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INTRODUCTION

Post regulation low-dropout(LDO) regulator is linear voltage regulator. Post regulation
means that LDOs input voltage is regulated before by another regulator which regulation from
higher voltage to lower is more efficient than LDOs.

Power management has increasing role in the present electronic industry[2]. The
explosive proliferation of battery-operated equipment such as cellular phones, notebook
computers in the past decade have accelerated the development and usage of LDOs with
better regulating performance, higher efficiency and lower voltages. Many modern electronic
devices have multiple internal voltages and sources of external power. Common voltages for
electronics are 5V, 3.3V, 1.8 V, etc. Advanced handheld and battery powered applications
require the power management techniques to extend the battery life and consequently the
operating life of the device.

In recent years the trend is towards lower supply voltages. This is partially due to the
processes used to manufacture integrated circuits. Circuit speeds have increased. One of the
enabling technologies of this increase is the reduction of size of the transistors used in the
process. These smaller feature sizes imply lower breakdown voltages, which, in turn, indicate
lower supply voltages. LDO voltage regulators play a very important role in the modern
power management units because LDO regulator can provide a good regulation and a fast
transient response while providing clean and ripple-free output voltage. Compared with the
switching regulators, linear regulators are less noisy, less complex, and cheaper.

In this paper, is studied how low we can go with LDO input voltage to maintain
reasonable dropout voltage. Technology in simulation circuits is used National’s CMOS7-5V
process technology. In focus is to examine different LDO configurations where is used PMOS
and NMOS transistors as pass elements and error amplifier with NMOS and PMOS input
transistors. Target is to supply 100 mA current from LDO and dropout voltage under 200 mV.
Best theoretically found solution circuit is designed in cadence and afterward different
simulations are simulated. On the basis of simulations, the circuit design is improved.
Specification for LDO are taken from simulations. If circuit design and simulations are given

satisfied results then layout of LDO is made in cadence.



1. DC VOLTAGE REGULTORS

Every electronic circuit is designed to operate off of some supply voltage, which is
usually assumed to be constant [1]. A voltage regulator provides this constant DC output
voltage and contains circuitry that continuously holds the output voltage at the design value
regardless of changes in load current or input voltage (this assumes that the load current and
input voltage are within the specified operating range for the part).

Several methods exist to achieve DC-DC voltage conversion. Each of these methods has
its specific benefits and disadvantages, depending on a number of operating conditions and
specifications. Examples of such specifications are the voltage conversion ratio range, the
maximal output power, power conversion efficiency, number of components, power density,
galvanic separation of in- and output, etc. When designing fully-integrated DC-DC converters
these specifications generally remain relevant, nevertheless some of them will gain weight, as
more restrictions emerge. For instance the used IC technology, the IC technology options and
the available chip area will be dominant for the production cost, limiting the value and quality
factor of the passive components. These limited values will in-turn have a significant impact

upon the choice of the conversion method.

1.1 Linear voltage regulator

The most elementary DC-DC converters are linear voltage regulator [2]. They achieve
DC-DC voltage regulation by dissipating the excess power into a variable resistor, making
them resistive dividers. Modern designs use one or more transistors which operate in their
linear region. Clearly, this is not quite ideal for the power conversion efficiency, which

formulais:
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Another implication of their operating principle is the fact that they can only regulate a
certain input voltage Vj, into a lower output voltage Vo, having the same polarity. In other

words, the value of their voltage conversion ratio is:

v
Ky = —2 (1.2)

It is always between zero and one. If the input voltage approaches the desired output voltage,
the regulator will "drop out". The input to output voltage differential at which this occurs is
known as the regulator's drop-out voltage.

Linear designs have the advantage of very "“clean™ output with little noise introduced into
their DC output, but are most often much less efficient and unable to step-up or invert the
input voltage like switched supplies. The another advantage of linear voltage converters is
that they are fairly simple to implement. Moreover, they generally do not need large, and
space consuming, inductors or capacitors, making them an attractive option for monolithic
integration. Two types of linear voltage regulators, namely the series and the shunt regulator,

are discussed in sections 1.1.1 and 1.1.2.

1.1.1 Series pass voltage regulator

The operating principle of a linear series voltage regulator is shown in figure 1.1. A variable

resistor Reeries IS placed in series with the load Rjoaq, lowering Vi, to Vou. The resistance of

Iout Rseries
A A_I A
llcs
Rioad
Vin Vout |:| o
Control |
system
\ 4 \ 4
_1

Fig. 1.1 The principle of a linear series voltage regulator
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Rseries 1S controlled by the control system, which keeps Vo constant under varying values of
by its supply current Ic. In this case the control system uses Vi, as supply voltage, which can
also be provided by V.

A practical implementation example for a linear series voltage regulator is shown in

figure 1.2. In this example Rgeries IS implemented as an transistor M and the control system as

’ J* v [

prpdhank

Vref |:| R7

Verror rror

amplifier

Fig. 1.2 A simple practical series pass regulator implementation

an operational amplifier, which performs the task of an error amplifier. Control of the series
pass transistor M is accomplished by the negative feedback loop consisting of the resistor

sampling network and the error amplifier. The sampled output voltage equation is:

R,
eredback = Vout (m) ’ (1.3)

This is compared with the constant reference voltage V. An error is generated by the error
amplifier that is proportional to the difference between the sampled output voltage and V.
This error voltage drives the series pass transistor. A small increase in output voltage causes
an increase in the series pass element impedance to maintain a constant output voltage.
Likewise, a small decrease in output voltage will cause the impedance of the series pass

transistor to decrease. The negative feedback loop always maintains the sampled output



voltage very nearly equal to Vies :

eredback ~ Vref ’ (1-4)
By doing so, Vo is determined by
B R, +R,
Vout = Vrer R ) (1.5)
2

By examining the operating principle of figure 1.2, i, can be calculated through equation
(1.7).

lin = Loyt + Les, (1.6)
Miin = Pout _ Vout ® Tout _ Vout ® Tout _ Vout — ko 17)
i P; Vin ® Iin Vin ® (oue + Ics) Ips=0 Vin tn .

When I is neglected and assumed to be zero, #;in is equal to kji» and thus independent of Rjoaq.
This is graphically illustrated by the black curve in figure 1.3(a) [3]. The gray curve illustrates
the more realistic situation, where I¢s has a finite positive value. It can be seen that #;i, will
tend to decrease when P,y decreases. Clearly, linear series voltage converters have an
intrinsic advantage, in terms of power conversion efficiency, at high voltage conversion
ratios. This is illustrated by figure 1.3(b) [3], where the black curve is valid for Is = 0 and the
gray curve for a finite, non-zero l. The gray curve shows that the impact of the power

consumption of the control system on i, becomes more dominant when k;i, approaches unity.
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Fig. 1.3 (a) The power conversion efficiency #in as a function of the output power Py, for a
linear series voltage converter, at a constant voltage conversion ratio kji,. The black curve is
valid for a zero control system supply current lcs and the gray curve is valid for a non-zero
Ies. (b) The power conversion efficiency i, as a function of the voltage conversion ratio ki
for a linear series voltage converter, at a constant output power Poy.. The black curve is valid
for a zero control system supply current s and the gray curve is valid for a non-zero I
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1.1.2 Shunt voltage regulator

The alternative for a linear series voltage converter is a linear shunt voltage converter [2].
The principle of operation for this type of DC-DC converter is shown in figure 1.4. Vi, is

Rin
A A
llcs 1
< R
V' h V |::| load
" Control d out
SyStem > Rshunt
v L 4
_

Fig. 1.4 The principle of a shunt voltage regulator

lowered to Vo, by means of the resistive division between the fixed input resistor Rj, and both
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the load Rj0ag and the variable shunt resistor Rsnunt, Where Vo is calculated by:

Rload//Rshunt

Vour = V; ,
out " Rin + Rload//Rshunt

(1.8)

Rin can either be the intrinsic output resistance of Vi, an added resistor or the combination of
both. Vgt is kept constant under varying Riag and Vi, conditions by adapting the value of
Rsnunt- This operation can be performed by a control system, providing feedback from V.
The control system consumes a certain amount of power by drawing a current I from V;, or
Vour. Feedback of Vo is however not always required. The shunt resistor could be replaced by
a reverse-biased zener diode. In this way a quasi constant Vo can be achieved, if the current
through zener diode is kept large enough for it to operate in the zener-region.

A practical implementation example for a linear series voltage regulator is shown in
figure 1.5. In this example Rsnunt 1S implemented as an transistor M and the control system as
an operational amplifier, which performs the task of an error amplifier. Control of the

transistor is accomplished same way as it was in section 1.1.1.

A A
Vref M
Verrnr l
Vin Vout |::| Rlnad
R1
eredhar‘.k m
\V
R>
\ 4 \ 4
1

Fig. 1.5 A simple practical shunt regulator implementation
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For a shunt converter iy is calculated by

2
Vout

Pyt R
Min = [())'u = V2 toad ) (1.9
" H + Vip o Ics
Rin + Rload//Rshunt

Mlin 4 Min
k|l"_ ________________ | k|l|‘|_l‘|‘|B.¥._ _________________
51 |

k{ "|=I: ____.-'"I PI."."I..|=PI'II.I|. Max |
T Y
- I
- I I
____.--"'"-f : Puul\l{ :

~ N .

0 Pout_max P, 0 Kjin_max K
{a) =)

Fig. 1.6 (a) The power conversion efficiency 7, as a function of the output power P for a
linear shunt voltage converter, at a constant voltage conversion ratio kji,. The black curve is
valid for a zero control system supply current I.s and the gray curve is valid for a non-zero Is.
(b) The power conversion efficiency #;in as a function of the voltage conversion ratio klin for a
linear shunt voltage converter, for a constant value of Poy = Pout max. The black curve is valid
for a zero control system supply current s and the gray curve is valid for a non-zero I

Figure 1.6(a) [3] graphically illustrates #;in as a function of the output power P, for a
constant voltage conversion ratio kji,. The black curve is valid for the ideal case where I is
zero and the gray curve is valid for a finite non-zero Ii. As opposed to a linear series
converter, i, is intrinsically linear dependent on Py It can be seen that 7, is zero for
Pout = 0 and that it has a maximal value equal to kji,, occurring at the maximal output power
Pout max Which is given by (1.10). For a given Vi, and Vou, Pout max IS determined by the

inverse of the value of Rjp,.

_ Vout(Vin — Vout) (1 10)

P out_max — R ,
in

The dependency of #in on kiin is illustrated in figure 1.6(b) [3], for a constant Poy =
Pout max. The black curve is valid when I is zero and the gray curve is valid for a finite, non-

zero value of Ig. As explained for figure 1.6(a), #7iin is maximal for Poy max. Therefore, the
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curves will become lower upon decreasing Poy, eventually congregating with the X-axis. The
maximal achievable voltage conversion ratio Kjin_max is calculated by (1.11) and is for a given

Uyt inversely proportional to Py, and Rip.

2
Vout

2
Vour + Pout_max *Rip

, (1.11)

klin_max =

Unlike a linear series converter, where i, is ideally independent of Poy, a linear shunt
converter only achieves its maximal #in at Pout max. This behavior makes a linear shunt
converter inferior compared to a series converter, in terms of #;,. However, its simple
practical implementation makes it suitable for applications that require a small and quasi
constant Py Furthermore, a linear shunt converter can prove to be more practical than a
linear series converter in applications that have a low value for ki, and Py In such a case the
voltage difference Vi, — Vout Will only be present over the passive resistor R;, rather than over
an active device, of which the maximal voltage is limited. The simple nature of a linear shunt
voltage converter, and its lack of large passives, makes it suitable for monolithic integration in
non-critical applications. Obviously, the problem of on-chip power dissipation remains and

becomes more limiting than for linear series voltage converters.

1.2 Switching voltage regulator

Switching regulators are used where large input-to-output differential voltages may exist,
or where high load current requirements are necessary [2]. Their use is particularly suited for
high power applications and systems where efficiency is important.

Switching regulators rapidly switch a series device on and off. The duty cycle of the
switch sets how much charge is transferred to the load. This is controlled by a similar
feedback mechanism as in a linear regulator. Because the series element is either fully
conducting, or switched off, it dissipates almost no power; this is what gives the switching
design its efficiency. Switching regulators are also able to generate output voltages which are
higher than the input, or of opposite polarity — something not possible with a linear design.
Unlike linear regulators, these usually require external components: an inductor or capacitor
that acts as the energy storage element. Two basic switching regulators are shown in figure
1.7 [6] and discussed in sections 1.2.1 and 1.2.2.
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Fig 1.7 Two basic switching voltage regulators

1.2.1 Step-down switching voltage regulator

The switching operation of a basic step-down converter is shown in figure 1.7. A low
impedance transistor is opened and closed periodically between the input and the output. The
voltage drop of the transistor when it is in the saturated "on" state (normally closed) is Vst
Then the out will periodically vary between zero volts and almost the input voltage, with the

average value of this being by equation:

T,
Vour = (Vi - Vsat) ® %: (1-12)

where T, is the time that the transistor switch is "on™ and T is the switching period. The
ripple voltage still has a peak-to-peak value of nearly less than Vin. However, adding the LC

(Fig 1.8) filter reduces the ripple to an acceptable level.
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Fig. 1.8 Simple step-down switching converter

The switching duty cycle, defined as To,/T, means that by varying the duty cycle any
output voltage lower than the input can be obtained. Efficiency is high, since the only losses
in the converter occur in the switching transistor when it is “on”. These losses are
insignificant because the voltage drop across the transistor when it is "on" is low. There is no
power dissipation when the transistor is "off" because no current flows through it.

When the transistor switch turns "off”, the input side of L goes negative because current
cannot change instantaneously through an inductor. Diode D starts conducting when its
cathode potential becomes sufficiently negative to cause the diode to become forward biased.
When the transistor is “off”, load current is supplied by both L and Q in parallel. If L is made
large enough, then the current in L will change very little from the transistor "on™ to "off" time
and will be equal to the DC output current Vou/Rioag. When the transistor turns “on" again,
diode D is reverse biased and stops conducting. Load current is then supplied by the source
through the transistor.

The converter of figure 1.8 can be transformed into a switching voltage regulator by
adding an output voltage sampling resistor network, a error amplifier, a stable voltage
reference, and a DC voltage controlled pulse-width modulator.

The negative feedback circuit changes the pulse width or duty cycle to maintain a
constant output. Changes in the load or input voltage are compensated by varying the duty
cycle of the transistor switch without increasing the interval power dissipated in the switching

regulator.
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The higher switching frequencies result in smaller filter inductors and capacitors which in
turn reduces the size and weight of the regulator for the same power output. Higher

frequencies also result in larger switching losses and hence lower efficiencies.

1.2.2 Step-up switching voltage regulator

Unlike the step-down switching regulator which can only produce a voltage less than the
input voltage, the step-up switching regulator is capable of producing a higher voltage than
the input. It can be used wherever a higher voltage than the existing source is required. There

is no DC isolation, however, from the negative terminal of the source .

L D
EEVAVAVAYA\ >

A

A
Tnf‘f '

Vin }— C |::| Rlnad Vnut

Fig. 1.9 Simple step-up switching converter

The operating principle of a switching voltage regulator with high conversion efficiency
can be understood by analyzing the basic configuration of the step-up switching regulator
shown in figure 1.9. [4] The duty cycle of the switching transistor Q is controlled by the
switching frequency of the control circuit. Q alternates between on and off states during
operation. To obtain a stable output voltage in a series regulator, the pass transistor, which is
the control element of a series regulator, operates continuously. In a switching regulator, the
switching transistor alternates between on and off states. Because this transistor always is
saturated in the on state and is completely off at other times, the voltage loss associated with

the switching transistor is very small compared to the voltage loss attributed to the pass

17



transistor of the series regulator. The output voltage can be stepped up to:

T
Voue = Vi (1 + 2= > (1.13)
Torr

When Q is turned on at the beginning of the charge cycle, the voltage of Vin — Vs IS
developed across both ends of inductor L, as the inductor current increases linearly. At the end
of the charge cycle, the current through the inductor is at its peak value. Peak current is

expressed as
(1.14)

At the end of the charge cycle, the switching transistor Q is turned off, and the regulator
goes into discharge mode. The diode D acts as a flywheel diode and provides a current path
from the inductor L to the output. The inductor current is reduced linearly as it is discharged.
The ratio of the charge/discharge time is proportional to the input-to-output voltage difference

divided by the input voltage.

_teharge AV (1.15)
tdischarge Vi

Where AV is:
AV = Vout = Vin, (1.16)

As the voltage difference increases, the discharge time decreases and becomes smaller than

the charge time.

Ipeak
tdischarge = v p—e:z 7 L, (1.17)
out in

18



1.3 Comparison

For the majority of applications within portable devices where loads are operated from a
battery source, the linear regulator offers a simple, small and cost-effective solution. While it
is true that switching regulators are more efficient than linear regulators. Switching regulators
produce electromagnetic interference (EMI) that can disrupt both analog and RF circuits. In
contrast, the switching in linear regulators occurs in the bandgap reference and the level is in
the microvolt, RMS range over a defined bandwidth, a level that is considerably lower than a
switching regulator. This is a major design advantage in noise-sensitive applications.
Additional advantages of fewer external components, simple design process, and lower cost
make linear regulators a preferred solution for regulated power in many applications where
the controlled voltage is lower than the source voltage. Linear regulators are best when is
required low output noise, a fast response to input and output disturbance. At low levels of
power, linear regulators are cheaper and occupy less chip area. While switching regulators
garner a lot of attention because of their high efficiency, linear voltage regulators offer the
optimum answer for powering circuitry in many of the portable device applications. Table 1.1

summarizes the significant points of comparison between linear and switching regulators.

Table 1.1 Comparison between linear and switching regulators

Regulator type Linear Switching

Function Only steps down Steps up, steps down or inverts
Efficiency Low to medium High

External Components No Yes

Ripple/noise Low Medium to high

Design Complexity Low Medium to high

Total cost Low Medium to high

Waste heat High Low

Size Small to medium Medium to high
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2. POST REGULATION LDO

Post regulation LDO means that LDO is as a post regulator to reduce switching regulator
output noise (Fig 2.1) [11]. The output of the switching voltage regulator may not be suitable
for many noise sensitive applications because of its inherent switching noise. This is
particularly true when the switching regulator is operating in PSM (pulse skip modulation)

mode because the switching noise is in the audio range. The LDO regulator can greatly reduce

Switching Regulator

— (High efficiency, Low-Dropout . Y
- but noisy output) T+ Linear Regulator + C
AC or DT p— — Clean

Input T DT Output
* —)

Fig. 2.1 Post regulation principle

1

the noise at the output of the switching regulator at high efficiency because of the load
dropout voltage of the LDO regulator and the high PSRR (power supply rejection ratio) of the
LDO regulator. Figure 2.2 show the noise reduction that is possible when the LDO is used as

a post regulator.

o

BUCK QUTPUT VOLTAGE

LOC CUTPUT VOLTAGE

CHI S0.0mV CH2 10.0mV M400ps A CH1 —27.0mV 5
43.00% -

Fig. 2.2 LDO reduce buck regulator output noise
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2.1 LDO basics

A LDO regulator is a DC linear voltage regulator which provides a well-specified and
stable DC voltage whose input and output voltage difference Vy, is low. The drop-out voltage
is defined as the value of input/output differential voltage where the control loop stops
regulating. The regulator circuit can be partitioned into four functional blocks: the reference,
the pass element, the sampling resistors, and the error amplifier as shown in figure 2.3. Pass
element is connected in series between input and output terminal of the regulator. The
operation is based on feeding back an amplifier error signal to control the output current flow

+ Vdo -
Inllt
+ Pass —_— >
element
Reference
voltage

R

{1

R,

Fig. 2.3 Simple LDO block diagram

lout OF the pass element driving the load. Output voltage Vo is fixed with sampling resistors
and reference voltage V.

R{ + Rz)

r) 2.1)

Vour = Vref(
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2.2 Pass element

The pass element can be either an N-type (NMOS) or a P-type (PMOS) device. The
MOSFET is a voltage driven device. In the linear region, the series pass element acts like a
series resistor. In the saturation region, the device becomes a voltage-controlled current
source. Voltage regulators usually operate in the saturation region because then is the channel
resistance smallest and therefore power dissipation not wasted on transistor. N-type devices
require a positive drive signal with respect to the output, while P-type devices are driven from
a negative signal with respect to the input.

Figure 2.4 [8] shows how we define the voltages, currents, and terminal designations for
a MOSFET. It is important to keep in mind that the MOSFET is a four-terminal device and
that the source and drain of the MOSFET are interchangeable. Note that all voltages and
currents are positive using the naming convention seen in the figure 2.5. For the PMOS
device equations are same only must change order of suffix names. The devices are

complementary.

Drain Source
+ —
ir In Vg J Fgs
Gate | Substrate (bulk) — +
HIL - Gate Well (bulk)
Ves_ | Vse —I V1o
Source NMOS Dirain PMOS

Fig. 2.4 MOSFET types

NMOS transistor majority carriers are electrons (greater mobility un), p-substrate doped
(positively doped) and PMOS transistor majority carriers are holes (less mobility ), n-
substrate (negatively doped).

Semiconductor/oxide surface is inverted when Vs is greater than the threshold voltage Vyun.
Under these conditions a channel of electrons is formed under the gate oxide (Fig 2.5) [8].
Below this channel, electrons fill the holes in the substrate giving rise to a depletion region

(depleted of free carriers).
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Fig. 2.5 NMOS device in strong inversion

If the source of the NMOS device is at a higher potential than the substrate, the potential
difference is given by Vsg. This potential difference causes so called body effect. This effect
raises transistor threshold voltage. The higher is source and bulk potential difference the more
is needed gate voltage to form inversion layer under gate oxide.

MOSFET operates in saturation region when Vgs > Vryn and Vps > Vs - Vran. When
Vbs = Ves - Vrun, the inversion charge under the gate at the drain-channel junction is zero.
This drain-source voltage is called Vpssat (= Ves - Vrun), and indicates when the channel
charge becomes pinched off at the drain-channel interface. Increases in Vps beyond Vps sat
attract the fixed channel charge to the drain terminal depleting the charge in the channel
directly adjacent to the drain. Further increases in Vps cause only a little increase in the drain

current. In other words the current saturates and thus almost stops increasing.

Lirezar hOen Eaburall
< Foegl > |q a on Reglon -

Ig & [Opeiation Like s R I [ bt Ik & R ] SO i

I'I'FE

'.I'm_._

'J'H

Vigez

'.I'm_-|

e ¥doieat] Vg = V-V

Fig. 2.6 Ideal characteristic of NMOS transistor
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In figure 2.6 [8] is shown n-channel MOSFET characteristics in ideal case. When
transistor is in cut-off region then it is in accumulation mode and zero current flows. In linear
region there is weak inversion layer and drain current depends on Vgs and Vps. In saturated

region there is strong inversion layer and drain current independent of Vps.

2.3 Error amplifier

For error amplifier we use the basic operational amplifier (op-amp) which is a
fundamental building block in analog integrated circuit design. A block diagram of the two-

stage op-amp is shown in figure 2.7.

A Vout

Diff-amp Gain stage

Fig. 2.7 Operational amplifier block diagram

The first stage of an op-amp is a differential amplifier. This is followed by another gain
stage, such as a common source stage. If the op-amp is used to drive a resistive load or a large
capacitive load (or a combination of both), the output buffer stage is used. Design of the op-
amp consists of determining the specifications, selecting device sizes and biasing conditions,
compensating the op-amp for stability, simulating and characterizing the op-amp Ao (open-
loop gain), CMR (common-mode range on the input), CMRR (common-mode rejection ratio),
PSRR (power supply rejection ratio), output voltage range, current sourcing/sinking
capability, and power dissipation. We are interested operational amplifier input pair influence
to LDO so we use simple schematic for simulating. Operational parameter examining are not
in scope of this work.
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Figure 2.8 shows the basic two stage op-amp made using an NMOS diff-amp and a
PMOS common-source amplifier (M6). NMOS input pair are made of transistors M1 and M2.
M6 is biased to have the same current as M3 and M4. M5 and M7 are biased by Vpias from

biasing circuit to sink certain amount of current.

Vin
M3 }oﬂﬂ M4
o{[Me
- Vi
V'“A{ M1 M2 }7'“ Vour
Vbias ’j
. v | w7
GND

Fig 2.8 Simple operational amplifier schematic
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3. LDO STRUCTURES

In next section is discussed different LDO structures which are in scope of this work.
And then it is conclude and chosen best structure for simulation. For each case is used
simplified circuit in figure 3.1 and 3.2 to describe working principle and voltage drops in
schematic. Reference and feedback terminals are not connected to amplifier inputs because if
we have NMOS pass element then we connect feedback to negative input and with PMOS to
positive input of amplifier. Only variables are used, because there is no information of

transistor voltage drops in this technology,

VN

[
»

M3 }O—ﬂ—o‘ M4
Vref

L d[
Vi”;{ M1 - M2 }ﬁ”*
Vo ﬂ M5 IE M7

Fig. 3.1 LDO which amplifier have NOMS input pair

Fig. 3.2 LDO which amplifier have POMS input pair
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3.1 OPAMP with NMOS input pair and NMOS pass element

This case simplified schematic is in figure 3.1. Pass element M needs voltage on drain
to saturate Vpssar. Our source is at potential of Voyr. On drain terminal should be at least:

Vp = VSD,sat — Vour» (3-1)

To hold pass element in saturation, amplifier must supply voltage to pass element gate
terminal so much that Vgs is higher than threshold voltage. On gate terminal should be

voltage:

Ve = Vrunpe + Vour, (3.2)

Vrunpe Means that Vryy is higher than normally due to body effect because pass element Vs
is greater than zero.

From error amplifier circuit could see that supply voltage should overcome three
transistor voltages to get all transistors operate in saturation region. These voltages are M5’s
Vpssaty M1's Vpssat and M3’s Vsg voltage. Error amplifier needs supply voltage to operate in

saturation region:

VIN,min =2 VDS,sat + Vsg (3-3)

Amplifier inputs voltages must overcome input transistor threshold voltage and
voltage Vpssat What needs transistor M5 to operate in saturation region. So reference voltage

must be greater than:

Vref > VTHN,be + VDS,sat ’ (3-4)
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Amplifier maximum output voltage is:

VEAOUT,max =V — VSD,sat ’ (3-5)

In this case we can see that main problem with this circuit is that amplifier can supply
to pass element gate almost all supply voltage but this is not enough to bring pass element in
saturation region. This means that circuit dropout voltage is big because pass element work in

sub threshold region. In this LDO structure case minimum V,y formula is:

Vinmin = Vrunpe + Vour (3.6)
And minimum output voltage is:
Vour,min =0, (3.7)
Dropout voltage is:
Voo = Vrunpe » (3.8)

3.2 OPAMP with NMOS input pair and PMOS pass element

This structure simplified schematic is in figure 3.1. Pass element M needs on source side that
Vse is higher voltage than threshold voltage because transistor gate need to overcome
threshold voltage Vrnp. PMOS device do not have body effect because source and bulk both
are tied to Viy. On pass element gate terminal should be on ground potential to achieve best
performance. Amplifier minimum output voltage is 0 V. Error amplifier have same figures as

previous case. In this LDO structure case minimum V,y formula is:

VIN,min =2e VDS,sat + Vsg » (3-9)
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Minimum output voltage formula is:

VOUT,min = VIN,min - VDS,sat ’ (3-10)

Dropout voltage is
Vbo = Vps,sat » (3.12)

3.3 OPAMP with PMOS input pair and NMOS pass element

This case simplified schematic is in figure 3.2. Pass element acts same way like in
section 3.1. From this circuit could see that supply voltage should overcome three transistor
voltages to get all transistors operate in saturation region. These voltages are M5's Vsp sat,

M1 s Vsp sat and M3 s Vs voltage. Minimum amplifier supply voltage is:

Vinmin = 2 * Vspsat + Vas (3.12)

Amplifier inputs voltages must be as lower than two Vsp st VOItage. If input voltage is higher
the source voltage needs to raise to stay in saturation. Amplifier maximum output voltage
equals to input voltage. Here we can also see problem that amplifier still cannot supply to
pass element gate enough voltage to overcome pass element threshold voltage. Circuit
dropout voltage is big because pass element work in sub threshold region. In this LDO

structure case minimum Vin formula is:

Vinmin = Vranpe + Vour (3.13)
And minimum output voltage is:

VOUT,min =0, (3-14)
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Dropout voltage is:

Vpo = VTHN,be ’ (3-15)

3.4 OPAMP with PMOS input pair and PMOS pass element
Both blocks are discussed before sections 3.2 and 3.4. Only difference comes from

amplifier where minimum output voltage is Vpssst. Therefore pass element needs part of

Vps sat Voltage more at drain side than in section 3.2.

This case formulas are:

Vinmin = 2 * Vpssat + Vs » (3.16)
Minimum output voltage formula is:

Vourmin = Vinmin — Vps,sat » (3.17)
Dropout voltage is

Voo = Vpssat » (3.18)
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3.5 Conclusion

Different structures parameters are conclude in table 3.1 to compare them.

Table 3.1 Structures parameters comparison

Object
NMOS PMOS
N-type OPAMP | P-type OPAMP ] ]
transistor transistor

Parameter
Vin_min 2'VDSsat + VSGsat 2°VSDsat + VGSsat VDSsat + Vout VSDsat + Vout
Vout_range O----Vin - VSDsat VDSsat ----Vin 0----Vin - VDSsat O----Vin 'VSDsat
Vdropout - - VDSsat VSDsat
lout 100 mA 100 mA 100 mA 100 mA
Vref_optimal >VTHN + VDSsat <Vin ‘VDSsat <VDSsat + Vout <VSDsat + Vout
Body effect yes yes yes no

Best structure is operational amplifier with NMOS input transistor pair and PMOS
pass element. PMOS pass element gives lowest dropout in these structures. NMOS input
transistors amplifier output voltage can go very low so the PMOS pass element threshold
voltage can achieved faster with supply voltage raise. PMOS input transistors input voltage
raises the amplifier minimum supply voltage. In addition amplifier with NMOS input pair

reference voltage can be higher so there can use bandgap voltage reference which have good

stability if temperature change.

NMOS pass device problem is error amplifier which cannot supply enough voltage.

Problem can be fixed if take supply voltage for amplifier before first regulator DC-DC

conversation. And further more it allows to go lower input and output voltages.
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4. DESIGN AND SIMULATIONS

In this chapter is discussed and designed LDO parts and different simulations for LDO

operational parameters.

4.1 Operational amplifier

Operational amplifier is design based on schematic what was proposed in section 2.3.
The designed circuit in cadence is in figure 4.1. Transistor sizes are taken from earlier
experience. Amplifier bias current is taken 1 pA. Transistor M8 current is mirrored to
transistors M5 and M7. Transistor M5 width is twice time bigger than M8 because it sinks
two branch current which is 2 pA. Input transistors M1 and M2 width are many time bigger
than other transistors to minimize operational amplifier input offset voltage which is

calculated by equation 4.1.

' I
M3 M4
"PMOS™ [#1 | t|""PMOS"
pP—— ToW=3gu | i 9l Tow=38u
1=2uf I=2u M6
diff I PMOS
1 TDW=30u
“hl=2u
) M1 M2l )
Vin— 1| "NMOS" "NMOS" ]1 Vin+ -
» = le 4
b TDW=240u TOWS240u g
2u I=2u * »
M8 M5 M7
“NMOS™ || |~ "NMmps' \l "NMOS"
5 ] = -
TDW=15u 1 ! ‘I'HT W+=30u ! » TOW=15u
I=2uf lzL =211
B ° .

Fig 4.1 Operational amplifier with NMOS input pair design
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Vy 25,69

Vossoet = = = 1,172 mV
offset = JW-L 2402 (4.1)
Lo_keT_13810725
T = q - 1,6-19 = ad,Jom (4.2)

Simulation of sweeping operational amplifier supply voltage and reference voltage and same
time observing M5 current is in figure 4.2. From there can find point where amplifier is
started working correctly. This point is where M5 current line is crossing with 2 pA marker
line. From figure can see that with reference voltage 825 mV, supply voltage should be at
least 1,05 V. With higher reference voltage the amplifier supply voltage could be lower.
Operational amplifier supply voltage can be one reason why we cannot go lower with input
voltage. If this is the reason then solution is to use separate power supply or supply before
post regulation, if it is suitable for operational amplifier. Because operational amplifier
parameters are not in focus of this work, here is not simulated operational amplifier alone

anymore.

1 Vref="875m";/18/M5/D o1 Vref="825m";/16/M5/D
st Vref="750m"/18/M5/D o Vref="708m"/18/M5/D

w1 Vr
25y vV

[
800m

P S S S S S | E S S S i S S T S T | [ S S S S S
996m 1.9 1.1 1.2 1.3

Fig. 4.2 Operational amplifier minimum supply voltage
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4.2 LDO

LDO is designed accordingly to section 3 figure 3.1. In figure 4.3 is shown designed

LDO circuit schematic. Here is used before designed operational amplifier cell.

Vin

» Ibias
{DQ 19
M
B
' Vref EA = gMUD
J TDW=25m
- NMQOS—-OPAMP hLl:588n
el
Vout »
L R1:RND
==
=25k
1 99@n/54.98u
1 &7
feedback l
- Rz:RND
>ie >
='6p0.2K
1, 990n/164.1u
57

Fig. 4.3 LDO circuit design

To simulate this LDO is made another schematic in figure 4.4. There are added all

power and bias supplies. Two transistors attached to LDO output forms current mirror which

is used as load to LDO.
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Fig. 4.4 Circuit design for simulating LDO

In first simulation | observe how pass element and operational amplifier affect output voltage
when increasing input voltage from 0 to 5 V. This simulation is shown on figure 4.5. From
figure can see that after about 1.1 V the transistor is slightly opening and dropout voltage is
rapidly going to decrease. | did one simulation where operational amplifier has independent
supply of 5 V and then the result was same like in figure 4.5. This means that here we see
pass element characteristics and operational amplifier has no effect and can be powered by

same input voltage.

sp = Mn /

4.6 |

3.8 |

(v)

2.8

8.6

AR - i e’ L L L |
.2 1.9 2.0 3.8 4.0 5.0
Vin

Fig 4.5 Pass element regulation
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In next simulation I examine how pass element size affect dropout and minimum input

voltage. Pass element size can be calculated with this formula:

KpP, W
= 2 e T ° (VSD,sat)z (43)

Ip

Transistor can pass current with little dropout voltage when transistor length is minimum

allowed size and width is chosen according to equation:

2elpel

B Ko Pp ° (VDS,sat)z

(4.4)

Because there is no information about all technology parameters, | cannot calculate this but |
can simulate schematic with sweeping pass element sizes and input voltage and observing
dropout voltage. Simulations are done with maximum load (100 mA). This simulation results
are shown in figure 4.6. Different curves is with different pass element size. This
PMOS="number” must be divide with 10 000 then can get PMOS transistor width size. Like
PMOS=100 means that PMOS width is 10 mm and for all transistors the length is minimum

allowed size 500 nm. Marker M1 shows 200 mV dropout line.

: PMOS="800"v (/V: S=750"y (1
130 i PMOS=""350"3v (/¥

: PMOS="700";v (&: PMOS="850";v (/Vi 1 PMOS="55@";v (/V«: PMOS="500";v (/V«: PMOS
5 09" (Vo: PMOS="250"v (/Na: PMOS=""2088";v (/V 02 PMOS="1008"v (V

900m Lo

789m

Vdropout

538m

3@0m

108m

—106m

L L L L |
1.0 11 1.2 1.3 1.4 1.5 1.6

Fig. 4.6 Pass element sizes and input voltage sweep effect to dropout voltage
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From figure can see that at the beginning the size effect is huge but at some point it do not
affect dropout voltage and minimum input voltage so much but takes on silicon only more
valuable space. So here is place where should decide how much valuable silicon area leave
for pass element for getting acceptable dropout voltage and input voltage. | decided to take
PMOS transistor width with 25 mm because | don’t see point to waste more silicon area with
so little drop in dropout voltage. So with my chosen size, minimum input voltage is 1.45 V
and with dropout 200 mV the output voltage is 1.25 V.

For calculating divider circuit resistor sizes | choose for divider current to be about 2
RA. For operational amplifier reference voltage | take 1.2 V. From Ohm law can get divider

estimated resistance:

U1V ska
1 2uA (4.5)
R=R;+R
e (4.6)
So divider resistors should be from equation 2.1 and 4.4:
Vier * (R{ + R 1,2V * (625 k02
R, = ref (Rq 2)= * ( )=600k.(2
Vout 1,25V (4.7
Ry =R —R, =625k — 600 k2 = 25 k0
(4.8)

In figure 4.7 is shown how LDO reacts when load current change from 0 to 100 mA.

Here is only little voltage drop when load current change. Near the max load the voltage is
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going to reduce faster because pass element reaches to maximum current with acceptable

dropout voltage.

125089 = /Vout
124999 |
124098 |
1.24997
124098 |
g.zwes i
124994 |
124993 |

1.24992 [

1.24991 [

124990 Lo w0 T
9.9

18m 20m 30m 49m 50m 80m 79m B80m 99m
do (A)

Fig 4.7 Load current change effect to output voltage

For AC sweep the schematic need to be modified. There need to be add inductor and
capacitor to feedback circuit. Modified circuit is shown in figure 4.8.

Vin
»
Ibias
»
Lo 19
M
» Vref _EA 7"( X SMOS
s TDW=25m
NMOS—-OPAMP w{:?@@m
i Vout .
xl : | co )
-L. CAPideal
i T~ 473N
S
o feedback
o Py

C1 xi RO
L. CAPideal <Z_ RESideal
g . 50

; |

Fig 4.8 Modified schematic for AC sweep
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AC sweep in figure 4.9 shows that circuit is not stable because phase is went over 180
degrees at the time gain is not yet zero. This can be avoided if put on output capacitor and
resistor in series, this is called equivalent series resistance (ESR). With appropriate values
they will stabilize LDO output. From simulations | found for these values which is for

capacitor 470 nF and for resistor 50 Q.

9 = dB2@(VF (" Nout ) NVF("VDD''))

8g L
7% L

(dB)

008 t

190 |

(deg )

om0 |

=300 L

409
1

1] 120 18K 180K ™

1K
freq ( Hz )

Ar ((45 .BBK —105.207m) delta: {T.80@37K —Z8Z.3T)
B: (45B.681K —282.415) slope: —156.806m

Fig 4.9 AC response without ESR compensation

Stabilized AC response is seen from figure 4.10. There can see that if gain is zero then
phase is 116 degrees which guarantees stability. One problem is that now the ESR capacitor is
so big that it waste lot of silicon space. So it is beneficial to use ESR as external component

which attached later to circuit.
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9.75875m)  delta (519.978 —T16.385)
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B (35,3000 116,398 ciomes
Fig 4.10 AC response with ESR compensation
Figure 4.11 shows how output reacts when output voltage raises from 0 to 1.45 V.

There is clearly see that ESR stabilizes the output which wants do go to generate. Figure 4.11

=1 /Vin
1.5 ' =

118 [

990m [

S 780m |

5¢@m [

3@0m [

18@m L[

—108m

L I L L |
0.9 3.8m 6.9m 9.6m 12m 15m
time (s )

Fig 4.11 Transient response if input voltage appears with no load
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is with no load and figure 4.12 is with maximum load. With maximum load the circuit do not

want to go generate.

1.5
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Fig 4.12 Transient response if input voltage appears with maximum load

Load regulation is a measure of the circuit ability to maintain the specified output
voltage under varying load conditions. In figure 4.13 upper graph shows how output voltage
reacts to change in output current(lower graph). Increasing open loop gain improves the load

regulation. Load regulation is calculated by equation:

Vv, -V, 19,3192 uV
= = 0,888 mV/A

Load regulation = I, — 1, 100 mA—85mA (4.9
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Fig 4.13 Load regulation when load change 20 mA

Line regulation is a measure of the circuit’s ability to maintain the specified output
voltage with varying input voltage. In figure 4.14 upper graph shows how input voltage

change influence output voltage(lower graph). Line regulation is calculated by equation:

V,—V 71,1107 uV
271 Y —o0711myv

Li lation = =
ine regulation V=V, 155V —145V (4.10)
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Fig 4.14 Line regulation when input voltage change 100 mV

Figure 4.15 shows how temperature affects LDO output voltage. Temperature change from -

50° to 125° change output voltage 61 puV.
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Fig 4.15 Temperature effect to output voltage
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Table 4.1 LDO parameters

Parameter Conditions Value Units
Input voltage 1.45 \
Output voltage Vin=145V 1.25 \V
Dropout voltage lioas = 100MA 200 mV
Quiescent current 6,31 LA
Load regulation 0,888 mV/A
Line regulation 0,711 mVv/V
5. LAYOUT

In this section is explained how LDO layout was made. Firstly was designed output
transistor because it takes most of silicon space. To save silicon area it is useful to design it as
much possible to square shape. Output transistor is divided to 1250 pieces. After calculating
various configurations it seemed that reasonable pattern should be 125 x 10 pieces which

should be at the moment closest pattern to square. When the transistor pieces are moved to

Ah B
(74 '8
{a) Interdigitaced layous
Variation of sheel resistance as a function of posidon. Distance

A 4 : A

A B B A A B A

1 2 3 4 5 T B
Center

{b) Comman-centroid layout

place it looks like area 1 in appendix B figure 1.

Fig. 5.1 Transistor matching methods
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Next important thing is to match operational amplifier input transistors. Both transistors
are divided to 12 pieces. They are matched with interdigitated method(Fig5.1[8]) in two rows.
This matching helps to improve operational amplifier input offset because then input
transistors have almost same conditions on silicon. The matched transistor are shown in figure
5.2.
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Fig 5.2 Matched differential input transistors

Bias current mirrors are matched together. Transistor M2 is divided to two pieces. One
piece is first one and second one is last one. Transistor M3 and M4 is located between
them(Fig 5.3). In this way the transistors sheet resistances are most equal and sizes are equal.
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Fig 5.3 Matched OPAMP bias transistors

Transistors M5, M6 and M7 are matched with common-centriod method(Fig5.1[8]).
Matching are shown on figure 5.4.

These three matched blocks are placed near to each other to have nearly same conditions
on silicon. This helps to improve LDO output voltage stability because all transistors have
nearly same conditions(temperature, sheet resistance, etc) on silicon.
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Fig 5.4 Matched OPAMP transistors
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In appendix B figure 1 is designed LDO layout. The biggest rectangle(Area 1) is LDO
output transistor. On top of output transistor is input voltage conductive path and bottom is
output conductive path. On right side is attached operational amplifier matched transistors
blocks. The biggest block is matched input transistors block(Area 3). On top left side of that is
matched bias transistors block(Area 4) and on top right side is matched transistors M5, M6
and M7 block(Area 5). Area 2 and 6 are feedback divider resistors. From this figure can
clearly see how much place takes only output transistor compared with operational amplifier

transistors.
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6. CONCLUSION

In this work first chapter gave short overview of DC voltage regulators main working
principle. Linear and switching regulators main types and their advantages and disadvantages.
Next chapter concentrated to post regulation LDO main blocks and working principle. Every
LDO block was examined separately. LDO consist of four main block: error amplifier, pass
element, feedback and reference voltage. Work main idea was examine LDO with different
configurations and find best solution where is lowest input voltage and reasonable dropout
voltage. Different configurations where made of OPAMP which had NMOS or PMOS input
transistors and pass element was NMOS or PMOS transistor. After different configuration
comparison appeared that best solution is OPAMP with NMOS input transistors and PMOS
pass element.

Firstly was designed OPAMP circuit for LDO. This design did not concentrate to
OPAMP parameters because this is not in focus of this work. For LDO circuit was added to
OPAMP cell pass element and feedback resistors. To simulate LDO cell there was added
voltage supplies, bias current and current mirror as load. Based on simulations was found pass
element reasonable size and minimum input voltage. LDO was not stable so there was need
for ESR. Simulating on output different C and R values were found best ESR values. Last
chapter described how LDO layout was matched and designed.

Work target was find to minimum input voltage to LDO when dropout voltage is under
200 mV and maximum load current 100 mA was reached. Under these conditions in
National’s CMOS7-5V process technology this LDO minimum input voltage is 1,45 V and
LDO output voltage is 1,25 V. This LDO chip needs ESR on output to be stable. Best ESR
values are 50 Q resistor and 470 nF capacitor.

It is possible to go lower with input voltage but this means that output transistor needs
occupy more expensive chip area. For designed LDO there were found output transistor size
were it was reasonable to give so much space to win in lowering input voltage. To lower input
voltage same amount every time need always far more space than before. To go lower with

input voltage then it is going gradually more expensive.
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APPENDIX A-LDO LAYOUT

Fig. 1 LDO layout

1. Output transistor 4. OPAMP transistors M5, M6, M7
2. Feedback resistor R2 5. OPAMP bias transistors
3. Differential input transistors 6. Feedback resistor R1



