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STABILITY ANALYSIS OF ADAPTIVELY BIASED
LOW DROPOUT REGULATORS

SUMMARY

Portable mobile devices have become an essential part of our lives. With the
improvements in the technology, more functionalities are implemented on the
cellular phones and tablets. Increasing functionality of the portable battery powered
devices lead to spectacular improvements in the power management and the
efficiency topics. The industry is pushing towards the power management integrated
circuits (1Cs) with high power efficiency and low quiescent currents.

Since the functional blocks in a portable device requires different voltage levels,
multiple voltage sources like buck converters, linear regulators or low dropout
regulators (LDOs) are needed in the power management ICs. Even though switching
converters exhibit higher efficiency, linear regulators are also used to supply noise
sensitive analog and radio frequency (RF) circuits because of their cleaner output
voltage.

LDOs have better efficiency compared to standard linear regulators. LDO design is
an active research area and many publications are present in the literature about
stability, low quiescent current and the transient response improvement of the LDOs.
The recent papers on LDOs mainly focus on the low quiescent current and transient
improvements. Adaptive biasing and dynamic biasing are the most common
techniques to achieve a low quiescent current and good transient performance. This
thesis focuses on the stability analysis of the adaptively biased LDOs and provides a
guide for achieving stable LDOs.

In the first chapter, organization and purpose of the thesis are given. In the second
chapter, some common terms related to LDOs like load transient, line transient, load
regulation, etc. are defined and nonstatic biasing techniques, transient response
improvements, techniques to achieve low quiescent current in the recent LDO
publications are explained. In the third chapter, the main feedback loop and the inner
loop in the adaptively biased LDO circuits are analyzed and the effect of the adaptive
bias loop on the poles and zeros are shown. Stability criteria are obtained to
overcome the stability issues caused by the adaptive biasing. The analysis results are
verified by the simulation results.
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ADAPTIF KUTUPLAMALI ALCAK GERILiM DUSUMLU
REGULATORLERIN KARARLILIK ANALIZi

OZET

Teknolojinin gelismesi ile tasmabilir cihazlar glindelik hayatimizda blyiik yer
kaplamaya baglamistir. Timdevrelerin yildan yila daha kiiclik teknolojilerde
iiretilebilmesi ile birlikte tasmabilir cihazlar daha c¢ok islem yapabilme ozelligi
kazanmustir. Islem kapasitesinin artmasiyla birlikte batarya émrii ve verimlilik Gnem
kazanmistir ve bu cihazlarda kullanilan devrelerin daha diisiik giicte ve yiiksek verim
ile ¢alismasi i¢in yapilan ¢alismalar hiz kazanmistir. Ayrica ayn1 alanda daha ¢ok
enerji depolamak i¢in batarya teknolojileri de gelismektedir.

Gug yonetimi timdevreleri giiniimiizde kullandigimiz biitiin elektronik cihazlarda
bulunmaktadir. Sistemde bulunan elemanlarin veya diger tiimdevrelerin farkl
gerilim ve akim gereksinimleri bataryadan direkt saglanamayacagindan, gii¢
yonetimi tiimdevreleri sistemdeki farkli gerilim ve akim ihtiyaglarin1 sisteme
iletmektedir. Bir giic yOnetimi tiimdevresinde batarya gerilimini daha diisiik
gerilimlere doniistiiren gerilim azaltan doniistiirlicii ve batarya geriliminden daha
yiikksek gerilimlere ihtiyag duyan elemanlar igin gerilim artiran dondstiirticiler
bulunabilir. Gerilim doniistiiriiciiler anahtarlamali ve lineer regiilatorler olarak ikiye
ayrilabilir. Anahtarlamali regiilatorler bir gili¢ anahtarinin acilip kapanmasiyla
caligirlar ve ¢ikis geriliminde dalgalanmalara neden olabilirler fakat verimleri
oldukca vyuiksektir. Yiiksek akim gereksinimi olan bloklarin beslenmesinde
anahtarlamali regiilatorler siklikla kullanilirlar. Lineer regiilatorler ise gili¢ anahtarina
ithtiya¢ duymazlar ve anahtarlamali regiilatorlere kiyasla daha temiz bir ¢ikis gerilimi
uretirler ancak verimleri anahtarlamali regiilatorlere oranla daha disiktiir. Bir gilic
yOnetimi tumdevresi ihtiyaca gore her iki tir regulatori de icerebilir. Giriltuye
duyarli analog ve radyo frekans devreleri beslemek icin lineer regiilatorler
kullanilirken, verimin o6n plana c¢iktig1 yerlerde anahtarlamali regiilatorler
kullanilabilir.

Lineer regiilatorler kullanilan gecis transistoriiniin tipine gore standart lineer
regiilatorler veya algak gerilim diisimlii regiilatorler olarak isimlendirilirler. Algak
gerilim disimli regllatorler P katkili gegis transistorii kullanirken, standart
regiilatorlerde ise N katkili gecis transistorii kullanilir. Algak gerilim diistimlii
regulatorin verimi standart lineer regiilatore kiyasla daha yiiksektir ve bu nedenle
yaygin olarak kullanilmaktadirlar. Ancak algak gerilim diisimlii regulatorlerde P
katkili gecis transistorii kullanildigindan tiimdevrede kapladigi alan standart
regiilatorlere kiyasla daha blyuktur ve algak gerilim diisiimli regulatorlerin frekans
kompanzasyonu standart lineer regulatorlere kiyasla daha zordur.
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Diisiik calisma akimi ve yiiksek verimlilik yaninda regiilatorlerin yiik akimi
degisimlerine hizli cevap vermeleri ve ¢ikis gerilimlerini istenen gerilim degerinde
tutmalar istenir. Son yillarda yapilan ¢aligmalarda 6zellikle diisiik ¢caligma akimi ve
tyilestirilmis gecici hal cevabi konularina odaklanildig1 goriilmektedir. Bu iki 6zelligi
aym anda gergeklestirebilmek icin regiilatoriin kutuplama akimi sabit bir akim ve
degisken bir akimin birlikte kullanildigi yapilarla saglanmaktadir. Bu kutuplama
teknikleri adaptif ve dinamik olarak ikiye ayrilabilir. Regiilatoriin akiminin yiik
akimiyla orantili oldugu kutuplama adaptif kutuplama olarak adlandirilmaktadir.
Regiilatoriin - kutuplama akimmin sadece yikk akiminin yiikselen ve diisen
kenarlarinda artirilmasi ise dinamik kutuplama olarak adlandirilmaktadir.

Regiilatoriin  kutuplama akimmin yiikk akiminin degerine gore adaptif olarak
degistirilmesi diisiik calisma akimini saglamakla beraber yiiksek yiik akimlarinda
gecici hal cevabini iyilestirmektedir. Fakat adaptif kutuplama akiminin belirli bir
limit degerinden fazla olmasi halinde sisteme eklenen sifir ve kutuplar regiilatdriin
kararliligin1 etkilemektedir. Literatiirde yer alan adaptif kutuplamali regiilatorlerde
adaptif kutuplama devresinin olusturdugu ¢evrimin sisteme etkileri ve sonug olarak
sisteme eklenen veya degisen kutuplar ve sifirlarin analizi detayli olarak
verilmemistir. Adaptif kutuplama c¢evrimi minimum yiik akiminda dahi sistemdeki
cevrimleri etkilemekte ve kararli calisan Dbir regiilatorii  kararsiz  hale
getirebilmektedir. Lineer regllatérlerde adaptif kutuplama akiminin sabit kutuplama
akimima oraninin artmasi disiik yiikk akimlarinda regiilatoriin verimini artirmasina
ragmen kararlilig kotli yonde etkilemektedir.

Bu tezin amaci, adaptif kutuplamanin algak gerilim diisiimlii regiilatdrlerin ¢evrim
kazancini nasil etkiledigini gdstermek ve adaptif kutuplamayla sisteme eklenen veya
degistirilen kutup ve sifirlarin analitik olarak elde edilmesi ve kararli bir ¢alisma igin
kararlilik kriterlerinin elde edilmesidir.

Tezin giris boliimiinden sonra ikinci boliimde yiik regiilasyonu, hat regiilasyonu gibi
lineer regiilatorlerin  karakteristikleriyle 1ilgili bazi tanimlamalar verilmistir.
Literatiirde yer alan algak gerilim diisiimlii regiilatorlerin frekans kompanzasyonu
teknikleri, adaptif ve dinamik kutuplama ve gerilim izleyici kullanilarak yapilan
alcak gerilim diisiimlii regiilatorler anlatilmistir. Yiikk akimimin degisiminin kapasitif
kuplaj ile algilanarak cikis geriliminin hizli bir sekilde istenen gerilime gelmesine
yardime1 ek devreler gosterilmistir.

Tezin uUguncu boélimunde adaptif kutuplamali algak gerilim distimlii regiilatorlerin
cevrim kazanci analizi yapilmistir. Oncelikle emetdr baglamali kuvvetlendiricinin
adaptif kutuplama saglayan transistorden gelen kiig¢iik isaret kazancinin
transistorlerdeki dengesizlik ile nasil degistigi gosterilmis ve farksal giris kazanci ile
birlikte adaptif kutuplama transistoriinden gelen kiigiik isaret kazancinin birlikte
verildigi bir model olusturulmustur. Bu model kullanilarak 2 katli, NMOS
transistorlerden olusturulmus giris katli bir LDO regiilatoriin iki farkli noktadan
cevrim kazanglart hesaplanmistir. Hesap sonucu elde edilen sifir ve kutuplarin
transistorlerdeki dengesizlik ile nasil degisecegi anlatilmis ve simiilasyon
sonuglariyla desteklenmistir. Aymi1 sekilde 4 kath ve PMOS transistorlerle
olusturulmus giris katli bir LDO regiilatériin miller kompanzasyonlu ve
kompanzasyonsuz c¢evrim kazanci hesaplanip sifir ve kutuplar elde edilmistir.
Yapilan hesaplar Monte Carlo simulasyonundan elde edilen sonuglarla
dogrulanmistir. Her bir yap1 i¢in kararli ¢alisma i¢in gereken kararlilik kriteri
verilmistir. Miller kompanzasyonsuz LDO regulatorlerde adaptif kutuplama
sonucunda sisteme eklenen sifirlarin sadece frekanslarmin kontrol edilebildigi
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gosterilmistir. Miller kompanzasyonlu LDO regiilatorlerde ise adaptif kutuplamanin
neden oldugu sifirlarin hem frekans hem de hangi yar1 diizlemde olacaklarmin
kontrol edilebildigi gosterilmistir. Sistem kararliligin1 bozmayan maksimum adaptif
kutuplama oraninin hangi adimlarla hesaplanacagi verilmistir.

Tezin son bolimiinde sonuglar ve gelecek c¢alismalar anlatilmistir. Elde edilen
sonuglar  Ozetlenmistir ve adaptif kutuplama devrelerinde yapilabilecek
tyilistirmelerden kisaca bahsedilmistir.
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1. INTRODUCTION

In the past years, mobile devices entered our lives and became important day after
day. Nowadays mobile devices have all the features such as playing and recording
videos, running customized applications, including lots of wireless communication
standards, connecting internet and more than this. These features require different
circuits and systems like RF chip, GPS chip, CPU, GPU, memory and so on which
require different voltage levels and currents. To create different supply voltages for
the other circuits, power management integrated circuits (PMICs) are used in almost
every mobile device and PMICs gained importance with the developments of the
new technologies. As the trend is including more functionalities and increasing
battery life of the portable systems, efficiency and low power consumption became
the key parameters for the circuits. Because of that, also the circuits in the PMICs
should be efficient while supplying the other blocks. The most important circuits in a
PMIC are the voltage converters. These blocks create different voltage levels with
different load current driving capabilities using the battery voltage. Voltage
converters can be implemented in different structures such as switching DC-DC
converters and linear regulators. Since the efficiency is the critical parameter
switching converters are mostly used in the power management 1Cs. However their
switching operation creates noise on the output. Noise on the supply line of the
sensitive analog and RF blocks can create issues and linear regulators are the best
choice for a clean supply for sensitive blocks. The efficiency of the linear regulators
are not good as the switching converters but PMICs include linear regulators because
of the aformentioned property. Also they occupy smaller area and their structure is
relatively simple when compared to a switching converter. In addition to that in most
of the applications linear regulators are connected to the output of a switching DC-
DC converter to obtain a clean supply voltage from high voltage levels while

maintaining an efficient operation.

In order to increase the efficiency of the linear regulators, the pass device of the

linear regulators is implemented with a P type transistor and this type of linear



regulators are called low dropout regulators (LDOs). LDOs offer low dropout
voltages compared to standard linear regulators but their frequency compensation is
difficult and they occupy larger area compared to standard linear regulator because
of the pass device type. The most important parameters for the LDOs are the low
quiescent current and good load transient response and the recent studies on the
LDOs in the literature mainly focus on the low power and the transient response
improvements topics. Decreasing the quiescent current of the LDO for low power
operation slows down the loop response of the LDO and increases the voltage drop at
the output at load transients. Thus, it is a challenge to obtain good transient response

with low quiescent current.

There are several methods to improve the transient response of the LDO while
maintaining a low quiescent current. The common point of the methods is using non-
static biasing current for the LDO to enhance the bandwidth of the loop and slew rate
of gate capacitance of the pass device. Dynamic biasing is one of the methods and
the idea is increasing LDO biasing current at the load transient edges. Another
method is called adaptive biasing and the bias current is increased proportionally to
the load current. The thesis focus on adaptively biased LDOs and the effect of

adaptive biasing on the LDOs’ loop gains.

1.1 Organisation of Thesis

The thesis is organized as below:

In Chapter 2, the common terms related to the LDOs are explained and standard
linear regulator and low dropout regulator comparison is given. The recent studies in
the literature related the frequency compensation techniques, dynamic biasing,
adaptive biasing, and LDO structures formed by flipped voltage follower and class-

AB input stage are briefly covered.

In Chapter 3, the analysis of adaptively biased differential pair and the analysis of
adaptively biased LDOs is given for different topologies. The effect of the adaptive
bias loop on the overall system’s loop gain is given with the calculations. With the
aid of the calculations, design criteria are obtained to achieve stable operation and
calculation of optimum adaptive biasing ratio is given while maintaining the

stability. Monte Carlo simulations results for different topologies and verification of



the derived design criteria are given.

In Chapter 4, the overall study is summarized and the future works are briefly

covered.

1.2 Motivation

The purpose of this thesis is to show that adaptive biasing might create stability
issues while improving transient response. In the literature, adaptive biasing is
widely utilised on the LDOs but detailed analysis of the loop gains, zeros and the
poles of the system are not given. Although advantages of the adaptive biasing is
obvious in terms of DC behaviour, adaptive biasing circuit forms an additional loop
in the system and affects the overall system stability. In addition to that, the mismath
on the transistors in the input stage creates a huge variation on the phase margin and
same LDO design might show stability problems for some parts while some parts
work as expected. The reason of the stability issues and the effect of the mismatch in
the first stage are analyzed. After the analysis of the adaptive bias loop on LDOs,
obtaining design criteria for stability for different topologies is aimed. As adaptive
biasing ratio affects the overall system stability, for a fixed bandwidth at high load
currents, the tradeoff between stability and current efficiency is explained. Stability
criteria have been derived. The given criteria to achieve stable operation can be used
while designing a LDO. With this study, the effect of adaptive biasing on the loop
gain is shown and same approach can be used for analysis of other multi loop LDO

topologies.






2. LDO CONCEPTS

2.1 Definitions of Common Terms

2.1.1 Dropout voltage

Dropout voltage is the voltage difference between the input and the output of the
LDO where the regulation is no longer available [1]. In this region pass device is
working in triode region and acts like a resistor. The dropout voltage is given in the
equation 2.1 in terms of the load current and Rpson Which is the resistance of the pass

device.

Vdropout = I Rpson (2.1)

As seen in the Figure 2.1, the pass device can be modeled with a resistance and the
value of the resistance is controlled by the amplifier output voltage. Since the gain of
the loop is decreased because of the triode working region of pass device, the output

voltage accuracy decreases in the dropout region.
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Figure 2.1 : Schematic of a LDO operating in dropout region [1].

Input/output characteristics of a commercial LDO is shown in Figure 2.2. In dropout
region the LDO cannot operate functionally and output voltage decreases. In order to

maximize the regulator efficiency, low dropout voltage is necessary.
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Figure 2.2 : Input/output characteristics of a commercial LDO [2].
2.1.2  Quiescent current

Quiescent current is the current difference between input and output currents.
Quiescent current is consumed by the LDO in order to operate and consists of bias
current of the error amplifier, 2nd and 3rd stage’s bias currents and currents
consumed on resistor divider and other auxilary circuts. For maximum efficiency,
quiescent current of the LDO should be low. Figure 2.3 shows the quiescent current
of the LDO.
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Figure 2.3 : Quiescent Current of a LDO [2].
2.1.3 Efficiency

The quiescent current and the voltage difference between input and output limits the
efficiency as given in the equation 2.2 [2].

(2.2)

IoVo

— 2% %100
(I, + I)Vi i

Efficiency =



To have maximum efficiency, dropout voltage and quiescent current should be

minimum and LDO should operate at the dropout voltage.

2.1.4 Load and line regulation

Load regulation reflects the ability of the LDO to keep the output voltage in the
specified range under different load conditions [2]. Load regulation is a steady state

metric and definition is given in the equation 2.3.

AV, (2.3)

Load lation =
oad regulation Al

In Figure 2.4, in steady state output voltage varies by AV, when load current is
increased by Al and this value is determined by the load regulation metric and load

current.

Similiarly, line regulation is a metric that defines LDO’s ability to maintain the
output voltage in specified range under varying input voltage [2]. Line regulation is
also a steady state metric and defined in the equation 2.4.
AV, (2.4)
Li lation = —
ine regulation AV,
LDQO’s overall loop gain affects load and line regulation. If loop gain increases load

and line regulations are improved.

2.1.5 Load and line transient response

The load transient response is the output voltage change for a load current step
change. Output capacitor value, the capacitor’s equivalent series resistance (ESR),
the bandwidth of the LDO, slew rate of the pass device and load current profile
determine the load transient response of the regulator [1]. A typical load transient
response can be seen in Figure 2.4. AV, is the variation of the output voltage during

load transient for a Al load current change.

The line transient response is the output voltage change for an input voltage step
change. Slew rate and amplitude of input voltage change and the bandwidth of the

LDO affect the line transient response [1].
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Figure 2.4 : A typical load transient response of a LDO.
2.2 Standard Linear Regulator and LDO Regulator

Linear regulator is a system that provides steady and clean supply voltage to the
other circuits. It regulates the output voltage with pass device and voltage drop
across pass device creates the output voltage. Scaled output voltage is sensed and
compared with a reference voltage by error amplifier and gate of the pass device is
driven such that error amplifier’s input voltages become equal with the effect of
negative feedback. Assuming error amplifier has high gain, the output voltage is
given in the equation 2.5 where Vq,:and V. denote the output voltage and reference
voltage, respectively. Resistor divider formed by R; and R is used to adjust output
voltage to desired value.

R 2.5
Vour = Vref (1 + _1) (29)

R,
In order to have good load transient response and maintain stability, a capacitor is
generally placed at the output, but capless LDO architectures also exist where a small
cap is implemented on chip and the need for an off chip capacitor is eliminated to

save the PCB area.



Linear regulators are named according to the type of the pass device. Linear
regulator with NMOS pass device is called standard linear regulator and linear
regulator with PMOS pass device is called LDO since the dropout voltage is low
compared to standard linear regulator. Due to pass device type, standard linear
regulators have higher dropout voltages compared to LDOs. For a standard linear
regulator, error amplifier output voltage is limited by the input voltage level and
NMOS transistor has gate to source voltage. Thus, dropout voltage of standard
regulator is Vgs of NMOS pass device. At high load condition Vs voltage of NMOS
pass device increases and dropout voltage also increases significantly. For a LDO,
dropout voltage is defined by source to drain voltage and it has lower value
compared to standard linear regulator. Although LDOs are more efficient since they
have lower dropout voltages, their sizes are larger for same current drive capability
because of the pass device type. Figure 2.5 shows the simple implementations of a

standard linear regulator and a LDO regulator.

V,—ef Vref

—_— C = C

L L

(a) (b)
Figure 2.5 : Standard linear regulator (a) and LDO regulator (b).

When LDOs and standard linear regulators are compared in terms of the stability,
frequency compensation of the LDOs is more challenging since the output pole
occurs at low frequency. In standard linear regulator, the impedance seen at the
output is the source of the NMOS device which is relatively low and the pole at the

output occurs at relatively higher frequency.



2.3 Literature Review

Low power LDO design requires low quiescent current which creates challanges to
obtain fast regulation loop. A load capacitor is used to stabilize the LDO and
achieving tolerable voltage drop at the output during load transients. The voltage
drop at the output can be expressed by [3]

AV, = —

Al ( 1 C,AV, ) (2.6)
+
Co

27-l:Wugf Islew

where C, is the capacitor at the output, wygs is the bandwith of the loop and AVy is
the voltage change on the gate capacitance C4 of the pass device for a Al, load
change with a slewing current Igey. In order to improve the transient performance of
the LDO to achieve low voltage drop at the output during load transients, wyy and
lslew Should be increased which increases the quiescent current of the LDO. If low

quiescent current is targeted, constant biasing limits wygs and lsjew.

Nonstatic biasing is used to achieve good transient performance while maintaining
low quiescent current. Recent studies in the literature show the advantage of the
nonstatic biasing. Adaptive and dynamic biasing for increasing the biasing current of
the LDO during load transients, as demonstrated in Figure 2.6, provide extra bias

current for bandwidth extension and slew rate improvement [4].
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Figure 2.6 : Adaptive biasing (a) and dynamic biasing (b) of the LDO [4].

As given in the Figure 2.6, in the adaptive biasing, bias current of the LDO is

increased proportional to the load current increase. As a result both lgew and wygr can
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be increased. In the dynamic biasing, bias current of the LDO is increased on the
load transient edges only and Igew is enhanced while wyg remains same. Different

biasing properties are summarized in the Table 2.1.

Table 2.1 : Comparison of different biasing schemes [3].

Constant Dynamic Adaptive
Biasing Biasing Biasing
Wygf €Xpansion No No Yes (High)
Islew €Nhancement No Yes (High)  Yes (Moderate)
Dynamic response Slow Moderate Fast

In the literature LDOs utilizing adaptive biasing, dynamic biasing or adaptive and
dynamic biasing are reported. High slew rate LDO regulators with class-AB error
amplifier are reported in [5-8]. Figure 2.7 shows the conceptual schematic of a class-
AB LDO. The current used for discharging or charging the gate capacitance of the
pass device is not limited even if low Ig is used for low quiescent currents. When
Vout VOltage becomes smaller than Ve or vice versa, the current supplied from the G,
cells charge or discharge the gate capacitance quickly and slew rate is improved [5].
The increasing bias current at load transient edges settles its defined value Ig in

steady state. Class-AB structure can be viewed as a dynamic biasing mechanism.

LDO Regulator with Proposed Amplifier

oV
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FG— _]_ I | } Tpass
% Roga T Cpass
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1
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¥
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\% Vv 5
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— 5
- Ion 8]
| T
oGm IB L.’ |VGSa|'|VTHa|
£ Fo--n
O g} ‘
X
V. Positive Input (V,)

Vs, : Gate-to-source voltage of M_
Viua : Threshold voltage of M,

Figure 2.7 : Conceptual schematic of class-AB LDO with low Iq [5].
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When the LDO load is high, pass device can be operating in the linear region in order
to save the chip area. In the linear region more Vs voltage variation is needed to
support same current compared to operation in the saturation region. For a high
speed response at the high loads, higher bandwidth and larger slew rate are required.

In [6], an adaptively biased class-AB LDO is reported. The G, structure given in
Figure 2.8 utilize adaptive biasing and dynamic biasing at the same time. Iag current
which is proportional to the load current is used with fixed bias current Ig to increase
the bandwidth of the LDO at high loads. Moreover, to decrease the response time, a
dynamic charging technique is employed since adaptive biasing is activated when the
gate voltage of the pass device is decreased. When V,; voltage changes because of
load transient, the dynamic change is coupled to the gate of the Mg and the output
current of the G, cell is adjusted quickly to discharge or charge the gate capacitance.
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M8 M7 | | 1|_ 1 M5
3:1 | @ | Current o
\ !/ Subtracter 1 1
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Figure 2.8 : Schematic of high bandwidth transconductance amplifier [6].

Maximum speed response of the amplifier in Figure 2.8 is mainly determined by the
transconductance of the M; and in order to increase the gmi, the biasing current is
applied according to the load. The loop gain comparison of the LDOs reported in [5]
and [6] are given in the Figure 2.9. At heavy loads, adaptive biasing in the [6]
enlarges the bandwidth.
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A Loop gain —— LDO like ref. [S] at light load
— . — . LDO like ref. [5] at heavy load
_g_ - — — — Proposed LDO in [6] at light load

----------- Proposed LDO in [6] at heavy load

C
Frequency

>
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Figure 2.9 : Comparison of the loop gains for the LDOs [6].

In [9], an enhanced current mirror (ECM) buffer is used to improve the bandwidth at
low load condition. Since the impedance at node Vg is (fos4 || fos1 || 1/0ms0), at low
load condition it is dominated by (ros4 || ros1) and the bandwidth is expanded relative
to the ordinary current mirror (OCM) buffer. Also adaptive bias improves the
transient response by increasing the slew rate at high load conditions. OCM buffer

and LDO with ECM buffer are shown in Figure 2.10.

Figure 2.10 : OCM buffer (a) and Adaptively biased LDO with ECM buffer (b) [9].

Dynamic biased LDOs are reported in [10,11] where bias current is increased
momentarily to increase the slew rate of the gate capacitance of the pass device.
Dynamic biasing is achieved by capacitive coupling from internal node in [10] and in
[11] capacitive coupling from the output node is used for sensing the output voltage
drop. Dynamic biased LDO in [10] is given in Figure 2.11. In order to push the pole

13



at the gate of the pass device to higher frequencies for stability a buffer is used in the
LDO. Overshoot and undershoot is detected by the error amplifier and amplified
voltage by My is coupled by Cciand Cc, to My and Myps to improve the slew rate

of the gate voltage.
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Figure 2.11 : Dynamic biased LDO with voltage buffer [10]

LDOs based on flipped voltage follower (FVF) are reported in [12-16]. The FVF
LDO in [12] uses a single transistor for controlling the output voltage. Figure 2.12(a)
shows the single transistor control LDO. When V is decreased, the current flowing
on control transistor M. decreases by Al and M, discharges the gate capacitance of
Mpr by Al since a fixed voltage is applied to the gate of M,. But loop gain is low
since there is no additional amplifier stage. In [13], another FVF LDO is reported
which is formed by the structure in [12]. Figure 2.12(b) shows the full schematic of
the regulator. In order to extend the bandwidth, a load tracking impedance circuit
created by the diode connected Mgy is used. Also loop gain boosted by Mos and Mgg

for better load regulation.

Dynamic biased LDOs based on flipped voltage follower are reported in [14-15]. A
voltage spike detection circuit based on capacitive coupling from the output node is
used to increase bias current momentarily. Additional gain stages are implemented to

improve load transient performance.
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Figure 2.12 : Single transistor control LDO [12] (a) and a FVF LDO [13] (b).

In [17], a buffer is used with adaptively biased shunt feedback to decrease the output
resistance and push the pole at the pass device gate beyond the unity gain frequency
for different load conditions. Adaptively biased buffer with shunt feedback can be
seen in Figure 2.13 and the LDO topology is illustrated in Figure 2.14.

Vin B> ' -—=-
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D22 O I
M25 ’_4: M2 R I—|d Mp
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P1 M21

+——, @0

M23 :]T—l—{l___ M22

L
Figure 2.13 : Adaptively biased buffer with shunt feedback [17]
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Negative feedback formed by the npn transistor reduces the output resistance by the
current gain and adaptive biasing implemented by My, and Mjs decreases the output
resistance further according to the load current. When the load current is increased,
gate voltages of Mys and Mys decrease and more current flow through them.
Increased bias current of My, boosts the value of gmz1 and the output resistance
decreases with increasing load current. Thus, the pole at P, is pushed beyond the
unity gain frequency for the entire load current range and bandwidth is enhanced. In
order to split the poles, current buffer compensation scheme is implemented by

Miller capacitor C..
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> MG ;h"t M35
N1 N2
L~ i Mp
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v | N C‘Zc '
:. iy I —— _——
Vbg W(T) o @2

Figure 2.14 : Overall LDO schematic [17]

In [18,19], a zero is internally generated for frequency compensation and ESR zero is
eliminated. The LDO regulator topology is depicted in Figure 2.15. Voltage
controlled current source is implemented by a transconductance gain enhanced
structure which is given in Figure 2.16. An auxiliary OTA is used to lower the
impedance seen from the source of My to push the parasitic pole of the structure
beyond the unity gain frequency. The current mirror increases the value of the
effective capacitance and the zero is pushed to lower frequencies with higher mirror
ratio. Although this frequency compensation technique eliminates the ESR zero and
improves voltage drop at load transients, it adds more complexity to the regulator

circuitry.

16



VDD

Or,,
' Error >
- !
) Amplifier R, } ) ¢ L
Pass Transistor =~ =80,
/,_/‘ < -«
+ * o
[ Iim | j‘ - ¢ 2 :
o 2 | Vo N — > R*’-H’c?‘.s
| ~ N <
CE;, RI Z | '|\ T | | \'
Rp.m > C <7 | \/ I
} PAR Voo | | |
¢ ref f | |
1 1 B R N

Frequency
compensation
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Figure 2.16 : Frequency dependent voltage controlled current source [18]

Miller compensated multistage LDOs have nondominant complex poles at low load

conditions and if these poles locate near unity gain frequency, LDO becomes

unstable. High Q factor of the complex poles cause sharp phase change at angular

corner frequency and for a stable operation frequency of the complex poles should be

pushed beyond the unity gain frequency. Q peaking can be prevented by increasing

minimum load current spec or increasing Miller compensation capacitor for lowering

the unity gain frequency [20]. A Q reduction circuit is reported in [20] and

compensation capacitor value is reduced. The same Q reduction circuit is also used

in [21,22] to reduce the minimum load current requirement.
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In [21,22], error amplifier is adaptively biased to increase the bandwidth at high

loads. The schematic of the adaptively biased LDO in [22] is given in Figure 2.17.
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Figure 2.17 : Adaptively biased LDO reported in [22].

Main loop frequency responses of the LDO in [22] for different load currents are
depicted in Figure 2.18. The UGF is given by bgmi/Cu where b and gm; denote the
feedback ratio controlled by the resistor divider at the output and transconductance of
My, respectively. With adaptive biasing, gm: is increased when the load current is
high and the UGF of the loop is enhanced while the current efficiency is still

maintained high at low loads.
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Figure 2.18 : Main loop frequency response of the LDO in [22] at different loads.
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A LDO using an adaptive power transistors technique is presented in [23]. The
regulator switches to a 2 stage structure when the load current is less than a defined
threshold current. Thus, stability is achieved without requiring a minimum load
current. Regulator transforms to a 3 stage structure when high currents are drawn and
load regulation is improved. With this structure, Q peaking of the complex poles near

UGF is prevented.

In [24], a linear regulator topology that emulates a replica biased source follower to
achieve a fast load regulation is presented. Block diagram of the LDO is given in
Figure 2.19 and the schematic of the P stage is depicted in Figure 2.20. Vouro tracks
the reference voltage with the feedback loop via amplifier Ay and since output
buffers are matched, Vour is equal to Vouro at zero load current. Load regulation is
achieved by a fast feedback loop within the P stage buffer whose aim is to preserve
Vour at the same voltage irrespective of the load current. VVoltage positioning concept
is implemented for the optimum drop response since dc and ac voltage drops at the

output are equal.

reference tracking
(slow O.K.)

fast load tracking
by feedback L—Ps
inside P-stage

VSET

Figure 2.20 : Schematic of the P stage [24]
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Capacitor-less LDOs reported in [25-28] do not require off chip capacitor and reduce
the PCB layout space. Since the dominant pole is located inside the LDO, active
feedback compensation technique is implemented in [26] and damping factor control
frequency compensation is used in [27] for a stable operation for entire load range.
Since the capacitor used at the output is small, a fast loop is needed to recover the

output voltage quickly.
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3. ANALYSIS OF AB LOOP

As given in Figure 2.18, adaptive biasing improves the bandwidth of the LDO by
increasing the tranconductance of the first stage. When the load current is increased,
additional current is used for the tail current of the first stage and the currents
flowing through input transistors are increased. But adaptive biasing circuit forms a
closed cloop in the system and the effects of it should be investigated in order to
prevent stability problems. The adaptive bias loop is formed from the pass device
gate to the output of the differential pair over the adaptive biasing transistor.

In order to analyze the loop gain of the overall system, the small signal equiavelent
circuit should be obtained for the LDO. The key block in the adaptively biased LDO
is the block whose bias current changes proportional to the load current. In this study
LDOs that use differential pair for the first stage are analyzed and first, an adaptively
biased differential pair is analyzed. A small signal model is obtained for the
adaptively biased differential pair and with the aid of this model a 2 stage LDO with
NMOS input stage and 4 stage LDOs with PMOS input stage are investigated in
terms of stability.

3.1 Analysis of Adaptively Biased Differential Pair

Figure 3.1 shows the input stage of an adaptively biased LDO circuit. My is biased by
a fixed voltage Vy,p and My, is controlled by Va, which can vary with the load applied
to the LDO. In order to analyze the LDO with the adaptive bias loop, the transfer
function from V: to Vo should be obtained for the input stage when the AC
differential input is 0. As a simple analysis, if V¢ changes by AV, it introduces a
change of Al for the input transistors and these currents flow in the same direction.
Since Ip; is changed by Al, Ipz also changes by Al and this current is copied to Ipg.
As a result, the additional AI current created by M, is canceled by M, and V,; does

not change which shows that Vo, / V¢ is equal to 0.
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Figure 3.1 : Differential pair with adaptive bias

The detailed analysis of Figure 3.1 shows that Vo / V¢ is not 0 even for perfectly
matched devices since the load impedance seen by M is (1/gms)//ro3 and rqes for My
and the impedance difference is generally neglected in most cases.

Small signal equivalent circuit of the differential pair in Figure 3.1 can be seen in
Figure 3.2. The transconductance and the output resistance of the transistors are
denoted by gmi, i (for i=1..4), respectively. Cxand Cy; denotes the total capacitance

at Vxand Vo, to ground, respectively.

Vx """"""""""""

——Ca1

L

Figure 3.2 : Small signal equivalent circuit for differential pair
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From the small signal equivalent circuit, V is obtained as

1 1 Ve =V (3.1)
= (g g ) (omty + =)
x r03||gm3 HSC Im1 f + T

and the transfer function Vy / V¢ can be calculated as

1 3.2)
v, (o5 sz ) (om+5)

7 1 N '

R e e el ol

Vo1 IS given by

(3.3)

Vf — Vo1 1
Vo1 = ( + ngVf — gm4Vx) (ro4 Il )
sCyq

To2

Substituting for Vy from equation 3.2, the overall transfer function, As = Vo1 / Vs

obtained as

1 1
(gmz + E) <1 + To1 (SCx ats Im3 + E)) - (1 + gmlrol)gm4

(;L"+—L"+SC ) 1+ (SC + -+;L)
Tpa Ty ol ol X 9Ims3 Typ3
Low frequency gain of the transfer function As is given in equation 3.6.
S
A = VOl =4 | (1 + WZl)
f =y, = “rlbc
Vs (1 + L) (1 + L) (3.5)
Wp1 Wp2
1 1
(gmz + T'_) (1 + 701 (gm3 + T_)) - (1 + gmlrol)gm4—
02 03
Af| pc = (3.6)

(e+5o) (1 + 71 (gms + %))

The pole and zero locations of the transfer function As are given in equations 3.7, 3.8

and 3.9, respectively.

1 (3.7)

Wy = ———————
P (r04|| Toz) Co1
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1 (3.8)

sz = 1
(rolllﬂll 7‘03) Cy

(1 + gmiTo1) Gma — (gmz + %) (1 + o1 (gm3 + %)>

Wz1 = — 1 (39)
(gmz + E) rolcx
If gml'o >> 1, then the zero can be expressed as given in 3.10.
1 1
i Im1 Gma — (gmz + E) (gm3 + E)
71~ 1 3.10
(gmz + T‘_) Cx ( )
02

From equation 3.10, it can be seen that w;; location depends on the mismatch of the

transistors and its location is at the relatively low frequencies.

Equations 3.6 and 3.9 show that the numerator of the At |oc has the same sign of the
numerator of w,, which reveals that if As|pc is positive, the transfer function has a
left half plane (LHP) zero otherwise it has a right half plane (RHP) zero. Another
result obtained from the equation 3.6 is for perfectly matched input transistors As |oc
will be positive and w;; will be a LHP zero. The bode plots of the transfer function
Vo1 / Vs of the circuit in Figure 3.1 with perfectly matched transistors are given in
Figure 3.3. In this simulation the size of Mj;-M, and Ms-M, are selected as
W/L=30u/5u and W/L=5u/10u, respectively and a fixed bias current of 250nA is
used. 1pF cap is used at the output of the differential pair. DC gain, wy; and wy; are
measured as 2.45dB, 395Hz and 2.4kHz, respectively. The zero is located between

the first and the second pole and it is at relatively low frequency.

Figure 3.4 shows the Monte Carlo simulation results of the same circuit for 200
points. The bode plots are drawn for As transfer function. The gain changes between
+16dB and -43dB and the locations of wy; and w;; also vary. For the points where
the phase starts from 180°, the transfer function shows a negative gain and as a result
W1 is located in RHP. -90° phase shift is introduced by the pole wy; and another -90°
phase shift is introduced by the RHP zero w;; which create a total phase change of -
180°. For the points where the phase starts from 0°, the pole wp; and the LHP zero

W1 introduce a total phase change of 0°. All Monte Carlo points reach almost 0°
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before the second pole wp,.
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Figure 3.3 : Bode plots of the transfer function As for perfectly matched transistors.
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Figure 3.4 : Bode plots of the transfer function As for 200 Monte Carlo points.
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Transfer function from differential inputs to the output, Ag = Vo1 / Vin, Where Vi, is
the differential input voltage is given in equation 3.11. A4 |oc presents the DC gain of
Ag which is gm12(ros || Fo2) and the poles and the zero locations are given in equation
3.12, 3.13 and 3.14, respectively [29].

s (3.11)
A, = Vol - A (1 + WZI)
a=7_-= Aalpc 5 S
in (1 + —) (1 + —)
Wp1 W2
. 1 (3.12)
Pt (ro4|| Toz) Col

9ms3 3.13
Wpa = Tx ( )
WZl = Zsz (314)

If the poles and the zeros of the transfer functions Ay and As are compared it can be

seen that Ay and A¢ have same poles but the zeros are different. The zero associated
with the Agq is located at higher frequencies compared to the zero of the A In order

to combine the transfer functions, DC gains of Ayq and A¢ can be expressed by
transconductances multiplied by the output resistance of the differential pair which is

same for both of them and given by ro4 || fo2.
Adl pc = GmlRol (315)
Afl Dc = GmlfRol (3.16)

The output resistance of the differential pair, Ry;, and wy; are common for the

transfer functions Aq and As so using the superposition property of the linear

S

systems, V;,G,; and Vmelf(l + ) currents can be summed, where w;; denotes

Wz1
the zero of the As. Gy and Gmarare the transconductances given in equation 3.17 and
3.18, respectively. The circuit that can be used to model an adaptively biased
differential pair can be seen in Figure 3.5. In this circuit, non-dominant poles of the
transfer functions and the zero of Ay are neglected since they are located at higher

frequencies.
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Gmi = Ym1,2 (3.17)

(gmz + %) (1 t 701 (gm3 + %)) - (1 + gmlrol)grru}

(1 + To1 (gmB + %))

(3.18)

Gmlf =

Figure 3.5 : Equivalent circuit for an adaptively biased differential pair
3.2 Analysis of Adaptively Biased 2 Stage LDO with NMOS Input Stage

Figure 3.6 shows an adaptively biased 2 stage LDO. Input stage consists of a

differential pair with active load.

“ﬂa IvIab3

Y
A
Y
A

Vgate

|
Y

=
S
I

A

A

L

Figure 3.6 : Schematic of an adaptively biased 2 stage LDO with NMOS input stage
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The second stage includes the pass device. Since the gate of Maps is connected to
Vgae Which is the gate voltage of the pass device, a current proportional to the load
current is mirrored by Mgy, and Mgp:. This current is used as the tail current of the
differential pair in addition to the fixed bias current by created by My.

Voltage divider is used to adjust the output voltage according to expression below:

Vour = Vrer (1 + 2—:) (.49
This LDO includes 2 separate loops; one is from the output of the voltage divider Vi,
to the input of the differential pair and the other is from Vgae to V¢ node of the
differential pair over the transistors Map1, Man2, Maps. Equivalent small signal circuit
is given in the Figure 3.7. gm1, lo1, Co1 Present the transconductance of the first stage,
output resistance of the first stage and the total capacitance at node Vg to the
ground, respectively. gmp is the transconductance of the pass device and R and C are
the output resistance and the load capacitance of the regulator. gma denotes the
transconductance of the adaptive bias circuit, which is given as below:

Imab .
Imab = s Imab1 (3 20)

Imab2

The input stage is modeled by the circuit given in Figure 3.5. rin shows the input

resistance at node V;. Current created by gmap IS multiplied by ri,; and creates the

voltage V+.
/;\
Vieturn P1 Main loop \J
K
" v P2 e v
f) J_mlum X gat gmp uutJ_
Fo1< o v P ‘ R, C, R,
\Y
fb

/‘\ = = R,

Adaptive bias loop |

| . S

Bmab

Figure 3.7 : Small signal equivalent of the circuit in Figure 3.6

28



Loop gain can be calculated by breaking the feedback loops at the points P1 and P2.
As can be seen from Figure 3.7, point P2 is the intersection point of the main loop

and the adaptive bias loop.

In order to find the loop gain by breaking the loop at P1, if the currents summed up at

Vgate NOdE;
s\ Voar (3.21)
Vingml + Vgategmabrinlgmlf (1 + ) - Vgate SCo1 = 0
Wz1 To1
obtaining
S To1 3.22
Vingml + Vgategmabrinlgmlf (1 + )] 2 S = Vgate - ( )
W21 1 + W_
p1

In equation 3.22, Wy is the pole at the node Vgae, given as 1/ry1Co1. Similarly when

the currents summed up at the node Vs

Vout 3.23
VgateGmp — Ri — Vour sC, =0, (3.23)
Leq
obtaining
VgategmpRLeq _ (3.24)
T
Wp2

where R ¢q is the equivalent resistance R/ (R1+R>) at the output and wy; is the pole

at the output, 1/RpeqCy.

Substituting for Vg from the equation 3.24, the equation 3.22 gives:

Vreturn _ ﬁvout — ﬁgmlrolgmpRLeq (3-25)

| ML —
ViTl Vi'l’l S 1 AaleC
(15 (1~ Aanloc + 5 (7~ 252¢)

ﬁgmlrolgmpRLeq
_ Vreturn I 1- Aab |DC

Ay =—7—|m = 3.26
Vin (1 +L) (1 LS ) (3.26)
Wp2 Wplab

Aup|pc 1S the adaptive bias loop gain at low frequencies given by gmablin1€miflo1- B

29



is the feedback ratio of the resistor divider at the output. The loop gain has 2 poles
with the magnitudes of wy, and wpi. When the adaptive bias loop is added to the
two stage LDO, the pole at the output node remains same but the pole magnitude

associated with the Vg node changes to Wpsab:

S 1—Agplpc (3.27)
plab = L _ AaleC
Wp1 Wz1

If 1/wp1>> Aaplpc/ Wzt, Wpian Can be expressed as,
Wptlab = Wpl(]- - AaleC) (3-28)

This result can be obtained by using the series-shunt feedback properties. Adaptive
bias loop divides the output resistance of the first stage by (1-4,4|pc) and multiplies
the bandwidth by (1-A,;|pc)-

Since Agp|pc is varying with the mismatch on the first stage transistors, wy,p also
varies depending on the gain of the adaptive bias loop. To see this effect two separate
Monte Carlo simulations are run for 200 points where the external load current is
OmA and only a small current flows through the pass device for resistor divider.
50nA fixed bias current is used and adaptive bias ratio is selected as 1/800. In the
first simulation the adaptive bias loop is broken by blocking the AC signal
propagation in the adaptive bias loop, so that the DC bias conditions are not changed.
The second simulation is done with the adaptive bias loop. Figure 3.8 shows the gain
and phase of the main loop where adaptive bias loop is broken. Maximum and
minimum DC gains are measured as 86.6dB and 83.4dB, respectively. The location
of the wy; also changes between 60Hz and 119Hz. Minimum and maximum value of
the phase margin are measured as 62.2° and 77.3°. Figure 3.9 shows the second
simulation with the adaptive bias loop. The maximum and the minimum values of
DC gain and Wpa, are 107.3dB, 151.2Hz and 80.2dB, 6.6Hz, respectively. Since
A,p|pc is smaller than 1 in most of the points, the main loop gain increases compared
to the one where adaptive bias loop is broken. Minimum and maximum values of the
phase margin are 7.4° and 83.5°. Since the adaptive bias loop changes the pole at the
output of the first stage, phase margin is affected significantly.
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If the circuit is stable before placing an adaptive bias loop and if wy,: movement is

not desired 1-A,p,|pc Should be close to 1, that is, A p|pc << 1.

Since Aap|pc IS 8mablin1€m1flo1 @nd Iy, 1S the input resistance seen from V¢ node of

1
28m1

the differential pair, r;,; can be expressed by (gL ||gi) which is and equation
m1 m?2

3.29 is obtained.

gmabgmlfrol
29m1

«1 (3.29)

Agplpc =
A.p|pc can be controlled by gmap Which is proportional to the I,. The tail current of
the input stage can be expressed by l»+1s, Where 1, is adaptive bias current and Ig, is
fixed bias current. At the maximum load condition, the tail current has its maximum
value and it increases the slew rate of the gate capacitance of pass device. For a
specific slew rate, tail current has a corresponding value and at maximum load
condition if Iy, is limited for stability, I, should be increased in order to have same
tail current. Thus, increasing the fixed bias current while decreasing the adaptive bias
current (for a fixed tail current and fix gm1) limits the pole movement at the output of

the first stage according to equation 3.29.

When the adaptive bias ratio is set to 1/7200 to decrease Qmab, and limit Wy
variation, phase margin is improved. Figure 3.10 shows the bode plots of Ay for

200 MC points and phase margin is measured between 59.4° and 77.9°.

In order to find the inner loop gain, the feedback loop is broken at P2. With the aid of
the Figure 3.7, starting from Vg, the return voltage, Viewm, is given below:

1 S
VingmpRL (—S) BYIm1 + Vingmabrinlgmlf (1 + Wzl) T01(1+—S) (330)

1+-—
Wp2

and hence inner loop gain A, = _Vr;fum L

S S
ImpRLBIm1To1 + ImabTin19m1fTo1 (1 + Wzl) (1 + W_pZ)

() () 33

Wpl sz

A =
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The DC loop gain of the inner loop has an extra term g..pTin1€miflo1, Which is
A.plpc- As can be seen from the 3.31, the transfer function includes 2 zeros. When

the numerator of the loop gain is set to 0, it follows that

gmpRL.Bgmlrol ) =0 (332)

5%+ s(Wz1 + Wpa) + W wp; (1 - 9mabTin19m1fTo1

Substituting for w,; and g from 3.9 and 3.18 and using frin=1/20m;, if

8mpRLBEm1To01

>> 1, then equation 3.33 is obtained.
8mablin18miflo1

zﬁgm&grznlgmp =0 (333)
CLngmZ.gmab .

s+ s(wy + sz) +

Since the output pole is the dominant pole for this LDO and it is at the relatively

lower frequencies, wy, << w4, yielding
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zﬁgm&grznlgmp =0 (334)
CLngngmab .

s?+swy +

As a result the analysis by breaking the inner loop shows that the adaptive bias loop
adds 2 zeros to the system and the poles do not change compared to the system
where adaptive bias loop is not present. It is important to note that since sign of gmp
is negative, the last term in the equation 3.34 is negative. Thus, the inner loop gain
has one RHP and one LHP zeros. The sign of the w,; defines which zero has the
lower value. Figure 3.11 shows the Monte Carlo simulation results of the inner loop
gain and phase for the same circuit in Figure 3.6. As shown before in Figure 3.8, wp,
value is around 100Hz which shifts the phase by -90°. The inner loop gain curve is
getting flat shape after 10kHz since 2 zeros are present. The phase goes down to -78°
for some points with the effect of RHP zero and wy,; and then starts to rise up to 0°
with the effect of LHP zero. For some points LHP zero has a lower value compared
to RHP zero and for these points phase goes up to 108° with the effect of LHP zero

and wp, and goes to 0° with the effect of RHP zero.
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Figure 3.11 : Bode plots of A, of LDO with NMOS input stage for 200 MC points
w/ 1/800 AB ratio
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The location of the zeros also change the phase margin of the inner loop. Minimum

and maximum values of the phase margin are measured as 7.3° and 106.1°.

Since the phase behavior depends on the sign of the w,,, for some points it increases
the phase margin but for some points it decreases the phase margin. The equation
3.34 can be rewritten as below:

s? + 2aw,s + w? (3.35)

where w, is the natural frequency of the zeros and « is the damping factor of the

Zeros.

In order to prevent phase margin variation, the zeros should be pushed beyond wigs
which is the unity gain frequency. The equation is given in 3.36. Increasing w, will
push the zeros to higher frequencies and this can be done by increasing gmi or
decreasing gmap Which gives the same result found from the analysis of the main
loop. For a fixed current, gm1 Will be fixed and w, can be pushed to higher
frequencies by decreasing gmay Which can be achieved by decreasing the adaptive
bias ratio. Decreasing C,_ also moves the zeros to higher frequencies but it affects the
load transient response and stability.

2 2 3.36
(1).’,21 — ﬁgm&gmlgmp > W&gf ( )
CLngngmab
For a one pole system, wygt is given by gm1/C and 3.36 can be rewritten as;
2 _ C12Bgm3Gmp (337)

> 1

n

ngngmab

Thus, for a stable operation the adaptive bias current is limited by the equations 3.29
and 3.36, which states that for a fixed total tail current and fixed output capacitor

value, gmap is limited, so the current supplied by the adaptive bias circuit is limited.

To see the effect of the adaptive bias ratio on the inner loop gain, adaptive bias ratio
is decreased to 1/7200 and the zeros are pushed to higher frequencies. As can be seen
in Figure 3.12, zeros are placed beyond the unity gain frequency and phase margin of
the inner loop is increased. Minimum and maximum values of the phase margin are

measured as 59° and 80.4°.

35



40.0

LOOPGAIN (dB)
> & R ©R
& S S o g
o © o©

@©
o
=}

2
=]

10" 10° 10’
freq?Hz)
PHASE 2
— 200.0
150.0 NG
100.0
$50.0
<
9-50.0
§ -100.0
-150.0

-200.0

2500

10 10% 10 10

1
fret} ?Hz)
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The stability criteria for main loop and inner loop show that gma, should be low
enough to prevent variation of the pole at the output of the input stage for the main
loop stability and to push the zeros created by AB loop beyond the unity gain
frequency for inner loop stability. In order to decrease the quiescent current of the
LDO for low loads, the fixed bias current should be low and for high bandwidth at
high loads tail current of input stage should be increased which is done by increasing
the adaptive bias ratio, thus gmap is increased. For 1/800 adaptive bias ratio, quiescent
current of the LDO at zero load is 2uA and for 1/7200 adaptive bias ratio, quiescent
current is increased to 11.1uA to achieve same bandwidth at high loads. As a result,
there is a tradeoff between the stability and the quiescent current at low load
condition of the LDO. More adaptive bias current and low fixed bias current provide

better efficiency but might create stability issues for the LDO.

3.3 Analysis of Adaptively Biased 4 Stage LDO with PMOS Input Stage

A LDO with PMOS input stage is given in Figure 3.13. The second stage is used to
increase the gain and the third stage is used to lower the resistance at Vgae N0de to

push the pole at this node to higher frequency. This is done by the low output
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resistance of the diode connected PMOS which is 1/gm [9]. The adaptive bias current

is supplied by My, whose gate is connected to the pass device gate.

T

MO Mab 6 5 o
Vol e Ve e
M, = M, v
Vfb _“: :Il_ Vref M ”: M- lRl
Vo1 ”: ¢ Ly,
Ms M, —

I

Figure 3.13 : Schematic of an adaptively biased 4 stage LDO with PMOS input
stage
The additional stages add 2 poles to the inner loop gain but they are located beyond
the unity gain frequency. 2 zeros as analyzed before for the LDO with NMOS input
stage are also present in this LDO. The inner loop gain and phase plots of the LDO
with adaptive bias loop broken and not broken are given in the Figure 3.14 and
Figure 3.15. No load is applied externally and only a small current consumed by the
resistor divider flows through the pass device. 50nA fixed bias current and 1/800
adaptive bias ratio are used in the simulations. As it can be seen in Figure 3.15, the
zeros are in the same half plane and creates +180° or -180° phase shift depending on
their location. The reason of this can be observed with the aid of the equation 3.34.
Since the signs of both gmp and gma, are negative, the last term which is w2 is
positive. As this term is multiplication of the zero values, the signs of the zeros

should be same, thus they are in the same half plane. And if

zﬁgm&grznlgmp <0 (3-38)
CLngngmab '

2
WZ]._4

the zeros are complex conjugate pairs. Depending on the sign of the w;;, the zeros
can be both located in RHP or LHP. Also the magnitude of the w;,; defines the
damping factor of the zeros, so the sharpness of the phase change.
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Figure 3.14 : Bode plots of A, of LDO with PMOS input stage for 200 MC points w/o AB
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Decreasing gmap Shifts the zeros to higher frequencies as given by the equation 3.36
and this can be done by decreasing the adaptive bias ratio. As an example, the
adaptive bias ratio is decreased to 1/8000 by decreasing the width of My, by 10 times.
Monte Carlo simulation results are given in Figure 3.16 for this condition. As can be
seen from the figure, frequency of the complex conjugate zeros is increased by ~3
times. The frequency of the zeros is measured as ~1.6kHz for 1/8000 adaptive bias
ratio in Figure 3.16 and it is measured ~500Hz for 1/800 adaptive bias ratio in Figure
3.15. The quiescent current at zero load is 4.5uA for 1/800 AB ratio while it is QUA

for 1/8000 AB ratio to achieve same bandwidth at maximum load condition.

0 1 2
10freq (Hz}0

225.0 é M7: 1.65959kHz 237.3deg .

1 2
10freq (Hz}0

Figure 3.16 : Bode plots of A, of LDO with PMOS input stage for 200 MC points
w/ 1/8000 AB ratio

The simulation results satisfy the correlation between the adaptive bias ratio and the
natural frequency of the zeros as given in the equation 3.36. When compared to the
LDO with NMOS input stage, adaptive biasing adds 2 zeros to the inner loop gain
where the zeros are located in same half plane. The analysis for this topology is done
to show the behavior of the zeros as a case study.

39



The gain of the LDO in Figure 3.13 is higher than 100dB and in order to compensate
the LDO in the full load range the output capacitor should be relatively high to reach
0dB with -20dB/dec before the non-dominant pole. Using huge capacitors are not
practical always and miller compensation can be used in this circuit to create the

dominant pole inside the circuit.

3.4 Analysis of Adaptively Biased Miller Compensated 4 Stage LDO with
PMOS Input Stage

A miller compensated 4 stage LDO with PMOS input stage is given in Figure 3.17.
Since the gain is high from V,; to V., miller compensation capacitor C. is placed
between these nodes and the pole at V,; becomes dominant. With this configuration

the output pole is pushed to higher frequencies because of pole splitting [29].

Mo M.p v Me M, v M,
R i = i S
Vi
Ml M2 v
out
e v I
Vol ||:
! C, Vi
Ms My C. — g
T O - i

Figure 3.17 : Schematic of an adaptively biased miller compensated 4 stage LDO
with PMOS input stage

The small signal equivalent circuit is given in Figure 3.18. The second and third
stage gains are combined in gy, and the pole associated with the second stage output
is neglected since it is at relatively higher frequencies. The point where all the loops
intersect and broken is shown with P2 and P1 is the point where only the main loop

is broken.
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Figure 3.18 : Small signal equivalent of the circuit in Figure 3.17

In order to find the inner loop gain, the feedback loop is broken at P2. Using the

small signal equivalent circuit, V,; can be calculated as below:

Vol - ( outﬁgml + Vmgmabrmlgmlf (1 + _> + sC (Vout 01))—1 (339)
145
( Wp1

Wz1
Wp1 is the pole at the output of the first stage given by 1/r41Co1. Vour and Viewm are

calculated similarly:

R, (3.40)

Vour = (Vingmp - SCC(Vout - Vol)) —et;

14 —)

( Wp3
Im27o2 .
Vieturn = Vo1 m—g (3 41)
(1+55)
Wp2

Wp2 and wpz are the poles at the Vgae and Vo Nodes given by 1/rgCo and 1/R eqCy,

respectively. Substituting for V,; from equation 3.41, equation 3.40 gives

S
(1+55) Vrearn (1+5)
R +sC; | = Vingmp + SC.
Leq

Vout

(3.42)

Im2702

Similarly, substituting for Vo; from 3.41, equation 3.39 gives
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S S
145 ) (1 o)
( Wp2 Wp1

Im2"02 To1

S
+sC | = out(SCC + .Bgml) + VinGap (1 + )
W21

Vreturn

(3.43)

where Gap IS gmabTin1€mar- 1 NUS, using the equation 3.42 and 3.43 the inner loop gain

Vreturn

V—_| 1, Obtained as

mn

S S
To19m2702 <gmpRLeq (ﬁgml + SCC) + Gab (1 + W_l) (1 + W_3 + SCCRLeq)>
z P (3.44)
S S S
(1 + W_pZ) [(1 + W_p3 + sCCRLeq> (1 + W_p1 + chrol) — SCCRLeqrol(ﬁgml +sC.)

Equation 3.44 reveals that adaptive bias loop adds one more zero to the inner loop
gain and does not affect the pole locations. If the numerator of 3.44 is set to 0 and if

1/wpz >> R ¢C, the second order function for the zeros is obtained as below:

RpeqCcw R (3.45)
S+ 5| Wy + wps <M + 1> + Wy W3 (M + 1>
ImabTin1Imif ImabTin19mair

Substituting for w,; and g, from the equations 3.9 and 3.18, using rin1=1/2gm;, if

C.>>C.and BmpRieqPEm1 4 , then equation 3.46 is obtained.
8mablin18maif

RieqCow 2 2 (3.46)
SZ +5 W,y + ng <gmp Leq~c"z1 + 1) + ﬁgm&gmlgmp
gmabrinlgmlf CLngngmab

When the equations 3.33 and 3.46 are compared it can be seen that Miller

8mpRLeqCcWz1

compensation adds w3 to the coefficient of s. Thus, under some

8mablin18mif

conditions the coefficient of s can be made positive irrespective of the wy; sign and 2
LHP zeros can be guaranteed for the inner loop gain. In order to make the coefficient

of s positive, the condition below should be satisfied:

(3.47)

<gmp RLeq Cch3

+ 1) +wy3 >0
gmabrinlgmlf

If the sign of w;; is positive which shows that w,; is a LHP zero, gmir also has a
positive sign then this condition is satisfied and the zeros of the inner loop are in

LHP. If the sign of w,; is negative which shows that w,; is a RHP zero, gmir also has
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a negative sign and 3.47 can be rewritten as 3.48 for this condition.

(3.48)

gmpRLeq Cch3
_|W21| <_

+ 1) + wp3 >0
gmabrinllgmlfl

In order to satisfy the inequality in 3.48, assuming w3 is negligible, the term inside
the brackets should be negative which yields

gmpRLeq CchS >1 (349)
ImabTin1 |gm1f|
Replacing wys by 1/RqCy gives
CeOmp (3.50)

A >1

CLgmabrinl Igmlfl

If the condition given in the equation 3.50 is satisfied for every possible DC
operating points, then it is guaranteed that inner loop zeros are in the left half plane.
If the equation 3.46 is rewritten in the format below

s? + ﬁs + w3 (3.51)

Q

Quality factor of the zeros can be found in 3.52:

zﬁgm&grznlgmp
CLngngmab (3.52)

w (gmpRLeq Cch3
z1
gmabrinlgmlf

Q=

+ 1>+wp3

For the zeros with a low quality factor the denominator of the equation 3.52 should

be increased, that is

Cc Imp

CLgmabrinl Igmlfl

(3.53)

A >>1

Equation 3.53 reveals that although first stage introduces a RHP zero, the inner loop
gain has LHP zeros if the condition is met. This can be done by decreasing C, or
increasing C.. These modifications might not be practical. Decreasing C, affects load

transient performance and makes voltage drop worse. Increasing C. results in larger
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silicon area and lower bandwidth. Since the main idea of the adaptive biasing is
improvement of the transient response, increasing A by C. or C modifications is not
desired. Increasing gmp by increasing pass device current results in a minimum load
current requirement. Decreasing gmap by lowering adaptive bias ratio increases A but
affects the efficiency of the LDO at low load condition as explained before. Thus, the

tradeoff between adaptive bias ratio and stability is obtained from equation 3.53.

In order to see the effects of the adaptive bias loop implemented in a Miller
compensated LDO, two set of Monte Carlo simulations are run where the adaptive
bias loop is broken and not broken. Simulations are done for no load case and
adaptive bias ratio is set to 1/1800. Figure 3.19 shows the bode plots of the inner
loop gain of the miller compensated LDO for 200 points. In this simulation adaptive
bias loop is broken and phase margin varies between 32° and 43°. Phase of the inner
loop gain reaches almost 0° with the effect of 2 poles and a LHP zero created by the
miller capacitor shifts the phase by +90° and increases phase margin. It is important
to note that in a system if the phase of loop gain crosses 0° an even number of times
while magnitude of the loop gain greater than 0dB, the system is stable [29]. Detailed

nyquist and bode plots of such system is given in Figure A.1.
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Figure 3.19 : Bode plots of A,_ of Miller compensated LDO for 200 MC points w/o AB
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When adaptive bias loop is not broken, bode plots show the effects of the two zeros
in Figure 3.20. Adaptive bias loop adds one more zero to the system and 2 zeros can
be both in RHP or LHP. The inner loop is unstable if two zeros are in RHP which
creates -180° phase shift. For the points where the zeros are in LHP but have high Q,
the system is also unstable because the phase remains around 0° when gain crosses
0dB. As a result the zeros cannot improve the phase margin and they shift the phase
by +180° after the unity gain frequency with very sharp slope. If the inner loop has 2
LHP zeros with low quality factor, phase margin is improved and for these points
LDO is stable. Phase margin histogram for the Figure 3.20 is given in Figure 3.21
where the standard deviation is 34.3° and phase margin has a huge variation.
Maximum, minimum and mean values of the phase margin are 130°, -40° and 56°,

respectively.
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Figure 3.20 : Bode plots of A,_ of Miller compensated LDO for 200 MC points w/
1/1800 AB ratio
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As given in the equation 3.50, for 2 LHP zero in the inner loop, A should be greater
than 1 if the input stage exhibits a RHP zero. Figure 3.22 shows the phase behavior

and A values of the same simulation where the input stage has a RHP zero and A is

less than 1.
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Figure 3.22 : Bode plots of the inner loop with RHP zero in the input stage and A < 1
w/ 1/1800 AB ratio

46



It is observed from Figure 3.22 that 2 RHP zeros are present since A is less than 1.
Phase change has a high slope if A is close to 1 which creates high Q factor as given
in the equation 3.52. In the same simulation, MC points with a RHP zero in the input
stage and A greater than 1 are given in the Figure 3.23. Although input stage has a
RHP zero, since A is greater than 1, the inner loop shows 2 LHP zeros. If A is close to
1, zeros with high Q factor shift the phase by +180° but phase margin is not
improved as can be seen in Figure 3.23.

The stability problem of the LDO can also be shown in transient simulations with
increasing Vs Voltage by ImV in 1us. In Figure 3.24 the ringing can be seen for the
unstable Monte Carlo points. No ringing is observed for the points where the phase

margin is high.
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Figure 3.23 : Bode plots of the inner loop with RHP zero in the input stage and A > 1
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If the width of My, in the Figure 3.17 is decreased, adaptive bias ratio and gmap also

decrease by the same factor, so that the condition given in 3.53 can be satisfied and

the all zeros

can be moved to LHP. As an example, when adaptive bias ratio is

decreased to 1/18000, the inner loop has LHP zeros only which can be seen in Figure

3.25. The zeros have low Q factor and phase change is not sharp. A values are given

in the Figure 3.26 for the points where input stage has a RHP zero.
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Figure 3.26 : A values for the points with RHP zero in the input stage w/ 1/18000
AB ratio

Since A values are far above 1, all points show 2 LHP zeros and phase margin is

improved.

The phase margin histogram is given in Figure 3.27. Standard deviation is 4° in this
simulation and phase margin variation is less when compared to Figure 3.21.
Maximum, minimum and mean values of the phase margin are 52°, 28° and 40°,

respectively.
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Figure 3.27 : Phase margin histogram of A, of Miller compensated LDO for 200
MC points w/ 1/18000 AB ratio

A transient simulation is also rerun with decreased adaptive bias ratio and when V¢
voltage is increased by 1mV in 1us, all the points settles their final value and no
oscillation is observed. Transient simulation results can be seen in Figure 3.28. Thus,
LDO is stable for all MC points.
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Figure 3.28 : Transient simulation of Miller compensated LDO for 200 MC points
w/ 1/18000 AB ratio

As can be seen from the simulation results, when adaptive biasing ratio is decreased
by 10 times, all MC points show stable operation, but at the maximum load condition
tail current of the differential pair is decreased because of low adaptive bias ratio. To
achieve the same bandwidth at the maximum load, the current loss is compensated
by the fixed bias current and it is increased by 5uA. For 1/1800 adaptive bias ratio,
quiescent current of the LDO at zero load is 5.3uA but LDO shows stability issues
for some MC points. For 1/18000 adaptive bias ratio, quiescent current at zero load is
10.3uA and all MC points are stable. Thus, the quiescent current of the LDO is
increased to 10.3uA from 5.3uA to achieve same bandwidth at the maximum load.
Tradeoff between the efficiency at low loads and stability is obtained from the

results.

In order to increase A, output capacitor value can be decreased. As explained before
decreasing C_ is not desired since it affects the load transient response and make it
worse but in order to verify the criterion given by the equation 3.53, C, is decreased
and adaptive bias ratio is set to higher value again. Monte Carlo simulations are run
with C, decreased by 10 times and AB ratio is set to 1/1800. As given in the Figure
3.29 the zeros are in LHP and minimum and maximum phase margin are measured
as 85° and 103°, respectively. Figure 3.30 shows the A values for the points with
RHP zero in the input stage. All A values are far above 1, so no sharp phase change is
observed in the Figure 3.29.
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Figure 3.30 : A values for the points with RHP zero in the input stage w/ 1/1800 AB
ratio and C, decreased by 10 times

The Monte Carlo simulation results verify the conditions for stability given in the
equations 3.50 and 3.53. This criterion can be used while designing a Miller
compensated LDO in order to prevent stability issues. This topology has the same
tradeoff between the adaptive bias ratio and stability that explained before for the 2
stage LDOs. Using more adaptive bias current and low fixed bias current increases

the efficiency at low loads but stability of the LDO is not guaranteed as the mismatch
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on the first stage transistors has a significant effect on the loop stability. Thus,

adaptive bias ratio should be limited by the proposed criterion.

3.5 Calculation of Optimum Adaptive Biasing Ratio for Stable LDOs

In order to find the optimum adaptive biasing ratio, the steps below can be followed.
Since the current supplied by the adaptive biasing is negligible when no load current
is applied, the tail current of the differential pair, I, consists of only the fixed bias

current, lg,.
Ligitlmin = Ifp (3.54)

At maximum load current, the bias current of the differential pair is increased by I,

which is the current supplied by adaptive biasing as given below;

I (3.55)
Ligitlmax = Irp + lap = Irp + xax

where I max denotes the maximum load current and adaptive biasing ratio is

represented by 1/N.
For the Ido given in section 3.2, increasing the tail current of the differential pair

improves the slew rate of the gate capacitance of the pass device as given in 3.56.

ltan (3.56)

gate

Slew rate =

To achieve higher slew rate at the maximum load condition for obtaining better
transient response, more adaptive bias current can be used. Maximum tail current,
laitllmax, 1S calculated for a given slew rate by equation 3.56 and adaptive biasing ratio
is obtained from the equation 3.55. Since gmap IS limited as given in section 3.2,
adaptive biasing ratio is limited by the equation 3.57.

2 _ Zﬁgm?»grznlgmp (3-57)

w2 = > w2
" CLngngmab

ugf

If the maximum adaptive bias ratio calculated with the equation 3.57 is lower than
the adaptive bias ratio calculated with the equation 3.55, adaptive biasing is limited

for a stable operation. In this case lg, can be increased to meet lyilmax requirement for

52



a specific slew rate value at the maximum load condition. Increasing Iy, also shifts
the nondominant pole located at the output of the differential pair to higher

frequencies but the efficiency is degraded.

For a miller compensated Ido as given in section 3.4, increasing tail current of the
differential pair increases the bandwidth at high loads. As the load current is
increased, the pole at the output moves to higher frequencies and bandwidth can be
boosted by increasing the transconductance of the first stage as given in the equation
3.58, where gm1 and C. denote the transconductance of the first stage and the miller

capacitor, respectively.

g .
BW = 2™ (g1 o Lig) (3.58)

Maximum value of gm; can be calculated at maximum load for a given BW. Since
gma IS proportional to lii, laillmax 2N be obtained from gm1max Value. If the quiescent
current requirement at no load condition is also given, lg, is fixed and adaptive
biasing ratio, 1/N, is calculated from the equation 3.55. As given in section 3.4

adaptive bias ratio is limited for stability with the equation below:

_ chmp
CLgmabrinl |gm1f|

(3.59)

A >>1

If the maximum adaptive bias ratio calculated from the stability criterion in 3.59 is
smaller than the required adaptive bias ratio to meet the bandwidth requirement as
calculated from 3.55, Ig can be increased. More fixed bias current decreases the
efficiency at low loads and phase margin should be also investigated carefully since
the dominant pole will move to higher frequencies at low load currents which means

that dominant pole might locate close to the pole at the output at low loads.

Another case is where any change for lg, is not allowed. If the quiescent current at
low load is not allowed to be increased or if increasing Is, make phase margin worse
at low loads, in these situations, intended value of luiilmax CaNNOt be achieved since
adaptive biasing is limited for stability and BW requirement at maximum load is not

obtainable. Thus, transient response is affected.

In short, to achieve the BW requirement at high loads adaptive biasing is a solution

but for stability reasons maximum adaptive biasing ratio might not be sufficient and
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fixed bias current should be increased for BW requirement. In this case, efficiency is
degraded at low loads. If the fixed bias current cannot be changed, maximum

adaptive biasing ratio for a stable operation might limit the achievable BW.
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4. CONCLUSION AND FUTURE WORKS

In this thesis, loop gains of the LDO regulators with adaptive bias are analyzed. The
effect of the adaptive bias loop on the LDO stability is investigated. The additional
poles and zeros caused by the adaptive bias loop are calculated and for stable
operation stability criteria are obtained for two stage LDOs and four stage LDOs
with Miller compensation. The calculations are verified with the Monte Carlo
simulations. It is shown that for the LDOs without Miller compensation the
additional zeros created by the adaptive bias loop should be placed after the unity
gain frequency to achieve stable operation. For the LDOs using Miller compensation,
the zeros created by the adaptive bias loop can be controlled in terms of their half
plane locations and with the given criterion they can be placed on the left half plane
for a stable operation. With the outcomes of the analysis the tradeoff between the

stability and the low quiescent current is explained.

Another outcome of the derived criteria is, differential pair transistors can be sized
such that always left half plane zero can be guaranteed in the transfer function of the
differential pair and for a Miller compensated LDO the overall loop gain always

show LHP zeros and the huge variation of the phase margin can be prevented.

An improvement for the adaptive biasing can be using a current limit circuit for the
adaptive biasing transistor. With this configuration bias current of the first stage can
be increased but the effect of the adaptive bias loop in terms of AC behavior will be
broken because of the current limiting transistor for high load currents. Since the
loop gain is divided by 1-Ag, with this configuration loop gain will be increased

since adaptive bias loop gain will be negligible because of the current limit transistor.

A journal paper is being planned for this topic. The methodology defined in this

work can also be applied to other multi-loop linear circuit applications.
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Figure A.1 : (a) System with three poles and two zeros, (b) Bode plots, (c) pH
contour, (d) case where C is to the left of (-1,0), and (e) case where C is to the right
of (-1,0) [29].
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