg, is cancelled by the zerg, created by the andg,,, andr,, are the transconductance and output resistance
ESR of the output capacitor. With a large output capacitance, ®iethe power pMOS transistor, respectively. From the above
LDO stability is achieved by locating; beyond the unity-gain equations, a high loop gain is required for a high-precision LDO
frequency of the loop gain to provide sufficient phase margiautput voltage, but the LDO stability is sacrificed when loop
However, when loop gain is too high; locates before the gain is too high. Thus, there is always tradeoff between preci-
unity-gain frequency, and an even larger output capacitancesign and stability.
required to retain LDO stability. Load transient response is critical when there is a sudden

Moreover, the power pMOS transistor in classical LDO mushange in load current, and a good load transient response
operate in saturation region due to the stability problem at difesults in minimal overshoot, as well as undershoot, and fast
ferentinput voltages. The change in voltage gain due to differggcovery time. In fact, the response time of an LDO, which
drain—source voltage is not substantial when the transistor gigpends on the slew rate at the gate drive of the power transistor
erates in saturation region [12]-[14]. However, if the transist@nd the loop-gain bandwidth, can be improved by a high
operates in linear region at dropout, the transistor will operagéew-rate voltage buffer and advanced frequency compensation
in saturation region instead as the input voltage increases. t&shnique. Yet, more static power consumption is required, and
mentioned previously, when the loop gain increases, the clg@minant-pole compensation cannot effectively provide a wide
sical LDO based on dominant-pole compensation may be uaop-gain bandwidth.
stable. Therefore, the power pMOS transistor needs to operat® SRR depends highly on both loop-gain bandwidth and ESR.
in saturation region throughout the entire range of input voltagén LDO with a good PSRR and line transient response results
so a large transistor size is required to provide a small saturatiora good ripple rejection ratio, which is vital for an LDO as a
voltage at the maximum output current. post-regulator of switching-mode power converter.
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Fig. 3. Structure of the proposed LDO with capacitor-free feature.

From the above discussions on classical LDO using donibO can, therefore, be achieved. In this section, the novel
nant-pole compensation, a high loop gain and a wide loop barhddO with DFC frequency compensation based on this novel
width are critical for the improvement of LDO performance, butlea is discussed.
static power consumption and stability are tradeoffs. Itis further The structure of the proposed LDO with DFC frequency
illustrated that classical LDOs cannot be applied effectively tompensation and a first-order high-pass feedback network is
system-on-chip designs due to the required large output capsttewn in Fig. 3. It is composed of a high-gain error amplifier,
itor for stability. Therefore, an advanced LDO structure with high-gain high-output-swing second stage, a power pMOS
advanced frequency compensation, which solves the traddodinsistor operating in linear region at dropout, a feedback
problems of classical LDOs, is presented in next section.  resistive network with first-order high-pass characteristic, a

CMOS voltage reference, and a DFC block with compensation
I1l. ADVANCED LDO STRUCTURE WITH capacitorsC,,; and C,,». The corresponding schematic dia-
DAMPING-FACTOR-CONTROL COMPENSATION gram is illustrated in Fig. 4, and the utilized circuit structure

From the previous discussion, the classical LDO suffers fro'cr)% :r;:t?os;:ade architecture, which is suitable for low-voltage

aosléasbg%%fr?éeen}é:tgsof?_?ﬁleg IsagiltjaenE:(:a:]r? d'g"gggﬁgﬁzc él'(pe resulting structure can be viewed as a three-stage ampli-
P ! ,arg pcap eﬁjer driving a large capacitive load, where the capacitive load is
for closed-loop stability. In fact, this problem can be solved b

o ; o ue to the power line in capacitor-free condition or due to the
pole splitting. However, classical two-stage-amplifier tOpOIOgéfff—c:hip capacitor. This structure can be stabilized using DFC
is not optimum since the power transistor cannot function 3,4 4uency com eﬁsation [9], [10], which is a pole-splitting com-
high-gain stage in dropout condition. The pole-splitting effect-J Y P ' ' P piting

is thus not effective and the output precision is also degrad gnsatlon especially designed for compensating amplifier with

Instead, an LDO can be viewed as a three-stage amplifier Wl%ge-ca_pacmve 'O?‘d- The DFC bl(?Ck is composed of a neg-
a P/e gain stage with a compensation capaditgy,, and the

the power transistor as the last stage. When using this aPProgsae piock is connected at output of the first stage. Another

as will be discussed later, the positions of the nondominan . . . . : .
compensation capacitdr,,; is required to achieve pole-split-

poles depend on the transconductance of the power tran3|%tr(1) | effect. The feedback-resistive network creates a medium-

and the output capacitance. The larger transconductance r%quency zero for improving the LDO stability. The analysis

smaller output capacitance results in higher frequencies ihis feedback network can be studied using Fig. 5, and the
the nondominant poles. Therefore, the worst case Stab”ﬁr%nsfer function is given by T

occurs at zero load-current condition as the transconductance
is minimum (about 5-10 mA/V, typically) when only a current v, (s) Rpo 14+ sCp1Rp
equaled toVour/(Rr1 + Rp2) = 1-5 pA drains from the v.(s)  \Rp1+Rpa) |14 sCr1(Rr1//Rr2) ]’
power tranS|sto_r. Advanced frequency compensanon t.e(j?r_om the above analysis, it is shown that one pplg &nd one
niques are required to generate a more effective pole-splittin

effect incorporated with pole-zero cancellation. The pushezéJro €) are created, ang andz; are, respectively, given by

®3)

nondominant poles can be cancelled more effectively by extra _ 1 @)
zeros at higher frequencies. The required passive components to br= Cr1(Rr1//Rr2)
generate the zeros can be much smaller, and the coupling noise 1

is, hence, reduced significantly. A stable and fast-response i CriRp1’ ®)
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Fig. 4. Complete schematic of the proposed LDO.

Cr1 uation, the DFC scheme provides a transfer function, which is

I
H i
ve given by
o—~— N\ YW
RF1 Rr2 T

O vx

Lo(cap) (S) |IOUT=0

L, (1+§> (1+§)

1+s (COUTRe+ C_qCOUT!]vnél)_i_SZ CgCOUT](l_i_%)

Cim19m29mp Im29mp
(6)

Fig. 5. Feedback-resistive network with first-order high-pass characteristic.— (1 4 )[
p1

The zero frequency is lower than the pole frequency, and this

zero, as will be discussed later, can be used to cancel the eﬁeﬁtere(? is the oate capacitance of the power bMOS transcon-
of nondominant poles created in the proposed LDO. In order {0 g 9 P P P

havez; < p;, Rr» should be much smaller thay . This im- uctance and,,4 is the transconductance of the DFC stage.

plies that the required reference voltage should be much sma ep cover

than LDO output voltage.
Due to the effective pole-splitting effect by DFC compensa- L, =((Rp2)/(RF1 + RF2))gm1Ro19m2Ro2gmpTop
tion, the nondominant-pole frequencies are high, and so the re- P1 = 1/Cm1BorgmaRozgmpTop
quiredCr; is small and is about 5 pF in the current design. Thidnd
capacitance can be easily integrated in CMOS technologies. In ,_ = 1/CovurR.
addition, the transient response will not be slowed dow@’py
because it is small and is connected at the LDO output. are the low-frequency loop gain of the proposed DFC scheme,
Due to the advanced LDO structure and compensatigie dominant pole, and the ESR zero, respectively, and
scheme, the proposed LDO is stable in the full range of 108g),,, g,..2, Ro1, Ro2, and R. are the transconductance of the
current when an off-chip capacitor is connected at the LD&ror amplifier, the transconductance of the second gain stage,
output. Better yet, it is also stable without a load capacit@ie output resistance of the error amplifier, the output resistance
from full load to a finite small output current. For differentof the second gain stage, and the ESR of the output capacitance,
modes of operation, the proposed LDO has different loop-gaisspectively.
transfer functions, and the details of stability are discussed inwhenIoyr = 0, the current drain from the power transistor
the following. isVour/(Rr1+Rr2), whichis less than 1-5A for low-power
LDO designs. Thereforeg,,,, is very small, and this causes the
effect of Cour R, in the s term at the denominator of (6) to be

A. Stability With Off-Chip Capacitor negligible. As a result, (6) is approximated to

The stability of the proposed LDO is studied for two case%
Iour = 0 andIpur # 0. Whenloyr = 0, the transconduc- o(cap) (8) [Tour=0
tanceg.,, and the output resistaneg, of the power pMOS is L, (1 + ;) (1 + %)
at the minimum and maximum, respectively. This is the worst oo oo .
case stability of the proposed compensation scheme. In this sit—(1 + pil) (1 T8 cilgijg:: +s7 giﬁ;::) (1 + %)

(7)
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Fig. 6. Loop gain (magnitude plot only and not in scale) of the proposed LDO structul@o(@ # 0 and/our = 0. (b) Cour # 0 andlour # 0.
(C) COUT =0 andIOUT # 0.

We compare the second-order function in (7) with a standahniyh frequency (several kilohertz) by the DFC schemeand

second-order function given by zy are at high frequencies. This implies that a low ESR, which is
5 2 the key to a better load transient response and PSRR, is required.
F(s)=1+s <_<> + <i> (8) Moreover,p; is designed to be higher than the unity-gain fre-
Pe Pe guency of the loop gain for a good phase margin.
where( is the damping factor angl. is the pole frequency of Whenthere is alittle increase of load current, as showniin (9),
the complex poles. The value pf is given by the complex poles will shift to a little higher frequency due to
the increase of.,,. The LDO is still stable since the pole-zero
Pe =,/ Im2Gmp (9) cancellation s still effective for pole-zero separation of less than
CyCour a half of a decade.
Now, the damping factor is given by When the load current increases significanily,, also in-
creases significantly and the second-order function at the de-
¢= 1 /CgCOUT % <9m4 ) . (10) nominator of (6) is altered. The transfer function in the case of
2 Im29mp Chnt Iour 75 0is given by
The damping factor is critical to the LDO stability. If the L, (1 n i)
damping factor is too small, a frequency peak occurs arB;j)(mp)(s)|IOUT;,$0 = il .
pole-zero cancellation by separated zeros is not effective. If (1 + pil) (1 + s%) (1 + ﬁ)
the damping factor is too large, the complex poles become ] (13)

two separated real poles and the loop-gain bandwidth will be _
degraded. Therefore, the damping factor is set t¢/2 as a In this case, the ESR zero has no effect since an ESR pole

compromise under the conditions that is created simultaneously. The LDO is reduced to a one-zero
three-pole system, where the new pple= (gmagmpRe)/(Cy)
Cot = gt 8CyCour (11) is created. As shown in Fig. 6(); can be used to cancg}
TN gmegme to make the system stable. As a remark, the low-frequency loop
and gain decreases apd shifts to a higher frequency singg, 7.,
is inversely proportional t§/Iour.-
Im4a = 4gm1- (12) y prop ouT
It is noted thatC,,, = C,1 is set for proper operation of theB: Stability Without Off-Chip Capacitor
DFC scheme [9], [10]. When the proposed LDO is used in system-on-chip designs

As shown in Fig. 6(a), the effect of the complex poles can hethout an off-chip capacitor, the LDO is also stable. There is
cancelled by, andz;. Since the complex poles are split to & minimum load current (about 1Q@A to 10 mA depending
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on design) such that the LDO is still stable. The output capac
itance comes from the power line, and the required minimun

load current is larger for a larger load capacitance. Under suc <+> s Ma*_o_l s
circumstance without the off-chip capacitor, ESR does not exis!

Moreover, the second and third poles are pushed to frequenci o
that are higher than the unity-gain frequency of loop gain due t —
2k gm v1

a largeg,,,. The transfer function is given by

Lo 1+ zi vo1——| M17 M18 |_4| M21 ‘—|Eﬂ22
Lo(capfree)(s) ~ ( ( f) : (14)
k

1+pi1)(1+pi/) 1 1

As shown in Fig. 6(c), pole-zero cancellation is automatically
achieved by:; andp,, and thus, the theoretical phase margin is
90°. However, parasitic poles and zeros will degrade the phade 9 Transconductance-boosting circuitry.
margin.

The simulated loop gain with and without an off-chir startup circuit blas ciroun

capacitor are shown in Figs. 7 and 8, respectively. From t =
results, the proposed LDO is absolutely stable under any oi '

—

VDD

ational condition with an off-chip capacitor, and it is also sti
with a minimum load current for capacitor-free condition. .
From the above discussion on stability, the proposed LD !
structure with the associated compensation scheme is cc ;
pletely different from the classical LDO. In classical LDO, th¢
power loss in the power transistor does not provide any benge :
to performance. However, in the proposed scheme, the pov !
used in the power transistor can further improve the LD |

RB

M1 M2

I I
| I

reference
core circuit

= {
w

stability and the loop-gain bandwidth. This, in turn, enhanc
the transient responses and PSRR, simultaneously.

The power transistor in the proposed LDO is much small
since it operates in linear region at dropout. The smaller si
results in a smaller gate capacitance. This helps to increase
frequencies of the nondominant poles and hence a better ¢
bility can be achieved. Moreover, the smaller gate capacitar
improves the slew rate at gate drive and a faster transient ——————— R ,
sponse can be obtained. =

The stability of the proposed LDO is not affected when the

. . Fig. 10. CMOS voltage reference.
supply voltage increases from dropout. When the input voltagg
increases, the operation region of the power transistor change N )
from linear to saturation region. The voltage g&jf,,7.,) cON- limit the slew rate at the error amplifier for low-power design
tributed by the power transistor increases and the whole loBpthe proposed LDO. _ _ _
gain increases. Since the first pole of the loop gain is given by The error amplifier of the proposed LDO is a simple dif-
p1 = 1/Crnt Ro1 gmaRoagmprap, the first polep; will shift to ferential pair with active load. The offset voltage due to the

a lower frequency automatically and the LDO stability can b@/Tor amplifier should be minimized since the temperature- and

maintained. supply-dependent offset voltage introduces additional errors to
The PSRR is effectively improved due to the wide loop-gaif€ LDO output voltage. _

bandwidth. When an off-chip capacitance is used, the required™0m (9), the DFC compensation scheme can be more ef-

ESR is much smaller than that in classical LDO. This, as melgctive when the transconductance of the second stage is large.

tioned before, also enhances the PSRR at high frequencies. Thus, & simple circuitry to boogt,., is utilized. The detail can
be explained using Fig. 9. The function of M17 and M18 is

to create a signal-v; from the input signab, and these two
signalsv; and—wv; are applied to M21 and M22, respectively.

In the schematic shown in Fig. 4, the error amplifier an@ith k-times current mirror, the effective transconductance is
the high-gain second stage are formed by M11-M15 aimtreased by2k times. The simple circuitry can enhance the
M21-M24, respectively. MPT is the power pMOS transistdbFC scheme to provide a wider loop-gain bandwidth. Since the
and MD1-MD7 form the DFC block with operation-point con-bias current is increased ldytimes, a push-pull output stage,
trol [10]. There are in total three on-chip capacitéts,, C,,», formed by M22 and M24, can charge and discharge the gate ca-
and Cr1, and the total value is less than 12 pF. This will ngpacitance more effectively during the transient responses.

Vref
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C. Circuit Design
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Fig. 11. Micrograph of the proposed CMOS LDO.

TABLE |

SUMMARY OF PERFORMANCE OFPROPOSEDCMOS LDO

Capacitor Free

With Capacitor

‘Technology

0.6-um CMOS

Threshold voltage

Vit = [Vinpl ~ 0.85V

Chip area 568 pm x 541 pm
Supply voltage 15t045V
Supply current 38 pA

Dropout voltage

200 mV@100 mA

Preset Output voltage 1.3V

Temperature coefficient 38 ppm/°C

Error due to line and load changes +0.25%

Settling time (worst case) ~2.0 us ~1.6 ps
PSRR -60 dB@10 Hz -60 dB@Q10 Hz
(Vin =15V, Ioyr = 100 mA) -60 dB@1 kHz -60 dB@1 kHz

-30 dB@1 MHz

-38 dB@1 MHz

Output spectral noise density

(Vin = 15 V, Ioyr = 100 mA)

1.8 pV/sqrt Hz@100 Hz

0.38 V/sqrt Hz@100 kHz

1.8 puV/sqrt Hz@100 Hz

0.02 pV/sqrt Hz@100 kHz

Bandgap voltage references are generally used in LDCE
design. Although there exists many low-voltage high-accu-¢
racy bandgap references [15]-[18], accurate modeling of thg 7.
parasitic BJT is required. In fact, a voltage reference car- |-
be implemented based on the principle of threshold voltage
difference [19]-[22], but additional fabrication steps are re- o
quired. To develop the whole LDO in CMOS technologies, the
utilized voltage reference is a CMOS voltage reference base
on the weighted difference of gate—source voltages [11]. Thu
concept is based on the differences in temperature coefficien

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 38, NO. 10, OCTOBER 2003
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lout = 100 mA : TN
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Fig. 12. Measured line and load regulations.
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Fig. 13. Measured temperature dependenc&at = 1.5 V (solid line:
Iour = 100 mA; dashed lineloyr = 0).

éncbui=51:oin=i : SN
T e

of threshold voltages of an nMOS and a pMOS transistor. The

schematic of the CMOS voltage reference is shown in Fig.

The reference voltage is given by

R
VREF = <1 + —1> Vasn — [Vaspl

Ry

(15)

10° 10° 10* 10°
Frequency (Hz)
1i09- 14.  Measured output spectral noise densifyiat= 1.5 VandIour =
100 mA.

A zero temperature coefficient of the reference voltage can be
obtained by an appropriate resistance rati®ef R, and tran-
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Fig. 15. Load transient responsedat = 1.5 V (a) 0 to 100 mA withC'oyr = 10 pF and ESR= 19 (b) 100 to 0 mA withCoyr = 10 uF and ESR= 1Q
(c) 10 to 100 mA withCoyr = 0 (d) 100 to 10 mA withCouyr = 0.
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Fig. 16. Measured line transient response Withy+ = 0. (@) Vin = 1.5t04.5 V. (b) Vin = 4.5t01.5 V.
sistor-size ratio, based on the theoretical analysis in [11]. Both IV. EXPERIMENTAL RESULTS

ratios are functions of device parameters and can be optimizedhe proposed LDO shown in Fig. 4 has been implemented in
on the circuit level. AMS (Austria Mikro Systeme Group, Austria) 0;6n CMOS
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Vout/Vin (dB)
Vout/Vin (dB)

Frequency (Hz) Frequency (Hz)
() (b)
Fig. 17. Measured PSRR &iy = 1.5 V. (@) Cour = 10 uF and ESR= 1. (b) Cour = 0.
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Fig. 18. Measured ripple rejection. @bur = 10 uF, ESR=1Q, andioyr = 0. (b) Cour = 10 uF, ESR=1 Q, andIoyr = 100 mA. (¢) Couyr =0
andiouyr = 1 mA. (d) Cour = 0 andioyr = 100 mA.

technology, which has threshold voltage of about 0.85 V. THe5 V and consumes only 38A ground current. The maximum
micrograph of the LDO is shown in Fig. 11, and the chip areautput current is 100 mA with a dropout voltage of 200 mV.
is 568:m x 541 m. The LDO is capable of operating down toTable | summarizes the performance of the proposed LDO.
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The measured line and load regulations are shown in Fig. I¢hile preserving high static-state, frequency, and transient
The total error of the output voltage due to line and load vanperformances. The simple structure and small chip area are
ations is just:0.25%. It is due to the high loop gain providecadditional advantages for on-chip local voltage regulators of
by the two high-gain stages. Moreover, as illustrated in Fig. 1Btegrated systems.

the measured temperature coefficient is 38 py@rfor both the
minimum and maximum load current.

The measured output spectral noise density of the proposed
LDO is shown in Fig. 14. There is no great difference at low
frequencies for the proposed LDO with or without an off-chip
capacitor, but the case with an off-chip capacitor shows a lower!]
high-frequency noise. Therefore, the proposed LDO without an
off-chip capacitor can be used for some digital and memory subqz]
blocks while an additional off-chip capacitor can be embedded
to power up some noise-sensitive analog subblocks. (3l

The measured load transient responses of the proposed LD@;
are measured under two conditions: with a;/#DESR= 1)
off-chip capacitor and capacitor-free condition. The case with 5]
an off-chip capacitor is shown in Fig. 15(a) and (b) while the
capacitor-free case is illustrated in Fig. 15(c) and (d). The load[s]
current changes between the minimum and the maximum for
both cases. Experimental results show that the proposed LD
can respond quickly within 0.bs and can recover to the preset
output voltage within 2us. This is due to the fast loop-gain
response provided by the DFC compensation and the fast sleW’!
rate at the gate of the power pMOS transistor. Moreover, thepg
fast response time is beneficial for reducing the overshoot and
undershoot, and a less than 150-mV deviation is recorded for
the worst case scenario. [10]

The measured line transient responses in the capacitor-free
condition are shown in Fig. 16. The supply voltage changes be-
tween 1.5 and 4.5 V in &s. The LDO responds immediately (1]
and recovers the output voltage.

In addition, the proposed LDO provides good performancdl2]
on PSRR at high frequencies. As shown in Fig. 17(a) an(illgl
(b), the LDO has at least 30 dB rejection ability at 1 MHz
when functioning with or without an off-chip capacitor. This [14]
good performance is important for the LDO as a post-regulato[r15]
of high-efficiency switching-mode power converters. Fig. 18
shows the proposed LDO with and without an off-chip capacitor
as a post-regulator of a buck converter. The input voltage rippl€®6l
is as large as 100 mV, and the LDO can suppress the voltage

ripple to about 7 mV.
[17]

[18]
V. CONCLUSION

A CMOS LDO, which has the capacitor-free feature, baseélg]
onthe architecture of a three-stage amplifier and DFC frequency
compensation, has been presented. The advanced structure, 3k
oretical analysis on the stability, and the experimental results
have been provided. The performance of the proposed LDO is
proven to be much better than the counterparts based on donfi?]
nant-pole compensation with pole-zero cancellation. 22]

The proposed LDO structure is beneficial for system-on-chi&
designs since it helps to eliminate many off-chip capacitors
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