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Abstract:

A 3.6 (4.3) V 50 mA capacitor-less linear voltaggulator for system on chip (SoC) is introducedidés not
require any external component and is stable inde wange of load current. This regulator uses MOS
transistor as the power element. In order to irs@ethe gate voltage of the power element switchatifg
capacitor is used. The proposed linear regulaterble®n designed in a commercial Qub3 CMOS technology.
The variation of output voltage is less than 100 evén if a full load step is applied and curremstonption of
this regulator is 15QA regardless of the load current.

common source. Both these basic configurations are
INTRODUCTION depicted in the Fig. 1. The single orientation of

a power transistor has a general influence on both
With the increasing effort to integrate all cirauitto  working mode and stability of the linear regulator.
a single chip, thereby establishing a SoC solutioe, The most significant element which has the
demands for power management unit (PMU) and itsgreatest influence on transient response of the
integration are growing [1]. Ideally, each blocktie  regulator is the power transistor. This transistor
SoC should be supplied by independent regulateqjelivers required current into the load impedance
voltage. This can be achieved by using a dedicategyhich in turn results in required output voltage.
on-chip linear voltage regulator for each circaithe A delay which is caused by the power transistdhen
SoC. The main assumptions that are made Omontrol loop is caused by the fact that gate
regulators in the SoC are small silicon area, lowcapacitance of this power transistor representsntr
power dissipation, and last but not least the at¥sen \gjtage converter. The greater gate capacitanee, th
of external components that must be connectedeto thgreater is the delay. This delay has dominant irole

chip, and thus increase the price of the wholeesyst the entire delay of the control loop.

and occupy pins of chip itself. In LDO regulators a PMOS transistor (Fig. 1) is
Linear regulators can be divided into two basic ysed in common source configuration as a power
groups [2]: element. However with this configuration several
+  Conventional linear regulators disadvantages occur. The first drawback of using

* LDO (low drop-out) regulators PMOS transistor is its lower mobility when compared

The only difference between these two to NMOS transistor. It means that PMOS transistor
topologies, is in orientation of a power transistor needs larger silicon area than NMOS transistor for
Conventional linear regulator utilizes a transistor comparable properties [3]. This larger power
which is connected in common drain, or this onetransistor reduces rate of charging common source.
transistor is replaced by a bipolar transistor (B&F  This configuration has higher output impedance than
two transistors in Darlington configuration. In the the source follower configuration in the NMOS
contrary LDO regulator uses configuration with
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Fig. 1: Topologies of linear regulators.



regulator (Fig. 1). For LDO regulators this adds an
additional low-frequency pole whose frequency is
dependent both on load
capacitance. To ensure stability a large externa

capacitor and other compensation circuit is needed
Another drawbacks associated with the low frequency

dominant pole are bandwidth limitation and the slow

load regulation response. This can be enhanced b

fast loops that increase regulator bandwidth [4].

All these disadvantages associated with the

PMOS transistor can be eliminated by using the

NMOS transistor. This power transistor is connected

in a configuration known as source follower. An
important characteristic of this circuit is low put

resistance and outpu
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Fig. 2: Simplified circuit diagram for capacitor-less LDO
regulator.

impedance, which means the output pole is placed gfqsgipjlities in power management like reduction of

a high frequency. With this in mind we do not use t

chip area, fewer pins are necessary and this lEads

output pole as dominant pole and thus we do nal neeyacrease of the price of the whole system.

external capacitor. Moreover, because the NMOS

transistor has greater mobility, for the same outpu
current a significantly smaller area of silicon is
required.

On the other hand, even with NMOS power

On the Fig. 2 one can see that there is still
a capacitor present at the output of a capaciss-le
LDO regulator. But contrary to linear regulators
(Fig. 1) (where the output capacitor is in the &0f

several microfarads) the value of this internal

transistor several disadvantages are associategl. Or&apacitor for capacitor-less LDO regulators is much

of the main drawbacks is that the gate voltage ofg

power transistor must be at least\ys,greater than
the output voltage. This itself is not a problemt im
addition with the ever decreasing supply voltabes t
leads to the fact that the supply voltage getsvbelo
possible level of gate voltage. The result is it
power transistor requires charge pump. An altevaati

maller (in the range of several hundreds picofgrad

and consequently its transient properties are much
worse. For this reason it is necessary to implement
enhancement structure to improve transient response

Properties of Transient Responses

Presence of a large external capacitor at conveaitio

to raise the gate voltage is approach known as gatfnesr/ po regulators generally improves properties

overdrive [5], which uses a floating voltage supy
elevate the control voltage into a range high ehoug
to keep the NMOS pass element operating in
saturation region.

CAPACITOR-LESSLINEAR/LDO
REGULATORS

Conventional linear/LDO regulators are in common
use and they are still being developed [6] and [7].
However a considerable part of current research o
regulators aims at capacitor-less linear/LDO

regulators [8], [9] and [10]. By removing an exiarn
regulator

capacitor of the we introduce new
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Fig. 3: Conventional LDO regulator with reduced loop barditviand its equivalent circuit diagram for fastddeansients [10].

of the regulator during transient responses. diuis to
the fact that the output capacitor stores energigiwh
is proportional to the output voltage. This eneigy
transformed into current during changes. If we aad
ideal capacitor with infinite bandwidth and zero
internal resistance, then, such a capacitor woeddtr
immediately. During transfer of the charge from
capacitor to the load a drop of output voltage is
created. Equation1 roughly describes relation

etween drop of voltagaV,,, chargeAQ and value

f the capacitoC,;.

As can be seen from the equation 1, change of

output voltage is inversely proportional to theueal
of the external capacitor. Transient properties of
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A consumption of the whole regulator belongs intosaim

Q . !

AV, O C (1) of this work. It is from the reason that more anoren
out emphasis is laid on efficiency in power management.

a regulator can be improved by increasing the valueCONCEPT OF NMOS CAPACITOR-
of this external capacitor. If the load transieate LESSLINEAR REGULATOR

much faster than time response of the regulator,

which is common with increasing clock frequency of In the following part we will describe core of the

IC, then meaning of the equation 1 is much morecircuit (Fig. 5) and implementation of enhancement

evident. Fig. 3 depicts this situation for conventl structure (Fig. 6), which is used for realizatidrttee

LDO regulator. NMOS capacitor-less linear regulator. Basis of the
If the time response of the regulator is much circuit is the power transistoMgr) similarly as the

smaller than load transients we can suppose cdnstamopology of classic linear regulator. This type of

gate voltage and the power transistor as such ean hregulator is like a voltage source which keeps wiutp

replaced by constant current source. With this onvoltage constant and independent of change indoad

mind the change of the output voltage is describecchange of battery voltage. Curreidy, which is

directly by equation 1. Contrary to conventional controlled by gate voltage on thdpr, is divided

linear/LDO regulators, capacitor-less linear/LDO between the load of the regulator and the transisto

regulator misses large external capacitor andMs, as depicted in the Fig. 5.

consequently its transient properties are much avors

To improve these properties it is necessary toapl Volus Voius Vouus

constant current source from Fig. 3, where the powe Mg ...T

transistor is shown, by an adaptive source of otrre l|——|' Mpr .

— —

which can react on fast changes of loading current. Mg _L', -
1

. . . v
Design of a Capacitor-less Linear Regulator v Vg‘sl;’AT Vou
The aim of this work is to design a capacitor-less gs,szj N
linear regulator for SoC applications. It is im@ort VDCIO_'|' . out
for the circuit to be stable at all loading curent Y HIF Y
mainly during small loading currents. Also, it is > v

necessary that the circuit has acceptable reactinns
fast change of load. I,
From this reason it is necessary to extend the
circuit by fast loops, which will be responsibler fo 1 1
fast response of the circuit and which will have Fig. 5: The core of the NMOS capacitor-less linear regulato
greater bandwidth than the slow regulating loops It
necessary to add these circuits due to absenca of a Current sourcelg delivers constant current,
external loading capacitor. charging the gate capacitance of the power tramsist
The basic concept of the designed circuit is TransistorMs similarly like the power transistdvpr,
depicted in the Fig. 4. In the concept one can seavorks in saturating mode and a control voltage from
a fast loop, that improves transient parameterth@f slow loop ¥pcieop) is applied to its gate. The current
circuit, and also slow loop is shown. This slowgdoo Is, flowing through this transistor is dependent ba t
sets the required output voltage during the steadyoltageVyss (Vgss = Vocioop - Vou) @Nd so we can say
state or during slow change of a loading current. that it works as a comparator. Magnitude of the
On the other hand, the fast loop should react orcurrent, which flows from current sourck, is
the fast transient changes of loading current amd aconstant and in steady state given by a sum of
such to control changes in output voltage. Alsay lo currentds andlg, as depicted in the Fig. 5.
After general introduction of basic elements in
Voius the circuit we can describe the principle whichsthi
linear regulator works on. In the same way as d#tis

—1+Vo) . basic topology of regulator, even here a loop of
o, Power Transistor feedback closes via comparator. The feedback i$ use
's't"L'éab'éVgﬂ to set the output voltage. Adjustment is basedhen t
Comp. . ¥t fact that current from sourde is constant, and the

t
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Networks IjR1 change of the curremt causes change of the current
, lge Which has an influence on amount of charge on
ER Clnt IOU
L

the gate of power transistor and related gate gelta
on the power transistor. As it was stated earlier,
Fig. 4: Basic concept of capacitor-lessflinear re;ulatd)h wiT
NMOS power transistor.
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Fig. 6: Circuit implementation of the capacitor-less linezgulator with NMOS power transistor.

transistorMs regulates the amount of currdgtvhich

depends on the change of load. As it is apparent fr

the equation 2, output voltage of the regulaidy,,

depends only on constants and on the cuteent Concept of linear regulator, which was introduced i
the previous part, needs to be rearranged in dther
be realized in integrated form and also to impritse
parameters like current consumption.

(2) To the most fundamental changes belongs
adding differential amplifier, which maintains
required operation point of the whole regulator.atvh

. more, we added cascade transiditar Furthermore,

Even _durlr!g the change of load, Fhe current,e added capacitive differentiato€{ Ri, Mio, My2)
sourcelg still delivers constant current, Wh_lch means, (9] and [10], which compensates transient response,

that gate voltage of the power transistdgp is and finally adischarge transistavl; [5]. Fig. 6

controlled by change of currehf. Thus the current  ygpicts the elementary parts which are mentioned.

Implementation of Capacitor-lessLinear
Regulator

Vout = (Vref _Vt) -

which flows through the power transistor is By adding differential amplifier into the concept
controlled by the currenl,, resp. by the currertt ¢ reqylator is created series connection of two
thereby closing feedback. feedback loops. The previous loop, depicted in the

The great advantage c_)f this circuit. is its speedFig_ 5, represents series fast loop while the
due to the fact that the circuit works in a current yittarential amplifier creates slow loop. For
mode. Simultaneously the circuit has one dominamimprovement of PSRR (Power Supply Rejection
disadvantage — great stand-by current consumptiofkasio) of the circuits is used a possibility to plyp
for acceptable transient response. Maximum chargingyittarential amplifier directly from the output of
speed of the input gate capacitance of the POWetequlator.
transistor is limited by current sourck. The Subliminal mode of the power transistor
magnitude of the current, which is delivered bysthi gjgpificantly slows down the response of the circui
source, is usually half of thg current. The reason is g can cause degradation in voltage regulation fo
that charging/discharging of_ the power transistateg applications where loading currents drop to veny lo
need to have the same maximum speed. , levels in a very short time. This degradation in

As shown in Fig. 4, NMOS capacitor-less linear yangjent response of regulator can be eliminated b
regulator consists of error amplifier, .floatlng tage adding a discharge circuit. This is another
source, power transistor, compensation networks andangement of circuits of the regulator which tiou
the feedback network. The output voltage of thererr ;. 5ve transient response of the regulator during
amplifier (Vo) is raised above the supply level by 5q1 gecrease of loading current. Fig. 6 depicts
a constant floating voltage source. In theory thepincinal connection of the regulator together with
floating voltage source could be implemented asyischarge transistor. This discharge circuit works
a charged floating capacitor. However, the voltageomy if regulating loop does not work in common

across the capacitor would drop due to its leakaggnqge put it is in saturation (during very fast oes
current. This problem is solved by using two loading currents).

switched floating capacitors.



Table 1 summarizes the performance of the

RESULTSAND COMPARISON proposed NMOS capacitor-less linear regulator
compared to PMOS capacitor-less LDO previously

The proposed linear regulator was designed inyeported [11].

a 0.13um CMOS technology. It provides a regulated As can be seen, the present work presents higher
output of 3.6 V or 4.3 V. The regulator was desne maximum output current (50 mA), with an improved
for delivering a maximum output current of 50 MA gynamic performance for fast variation of load

with a minimum drop-out of 100 mV. The power cyrrent, this means a faster setting time and &l sma
transistor has aAV/L (width/length) ratio equal to yariation of the output voltage.

4000um/0.5 um. The maximum quiescent current of

the regulator is 15QA, which corresponds to less CONCL USIONS

than 0.5% of the maximum load current.

The load regulation response of the regulatorstett  New NMOS capacitor-less linear voltage regulator

by switching the load current from 100 pA to 10 mA was introduced, which is capable of delivering 8.6

and vice versa withsJ/tiy €dge 1 ps (Fig. 7) resp. or 4.3V at loading currents up to 50 mA. PMOS

10 ns (Fig. 8). capacitor-less LDO regulator [11] has two times
Maximum output voltage variation for typical lower current consumption than the proposed

conditions which was obtained from the simulation regulator but on the other hand maximum current

for NMOS capacitor-less linear regulator is aboutload increased five times more than PMOS capacitor-

76 mV (Fig. 7(a)) and for PMOS capacitor-less LDO less LDO regulator [11].

regulator is about 41 mV (Fig. 7(b)). One can see NMOS capacitor-less linear voltage regulator

that for edge 1us PMOS capacitor-less LDO does not require any external component and idestab

regulator has better results (variation of outputin a wide load current range with capacitive logqd u

voltage is almost twice smaller than NMOS to 2 nF. Extensive simulation results demonstriage t

capacitor-less linear regulator). Opposite caseairscc feasibility of the design.
in the situation whetysdt edge is very fast (10 ns).

Variation of output voltage for PMOS capacitor-less ACKNOWLEDGMENTS
LDO regulator (Fig. 8(b)) is about 210 mV higher

than for NMOS capacitor-less linear regulator This work is part of the CTU SGS grant No.
(Fig. 8(a)).
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Table 1: Comparison of results between proposed SM&pacitor-less linear regulator and PMOS capaleiss LDO regulator [11].

Proposed NMOS linear PMOS LDO
regulator
Simulation Simulation
Parameter Name Test conditions Min Typ Max Min Typ Max | Unit
Input suppl
F\)/oltaggp ' Vs Vowd = Vgnd 3.77 4.8 55 | 377 48 5.5 v
Output
current lioad 0 50 0 10 mA
Output v VSEL ="0" 3.587 3.6 3.621 | 3.583 3.6 3.626 v
voltage out VSEL="1" 4.283 4.3 4.324 | 4.276 4.3 4.334
Expected Cout 0.1 2 0.1 5 nF
parasitic load ESR 0 250 0 250 mQ
Current | lioad= 10 MA 100 135 65 72 uA
consumption dd loag = 100pA 100 142 58 67
lioad @ tise (trar) = L us
. from 100pA to 10 mA 76 97 41 72
Load transient LAt 0090 mA to 10QuA 16 27 27 a7 | ™V
-30°C to 125°C
lioad @ tise (trar) = 10 NS
from 100pA to 10 mA 280 547 591 890
from 10 mA to 10QuA 107 297 71 186
-30°C to 125°C
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