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A Transient-Enhanced Low-Quiescent
Current Low-Dropout Regulator With
Buffer Impedance Attenuation

Mohammad Al-Shyoukh, Hoi Lee, Member, IEEE, and Raul Perez, Member, IEEE

Abstract—This paper presents a low-dropout regulator (LDO)
for portable applications with an impedance-attenuated buffer for
driving the pass device. Dynamically-biased shunt feedback is pro-
posed in the buffer to lower its output resistance such that the
pole at the gate of the pass device is pushed to high frequencies
without dissipating large quiescent current. By employing the cur-
rent-buffer compensation, only a single pole is realized within the
regulation loop unity-gain bandwidth and over 65° phase margin
is achieved under the full range of the load current in the LDO. The
LDO thus achieves stability without using any low-frequency zero.
The maximum output-voltage variation can be minimized during
load transients even if a small output capacitor is used.

The LDO with the proposed impedance-attenuated buffer has
been implemented in a 0.35-um twin-well CMOS process. The
proposed LDO dissipates 20-¢tA quiescent current at no-load
condition and is able to deliver up to 200-mA load current. With
a 1-uF output capacitor, the maximum transient output-voltage
variation is within 3% of the output voltage with load step changes
of 200 mA/100 ns.

Index Terms—Linear regulator, load transient response, low-
dropout regulator (LDO), pass device, power management inte-
grated circuits, voltage buffer.

1. INTRODUCTION

OWER management is essential in all battery-powered
P portable devices such as cellular phones and PDAs in order
to reduce the standby power and prolong the battery runtime.
Low-dropout regulators (LDOs) are one of the most critical
power management modules, as they can provide regulated
low-noise and precision supply voltages for noise-sensitive
analog blocks. With the widespread proliferation of modern
portable devices, ever more stringent performance requirements
of the LDO are needed. First, low dropout voltage across the
pass device of the LDO is required provide high power effi-
ciency. In addition, the increased level of integration in portable
devices not only demands the LDO to deliver high load current,
but also requires the no-load quiescent current of the LDO to be
minimized for improving the current efficiency [1]. Good load
transient response with small output-voltage variation including
overshoots and undershoots upon load switching is critical to
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prevent an accidental turn off or resetting of the portable de-
vice. These four major performance requirements of the LDO,
including low dropout voltage, high output current, low no-load
quiescent current, and small output transient undershoots and
overshoots are, however, difficult to achieve simultaneously.

In LDO design, the ability to source high load current while
achieving low dropout voltage requires the use of a large size
pMOS transistor as the pass device [1]. In addition to the
low-frequency dominant pole generated by the output capac-
itor, the large gate capacitance of the pMOS pass device creates
another low-frequency non-dominant pole within the unity-gain
frequency of the regulation loop, thereby degrading stability.
Different approaches have been reported to address this issue
[1]-[5]. In [1], an emitter-follower has been adopted as a
voltage buffer to drive the pMOS pass device. The low output
resistance of the emitter-follower allows the pole at the gate of
the pass device to be pushed beyond the unity-gain frequency
of the LDO regulation loop. The reported LDO dissipates low
quiescent current, while sourcing the maximum load current
of 50 mA [1]. However, if the LDO is required source a larger
load current (e.g., 100 mA or more), a much larger pass device
with larger gate capacitance is needed. The current dissipation
of the emitter-follower thus needs to be greatly increased to
further lower its output resistance at the gate of the pass device
for maintaining loop stability. Instead of dissipating large
quiescent current in the voltage buffer to achieve loop stability,
the approach of creating a low-frequency left-half-plane (LHP)
zero has been widely employed, which provides positive phase
shift to compensate for the negative phase shift due to the
low-frequency non-dominant pole [2]-[5]. The low-frequency
LHP zero can be generated by either adding a resistor in
series with the output capacitor (or the intrinsic equivalent
series resistor (ESR) of the output capacitor), namely ESR
zero [2]-[4], or relying on frequency compensation through
a voltage-controlled current source [5]. However, the exact
pole-zero cancellation within the unity-gain frequency of the
LDO regulation loop is difficult to achieve under the full range
of the load current. The incomplete pole-zero cancellation may
lead to instability of the LDO in the worst condition. Small
pole-zero frequency mismatch within the unity-gain frequency
can degrade the quasi-linear transient settling behavior [6],
[7] of the LDO upon load switching. Even worse, if the ESR
zero approach is adopted, the resistor leads to large output
overshoots and undershoots during massive load-current step
changes especially when a low-value output capacitor Cg, of
micro-farad range is used.

0018-9200/$25.00 © 2007 IEEE
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Fig. 1. Typical structure of a low-dropout regulator with an intermediate buffer stage.

In order to further improve LDO performances, buffer Vnp——————— =
impedance attenuation technique (BIA) is first proposed to :
realize an intermediate stage for driving the pMOS pass device. 1121
The proposed BIA technique greatly reduces the output resis- "
tance of the buffer through dynamically-biased shunt feedback. p | °
As a result, the pole at the gate of the pass device is pushed z | D N2
far beyond the unity-gain frequency of the LDO regulation P1 ﬂ

ob

loop under the entire load current range even if a huge pass
device is used for achieving low dropout voltage and sourcing
high load current. The BIA technique thus allows the LDO to
dissipate low quiescent current. By employing current-buffer
compensation in the LDO, only a single pole is realized within
the unity-gain frequency and a good phase margin is achieved
for the entire load current range with a small compensation
capacitor. The LDO thus achieves stability without using any
low-frequency zero. Moreover, the LDO can have good tran-
sient settling behavior and small output-voltage variation even
if a small output capacitor is used.

This paper is organized as follows. Section II presents the
operational principle of the proposed BIA technique, while
different design considerations including the stability analysis
of the LDO using current-buffer compensation and details
of LDO circuit implementation are discussed in Section III.
Finally, Sections IV and V provide the measurement results of
the proposed LDO and the conclusions, respectively.

II. PROPOSED IMPEDANCE-ATTENUATED BUFFER

Fig. 1 shows a typical structure of a low-dropout regulator,
which consists of an error amplifier comparing a scaled-down
output signal to a bandgap voltage V44, a pMOS pass transistor
M, and an intermediate buffer stage driving M,,. There are
three poles in the LDO structure located at the output of the error
amplifier (/V,), the output of the buffer (N5 ), and the output of
the LDO (Vo). In particular, these poles are given by

p1N, = 1/(r01C1)
P2 N, = 1/(ronCh)
Po | Vo = ]-/(RoeqCL)

ey
(@)
3

Fig. 2. Source-follower implementation of the intermediate buffer stage.

where 7,1 is the output resistance of the error amplifier, C1 is the
equivalent capacitance at /N; which is dominated by the input
capacitance of the buffer Cy;, 4 is the output resistance of the
buffer, C), is the input capacitance of M, and R, is the equiv-
alent resistance seen at the output of the LDO. Ideally, both Cj,
and r,;, should be very small in order to achieve single-pole loop
response by locating both p; and p2 at frequencies much higher
than the unity-gain frequency of the regulation loop.

In order to construct the required intermediate buffer stage,
a simple pMOS source-follower is first considered to imple-
ment the buffer and its structure is shown in Fig. 2. The pMOS
source-follower can provide near complete shutdown of the pass
device under light-load conditions. Since the output resistance
rop Of the source-follower is given by 1/g.,21, it is necessary
to increase g,,21 in order to decrease the value of r,; and allow
P2 to be located at frequencies much higher than the unity-gain
frequency of the LDO regulation loop. Transconductance g,,,21
can only be increased either through using a larger W/ L ratio of
transistor M1, or through increasing the DC biasing current 15,
through My, or both. Increasing I5; would, however, increase
the total quiescent current of the LDO, thereby degrading the
current efficiency of the LDO. Using a larger W/ L ratio of Mo
would increase the input capacitance C, of the buffer, which
in turn pushes p; to a lower frequency and the stability can be
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Fig. 3. (a) Source-follower with shunt feedback and (b) proposed buffer with dynamically-biased shunt feedback for output resistance reduction under different

load currents.

poorly affected. A simple pMOS source-follower is, therefore,
not a suitable implementation of the intermediate buffer stage
in the LDO.

To minimize W/ I ratio of M3; and the quiescent current re-
quired to reach a given 7., the source-follower with negative
feedback shown in Fig. 3(a) is used. In particular, the npn tran-
sistor Q9 is the feedback device connected in parallel to the
output of the source-follower M3 in order to reduce r,;, through
shunt feedback. From a qualitative standpoint, when the input
voltage at /V; is constant and the output voltage increases, the
magnitude of the drain current of Ms; also increases, which in
turn increases the base current of (5. As a result, the collector
current of (9 increases, reducing the output resistance 7, by
increasing the total current that flows into the output node. The
output resistance looking into the follower is then given by

1

- 4
’ gm21(1 + 5) @

To

Equation (4) shows that the output resistance of the follower
is reduced by the current gain § of the shunt feedback device
(220. For example, when an npn transistor with 5 = 10 is used,
the value of r,, would be decreased by about 10 times and the
frequency of po at the gate of the pass device is then pushed
to a decade higher. As a result, the quiescent current needed
through M5, is greatly reduced to realize g,,,21 for a given r,y.
Similarly, the transistor size of source-follower My, required
is also reduced. The input capacitance of the buffer C;;, is then
decreased, which allows p; given in (1) to be located at a higher
frequency without dissipating additional quiescent current.

It should be noted that the shunt feedback device ()2 can also
be implemented by a nMOS transistor in single-well technolo-
gies to achieve a similar reduction in the output resistance [8].
Since inexpensive twin-well technologies with large feature size
(0.35 um and larger) are widely used for integrated power ICs
and vertical parasitic npn structures with G > 10 are available
in twin-well technologies, the shunt feedback device is imple-
mented by the vertical parasitic npn transistor in our design.

Since the unity-gain frequency of the LDO regulation loop in-
creases with the load current, the output resistance of the buffer
should decrease when the load current increases in order to
maintain ps far beyond the unity-gain frequency under the en-
tire load current range. Fig. 3(b) shows the proposed structure of
the buffer, in which two pMOS transistors M2, and Ms5 and the
npn transistor ()9 realize dynamically-biased shunt feedback to
decrease 7,;, under different load current conditions. The output
resistance of the proposed buffer is then given by

1
B .Qm2l(]- + /3) + Gm2a

where ¢,,24 is the transconductance of the diode-connected
transistor Mo4. As shown in Fig. 3(b), when the load current
flowing through the pass device M, increases, both voltages
at N7 and N, decrease. The gate-source voltage of Mo, is
increased and hence more current flows through Ms,. This
current then mirrors through Ms5 such that the current through
the follower device Mj; dynamically increases with the load
current. This boosts the value of g,,,21, thereby further reducing
the output resistance of the buffer according to (5). In addition,
the increase in ¢,,24 With the load current can reduce the
value of r,;. This effect is significant under heavy load current
conditions. Moreover, when the load current increases, part of
the dynamically-increased current through Ms; flows into the
base of ()5 and increases its collector current. The current gain
[ of the vertical parasitic npn transistor slightly increases with
the collector current, which also helps on reducing the value of
7o, When the load current increases.

The proposed buffer also improves the slewing of the gate
drive at Ny during load transients. During the transition from
no load to full load, the decrease in the voltage at N, causes
an increase in the transient current through Ms,;, which flows
through the base of Q2. The collector current of ()29 then in-
creases to discharge the large gate capacitance of the pass de-
vice C}, and the voltage at N, decreases with a faster slewing.
It should be noted that I5; is designed to be larger than /55 such
that Qo is always on under different load currents. Similarly,

(&)

Tob
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Fig. 4. Structure of the proposed LDO using current-buffer compensation scheme.

when the voltage at IV increases, transistor M5, provides extra
transient current to charge €, and increase the voltage at N> to
follow the voltage change at N with a faster slewing during the
transition from full load to no load.

In short, the proposed buffer with dynamically-biased shunt
feedback reduces both the input and output impedance of the
buffer by decreasing the values of Cj;, and 7,4, respectively. In
particular, the reduction in the value of r,; increases with the
load current. As a result, p, is located at sufficiently high fre-
quencies under different load currents, while the LDO only dis-
sipates low quiescent current at no-load condition. The benefit
of having a smaller C; by using a smaller size of source-fol-
lower device in the proposed buffer also improves the stability
of the LDO, which will be further clarified in the next section.

III. DESIGN OF THE PROPOSED LDO

In the proposed LDO structure shown in Fig. 4, the error
amplifier is realized by a single-stage folded-cascode structure
with transistors M;—Mj. As discussed in the previous section,
the pole py at the output of the buffer is pushed to sufficiently
high frequencies under different load currents by employing dy-
namically-biased shunt feedback. The pass device M, realizes
a common-source gain stage and constitutes the second gain
stage in the LDO. Accordingly, the resulting LDO structure can
be viewed as a two-stage amplifier driving a large capacitive
load with two poles located at Ny and the LDO output. The
large capacitive load is due to the use of a micro-farad range
off-chip output capacitor C',. This LDO structure can be stabi-
lized using current-buffer (or cascode-Miller) frequency com-
pensation, which is a pole-splitting compensation designed for
splitting two poles p; at Ny and p,, at the LDO output in order
to achieve stability in the full range of the load current. In two-
stage amplifier design, the use of the current-buffer compensa-
tion scheme allows the amplifier to achieve wider unity-gain fre-
quency and improved stability by removing the right-half-plane

zero and enhance PSRR [9]-[15]. In the proposed LDO, cur-
rent-buffer compensation also removes the right-half-plane zero
and improves PSRR. Additionally and more importantly, this
compensation allows the LDO to achieve stability over the en-
tire load current range by using only a small compensation ca-
pacitor. In Fig. 4, the current-buffer compensation in the LDO
is realized by €', and the common-gate transistor M3 [15]. The
details of the stability using the current-buffer compensation are
discussed in the following subsection.

A. Stability Analysis

The stability of the proposed LDO is studied using the loop-
gain transfer function 7T'(s) of the regulation loop. Fig. 5 is the
small-signal block diagram representation of the circuit in Fig. 4
for analyzing the loop-gain transfer function. Here, g,,1, gms3
and g,,,, represent the transconductances of input differential
stage M1 /M, current buffer stage M3 and pass device M,
respectively. In addition, B is the feedback factor Ro/(Ry +
R5). As mentioned before, since the output of the buffer N5 is a
low impedance node and ps is located at a very high frequency
under the full range of the load current, the capacitive loading at
Ny is neglected in the analysis. The loop-gain transfer function
is derived based on the following considerations.

1) Cr,C. are much larger than Cf.

2) Transconductance g,,, and output resistance f2,., pro-
vide the gain of the pass device A, = gmplloeq and
A, varies with the load current [7. In particular, g,
(Foeq) decreases (increases) with the load current and
Ap = gmpRoeq is inversely proportional to /77,
Based on the above, the loop-gain transfer function of the pro-
posed LDO is given as

- , Ce
Py = Tow _ Pomigmprofioeq (1+55) ©)
‘ T; 1+ as+ bs2 +cs3

a = Roeq(CL + gmp’rolCc) (7)
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Fig. 5. Small-signal block diagram of the proposed LDO with current-buffer compensation scheme.
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From (6), the loop gain is negative due to the negative feedback
established for output voltage regulation. In addition, the nu-
merator of T'(s) indicates that a LHP zero z, = g,,3/C. exists,
while the third-order polynomial of the denominator implies
that the system has three poles. According to (7)—(9), locations
of poles vary under different load currents due to the existence
of Roeq and gp,p. As a result, the loop gain transfer function
should be studied for different load current conditions.

When 77, = 0, the current drain from the pass device is
Voue/(R1 + Rs), which is around 1-3 pA. Hence, g, is at
its minimum and Cr, Focq > GmpTo1CcRocq in (7). As aresult,
T(s) in (6) can be approximated to

T(s) |1,,=0
_Bgm,lgm,pranoeq (1 + 3%)

-~ Ci1C.Crron Roe
1+ SCLRoeq + 526’1C’LT01}%oeq + g3 =izl lol -

g3

_Bgmlgmprol (1 + S%)
(14 5CLRoeg)(1 + sCr701) (1 n éc_)

g

_Bgm,lgmprnll—{neq
(14 sCrRoeq)(1 4+ sCi701)

_Bgm.lgm.p TolRaeq

1 8 S
( + P—3zdB | Ir,—0 Prd | 7r,—0

where p_san |1, =0 = 1/(CrRocq) and pra |1, —o = 1/(C1701)
are dominant and non-dominant poles of 1'(s) |7, —o. As in-
dicated in (10), the system is designed to have three separate
poles and the third pole is canceled by the LHP zero, resulting
in a second-order system. In particular, p_34p |7, =0 = P, and
Pnd|1;,=0 = p1 indicate that no pole splitting occurs during
15, 0 and both the dominant and non-dominant poles are

(10)

located at the LDO output and the output of the error ampli-
fier, respectively. With the proposed buffer-impedance attenu-
ation technique, the value of C; can be minimized due to the
smaller source-follower device. The small C; allows Pud | I1,=0
to be much higher than the unity-gain frequency of the loop-
gain transfer function, which guarantees the proposed LDO to
achieve good phase margin under /7, = 0.

When the load current significantly increases, g,,, becomes
much larger. Hence, gmpro1Celloeg > CrRoeq in (7), and
T(s) in (6) is approximated to

T(s)|1.>0
_Bgm,lgm,prnlbzneq (1+8%)
1+ SGmp Cc"'olRoeq +52C1CLro1 Roeq +s3 Gl

X

Cr.ro1 Roq
gm3a

_Bgmlgmp7'olRoeq(l + b%)

1 CCy, C,
(1 + ng,yccmRmJ (1 s gmpca) (1 T ng?.)

_ _Bgm,lgm,pranoeq

(14 89mpCero1Rocq) (1 + 35771?)0(5()

B Bgmlgmprol Roeq

1+ £ .
P_zdB | I »0 Prd | Tp 0

Equation (11) shows that the loop gain transfer function
has also two poles under Iy, > 0, where p_zap |7, >0 =
1/(gmpCcTolRoeq) and Pud|Ir>0 = (gmpcc)/(cch) are
the dominant and non-dominant poles of T'(s) |/, 0. Under
this condition, the maximum unity-gain frequency of the
loop-gain transfer function is achieved (wy max = gm1/Ce),
which is fixed with respect to the load current change. Since
Pnd|I;>0 1S always larger than wy max, only a single pole
exists within the unity-gain frequency of the regulation loop.
In addition, pnq |7, >0 increases with the load current, which
implies that the phase margin and stability of the LDO improve
with the load current.

(1)
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Fig. 6. Simulated loop-gain transfer function of the proposed LDO with a 1 F output capacitor.

Similar to the derivationin (10) and (11), the loop-gain transfer
function of the proposed LDO using current-buffer compensation
is actually a second-order system under the full range of the load
current and T(s) from (6) can then be simplified as

_Bgm,lgm,pTOI Rneq

T(s)~
(S) 1+ SRoeq(CL + f/mp7'olcc) + 52010L7'01Roeq

_BgmlgmprolHoeq
[1+ 8Roeq(CL + gmpT01Ce)] (1 + 5«/@#)

Lt 9mpro1 Ce)

X

— _Bgmlgmp"'olRoeq ] (12)
(1 + p—3dF§)(1 + pnd)

Equation (12) can be used to find out the worst-case stability
of the LDO under different load currents such that the value
of the compensation capacitor C,. can be designed to ensure
the stability of the LDO in the entire load current range. The
worst-case stability occurs at the minimum phase margin of the
second-order system. The phase margin (PM) of a compensated
two-pole system is given by

PM = 90° — arctan L
Pnd

13)

where w, is the unity-gain frequency. The larger the ratio
Pnd/wy 18, the better the PM of the system can achieve. As a
result, Fpyr is defined to evaluate the separation between p,q
and w,, under different load currents, which is given as

Pnd _ Wpna

wu  Apc ' p-zdB

Fpy = (14)
where Apc is the DC loop-gain magnitude given by
BgmlgmpTO]_Roeq. By substituting Pud,P_34p and Apc
from (12) into (14) and setting B = 1 [B = 1 corresponds to
the worst-case feedback factor for stability as it maximizes the
denominator of (14)], Fpu can be rewritten as

(OL + Gmp * TUlCc)Z
Imp - (gm1C10LT2))’

Fom = 15)

If we differentiate /'py; with respect to g,,,,, and set the deriva-
tive to zero, the minimum value of Fpy; can be found, at which
the minimum phase margin occurs. The resulting minimum
Iy min 1s given by

4 C.

9mi1Tol Cy

FpyM,min = (16)

By substituting (16) into (13), the minimum phase margin
PM,,iy is given as

° Imi1Tol Cy
PM.nin = 90° — arct — . — 17
arctan ( 1 Cc> (17)
and from (17), the C, can be designed as
Oc Im1To1 . 01. (18)

~ 4 tan(90° — PMyi)

From (18), C.. is proportional to small parasitic capacitance (1.
Accordingly, the impedance-attenuated buffer which results in a
small C reduces the required value of C... In our design, a C,. of
10 pF is sufficient for the LDO to be stable under the full range
of the load current. This capacitance can be easily integrated in
CMOS technologies.

The simulated loop gain transfer functions of the proposed
LDO with C;, = 1 uF under no-load and full-load conditions
are shown in Fig. 6. Simulated results validate the existence of
only a single pole within the unity-gain frequency and a good
phase margin of approximately 90° is achieved under both con-
ditions. In addition, Fig. 7 shows the simulated phase margin
of the loop-gain transfer function under different load currents.
The minimum phase margin is always larger than 65° for the
entire range of the load current. This simulation result further
verifies that a small C,. of 10 pF is sufficient to ensure uncondi-
tionally stability under the full range of the load current.
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Fig. 7. Phase margin of the proposed LDO loop-gain transfer function under different load currents with a 1-uF output capacitor.
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Fig. 8. Schematic of the proposed LDO.

B. Circuit Design

The schematic of the proposed LDO is shown in Fig. 8 [16].
A 1-V bandgap voltage reference is integrated together with the
LDO to provide the reference voltage V34 to the input of the
error amplifier. In the single-stage folded-cascode error ampli-
fier, a simple diode-connected active load using transistors M5
and Mg is adopted. The simple diode-connected active load re-
sults in a smaller output resistance of the error amplifier 7,; as
compared to a cascode load, which helps reduce the value of
compensation capacitor C, to achieve a particular phase margin
according to (18). In the proposed LDO, the gain of the error am-
plifier is equal to ¢,,17,1 and can always be greater than 50 dB
under the entire load current range.

Moreover, the use of a pMOS transistor to implement the
source-follower in the proposed buffer is extremely critical to
minimize the quiescent current at no-load condition. Under
no-load condition, the pass device M, is almost turned off, as
it only provides current for the feedback resistors /2; and Rs.
The current is equal to Vo, /(R1 + R2), and the gate-source
voltage V4 required for M, to minimize the amount of current
can be around 100 mV. In order to allow the error amplifier

to maintain its gain, the DC voltage level at the output of the
error amplifier needs to be at least an overdrive voltage V,,, ~
200 mV below Vj,. If the buffer stage has no level shifting
toward the input supply, Vi, of the pass device would need
to be increased under no-load condition in order to allow the
DC voltage at N; to be within the output swing of the error
amplifier. As a result, both R; and R2 need to be reduced to
accommodate the required increase in Vs, of M,,, which results
in an undesirable increase in the quiescent current in the LDO
under no-load condition.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

In order to verify the proposed buffer impedance attenua-
tion technique, the LDO shown in Fig. 8 was fabricated in a
0.35-pm twin-well 7-V CMOS process. Fig. 9 shows the die
micrograph of the proposed LDO, which was fabricated as part
of an integrated power IC. The effective die area of the LDO
is 0.264 mm?. It should be noted that the output voltage of the
LDO is bonded with only a single bonding wire from the pad to
the pin in order to minimize the cost.

The input voltage range of the LDO is designed from 2.0 V to
5.5 V for portable applications using lithium-ion batteries. This
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Fig. 9.
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Fig. 10. Measured quiescent current under different load currents.

covers the widest lithium-ion battery variation, which ranges
from 2.5 V to 5.5 V. The output voltage of the LDO has pro-
grammable steps with a step size of 50 mV and the minimum
output voltageis 1.8 V. When V,,,,; = 1.8V, the LDO can deliver
up to 200 mA with a dropout voltage of 0.2 V. The output capac-
itor range is from 1 pF to 100 pF. Fig. 10 shows the measured
quiescent current /, under different load currents 77,. The figure
indicates that the quiescent current increases with /7, which val-
idates the dynamic increase in current realized by transistors
M>, and Myj5 to lower the output resistance of the intermediate
buffer stage. In addition, from Fig. 10, the LDO consumes small
quiescent current of 20 pA under no-load condition, while the
quiescent current of 320 pA is dissipated at full-load condition.
It should be noted that the maximum quiescent current seen over
multiple samples at full load is 340 A, which corresponds to
the worst-case current efficiency of 99.8% in the proposed LDO.
Table I provides the detailed measurement results.

Fig. 11(a) shows the transient response of the proposed LDO
when the load current is pulsating between 1 mA and 200 mA
with pulse rise and fall time of 100 ns. With the use of a 1-uF
output ceramic capacitor, the maximum output-voltage varia-
tion is less than 40 mV when V,; is at 1.8 V, which includes

TABLE 1
PERFORMANCE SUMMARY OF PROPOSED LDO

Full Load Current 200mA
Output Capacitor 1uF
14 (no-load) 20pA

I, (full-load) 340uA
Dropout Voltage Vi, 0.2V

DC Load Regulation
0 - 200mA

34mV = 170pV/mA

(single bondwire)

DC Line Regulation

2mV/V (AVi, = 3.5V)

PSRR (0-20kHz) > 45dB
Transient Response Undershoot < 1.1%
0 - 200mA Step Cp = 1uF
Transient Response Undershoot < 0.9%
1 - 200mA Step Cr = 1uF
Die Area 0.264mm?
Technology 0.35um CMOS
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output undershoots, overshoots and variations due to load regu-
lation. This 40-mV total output variation corresponds to slightly
more than 2% of V. The total output undershoots and over-
shoots are less than 15 mV above and below the steady-state
Vout, which amounts to less than 1% of the output voltage. With
the same output capacitor, when the LDO is tested with full-load
steps pulsating between 0 and 200 mA, Fig. 11(b) shows that the
maximum output-voltage variation is 54 mV, which corresponds
to 3% of V. The transient undershoot of 20 mV only accounts
for 1.1% of V. Fig. 12 shows the measured load transient re-
sponse when output voltage of the LDO is changed to 3.15 V.
In this case, the maximum output voltage variation is 65 mV,
which is 2% of V,,,; = 3.15 V. The transient undershoot for this
condition is 25 mV, which only corresponds to 0.8% of V.

Based on measured results shown in Figs. 11(a) and (b) and
12, transient overshoots and undershoots only occupy a small
portion of the total output-voltage variation under massive
load-step changes even when a small output capacitor of 1 ;Fis
used. This is because both the proposed impedance-attenuated
buffer and current-buffer compensation allow the LDO to
achieve stability without relying on any low-frequency ESR
zero. Moreover, the well-behaved transient settling behavior of
the output voltage further justifies large phase margin achieved
in the LDO by using the proposed techniques.

As mentioned before, the LDO output is bonded with a single
bonding wire to the pin in our design and the resistance of the
bondwire varies from 50 m2 to 100 m2. The IR drop across the
bondwire can then be as high as 20 mV when the load current is
200 mA. This accounts for almost 60% of the total DC load reg-
ulation error of 34 mV in Fig. 11(b). This error can be reduced
if multiple bonding wires are used to decrease the bondwire
resistance. As a result, both the DC load regulation and the total
output-voltage variation during transient can be minimized.

The measured line transient response of the proposed LDO is
shown in Fig. 13 in order to evaluate the effect of battery voltage
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Fig. 11. Measured load transient response of the proposed LDO for a load step
pulsating (a) between 1 mA and 200 mA and (b) between 0 and 200 mA with
rise and fall time of 100 ns and V,,; = 1.8 V.

Ll sannp ASH Adys 05 May 051518743
SARLGASRROVRTE AR sn e Ay ran ry A AR RS
200mA Load Current Curs Pos
- I ¥ IR : 3 Ta0m
OmA E ‘E CursZ Pos
1 N . | -47.0rmiv
. ] ] Y1 180w
- : ¥ . 1 v
f = 3 - w- =
| 40ps €. =1yF
i i ] i i i i 1
: : EREEEEERE S aman e RBRR;
[ Output Voltage . ] . . . ]
Loy e R R
= ¥ ] . 4nmv$ ]
F N 25 my " AR
R T .
ST T TR RIS ST P DR DT T
chl 1OV Chz 500V |

o d00pe 250054 4 Dot
A& Rl £ 4307

Fig. 12. Measured load transient response of the proposed LDO for a load step
pulsating between 0 and 200 mA with rise and fall time of 100 ns and Vi, =
3.15 V.

changes on the LDO output voltage. When the change in the
input supply of the LDO is 1 V with rise and fall time of 40 us,
the output voltage changes by less than 3 mV at /7, = 1 mA.
In order to provide a clearer picture of the performance
improvement in the proposed LDO resulting from the
impedance-attenuated buffer and current-buffer compensa-
tion, a comparison of some reported LDOs is given in Table II.
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Fig. 13. Measured line transient response of the proposed LDO for a line step
change of 1 V.

A figure of merit FOM = 1,.(1;/I1 max) [17] is adopted to
compare the transient response of different LDOs by evaluating
the tradeoffs between the response time 7)., the quiescent
current /, and the maximum load current Iy, ;nax. 15 of the
LDOis given by T}, = (C1,AVoue)/ 1 max, Where AV, is the
maximum transient output-voltage variation (the peak-to-peak
output-voltage change due to overshoots, undershoots and
load-regulation error during load transient). The smaller the
FOM, the better the transient response the LDO achieves.
From Table II, the proposed LDO achieves the smallest FOM
compared with other reported LDOs. As the proposed LDO
is designed for portable applications, the FOM achieved by
the proposed LDO is much smaller than other reported LDOs
for the same applications [1], [3]-[5] by at least one order of
magnitude. It should be noted that the LDO for embedded mi-
croprocessor applications [17] dissipates much larger quiescent
current in full-load condition, as compared to other LDOs for
portable applications. Hence, the current efficiency of the LDO
in [17] is much lower. Current efficiency above 99% is critical
if the LDO is designed for portable applications as the current
efficiency determines the battery lifetime.

V. CONCLUSION

In this paper, a low-dropout regulator based on the proposed
buffer-impedance attenuation (BIA) technique with dynam-
ically-biased shunt feedback has been presented. The BIA
technique enables the realization of an intermediate pass-de-
vice driving stage with minimal capacitive loading to the
preceding error amplifier stage, and minimal output resistance
driving the pass device. The parasitic pole at the gate of the
pass device can be pushed to sufficiently high frequencies
under different load currents, while the LDO only dissipates
low quiescent current. In addition to the BIA technique, cur-
rent-buffer compensation allows the LDO to achieve only a
single pole within the unity-gain bandwidth of the regulation
loop and a good phase margin with a small compensation
capacitor. The LDO is thus stable under the full range of the
load current without any requirement for a low-frequency zero.
Good transient response of the LDO with small undershoots
and overshoots is achieved even if an inexpensive low-value
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TABLE II
PERFORMANCE COMPARISON WITH PREVIOUSLY REPORTED LDOS
1998 | 2000 | 2003 | 2004 2005 This
1] [3] [4] [5] [17] Work
Technology (um) 2.0 1.0 0.6 0.5 0.09 0.35
Vao (V) 0.3 N.A. 0.2 N.A. 0.3 0.2
I max (MA) 50 200 100 160 100 200
I, (mA) 0.023 | 0.03 | 0.038 | 0.025 6 0.02
Current Efficiency at 11, max (%) | 99.5 N.A. | NA. | NA. 94.3 99.8
AVous (mV) 19 220 130 200 90 54
T (ps) 1.8 1.1 2 275 | 0.00054 | 0.27
CrL (uF) 4.7 1 10 2.2 | 0.00060 1
ESR Zero Required No Yes Yes No No No
FOM (ns) 8.2 0.165 4.9 0.43 0.032 0.027
output capacitor is used. The LDO is able to achieve low [11] G.Palmisano and G. Palumbo, “A compensation strategy for two-stage
dropout voltage of 200 mV and deliver 200-mA load current CMOS opamps based on current bufter,” IEEE Trans. Circuits Syst. I,
for portable power management applications with lithium-ion Fundam. Theory Applicat., vol. 44, no. 3, pp. 257-262, Mar. 1997.
p | .P w . g pp lcall wi . 1 -l. [12] B. Razavi, Design of Analog CMOS Integrated Circuits. New York:
batteries. This work is verified on silicon and comparisons with McGraw-Hill, Inc., 2001.
the previous reported work on low-dropout regulators are also [13] D. B. Ribner and M. A. Copeland, “Design techniques for cascoded
presented CMOS op amps with improved PSRR and common-mode input range,”
’ IEEE J. Solid-State Circuits, vol. SC-19, no. 12, pp. 919-925, Dec.
1984.
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