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A Low-\oltage, Low Quiescent Current,
Low Drop-Out Regulator
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Abstract—The demand for low-voltage, low drop-out (LDO) Low Drop-out Regulator
regulators is increasing because of the growing demand for
portable electronics, i.e., cellular phones, pagers, laptops, etc.
LDQO’s are used coherently with dc-dc converters as well as
standalone parts. In power supply systems, they are typically
cascaded onto switching regulators to suppress noise and provide
a low noise output. The need for low voltage is innate to portable
low power devices and corroborated by lower breakdown voltages
resulting from reductions in feature size. Low quiescent current in
a battery-operated system is an intrinsic performance parameter
because it partially determines battery life. This paper discusses
some techniques that enable the practical realizations of low qui-

escent current LDO'’s at low voltages and in existing technologies. .
The proposed circuit exploits the frequency response dependence - Ry ;
on load-current to minimize quiescent current flow. Moreover, : )
the output current capabilities of MOS power transistors are . __ %7 !

enhanced and drop-out voltages are decreased for a given device )
size. Other applications, like dc-dc converters, can also reap Fig- 1. Typical low drop-out regulator topology.
the benefits of these enhanced MOS devices. An LDO prototype

incorporating the aforementioned techniques was fabricated. The . . .
circuit was operable down to input voltages of 1 V with a zero- Darriers decrease as the component densities per unit area

load quiescent current flow of 23uA. Moreover, the regulator  increase, thereby exhibiting lower breakdown voltages [4], [5].
provided 18 and 50 mA of output current at input voltages of 1 Therefore, low power and finer lithography require regulators

and 1.2V, respectively. to operate at low voltages, produce precise output voltages, and
Index Terms—Low drop-out, low-voltage regulators, power have characteristically lower quiescent current flow [5]. By the
supply circuits, regulators. year 2004, the power supply voltage is expected to be as low

as 0.9 V in 0.14sm technologies [5], [6]. Drop-out voltages
also need to be minimized to maximize dynamic range within
) a given power supply voltage. This is because the signal-to-
T HE low drop-out nature of the regulator makes it appra;pise ratio typically decreases as the power supply voltages
priate for use in many applications, namely, automotivgecrease while noise remains constant [7]. Lastly, financial
portable, industrial, and medical applications [1]. The automegnsiderations also require that these circuits be realized in
tive industry requires low drop-out (LDO) regulators to powefg|atively simple processes, such as standard CMOS, bipolar,
up digital circuits, especially during cold-crank conditiongpq inexpensive BICMOS technologies [8]. An example of the
where the battery vpltage can be below 6 V The_increasipgativmy inexpensive BICMOS process is the:@ MOSIS
demand, however, is especially apparent in mobile battefgrnnology (information is available through the Internet at
operated products, such as cellular phones, pagers, caniggg:/www.isi.edu/mosis). This is a vanilla CMOS process
recorders, and laptops [2]. In a cellular phone, for instanGgith an added p-base layer to realize vertical NPN transistors.
switching regulators are used to boost up the voltage btily 1 jllustrates the general components of a typical low
LDQO’s are cascaded in series to suppress the inherent NQ¥FEp-out regulator, namely, an error amplifier, a pass device,
associated with switchers. LDO’s benefit from working withy (eference circuit, a feedback network, and some loading

low input voltages because power consumption is minimizefements. The associated gate capacitance of the pass device
accordingly,P = I1qaq * Vin. LOW voltage and low quiescent jg depicted asCps;.

current are intrinsic circuit characteristics for increased battery
efficiency and longevity [3]. Low voltage operation is also a
consequence of process technology. This is because isolation

I. INTRODUCTION

Il. CURRENT EFFICIENT BUFFER
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current(/r.0aq) and the quiescent curre(iy) of the regulator butfer

. . ILoad R
Efficiency, , ent = Trona + 1, 1) Vit g

stage K
Current efficiency determines how much the lifetime of the ) . Mps
battery is degraded by the mere existence of the regulator. 'H “‘}frrj{[ﬁogx
Battery life is restricted by the total battery current drain. - 1
During conditions where the load-current is much greater cpﬂ;\;t ! _g 1 LE
than the quiescent current, operation lifetime is essentially I
determined by the load-current, which is an inevitable char- E +£

acteristic of linear regulators. On the other hand, the effects :
of quiescent current on battery life are most prevalent during ; e s

______________ 1% o

" ot preva | sua ¥
low load-current conditions when current efficiency is low. For § A
<

many applications, high load-current is usually a temporary
condition, whereas the opposite is true for low load-currents.
As a result, current efficiency plays a pivotal role in designinrg
battery-powered supplies. The two performance specification
that predominantly limit the current efficiency of low drop-out
regulators are maximum load-current and transient output vdiee quiescent current of the amplifier's buffer stage is limited
age variation requirements. Typically, more quiescent currédyt the slew-rate current required to dri¢g,,..

flow is necessary for improved performance in these areas.

C. Proposed Circuit Topology

B. Challenges A topology that achieves good current efficiency perfor-

0utput current and input V0|tage range direct]y affect th@ance is illustrated in F|g 2. The Operation revolves around
characteristics of the pass element in the regulator, whigAnsing the output current of the regulator and feeding back
defines the current requirements of the error amplifier. &sratio of the current to the slew-rate limited node of the
the maximum load-current specification increases, the sigicuit. Transistor Mps sources a fraction of the current flowing
of the pass device necessarily increases. Consequently, teugh the output transistor Mpo. During low load-current
amplifier's load capacitance;,,,. in Fig. 1, increases. This conditions, the current fed bacy,oos:) is negligible, thereby
affects the circuit's frequency performance by reducing théelding high overall current efficiency and not aggravating
value of the parasitic pole present at the output of the amplifigattery life. Consequently, the current through the emitter
[9]. Therefore, phase-margin degrades and stability may f@dlower is simply I,,;.s when load-current is low. During
compromised unless the output impedance of the amp“ﬁerh@h load-current conditions, the current through the emitter
reduced accordingly. As a result, more current in the buffégllower is increased byy,oost, Which is no longer negligible.
stage of the amp"ﬁer is required, be it a Vo|tage follower O'Fhe resulting increase in quiescent current has an insignificant
a more complicated circuit architecture. In a similar manndfpact on current efficiency because the load-current is, at this
low input voltages require that MOS pass device structurB8int, much greater in magnitude. However, the increase in
increase in size and thus yield the same negative effects @trent in the buffer stage aids the circuit by pushing the para-
frequency response and quiescent current as just descritséiée pole associated with',., (P3) to higher frequencies and
This is because the gate drive decreases as the input voltagjedncreasing the current available for slew-rate conditions.
decrease, thereby demanding larger MOS pass elementd hgs, the biasing conditions for the case of zero load-current
drive high output currents. can be designed to utilize a minimum amount of current, which

Further limits to low quiescent current arise from thgields maximum current efficiency and prolonged battery life.
transient requirements of the regulator, namely, the permissiblel) Frequency Responséhen the load-current is low, the
output voltage variation in response to a maximum loadPagnitude of the system’s dominant pdl#;), determined
current step swing. The output voltage variation is determin&¥ the output capacitor and the output impedance of the pass
by the response time of the circuit, the specified load-currefigvice, is also low [10]. This is because the output impedance
and the output capacitor [9]. The worst case response tiffethe pass device is inversely proportional to the current
corresponds to the maximum output voltage variation. Thiwing through it
time limitation is determined by the closed-loop bandwidth 1 Mioad
of the system and the output slew-rate current of the error P~ 5 ~ 2)

o » . T CoRo-pass 27 C,

amplifier [9]. These characteristic requirements become more
difficult to realize as the size of the parasitic capacitor athereC, is the output capacitanc&,._ ... is the output resis-
the output of the amplifie{Cy,.) increases, which resultstance of Mpo,\ is the channel length modulation parameter,
from low-voltage operation and/or increased output curreahd I1.,q IS the load-current. Consequently, the unity gain
specifications. Consequently, the quiescent current of the aimequency (UGF) is at low frequencies when the load-current is
plifier's gain stage is limited by a bandwidth minimum whildow, which relaxes the requirement of the parasitic pole at the

% 2. Current efficient LDO buffer stage.
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output of the error amplifie(/’;) to be approximately greater
than or equal to the minimum unity gain frequed@yGF ,,;,). P,
This corresponds to a phase margin of approximately 45t0 90
with an associated design equation of

Tracea=> 1l . =low

U('}“\Fa Trace b => || ,o4= high

P, .
& 2 | UGF,
A

Imapn Ibias
Pgno-load-currcnt ~ C}) = C Z UGFmin (3)
27 par 27r‘/t par

log-scale

Frequency [Hz]

where g,,, . is the transconductance of the emitter follower

andV; is the thermal voltage. As load-current increases, howig. 3. System frequency response as a function of load-current.
ever, the dominant pole increases linearly and consequently

so does the UGF. The open-loop gaia,) is inversely

proportional to the square root of the load current output voltage variation is the response tifa®t,) required

for the system to react and may be expressed as

1Y ILoad 1 1 1 AV
A'v ~ Aam pGm Bopass X = (4) At R —— + bty = —— Char— 8
prmpTet Itoad  VIioad PR BWa T T BW, O ®

where A, is the gain of the error amplifier, whilg,,, and where BW; is the closed-loop bandwidth of the systesa}’
R,-pass are the transconductance and the output resistancesothe voltage change associated with,,, and I, is the
the pass device, respectively. Since the dominant pple¢ output slew-rate current of the error amplifier [9]. However,
increases faster than the gain decreases with load-current,ttiéeslew-rate current is not constant for the circuit proposed,
unity gain frequency increases as the load-current increages= Ipias + klnoost- AS a result, a slew-rate condition does
[(2) and (4)]. These consequential effects of load-current &t aptly describe the operation of the circuit at hand. During
frequency response are graphically illustrated in Fig. 3. Zeoload-current transition from zero to maximum value, the
Z, and pole P, are defined by the output capacitef,), response time of the circuit is dominated by the bandwidth
associated equivalent series resistance (ESR),ofand the of the system and the transient response of the buffer stage.
bypass capacitoréC;,) shown in Fig. 1 [9]. Therefore, the In particular, the response time is composed of the time
parasitic pole(P;) is also required to increase with load+equired for the amplifier to respon@..,;), for the sense
current, which is achieved by the load dependent boost currddMOS transistor (Mps) to start conducting curréhfips-on).
This is apparent from the following equation: for the positive feedback circuit to latch @faccn-up), and for

the output PMOS device (Mpo) to conduct the load-current

Py n ImNPN Tpias + Ipoost ~ Tias + kl1oad (5) (twpo). This is represented by the following equation:
27 Cpar 27 ‘/t Cpar 27 ‘/t Cpar

Atl ~ tamp + tMps-on + tlatch-up + tMpo
wherek corresponds to a constant mirror ratio, i.e., 1/1500 for 9
Fig. 2. The circuit can be designed such tiigtincreases at ~ BW, + tps-on + Platch-up ©)

a faster rate than the UGF with respect to load-current. Thi% is the closed-| bandwidth of th
results in the following relation: where BW, is the closed-loop bandwidth of the system

(approximately(tamp + trpo) ~L). The composite buffer stage
oP; k is essentially a localized positive feedback circuit. The system

Parate = O0nd ~ 27V Cpar 2 Prrate is stable because the positive feedback gain is less than one.

Consequently, the circuit attempts to latch up until the output

~ o7 C. > UGFrate (6) transistor is fully turned on; at which point, the error amplifier

? forces the circuit back into the linear region. As a result, the
or performance tradeoffs between the slew-rate and the quiescent

AV.C current requirements of typical LDO’s are circumvented. For

t“par . . - . .
k> — (7) instance, if the parasitic capacitan¢€,..) is 200 pF, the
e}

source-to-gate voltage change required for the output PMOS

where Ps_iate, Plorate, and UGF . are the rates with re- transistor(AV,,) is 0.5 V, the bandwidth of the system is
spect to load-current of polé’s, pole P, and the unity 1 MHz, and the response time is limited to be less than
gain frequency, respectively. Thus, current efficiency can Beyus, then the slew-rate currerif,, = I;.s) required is
maximized to accommodate the load dependent requiremespproximately 25.:A [(8)]. For the case of the circuit in Fig. 2,
of Ps. If the load dependence dP; is not incorporated into a dc current biag/,;,s) of only 1 A can provide the same
the circuit, then more current than necessary is used duripgrformance. The dominant factor of the néw is the time
low load-current conditions. The frequency response behavrequired for the sense transistor (Mps) to go from being off to
was confirmed through simulations. subthreshold and finally to strong inversion. Fig. 4 illustrates

2) Transient ResponseThe circuit of Fig. 2 exhibits the the simulation results showing the effect of the presence of
transient response illustrated in Fig. 4 depicted as trace ‘Bdost element Mps in the circuit shown in Fig. 2 on the output
where a maximum load-current step swing is applied to tlweltage, for the same biasing conditions. In this case, the load-
load. One of the parameters that determines the maximeuorrent is stepped from zero to a maximum of 50 mA in 1 ns.
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LDOS - Transient Response Current Boost E nhancement
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Fig. 4. LDO output voltage variation with and without the boost element
Mps in the current efficient buffer stage. iLoad (A)

Fig. 5. Maximum load-current performance of the current boost enhance-

. . t.
It is observed that the output voltage variation is lower for "

the circuit implementing the current efficient buffer resulting

from a reduction in response time. This does not come @ea) Of the device is
the expense of additional quiescent current flow during zero ~ K,W 5
load-current conditions. Consequently, current efficiency are! ~ 2_L<ng — Vin)
battery life are maximized. K,W

2
210 (Ve = Vi = (201 = Vi — 21011} )

lIl. CURRENT BOOSTING (11)

~

where K, is the transconductance parameter of a PMOS
A. Challenge transistor. Maximum output current results when the gate drive

As the power supply voltages decrease, the gate drigeat i'Fs peak, which occurs when the source-to-_gate \_/oltage
available for the PMOS pass device decreases. As a resilitg) 1S equal to the input voltageVi,). Thus, if K, is
the aspect ratio of the power transistor needs to be incread@dA/V?, Vio 18 0.9 V,W/L is 30 kum/um, andViy is 1.2V,
to provide acceptable levels of output current. However, thRen the maximum output currefifo- max) is 20.2 mA when
parasitic gate capacitance also increases as the size of fifeSource-to-bulk junction is not forward biased. On the other
PMOS transistor increases. This constitutes an increaseN@nd: if the source-to-bulk junction is forward blaselc/12by 0.3V,
Cpar in Fig. 1, which pulls the parasitic poléPs) down then Jo. nax is 38.5 mA (assuming thay is 0.5 V//* and
to lower frequencies. Consequently, the phase margin of thgs! iS 0-6 V). As a result, the output current capability of a
system is degraded and stability may be compromised. TRMOS device can be significantly increased by simply forward
presents a problem when working in a low quiescent curreleﬁs"Tg the source-to-bulk junction. Flg..5 |I!ustrat¢s how this
environment. technique pen_‘orms on the prototype C|rcu_|t of _F|g. 2 where
the aspect ratio of the power PMOS transistor isg@nk.m.
A battery is placed between the source and bulk of the output
PMOS device, and the load-currefiroaq) is swept from
One way to improve gate drive without increasing inpud to 500 p:A. For the same input voltage, the maximum
voltage or device size is by forward biasing the source-to-bulitput current capability is increased Hg, is increased, in
junction of the PMOS pass device. This results in a reductiather words, the circuit stays in regulation for an increased
of threshold voltage, commonly referred as the bulk effetiad-current range. At a forward-biased junction voltage of
phenomenon. The threshold voltagé,,) is described by 0.3V, the output current is more than doubled compared to
its nonforward-biased state.
o Fig. 6 illustrates a successful implementation of the tech-
Vin| = Vel +7<\/2|¢f| —Veb - \/2|¢f|> (10) nique in a low drop-out regulator. This concept could easily
be extended to dc-dc converters. The forward-biased junction
where|Vio| is |V4y| at a source-to-bulk voltag@y,) of zero, is defined by the voltage drop across the Schottky diode
v is the body bias coefficient, and¢| is the bulk Fermi (Ds). This voltage drop has to be less than a base-emitter
potential [11]. Consequently, the threshold voltage decreas@dtage to prevent the parasitic vertical PNP transistors of the
as V4, increases, thereby effectively increasing the gate dripgwer PMOS device (Mpo) from turning on and conducting
of the power PMOS transistor (pass device). significant ground current through the substrate via the well.
1) Maximum Output CurrentFor comparative analysis, The effects of the parasitic bipolar transistors are mitigated by
the maximum current can be observed at the region wheyacing a heavily doped buried layer underneath the well of the
the power PMOS device is in saturation, which correspongswer PMOS transistor, if this layer is available. Furthermore,
to the nondrop-out condition. The corresponding drain curretite ability to shut off Mpo is not degraded since the forward

B. Boosting Technique
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Current Boost - Drop-Out Voltage
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Fig. 6. LDO with current boosting capabilities. Fig. 7. Drop-out voltage performance of the current boost topology.

bias voltage is a function of load-current. This is similar t rototype circuit of Fig. 6 where the aspect ratio of Mpo is
the operation of the current efficient circuit of Fig. 2. Thu kum/um. There is an experimental improvement of roughly
Ihoost IS low andVy, is close to zero at low load-currents. Atg705 with a forward bias voltage of 0.49 V
high Ioa_d—currents, howevefi,oos, and ‘./Sb incrt_ease, thereby . 3) Frequency Responseéduring low load-current condi-
decreasing the threshold yoltage and increasing the gate d%?\s, the current through the sense transistor (Mps) and
sztheDOUtpCL;t P\E/Ilos (:I_(?l}/;]ce. hod of f d biasi h consequently the current through the Schottky diode (Ds) is
) Drop- UI. otgge. € ”.‘et od of forward biasing t enegligible. This is because of the high mirror ratio of the output
source-to-bulk junction also yields lower drop-out voltages. I, 4 o sense transistor Mpo and Mps in Fig. 6. However
otZer V\éorc\;\jhthethon reslls:an(_:e .Of ;he pasts ‘;/T‘V'C‘? (Mhpo) l{ﬁps and Ds start conducting appreciable current at higher
reduced. yvhen the reguiator 1S ih drop-out, Mpo 1S charafg,y o rents. Therefore, these elements constitute another ac
teristically in the Frlode region and exhibits the well—knowr}'ignal path for the system. The effect of this path manifests
current relationship of itself through the transconductance of the pass devigg) in

I KW Vo VW V2 the open-loop gain response. The effective transconductance
sd ™ or ({Veg = Viw) Vaa = Ve) of the composite pass device of the circuit in Fig. 6 can be
KW described as
~ ;—L<‘/sg - ‘/th>‘/sd- (12)
o . . . . ImaTdGmb-o
The “on” resistancg R,,) of the PMOS device is approxi-  gmp = gm-o + At sCory < Gme-o + GmaTdgmb-o  (15)
mately brd
R~ Vaa 2L 1 where g,.., is the transconductance of Mpoy is the
T La T KW (Vg — Vi) impedance of the diode D%, is the total bulk capacitance
2L 1 of Mpo and Mps,g,..-, IS the channel conductance of the
KW (Vag = [Viol = 7{v/2101= Ve, = \/2I5¢lyy Pl of Mpo
(13)
_8lstKpW<V —V> Yy
and the drop-out voltagéVy,) is Gmbmo = Gy T Vs T Vil /2] — Vir
5
Vdo ~ RonILoad =9m-o T  ———— (16)
2L Ii0ad 2 V 2|¢f| - Ve
KW (Vig = [Viol = ¥(/2l5] = Var — V/2Ig50)) and g, is
(14) mx
Thus, if Kp is 15 LLANQ, Vio is 0.9V, W/L is 30 Kum/um, G = Im-sGm-n2 (17)
Vin 1S 1.2 V, andir..q IS 20 mA, then the drop-out voltage Im-n1

is 296 mV (corresponding to 148) when the source-to-bulk

junction is not forward biased. However, if the source-to-bulwhere g,,,-s, gm-n1, and g,,-n,2 are the transconductances of
junction is forward biased by 0.3 V, thén,, becomes 216 mV Mps, Mnl, and Mn2, respectively. As a result of the high
(corresponding to 10.82) assuming thaty is 0.5 VA/2 and mirror ratio between Mpo and Mps, the effective transcon-
2|¢y| is 0.6 V. There is a theoretical improvement of approxductance of the pass devi¢e,,;) is virtually unaffected by
imately 27%. Fig. 7 illustrates the effects of forward biasinthe current boosting technique, i.@.n, =~ gm-.. This can
the source-to-bulk junction on the drop-out performance of tie illustrated by assuming th&'/L, is 30 kum/um, W/L,
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(@
Fig. 8. Amplifier topologies.
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LDO3 - Quiescent Current
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Fig. 9. Low voltage LDO.
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Fig. 10. Load regulation performance.

power PMOS transistor is approximatedy,.,(1 + 0.05) at
dc, wherery ~ Vi/Liiode, Kp = 15 pAIVZ, v = 0.5 VV/2,
2|¢ps| = 0.6V, and Vg, = 0.3 V.

IV. CIrRcuUIT DESIGN

25E-4 1
? v e
= 20E-4 1 in=1.2V &Vref = 0.9V W/ Iboost,./
o IGF23uA @ ILoadkD Ve
5 15E-4 |GHmEx=230UA e
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0.0E+0 t t + S — . i
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Fig. 11. Quiescent current as a function of load-current.
LD O3 - Drop-out Voltage
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1871
17
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'g 151 ' Voutw/ 1DOST o s e
Vao=232m @ Vin=1.71V.~ "
> 14 T
131 T Voutwrotboost
12 -~ Nido=280nW @ Vin=1.76V
14 15 16 17 18 19 2
Vin {V)
Fig. 12. Drop-out voltage performance at 60 mA of load-current.

and voltage swings. Appropriate design techniques must be
implemented to approach the practical low voltage limits of
a given process technology. Some of the techniques that are
is 20 pm/pm, I1g.q is 50 mA, and Mn1/Mn2 have a 1:1generally recommended are complementary input amplifiers
mirror ratio; the effective transconductance of the composi@d common source [emitter] gain stages. On the other hand,
some of the discouraged techniques are unnecessary cascoding,
Darlington configurations, and source [emitter] followers [7].
At the end, however, the choice of circuit topology and
configuration depends on the specific application and the
process technology. The theoretical headroom limit of low
The problems of low voltage operation emerge in theoltage operation is a transistor stack of one diode and one
form of headroom, common-mode range, dynamic rangepndiode connected devio8/us[Vie] + Vas[Vee]), wWhich is
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Fig. 13. Output voltage variation (Traces A & B—without and with the transient boost) resulting from a load-current pulse train (Trace C—0 to 50 mA).

TABLE | extend from as low as possible to the point where the pass
PERFORMANCE SUMMARY device is shut off ¥4 < Vioewing £ Vin — 0.7 V). The
lower limit is defined to provide maximum gate drive for

LDO LDO LDO
wlo Current Boost | w/o Trans. Boost the pass element (PMOS transistor). On the other hand, the
Loy @ no-load 2 pA 23 A 23 A upper limit is set by the voltage necessary to shut off the pass
L 230 uA 50 pA 200 pA device, in other words, extend to just beyond the threshold
Ly @ Vi=12V 50 mA 2 mA 50 mA voltage. This can be accomplished by a class “A” NPN emitter
@ V=1V 18 mA g mA 18mA follower stage. This assumes that the output swing of the
Line Reg. 4mv/38V 3mV/3.67V 4mv/38V gain stage includes the positive power supply, approximately
Load Reg. 19 mV / 50mA 12 mV /30 mA 19 mV / 50mA ‘/1 — Via.
Voo o @ 60mA 2229’?: zj(;‘;v 222;?;’ The gain stage of the amplifier needs a relatively small
AVoforl:::ad=pulsc 19.mV 19.mV 14;3mv common-mode range and an output swing that includes the
(0 to 50mA) positive supply voltage. The common-mode range is de-
Votteot @ 4mv 4mv 4mv fined around the reference voltagg.;), which, in turn, can
I gyg=1mA be designed to be almost any value [12]. The low-voltage,
Chip area (not including schottky diode) 1103 pm x 1250 pm current-mode bandgap reference topology of [13] illustrates

how this can be done. As a result, the best device choice
for a low-voltage differential pair is the NPN transistor (for

approximately between 0.9 and 1.1 V in most of today'he case of MOSIS). This is because its base-emitter voltage
standard technologies. drop is roughly 0.6—-0.7 V, whereas the gate-to-source voltage

The theoretical headroom limit of low voltage for thedf MOS devices is approximately 0.9 V. Thus, a 0.85-0.9 V
MOSIS 24:m n-well technology with an added p-base layer igeference is necessary to accommodate the voltage headroom
roughly 1-1.1 V (corresponding #,-pmos + Viie-mmos)- The  requirements of the NPN differential pair in a low voltage
threshold voltage of MOS devices is roughly between 0.g&wironment.
and 0.9 V. The same process technology also offers verticalThe choice of amplifier topology, however, is limited if the
NPN transistors; however, the respective saturation voltagehgoretical low voltage limit is to be approach@id, + V).
large as a consequence of high collector series resistance. The single-stage, five-transistor amplifier shown in Fig. 8(a)
absence of a highly doped buried layer prevents this serigssimple enough to yield good frequency response for a given
resistance from decreasing to more favorable levels. Conggount of quiescent current flow. However, a regular current
guently, NPN saturation voltages are avoided in transistairror load presents a problem for low-voltage operation. A
stacks that define the low voltage headroom limit. The circui¢gular mirror load, as seen in the figure, yields a transistor
design of the amplifier can be partitioned into the output buffstack whose associated voltage dropWig + Vi + Vs,
and the gain stage. which is limited by approximately 1.4-1.5 V in the MOSIS

The idea of the buffer is to isolate the large capacitdechnology. Therefore, a different low-voltage mirror load
associated with the gate of the power PMOS transistor frattmat yields the theoretical low-voltage limit for the MOSIS
the large resistance of the output of the gain stage. Astechnology is proposedVi, + Vys =~ 1-1.1 V), as illus-
result, the buffer needs low input capacitance and low outpwated in Fig. 8(b). It is basically a mirror with an emitter
impedance. Furthermore, the output voltage swing needsfatlower level shift. The circuit operates properly because
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the base-emitter voltage drop of the NPN transistor is 158 mA), approximately 19 mV (83% improvement over the
than the source-to-gate voltage of the PMOS device. Thame circuit but without the aid of Mps in Fig. 9). The settling
current through the NPN transistor is designed such that ttiee of the LDO response without Mps is appreciably longer,
parasitic pole at the gate of the PMOS device is at highustrated by the large overshoot of trace A. This is attributed
frequencies. This parasitic polePpsarasitic) IS approximated to decreased phase margin resulting from the parasitic pole
to be being at low frequencies (consequence of low bias current
through the emitter follower of the buffer). Table | gives a
summary of the performance parameters of the low voltage

Mnpn 1
Frmupn (18) LDO.

27 2C4;

-
-Ppara51t1c ~

VI. CONCLUSION

where g, . is the transconductance of the NPN transistor A low-voltage, low quiescent current, low drop-out reg-
and Cys is the gate-to-source capacitance of each PMQgator has been designed and implemented. Low quiescent
transistor in the mirror. Among the amplifiers in Fig. 8current flow is especially important in portable products where
this topology exhibits the best systematic offset performantiee total current drain determines battery life. The regulator
because the voltages at the collector of both NPN transisteyerked down to 1 V yielding an output current of 18 mA
in the differential pair are the sam&, — Vi, + V.. This With 23 uA of quiescent current at zero load-current. At 1.2V,
results because the voltage at the input of the buffer stéi circuit was able to provide 50 mA of output current with
(or output of the gain stage) is defined by a PMOS pag30 ¢A of quiescent current. Two significant contributions,
device and an emitter follower, as seen in the current efficie¢i{rrent efficient buffer and current boosted pass device, made
buffer shown in Fig. 2. Another possible circuit topologyhe low-voltage design viable for battery powered circuits.
for the amplifier is that of a folded architecture, Fig. 8(c)Both techniques take advantage of the availability of a sense
This circuit also works properly at the theoretical limit oflement that provides a linearly load dependent current. This is
Vi + Via (equivalent toV,, + Vq.). However, systematic |ntr|n§!cfor low quiescent current flow during I_ow load-current
offset performance for this circuit is poor. Furthermore, bangonditions. The resulting circuit takes maximum advantage
width performance per given total quiescent current flow R the transistors utilized to yield low component count
not as favorable as that of the circuit shown in Fig. 8(§nd low overall ground current. Furthermore, the current

because there are more current sensitive transistor pathé)%s.t'.ng technlqge can be FE;adlly Implemented in applications

ground. requiring low switch-on resistors, i.e., dc-dc converters. In
conclusion, some techniques have been developed and verified
that allow the design of low drop-out regulators under existing

V. EXPERIMENTAL RESULTS AND DISCUSSION technologies to meet today’s and tomorrow’s low-voltage
market demands.
Fig. 9 illustrates the final integrated circuit design of the
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