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Abstrakt

Tato prace se zabyvd ndvrhem LDO regulatoru napéti s ultra nizkym klidovym proudem
v technologii BCDS8 spolec¢nosti STMicroelectronics. Jednad se o navrh kompletniho ¢ipu
véetné band-gap napétové reference umoziujici 4-bitovy trimming, teplotni ochrany, nad-
proudové ochrany, enable logiky a proudové reference. V prvni kapitole jsou uvedeny definice
dulezitych parametru tykajicich se regulace napéti a funkce MOS tranzistoru. Druhd kapitola
se vénuje principim napétovych reguldtorii. Teorie bang-gap referenci je popsana v kapit-
ole 3. Nasledujici kapitola 4 je plné vénovana samotnému navrhu kompletniho ¢ipu véetné
popisu jednotlivych bloktu. Vysledky simulaci jsou uvedeny v kapitole 5.

Kl cova slova LDO, reguldtor napéti, ndvrh integrovanych obvodi

Abstract

This thesis deals with design of a ultra-low quiescent current LDO voltage regulator in BCD8
technology of STMicroelectronics company. Design of a complete chip is described, including
a band-gap voltage reference with 4-bit trimming circuit, thermal protection, current limiting
circuit, enable control and a reference current generator as well.

The first chapter sums up definitions of voltage regulation parameters and important
parameters of MOS transistors. The second chapter deals with principles of voltage regulat-
ors. Bang-gap voltage references theory and describing main types of band-gap references is
done in chapter 3. Following chapter 4 is fully dedicated to the design of the complete chip
with detailed description of each block. Simulation results are shown in chapter 5.

Keywords LDO, voltage regulator, integrated circuits design, ultra-low quiescent current
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Introduction

Motivation and objectives

Power management blocks are parts of all electronic devices. Power management includes,
among others, voltage regulators. The goal of voltage regulators is to assure stable output
voltage regardless of input voltage variations, load conditions, transients etc.

Low drop-out regulators (LDOs) are linear voltage regulators capable of maintaining the
input voltage even with its very low di erence from the output voltage. This di erence (drop-
out voltage) can be as low as tens to hundreds of milivolts. Linear regulators function is based
on a principle of dissipating energy across a pass transistor. Thanks to the very low drop-out
voltage across the pass transistor, very high e ciency can be achieved. Nowadays, battery
powered electronic devices such as cell phones are indivisible parts of everyday life. Thus,
e ciency is one of the key features for long battery endurance of these devices. Besides the
low drop-out voltage, there is another factor in terms of e ciency and it is a low quiescent
current which is necessary especially when the LDO is operated at no or light small current
conditions. These facts make micro-power integrated circuit design very important. Of
course, everything in analog circuit design is a trade-o of something for something else.
The lower quiescent current, the slower LDO is in general - worse transient responses, lower
power supply rejection at higher frequencies etc. The challenge for a designer is to nd
optimal balance between these compromises and still ful Il desired speci cations.

Problem statements

The main goal of this thesis is to design an ultra-low quiescent LDO voltage regulator in
BCD8 technology provided by STMicroelectronics company. This designed LDO has to meet
all requirements for fabrication in STMicroelectronics company. The emphasis has been put
mainly on its e ciency. The quiescent current of the LDO core should be 14 =1 A or less
at no load - | oag = 0 A at typical conditions (without the band-gap reference). The maximal
drop-out voltage has to be Vg, < 150 mV at the maximal load current which is set to
l10ad = 300 mA. Because the application of this LDO could be as a block following a DC-DC
buck converter, of which the output voltage could be less then one volt, the minimal output
voltage of the LDO is set to be Vot = 0.8 V. The goal is to design a complete chip which
includes a bad-gap voltage reference, enable control logic, a thermal protection, a current-
limiting circuit and a reference current generator as well. Other parameters should be as
follows:
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NMOS power transistor

separate bias voltage and input voltage:Vpias = 2.751t0 5.5V, Vi, max 5.5V
output voltage: Vout = 0.8 to 4 V, by 50 mV step

accuracy of the output voltage: 2% at 27 C

power supply rejection ratio: PSRR = around 70 dB at 100 Hz

optimal output capacitor Coy =1 F, stable with Cqy = 500 nF to 10 F with ESR
in the range of 5 to 500 m

operating temperature range: -40 to 125 C

The design of the band-gap voltage reference with the output voltageVy,: = 0:8 V is and
the maximum quiescent currentlq = 500 nA which will work in the range of the bias voltage
Vpias- This design is supposed to include 4-bit trimming circuit.

Although, there are available ultra-low quiescent current LDOs on the market with a
quiescent current in units of microamperes, some of their parameters are not usually su -
ciently good, for example PSRR. The mentioned speci cation represents a quite unique LDO.
Besides the ultra-low quiescent current, the ability of very low drop-out voltage even with
non-ordinarily low output voltage and still achieving relatively high PSRR for a low-quiescent
current category represents a potentially high demand on the market. A comparison of ultra-
low quiescent current LDOs will be done at the end of this thesis.



Chapter 1

De nitions of parameters and theory
of MOS transistors

Before explaining voltage regulation principles and theory, it is convenient to de ne and
explain parameters used in further reading. Also, for better understanding, fundamental
parameters of MOS transistors are explain in this chapter.

1.1 \oltage regulator parameters

The main goal of voltage regulators is to keep its output voltage ideally constant regardless of
any circumstances which means that the ideal voltage regulator acts as a ideal voltage source.
Of course, in reality, it cannot be possible to ful ll this de nition. Hence, for classifying

a quality of voltage regulators, some standard parameters are de ned. Voltage regulators
are closed-loop feedback systems. This means that static DC parameters and frequency
dependent parameters have to be de ned to satisfyingly describe their behavior.

1.1.1 Line regulation

Line regulation is a large-signal parameter which describes how the output voltage is a ected
by a change of the input voltage. It is a DC parameter. We can de ne load regulation as:

. : V,
line regulation = — & (1.1)
in
where Vgt is a change in the output voltage caused by a change in the input voltage Vi, .
Having been said that it is a DC parameter, load regulation does not consider frequency
behavior of the regulator. As it will be described in a chapter 2, line regulation is mainly

in uenced by an open-open loop gain.

1.1.2 Load regulation

Load regulation is a DC large signal parameter as well. It describes the ability to keep the
output voltage constant while there are changes of the load current. It is de ned as:

. V,
load regulation = —— 2t : (1.2)
load

Similarly as line regulation, the main factor in term of load regulation is an open-loop gain
as well.
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1.1.3 PSRR

Power supply rejection ratio is a parameter similar to line regulation. PSRR describes the
ability of a regulator to keep the output voltage constant regardless of variation in the input

voltage, but on contrary of line regulation, it considers frequency dependence of this ability.
Another thing is that it is a small signal parameter, whereas line regulation is a large signal
parameter. But in reality, we can say that PSRR for a very low frequency (almost DC) input

variations it is approximately equal to line regulation. It is common to express PSRR in
decibels. We can de ne PSRR as:

Vout (f)
Vin (f)

where vg; is a small signal change of the output voltage caused by a small signal change in
the input voltage vj, . It is good to mention that sometimes PSRR is de ned the same way
as line regulation, but it is not that common. One of the most important aspect of PSRR s,
again, an open-loop gain, but there are many factors which can in uence PSRR.

PSRR(f) = 20log [dB]; (1.3)

1.1.4 Output noise

As in every electronic circuit, an unwanted noise signal appears at the output of the LDO.
The amount of noise is usually represented by a noise spectral density\ SD,, for a chosen
bandwidth - typically 10 Hz - 100 kHz. It is measured in units of p% There are three main

types of voltage noise:
" thermal noise
icker noise - 1/f noise
~ shot noise

Thermal noise has a characteristic of white noise - at spectral density. On the other hand,
icker noise spectral density has a shape of 1/f which can be seen at lower frequencies where
icker noise is dominant. Output noise can be also classi ed by a single value - e ective
value - root mean square of the output noise voltage V;ms. This can be calculated from the

spectral density characteristic by integration across the bandwidth:
S -

fmax
VnRMS = (VSDn(f ))zd; (1.4)

f min

wherefnin and f hax are the minimal and maximal frequency of the bandwidth.

Thermal noise is caused by thermally excited vibrations of carriers. Output noise level
can be unacceptable high especially in low-power design. The need for low consumption
forces to use large resistors and since th¥, . of thermal noise caused by a resistor is given
by [1]: p
Vieys = 4kT B R; (1.5)

wherek is a Boltzmann constant, T represents absolute temperature and is the bandwidth,
thermal voltage noise can be a problem in low power design.
MOS transistors are, besides others, sources of both thermal and icker noise. For current
thermal noise in MOS transistors working in strong inversion we can write [1]:
r

= 4kTg On B; (1.6)

I Nthermal 3
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where gy, is the transconductance of MOS.

Flicker noise in MOS structure can be signi cant at low frequencies. There are two
theories of generation icker noise in MOS structure. According to McWorther [1], [2], icker
noise is caused by random trapping carries nea®i  SiO; interface. The charge uctuation
causes uctuations in surface potential which a ects channel carrier density. Another theory
has been published by Hooge [2]. This theory describes icker noise as consequence of bulk
mobility uctuations. For icker drain current noise density of MOS in strong inversion using
McWorther model it holds [3]:

| _ Ke g :
Ntlicker Cox W Leff fEF’

(1.7)

where Kg represents a icker noise coe cient and Er is a icker noise frequency exponent,
W and Lt represent the width and the e ective length of a channel. Cox means oxide
capacitance andf represents frequency.

1.1.5 Quiescent current

Quiescent current is a current that is needed for proper functionality of the internal circuitry
and it is not delivered from the input supply to the load. Sometimes it is called as ground
current. Simple de nition can be:

lq=lin  lioad; (1.8)

where |, represents the current supplied from the input (biasing voltage) andlqaq is the
load current. From this equation it is obvious that it has a major impact on e ciency of
the regulator. The quiescent current can be either almost independent of the load current
or it can be a function of the load current. Second option is suitable especially in low power
design where, in terms of e ciency, very low quiescent current is needed at no or light loads.
This quiescent current would be unnecessarily low at heavy loads and would unnecessarily
degrade many parameters of given regulator.

1.1.6 Eciency

E ciency is simply given as a ratio between power delivered to the loadPgelivereq @and power
consumed in the internal circuitry Pinternal :

PIoad
= X (1.9)
IDload + I:)internal

E ciency is further discussed in section 2.4.

1.1.7 Dropout voltage

Series regulator are described by a parameter called drop-out voltage. Drop-out voltage is
simply given by the di erence between the input voltage and the output voltage when the
power transistor of the regulator entered linear region of operation - so calledirop-out mode
Thus, it represents the minimal di erence between the input voltage and the output voltage
for the given load current:

Vdrop = Vin ~ Vour atdrop out mode: (2.10)

5
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For proper function of the regulator, the power transistor needs a certain voltage drop to
ensure that it works in active - saturation region (using MOS transistors), for the di erence
between the input and the output voltage it must hold:

Vin  Vout > VDS (1.11)

whereVps,,,, is the minimal saturation voltage. If this condition is not ful lled, the transistor
enters linear region and starts to act as a simple resistor with a value of resistance called
Rps,, - The closed-loop system becomes an open-loop system and regulation capabilities do
not apply. Generally the drop-out voltage can be as low as tens to hundreds of milivolts.

1.1.8 Line and load transient response

These characteristics describe behavior of the regulator in time domain in a response to
the step change in the load current or the input voltage. As in every closed-loop feedback
systems, the reaction of the loop is not immediate, so undesired undershoots, overshoots and
ringing can occur in the step transient response. Every active element in the circuit has a
certain time delay because parasitics capacitances need to be charged/discharged before the
element can change something in the response. There are many factors that have an impact
on the transient response. Besides others, the unity gain frequency - UGF, slew rate and
phase margin have signi cant in uence. Achieving high UGF and high slew rate is a trade-of
between quiescent current. Therefore, especially in low quiescent current design, achieving
satisfying transient response can cause di culties. Transient behavior is disclosed in more
details in other chapters.

1.2 MOS transistors - modes of operation

Metal-oxide-semiconductor transistors are eld-e ect transistors, which mean that they act
similarly as a voltage controlled current source. The input voltage between their gate and
source terminals controls the current owing through their drain terminal. This chapter does
not discuss transistor e ect theory. It explains fundamental parameters and facts that are
important for analog IC design. For further reading, for the sake of simplicity, the para-
meters are explained on NMOS transistors, equations for PMOS transistors are analogous.
The active operation of MOS transistors can be divided into two main modes calledStrong
inversion and Weak inversion also known asSubthreshold region

1.2.1 Strong inversion

Strong inversion mode can be divided into two regions Saturation region and Linear region.
If a transistor is in strong inversion, it enters saturation region when [4]:

Ves Vin > 4V1; Vpbs >Vas Vi, (1.12)
where Vy, is the threshold voltage andVy is the thermal voltage Vit = %T In this region, the
relation between drain current |5 and Vgs is given by [5]:

1 w
Ib =3 nCox (Vos Vin)*(1+ Vos); (1.13)

where , represents the velocity of carries,Cox is the capacitance of the oxide, W and L are
physical dimensions of the transistor - width and length of the channel and is the channel
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So——4

(b)
Figure 1.1: Ebbers-Moll small signal model - NMOS (a) and PMOS (b)

length modulation parameter which depends on physical dimensions and bias conditions, it
is very complex and no such a simple model is available, but it is approximately inverse-
proportional to:

1
— 1.14
VEL ( )
where Ve is a parameter similar to Early voltage in bipolar transistors. Typical values for
parameter are usually in a range of 0.1 - 0.001.

If the second condition in equation 1.12 is not ful lled so that. Vps < Vgs Vi, the
transistor is in linear region where for the drain current it holds [5]:

1 W V
Ip = > nCoxT Ves Vin % Vbs; (1.15)

in this region, the transistor behaves as a resistor controlled by thé/ss voltage.

For design, it is important to know a small-signal model. Small-signals models use para-
meters that are de ned for a small signal variation around the operating point. Such a model
is depicted in gure 1.1. The most important parameter in this Ebbers-Moll model is the
transconductanceg, for which, in strong inversion saturation region, we can write:

@ r—

b . w
— = 2C ox—Ip: 1.16
@Vs Jop ox /D ( )

Another parameter r, represents the small-signal output resistance de ned as [4]:

Om =

. 1
%‘f jop= —: (1.17)

ro=
()

Other parameters in the model represent the gate-source capacitanc€ys and drain-gate
capacitance - called Miller capacitance -Cqg. These capacities are necessary to be bared in
mind when analyzing higher frequency behavior and doing stability analysis.



1. Definitions of parameters and theory of MOS transistors

1.2.2 Weak inversion - Subthreshold region

Even if Vgs < Vi, thanks to the thermal energy, some electrons at the source can still ow
to the drain and there is still some drain current present which is called subthreshold current.
If it holds [4]:

Ves Vi < 4V7; (1.18)

the transistor is said to be in weak-inversion region. In this region, for the drain current we
can write [4], [6]:
Ves Vin Vbs

b=l W1 1 e V1 ; (1.19)

wherel ¢ is the specic current Is = ,Cp %VTZ and Cp represents the di usion capacitance
which depends on the doping densityN and the bulk-source voltageVgs:

S
S

2( Si VBS) ’

where "4 is the permitivity of silicon and & represents the built-in potential of silicon.
Finally, the n parameter is given by: n =1+ % From equation 1.19, it can be seen that
the drain current ip is exponentially dependent on theVgs voltage - similarly as in PN diodes
and also on voltageVps. In weak inversion region, we can also say that there is a region
similar to saturation in strong inversion - If the Vps Vin, the last term in the equation
is negligible so the drain current |p starts to be almost independent onVps. In reality,
Vps > 4V is sucient [4], [6] and we can say that the transistor is in weak inversion

saturation region - in weak inversion we can achieve the lowest minimal saturation voltage

(1.20)

VDSmin :
The small-signal transconductance in weak inversion saturation is de ned as [4]:
@b . Ip
= = _- - 1.21
Om @¥s lop vy ( )

From this equation, it is clear that weak inversion has a major advantage comparing to
strong inversion - in weak inversion, the transconductance is directly proportional to the
drain current, on the other hand, in strong inversion, it is dependent on the square root of
the drain current. Therefore, for the maximal ratio ?% the transistor should be operated in
weak inversion region.

1.2.3 Strong vs Weak inversion in IC design

Operation of MOS in weak inversion is desired mainly for two reasons - the highes?% and
the lowest minimal saturation voltage Vps,,, . Let us now compare other features of strong
inversion and discuss its suitability on design of the two main blocks of analog IC design:
di erential pairs (di erential ampli er) and current mirrors.

Di erential pair  : Usually, the goal is to achieve the maximal gain of the di erential
ampli er for the given biasing current - weak inversion is preferred for the maximal g, which
leads to larger gain. Largergm also reduces the input noise [7]. Also, minimal voltage o set
is desired - in weak inversion, theVgs of the di erential pair transistor is the lowest for the
given biasing current, so the mismatch between the drain currents causes minimal di erences
betweenVgs of each transistor, thus the minimal o set voltage. Another parameter is band-
width of the di erential ampli er which is directly proportional to  gn, S0 again, the maximal
?% is desired - thus weak inversion. On the other hand, operating the transistors in weak

8



1.2. MOS transistors - modes of operation

Table 1.1: Weak inversion features

Pluses Cons

~

maximal gy for given Ip - maximal
iz ratio

larger area - larger capacitances

~ slower transient behavior

minimal Vos ~ current mirror:

minimal Vgs
{ larger current o set

di erential ampli er: { lower output impedance (for

{ minimal voltage o set short channel lengths)

maximal gain for given bias

~a

minimal input voltage noise

maximal bandwidth

~=

inversion leads to high% ratios which, besides larger area on a chip, means larg&ys which
could show deterioration at transient response behavior.

Current mirror  : In current mirrors, usually the goal is to achieve the minimal current
0 set between the mirroring current branches (di erence in mirroring currents). To achieve
this, transistors of the current mirror should be operated in strong inversion -Vgs is higher
in strong inversion so any mismatch in the layout of the current mirror and, for instance,
the di erence between the threshold voltageVy, of each transistor has smaller impact on the
overdrive voltage Voy = Vs  Vin Which then provides lower current o set. There is another
thing, for achieving lower current o set - large output impedance is needed to minimize the
dependence of the mirroring current onVps. For large output impedancer,, the parameter

should be minimal - the channel length should be long enough. If we wanted to operate

current mirrors in weak inversion and still have large output impedance, it would yield to
large % ratio because of the long channel. These are the reasons why strong inversion is
preferred in current mirrors design.

Overall summary of weak inversion features is depicted in table 1.1.

1.2.4 Threshold voltage

Threshold voltage Vi, de nes the voltage Vgs at which the channel between source and
drain is made and a certain amount of current ows through the channel. This parameter is
dependent on a variety of condition such as:

" so called body e ect
" temperature

technology parameters - such as doping densities, oxide thickness etc.

" physical dimensions



1. Definitions of parameters and theory of MOS transistors

It is important to mention so called body e ect because the threshold voltage can be in uenced
by the designer. The body e ect describes dependence of the threshold voltage on the source-
body voltage Vsg. The e ect can be described by [8]:

p 1 p 1
Ving = Vino + Vsg +2' B 25 ; (1.22)

where Vi, g is the threshold voltage whenVsg =0, ' g represents surface-bulk potential when
Vsg =0and is abody e ect technology dependent parameter. This means that with higher
Vsg the threshold voltage increases. The lowesVy, is for Vsg = 0. Parameter depends
on the oxide thickness - the thinner the oxide thickness, the lower the this parameter, thus
lower Vi, .

Temperature dependence of threshold voltage is quite complex. Yet, it can be usually
modeled as simple linear dependence on temperature - with increasing temperaturé
decreases. Further reading can be found in [9], [10].

Dependence ofVy, on physical dimensions is a really complex case. In classic CMOS
technologies, two e ect can occur. Due to so called short-channel e ectVy, decreases with
decreasing channel length andvy, increases with decreasing channel width of the transistor
- called narrow-channel e ect. In modern technologies, the dependency ofy, on the dimen-
sions can be dierent. The theory about that fact is complex and not a part of this thesis,
further reading can be found in [11], [9], [10].

1.2.5 Subthreshold leakage current

Even when Vgs=0 there is still some current owing through the channel - leakage current
This current shows exponential dependence on temperature. Approximately, it doubles with
every 10 C of rise in temperature. From equation 1.19 and forVgs = 0 we can write for the

leakage current:
Vih Vbs

lp=1lse™r 1 e VT (1.23)

where | 5 is the specic current Is = ,Cp %VTZ From this equation, it is obvious that low
threshold voltage devices are more leaky. It is useful to notice, that with higheNps voltage,
the leakage current increases as well. One way to reduce the leakage current is to increase
Vin, for instance by body e ect. Also, longer channel length than minimal should be used to
reduce the leakage current. It is also useful to mention that usually NMOS devices are more
leaky than PMOS devices.

10



Chapter 2

Voltage Regulation Theory

This chapter discusses basic principles of voltage regulation theory. Division into main groups
of regulators - parallel and series and their principles are disclosed. At the both groups of
regulators, detailed scenarios of line and load regulation are described. Several materials
regarding voltage regulators have been published, yet mathematical statements describing
line and load regulation for every disclosed type have not been found. That is the reason
why, in this chapter, explanation of load and line regulation is supported by mathematical
expressions, these expressions are then plotted as a function of parameters with a signi cant
in uence.

2.1 Regulator division

Voltage regulators can be divided into two main groups -parallel regulators (also calledshunt
regulators) and series regulators Choosing one type over the other depends on a purpose
of application because each type has its advantages and disadvantages comparing to the
other type, for instance, in power consumption, operating input voltage range, accuracy etc.
Another division can be made according used regulating power transistorshipolar transistors

- BJT and unipolar - MOS transistors. Both types can be further divided into NPN, PNP
type or N-channel, P-channelrespectively. This thesis only deals with MOS transistors since
their usage in integrated circuits is more common these days.

2.2 Parallel regulators

Basic principles of operation of parallel regulators can be compared to using zener diodes as
voltage regulators. Parallel regulators have only two pins - an output pin with the regulated
voltage Vout and a common ground pin. Application notes for parallel regulators can be
found, for instance, in [12]. The input voltage is connected to the output pin via an input
resistor. The parallel regulator provides a constant voltage at its output terminal, so the
current which ows through the input resistor Rg is given by:

Vin VOUI .
Rs
From this situation it is obvious that this current does not change with a changing load cur-

rent. This current is then divided to a current which ows to the load and to a current owing
to the regulator - quiescent current This describes the key feature of parallel regulators -

IR = (2.1)

11
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Rs i, Al

Vin ’_/\/\/\/ Vout Vin ' Vout
R1 %

R ; D s
Vref © G Vref + G
[: § Rioad [: § Rioad
+
S D

~
(@) (b)

Figure 2.1: Parallel regulator using NMOS (a) and PMOS (b)

the sum of the quiescent current and the load current is always constant for the given input
voltage. If the load current decreases, the quiescent current increases and vice versa so still
the same voltage drop across the input resistor occurs for the given input voltage. If the
input voltage changes, the current through the input resistor changes as well. Thus, for the
given load current, the quiescent current changes regarding the input voltage.

The value of the input resistor has to be calculated regarding the operating input voltage
range and the desired maximal load current:

RS — \/il'] MIN VOUt

|IoadMAx +layin

; (2.2)

where Vi, IS the minimal expected operating input voltage, ljoady,, IS the maximum
desired load current andlg,, is the minimal quiescent current needed to ensure proper
functionality of the regulator. This value of the resistor has to determined by the minimal
input voltage, if not, it would not be possible to assure the maximal load current under all
conditions. On the other hand, the maximal input voltage Vin,,. determines the maximal
power dissipation across the input resistor:

— (Vln MAX VOUt)Z.
Rs '

PRowax (2.3)

Power dissipation in the regulator itself is maximal when the maximal input voltage (Vin A
is applied - the current through the input resistor is maximal g, and there is no load
current because the whole current through the input resistor ows to the regulator - the
quiescent current is then maximall g,,, . The maximal power dissipation in the regulator is
then given by:

(2.4)

PregMAX = Vout IQMAX = Vout IRSMAX :

Thus, the maximal operating input voltage is restricted only by the maximal allowed power
dissipation across the input resistor and the dissipation in the regulator. This shows another
key feature of parallel regulators - they can be operated with very high input voltage.

Let us now explore more detailed operation of parallel regulators. A possible simpli ed
realization of a parallel regulator is sketched in gure 2.1a for a NMOS power transistor and
in gure 2.1b using a PMOS transistor. Considering a steady state scenario, the operational
ampli er and a feedback network consisted of resistordR; and R, control the voltage between

12
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Rs Rs
S iR, s iR,

Vout
in
load line R1

Vout

in
load line R1
0y9mVgs
o Rioad
Vin l

Vin

R2 ire Yiload R2

(b)
Figure 2.2: Small signal model of parallel regulator using NMOS (a) and PMOS (b)

the inputs of the opamp. This voltage is ideally zero considering in nite gain of the opamp.
Thus, the output voltage is simply given as:

Vout = Vref 1+ % ; (2.5)
2
where V¢t is the reference voltage provided, for instance, by a band-gap voltage reference.
The power transistor conducts a proper amount of current so the sum of the quiescent current
and the load current - the current through the input resistor Rg is still constant for the given
input voltage.

2.2.1 Load and line regulation

In this section, both load and line regulation are described and are supported by mathematical
expressions. Even though, as it has been said, the line and load regulation are large-signal
parameters, for mathematical expressions they will be considered as small-signal parameters
for better modeling. The inaccuracy of this decision is not too big to not have an overview
what parameters have an impact on the line and load regulation. Therefore‘(;;—:t —Vou |

Vin
respectively /o %

Now considering a load regulation scenario: Assuming the constant input voltage, when
the load current starts to increase, the voltage drop across the input resistoRg gets higher.
Thus, the output voltage decreases and then the voltage at the plus terminal - in the case of
NMOS power transistor or the minus terminal - in the case of PMOS of the opamp decreases
as well. When this happens, the ampli er has a tendency to compensate the voltage di erence
between its terminals and, in the case of NMOS power transistor, pushes its output voltage
lower or higher in the case of PMOS power transistor. The opamp drives the power transistor
which stars to conduct less current. Thus, it equalizes the sum of the quiescent current and
the load current. Therefore, it provides the desired regulated output voltage.

For mathematical description, a small signal model of a NMOS regulator is depicted in
gure 2.2a and of a PMOS regulator in gure 2.2b. For the load regulation of the NMOS
regulator we can write:

Vout To Rioad
Rs o+ Rioad
R2 o 0 Road
Ri1+ R> o+ Rioad

Vout = lload Rioad
(2.6)
Vout Av

13



2. Voltage Regulation Theory

Table 2.1: Model values for parallel regulators

parameter: | value: | parameter: value:
Ay 1000 () | Rioad e
p
R1 25 M Om 10 (lgyn + lioadwax ) lioad)
1
R2 5M Fo ((IqMIN + lioad MAX ) lioad )
| guin 100 A Rs 10 or sweep
| loady ax 100 mA 0.1V ! or sweep
Vout _ 1 . (2.7)
. - B R o ] .
lload 1+ m + Av R1+2R2 Om ro+rR|oad
or equivalently for the PMOS regulator we can write:
. V, ro R
Vout = lioad Rioad out ° oad
Rs Tro+ Rioad (2.8)
R> loR .
v + v A load
out out Ay R+ R, Om To* Rioag
Vout 1
i|0u = r - r : (2.9)
oad 1+ Rs (r0+ORIoad ) + 1+ A R1+R2 9m ro+ Roload

where A, is the DC voltage gain of the opamp. The transconductanceg, of the power
transistor, assuming operation in strong inversion, is given as:
r r
w w

Omn = 2C oxrld 2C ox ((Tgun T Nioadyax ) lioad); (2.10)
where . In parallel regulators, the drain current is not equal to the load current, but it is
approximately the di erence between the current owing through the input resistor and the
load current. Assuming that the quiescent current of the opamp does not change with the
load current and is negligible we can use thatly  (Ig,n * lloadyax ) lload- The similar
way we can write for the output resistance of the power transistorr:

1 1 ,
Id ((IquN + |IoadMAx ) |Ioad).

For the sake of simplicity, for Rigag sSimply ng of Rigag  (R1+ R2) Kk Rjpaq is used further
in this chapter since R, and R, are usually in a order of M.

We can see that the expressions for the load regulation are almost identical for the both
cases. The dependency of the load regulation on the load curreniy,q is plotted if gure 2.3
for model values listed in table 2.1. Only one graph is presented since the di erence between
the NMOS and PMOS case cannot be observed. It is obvious that the best load regulation
is at the medium load range. At the light loads, the regulation is worse due to the fact, that
the drain current is maximal, thus the lowest r, which leads to a lower value of expression

ro+rF§|oad in the equations. On the other hand, at the heavy loads, the load regulation also

o=

(2.11)
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2.2. Parallel regulators

Figure 2.3: Load regulation of parallel regulators

get worse due the the fact, that the the drain current is the lowest, thus lowestg,,. We can
see as well that the load regulation gets better for smaller channel length modulation . The
load regulation is practically independent on the value of the input resistor, that is why the
results are not shown for its di erent values.

Another situation is a line regulation scenario. Let us assume the constant load current.
Suddenly, the input voltage changes, for instance, it increases. At this moment, the voltage
drop across the input resistor is still the same thanks to the constant current situation, so
the output voltage increases as well as the di erence between the input terminals of the
opamp. Therefore, it is necessary to increase the quiescent current to the proper value so
the voltage drop across the input resistor increases to lower the output voltage back to the
adjusted value. This is done by driving the gate of the power transistor higher by the opamp
in the NMOS regulator or lower in the PMOS regulator. That forces the power transistor
to conduct more current - the quiescent current increases and the output voltage decreases
back to the adjusted value. We can describe this situation mathematically using, again, the
models in gures 2.2a and 2.2b. For the NMOS regulator we cane write:

Vin  Vout To Rioad R2 r'o Rioad
Vout = Vouu Ay ————— —_—; 2.12
out Rs fo+ Rioad " ' Ri+ Ry o o+ Rioad (212)
Vout 1
= (2.13)
: Rs (Fo* Rioa
Vin TE)r"'-l;Ioalld 41+ Av RlFisz gn Rs
and equivalently for the PMOS regulator we can express the line regulation as:
_Vin Vout To Rioad
Vout =
Rs lo*+ Rioad
(2.14)
Ver + V A R2 g ro Rioad .
out out \ R]_ + R2 m r0+ Rloada
Y 1
\;)ut = — TR - . (2.15)
i s \lo load .
n o+ Rioad * l + 1 + AV R1+2R2 gm RS
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2. Voltage Regulation Theory

Figure 2.4: Line regulation of parallel regulators

The dependency of the line regulation on the load currentl g is plotted in gure 2.4
for model values listed in table 2.1. Since the expressions for the line regulation are almost
identical for the both cases, only one graph is presented since the di erence between the
NMOS and PMOS case cannot be observed. The line regulation gets worse at heavy loads
because of the lowest drain current, thus lowestg,. We can also tell, that the highest
value of the input resistor, the better the line regulation. This makes sense because we can
imagine that the input resistor makes a simple voltage divider with the load resistor. But it
is necessary to mention that the model is calculated with the constant current through the
input resistor Rs as the sum oflq,,, + licadysy » thiS means, for example, the value of the
input resistor Rs = 10° and the maximal load current |5a¢ = 0:1 A would make the input
voltage Vi, 100 V, which may not be possible, of course.

2.3 Series regulators

Besides parallel regulators, there is a group of series regulators. Comparing to parallel regu-
lators, series regulators have three pins - an input voltage pin, an output voltage pin and a
common ground pin. Series regulators act as a variable resistor connected in series with the
load resistor. This makes a variable voltage divider. Assuming the constant input voltage,
when the load current increases, the voltage drop across the variable resistor increases as
well, so the output voltage decreases. To achieve the adjusted output voltage, the internal
circuitry has to lower the resistance of the variable resistor to the proper value to decrease
the voltage drop across the variable resistor. On the other hand, assuming the constant load
current, when the input voltage increases, the voltage drop across the variable resistor is still
the same due to the same load current. That fact makes the output voltage be higher than
desired. The internal circuitry has to increase the resistance of the variable resistor to provide
the desired output voltage.

This principle of operation determines substantial di erences from parallel regulators.
The quiescent current is not necessarily dependent on the load current, instead, it can be
only given by the internal consumption of the internal circuitry. Another di erence is that
the whole excess of power is dissipated across the internal variable pass element. Thus, the
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Figure 2.5: Series regulator using NMOS (a) and PMOS (b)

maximal dissipated power and operating temperature have to be considered and they limit
the application of the circuit. The power dissipation in the regulator is given as the sum of
the power dissipated on the variable pass element and the power consumption of the internal
circuitry:

Preg = Vin lq+(Vin  Vout) lioad; (2.16)

where |l 4 is the quiescent current needed for proper operation of the regulator. The fact that
the input voltage is directly connected to the input pin also limits the allowed input voltage
range, due to the maximal allowed voltage of the internal circuitry parts.

Now more detailed operation of series regulators can be disclosed. A simpli ed realization
of a series regulator is sketched in gure 2.5a for a NMOS power transistor and in gure 2.5b
using a PMOS transistor. The circuit is a closed-loop system. The output capacitorCyy; is
necessary for assuring stability of the circuit. The theory of stability will be discussed later in
the LDO design chapter. Considering a steady state scenario, similarly to parallel regulators,
the opamp and a feedback network of resistork; and R, control the voltage between inputs
of the opamp. Assuming in nite gain of the opamp, the output voltage is, again, simply
given as:

R
Vout = Vet 1+ R, ; (2.17)
2
To ensure proper regulation, the power transistor has to work in saturation region. To keep
the transistor in saturation, for the di erence between its drain and source terminals (e.g.
the di erence between input and output voltage) it must hold:

Vin  Vout > Vbs, s (2.18)

where Vps,;, IS the minimal saturation voltage, when this condition is not ful lled, the tran-
sistor enters linear region and starts to act as a simple resistor with a value of resistance called
Rpsg, and the closed-loop system becomes an open-loop system and regulation capabilities
do not apply. It can be said that the regulator entered a drop-out mode The voltage drop
across the power transistor in the drop-out mode -drop-out voltage Vgrop depends on the
Rpsg, Which is given mainly by physical dimensions of the transistor. Generally it can be
in the order of tens to hundreds of milivolts, thus the shortcut LDO - low drop-out
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(b)

Figure 2.6: Small signal model of series regulator using NMOS (a) and PMOS (b)
power transistor

In the case of the NMOS regulator, for achieving low drop-out voltage, it is necessary to
assure higher biasing voltagé/ss of the opamp than the input voltage Vi, which is connected
to the power transistor. This is necessary for making a larger headroom for thé/ys of the
power NMOS transistor. Larger biasing voltage can be either supplied using only, and a
charge pump or using separate biasing voltage fo¥pjas.

2.3.1 Load and line regulation

Now the load regulation is depicted. Assuming the constant input voltage, when the load
current starts to increase, the voltage drop across the power transistor gets higher. Therefore,
the output voltage decreases and then the voltage at the minus terminal of the opamp - in
the NMOS power transistor case or the plus terminal - in the case of PMOS decreases as well.
When this happens, the opamp has a tendency to compensate the voltage di erence between
its input terminals and makes its output voltage increase - in the case of NMOS transistor or
decrease - in the case of used PMOS transistor. The power transistor starts to conduct more
current which appears similarly as lowering its resistance. Thus, it provides the adjusted
output voltage. For mathematical expressions a small signal model in gures 2.6a and 2.6b
can be used. Again, there is a small inaccuracy because the line and load regulation are
large-signal parameters, as it has been already mentioned in the parallel regulators section.
For the load regulation of the NMOS regulator we can write:

. Rz V,
Vout = lioad Rioad * Vour Av R.+ R, Vout  Om Rioad :(L:t Rioad; (2.19)
\% 1
i - 1 1 R ! (2.20)
Pl Rt R tOLPAY RYR; Om
and similarly for the PMOS regulator we can write:
. R2 V
Vout = lioad Ricad Vout Av R.+ R, Om Rioad %t Rioad; (2.21)
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Table 2.2: Model values for series regulators

parameter: | value: | parameter: value:
Ay 1000 (-) | Rioad e
Ry 25M Om " 10 (o * lioad)
R» 5M Mo W
Dy 100 nA sweep

Figure 2.7: Load regulation of series regulators

Vout _ 1 .
i o1 1 Ry ’
load o T Rog T Ay Ri+R, 9m

(2.22)

It can be seen that the expressions for the load regulation are almost identical for the both
cases. The dependency of the load regulation on the load current is plotted on gure 2.7 for
model values listed in table 2.2. Only one graph is present since the di erence between the
NMOS and PMOS case cannot be observed. It can be seen that the best load regulation is
at heavy loads due the highest drain current which means highesty, of the power transistor
which is determined by the load current. The transconductancegy, is directly proportional
to the load current which represents the main di erence comparing to parallel regulators.
For g we can write:

W W
om = 2C 0xr|d 2C oxf(IDN”N + lioad); (2.23)

wherelp,,, represents the minimal current through the power transistor. This current may
be given as the current through the voltage feedback divider. Surprisingly, at the rst look,
the load regulation gets better with higher channel length modulation - . Actually, it makes
sense because when the load current gets higher, the output voltage drops and this makes
higher Vps of the power transistor which causes higher conduction of the transistor when

is higher - this reduces the output voltage drop and improves the load regulation. It must
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2. Voltage Regulation Theory

Figure 2.8: Line regulation of series PMOS regulators

be said, that the value of = % is extremely exaggerated for illustrative purposes and in
reality it is never that high.

The load regulation works practically the same in the both NMOS or PMOS cases. On the
other hand, the line regulation di ers. Firstly, the situation using the PMOS is described.
Assuming the constant load current, when the input voltage, for instance, increases, the
output voltage also increases before the regulator starts to react and then the opamp drives
the gate of the PMOS. The source of the PMOS is connected to the input voltage so before
the opamp starts to react, its Vsg gets higher with the increasing input voltage. Thus, the
opamp has to drive the gate of the PMOS to higher potential to assure the desired output
voltage. Mathematically the line regulation of the PMOS regulator can be expressed as:

Vi v R>
Vout = mriout Ricad +  Vin  Vout Ay Ri+ R, Om Rioad; (2.24)
[0}
Vout _ 1+gm ro )
Vin 1+ Ay gRE gn fo+ g (2.29)
V. RitRz IM 107 Rpgyg

The situation when using the NMOS regulator is di erent. The NMOS power transistor
is connected as a voltage follower. The input voltage is connected to the drain terminal of
the transistor. Assuming an ideal transistor which acts as a voltage controlled current source
- its output resistance is in nite and the current is fully independent on the Vpg voltage.
If we consider Vgs constant as well, we can say that the change of the potential of the
drain terminal does not change the current situation. Therefore, the output voltage does not
change at all. Of course, in reality this situation is not true, the NMOS output resistance is
not in nite. Thus, increasing the input voltage makes the transistor conduct a little bit more
which appears as increasing output voltage. This situation is compensated by the gain of the
error ampli er and the closed-loop similar way as in the PMOS case. The line regulation of
the NMOS regulator case can be expressed as:

Vin V. R>
Vout = mriout Ricad + Vout Av Ri+ R, Vout  Om Rioad; (2.26)
0
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2.4. E ciency: series vs parallel regulators

Figure 2.9: Line regulation of series NMOS regulators

1
Vout _ : 2.27)

Vi R r
" I+ 1+A R1+2R2 Om To* R

The dependency of the line regulation on the load current |ooq is plotted on gure 2.8 for the
PMOS regulator and in gure 2.9 for the NMOS regulator for model values listed in table
2.2. It is obvious that the results are better for the NMOS regulator. In the NMOS case, the
line regulation is improved approximately by the multiplication of the factor of gn ro. It
can be also seen that it get worse with the load current. The transconductance, increases
with the load current, But on the other hand, r, decreases. The decreasing is more steep and
dominant since gn, l'oad: To ﬁ Also, with higher , the line regulation gets worse,
the higher , the lower ro. On the other hand, in the PMOS case, it is almost independent
of the load current because the line regulation is mainly given by the gain of the operational
ampli er and the ratio of the output voltage divider. For the same reason, the e ect of is
not that signi cant as in the NMOS case.

Needless to say, that the all results are mainly theoretical. In reality the results may di er
substantially due to many other e ects that have not been considered for the small signal
models.

2.4 E ciency: series vs parallel regulators

E ciency could be the decision-making parameter when choosing between series and parallel
regulators. Therefore, it is bene cial to explore the relation between e ciency and the load
current. The de nition of e ciency is stated in section 1.1.6. Firstly, for the e ciency of
parallel regulators we can write:

I:)Ioad

= : 2.28
Pload + Pinternal ( )
1
= : 2.29
1+ (Vin Vout ) (lqM|N * load pyax )+Vout ((ICIMIN + lioad pax ) |Ioad) ( )
load Vout
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2. Voltage Regulation Theory

Table 2.3: Parameters for computed e ciency

I IMIN I loadpax Vin VOUt

100 A | 1 A/200 A | 2/1.5/0.9/0.83V | 0.8V

(@) (b)

Figure 2.10: E ciency of parallel (a) and series (b) regulators

The dependency of e ciency on the load current for parameters listed in table 2.3 is
depicted in gure 2.10a. As expected, the e ciency improves with the load current because
at heavy loads, the quiescent current is minimal. The e ciency at light and medium loads
is very poor. It is important to mention that the plotted results for the dierent input
voltages are calculated for the constant current through the input resistor given as the sum
of Iqun + licadyax - This means, that the value of the input resistor would have to change
according the chosen input voltage. Although it is calculated with the fact that the quiescent
current at maximal load current ljoaq,,. IS €qual to the minimal quiescent currentlg,, .
in reality, the quiescent current at highest loads should be at least around 10% Ofjoad,,,y -
Thus, the e ciency would be even worse, so the computed e ciency is only theoretical and
practically not achievable. Finally, it is important to note that the e ciency of the parallel
regulators depends on the value of gaq,,,, - it determines the value of the input resistor.
Thus, it determines the quiescent current as well - for higher desired maximal load currents,
the quiescent current at lighter loads would be higher as well and the e ciency would be
lower.

For comparison, the e ciency of series regulators is given by:

PIoad _ 1

- Pload + Pinternal - 1+ (Vin_ Vout) ioad *Vin lq *
load Vout

(2.30)

The dependency of e ciency on the load current for the same parameters is depicted in
gure 2.10b. It is obvious that at light and medium loads it is much better than at parallel
regulators. The main advantage of series regulators is the possibility of operation with very
low drop-out voltage. This can lead up to achieving even higher e ciency at lighter loads
than using DC-DC switching buck converters.
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Chapter 3

Band-gap Voltage References

This chapter clears up fundamental theory of voltage references based on band-gap voltage
principle. Main typologies and relation are discussed and shown.

3.1 Band-gap fundamentals

Voltage references are essential parts of almost any integrated circuit. The main role of
voltage references is to provide nearly constant voltage regardless temperature variations and
power supply uctuations. The best performance is achieved by voltage references based on a
so called band-gap principle. There is no parameter or value more precise than the band-gap
voltage in integrated circuit design. The fundamental of these references is generation of a
set of two voltages. One voltage has a positive temperature coe cient and is proportional to
absolute temperature -PTAT voltage, the other voltage has a negative temperature coe cient
and complements the PTAT voltage - so it is called complementary to absolute temperature
- CTAT voltage. By suitable multiplication of this voltage by a constant and adding up with
the PTAT voltage we can get nearly independent voltage on temperature variations.

The PTAT voltage can be generated using two PN junctions which are own by two
di erent current densities so that each forward-biased junction has di erent forward voltage
VE. It will be shown that the dierence between these voltages Vg is proportional to
absolute temperature. The relation between currentlp owing through a diode and its
forward voltage Vg is given by Shockley equation [5]:

VE VE
Ip=1lg ey1 1 lg evr (3.1)

where |5 is a saturation current. So for the forward voltage we can write:

I
Ve = Vp |n|£: (3.2)
S
The di erence voltage between two junctions biased with di erent current densities J; and
J, is then given by:

| | I, J
Ve=Vr In-22 vy In-22=vp In 2% —\pop Lo (3.3)
ISl ISZ IDzlsl \]2
Ip, A
Ve =Vr In D112 ; (3.4)

I0,A1
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3. Band-gap Voltage References

1
N
Ve Ve
—
Ve R1 L
o \Vgg

R2

Figure 3.1: Band-gap reference principle model

this is valid because the saturation currentl ¢ is proportional to the aperture A of the junction.

Therefore, for making the voltage di erence, the currents or the apertures of the junctions
can be di erent. It can be seen that the Vg is proportional to the thermal voltage Vr = '%.
Thus, it is proportional to the absolute temperature - PTAT. Vg has a positive temperature

coe cient given by Vt:
@ Ve _k n 1Az

Ip, A2
=0:086 In 1
@T q Ip,A1 Ip,A1

As the CTAT voltage, simple Vk can be used. Usually in many textbooks, the temperature
dependence ok is approximately referred as:

@y

@T
Thus, to ensure temperature Independence of the reference voltage, multiplying VE by a
suitable constant M and adding up with VE we get for the band-gap voltage:

mV=C: (3.5)

2mV= C: (3.6)

Vee = VE+ M Ve =Ve+M% (3.7)
whereM = ﬁ and M %= 2.

0:086 In

D, A7

Till now, the Iinearztemperature dependency of VE has been considered, in reality, this is
not true. From equation 3.2, this temperature dependency is given by temperature depend-
ency of the saturation current. The relation of this dependency is very complex. In [5] there
is a stated relation for VE:

VE=Ve, Vr ( )In(T) InC ) (3.8)

where Vg, is the band-gap voltage of silicon at 0 K, , represent circuit parameters and
are device parameters independent on temperature. Similarly, as in equation 3.7, for the
band-gap voltage we can write:

Vee = Vg, Vr ( )IN(T)+ Vr(M%% In( )); (3.9

where M s another temperature independent constant. From this it can be seen that the
band-gap voltage is not entirely independent on temperature. In fact, the dependency has
a shape of a curve around theVg, which is approximately Vg,  1:205 V, thus the name
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3.2. Brokaw band-gap reference

Figure 3.2: Bang-gap curve, di erent tuning

band-gap reference The challenge is to nd suitable values of the constants to tune the curve
the way that its peak is at the desired temperature - usually around the room temperature of
300 K. The equation 3.9 is plotted in gure 3.2 for di erent values of constants ( ) and
for (M9 In ( ))=1. Vg, is considered to beVg, = 1:205 V. It can be seen that each curve
is tuned to have a peak at di erent temperature, so when designing a band-gap reference,
the constant M in equation 3.7 has to be tuned somewhere around its stated value.

A principal implementation of a band-gap voltage reference is depicted in gure 3.1. The
operational ampli er keeps voltage Vg across the resistoiR1 which generates PTAT current
lpTaT = vaF . This current generates a voltage-drop acros®;. R; and R, make a voltage
divider. This acts as a multiplication of Vg by a constant. For the output voltage we can
then write:

R
Vou= Ve + M Vg = Vg + 1+?2 VE: (3.10)
1

3.2 Brokaw band-gap reference

Practical realizations of band-gap references use bipolar junction transistors - BJTs instead
of simple diodes. Firstly, let us sum up voltage-current relations of BJTs [5].

VBE
lc=1s evr 1 (3.11)
lc s Ve
lg= -C =15 gvr 1 (3.12)
F F
+1 VBE_
lge=lc+lg= evr 1 (3.13)

F
where |5 is a specic current similar to a saturation current as in a simple diode, so it
can be seen that the relation between collector curreni ¢ and base-emitter voltage Vg is
almost identical aslp - Vp relation of a diode. One of the most used typologies of band-gap
references is a topology invented by Paul Brokaw. The topology is sketched in gure 3.3.
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3. Band-gap Voltage References

Figure 3.3: Brokaw band-gap reference

For the sake of simplicity of analysis, let us assume that the base current of the BJTs are
negligible - l1sothatlc |g. Although, making Vge is possibly either by di erent
emitter currents or by di erent emitter areas, the second option is more accurate and more
common. So let us assume emitter-base junction areas of the BJTs in a ratio of IN. The
operational ampli er in a closed loop drives the base voltage of the BJTs so that the di erence
between the opamp input terminals is ideally zero and since resistorR are ideally identical,
the currents owing through the collectors of the BJTs are the same as well. Thanks to the
di erent base-emitter areas, for the voltage drop acrossR; it holds:

| | |
VR, = Vee = Vee, Vee,=VWr In-E2 vy n-E2=Vv;y In-2=V; InN; (3.14)

Is, Is, Is,

this voltage drop acrossR; generates PTAT current:
Vee
lpTAT = R I (3.15)
1

Since the currents through the BJTs are assumed to be identical, the current throughR» is
doubled and the voltage drop acrosR; is:

R R
VR2 =2 lptar R2 = 272 VB = 2*2VT|I']NZ (316)
R1 R1

Now the output voltage can be calculated. If resistorR, is shorted the output voltage is
given as:

R
Viet = VR, * Ve, =2 2°VrInN + Vee,; (3.17)
1

if we consider resistorR4 which makes a voltage divider with R3, the output voltage is then
given by:

Rs
R3+ R4'
To achieve a zero temperature coe cient - assuming the linear temperature dependence of
Vge from equation 3.6, the ratio of R; and R, has to ful ll:

@\éf_O, Ra _ 2

@T " Ry 2 0:086 InN

Vier = Vet (3.18)

(3.19)
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3.3. Widlar band-gap reference

—o Vref

R2

1Q

~

Figure 3.4: Widlar band-gap reference

3.3 Widlar band-gap reference

The rst invented bad-gap reference was Bob Widlar's structure which is principally depicted

in gure 3.4. Assuming again di erent emitter-base areas of the BJTs in a ratio of 1 : N.

The transistor Q3 provides that the collector voltage of Q, is approximately equal to the
collector voltage of Q;. This is only valid if currents through Q3 and Q1 are identical - in

reality the circuit will be more complex for assuring this. This depicted structure is only

for principle describing. The collector resistorsR, are set to be identical. Therefore, almost
identical currents ow through each BJT. The voltage drop acrossR; is equal to  Vgg:

I I I
VR, = Vee = Vee, Vee,=Vr -2 Vr In-E2=vy In-2=Vy InN  (3.20)
ls, Is, ls,
this voltage drop acrossR; generates PTAT current:

VBE .

R (3.21)

lpTaT =

Again, assuming negligible base currents|ptar makes a voltage drop across the collector
resistor:
R )
VR, = lptar R2= R, VBE : (3.22)

The output voltage is given by the sum of Vge, and Vg,:
R>
Viet = VR, + VBE; = EVTInN + VBE,: (3.23)

Now again, to achieve a zero temperature coe cient - again assuming the linear temperature
dependence ofge from equation 3.6:

@\észl Ro _ 2

| t=___ - - 3.24
@T R; 0:086 InN ( )
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3. Band-gap Voltage References

Widlar band-gap references have a major advantage in terms of high PSRR. The whole
core of the band-gap is self-biased from the band-gap voltage. This makes this structure very
immune against power supply uctuations. On the other hand, this structure is only suitable
for technology processes where large values ofcan be achieved. Otherwise there are errors
in the reference output voltage, as it is discussed in section 3.5.1.

3.4 Summing-current low voltage band-gap reference

In many applications, a band-gap reference working with low supply voltage even around 1 V
could be necessary. One of the possible ways how to achieve that is depicted in gure 3.5.
This structure is based on summing CTAT and PTAT currents, not voltages as in previous
cases. For analysis, again, negligible base currents are assumed. The opamp in a closed loop
ensures that the di erence voltage between its input terminals is almost zero. Thus, the
voltage drop across resistoR; is given by Vgg:

g1 lgo _

|
Vr === vy n—>2=Vr InN; (3.25)

VR, = VBe = VBe; VBe,= Vr In
S1 So ISl

this voltage drop acrossR; generates PTAT current:

VBE _ VrInN .

3.26

lpraT =

CTAT current is generated by the voltage drop across resistorR», the voltage drop across
this resistor is equal to Veg ,:

Vi
lctar = Ezl ; (3.27)

Iptar @andlcrar are then summed up at node 1. This current is then mirrored by transistors
T, and T3 so that the output voltage is given by the voltage drop caused by the the sum of
the currents owing through resistor Ra:

VTInN + VEBl

RS = (3.28)

Viet = Ra(lptaTr + lcTAaT) = R4

Finally, for a zero temperature coe cient - again assuming the linear temperature dependence
of Vge from equation 3.6:

@ _,y, Rz_ 2
@T " R; 0:086 InN °

(3.29)

For a proper operation, this type of band-gap reference theoretically needs minimal operating
voltage only given by the sum ofVge and Vps,;, , but that depends on design of the opamp

which may probably need higher voltage. The low voltage is the major advantage of this

structure. One the other hand, precision is its weakness. There are high requirements
on precision of the current mirrors, so the overall precision is not that good as in Brokaw

references, for instance.

3.5 Errors in reference voltage

Until now, ideal scenarios have been considered in calculation of the band-gap voltage. In
real design, there will occur some errors. Among signi cant sources of errors we can put:
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3.5. Errors in reference voltage
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Figure 3.5: Summing current band-gap reference

~

mismatch of resistors and transistors
" temperature coe cient of components, mainly resistors
" technology corners
nite parameter  of BJTs - non-negligible base currents
" errors in current mirroring

nite gain of used opamp and its o set

Some sources of errors cannot be avoided. On the other hand, e ect of some sources of
errors can be reduced by a proper design technique.

3.5.1 Finite e ects

Bipolar transistors in CMOS technology are made using parasitic structure. Either lateral
or vertical BJT transistors can be used. In some technology processes, parametercannot
achieve values large enough to neglect its e ects on precision of the reference voltage. To
explore e ects of , large-signal model of BJT can be used. Such a model is depicted in
gure 3.6. This model considers "parasitics” base resistance of BJT. It can be seen that the
real voltage VBOE does not equal to the ideal voltageVge given by the standard exponential
relation in equation 3.2, to get real VBOE, Vge has to be summed up with the voltage drop
across the base resistance own by base curreritg :

I
VB?E = Vg + RBfCZ (330)

Another problem is the fact that Vgg in this equation is not simply given by equation 3.2
because the collector current has to be summed up with the base current as well to know the
emitter current which gives Vgg :
0
lc 1+1

lc+ 1
Ve = Vr In % =Vt In @|7A : (331)
S S
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3. Band-gap Voltage References

Figure 3.6: BJT model for nite e ects

There is a question suggesting itself: Is there the same in uence of nite in the men-
tioned typologies of band-gap references? Let us compare the Brokaw and Widlar topology
and use gure 3.7a. Firstly, let us take a look on the Brokaw topology. For the whole genera-
tion of the band-gap voltage, only emitter currents are used. The base currents have impact
on generation of bothVgg and Vg so the in uence of the base currents is suppressed. If
there is a need for higher output voltage, then resistorR, is added. In this situation, the
voltage divider consisting of Rz and Ry is loaded by the base currents. In this situation, the
output voltage gets slightly higher because of the loaded divider. Especially in low quiescent
current design, the voltage divider needs to consume a low quiescent current and then the
base currents are not negligible and cause errors in the output reference voltage. This errors
can be theoretically suppressed by adding resistoRs between the base terminals of the BJTs.
This resistor is supposed to be equal to [13]:

R1  R3Rs |
R2 R3+ Ry

This resistor own by the base current | g, makes a little voltage drop. This voltage drop
in uences generation of Vgg. Thus, Vgg is now slightly lower and this compensates the
e ect of the loaded voltage divider. But there is a drawback of this solution and it is increased
level of output noise becauseRs value can be in the order of M. So the real usage ofRs is
debatable.

On the other hand, in Widlar topology depicted in gure 3.7b. Vg is generated by the
emitter currents, Vgg generates the PTAT current, but the PTAT voltage is not generated
by the emitter current but by the collector current which generates an error. From this, it
is evident that Widlar references are suitable for using in technologies where is su ciently
large enough to ful Il accuracy requirements.

Rs = (3.32)
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3.5. Errors in reference voltage
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Figure 3.7: E ect of base currents for Brokaw (a) and Widlar (b) band-gap reference
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Chapter 4

Design of LDO Regulator

This chapter deals with design of the LDO ultra-low quiescent current regulator. Design of
each used block is explained. Di culties and trade-o s during the design are mentioned as
well.

4.1 Speci cation of requirements

The regulator has been designed for purposes of STMicroelectronics company in their tech-
nology BCD8. All standard requirements for fabrication have had to be met. The proposed
regulator can be put into an ultra-low quiescent current category since the emphasis has been
put on minimizing the quiescent current at no load condition. Also very high e ciency can
be achieved since the drop-out voltage is extraordinary low for the ultra-low quiescent current
category. This makes the LDO ideal for battery powered applications.

The required speci cation is following:

quiescent currentlg=1 A @ lj0aq = 0 MA (without a band-gap reference)
load current | gaq = 0 to 300 mA

drop-out voltage Vigrop < 150 mV @l j0ad = 300 mA

N-channel power transistor

separate bias voltage from a battery and input voltage: Vyias = 2.75 to 5.5 V, Vi, max
55V

output voltage: Vot = 0.8 to 4 V, by 50 mV step
accuracy of the output voltage: 2% at 27 C
power supply rejection ratio: PSRR = around 70 dB @ 100 Hz

optimal output capacitor Coy =1 F, stable with Coy = 500 nF to 10 F with the
ESR in the range of 5 to 500 m

temperature range: -40 to 125 C
~ technology BCD8

design also includes:
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current limit

thermal protection

EN enable control

!

band gap
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® L
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Vout

current generator |, Ry
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Figure 4.1: Simpli ed block schematic of the designed LDO regulator

band-gap voltage reference with the maximal quiescent currentq = 500 nA
current generator

enable control

thermal protection

(ot Bt T et N et W )

current limiting circuit

The need for the minimal output voltage Vot = 0:8 V and the capability of very low drop-out
voltage even at this output voltage level determines the usage of NMOS power transistor.
Using PMOS transistor and ful lling these requirements is not possible since in this case, the
minimal biasing voltage would need to be less than 1 V (not considering separate input and
biasing voltage) and there may not be enough headroom fo¥sg of the power PMOS. It has
been decided to use separate biasing voltagé,iss and the input signal Vi,. The simpli ed
block schematic of the proposed regulator is depicted in gure 4.1.

4.2 Obstacles caused by the requirements

Before doing rsts steps and sketching rst attempts of the opamp structure, several things
have to be considered. From the speci cation of requirements it can be seen that the main
determinant in the design is the low quiescent current and the very low drop-out voltage.
These two factors bring di culties with assuring stability under all possible conditions and
achieving su cient transient responses.

The low quiescent current makes di culties mainly at following parameters and scenarios:

" Less current branches - lower "freedom" of design.
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2Vm(J! )@_> H Gt ) Vout (j! )

at) -~

Figure 4.2: Block schematic of a feedback system

Requirement for the low drop-out means using a large power transistor which is di cult
to drive with the low current.

The large power transistor together with low current makes assuring stability at every
condition very di cult.

For high PSRR, large bandwidth of the open-loop transfer function of the LDO is
needed, to achieve the large bandwidth, the large current is needed as well.

For su cient transient response, the large bandwidth is needed and capacitances have
to be charged/discharged fast enough - the current is needed again.

4.3 Stability

Assuring stability under any condition is necessary. Unfortunately, assuring stability is one of
the most di cult things in voltage regulators design, mainly due the fact that there are many
factors that can change and vary a lot and the regulator has to show su cient universality
and immunity against these variables.

For examining stability, a closed-loop feedback system can be generally depicted as in
gure 4.2, where H (! ) is a transfer function of a system without a feedback and (! ) repres-
ents a transfer function of a feedback. An overall transfer function of a closed-loop system,
also called closed-loop gain, can be expresses as:

Vi) HGL)
Vo)~ T+ GUIHGL), (“-1)

from this expression it can be seen that for the case where:

Heo (! ) =

jHGY) (U)i=1 (4.2)

arg(H(j! ) (! )) =180 ; (4.3)

the denominator of equation 4.1 becomes equal zero and the closed-loop gain becomes equal
in nity, which means that the system is not stable and starts to oscillate. Investigation of
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4. Design of LDO Regulator

Table 4.1: Normalized transfer function of zeros and poles

LHP zero RHP zero

HG )= L +1 ;z<0|H(G )= L+1 ;2>0
LHP pole RHP pole

HG{ )= 2 —p<0 | HG )= L —p>0
Fo+1 J‘—p+1

stability is provided by exploring Hop (j! )= H(j! ) (j! ), this expression is called open-loop
transfer function or open-loop gain. The open loop transfer function can be also express as:

cov oA 00z z)m(l zn) |
Hoc 0= A4 oGl Pl )’ “.4
or in the normalized form:

il i! i
(g + DG + Dy +1)

i! i! i! 1
(JTl +1)( JTZ +1) u( me +1)
where z represents the frequency for which the numerator of the function becomes zero - this
frequency is calledzero, p represents the frequency for which the denominator becomes zero
- this frequency is calledpole, nally A represents a constant,G is a constant as well and it
acts as a DC gain of the transfer function.

It is obvious that zeros and poles have a signi cant impact on the phase and the gain
of the transfer function. Both zeroes and poles can be either negative - left half plane (it is
located in the left side of a complex plane) - LHP zeros/poles or positive - right half plane
- RHP zeros, poles. If a system has a RHP pole, it is not stable. But in analog circuit
design, RHP poles are not a concern. They are a concern when it comes to discrete systems.
The transfer functions of LHP/RHP zeros and LHP/RHP poles are summed up in table 4.1
and are plotted in gure 4.3. It can be seen that each pole or zero adds up to 90 degrees
positive/negative shift of phase and the decrease/increase of magnitude is 20 dB/decade using
Bode approximation.

Hou(j' )= G (4.5)

4.3.1 Stability analysis

Stability of a closed-loop system can be analyzed using various methods. The most used
method in analog circuits design is by examining its open-loop transfer function. The system
is stable if the phase shift of the open-loop transfer function is less than -180 degrees at
the frequency at which the magnitude of open-loop transfer function is unity (or equals zero
in decibels). This method is calledBode plots For further reading, it it suitable to de ne
frequently used parameters -phase margin gain margin and unity gain frequency.

Unity gain frequency (UGF) is the frequency at which the magnitude of the open-loop
transfer function reaches unity gain (or zero level when using decibels):

UGF = fyer [Hz] where jHoL (j2f uer)i=1[ [; (4.6)

Phase marginis given by the di erence of the value of the phase of the open-loop transfer
function at the unity gain frequency and 180 degree shift:

Phase margin = 6Hpo_ (j2f ugr) ( 180)[]; 4.7)
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4.3. Stability

@) (b)

©) (d)

Figure 4.3: Normalized transfer functions of LHP zero (a), RHP zero (b), LHP pole (c) and
RHP pole (d)

Gain margin is de ned as the di erence of the magnitude of the open-loop transfer func-
tion from the zero magnitude (in decibels) at the frequencyf 139 at which the phase crosses
180 degree shift:

Gain margin = j HoL(j2f 1g0) [dB] where6 jHo (j2f 180)j = 180: (4.8)

When plotting open-loop transfer functions, several shapes of waveforms are possible to
be seen. For better illustration, how the position of poles and zeros a ects stability of a
closed-loop system, Matlab script for plotting open-loop transfer functions has been created.
In gure 4.4 several di erent open-loop transfer functions of systems are depicted. Chosen
positions of zeros and poles for each system and their stability parameters are summed up in
table 4.2. Let us now examine each system:

" System 1 is a scenario where there are three poles located very closed to each other.
These poles can add up the phase shift up to 270 degrees. The phase reaches 180
degree shift before the magnitude can reach unity (zero in decibels). This system, of
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4. Design of LDO Regulator

Table 4.2: Position of poles and zeros for various systems and their stability parameters

38

G=1000[ ]| ps[Hz] | p2 [Hz] | ps[HZ] | pa [Hz] | z1 [HZ] | Z5 [H7]
System 1 70 70 70 5 1° | 5 17| 10°
System 2 1% 10° 108 1 | 8 10°| 1
System 3 107 10° 10° 10° 1 1
System 4 10° 10 5 10° 10’ 1 1

UGFE [Hz] [ PM [ ] | GM [dB] | stability
System 1| 1:1 10° 22 yes
System 2| 1:4 10¢ 75 98 yes
System 3| 9:95 10 85 60 yes
System 4| 9:87 10* -5 no

Figure 4.4: Open-loop transfer functions for various systems




4.3. Stability

course, would be unstable. But there are also located two zeros closed to each other at

frequencies slightly higher than the frequency of the poles. The zeros compensate the

steep phase shift of the poles so that the phase shift is less than 180 degrees at UGF -
phase margin is positive and the system is stable. This system is a good example that

the system can be stable even if the phase reaches 180 degree shift before UGF if there
are zeros to compensate the phase shift.

System 2 is a scenario where there are two poles at relatively close frequencies. If
there were only these two pole the system may have been stable if the poles were at
frequencies far enough from each other to allow the magnitude reach the unity gain
before 180 degree shift. The phase margin would probably be not so large. But there
are also other higher frequency poles that can add up another phase shift so the system
can become unstable. To compensate this, there is one zero located at the frequency a
little behind the second pole. This zero compensates the phase shift of second pole so
that the phase margin is quite large and the system is stable. It is important to mention
that the zero should not be located very close to the second pole: Because we want
to compensate the phase shift of the second pole, so the rst thought would probably
be to locate the zero at the frequency of the second pole to fully compensate its phase
shift. But on the other hand, we need this second pole to allow the magnitude to
reach unity fast enough to eliminate the e ect of the other high frequency poles, which
could otherwise cause instability again. The same thing relates t@®ystem 1where fully
compensation of the two poles by two zeros is not desired as well. In thiSystem 2the

rst and second pole are located within the UGF, other poles are outside the UGF.

System 3 is a situation where there is no zero in the system. But the rst and the
second pole are very separated so that the magnitude can decrease and cross unity
before the e ect of the phase shift of the second pole and other higher frequency poles
can have signi cant impact on the phase margin. In this system, only the rst pole is
located within the UGF.

System 4 is an example of an unstable system where two poles are located close to
each other at frequencies close to other high frequency poles. There are no zeros in
the system for compensation so that the phase shift reaches 180 degrees before the
magnitude can decrease to unity and the system is then unstable.

Nyquist diagram  represents another way how to analyze stability instead of usind3ode
plots. Such a diagram for the same systems is depicted in gure 4.5. Nyquist diagram uses
plotting the open-loop transfer function in a complex plane. Axisx represents the real part of
the transfer function and axisy is the imaginary part of the function. The waveform starts at
the point at the real axis for which the frequency equals zero. At this point, there is no phase
shift so the imaginary part is zero and this point represents the DC gain of the open-loop
transfer function. Let us now increase the frequency. Until the signi cant phase shift starts
to show, we are still very close to the starting point. When the frequency is approaching
the rst pole (or zero) the phase starts to change rapidly, so does the the imaginary part of
the function and the starting point starts to move as well. The distance from the origin of
coordinates to the actual position gives the magnitude of the open-loop transfer function and
the phase of the function is given by the pitch of the actual point from the x axis. Increasing
the frequency, the actual point is moving to the left side and is drawing an "ellipse like"
curve. For frequency equal in nity, the actual point gets to the origin of coordinates.
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Figure 4.5: Nyquist diagram for various systems

The critical point in the Nyquist diagram is the point with coordinates (-1,0). If the
actual point is at this point, the magnitude of the function is unity and the phase shift is 180
degrees. For a stable system, the waveform must not encircle the point from "the outside".
This situation would mean that there is a frequency for which the phase shift is equal or higher
than 180 degrees while the magnitude is unity - this is a case @ystem 4 An interesting case
is for System 1 where the waveform crosses axis "outside" of the point (-1,0) - its phase
shift crosses 180 degree while the magnitude is still higher then unity, and then the phase
shift starts to decrease and then it encircles the point (-1,0) from the "inside" so the system
is stable. This situation is fully equivalent to the representation using Bode plots. The upper
half of the diagram is identical for analog systems - it is just a representation for negative
frequencies. The drawback of Nyquist diagrams and the reason why its usage is not frequent
in analog circuit design is the fact that there is no information about the frequency on the
contrary of Bode plots.

4.3.2 Unity step response

Unity step response describes how a closed-loop system response to a unity step signal. This
behavior in time domain is really important in the case of line and load transient response.

It will be shown that the phase margin and the unity gain frequency have major impact on
this behavior. The step response can be de ned as convolution of the impulse response of
the closed-loop systemhc (t) and the Heaviside step functionu(t):

Yout(t) = hcr (1) u(t); (4.9)
it can be also computed using the transfer function of the closed-loop systerdlc, (j! ):
z
: 171 oo
You() = F *fHeo (it )g u®= o~ Heo (it )e db o u(o); (4.10)
1
also we can use:
Yout(t) = F YfHcL(j! ) Ffu(t)gg; (4.11)

where F ! represents Inverse Fourier transform andF is Fourier transform.
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4.4. Poles and zeros of LDO regulator

Figure 4.6: Unity step response for various systems

Step response for the four systems being analyzed is plotted in gure 4.6. It is seen that
there are signi cant di erences in each characteristic:
" System 1 shows largest ringing and slowest settling time. Ringing is caused by rel-
atively small phase margin equalsP M = 22 . Settling time is mainly determined by
UGF. This system has the lowest UGF, thus the longest settling time.

System 2 shows substantial better step response behavior, only one small overshoot
occurs - the phase margin is quite large PM, = 75 and the settling time is shorter
due to the larger UGF.

System 3 shows the best unity step response - there is neither overshoot nor undershoot
nor ringing due to the highest phase marginP M3 = 85 and its UGF is highest as well.

System 4 is not stable, so its unity step response is unbounded.

4.4 Poles and zeros of LDO regulator

For assuring good stability and designing good frequency compensation it is important to
know where the most signi cant poles and zeros are located in the LDO structure. For
this purpose, the simplied small signal model of the typical NMOS LDO structure for
determining its open-loop transfer function is shown in gure 4.7. This model consists of
three main blocks - di erential ampli er stage, driver of power the transistor stage which is
considered to be based on a voltage follower and nally the power NMOS transistor. Now
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4. Design of LDO Regulator

Power NMOS

Differential amplifier

Figure 4.7: Simpli ed block schematic of the designed LDO regulator for determining open-
loop gain

we can determine the poles. The rst signi cant poles is given by the output resistance of
the di erential amplier rpa and the input capacitance of the driver Cpa :

1

————— [Hz[ 4.12
7 TonCon A (4.12)

p1=
Another poles is located on the interface of the driver and the NMOS - it is given by the
output resistance of the driver rgiver and the input capacitance of the power NMOSCyggs:

1

D Hz]: 4.13
2 Tgriver Cgs [Hz] ( )

p2 =
Another pole of the LDO is located at its output, it is given by the output capacitor Cgy
and the resistancery; seen at the node of the capacitor which is given by:

fou = — Krok (Ri+ Ro) KRioad  —; (4.14)
Om Om
this simplifying can be done considering that the resistors of the feedback divider are quite
large, usually in a order of M, the output resistance r, of the NMOS is large as well and
the transconductance g, of the NMOS is high enough due to its high% ratio, gm then
practically determines the rqy:. Finally, for the output pole we can write:

1

_ Hz]: 4.15
2 ToutCout [Hz] ( )

Pz =
It has to be mentioned that, of course, in a real circuit, there will be more poles and zeros
located at higher frequencies which may or may not have an impact on the phase margin. If
the most signi cant poles are known, then the open-loop transfer function can be expressed
as:

9oa roa Rz

Hol(j! )= - _RirRs : ; 4.16
OL(J ) (J!r DA CDA +1)(J!r driver Cgs+1)(l!r outCout+1) ( )

where gpa represents the transconductance of the di erential ampli er.
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4.4. Poles and zeros of LDO regulator

4.4.1 Problems and complications

Since the open loop transfer function shows three signi cant poles, the system can be unstable.
It is worth mentioning that the output pole is determined by gim so it is dependent on the
load current, with higher loads, it is pushed to higher frequencies. On the other hand, it can
be located at very low frequencies when light or no loads. If the LDO is adaptively biased -
its quiescent current is dependent on the load current, the rst polep; and the second polgs,
can be dependent on the load as well. There is not the only one strategy how to compensate
this system. Theoretical options are:

" The rst, really theoretical, option is to make the driver pole p, pushed to as high
frequency as possible (pushed outside UGF)p; located at su ciently low frequencies,
to be separated from the output poleps, so that the output pole can have less impact
on the phase shift. Alsop; allows the magnitude of the open-loop transfer function
reach unity before the phase reaches 180 degree shift, thus it ensures the su cient phase
margin - similarly as in System 3above. This is sometimes called "pole splitting”. This
is almost impossible in real design since there are lot of variable conditions, especially
dependency of the poles on the load. Separation of the poles can occur especially at
heavy loads where the output pole is pushed to highest frequencies but at light loads
this situation may not occur.

Another option is to have the pole p; located at low frequencies, the driver polep,
pushed to as high frequency as possible again and the e ect of the output poles
compensated by a suitably inserted zero into the system - this is described in similar
scenario ofSystem 2above. Again, the problem with the dependence on the load is still
here. Therefore, some kind of technique of the "output pole tracking" may be needed
especially for the application where the load can vary in a large range.

There is also theoretical possibility of making the output pole ps located at lowest
frequencies and pushing the polgy; to higher frequencies - to have similar situation
as in the rst option but vice versa. This situation may be suitable mainly for PMOS
power transistor LDOs since their output pole is located at lower frequencies than in
the NMOS case because the output resistance which determines the output pole is
given approximately by the output resistance rq,; of the PMOS power transistor, on
contrary of g, in case of NMOS LDOs. This scenario may work at lighter loads. If
the application requires a large range of allowed loads, at high loads it would not be
possible to make polep; located at higher frequencies than the output pole. These
poles can even switch positions which brings another complication. Also pushing pole
p1 to higher frequencies leads to lowering the output resistanceps of the di erential
ampli er which means lowering the overall gain which could be unacceptable.

These option are mainly theoretical, in real design, other higher frequencies poles can a ect
stability as well. Also requirements for universality and robustness of the LDO are high, for
instance the need for allowed value of the output capacitor can be typically from less then
1 F to tens of F which means variability of the output pole, so assuring stability under
every condition can be a really tough task and more complex approaches with compensation
such as inserting more zeros into the system etc. might be necessary.
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Figure 4.8: Compensation using ESR of the output capacitor

4.5 Compensation using ESR of the output capacitor

One possibility of inserting a zero into the system is simply using the equivalent series res-
istance - ESR of the output capacitor, the circuit for locating the frequency of the zero is
depicted in gure 4.8. The transfer function of this circuit is following:

| .l
10002 G0 = T51C walron - Reon) (&0
it is obvious that the zero is located at:
Zesr = S [Hz]; (4.18)
2 CoutResr
on the other hand the output pole is given by:
o= 5C e T Re)  ZCaren .19

and sinceRgsr << r out, the output pole is practically at the same frequency as without
considering ESR.

The usage of ESR compensation is mainly for the second scenario of compensation method
mentioned above - compensating the phase shift of the output pole. The problem is to specify
the value of ESR. Too low value of ESR may not have any signi cant e ect because the zero
would be on too high frequency. On the other hand, too high ESR can cause the zero be
located at undesirably low frequencies - of course, it would fully compensate the e ect of
the phase shift of the output pole but on the other hand we need a certain phase shift of
the output pole to allow the magnitude of the open-loop transfer function to decrease fast
enough - without that the e ect of other higher frequency poles would occur - especially the
pole created at the output of the driver. So the ideal position of the zero is at frequencies
slightly higher then the output pole, but not too much. Similar situation is described in
System 2above. From this, it can be seen that the drawback is again the dependency of the
output pole on the load. Thus, choosing the one value of the ESR which is suitable for every
condition is nearly impossible.

The ESR compensation had important usage in the past days when large tantalum output
capacitor with ESR in a range even of units of were used. These days, there is a large
need for universality and ceramic capacitors are mainly used and their ESR can reach very
low values of units of m . Therefore, the compensation technique cannot fully depend on
using the ESR compensation, it has only a supporting role. On the other hand, there is a
possibility of using a special "ESR enhancement" circuit, such a circuit is used in the design
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Figure 4.9: Miller compensation
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Figure 4.10: Small signal model of two stage ampli er with Miller compensation

of LDO and will be discussed latter. But still, the compensation strategy cannot be fully
based on this type of compensation.

Finally, it is worth mentioning that larger value of ESR means worsening transient re-
sponse behavior because the output capacitor then acts as a "weaker" voltage source. Also,
the capacitor is charging more slowly - larger time constant, which is not desirable - fast
charging is needed to compensate undershoots at the output.

4.6 Miller compensation

Miller compensation is a suitable method for "pole splitting" - separating two poles at close
frequencies. The principle of Miller compensation can be well described on a two stage
amplier in gure 4.9. In this gure, Cgs represents the gate capacitance of the second
stage NMOS T, and C, is the load capacitance, nally, C. represents a compensation
capacitor. The e ect of this compensation can be described by a small signal model of the
two stage ampli er depicted in gure 4.10. Each stage is an inverting ampli er with DC gain
of G1 = gm1Rout; and G2 = gm2Rout, respectively.

Without considering the compensation capacitor, there are two poles, rst pole located
at:

1
= — Hz]; 4.20
e sragn M (4.20)
and the second pole:
1
= - Hz]: 4.21
P2 2 R out, Cout [Hz] (4.21)
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Sincergyt1 and rout2 can have similar values, so daCgys and Coyt, the poles can be located at
very close frequencies. The e ect of Miller compensation is separating these two poles. The
Overall transfer function of the small-signal model usingC; is quite complicated and can be
found in many textbooks such as [14]:

OmloutiFout (Om,  J!C ¢)

M08 )= T ouTowsGmaCo * (1! )ProutsTours(CgsCou * (Cgs ¥ Cou)C)' (22
from this function, the poles and zeros can be determined:
Py - [Hz], (4.23)
2 9 m; Rout; Rout, Ce
and the second pole:
I e v torea e o Bl (424
there is also one zero:
z= M [HZ) (4.25)

2C¢
The rst pole p; is now moved to signi cantly lower frequencies - due to the Miller e ect
of inverting ampli er, the compensating capacitance is multiplied by the gain of the second
stage and transformed to the input of the second stageC; is also transformed to the output
of the second stage so the second pofe is moved to slightly higher frequencies then it was
originally without compensation - pole splitting occurs. But there is also an undesired RHP
zero which can potentially make compensation ine ective or can even cause instability - RHP
zeros makes magnitude increase while phase decrease - shown in gure 4.3b. The e ect of
the RHP zero can be compensated by adding a resistdR. in series with C.. It can be shown
that the original zero is then replaced by:

[Hz]; (4.26)

1
2C (g, Ro

so by appropriate choosing ofR. we can either eliminate its e ect by pushing it to in nite

frequencies when:
1

" O,
or we can even change the RHP zero to the desired LHP zero and reach another phase
compensation when:

Re (4.27)

1
Re> —: (4.28)

Having been said, the pole at the output of di erential ampli er and the output pole of
the LDO can be located at very close frequencies or they can even switch position at some
load conditions. This may cause Miller compensation be ine ective - in the scenario where
the output pole is located at a lower frequency than the pole at the output of the di erential
ampli er - because of Miller compensation - the pole a the the output of di erential ampli er
would be pushed closer to frequencies where the output pole is located and the situation would
get even worse. Another fact is that for Miller compensation we need an inverting amplifying
stage. When it comes to NMOS based LDOs, the NMOS power transistor is connected as a
voltage follower with a non inverting gain approximately equal unity. Although, it is possible
to use Miller compensation in the NMOS LDO, but not in a "classical way".
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Figure 4.11: Principle of Miller compensation and transient response of LDO (a) and im-
proved topology (b)

4.6.1 Miller compensation and transient response

It is good to mention that Miller compensation also a ects the transient behavior of the LDO.
A scenario with the line and the load transient response using Miller compensation can be
explain using gure 4.11a. The PMOS power transistor is driven by transistor T;.

Firstly, let us explain the line transient response (for that purpose, let us assume the rest-
ive load instead of the depicted current source). Assuming a steady state scenario, suddenly
the input voltage, for instance, starts to increase. The gate voltage of the PMOS cannot react
immediately, so its Vys increases, which causes more current to ow to the load. Thus, the
overshoot at the output voltage occurs. The Miller compensation capacitor directly couples
the gate of the power transistor to the output. For frequencies high enough we can consider
this path with the very low impedance. As the gate voltage starts to increase during the step
change of the input voltage, this high frequency change is then transfer to the output and the
overshoot gets bigger - Miller compensation causes worsening of the line transient response.

On the other hand, when assuming the load transient response, when there is a sudden
increase of the load current, the gate voltage cannot be pushed immediately lower to assure
higher Vys so that the PMOS could conduct more. Hence, the undershoot at the output
voltage happens. With the Miller compensation capacitor, the undershoot is directly trans-
ferred to the gate of the power PMOS and pushes the gate lower faster, which reduces the
undershoot - Miller compensation improves the load transient response.

The disadvantage of worsening the line transient response can be reduced by cascoding
driver transistor T, by transistor T, and connecting the compensation capacitor between
these transistors as it is in gure 4.11b. When the gate voltage suddenly starts to increase
during the step increase of the input voltage the source voltage oT, is not almost a ected
by the change of the input voltage, so the high frequency coupling of the gate of the power
transistor is almost eliminated.

The cascode will not much a ect improving the load transient response - when the un-
dershoot at the output voltage is transferred to the source of cascoding transistom, its Vgs
increases so its drain is pushed lower - still improving the load transient response.

4.7 Parallel compensation

Another way how to compensate the LDO is using parallel compensation. The goal of this
compensation is to make the pole at the output of the di erential ampli er located at lower
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Figure 4.12: Parallel compensation

frequencies and the phase shift caused be the output pole of the LDO compensate by adding
the zero into the system - described in the second situation above. The principle of the
parallel compensation is depicted in gure 4.12. It is done by adding a capacitor in a series
with a resistor between the di erential ampli er and the driver. For proper function, it must
hold C. >> C pa, then this compensation makes the pole at the output of the di erential
ampli er located at:

1

Hz]; 4.2
U 2Cia Ry T (429
also a zero is formed by:
Z, = 1 [Hz]: (4.30)
17 2CcR. ' '

In this kind of compensation, choosing an appropriate value of the zero-making resistor
R2> may possibly be dicult. As it has been said, the position of this zero has to track the
output pole of the LDO. In the application where a quite small range of loads is allowed,
it might be su cient to use only a xed value resistor, but in most cases, some kind of the
output pole tracking technique is needed. This leads to using an transistor working in linear
region instead of a resistor. This is also suitable for another reason, at light loads, the zero
has to be located at low frequencies which yields to having quite large resistance. Using a
resistor with very large resistance would cost a large area on a chip. Thus, using the transistor
is a better choice. This compensation technique is used for the proposed LDO, the design of
active compensation - output pole tracking - will be discussed latter.

Disadvantage of this compensation technique is the fact that it leads to usage of relative
large capacitance which may take a quite large area on a chip.

4.8 Feed forward compensation

Feed forward compensation represents another way how to insert a zero into the system. It
consist of a capacitor connected in parallel with the output voltage divider as depicted in
gure 4.13. The transfer function of this capacitor in a combination with the voltage divider
can be expressed as:

- Vi@i! ) R2 1+jIC ¢ Ry
HOY)= G = ; 4.31
o) Vo(ji' ) Ri+ Rz 1+jIC ¢ g4 .
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Figure 4.13: Feed forward compensation

it can be seen that the zero is located at:

1

= — Hz]; 4.32

Zs 3 Cn R, [Hz]; (4.32)
on the other hand the output pole is given by:
1

it = ———=wr < [HZ] (4.33)

2C g (RFiiRRZZ)

Due to the fact that the pole is given by a parallel combination of the voltage divider resistor,
the pole is located always at higher frequency than the zero so for a certain frequency range
starting at the frequency of the zero, there is a phase shit compensation. For frequencies
higher that the frequency of the pole, there is no e ect of the feed forward compensation
since the e ect of the zero and the pole are eliminated.

A certain complication can occur when designing the output voltage variable LDO. In
this situation, the ratio of the voltage divider resistors varies, so the zero and the pole vary
as well. This may cause di culties for a proper compensation under all possible conditions.

4.9 Structure of the designed LDO core

The design of the LDO core - the operational ampli er plus the power transistor, besides
the band-gap voltage reference, is a bedrock of the whole design. The block schematic of the
designed LDO core is depicted in gure 4.14. Each block will be later discussed separately.
The most important thing is choosing a su cient topology of a combination of the di erential
ampli er and the driver together with the power transistor. Each of these blocks cannot be
designed separately without considering other. Thus, the rst step is to gure out a simpli ed
structure of the whole, which may be possible to meet the requirements with and after that
to modify and adjust each block.

When guring out the rst simpli ed structure, besides others, main factors and determ-
inants may be:

~

Stability and possibility of compensation

" Quiescent current consumption, amount of branches

~

Possibility of adaptive biasing

~

PSRR considerations
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Figure 4.14: Simpli ed block schematic of the designed LDO core

Figure 4.15: Simpli ed rst approach structure

4.9.1 First approach structure

The rstly considered LDO structure is depicted in gure 4.15. The di erential ampli er is
consisted of so called symmetrical operational transconductance ampli er. The output of the
di erential ampli er is followed by the driver which consist of transistor Tg and transistor
M2 which forms a current mirror with the power NMOS. For the frequency compensation,
parallel compensation technique was intended.
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This structure was rstly considered mainly because of the following features:

a. The power NMOS has to be driven by a low impedance source to move the pole which
is formed by the gate capacitance of the power NMOS and the output resistance of the
driver to frequencies high enough to have low impact on the phase margin. The feeding
side of the current mirror is diode-connected so its output impedance is approximately

given as:

1
I driver , (4.34)

My 2
which can be considered as low impedance for su ciently largegm,, ,. But the problem
is that gm,, , is determined by the biasing current ofM 2, which may bring complications
in ultra-low quiescent current design.

b. It has been decided to use adaptive biasing. Since there is the requirement for ultra-low
guiescent current at no load, without using the adaptive biasing, parameters like PSRR,
line and load transients response and others would not be satisfying, because one of
the main determinants in these parameters is UGF which is dependant on the biasing
current of the di erential ampli er. UGF of the di erential ampli er is approximately
given as: p__

Omoa Ip .

UGFpa Couter Conr (4.35)
where gm,, IS the transconductance of di erential pair and Coy,, is the capacitance
seen at the output node of di erential amplier and Ip is the biasing current of the
input di erential pair. Another factor when it comes to the transient response behavior
is the slew rate. Before a system can react to a change, capacitances in the circuit
need to be recharged, the speed of recharging is only determined by the current that
can be sourced or sunken. Thus, the adaptive biasing where the quiescent current is a
function of the load current is desired. The overall e ciency of the LDO may not be
much a ected since at higher loads, there is no need for extremely low quiescent current
in terms of e ciency.

The desired feature of this structure is that the adaptive biasing is "automatically"
ensured by the current-mirror driver. Adaptive biasing of the di erential ampli er can
be provided, again, by another simple current mirror.

c. For sucient PSRR, the structure has to be designed the way that any capacitance
coupling between high-side and low-side node has to be minimized. With this structure,
it is possible to achieve quite high PSRR since there is no direct coupling between high
and low side nodes.

d. Parallel frequency compensation was considered. The structure has to be compensated
at the output of the di erential ampli er. The compensation capacitor has to be coupled
to the high-side because the gate of the driver transistor is tied to the high-side, coupling
of the compensation capacitor to the ground would cause worsening of PSRR. Since a
relatively large range of the load current is needed, the compensation zero has to track
the output pole - active compensation. The output pole tracking is implemented using
the adaptive biasing. The output pole shifts with the load current so the adaptive
biasing includes the information about the output pole position. With the higher load,
there is larger Vgs of Tg. This voltage controls the resistance of liner-region operated
zero-making transistor Ty».
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Unfortunately there are several complications which has caused that this has not been
used nally. The main problem was the fact that stability for under all conditions could not
be accomplished. This is mainly related to the output resistance of the driver. As it has been
mentioned - quite large current is needed to achieve su ciently low resistance of the driver
to push the driver pole to su ciently high frequencies.

The current mirroring ratio of M, and the power NMOS has to be very large, in order of
thousands not to have too high current consumption through the driver at high loads. Let
us say, that the maximum allowed current through the driver is set to be 100 A. Taking the
maximal load as 300 mA, the ratio has to be:

Wpower
——— 3000 4.36
W (4.36)

considering the same channel lengths. This means that almost no current ows through the
driver at light loads. So for that reason, a resistor connected between the gate and sources of
the current mirror as in gure 4.16 has to be added to assure some minimal current through
the driver. But this current has to be set not to cross the maximal quiescent current at no
load. But on the other hand, this amount of current may not be enough to assure that the
transconductancegm,, , is large enough for the driver pole to have a low impact on the phase
margin.

At light loads, the pole at the output of the di erential ampli er and the output pole of
the LDO are located at very low frequencies, so that the UGF of the LDO is quite low, so
even the smallest current through the driver is enough to push its pole out of the UGF. On
the other hand, the UGF is maximal at heavy loads but the current through the driver is
maximal as well, so its pole is not a concern. The worst situation is at medium loads where
there is a still quite small current through the driver but the UGF is at a medium frequency
range.

To suppress this complication, some way ho to add more current through the driver whilst
keeping the requirement for the quiescent current at no load and keeping the maximal allowed
quiescent current at maximal loads at some "reasonable" values has to be implemented. One
possibility is to implement a source-degenerated current mirror at the driver as it is depicted
in gure 4.16. This kind of current mirroring has non-linear characteristic between |54 and
lariver - This is caused by the fact that the resistor connected to the source acts as a local
negative feedback. When the reference current is low, the voltage drop across the resistor is
very small, so it almost acts like there is no resistor connected. On the other hand, when
the reference current gets higher, the voltage drop gets higher as well and the feedback gets
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stronger and causes lowering o¥/cs of the degenerated transistor. This causes the non-liner
characteristic. To achieve high non-linearity, Iarge% of the degenerated transistor has to be
chosen as well as the resistance of the resistor. This may lead to undesirable large values of
both, which yields to a large occupied area on a chip.

There are other complications with source degenerating. If there is a need for precision of
the non-liner mirroring function, the technology corners and the temperature coe cients of
the resistor may cause problems. Usually the resistors with a lower sheet resistance have the
lowest technology corner spread. Using these kinds of resistor may not be desirable if high
non-linearity is needed, because of the occupied area on a chip. Unfortunately, after a lot of
experimentation, su ciently large non-linearity has not been achieved.

All that mentioned compilations and inability to achieve good stability under all condi-
tions and corners has caused not using this structure.

4.9.2 Final structure

For the nal structure of the LDO, it has been nally decided to implement the driver based
on a voltage follower block. Pros and cons of this decision will be discussed latter. Overall
complexity of this structure is bigger than the rst approach structure, nevertheless, it was
necessary to ful Il all the requirements. Further in this chapter, each block will be discussed
separately.

4.10 Di erential ampli er

With regard to the fact that the driver is based on a voltage follower and the power NMOS
is connected as a voltage follower as well, the di erential ampli er represents the only one
gain stage of the LDO. Main requirements on the di erential ampli er have been put on:

Su ciently large gain - the only one gain stage

Large output swing - since the driver is based on a voltage follower and the fact that
the LDO has to supply the output voltage in a large range ofVy, =0:8 4V.

Ability of the di erential pair to work with quite low input voltage, which is set by the
band-gap voltage reference to b&/ef =0:8V

Su ciently large PSRR

Basic simpli ed structure of used di erential ampli er is depicted in gure 4.17. For
further reading, the parameters of the transistors in this structure are symmetrical and the
current mirroring ratio is set to be 1:1 for all current mirrors. The virtue of this structure
is its large output swing which is only limited by the minimal saturation voltage Vps,, Of
transistors T3 and T4 so it is in a range of:

output swing = from V ps,,;,, 10 Vbias  Vbsumin - (4.37)

The relatively low input voltage determines usage of the PMOS di erential pair. All

transistors in the structure have to be kept in saturation region. Thus, the input common
voltage range for PMOS di erential pair is given by:

\/in min = VGSZ + VDS;Lmin VGsl = VGSz VTHl; (438)
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Figure 4.17: Simpli ed basic structure of di erential ampli er

Vinmx = Vbias  (Ves; + Vbsgmn ) (4.39)

on the other hand, for the NMOS di erential pair, the input common voltage range is given
as (labeling of transistors is assumed the same but for "inverted" structure):

\/inmin = VDSQmin + VGSl; (440)

Vinmax = Voias  (Ves, + Vosimn  Ves:) = Vobias  (Ves,  VTH,): (4.41)

From these equations it is obvious that the PMOS di erential pair is more suitable in a case

when there is a need for the low minimal input voltage. On the other hand, the NMOS

di erential pair should be used when the high maximal input voltage range is necessary. So
for the case whenV,gt = 0:8 V the PMOS is the only option since 0.8 V may not be enough

to cover oneVgs and oneVps.

4.10.1 Small signal behavior

Now, let us explore the behavior of this structure. Just for now, ideal transistors with the
same transfer characteristic for PMOS and NMOS are considered. If the input voltages are
identical, the same current ows through each transistor of the di erential pair. The current
through T; is mirrored to the output branch by T, and Ts.

The current current through Ts is mirrored by current mirrors formed by transistors
Te, T7, Tg and T4 to the output branch. In this branch the currents of each transistor of
di erential pair are summed up. If the NMOS and PMOS transistors are assumed to have
the same transfer characteristic, the output voltage should be in the middle of biasing voltage.
If the input voltages di er, di erential pair transistor are own by di erent currents. In this
situation, one of the output transistors is forced to enter linear region, so the output voltage
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Figure 4.18: Small-signal model of di erential ampli er

swings to one or another rail. At the output branch the "lowest current wins" so the transistor
which should be own by higher current enters the linear region. Of course, this situation
is related to ideal situation where the transistors have the in nite output resistance and this
situation would mean in nite gain. For guring out the real gain, small signal model such as
in gure 4.18 can be used. Assuming ideal current mirroring byTg and Tv, the gain can be
determined using only one half of the circuit and transforming the di erential signal to the
single ended signal. According to the model we can write:

1= Vin Om,» (4.42)
. , ro, Kr
ip=ip — 22 (4.43)
ro, Kro, + Ty
i3 = iz; (4.44)
. ro, Kr
Vout = i3 Tos KTo, = Vin  Om, 2 ot KTlo,  Vin Om; Tog Klo  (4.45)
ro, Kro, +

Gm,
this simplifying can be done taking in account that that output resistance of a MOS transistor
1

is usually signi cantly larger than o nally, the gain can be expressed as:

G Omy logKro, = Om; Tlout; (4.46)

wherero, K ro, represents the output resistance of the di erential ampli er rqyt. For achieving
as large gain as possible, the di erential pair transistor should be operated in weak-inversion
to achieve the maximal g, for the given biasing current. Thus, the % ratio of the di erential
pair should be large enough.

Attention should be paid on connecting bulks of the di erential pair. If the bulks are
connected to the biasing voltage, the body e ect occurs and the threshold voltage of the
di erential pair transistors increases. This can be advantage when there is a need of larger
headroom at the low-side. Increasing the threshold voltage yields at largeWys of the di er-
ential pair while its minimal saturation voltage Vps,, remains the same. This increases the
headroom at the low-side. Thus, according to equation 4.41, it makes the minimal common
input voltage lower. But there is a drawback in terms of PSRR. In that situation, every uc-
tuation of the bias voltage is transfer to the bulks and the uctuation then a ects the body
e ect as well, which can show as decreasing PSRR. For that reason, the bulks are connected
with the sources which eliminates worsening of PSRR, since there is no body e ect.
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Figure 4.19: Modi ed cascoded current mirror

4.10.2 Cascoded current mirrors

With this structure of the di erential ampli er, usually achievable values of the gain are
around 50 dB. This may not be su ciently large for the good line and load regulation,
especially for our case where the di erential ampli er is the only gain stage. To overcome
this complication, some kind of a cascoded mirror to increase the output resistance and thus
increase the gain has to be implemented. The drawback of using cascoding is its need for larger
voltage headroom. For our case wher®,e; = 0:8 V, there is not enough headroom, especially
at low side, for using a classical cascode mirror which needs tWéys. Thus, improved cascoded
mirrors depicted in gure 4.19 have been used. This cascoding mirror requires only onégys.
On the other hand, of course, every transistor needs to be in saturation region for proper
function. The di culties can occur especially when assuring that the lower current mirroring
transistor T; is in saturation. Assuming that this transistor is operated in strong inversion,
for its drain-source voltage Vps to be in saturation it must hold:

Vps, = Ves, Ves,; (4.47)
Vbs;  Vbsimn = Ves:  Vihgs (4.48)
Ves, < Vih,; (4.49)

this condition can be achieved two ways:

a. using depletion type of upper transistors, if the technology allows this

b. operating upper transistors in weak inversion

BCD8 technology does not allow using depletion transistors so optiorb. must have been
used. Requirements for operating the lower transistor in strong inversion for better accuracy
of current mirroring and lower current o set due to the mismatch (discussed in chapter 1)
lead to small Y ratio. On the other hand, operating upper transistors in weak inversion
leads to Iarge% ratio. It is important to mention that the bulks of upper transistors must

be connected with their sources. Connecting them with ground would cause increasing of the
threshold voltage of the upper transistors by body e ect and the condition from equation
4.49 could not be ful lled since Vys of upper transistor would be increased.
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Figure 4.20: Simpli ed structure of the used di erential ampli er

If all transistors are in saturation region, then the output resistance Rq; of this cascoded
current mirror is given by the same relation as in a classical cascoded mirror [5]:

Rout = ro2(1 + Om2ro1) + lo1; (4.50)

from this equation is is obvious that operating upper transistor in weak inversion has also
advantage in maximal transconductancegn for given current. Thus, the output resistance
is maximal as well.

In real design, it can be very di cult to assure that all transistor are always in saturation
region at every condition and corner, especially when adaptive biasing of di erential ampli er
is used, so achieving maximal theoretical output resistance may not be ful lled because the
transistors may work at a "border" between linear and saturation region, anyway, a certain
improvement of the output resistance still occurs in this situation.

4.10.3 PSRR considerations

For good PSRR it is necessary to use cascoded mirrors in this structure as well. The driver
is based on a voltage follower which yields in a large variance of the output voltage of the
di erential ampli er. This means that the large di erence between Vpg of transistors T4 and
Tg or T3 and T7 back in gure 4.17 can occur sincelg is diode-connected. This large di erence
of Vps causes errors in current mirroring which occurs as an o set voltage at the output.
The value of this o set depends on the biasing voltage, thus not su cient PSRR. When using
cascoded mirrors, their output resistance is much higher so in uence of the biasing voltage
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Figure 4.21: Principle of the driver (a) and a small-signal model of a simple voltage follower
for determining its output resistance (b)

variation is suppressed. In other words, the large di erence ofVps is mainly "absorbed" by
the cascoding transistors, while the current-mirroring transistors have relatively similar Vps .
This situation represents one the disadvantages of using a driver based on a voltage
follower. In the rst approach structure back in gure 4.15, there is no need for cascoded
mirrors because the output voltage of the di erential ampli er is still in the range one Vs.
The nal simpli ed structure of the dierential ampli er with depicted adaptive and
dynamic biasing is represented in gure 4.20.

4.11 Driver

The driver of the power transistor represents one of the most critical blocks of the LDO
regrading the transient response behavior. The main goal of the diver is to supply a low
impedance source for driving the large power transistor. Before the LDO can react to changes
of the load current or the input voltage, capacitances of the circuit have to be recharged. The
large area of the power NMOS represents a large gate capacitance. This capacitance, besides
the output capacitor, may stand for the largest capacitance in the circuit. So how fast this
capacitance is able to recharge determines the transient behavior signi cantly. There are two
main challenges that need to be assured:

Pushing the pole which is made of the gate capacitance of the power NMOS and the
output resistance of the driver to frequencies as high as possible to suppress its impact
on stability.

" Assuring sourcing and sinking of a current large enough, which is necessary for suf-

ciently large slew rate for the fast recharging of the gate capacitance of the power
NMOS.

The simpli ed structure of the proposed driver is depicted in gure 4.21a The core of
the driver is transistor T1 connected as a voltage follower which is biased from xed current
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Figure 4.22: Principle of sourcing and sinking current to the load of a simple follower (a) and
a push-pull follower (b)

sourcel pias, adaptive biasing block I agaptive bias Will be disclosed later. The output resistance
of a simple voltage follower can expressed by using a small-signal model in gure 4.21b as:

o = —— Krorkrep  ——; (4.51)
Om1 Om1
where ry represents the output resistance of the biasing current source. This simplifying in
the equation can be done because in most cas%% << r ,. From this relation, it can be
seen that the output resistance of the voltage follower is the same as for the driver based on
a current mirror used in the rst approach structure in gure 4.15. So the same problems
remain:

" The requirement for the ultra-low quiescent current at no load does not allow using
su ciently large biasing current to assure that gq1 is large enough to push the pole to
frequencies high enough. Thus, again, there must be some technique how to make the
output resistance lower.

" Large biasing current is needed for the high slew rate which is again in breach of the
ultra-low quiescent current requirement.

Regarding the slew rate, a voltage follower is not an ideal solution for sourcing the current
to the load. As depicted in gure 4.22a, the sourcing capability of a current to charge the
gate capacitance is restricted by the biasing current source, which is very limiting in ultra-low
quiescent current design. On the other hand, sinking capability of a current for discharging
the gate capacitance is high, restricted only by the% ratio of the voltage follower transistor
and its maximal applied Vgs voltage. This situation is depicted in gure 4.22b. An ideal
solution would be using a push-pull topology but this structure cannot be used due to the
fact that there is a need for two Vys voltages above the output voltage of the LDO, this would
yield to unacceptably high minimal biasing voltage Vpjas-

4.11.1 Adaptive biasing of the driver

From these mentioned facts, it is obvious that, as in the rst approach structure, some way
how to to add more current to the driver, whilst keeping the requirement for the quiescent
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Figure 4.23: Simpli ed schematic of the adaptive biasing circuit for the driver

current at no load and keeping the maximal allowed quiescent current at the maximal load
has be to introduced. It has been decided to use non-linear adaptive biasing.

It is necessary that the adaptive biasing would be as simple as possible to assure a low
time delay. For instance, every current mirror has a certain time delay due to the parasitic
capacitances which have to be recharged. Too large time delay would cause unacceptably
high undershoots at the step transient response. Simple and e ective way is using source
degenerating current mirrors. The simpli ed structure of the adaptive biasing is depicted in
gure 4.23. Current mirroring is provided by the copy NMOS with a suitable \A\,’\}’é’% ratio
with the power NMOS and by the current mirror of T; and T,. Non-linearity is caused by
the e ect of two source degenerating resistord)R1 and R». Let us for now consider transistors
T3 and T4 shorted.

On contrary of the rst approach structure, where source degenerating has not been
satisfying due to the low precision and not high enough non-linearity to assure the low output
resistance of the driver for pushing the driver pole far enough at the worst case of a load
current range, in this structure, there is no such a need for very precise current mirroring
function. Also, much higher non-linearity can be achieved because there can be used two
source degenerating resistors and their e ect for the non-linearity is then multiplied.

It has been simulated that the critical factor for the su ciently good load transient
response and the phase margin is to supply a su cient current to the driver at the mid-range
loads. In this range, in our case around fromlgaq = 100 A t0 ljgag = 1MA, the UGF of
the open-loop transfer function of the LDO is at medium values, the pole at the output of
di erential ampli er and the output pole of the LDO are not too separated and the pole of
the driver is di cult to be pushed far enough because the adaptive biasing current may not
be su ciently large. On the other hand, the value of the biasing current of the driver at high
loads has not shown so big impact on improving the slew rate and reducing undershoots.

When designing the adaptive biasing there are several complications:

a. There is a need for low currentl giver 1 through the branch of the copy NMOS for
the following reason. Every transistor needs to stay in saturation region so the biasing
voltage Vpias Needs to be at least oné/ys and oneVps,;,, plus the voltage drop across the

60



4.11. Driver

Figure 4.24: Adaptive biasing of the driver - simulation results

resistor Ry higher than the output voltage. Due to the fact that there are tendencies
for lowering Wpias as possible, it may not be easy to assure saturation. This yields
to using large % of T, to achieve its low Vgs. This is not ideal for current mirrors
(reasons are mentioned in chapter 1). Making% of the copy NMOS larger does not
help reducing Vps,,, because its Iarger% ratio also means larger current through this
branch because of the higher current mirroring ratio with the power NMOS. Thus, a
lower current through this branch reduces bothVps,,, and low Vgs.

Also, there is a source of an error in the current mirroring -Vps of the copy NMOS can
be signi cantly di erent than Vps of the power NMOS, and due to the nite output
resistance of the transistors, there may be higher dependency of the current mirroring
on Vpias and Vi, ratio. On the other hand, source degeneration resistor acts as a local
negative feedback which suppresses this dependency.

. As it has been already mentioned, achieving large non-linearity of the current mirroring
yields to using large resistors and high% ratio of the source degenerated transistors.
Also W—f ratio has to be quite large as well (assuming the same channel lengths). The

problems is that ‘Lill of Ty may already be not so small. This would mean larger area
on a chip. Choosing di erent channel lengths is not an option - di erent lengths may
cause dierent threshold voltage and not precise current mirroring due to di erent
transfer function. To reduce the area, a series connection of transistor is used. N Series
connected transistors with the same channel length act in a current mirror similarly as

a single transistor with N-times longer channel length than originally but the threshold
voltage and the transfer function is nearly the same as originally. Thus, a reduction of
the occupied area is achieved.

Simulation of dependency of the adaptive biasing current of the driver on the load current
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for certain combinations of Vyias and Vi, is depicted in gure 4.24. Still, for the high slew
rate during large transients, the adaptive biasing may not be su cient. To overcome this
problem, dynamic biasing circuit boosting a large amount of current to the driver only during
the transients, when it is needed, is implemented. This block will be discussed separately
later in this chapter.

4.11.2 Drop-out behavior

When the LDO is entering the drop-out region, it stops working as a closed-loop system and
starts to behave as an open-loop system, this causes signi cant di erences in the behavior of
the internal circuitry. When that happens, the output voltage starts to be below the nominal
value. This force the dierential ampli er to push its output voltage to the high rail and
since the driver is a voltage follower, the gate of the power NMOS goes to the high rail as
well. Vps voltage of the copy NMOS s still high to remain the copy NMOS in saturation,
on contrary of the power NMOS. Proper copying current stops working and a large amount
of current starts to ow through the branch of the copy NMOS. Although, the requirement
for quiescent current is not usually de ned for the drop-out mode and larger consumption in
the drop-out is a common thing in LDOs, this might not be desirable.

Proposed solution is to clamp the current through the branch of copy NMOS by adding
transistor T3 which makes a current mirror with Ts, again using gure 4.23. The principle of
function is following:

" In the normal mode of operation of the LDO, the current through the copy NMOS
is lower than a current set by current sourcel; and multiplying factor of the current
mirror consisted of Ts and T3 - let us call it 1¢amp, this forces T3 to enter the linear
region and act as a switch with a certain negligibleRps,, . Thus, it practically does
not e ect the function of the driver.

When the LDO is entering the drop-out, the current through the branch increases,
when the current reaches the value of clamp , T3 enters the saturation region and starts
to act as current source which forces the copy NMOS to enter linear region. Thus, the
current through the branch is clamped at the value ofl ¢jamp -

The value of I amp mMust be set higher than the maximal current through the driver in the
normal mode, not to e ect the proper function of the driver.

Analogous clamping must be done at the other branch of the adaptive biasing. Although,
in the "full" drop-out, the gate voltage of the power NMOS and copy NMOS is at high
rail, so Vps voltage of T, is close to zero and almost no current ows through its branch.
But, on the "boundary" between the normal mode and the drop-out, as the gate voltage
approaches the high rail, there is still some headroom to allow, to stay almost in saturation
and an undesirably high current may ow through the branch. Hence, similar clamping using
transistor T4 should be done as well.

The best solution would be designing the circuit that assures lower quiescent current
when the LDO is in the drop-out. Such a circuit is in [15]. This circuit works only for PMOS
regulators. Hence, some modi cation would have to be done. On the other hand, these
modi cation may mean increasing the quiescent current at no load.
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Figure 4.25: Test-bench for determiningRps,, of the power NMOS

4.12 Sizing of the power NMOS

The size % ratio of the power NMOS is determined by a value of required drop-out voltage
Viarop at the maximal load current |lpaq,,, - The higher the maximal current and the lower
the drop-out voltage, the larger size. Besides the occupied area on a chip, the drawback of
the large size is a large gate capacitance which brings complication regarding stability and
the slew rate. Also, larger size means larger leakage current. In this case, the leakage current
can be signi cant since it is generally higher at NMOS than at PMOS transistors. On the
other hand, the size of NMOS can be smaller due to higher mobility of charge carriers.

When the LDO enters drop-out mode, the power transistors acts as a resistor with a value
of Rps,, Which has to be smaller than:

I |0admax 300 mA

Rbson 0.5 (4.52)

Rps,, can be determined using a characteristic equation for NMOS operated in linear region:

Vps 1 ]
I D % nCox %(VGS Vth) 1

Rps,, = (4.53)

from this, it is obvious that low Rps,, leads to Iarger% ratio. A good way how simulate
Rps,, iS using a test-bench depicted in gure 4.25. Firstly, a value of availableVgs has to be
chosen, the higherVgs the lower Rps,,. But higher available Vgs leads to higher minimal
Vhias- For the simulation, it has been chosenVgs = 1:2V. In the nal design, there may be a
headroom for largerVgs but for covering worst cases, it it suitable to chose a smaller value.
The power NMOS in the test-bench is biased by the ideal current source representing the
maximal load current, in this case 300 mA. The power NMOS is then forced to linear region
and for determining Rps,, it does just to measureVps and divide it by the current.

The channel length has been set to the minimum, in this casé = 600 nm. It must be said
that there are many other factors that a ect Rps,,. The most important are temperature
and technology corners. The worst case is foMIN technology corner where the threshold
voltage is maximal and according to equation 4.53 it means largeRps,,. Regarding the
temperature, Rps,, increases with increasing temperature. Although the threshold voltage
decreases with temperature, the increasing resistance of the metalization of the power NMOS
has a more signi cant e ect.
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Figure 4.26: Dependency oRps,, on the channel width for various numbers of gates strip
(a), dependency on the number of gate strips (b) and on temperature (c)

Table 4.3: Parameters of the power NMOS

W L:

number of gate strips:

50 mm | 600 nm

190

The equation 4.53 is simpli ed, in reality, this relation is by far more complex. For now
the goal has been to only determine% ratio. But there is another factor that has to be
gured out - the number of gate strips of the power NMOS. It can be observed that the
lowest Rps,, is for the number of gate which provides an approximately square shape of the

power NMOS in its layout.

Final parameters of the power NMOS are summed up in table 4.3. Simulation results
are shown in gure 4.26. Figure 4.26a shows the dependency &ps,, on the channel width
for various number of gate strip. Figure 4.26b represents the dependency on the number of
gate strips for chosen channel width and gure 4.26¢ shows the temperature dependency for

chosen channel width.
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Figure 4.27: First approach of adaptive biasing circuit

4.13 Adaptive biasing

It has been already mentioned that it is suitable to assure adaptive biasing for the di erential
pair as well as for the active frequency compensation. Of course, rst thought would be
implementing the adaptive biasing similar way as it has been designed for the driver. Having
been said, the drawback of this type of adaptive biasing is its imprecision. For the case of the
di erential ampli er and the frequency compensation it is not acceptable mainly for stability
reasons:

" The biasing current is the main factor for determining the UGF of the di erential
ampli er and of the whole LDO as well. Too large dependency of the adaptive biasing
on, for instance, the biasing voltageVyiss, input voltage Vi, and temperature as well as
technology corners, could potentially make assuring su cient phase margin under all
conditions unattainable due to large changes of the UGF.

Imprecision of mirroring the load current leads to imprecision of tracking the output
pole by the active parallel compensation which may cause achieving good stability under
all conditions not possible.

4.13.1 First approach structure

The important thing for improving precision of the adaptive biasing is ensuring the same
Vps Voltage for both the power NMOS and for the copy NMOS. The structure in gure 4.27
was chosen as the rst approach namely for its simplicity and low current consumption.
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Firstly, let us assume a certain current through the copy NMOS, the same current ows
into T4, this current is mirrored by Ts. The mirrored current ows through diode-connected
T, with a certain value of voltage Vgs;. If transistors T; and T, are ideally identical and
assuming ideal current mirroring of T4 and T3 in 1:1 ratio, then Vgs: = Ves2, thus the same
Vps and Vgs for the power NMOS and the copy NMOS is assured. Transistorsls and Tg
assure mirroring of the copy current to other circuitry.

For proper operation, it is necessary that all transistors are in saturation region. To assure
that, there is a need for oneVgs and oneVps,,, below the output voltage of the LDO. This
brings a drawback of this structure. In the situation when the output voltage is set to be
Vout = 0:8 V, there may not be enough headroom. Firstly, this situation yields to Iarge%
ratios of T, - Ts transistors and operating them in weak inversion to lower their Vgs and
Vbs,,, - Again, this is not ideal for current mirrors (as mentioned in chapter 1).

Several following issued has caused not using this topology:

a. The need for the large voltage headroom has been the main issue with this structure.
Even for the lowest allowed channel width of the copy NMOS, the copying current has
been too high at heavy loads to ful Il the condition for assuring saturation region for
all transistors under every corner condition, especially forMIN technology corner and
the lowest operating temperature.

b. The overall precision has not been satisfying, mainly at light loads when the copy
current is too low for proper biasing of the current mirrors. Also higher dependency on
technology corners and temperature have occurred.

c. Using all transistors operating in weak-inversion leads to Iarge‘% ratios. This means
that non-negligible leakage currents at high temperatures may occur. This represents a
signi cant problem regarding the frequency compensation at light loads - output pole
tracking by the parallel active compensation is highly dependent on temperature at
light loads, which causes assuring a su cient phase margin unattainable. Although
several leakage current compensation circuits have been implemented, the results have
not been a hundred percent reliable and satisfying.

4.13.2 Final structure

The simpli ed structure of the nal adaptive biasing circuit is depicted in gure 4.28. This
structure is based on an operational ampli er working in a closed-loop. Sources of the both
copy and power NMOS are connected to the inputs of the PMOS di erential pair made of
transistors T1 and T,. Transistors T3 and T4 represent an active load of the di erential stage.
The second stage consists of transistoffs connected as a common source ampli er loaded
by the copy NMOS. The closed-loop provides ideally identical voltages (assuming in nite
open-loop gain and zero voltage o set) at the inputs of di erential pair.

Resistor R; makes the characteristic between load and copy current slightly nonlinear. At
light loads, the copy current is small so is the voltage drop across the resistor and the e ect
of Ry is negligible andVps and Vs of the copy NMOS and the power NMOS is practically
the same. At high loads, the voltage drop starts to increase and the e ect of the resistor gets
bigger - acts as a local negative feedback and slightly decreas¥ss of the copy NMOS, thus
decreases slightly the copy currentl copy - the principle is basically the same as for source
degenerating current mirrors. It has been gured out that slightly non-linear function is
suitable for slightly lower quiescent current at high loads without a ecting stability of the
LDO - the "active" zero of the active parallel compensation is already pushed to very high
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4.13. Adaptive biasing

Figure 4.28: Simpli ed schematic of adaptive biasing circuit

frequencies that more copy current has almost no e ect on stability (only a small di erence of
the UGF caused by the adaptive biasing of the di erential ampli er can be observed). This

is also the reason why the dependency of the resistance value on temperature and technology
corners is not an issue in this case.

As a two stage ampli er, some kind of frequency compensation is needed for a su cient
phase margin. Compensation capacitoiC, together with compensation resistorR acts sim-
ilar way as mentioned compensation technique using ESR together with the output capacitor
in section 4.5. C. ensures that the open-loop gain crosses unity at lower frequencies whik.
inserts a zero into the system.

Finally, transistors Tg Ty provide current mirroring of |copy and supplying of the ad-
aptive biasing current to other circuit blocks.

Special attention should be paid on:

a. Connecting the bulks of the PMOS di erential pair to highest potential to use body
e ect for increasing the threshold voltage Vi, of the di erential pair. Increased threshold
voltage helps providing larger voltage headroom for transistorsTs and T4 to be in
saturation region. This situation is related to the situation when the lowest output
voltage of the LDO Vg =0:8 V is set.

b. Sizing of Ts is important. Its \LL: ratio has to be small enough to assure thatVgss is

high enough that T, stays in saturation at light loads where there is only a small current

through Ts. On the other hand, too low ‘I’_V—SS may lead to too large Vgss at high loads

that T, enters liner region since there may not be a voltage headroom for its minimal
saturation voltage Vps omin - Again, this situation may occur at Voy = 0:8 V.

Simulated dependency of the adaptive biasing of di erential ampli er on the load current
for various combinations of Vyjzs and Vi, is depicted in gure 4.29.
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4. Design of LDO Regulator

Figure 4.29: Simulated dependency of the adaptive biasing current of the di erential ampli er
on the load current

4.14 Dynamic biasing

Transient response behavior, especially the load transient response is a general weakness of
ultra-low quiescent current LDOs. Having been said already, the load transient response is
mainly determined by the speed of recharging capacitances in the circuit. The are two largest
capacitances in the proposed LDO structure:

a. Gate capacitance of the power NMOS of which recharging is supplied by the driver

b. Compensation capacitance of the active parallel compensation of which recharging is
provided by biasing of the di erential ampli er

Both the di erential ampli er and the driver are adaptively biased. At great transient steps,
the adaptive biasing current will not be su ciently large to assure a good slew rate - fast
recharging of the capacitances and providing small undershoots at the output voltage.
Dynamic biasing boosts the current to the di erential pair and to the driver only when
there is an undershoot at the output voltage during the transients steps. At steady state, the
dynamic biasing current is nearly zero. The proposed dynamic biasing is based on sensing the
output voltage (the feedback voltage) and comparing this voltage with the reference voltage.
The voltage between the feedback and the reference controls the boosting current sources for
the di erential ampli er and the driver. The boosting current ratio ( K, L) for each block is
di erent as it is depicted in a block schematic in gure 4.30.
Several issues had to be solved during designing the dynamic biasing:

a. Assuring as fast reaction of the dynamic biasing circuit as possible, again, this is mainly
determined by the biasing current of this block.
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Vbias

Figure 4.30: Simpli ed block schematic of dynamic biasing

Figure 4.31: The e ect of the dynamic biasing during large transient load steps
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4. Design of LDO Regulator

b. Low current consumption, which is in breach ofa., again.

c. Assuring almost zero current in the steady state under all conditions. Special attention
had to be paid on Monte Carlo simulations.

d. Leakage current complications had occurred, compensation circuitry had to be imple-
mented.

e. Choosing optimal current boost ratio. Too low ratio may not be enough for fast tran-
sients, on the other hand, too high ratio may cause some overshoots at the output
voltage, this is related mainly for the biasing of the di erential ampli er.

Example of boosting a current to the driver during load transients is depicted in gure
4.31. It can be seen, as expected, that the boosting current only occurs when there is about an
undershoot at the output voltage. The e ect of the dynamic biasing on reducing undershoots
is signi cant as it can be seen in the gure.

4.15 Leakage current compensation

The size of the power NMOS transistor is signi cant, its % 83300 while the channel
length is minimal L = 600 nm. Transistors with minimal channel lengths are the most
leaky and very Iarge% ratio of the power NMOS, according to equation 1.23, means large
leakage current as well. Besides the current consumption, the leakage current of the power
transistor might cause inability of voltage regulation at light loads. In a case of the NMOS
power transistor, the operational ampli er of the LDO forces its gate to be pushed to a
lower potential to reduce the conduction of the power NMOS. If a signi cant leakage current
occurs, the gate of the power transistor can be forced below the potential of the source and
even if the gate voltage is located in the low rail, it still does not have to be su cient for
lowering the conduction of the power NMOS enough to maintain the desired output voltage

- the power NMOS cannot be turned o su ciently - the output voltage is now higher than

the desired value and the regulation stops working. For these reasons, a compensation of the
leakage current is necessary.

The compensation of the leakage current can be implemented based on a generation
of proportional leakage current and subtracting it from the leaky power transistor branch.
Proposed simpli ed schematic of the leakage current compensation is depicted in gure 4.32.
Firstly, let us consider the situation when the leakage current causes problems. Assuming the
compensation circuit disconnected and the situation when the expected load current given
by the desired output voltage Vy,; and the load resistanceR|gaq as:

load = ; (4.54)

and the current through the feedback voltage divider is smaller than the leakage current gax
- the leakage current cannot be fully absorbed by the divider. Ifl|eax > | 10aq- Neglecting the
small current through the divider, the current through the power NMOS is the actual load
current 1 0_, expressed as:

loag = leak > | load: (4.55)

The leakage current then causes the actual output voltageV/S, to be:
Vout > Vout; (4.56)
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*******************************

Vgate°—|[: POWER

|
Y!leak + |Ieakcomp
|

I leakcomp

Y ! ioad
—Vout

M T

Figure 4.32: Simpli ed structure of leakage current compensation

so the voltage regulation does not work properly. Now let us describe the compensation
connected. Transistor Ty has the gate terminal connected with its source, so it represents a
proportional leakage generator. For better accuracy, the channel lengths must be the same
L power = L1. For the size of T1 it then should hold:

W1 Whpower; (4.57)

Wpower

——— =M 4.58
pos (4.58)

for not too large area occupation. Leakage current is directly proportional to the% ratio.
Ideally T, generates M-times smaller leakage current than the power NMOS. Transistors
T, Ts have to provide current mirroring and multiplying the proportional leakage current
so that:

lieak = lieakcomp: (4.59)

In this situation, the whole leakage current | o is now absorbed be the compensation and
there is no unwanted excess of current to the load which cause¢l; > Vo without the
compensation. Thus, now we can write:

lioad = oad (4.60)
and then for the output voltage with the compensation it holds:
Vout = Vout: (4.61)

" If leakcomp <! leak, then the gate potential of the power NMOS can still be bellow its
source and the NMOS cannot be su ciently turned-o and the voltage regulation can
still be corrupted.

~

If leakcomp > | leak, the regulation will, of course, work normally because the opamp
of the LDO is capable of regulation the conduction of the power NMOS, but there is
unnecessary current consumption.
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4. Design of LDO Regulator

There are several complications achievind jeakcomp = |leak:

a. Transistors T,  Ts have to supply multiplying factor by M. Too large M can lead to
large % of these transistors and then their own signi cant leakage current can poten-
tially occur. To reduce their own leakage, it is necessary to use longer channel lengths
than minimal.

b. The leakage current of a transistor is dependent on itsVps as well. In our case, The
power NMOS and the proportional leakage generator transistorT; do not have the
sameVps so imprecision of generationl jgakcomp Can occur as well.

4.16 Feedback voltage divider

The LDO has to allow the adjustable output voltage. The customer's desired output voltage
will be provided by a laser beam burning metal connections.
The voltage divider requirements are:

" Vout=0:8 4V
" adjustable by 50 mV step

The ultra-low quiescent current requirement forces us to design the diver using large
resistors to provide the low current consumption which is a trade-o with an occupied area
on a chip. To reduce the area, using a type of resistors with the largest sheet resistance
in given technology may be needed. On the other hand, resistors with the largest sheet
resistance do not usually provide the best matching, this can lead to worse precision of the
output voltage which can be shown using Monte Carlo simulations. Another drawback of
using large resistors is increased output noise caused by thermal noise according to equation
1.5.

For better matching and more precise output voltage, attention should be paid on:

a. Using resistors with bigger width than minimal, again, there is a trade-o between
precision and occupied area.

b. Layout matching technique should be considered. For improved matching, it is suitable
to consist the whole divider using approximately the same size parts to allow using
layout techniques such as a common centroid etc.

It has been decided to use high resistance poly-silicon (HIPO) resistors. At typical techno-
logy corners and temperature, the current through the divider has been set td 4,y = 100 nA.
Now we can calculate the resistance needed for the step of 50 mV voltage drop:

V50m 50 mV
R = = =500k : 4.62
0m T T4y 100 nA (4.62)
This value can be achieved with a reasonable size so it is suitable to consist the whole divider
with resistors approximately of this value of resistance, as it is depicted in gure 4.33. The

number of 500 k pieces for the whole divider then is:

V,
NReop = ;’}J;g“ni‘x =80( ): (4.63)
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TOP PART - 64 X

Figure 4.33: Simpli ed schematic of voltage feedback devider and the test-bench for its design

Besides temperature dependency and technology corners of resistors, there is another fact
that must be taken into account. Real HIPO resistors have three terminals - an additional
terminal is a connection to the substrate. The voltage potential between poly-Si contacts
and the substrate has also an impact on the resistance - there is a voltage dependency. To
compensate this e ect, each resistor has to have slightly di erent dimensions and the goal is
to tune each resistor piece to just right value to have the desired output voltage.

4.17 Frequency compensation

An active parallel frequency compensation has been used as the "main" compensation. For
proper parallel frequency compensation, the output pole tracking has to be usually provided
to set the proper frequency of the compensating zero - as it is mentioned in section 4.7. In this
proposed compensation technique, the output pole tracking is based on an adaptive biasing
current. At heavy loads - the output pole is located at highest frequencies and the adaptive
biasing current is highest, on the other hand, at light loads, the output pole is located
at low frequencies and the adaptive biasing current is low as well - the adaptive biasing
current contains information about the output pole. Simplied structure of the designed
compensation is depicted in gure 4.34.

The Theory of parallel compensation is explained in section 4.7. CapacitoC; represents
a compensation capacitor. ResistoR. together with transistor T, and T3 form a zero making
resistor. Because the transistors work in liner region, they act as a voltage controlled resistor.
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Figure 4.34: Simpli ed structure of active parallel compensation

Transistor T, acts as a xed value resistor, its resistance is set by the standard equation
for linear region of NMOS:

Ry, = Vbs, 1 )
’ lp, % nCoxY_vfzz(VGSz Vthz)’

(4.64)

so the resistance is determined by its‘l’_"—z2 ratio and Vgs» voltage which is determined
by the current 11 and VLV—ll of the diode-connected transistorT;.

The resistance of T3 is given the same way, the dierence is only in the variable -
adaptive biasing current through T4. Thus, higher the adaptive biasing current, the
higher Vgs4, thus lower resistance ofTs3.

The purpose ofT, is to set the maximal resistance. At the light or no load, the adaptive
biasing current can be in an order of picoamperes, so the resistance ©f can reach too
high values so the created compensation zero is at too low frequencies. But, sinde
and T3 are in parallel with each other, the maximal resistance can be adjusted byl.

At heavy loads, the adaptive biasing current is quite large so the resistance ofj is
too low and the zero would than be located at too high frequencies and there would
be no e ect of it. In that situation, the e ect of R shows - the minimal resistance is
determined by this resistance so the zero can be located at right frequencies.

There are several complications:

a. Setting the optimal value of the adaptive biasing current and % ratios of all transistors

is really di cult for accomplishing a su ciently good phase margin under all conditions,
such as temperature, technology corners and the output capacitors values.

b. At light loads, the e ect of leakage current shows. Due to the leakage of transistors of

the adaptive biasing circuit, the unacceptable rise of adaptive biasing current can occur.
For that reason, the emphasis on minimizing the leakage current of adaptive biasing has
been put, as it has been already mentioned in section of adaptive biasing 4.13. Also, for



4.18. Saturation preventing circuit

a small compensation of the leakage current, there is transistoffs. This transistor has
the gate connected with its source terminal so it acts as a leakage generator. At high
temperatures, this generated leakage current is subtracted from the adaptive biasing
branch so the current through T4 is lowered and the leakage of adaptive biasing circuit is
then compensated. Although more complex compensation circuit can be implemented,
their accuracy and reliability may be their weakness. Either way, the minimizing of the
leakage current is a priority, compensation has only a "supporting" role.

c. In reality, the compensation capacitor does not have only two terminals but, in our
case where junction capacitor based on a MOS structure is used, it has four terminals -
additional connections to isolating n-well and p-well. The leakage current between the
junctions may cause problems - transistorsT, and T3 might be bypassed by the leakage
path. Thus, achieving a very large resistance needed at light loads may be di cult
when the leakage current is not negligible. A special attention should be paid on the
right connections of the n-well and p-well terminals to minimize the leakage current.

4.18 Saturation preventing circuit

For proper function of the active frequency compensation, the zero-making transistor has to
work in linear region no matter what. During very large transient steps, under some speci ¢
conditions, because the compensation capacitor represents very low impedance for high fre-
quencies, so theVps of compensation transistorsT, and Tz may potentially be su ciently
large enough for allowing the transistors to enter the saturation region and the transistors
start to act as current sources which is not desirable. This situation can occur as ringing and
at the output voltage during the transients.

The proposed saturation preventing circuit assures that theVps of the compensating
transistors does not rise too much to cause saturation. It is based on monitoring thé/ps.
If this voltages is about to cross a certain level, the circuit activates and clamps thé/ps at
this value. A block schematic of the circuit is depicted in gure 4.35.

The di culties are:

a. Setting the optimal voltage level at which the circuit activates - too high level would
mean no e ect of the circuit because the compensation transistor may already be in
saturation region. On the other hand, too low level would cause that there would be
no enough voltage headroom for a proper function of the compensation - not enough
voltage headroom for a normal voltage drop across the resistor made by the liner region
operating transistors.

b. Setting the right level under all conditions, especially technology corners.

c. Minimizing the leakage current from the output of the circuit to ground - leakage
current may cause achieving a large resistance, needed at light loads, di cult because
the compensating transistor would be bypassed by the leakage path the same way as it
has been mentioned above.

This circuit also improves a recovering time at the load transient response at the step
from high to low loads as plotted in gure 4.36.
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Figure 4.35:; Block schematic of the saturation preventing circuit

Figure 4.36: E ect of saturation preventing circuit at the step from high to low loads
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4.19 ESR enhancement and feed forward compensation

The two goals of the ESR enhancement and feed forward compensation circuit are:

a. If the output voltage of the LDO is set to be Vyt = 0:8 V and the band-gap reference
output voltage is also at this level, the feedback voltage divider is not applicable for
feed forward compensation - as it follows from the feed forward compensation theory
in section 4.8 since the division ratio is 1:1. This circuit provides a mechanisms how to
overcome this disadvantage and still allow using feed-forward compensation.

b. There is a requirement for allowing using output capacitors with very low ESR. The
minimal allowed ESR of the output capacitor is 5 m. This value is too low to have
a signi cant e ect on improving the phase margin - the theory of ESR compensation
is explained in section 4.5. This circuit virtually enhances the ESR. Thus, it improves
the phase margin.

The circuit is based on providing a high frequency feedback path. This path has to be
separated from the DC feedback path, which assures DC voltage regulation, by a high pass
Iter. The high frequency path virtually enhances ESR as well as provides feed forwarding
for the phase margin improvement.

4.20 Band-gap voltage reference design

A core of the proposed band-gap reference is based on a Brokaw topology. This topology has
been chosen for its better precision and higher nite error resistance than other mentioned
structures. Also, as few as possible current branches for a low current consumption are
necessary and emphasis has been put on simplicity of the structure. The disadvantage of a
Brokaw topology of higher needed biasing voltage does not represent a signi cant problem
since the requirement of minimal biasing voltage of the LDO iSVyiasmin = 2:75 V. A simpli ed
schematic of the proposed band-gap core is depicted in gure 4.37.

The theory of a Brokaw topology is disclosed in chapter 3.2. For determining approximate
values of resistorsR; and Ry, neglecting nite e ects, following equations can be used.
Firstly, we have to know the ratio between these two resistors for independence of the band-
gap voltage Vgg on temperature (in ideal scenario):

@¥% _,, Rz_ 2 _ 2
@T " R1 2 0:086 InN 2 0:086 In8

where N represents a ratio of emitter areas of the BJTs. In this situation, N = 8 has
been chosen. The ratio of 1:8 is suitable for layout purposes for better matching, because a
topology such as common centroid can be used. Now we have to determine the value Rf,
this values determines the PTAT current | pta1 through each BJT. It has been decided to use
IpTaT approximately equal 50 nA at the typical technology corner and typical temperature

T =27 C. The value of the PTAT current represents a trade-o between quiescent current
and the output noise because low PTAT current means using large resistors, thus increased
output noise. For R it holds:

=5:59 ( ); (4.65)

VBE V1 InN 0:026 In8
Ry = = 1M ; 4.66
17 Tprar IpTAT 50 10 9 (4.66)
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Figure 4.37: Simpli ed schematic of proposed band-gap core

and nally for Rj:

R,=5:59 Ry =5:59M ; (4.67)

these values are, of course, only theoretical and in practice they need some tuning to achieve
an optimal-tuned band-gap curve due to nite and other e ects.

The di erences between the proposed structure and the standard Brokaw structure de-

picted in chapter 3.2 are following.
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" In the proposed structure, the currents through each BJT are assured to be approxim-

ately equal by the current mirror consisted of transistors T4 and T3. The requirements
for precision of this current mirror are high. This means using large channel lengths and
low % ratio for better layout matching and low current o set (mentioned in chapter
1).

The base terminals of the BJTs are driven by transistor Tg which forms a closed-loop
system and regulates the bang-gap voltage. The requirement for the output voltage of
the band-gap reference to bevyy: = 0.8 V causes using an output voltage divider to

scale-down the standard band-gap voltage/sc  1:205 V.

Transistors T, and T, form a cascode of the BJTs. Without cascoding, the static line
regulation and PSRR of the band-gap reference are poor due to not satisfyingly high
Early voltage of the BJTs and thus quite low output resistance. The cascode assures
low changes ofVce of the BJTs with changes of the biasing voltage. Hence, it enhances
their output resistance - it is multiplied by the transconductance gn, of T; and T,. To



4.20. Band-gap voltage reference design

VE R1 L
é R T —C

Figure 4.38: Band-gap reference model

o \Vgg

achieve highestg,, for a given current, T; and T, have to work in weak inversion which
yields in large % ratio. The potential for biasing the cascode is provided by resistor
Rs which forms a voltage divider and for the cascode biasing potentiaVcascode We Can
then write:
Rs
+

this voltage has to be high enough to allowVcg of the BJTs to be high enough to
operate the BJTs in active region, on the other hand, largerVcascode Means higher
minimal biasing voltage Vpias.

Vecascode =

1 Vae; (4.68)

Frequency compensation is needed because the band-gap core acts similarly as a two
stage ampli er. Capacitor C and resistorR. represent parallel frequency compensation.
The theory of parallel frequency compensation is disclosed in section 4.7. There are
other frequency compensation parts. The cascode df; and T, forms a local feedback
loop and it has been simulated that this local closed-loop has a negative impact on the
phase margin of the whole band-gap reference loop. Hence, some kind of high frequency
separating of these two loops has to done. For this purpose, there is resistét; and
capacitor C; which form a low pass lter - the DC path for biasing the cascode is not
disturbed while the AC path is suppressed. For another frequency compensation, there
is capacitor C,. For easier understanding, a model of bang-gap reference is presented
in gure 4.38. It can be seen that there are two feedback loops presented - negative and
positive. For assuring stability, the open-loop gain of the negative feedback loop must
be higher than the open-loop gain of the positive feedback loop. This is ful lled since
the open-loop gain of the positive feedback i% times lower (not considering C»).
The capacitor C, forms a low pass Iter with R; and R, with a transfer function:

R> 1 .
R1+ R l+j!C 2 leRzl

H(! ) = (4.69)

it is obvious that the open-loop gain of the positive feedback loop gets lower with
frequency. Thus, it improves the phase margin of the whole band-gap reference.

4.20.1 Output lter

The band-gap reference has to be connected to the opamp of the LDO via a low-pass lter.
The purpose of this lter is:
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Figure 4.39: Output lter of the band-gap reference

a. Reducing the output noise of the bang-gap reference.
b. Signi cant improvement of PSRR of the band-gap reference.

¢. Reducing undershoots and overshoots during line transient response and during start-up
sequence of the band-gap reference.

d. Providing a soft-start of the LDO.

The Iter has been designed as a simple 1st order RC lter, depicted in gure 4.39. The
cut-o frequency for C =100 pF and R =5 M s given as:

- 1 1
“T2RC T 2 5 106 100 10 2
The price for the mentioned advantages of this Iter is a larger area of the capacitor.

= 318 Hz: (4.70)

4.21 Start-up circuit of the band-gap reference

Every band-gap reference needs some kind of a start-up circuit because there are more stable
operating points. Explaining can be done using again gure 4.37. Let us consider raising
biasing voltage Vyias from zero. The output of the bang-gap reference is zero as well at this
point. With raising Vpias, the Vgs of the top current mirror of T3 and T4 does not have to
get higher, neither does theVge voltage of BJTs. In this situation, almost no current ows
through the branches of the BJTs and the circuit is in a stable operating point and the output
voltage is close to zero. For proper starting, there must be some way how to make eith&fss
of the current mirror or Ve high enough during the start-up sequence to get the circuit to
the desired operating point - this is the goal of the start-up circuit. On the other hand, the
start-up circuit must not a ect the behavior of the band-gap reference at the normal steady
mode.

Several start-up circuits have been simulated, the best result have been achieved with a
circuit depicted in gure 4.40. The function of this circuit is following:

" Transistors Ts and Tg act as a current comparator. If the current set by the current
sourcel; and a current mirroring ratio of transistors T; and Tg (let us call it 1) would
be lower than the current given by a mirroring ratio of Ts and T4 and |ptar current
through the branches of the BJTs (let us call it 1), transistor Ts would be forced into
linear region and the potential Veomp Would be close toVpias and the current |, would
ow through Tg and Ts. In the other situation, if I, would be lower than |, Tg would
be forced into liner region andVcomp Would be close to zero and the currentl, would
ow through Ts and Tg - "lower current wins".
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Figure 4.40: Simpli ed schematic of the stat-up circuit

~ At the very rst moment of the starting sequence, there is almost no current owing
through the band-gap core, so theVomp reaches zero becausk, > 1 . Veomp close to
zero forcesVys of diode connected transistorTg to increase and a current starts to ow
through current mirrors of Tg - T11. This current charges the capacitorC. so that Vgys
of regulation transistor Tg increases and this transistor pushes the base voltage of the
BJTs to increase as well and the circuit enters the normal operating point.

~

As the circuit is reaching the normal operating point, the current through the BJT
branches increases, when this current crosses a certain level whén> 1 5, Veomp gets
close toVyias and only a leakage current ows through Tg - T1; and the start-up circuit
is then deactivated.

Several issues are presented:

a. Choosing values of comparing currentd ; and |, brings di culties. For the sake of
simplicity, let us assume that the current mirroring ratio of T; and Tg is 1:1 as well as
Ts and T4. For a proper start-up, 11 must be always lower that | ptat in the normal
operating point. If this was not ful lled, the start-up circuit would never be deactivated.
On the other hand, choosingl ; too much lower, the start-up circuit may be deactivated
too early and even though the band-gap reference would potentially enter the normal
operating point, the output voltage during the start-up sequence may not look "nice".

b. The band gap core is sensitive to a leakage current of;1 which can cause worsening
of PSRR and untuning of the band-gap curve. For that reason, a dummy leakage
compensation transistor should be connected to the other branch of the band-gap core
to make it symmetrical as much as possible.
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4. Design of LDO Regulator

Vhias

Figure 4.41: Current generator for the start-up circuit

c. The most important thing is to provide a su cient current generator for the start-up
circuit, Which is di cult when it comes to low quiescent current.

4.21.1 Current generator for start-up circuit

The low quiescent current requirement brings complications when designing a current gen-
erator for the stat-up circuit. Generating a current in the order of nanoamperes may lead
to using large resistances in order of hundreds of megaohms which may occupy a signi cant
area on a chip. A good way how to generate a current only in an order of nanoamperes
would be using depletion region transistors, unfortunately, they are not available in BCD8
technology. Other approach has been using a leakage current generator, but the generated
current has shown a high spread under di erent technology corners, temperature range and
biasing voltage. Finally, it has been decided using a resistor for a generation of the current
at the expense of larger occupied area. On the other hand, using high-ohmic polysilicon
(HIPO) resistors with large sheet resistence does not require so large area. The nal solution
is depicted in gure 4.41. The input current |, is given as:

Iy = blas V;‘il Vscz. (4.71)

and for the output reference currentl ¢ it holds:

o = Vsc1 |
re RZ ]

(4.72)

from this, assuming temperature independence oR, the temperature dependence of ¢ is
given by temperature dependence o¥/gs which is mostly given by temperature dependence
of the threshold voltage Vi,. To reduce the dependence of,e on biasing voltage Vpias,
transistor T, should be operated in weak inversion - the changes dfgs; are then lowest
when |, changes, so the ratio% of Ty should be high enough. OperatingT; in weak
inversion also means lowesVgs for given I, , this allows using smaller values ofR, which
is suitable sinceR» can reach high values of resistance when generation ofss in order of
nanoamperes is needed.
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Figure 4.42: Block schematic of saturation preventing circuit for BJT

4.22 Saturation preventing circuit for BJT of the band-gap
reference

Especially during longer rising of Vyias during the start-up sequence, there is an issue with
BJT transistor Q2 in gure 4.40 entering saturation. This represents a very common problem
with BJTs. The drain potential of T4 is pushed lower, so is the collector potential 0fQ,. It
may happen that the collector potential gets lower than the base potential andQ> is forced
to enter saturation. This occurs as an undesirable glitch of the output voltage during the
start-up sequence - the output voltage does not follow risingVpjas .-

The proposed circuit prevents Q, from entering saturation. The circuit uses a fact that
Q; does not enter saturation sinceTs is diode-connected and does not allow the collector
potential of Q1 to get lower than the base potential. The proposed circuit tries to keep the
collector potential of Q, at the level of Q;. A block schematic of the circuit is depicted
in gure 4.42. Because the fact that the circuit is connected to collectors of the BJTSs,
PSRR of the band-gap reference may be potentially a ected and a little worsening of PSRR
may occur. For that reason, the circuit is made inactive after the start-up sequence. The
complication is that the circuit needs to be disconnected somewhat later than the start-up
circuit for preventing the saturation during the whole start-up sequence. Therefore, another
mechanisms how to turn o the circuit have been implemented. The turn-o logic is based
on monitoring the output voltage.

The e ect of the saturation preventing circuit is shown in gure 4.43 where a slow start-up
sequence is presented.

4.23 \oltage dividers and trimming circuit for the band-gap

reference
For designing the voltage divider for the band-gap core and the output divider of the bang-
gap reference, the same rules as have been mentioned in section 4.16 regarding the output

feedback divider of the LDO have to be taken into account. The divider of the band-gap core
should be consisted of a type of resistors with better matching. Therefore, di used resistors
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4. Design of LDO Regulator

Figure 4.43: E ect of BJT saturation preventing circuit at slow start-up

which show good matching in BCD8 technology have been used, at the expense of grater
occupied area comparing to HIPO resistors which have been used for the output divider of
the band-gap reference.

Unfortunately, technology corners and non-ideal matching cause that a bang-gap reference
with better precision of the output voltage than 2% cannot be usually achieved without
using trimming circuits. For that reason, a 4-bit trimming circuit of the band-gap core
divider have been designed. The lower part of the divider R, in gure 4.37) has to be
trimmed because the upper part determines the PTAT current. A simpli ed structure of the
trimming circuit is depicted in gure 4.44. The logic is based on two's complement. The
band-gap curve in simulations is tuned when resistordR, - R4 are shorted. ResistorR; can
cause the output voltage to move by -4%, at typical temperatureT =27 C, if shorted. If Ry
is shorted andR; - R4 are not shorted, the di erence of the output voltage is -0.5%. Similar
way, we can change the output voltage in a range of 4% by a 0.5% step. TransistorsT; - T4
act as switches and together with inverters they provide the trimming logic. A truth table of
this logic can be found in table 4.4.

4.24 Current generator

A current generator with a reference currentl,.s 50 nA is needed for biasing all blocks. It
has to show su ciently large independence on biasing voltage and temperature. On contrary
of band-gap voltage references, generation of a precise current is not possible. The maximal
achievable precision of a reference current generator is usually approximately20% to  30%.
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4.24. Current generator

Table 4.4: Truth table of the trimming circuit

DIC|BJ|A VBG
0O0[0|0|0| 0%
00| 0| 1) +0.5%
O[O0 1|0 +1%
O[O0 1|1 +1.5%
0/1/0|0]| +2%
0O[1,0]| 1| +2.5%
O(1,1]0| +3%
0O[1 1|1 +3.5%
1/0]0|O0 -4%
1/0]0|1] -3.5%
1/0j1|0 -3%
1/0]1|1] -25%
1/1/0|0 -2%
11101 -1.5%
1/1(1]0 -1%
11111 -05%

Divider - bottom part

Figure 4.44: Simpli ed schematic of the trimming circuit
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4. Design of LDO Regulator

Figure 4.45:; Simpli ed schematic of the current generator

Also the low quiescent current requirement restricts freedom of design.

Several typologies have been designed and simulated, the best results have been obtained
with a structure shown in gure 4.45. It is based on the PTAT current which is already
generated by the band-gap reference core. The PTAT current is then mirrored by source
degenerated current mirrors. The purpose of source degenerating is for using temperature
dependency of used resistors for compensation of the positive temperature coe cient of the
PTAT current. The resistors have to have positive temperature coe cient as well. With
increasing temperature, the resistance increases as well and théss of source degenerated
transistors decreases. Thus, the mirrored current is reduced and the overall temperature
dependency ofl, is then reduced as well. Resistors with highest positive temperature
coe cient in BCD8 technology are n-well resistors. The disadvantage of this type of resistors
is its lower sheet resistance and wider minimal width. The cascode of transistor$g and Tqg
increases the output resistance of the current mirror ofTg and T; and reduces dependency
of l,ef on biasing voltage Vyizs. The simulation results of the proposed current generator,
dependency ofl ¢ on temperature and biasing voltageVyiss for di erent technology corners,
are shown in gure 4.46.

4.25 Thermal protection

The LDO needs to be protected against high temperature of the environment and against high

temperature of the power stage caused by dissipating enormous power. If the temperature
crosses a certain level, the opamp of the LDO needs to be disabled and if the temperature
decreases under another level, automatic enabling has to be ensured.
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4.25. Thermal protection

Figure 4.46: Simulation results of the current generator

Figure 4.47: Simpli ed schematic of the thermal protection circuit
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Figure 4.48: Simulation results of the thermal protection circuit

The rst step of designing a thermal protection is choosing a suitable thermal detector.
Almost every device has its temperate dependence and potentially can be used as a thermal
detector, but the problem is its reliability. Using thermal dependence of forward-biased PN
junction seems as the best choice. Forward-biased voltagé-g of a PN junction decreases
approximately with -2 mV = C for a constant biasing current. A thermal protection can
be based on sensiny/rg and comparing it with a certain voltage level, if the temperature
crosses its upper limit value,Vrg decreases under the comparing voltage level and then other
circuitry provides a thermal enable logic signal to switch its logical level. This signal then
controls the enable logic of the opamp. The proposed thermal protection is depicted in gure
4.47. Beside the thermal detector of the diode-connected BJTQ1, the thermal protection
circuit includes a comparator which detects if the level ofVkg is below the reference voltage
Viet - SOme hysteresis of the comparator is necessary to prevent unwanted enabling/disabling
if the temperature oscillates around the threshold level.

" The comparator is based on a similar structure as the structure used for the di erential
ampli er of the LDO. The di erence is that the comparator works in an open-loop. Not
considering transistorsT1, and T11 and assuming a mirroring ratio of all current mirrors
1:1 and symmetrz of the structure, transistorsT8 and T5 compare the currentsl; and
. Assuming in nite gain, if 11 > 1 5, the output of the comparator is at the low rail
and vice versa, this means that there is no hysteresis and the comparing currents are
only given by the voltage at the inputs. The needed hysteresis is provided by transistors
T11 and Ty, For proper hysteresis, it must hold {2 > {2 respectively {42 > 4. The

. L1 La
comparing currents are nowli4 = I3 Iy andloa = 12 1o, Before the comparator
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4.26. Current limiting circuit
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Figure 4.49: Block schematic of the current limiting circuit

can switch the output level when |, starts to be greater than |, or vice versa, the
current |1 respectively I, must rstly "cross the level" of |4y, |2, respectively. This
assure the hysteresis.

" The reference voltageV,es is supplied from the output band-gap reference voltage di-
vider.

" The output of the comparator is connected to the enable control circuitry of the opamp.

Simulation results are shown in gure 4.48. First plot shows the temperature waveform,
the second waveform represents the output signal of the thermal protection (In fact, this signal
is inverted comparing to gure 4.47 for other purposes of the enable control logic.). The third
waveform represents the output voltage of the LDO. It can be seen that the thresholds levels
of the thermal protection have been set to approximately 162 C when increasing and 137 C
when decreasing temperature. The non-zero level of the LDO output voltage is caused by a
large leakage current at the temperatures around 200C.

4.26 Current limiting circuit

The LDO has to be protected against crossing the maximal allowed load current. In a
normal situation, LDO regulators act as a voltage source. When the maximal load current is
reached, the operation of the LDO has to switch to acting as a current source - sourcing still
the maximal allowed current even if the load resistance still decreases. In this situation, the
output voltage of the LDO has to decrease to keep the maximal current with the decreasing
load resistance.

A block schematic of the proposed current limiting circuit is depicted in gure 4.49. The
circuit is based on sensing a voltage-drop across resist®sense. This resistor is a part of a
special current branch through the copy transistor T, which is own by a part of the load
current. So the voltage drop acrossRsense IS proportional to the load current. If the load
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4. Design of LDO Regulator

Figure 4.50: Simulation results of the current limiting circuit

current reaches the maximal allowed level - the voltage drop acrofRsense reaches its threshold
level and the current limiting circuit activates and drives transistor T; which regulates the
gate voltage of the power NMOS, so that the current through the power transistor is kept on
the maximal level until the load resistance increases back, so the load current is lower than
the threshold. Therefore, if the circuit is activated, it forms another regulating loop which

" ghts" with the main regulation loop. It has been simulated, that higher biasing current
improves the transient response of the current limiting circuit. For that reason, adaptive
biasing has been used since there is the ultra-low quiescent current requirement at no load
condition.

The simulation results of the current limiting circuit are shown in gure 4.50. For the
load of the LDO, a current mirror has been used as it is depicted in gure 4.49. The rst
plot represents the waveform of the loading sourcéqoq. Second plot represents the current
through the power NMOS and the last plot is the output voltage of the LDO. The maximal
current level have been set around max 800mA, but there is some spread presented. It
is caused mainly by the temperature dependence and the technology corner spread of the
sensing resistorRgense-

4.27 Enable control

If the operation of the LDO is not needed in a system. Its current consumption should be
almost zero ideally. This is the purpose of the enable control logic. If the function of LDO
is not enabled, the consumption of the LDO should be only given by leakage currents plus
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EN _high > EN _low

I
7
I

Figure 4.51: Principle of enable control switching nodes

potentially consumption of a circuit which de nes a voltage threshold of the enable signal
logic. To assure that, every node, of which the voltage potential may potentially generate
some current, needs to be switch to ground or to biasing voltage - as it is shown in gure
4.51 for a case of NMOS and PMOS current mirrors. TransistorsTs and Tg work as switches
controlled by the enable logical signal. For not disturbing the normal operation of the LDO,
the channel lengths of the switching transistors should be longer than minimal and their%
ratio should be small enough to reduce their leakage current in their o -state which may
cause problems especially to the nodes highly sensitive to the leakage.
There are several issues:

a. The opamp of of the LDO can be disabled either by the total enable logic or by the
thermal protection. If the temperatures rises above the threshold and the thermal
protection switches its output signal, only the opamp has to be disabled because the
thermal protection requires the band-gap reference operation for generating the com-
paring voltage reference. The easiest logic can be implemented without a need of logical
gates. The total enable signal controls the band-gap reference and the thermal protec-
tion while the opamp is controlled by the output signal of the thermal protection.

b. To assure a soft-start after the thermal logic enables the the opamp, the capacitor of
the band-gap output Iter has to be discharged before the the thermal enable signal
activates the opamp. Discharging mechanism have been implemented to assure that.

c. Some nodes of the opamp are tied t¥i, while the enable logic is tied toVyias. Therefore,
some level-shifters to cover this issue have been designed.

The simulation results of the current consumption of the LDO while disabled are shown
in gure 4.52. The rst plot represents a current consumption which is supplied from Vypjas
while the other plot represents the total consumption from both Va5 and Vi, . It is obvious
that at high temperatures, the leakage current occurs. The high leakage current in the second
plot is caused by the leakage current of the power NMOS which is tied tovi, .
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Figure 4.52: Simulation results of the current consumption while the LDO is disabled
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Chapter 5

Simulation results

In this chapter, the most important simulation results of the designed LDO are presented.
A large amount of simulations has been done under a lot of di erent conditions. For the
sake of illustrative matter, not all results are stated here. For further reading, technology
corner MAX represents the case where transistors have the lowest threshold voltage and
resistances have the largest values. On the other hand, technology corn®IN means the
highest threshold voltage and the lowest resistances. Typical values are represented by P
technology corner. Operating range values of the LDO are shown in table 5.1.

5.1 Output voltage accuracy

Monte Carlo simulation of the output voltage has been done. Number of Monte Carlo runs
has been set to 350. Biasing voltag®,ias, input voltage Vi, and temperature have been set to
change according the uniform distribution - ranges are stated in the gures. Four gures are
presented 5.1 - 5.4, for the output voltage ofVyy; = 0:8 V and Vg = 0:4 V. For each value
of the output voltage, there is the option of the complete chip with the band-gap reference
connected, the other gure represents the situation when the ideal voltage source is connected
instead of the band-gap reference (BGR). This assures better distinguishing of the output
voltage inaccuracy sources. It can be seen that the accuracy of the LDO without the BGR
is around 0:5% for 4-sigma (standard deviations). The accuracy with the connected BGR
is less than 2% without using the trimming circuit of the BGR - this represents a common
precision of ban-gap references without trimming.

Table 5.1: Operating range values

min | max | unit note
Vhias 25| 55 V | Vhias Vout +1:5, for full load range
\/in 55 V \/in min = Vout + drOp

Vout 0.8 4 \Y 50 mV step
l 10ad 0 300 | mA

I |0ad|im 800 mA
T -40 | 125 C
Tiim 160 C | hysteresis, up 160 C, down 135 C
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5. Simulation results

5.2 Temperature dependence of the output voltage

The temperature dependence of the output voltage is shown in gure 5.5 for the situation
with and without the BGR. It is obvious that the dependency is given by the temperature
dependency of the bad-gap reference - standard band-gap curve. Theoretical possibility of
compensation of the band-gap curve is adding up a resistor with a di erent temperature coef-
cient into the band-gap core divider. Unfortunately, this option works online theoretically,
because in practice, adding a di erent type of resistor causes unacceptably higher spread of
the output voltage in Monte Carlo simulations. The output voltage of the LDO without the
BGR is nearly constant regardless of temperature.

5.3 Quiescent current

The temperature dependence of the quiescent current at no load is depicted in gure 5.6 for
TY P, MAX andMIN technology corner. In each plot there are three waveforms. The green
waveform represents the total quiescent current of the whole chip. The orange waveform shows
the quiescent current which is supplied fromVjizs source and not considering the consumption
of the BGR. The blue waveform represent the quiescent current of the band-gap reference.
Step increase of the green line at high temperatures is caused by the leakage current of the
power NMOS transistor which is supplied from Vi,. Normally, the quiescent current from
Vin is only about 100 nA which ows through the feedback voltage divider. Overall, it can
be said, that the total quiescent current of the LDO without the BGR is around 14 900
nA at the room temperature and typical technology corner, the total quiescent current of the
whole chip including the band-gap reference is aboutqy 1.2 A. Thus, the requirements
have been ful lled.

The dependency of the total quiescent current of the whole chip on the load current is
shown in gure 5.7. It can be seen that the maximal quiescent current at the maximal load
currentis Iq 100 A.

5.4 Line and Load regulation

Line regulation - versus changes irVi, for various load currents is depicted in gure 5.8. The
static line regulation - versus changes invpias is shown in gure 5.9.

Static load regulation for various combinations of Va5 and Vi, is depicted in gure 5.10
for Vout =0:8 V, and in gure 5.11 for Vout =4 V. The little "wave" at higher loads in gure
5.10 is related to the adaptive biasing of the di erential ampli er and used cascodes for the
gain improvement.

5.5 Power supply rejection ratio - PSRR

PSRR versusVi, and Vyias for various load current is depicted in gure 5.12 for Vo, =0:8 V
and in gure 5.13 for Voyut = 4 V. With higher load current, the UGF of the LDO is higher

as well, thus higher PSRR at higher frequencies. The frequency of the peak of waveforms
is approximately determined by the UGF. Improvement of PSRR at higher frequencies than
the peak is caused by the output capacitor of the LDO which acts as a low pass Iter and
its in uence is dominant. For very low load currents, the UGF is low, however, the output
impedance which is given by the load resistance and the output capacitor is higher. Thus,
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5.6. Transient load and line regulation

the e ect of the output capacitor is dominant even at low frequencies - as it can be seen on
the green waveform in the gures.

PSRR for Vot =4 V is a little worse than for Vgyt = 0:8 V. This behavior is normal and
makes sense - the open-loop gain of the LDO is lower because of the feedback voltage divider.

At very high frequencies, the e ect of Miller capacitance of power transistors of NMOS
based LDOs can show. The drain (input voltage) of a NMOS power transistor is coupled
with its gate terminal via Miller capacitance, this may cause some worsening of PSRR at
very high frequencies. Improvement of PSRR at high frequencies can be based, for instance,
on [16]. This principle have been tried, but nding an optimal value of the compensation
capacitor was di cult in this particular case and possible worsening of PSRR under some
conditions occurred.

5.6 Transient load and line regulation

Transient load regulation for the fast large step in the load current - from 100 A to 300 mA
and back for Vot = 0:8 V is shown in gure 5.14 and for Vout = 4 V in gure 5.15. The
slow getting back to the nominal value of the output voltage after the step from high to low
current is normal - after the overshoot happens, the output capacitor starts to discharge.
The load resistance is now very high - the load current is only 100 A so the time constant
of discharging is high as well. With higher load current, the discharging is faster.

Transient line regulation versus Vyias for various load currents is depicted in gure 5.16
and versusVi, in gure 5.17.

5.7 Drop-out voltage

The dependency of the drop-out voltage on the load current is shown in gure 5.18 for
Vout = 0:8 V for TYP and MIN technology corner and various combination ofVy;zs and
temperature. For Vout = 4 V, the results are in in gure 5.19. The worst case is for MIN
corner and for the maximal temperature as it has been mentioned in section 4.12 and also for
Vout =4V, because in this situation, the headroom forVgs of the power NMOS is the lowest.

It can be seen that even at the worst case, the drop-out voltage is around 60 mV. Under
typical conditions, the drop out voltage is less than 35 mV even forVy, =4 V. Thus, the
requirement of 150 mV has been overcome by far. That low value puts the LDO into the ultra-
low drop-out category. The measurement of the drop-out voltage is done under condition
when the output voltage is 100 mV below the nominal level, thus 700 mV, respectively 3.9 V.

5.8 Output noise

The output noise spectral density is shown in gure 5.20 for various load currents and for
Vout = 0:8 V and Vot = 4 V. It can be seen that with higher output voltage, the noise
increases. This behavior is standard, it is caused by the voltage feedback divider resistors
and their thermal noise. With higher output voltage, the resistance of the divider increases,
thus increased noise. E ective values of the output noise are shown in table 5.2.
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