Abstract—Power management has an ever mcreasing
presence m the electronics idustry due 1o the growth
ol battery powered mobile devices. The low-dropout
voltage regulator (LDO) offers unproved efficiency
over other regulator topologes. However, the
architecture suffers from stabality 1ssues, wiich usually
necessitates a large ofl<chip capacitor to ensure the
regulator’s  performance, This paper presents an
alternative topology by removing the bulky external
capacitor, thus allowing for greater power system
mtegration. The proposed Current Ampliher Hybrid
Compensation (CAHC) scheme implements an active
feedback-feedlforward compensation  system  and
mamtans both a fast ransient response and [ull range
alternating current (AC) stability from 0 to 50mA load
currents even with a 100pF loading capacitance, The
1.2V External Capacitor-less LDO voltage regulator
was designed and simulated in a commercial 0.35um

CMOS technology, consummg only 6luA  of

gquuescent cwrent with a dropout voltage of less than
200mV. Simulated results demonstrate that the
proposed Fxternal Capacitor-less LDO arclutecture
overcomes the typical load wansient and AC stabiliy
issues encountered 1 previous mrchitectures. The
combined size and component reduction of this
architecture presents a more mtegrable and economic
power management systen.

Introduction

The widespread growth of mobile electromes m the
past live vears has mereased the demand lor efficient
and comipact power management cireuts. In addinon,
power mamagement 15 under increasmgly tghter
performance specifications as the market for these
electromics continues to grow. The crcuts m these
portable electromes must operate with nummal power
consumption creating a demand for low power
soluttons m a wide spectum ol  applications.
Additionally, low noise power supplies have become
an mtegral part ol today's portable applcanons
because of the noise sensitive RF circuits that are used
i portable electromes.

Low Drop-Out (LDO) voltage regulators are essential
components of power management systems providing
a constant voltage supply rails. These linear voltage
regulators improve power efficiency by reducing the
minimum voltage drop across the control device; this
1s accomplished by replacing the common-drain pass
element 1s with a common-source configuration [6].
This decreased voltage overhead m the pass element
results m less power dissipation, making this LDO
regulator more suitable for low-voltage, low power,
power management solutions.

While the LDO regulator has become popular due to
its efficiency 1t requires control circuitry to ensure
circuit stability. This paper describes the adaptation of
the circuit compensation technique outlined by
Milliken et al. in [5] to a three stage amplifier topology.
A conventional LDO voltage regulator uses a relatively
bulky output capacitor in the microfarad range with an
equivalent series resistance (ESR) of a fraction of an
ohm as shown in [6]. This dependence presents two
problems. First, large microfarad capacitors cannot be
realized in current design technologies. Therefore,
existing LDO regulator designs utilize an external pin
for a board mounted output capacitor. Second, the
dominant pole 1s highly susceptible to variations in the
frequency-dependent ESR. Leung and Mok propose
an external capacitor-less LDO in overcoming this
issue; however, the topology 1s unstable at low current
loads and therefore unattractive for technological
applications [2]. The topology outlined in this paper
removes the external capacitor, mimimizing board area
and overall cost, while preserving stability under all
loading conditions. The external capacitor-less circuit
1s also suitable for system-on-chip (SoC) designs as all
components may be manufactured n silicon.

Removing the external output capacitor of a
conventional LDO regulator greatly affects both
transient and AC stability. Within the conventional
topology, the output capacitor serves two purposes: it
introduces a dominant pole in the AC response and
provides an instantaneous source of charge during
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transient loading. A robust compensation scheme,
therelore, 1s requured to mamtaimn circwt stability, The
external capacitorless LDO regulator implements a
fast ransient path to stabilize the eweuit m the absence
of an output capacitor. Section II charactenzes the
uncompensated LDO) regulator, mcludmg the pole
locations and transient behavior, The proposed LD
architecture 1s  deseribed i Section III. The
compensated 1.2V, 50mA capacitor-less LDO was
simulated and the results are shown i Section I'V and
concluding remarks i Section V.

Uncompensated LDO

The most signilicant eflects of removing the output
compensation capacitor are the stability and transient
performance degradation. The conventional LI
uses the large outpul capacitor to create a donunant
pole and to provide an imstantaneous charge source
during loadimg transients. As the gates of the error
amphiher are relatvely slow, the LDCO) requures a fast
transient path to suppress ransient spikes.
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Fig. 1. LDO pole location and load dependent pole
movemel.

The two maor poles of the uncompensated LDO) are
shown mn Fig. 1. P1 is donunated by the output of the
ervor amplilier and P2 1s due to the load al the output.
In order to mmnmze VDSAT of the pass element, the
transistor 1s Fandy large wath a parasitic capacitance on
the arder of tens to hundreds of picofarads. CGID also
forms a Miller capacitor, mereasimg the ellective mput
capacitance of the stage by the gain ol the pass
element. This 15 typreally 10 V/V al moderate load
currents, but may be as large as 30 V/V as the circunt

approaches no-load condittons. The large vanation ol

the load current corresponds to a drastic change m the

dommant pole location, lrom a lew hertz to the tens ol

kilohertz range. Opemng the loop, the location of Pl
15 given by - 1
=
R_1(C; + Cgs + Apass)Cop

where A 1s the voltage gan of the pass transistor,
ass &

M,. P, resides at a relauvely low lrequency, m the

kilohertz range. As Apass vanes with operating

condintons, manly load cwrent, l"1 15 also load

dependent. The second pole, P, is located at the

LID)Y's output, as shown below:

1

PZ:

C
{: (R 02 )
out \ Rl GmpCy + Cgs + Cep
Where,

R= RDSII(RJ'I + sz}"RuuL

As shown in Table 1, the pass element’s g_and g, are
sensitive (o changes m load cwrent. The parasihic
capacitor, C_,, 15 less load dependent at moderate
loadimg but expenences a sudden drop under no load.
A consequence of these dependencies 1s that, at low
load curvents, P, moves toward lower lrequencies, as
seen m Fig. 1. The largest change in parameter
magnitude occurs from 0 to S5mA. The decrease in
phase margin compromises loop stability at low and
no-load conditons. Furthermore, the Miller capacitor
Ces mitroduces a parasiie, nght-hand plane (RHP)
zero, lurther reducing phase margin.

This RHP zero 1s usually ignored during conventional
LDO) regulator analysis, as 1t falls bevond the wmty
g frequency. However, the zero may attract
complex poles to the RHP, decreasing loop stability.
The presented eapacitorless LIDO) regulator requires a
gan-bandwidth product of 1 MHz and at these
[requencies the leedlorward RHP zero has significant
elfects on stability at low load currents. The large
external capacitor, Cm, used 1 conventional LIDYO
regulators, improves the transient load regulation by
delivermg mstantaneous curent, allowing regulating
loop time to react and provide the output current
through the pass transistor. For a pulsed output
current, the transfer ol charge from the capacitor
corresponds to a voltage drop at the output node. The
removal of the capacitor results m the drastic charge
depletion of the pass transistor as shown m Fig. 2.
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Fig. 2. Uncompensated LDO transient response to
0-50mA pulse (lus nse and fall tme).

The rapid charge depletion results in large transient
spikes and mstabihity. The greatest spike occurs when
the circuit 1s nutally at no load condions and the load
current rapidly changes to I .
vollage swing 1s modeled approximately as

In this case, the output

m"'rnu: et~ —

C“Dut

where At 1s the reaction time of the ervor amphher
loop. When the transient pulse exceeds the loop's
bandwidth, the resuling voltage spikes can be very
large. In absence of a large load capacitance, the
reaction time ol the loop should be mmmuzed. The
use of a fast leedforward path suppresses the large
voltage spike by preventmg charge depletion m the
pass device.

Proposed LLDO Architecture

The desizn ol the external capacitor-less LIDCO)
regulator focused on, nunmuzng the overshoot and
undershoot  during  transients, and  mproving  the
regulator’s overall stabihty. Other goals mcluded
munizing  quiescent  cwrent draw and  power
consumphon. LHP zerces are mtroduced to achieve
these goals. Previously, Miller amplihers have been
implemented o stabihize mulustage amplihers;
however, this techmque also generates a RHP zevo [1].
A separate techmque reported by Milliken 1s used
here, as it eliminates the undesirable RHP zero |5].

[ ima ] fiy IS Gain [Vl | Con{#] Vo (]
(o0 o1 0008 363 185 4256

| &0 130 FT m1 11.89 [TET]

| II_).EI 1859 g5.702 193 14.23 1738
FSD.D 283.4 33.52 5.0 15.07 2642
Table 1.
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Since the capacitor-less LDO regulator does not have
a large capacitor to create a domunant pole, it must be
placed withmm the error amphlier. The overall pass
transistor capacitance and output unpedance convert
current to voltage, mtroducing a propagation delay.
The speed of the LIDO 1s lnnited by this propagation
delay which i tum 1s dependent on gml, the ervor
amphhber (ransconductance. As low power and low
quiescent ciurent are concerns, manpulaton ol gml
1s hmited. A secondary path 1s necessary to provide the
needed mstantaneous current to the output node.
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Fig. 3. Proposed LDO topology including

fastfeediorward and secondary feedback networks.
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Fig. 4. Proposed LDO small signal model feedback
networks.

A last feedforward path as shown m Fig. 3, ujects
current directly mnto the output node via the couphng
network. The path acts as a capacinve mulapher and
presents a source of charge durng load current steps.
The load current step Al 15 applied to the LDO,
an output npple AV, . 1s generated; the current
flowing through C 15 extracted from C_, unul I,
pass transistor diam current, compensates AL . and
pulls V- back to steady state. The location of the
poles and zeroes were obtamed through symbolic

the



computanon via Maxma and can be simplified by
extracting the hrst order terms yielding:

Py

=
RI{CL + Cydpgmp'ﬁz_)

Tma {EL + ﬂgdngmp RE}

P, =
? Emu:Rz EI.{Egdp Cz) + I-':"‘1 {EI. + ﬂgdpgmpﬂzj

pi & gmnRZCL(ngpCEJ T CI ('.:L + fydpgmpRZ)

* C,CLRy (Cgap + C2)
Ymy
Ps = f..‘,_-
Z‘l = gma
ia
- Tm1Tmzlmp

ma {Hmigmaﬂax(’:z + ngp) + Ergmfgmpﬁfﬁ]

- gma(ﬂmlﬂmaﬂa-"{{ﬂz + {:gdp} + Ec.gnlfgmpﬁf”)
CICcEmfgmprN

Hmp

Zy

24 =
Caap

As expected, the leedforward network introduces a
RHP zero, wluch may attract complex poles to the
RHP, stalality.  The
feedback, however, was designed to be umdirectonal

COMPronusig secondary
preventing such a zero and mimmuang transient
nngimg. Strategic placement ol the leed forward
zeroes, Z, and Z, was achieved through the
manipulation of gm, and R and allowed for the
cancellation ol P, and P, This cancellation and the
placement of P, at high [requency reduced the LDO
to a two pole system. Z, was then placed well past the
unity-gam [requency and was subsequently ignored.

Simulation Results

The proposed LDO design was venlied m simulation
with 'V set to 1.20V, a maximum mput voltage of

1.8V and 100pF load capacitance. The LD was
tested tor load and line regulation, shown m Table I1.

Output voltage errors were less than 7:5% over the
entire operating range. The regulator was then
subjected to both 0-50mA and 50-OmA  load
transients with lus nse and fall times. The 0-50mA
transient exlubited a tansient spike of 75mV and
settled within 0.6us. Extracted parasiic capacilances
produced 90mV of rmging m the 50-0mA transient -
however this quickly subsided and a stable output was
reached m < 10us m the worst case.

Turm-on settlng tme was found to be 0.6us and 3us
for £19% and #0.19% respectively. The PSRR was
simulated by applying a 1kHz simusandal mput voltage
and the gain was measured to be -52dB.
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Fig. 5. Compensated LDO AC response at cillerent
load cwirents.
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Fig. 6. Compensated LDO transient response
0-50-0mA pulse, lus nse and [all nme.
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Conclusion

Simulated results demonstrate the viability of the
proposed LDO archutecture, which exceeds current
work m the area of external capacitor-less regulators.
In particular, this topology  demonstrates  both
remarkable transient and AC responses and consumes
only 61A ol quescent current. The small 30plF and
SOOIF capacitors may dnve a load as large as 100p),
To harther boost performance, an extra leedback
network may be emploved to allow lor more accurate
pole-zero placement. This additonal precision would
recduce setthng hme by prevent pole-zero doublet
formation which lead to rmgmng. A companson is
made m Table II. In addinon to consunung hitle
power, the architectwre provides supenor settling
tmes, load and line regulaton. Fully mtegrated power
management systems would beneht m tenns ol cost
and sithicon area the proposed LI voltage regulator.
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