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Kurzfassung

Die verfiigbare elektrische Leistung in passiven NFC Transpondern ist durch die limitierte
Sendeleistung des Lesegerates begrenzt. Wenn ein solcher passiver NFC Transponder einen
zu hohen Laststrom aufnimmt, kann es in ihm zu Spannungseinbriichen und auch zu
Verbindungsabbriichen kommen. Diese unerwiinschten Ereignisse konnen deshalb durch
Regelung der maximalen Leistungsaufnahme des passiven NFC Transponders verhindert
werden.

Ein integrierter Spannungsregler fiir passive NFC Transponder wird in dieser Arbeit vorge-
stellt. Neben einer geregelten Ausgangsspannung zwischen 1.1V und 4.2V fiir nachfolgen-
de Schaltungen bzw. Lasten, kann noch der Spannungsabfall an der Eingangsspannung
zwischen 2.5V und 4.4V geregelt werden. Ein Linearregler ohne externer Stiitzkapazi-
tdt mit einem PMOS Transistor als Stellglied wird zum Regeln der Ausgangsspannung
verwendet. Der Spannungsabfall am Eingangspin wird durch Vergleichen mit einer Refe-
renzspannung erkannt, wodurch das Referenzsignal des Linearreglers angepasst wird. Der
Entwicklungsprozess dieses analogen Reglers und die Verifikation anhand unterschiedlicher
Simulationen werden in dieser Arbeit vorgestellt.

Die NFC Power Source ist in einem 130 nm Standard Infineon CMOS Doppelwannenpro-
zess implementiert und benétigt ungefihr 0.049 mm? Chipfliche. Ein Ruhestrom von 35 yA
ist fiir den reguldren Betrieb der Schaltung notwendig. Ein stabiles Verhalten der beiden
Regelschleifen kann fiir einen Lastwiderstand von 1 k{2 mit Lastkapazitdten zwischen 20 nF
und 500 nF garantiert werden. Mindestens eine 160 pF grofle Lastkapazitdt muss an den
Ausgang geschlossen werden, falls kein Lastwiderstand verbunden ist. Anhand dieser Spe-
zifikationen eignet sich die vorgestellte Schaltung hervorragend als Spannungsregler fiir
passive NFC Transponder.
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Abstract

The available electrical power in passive NFC devices is limited due to the finite transmis-
sion power of the reader device. If such a passive NFC device consumes a too large load
current, the NFC field is overloaded which causes an under-voltage brown out of the NFC
tag and a connection abort to the reader device. It is possible to prevent these unwanted
occurrences by controlling the maximum consumed power of the passive NFC device.

A fully integrated power management solution for passive NFC devices is implemented
in this thesis. Besides a regulated output voltage between 1.1V and 4.2V for following
circuits or loads, a voltage decrease on the input pin of the Power Source can be controlled
between 2.5V and 4.4V. A capacitor-less low-dropout voltage regulator with a PMOS
transistor as pass device is used to control the output potential to the defined level.
The decrease of the input voltage is detected by comparing it with a reference potential
and correspondingly adjust the reference node of the low-dropout voltage regulator. The
development process of this analog control circuit and the verification based on several
simulations are shown in this thesis.

The NFC Power Source is implemented in a 130 nm standard twin well Infineon CMOS
process and consumes about 0.049 mm? chip area. A quiescent current of 35 A is necessary
to supply the circuit during active operation. A stable behavior for both control loops can
be guaranteed with a load of 1k in parallel to a load capacitor with a capacity between
20nF and 500 nF. A minimum capacitive load of 160 pF is necessary to operate the circuit
without a resistive load. Related to these specifications, the proposed circuit is perfectly
convenient as a power management unit for passive NFC devices.
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Chapter 1

Motivation

In recent years, RFID (Radio-Frequency Identification) systems have been widely used for
a variety of applications. Contactless payment systems, access control, animal identifica-
tion and electronic passports are just a few areas where this technique is used [I]. The
NFC (Near Field Communication) standard prevailed especially for mobile devices and is
nowadays implemented in almost every smartphone. Besides the main application areas
of NFC products, which are contactless payment and data transfer, also sensor interfaces
[2] and other passive electronic devices are gaining importance. These passive applications
are supplied with energy from the smartphones NFC reader device via the antenna’s elec-
tromagnetic field [I]. Due the limited amount of electrical power, which can be provided
by these, an energy storage like a capacitor can be implemented in the passive application.
Another use case for an energy storage device is to provide a power supply to the passive
device, also when the NFC field is gone or out of range. Charging an empty energy storage
device through the field can overload it and might cause connection problems. The field is
also unwanted stressed by current peaks and load currents which are caused by switching
operations or load jumps in the passive application.

A fully integrated on-chip voltage regulator to protect the NFC field of the smartphone
from overloading is implemented in this thesis. The voltage regulator - in this thesis named
Power Source - allows the passive device to charge high capacity capacitors through the
NFC field and prevents there also the visibility of unwanted current changes. To combine
the whole power management for these applications in one circuit, the Power Source should
also provide a regulated output pin.

These two occurrences are the motivation to develop the NFC Power Source. Besides the
analog transistor level design also the layout is implemented in this thesis. To make the
circuit adaptive and usable for a wide range of different applications, the maximum input
power and the potential of the output voltage are implemented adjustable.



Chapter 2

Introduction

This introductory chapter gives an overview of the implementation of the NFC Power
Source within the NFC system. The specifications of this circuit and the provided signals
of the analog front-end are defined. Several state-of-the-art concepts are discussed in the
last part of this chapter and the need of a new concept is shown. In the outline, a short
overview of the following chapters of the thesis is presented.

2.1 Application Overview

The Power Source is, like mentioned in the motivation, implemented as a power manage-
ment unit in a passive NFC device. An overview of the complete system is presented in
figure Energy for the system is provided through the reader device of the smartphone.
The analog front-end in the inductive coupled passive device can extract sufficient power
from the magnetic field to ensure proper operation. Therefore, it can be seen as link
between the high frequency transmission channel and the implemented functions of the
passive device. A detailed explanation and schematic of the analog front-end design can
be found at page 318 in [I]. The Power Source is following the analog front-end. The
circuit is supplied through it with a constant DC (Direct Current) voltage between 3.3V
and 4.5 V. The load of the Power Source is either an energy storage device like a capacitor
or an additional electrical circuit. To meet the requirements for a wide variety of load
applications, the output voltage of the Power Source can be adjusted by the digital block
of the NFC tag.

The whole technical and physical background for an NFC system is presented in [I] and
is not described in any more detail in this thesis.

Besides the supply potentials Vi, Vpp.digitar and ground, some additional signals are
provided from the analog front-end and the digital block to the Power Source. All digital
signals use a positive logic with 0V and 1.2V. Vpp gigital is permanently supplied with
1.2 V. To prevent the load capacitor from discharging when the NFC field is not available
and the capacitor is charged, an enable signal is implemented in the digital block. The
Power Source must exhibit high impedance if the enable signal is logical low. Two separate
5 Bit signals sety i, and sety oy define the level of input- and output voltage in 100 mV
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Fig. 2.1: Power Source - Application. The NFC Power Source inside the passive NFC
device is implemented in this thesis.

steps of the Power Source. A reference table for setting the different voltage levels is
attached in the appendix in table and A stable reference voltage Ve with 1.2V
and a 1 pA bias current o is also provided by the front-end to the Power Source.

To save costs and to make the circuit also usable for a wide range of different applications,
a fully integrated solution should be sought. This means, that the use of external compo-
nents like decoupling capacitors is not possible. The used technology is a 130 nm standard
twin well CMOS (Complementary Metal Oxide Semiconductor) Infineon process with an
additional polysilicon layer.

2.1.1 Modeling of the Analog Front-End

Because the Power Source is supplied by the analog front-end, this must be also considered
in the design process. Therefore, a model to describe the electrical behavior of it is
necessary. The analog front-end model is presented in figure and comprises a DC
voltage source Vgupply and a serial internal resistance Rsource Which represents the load
current dependent voltage drop across the source.

To calculate the source resistance of the analog front-end model, the provided power
through the NFC field of smartphones in the passive NFC device must be known. There-
fore, measurement results of three different standard commercially available smartphones
are shown in table As it is depicted, the provided power varies strongly between the
presented models and is also dependent from the used analog front-end. In this thesis, the
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Rsource
Vs pply Vin

Isur)plv

Fig. 2.2: Analog Front-End - Equivalent Circuit Diagram. The analog front-end is mod-
eled by a DC voltage source and a series resistor.

provided electrical power Pgypply is set to 100 mW.

Smartphone Model | Provided Electrical Power

Mobile Phone 1 40.25 mW
Mobile Phone 2 11.59 mW
Mobile Phone 3 125.56 mW

Table 2.1: The electrical power in the passive NFC device which can be provided by
different smartphone models.

Rsource can be calculated by the voltage and current relation of the electrical power in a
circuit. The source resistances are calculated for Vgypply = 3.3V and 4.5V.

VQ
Psupply = Vsupply : Isupply = RL[)ply (21)
source
V2 3.3V?2
1%source = Psupply = =109Q (22)

source ~ 100 mW

With the same way of evaluation, Rgource = 203 €2 for a supply voltage of 4.5V.

A more powerful analog front-end leads to a decrease of the internal source resistance and
the voltage drop across it.

2.1.2 Modeling of the Load

The Power Source should be able to charge capacitors with a capacity larger than 1 uF. In
this case, the load is modeled by a capacitor. Additional electrical circuits, which can also
be a load type, are represented by a parallel connection of a resistive-capacitive circuit.
To ensure stable operation with this particular type of load, it is necessary to define the
minimum output capacitance and resistance limits for the Power Source output pin which
is done in chapter [6]
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2.2 Requirements for the NFC Power Source

The main idea to develop such a Power Source is to prevent large load currents from
overloading the NFC field. This happens when the current consumption of the load and
Power Source is too high for the analog front-end which leads to an under-voltage brown
out of the NFC tag and further to a connection abort to the NFC reader device.

To prevent this unintentional drop in voltage, the Power Source controls the maximum
output power of the analog front-end by controlling their lower limit of the input voltage
Vi to a defined value which also controls the maximum voltage drop across Rsource- This
means, that the input voltage regulation of the Power Source is enabled when Vi, decreases
below the defined limit due to a too large current Ig,pp1y through Rgource. The lower limit
of Vi, is realized adjustable between 2.5V and 4.2V in 100 mV steps to make the Power
Source adaptable to different Vgypply and Pgyppry levels. Of course, the transient response
of the input voltage regulation must be fast enough to ensure that the analog front-end
never gets overloaded. The potential of the output voltage Vo is also realized adjustable
between 1.1V and 4.2V in 100mV steps to provide different output levels. It should be
noted, that the maximum output voltage can not be higher than Vj, minus a voltage drop
Vrop across the Power Source.

2.3 State-of-the-Art Concepts

Other ICs (Integrated Circuits) also offer similar functions like the NFC Power Source.
The power management functions of the input- and output pins of two state-of-the-art IC
solutions are compared with the Power Source in table

’ IC Solution 1 \ IC Solution 2 \ Power Source ‘
unregulated output voltage | adjustable regulated out- | adjustable regulated out-
put voltage put voltage
unregulated input voltage | current regulated input maximum input current is
defined with the input volt-
age drop

Table 2.2: Comparison between state-of-the-art ICs and the Power Source.

IC solution 1 has an unregulated input- and output pin. Therefore, the circuit has no
possibility to control the input power consumption or the output voltage level. In contrast
to this, the second IC solution provides an adjustable output voltage with a low-dropout
regulator and a current regulated input pin. This is realized by an additional linear
regulator which limits the charging voltage and fixes the input current to a predefined
value.

2.4 Why a new Concept?

As discussed in section circuits with different concepts to manage the maximum load
current of a low power voltage source are available. In IC solution 2, the predefined current
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limit can be too high or too low which results in an over- or under-loading of the voltage
source. The circuit presented in this thesis makes it possible to adjust the maximum
consumed input power individually to the specifications of the application. Therefore, the
Power Source is a multi functional power management circuit which is usable for a wide
range of different applications and power levels.

2.5 Outline

After defining the functions and specifications of the Power Source, the concept of the
control loop and a block diagram of the implemented circuits in the Power Source is
introduced in the next chapter. The design considerations to implement the circuits are
done in chapter [ In this chapter, the functions of each block are explained and the
frequency behavior of the control circuits is investigated. The next chapter shows the
transistor level design of the most important circuit blocks and also gives a guideline into
the design procedure. Besides that, also the final layout and a floorplan is presented in this
chapter. The verification of the Power Source is done in chapter [6]on the base of simulation
results with nominal process parameters. Also the minimum and maximum specifications
of the loads for a stable operation are discussed there. Monte Carlo simulations are used
to investigate the circuit behavior also for process and mismatch variations. A conclusion
of the final design of the Power Source is shown in chapter [7] In the last part of this thesis,
an outlook is presented where further improvements and investigations are discussed.

The transistor level design is implemented in the CADENCE Virtuoso EDA (electronic
design automation) platform. All simulations are done with the internal CADENCE
Spectre simulator. The evaluation of the simulation results are realized with MATLAB.



Chapter 3

Concept of the Power Source

The Power Source concept, developed by the specifications mentioned in the last chapter,
is shown here. Before the concept is introduced, some considerations about the used
output voltage regulator need to be made. After defining the most suitable topology, the
concept is introduced. A block diagram of the whole Power Source gives an overview of the
implemented circuit blocks. The control loop with all involved circuit elements is shown
in the last part of this chapter for a better understanding of the control behavior of the
Power Source.

3.1 Considerations for the Concept

As the topology of the output voltage regulator significantly affects the structure of the
concept and the behavior of the Power Source, it is important to give a short overview of
the available ones. Due to that enumeration, the most suitable topology for this application
is chosen in this section.

3.1.1 Output Voltage Regulator Topology

To fulfill the given specifications from chapter [2| the proposed topology for the output
voltage regulator is an LDO (Low-Dropout Voltage Regulator). In [3] the two main types
of on-chip voltage regulators are discussed. The comparison between a switched inductor
buck converter and an LDO shows that this kind of voltage regulator is more suitable
for fully integrated circuits due to the lack of external components like inductors. The
working principle of such a circuit is discussed in section

3.1.2 Choosing the Right Pass Device

Because of the used CMOS technology, the pass device can be either an NMOS (n-Type
Metal-Oxide-Semiconductor Field-Effect) or a PMOS (p-Type MOS) transistor. Both
have significant impact on the characteristics of the voltage regulator. Choosing the cor-
rect pass devices is therefore an important step in the concept phase of the Power Source.
In [4], all advantages and disadvantages of the possible pass devices are discussed. The
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result of this research is summarized in the following enumeration.

NMOS Transistor as Pass Device:

e Common drain configuration (Source Follower) leads to a current independent
gain of nearly one and no additional phase shift

e Charge pump necessary to achieve a low dropout voltage
e Higher charge carrier mobility results in smaller device dimensions
PMOS Transistor as Pass Device:

e Additional gain stage in the LDO due to the common source configuration of
the pass device

e Gain and phase shift depend on the load current and therefore stability is more
difficult to achieve

e No charge pump needed for low dropout voltages

At the first look, an NMOS pass device looks like the more comfortable solution for a
stable LDO but the charge pump makes it unattractive [3][4]. However, the specifications
demand an output voltage of 4.2V. Accordingly, a gate potential referenced to ground,
provided by a charge pump, greater than this voltage would be necessary. In the used
process, this voltage could exceed the maximum ratings. Therefore, a PMOS transistor is
chosen as the pass device for the Power Source.

3.2 Concept and Control Behavior

The before discussed circuit elements are essential for the concept because they have a
strong impact on the used blocks inside the Power Source. Figure [3.1] shows the block
diagram of the NFC Power Source. The pins placed on the dashed line of the schematic
represent the input and output pins of the circuit. All other signals are generated inside the
Power Source. The supply voltages Vpp analogs VDD, digital and ground, the bias currents
and the enable signals are not connected for a better clarity in this block diagram. As
the enable signal is a digital signal, the potential must be shifted via a level shift circuit
from Vpp digital 10 VDD,analog to make it usable for the analog blocks, which are supplied
via Vpp,analog- The reference buffer prevents the implemented circuits from loading the
reference voltage signal. To transform the digital 5 Bit signals setv i, and sety oy into
32 binary signals related to Vpp analog, thermometer-decoders with subsequent level shift
circuits are implemented. NMOS current mirrors distribute the bias current I, in the
bias-block into different ratios inside the circuit. The power path in the Power Source
leads from Vi, to Vo via the pass device. Through the ground pin, all blocks inside
the Power Source use the same reference potential as the analog front-end. A Vpp analog-
switch disconnects all analog blocks from their supply voltages when enable is logical low.
Basically, the Power Source consists of an IVR (input voltage regulator - red color) and an
OVR (output voltage regulator - blue color) which are separated by a decoupling device.
They define the control behavior of the Power Source.
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Fig. 3.1: Power Source - Block Diagram. Block diagram of the Power Source concept with
all external signals. The internal bias currents, Vpp analog, VDD,digital and the
enable signal connections are not visible. The blue shape represents the output
voltage regulator and the red one the input voltage regulator.

To understand the working principle of the Power Source, the control loop must be ex-
plained separately. A block diagram of the loops with all involved circuit elements is shown
in figure The pass device is the actuator in the loop. First, the output voltage control
loop is investigated and the input voltage regulator is neglected. This can be assumed
when Vi, is above the defined limit by V..t i, and the input voltage divider. In this case,
the decoupling device is closed and can not affect the reference signal of the OVR. Task
of the output voltage regulator is to provide a regulated potential on the output pin of
the circuit. This output voltage is defined by the reference voltage Vi ef out and the ratio
of the respective voltage divider. As the pass device only reduces the input potential,
Vout is in normal operation below Vi,. Due to negative feedback with the amplifier and
the pass device, the output potential is kept at the defined voltage level. When Vj, falls
below the set input limit, the IVR amplifier opens the decoupling device which increases
the reference potential of the OVR. The pass device acts now like before, when Vg is too
high, and closes until Vj, is equal to the defined input voltage limit. The internal source
resistance of the analog front-end also affects the behavior of the Power Source but is not
considered in this block diagram because it is not a part of the implemented circuit.
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Fig. 3.2: Power Source - Control Loops. Block diagram of the control loops in the Power
Source. The pass device is the actuator and controlled by the output voltage
regulator. If Vj, drops below the defined value, the input voltage regulator
manipulates the output voltage control loop via the decoupling device.

The concept presented in this chapter allows to understand the working principle of the
Power Source. Two separate control loops define the voltage levels via one PMOS tran-
sistor. The decoupling device connects both loops when the input voltage regulator needs
to be active. If not, this element separates both loops. Achieving stability in the input
voltage control loop might be an issue because of the signal flow through two amplifier
stages. It can be seen that the loops only have an impact on the respective voltages which
is important for further considerations.



Chapter 4

Design Considerations for the
Power Source

Before the transistor level design is discussed, some considerations on the design are pre-
sented. This chapter gives an overview of the working principle and the frequency behavior
of the used circuits of the Power Source. First of all, the output voltage regulator is de-
scribed. This leads directly to the input voltage regulator. The next step is to combine
both circuits to achieve the Power Source control behavior. Considerations to achieve
stability, based on pole/zero analysis, are also done. After that, the adjustable voltage
limits, the pass device, the switchable feed-forward capacitor and the enable function are
observed.

4.1 Output Voltage Regulator

As mentioned before in section a low-dropout regulator is used as output voltage
regulator in the Power Source. To understand the working behavior of the circuit, the
function of this circuit is explained in this section.

4.1.1 Low-Dropout Regulator Working Principle

An LDO is a closed loop system. The typical topology of this circuit, introduced in [5], is
shown in figure This kind of output voltage regulator consists of an error amplifier,
a pass device (in this thesis a PMOS transistor) and a voltage divider at the output.
Typically, the bulk of the PMOS transistor is connected to Vi,, which is usually the
highest potential in this circuit. This is an important information for the in section
discussed consideration.

The output voltage Vqyut gets divided via the two resistors based on equation to the

potential V.
Ro

Vx:Vou 5 D
" "Ry +Ry

(4.1)
This voltage is compared by the error amplifier with a stable reference voltage Vi t. The

11
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V]n Vout

Fig. 4.1: LDO - Working Principle. The error amplifier tries to keep Vy equal to Vs due
to negative feedback with the pass device.

potential difference between Vier and Vy is ideally kept at 0V due to negative feedback.
Therefore, Voyut is described with following equation:
Ri+Ro

vout = Vref ' R2 (42)

To control the output voltage, the LDO sources enough current through the PMOS transis-
tor to achieve the defined potential at the output pin. In this case, the closed loop system
acts like a voltage source. The minimum drain-source voltage of the pass device, where
the LDO works properly, is also called dropout voltage Vg,. If the difference between Vi,
and Vg is smaller than Vg4,, the pass device is not able to source enough current and
is forced into linear region. Thus, this type of operation is also called dropout region [5].
The minimum input voltage to ensure proper operation is defined with following equation:

Vin,min = Vout + Vdo (43)

4.1.2 Low-Dropout Regulator with an External Decoupling Capacitor

In a closed loop system, the phase margin is always an indicator for stability. The system
is stable, if the phase shift at the unity gain frequency (where the gain is 0dB) is less than
—180° [6]. One method to achieve a stable LDO concept is to connect a high capacity
capacitor Cjpaq to the output [7]. The large capacitor leads to the dominant pole at this
node. A model with all capacitors and resistors is necessary to begin with the AC analysis.
The schematic for this circuit is shown in figure The parasitic pass device capacitances
are simplified and combined into one capacitor Cpyos between the pass device gate and
AC ground (this potential is at a constant DC voltage during the AC analysis and can be
seen as a virtual ground potential during this analysis).

As proposed in [§], every node with a capacitance represents one pole. To simplify the
calculation of the poles, the error amplifier in this schematic is assumed to be a one-stage
amplifier and other parasitic capacities are neglected. Therefore, only two poles are left
over for this evaluation. It is assumed that the LDO is in an operating point, where the
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Dominant Pole

RIoad CIoad==

o [

rout,EA

Fig. 4.2: LDO with External Capacitor. The output node with the large external capacitor
creates the dominant pole. The second pole is located between the pass device
and the error amplifier.

regulator works in proper operation and equation [£.3] is fulfilled. The dominant pole is
defined by the large output capacitor with:

1

2 -1 - Cioad - Tout

p1 (4.4)

With
T'out = Rioad || (R1 + R2) || rps,pmos (4.5)

Where rpg pmos is the drain-source resistance of the pass device. The non-dominant pole

can be described with: )

2.7 - CpMOS * Tout,EA

P2 (4.6)
Where rqu pa represents the output resistance of the error amplifier. Another important
parameter of the system is the open loop DC gain Apc:

Apc = Aga - Arg - Apmos (4.7)

Where Aga represents the amplifier gain, Apyios the current dependent gain by the
transconductance of the common source stage of the pass device and the output resis-
tance royt and Apg the gain which results from the feedback circuit and is defined by

following equation:
Vref

Vout

App = (4.8)

The open loop transfer function Aoy (s) is determined by opening the loop between the
output of the error amplifier and the gate of the pass device. To evaluate the AC behavior,
a sinusoidal signal is sent into the loop at the gate of the pass device. The response of
the whole system on this signal is observed at the amplifiers output. This is repeated for
several frequencies and results in the frequency-dependent transfer function of the system.
All transfer functions of the following voltage regulators are determined with this method,
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by opening the feedback loop between the pass device and the error amplifier. For the
schematic presented in figure the open loop transfer function results in:

Aga - ApB - Apmos
A ~ 4.9
oL(s) (1 +5- Cioad - Tout) - (1 +5- CpMOS * Tout,EA) (4.9)

4.1.3 Capacitor-less Low-Dropout Regulator

Another commonly used LDO structure is the so called capacitor-less LDO (CL-LDO) [9].
When the large external capacitor is removed, the pole on this node moves to a higher
frequency. In this approach, the gate of the pass device becomes the dominant pole of the
system.

VOU t

Dominant Pole |:| R,

R2

RIoad |:] CIoad==

]

)

)

_ b
|

<

o
1
—_

Mout,EA

Fig. 4.3: Capacitor-less LDO. The node between the pass device and the error amplifier
creates the dominant pole. The other pole is located at the output node.

The resulting poles of this structure are equal to the poles of the LDO with an external
capacitor. Thus, both pole frequencies are defined by equation and The difference
is in the frequency of the poles. Pole ps is now dominant and p; the non-dominant pole.
Therefore, also the transfer function can be expressed like in formula A disadvantage
of this structure is, that achieving stability is difficult. Some compensation methods are
discussed in section .4l

4.1.4 Proposed Low-Dropout Regulator Topology for the Power Source
Application

In the last two sections the main structures of LDOs were discussed. The CL-LDO comes
without an external decoupling capacitor which makes it attractive for fully integrated
solutions. On the other hand, achieving a stable behavior is more difficult without the
external capacitor. Despite this disadvantage, the capacitor-less topology is used as output
voltage regulator in this thesis. The advantage of the missing capacitor outweighs. Of
course, if the load capacitance gets too large, the location of the dominant pole changes.
This is the case when the Power Source charges high capacity capacitors. Therefore,
the output voltage regulator of the Power Source is designed to work stable without an
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external decoupling capacitor but also needs to be stable when such a load capacitance is
connected to the output pin.

4.2 Input Voltage Regulator

If a real voltage source provides a load current, the source voltage decreases due to the
internal source resistance. To regulate this voltage decrease, a circuit is needed which
controls the load current through the source resistance. This behavior is the working prin-
ciple of the input voltage regulator. This circuit consists, like the low-dropout regulator,
of an error amplifier, a pass device and a voltage divider. The difference is, that the input
voltage regulator uses the input potential as control signal where a decrease causes the
pass device to close. Since the current is reduced due to the closed pass device, also the
voltage drop across the source resistance decreases.

Vin ) Vout

R2 Vref

1

Fig. 4.4: Input Voltage Regulator - Working Principle. If the input voltage Vi, decreases,
the error amplifier closes the pass device to reduce the load current.

The maximum voltage decrease of Vi, is defined by the input voltage limit Vi, jimit and

can be calculated with:
Ri 4+ Ro

Ro

If Vi, sinks below Vi, jimit, the potential between the voltage divider V decreases below
V.ef and the error amplifier closes the PMOS transistor which results in a smaller load
current. Thus, the voltage drop across the source resistance decreases and the circuit
tries to regulate the input voltage to the level calculated by equation [{.10} By controlling
the input potential to a constant value, also the voltage drop across the source resistance
remains constant. Therefore, the control circuit consumes and provides a constant current
and can be seen as current source.

Vin,limit = Vref : (410)

As the input voltage regulator is in principle a flipped LDO, also the frequency behavior
is nearly the same. The difference is in the direction of action. The regulator affects the
input voltage of the circuit and not the output voltage. An equivalent circuit diagram of
the input voltage regulator with a load capacitor and resistor is presented in figure
The supply voltage source can be replaced during the AC analysis in an operating point,



CHAPTER 4. DESIGN CONSIDERATIONS FOR THE POWER SOURCE 16

where the regulator works properly, by its ideal source resistance. Thus, the voltage source
can be shorted. Rgource represents the internal source resistance of the supply circuit.

Vin _ Vout
l |

—_—

Rsource Rl

—-I-_ CPMOS
Rload[] CIoad==

=

lout,EA

Fig. 4.5: Input Voltage Regulator - Pole Analysis. The schematic of the input voltage
regulator with the connected load and the supply circuit with an internal source
resistance Rgource-

The calculation of the first pole is equivalent to the low-dropout voltage regulator due
to the output resistance of the error amplifier roy; ga and the capacity of the pass device
Cpmos. This pole is defined by:
N 1

2.7 - CpMOS * Tout,EA

P1 (4.11)

The investigation of the impact of the load capacitor is more complex. A small signal
model to calculate the transfer function from the gate of the pass device to the input pin
is needed to evaluate the impact of the load capacitor on the input voltage regulator. This
model is presented in figure The error amplifier and the parasitic capacitor Cpyjos are
not included in this calculation due to the already known transfer function of this circuit
part.

The resistor networks in this circuit are simplified into Ryy and Royr, where Ry repre-
sents the resistance Rgource || (R1 + R2) and Rour = Ricad. The open loop transfer func-
tion is defined by VoZtﬁ where vout ga is at the gate of the PMOS transistor and vi,
at the input node. To determine the transfer function, an AC signal is applied in a DC
operating point to the circuit at vou, pa and evaluated at the node vi,. By solving this

transfer function, a zero and a pole is introduced and can be described with:

N Rout + rps,pmos + RN + gm,pMmos * RN - 'ps pMos
2 -7 - Cloaa - Rout - (rps,pmos + Rin + gm,pymos - Rin - rpg,pmos)

P2 (4.12)

Where rpspmos represents the small signal drain-source resistance and gn, pmos the
transconductance of the pass device.

1
2.7 Cload - RouT

(4.13)

A1
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Fig. 4.6: Input Voltage Regulator - Small Signal Model. The small signal model of the
input voltage regulator to determine transfer function from the gate of the pass
device to the input node of the circuit.

CIoad==

| S |

The complete derivation is available in appendix [C] The resulting poles and zeros are
located nearly at the same frequency. Simulations showed, that the zero is placed few
hertz below the pole frequency. Both cancel out each other and can be neglected for the
further design process. In this configuration also the pass device behaves like an additional
load current dependent gain stage. This gain is derived with the before discussed transfer
function and is described by:

gm,PMOS * RIN * TDs pMOS
rps,pMos + Rout + RN + gm,pmos * RiN - Tps,pmos

Apmos ~ (4.14)

When py and z; are neglected, the open loop transfer function Aoy (s) of the system can

be expressed as:

. _AEa - Arp - Apmos
1+ s CpMOS * Tout,EA

AoL(s) (4.15)

Where App is the gain of the voltage divider circuit and determined by the ratio between
V.et and Vi,. Aga represents the gain of the error amplifier.

4.3 Combination of Input- and Output Voltage Regulator

To achieve the Power Source function, the output- and the input voltage regulator must
be combined into one circuit which is the crux in this consideration. To reduce the voltage
drop across the whole Power Source, a solution with one pass device is important. It is
also necessary, that the input voltage regulator has priority over the LDO to prevent the
input voltage from sinking below the predefined value.

The idea to combine both circuits is, that the input voltage regulator manipulates the
low-dropout voltage regulator if the load current is too high for the voltage source. This
can be achieved by controlling the potential between the output voltage divider and the
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positive input pin of the error amplifier of the output voltage regulator. In the system
approach, the input voltage control loop interacts with the pass device only if the input
voltage has dropped below the defined level. As a result, the Power Source switches
automatically from constant output voltage mode to constant current mode regulated by
the IVR. It is not possible to connect the amplifier output of the IVR directly to this
node because the amplifier would constantly regulate this node potential. To prevent this
unwanted behavior, the two circuits must be decoupled by an additional transistor stage.
This topology is a source follower in order to reduce the impact on the gain and stability
of the input voltage control loop. The resulting topology is shown in figure The
decoupling device is the NMOS transistor.

Vin X Vout

R1

RZ Vref

1 1

Fig. 4.7: Power Source - Working Principle. If Vi, decreases, the IVR forces the LDO
circuit to close the pass device by increasing the potential between Rz and Ry
by the NMOS transistor (decoupling device).

If the input voltage is higher than the defined limit from formula then the input
voltage regulator is not active and the NMOS transistor is closed. In this case, the input
voltage control loop has no influence on the low-dropout regulator. Thus, the output
voltage is defined like in equation When the load current increases and V;, decreases
beneath the defined potential, the error amplifier of the input voltage regulator opens the
NMOS transistor. This leads to a voltage increase over Ry and the error amplifier of the
LDO starts to close the pass device.

4.4 Pole/Zero Compensation of the Power Source

Theoretically, the in section introduced Power Source works as expected but several
aspects require further investigations to achieve the final circuit. The key issue in this
design is to achieve a stable system without an external capacitor, as discussed in [10].
Therefore, some compensation techniques are needed for the final concept.

First of all, the output voltage regulator needs to be stabilized. Two different methods
are proposed in [10] and [II]. One of them is to introduce a feed-forward capacitor Cgo
in parallel to the resistor between the output voltage and the feedback signal of the LDO.
This leads to an additional pole-zero pair, which can help to increase the phase margin of
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the system. The other way to achieve stability is to introduce a miller capacitance C. at
the pass device. This method makes the pole on the amplifier output more dominant and
can also introduce a left half plane zero by adding a resistor R, to the miller capacitor.
Because the IVR is a flipped LDO, this structure needs also a compensation technique.
The feed-forward capacitor Cg; between input node and the feedback signal of the input
voltage regulator is introduced. A problem is, that the input voltage regulator is linked
with the pass device via the LDO. Therefore, the stability of this loop also depends on
the LDO. One drawback of the feed-forward capacitor of the LDO is, that the input
voltage regulator sees it as additional frequency pole. In the final circuit, the feed-forward
capacitor is needed for the LDO but undesired if the input voltage regulator is active.
Thus, the capacitor is made switchable. If the input voltage control loop is active, the
switch between the feed-forward capacitor and the feedback signal is opened. If the output
voltage regulator is active, the switch is closed and the capacitor is connected with the
node. The final circuit of the input- and output voltage regulator of the Power Source is
presented in figure .8

Vin X
Rsource |:| Cffl - Rl
Vsupplv
@ RZ Vref

Fig. 4.8: Power Source - Topology with Pole Compensation. By introducing several pole
compensation methods like feed-forward capacitors and a miller capacitor, both
control loops can be stabilized.

4.4.1 Pole/Zero Analysis of the Compensated Output Voltage Regulator

By adding several methods to compensate the poles of the Power Source, zeros are in-
troduced which also affect the pole locations. The impact of these methods on poles and
zeros of the output voltage regulator of the Power Source are discussed in this section.
The circuit to investigate, derived from the Power Source concept out of figure [£.8] is
presented in figure Due to a stable DC voltage, the supply voltage Vgypply can be
shorted during the AC analysis.

The dominant pole is, like for the CL-LDO, located between the error amplifier and the
pass device. Because of the inverting amplifier structure of the PMOS transistor, the
miller capacitor C. is enhanced by the gain of the pass device at this node due to the
miller effect [I2]. The parasitic capacities of the PMOS transistor and high frequency
poles are neglected. Referring to [13], the dominant pole is defined by following relation:
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@ Vsupply R,

R3= G

RIoad [] Cload::

R4

r.ou t,EA

Fig. 4.9: Power Source - Compensated OVR. The circuit of the pole compensated Power
Source in a DC operating point where the output voltage regulator is active.

1

2-m-Cg- Tout,EA * 8m,PMOS * Tout

P1 (4.16)

With:
Fout = I'DS,PMOS || K(Rl + RQ) H Rsource) + ((R3 + R4) H Rload)] (4'17)

When (R1 + Ra) > Rsource and (Rg 4+ R4) > Rjoad, equation can be approximated to:

Tout ~ I'DS,PMOS H (Rsource + Rload) (418)

By adding a series resistor R, to the miller capacitor, the zero from C. can be shifted
from the right half plane to the left [I2] which leads to a desirable phase shift. The zero
resulting from the miller compensation [I1] is defined by:

1
VARG (419)
1
21 Ce (gros — Re)
The pole on the output node, referring to [13], is defined by:
! (4.20)
p2 = .
7 27 Cioaa - {[rps,pyos + (R1 + Re) || Reource)] [ [(Rs + Ra) | Rioaa)]}
The feed-forward capacitor introduces a pole and zero [I1]:
~ ! (4.21)
B3 % Cm - (Rs || Ra) '
Z3 ! (4.22)

N2‘7T'Cf—f2'R3

The DC gain of the output voltage regulator results from the product of the three gain
stages error amplifier, voltage divider and pass device. Therefore, the open loop DC gain
can be described with equation
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As presented in this section, the output voltage regulator has three poles and two zeros
which can be adjusted in the design process. Technically, each pole leads to a —90° phase
shift and every zero on the left half plane to a +90° phase elevation [6]. A design with a
phase margin with more than +45° should be possible which is a minimum requirement
for a stable operation of a system [6].

4.4.2 Pole/Zero Analysis of the Compensated Input Voltage Regulator

The signal path of the input voltage regulator passes the error amplifier and the pass
device of the low-dropout voltage regulator. Therefore, a stable LDO design is a key issue
to achieve stability in this control loop. As mentioned before, Cgy is disconnected from
the signal path if the input voltage regulator is active which prevents an additional pole
at this node. The input voltage regulator uses like the low-dropout voltage regulator a
feed-forward capacitor as compensation method. The impact of the used methods on the
poles and zeros is derived with the circuit in figure All relevant circuit elements for
the input voltage control loop are shown there. As discussed before in section the
resulting pole and zero of the load capacitor are neglected because of the small difference
in their frequencies and the negligible small impact on the overall frequency behavior.
Vsupply can be assumed to be shorted to ground during the AC analysis.

Vin Vout
Rsource I::l Cffl - Rl R3
- I:\‘Ioad I:I Cload:_
Vsupply = 1
@ Ro| | Vyef t R,
lout,EA-IVR lout,EA-OVR

Fig. 4.10: Power Source - Compensated IVR. The circuit of the pole compensated Power
Source in a DC operating point where the input voltage regulator is active.

As in the sections before, it is assumed that both error amplifiers are one stage circuits
and parasitic capacities are neglected.

The pole between pass device and the error amplifier of the LDO is presented in equation
and can be derived by resolving the transfer function of the error amplifier and the

pass device.
1

- 2.m-Cg- (rout,EA—OVR +Re + 1“ou'c)

p1 (4.23)
Where 1oy is equal to:

Tout = [rDS,PMOS + ((Rl + R2) || Rsource)] H [(R3 + R4) H Rload] (424)
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Due to the large dimensions of the pass device, this pole is the one which occurs at the
lowest frequency in the input voltage regulator. Therefore, this pole is the dominant one
in the circuit. The zero, which occurs due to the resistance of R. and the capacitor C. can
be neglected in the design process, because of the high frequency. Since these components
are connected to the output pin of the Power Source and the missing miller effect, the
capacity is far too small to create a zero at a relevant frequency.

The non-dominant pole is introduced by the output node of the input voltage regulators
error amplifier:

1
P2 =

~ 4.25
27 - Tout,EA-TIVR - CEA—IVR (4.25)

Where Cga_1vr represents the capacitance on the output node of the amplifier. As for the
low-dropout voltage regulator, the feed-forward capacitor introduces a pole and a zero:

1
N2'7T‘Cﬁ‘1'(R1 ||R2)
N 1
N2'7T'R,1'Cffl

In the design process, the zero introduced in equation [£.27]is the one which can be adjusted
to achieve the best phase margin for the input voltage control loop.

D3 (4.26)

(4.27)

Z1

The DC gain of the input voltage regulator is defined with:
Apc = Aga-1vR " AEA-OVR - ApMOS - AFB (4.28)

Where the gain Apyiog of the PMOS transistor is defined in equation The gain of
the feedback divider is determined by the ratio between the reference voltage of the input
voltage error amplifier and the input potential of the circuit.

To ensure, that the dominant pole is located between the pass device and the output
voltage error amplifier, the dominant pole of the input voltage error amplifier should be
placed at a higher frequency than the dominant one of the error amplifier from the LDO.
Normally, this is not a problem because of the different dimensions of the pass device and
the decoupling transistor.

The dominant pole of the input voltage control loop is located at a higher frequency that
the one of the output voltage control loop. This can be seen by comparing equation
with [£.16) and is due to the missing miller effect, which does not affect the input voltage
side of the regulator. Thus, the input voltage control loop is faster than the output
voltage control loop. By connecting two amplifiers in series, the overall transfer function
is determined by the product of the two individual ones. Therefore, the slower amplifier
is dominating the overall system behavior. In the case when the used amplifiers have two
poles, the non-dominant pole of the input voltage error amplifier should be located at a
higher frequency than the one of the output error amplifier in order to reduce the impact
of the pole in the total frequency behavior of the loop.

The transfer function of the input voltage control loop is described by one zero and three
poles. If the pole introduced by the feed-forward capacitor is located above the unity
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gain frequency of the control loop, then the overall transfer function is not affected by
it. Thus, two poles and one zero describe the frequency behavior of the input voltage
regulator and achieving a phase margin larger than 45° should be possible. The stability
of the input voltage regulator might be more difficult to attain than for the low-dropout
regulator because of the combination of two control circuits. In the design process, the
before discussed considerations must be taken into account.

4.5 Pass Device with Bulk Regulation

It should be considered, that the fixed bulk connection of the pass device to the input
pin as shown in figure is not possible for the Power Source. The PMOS transistor
discharges a charged load capacitor in this configuration, if the input potential is one
diode voltage below the output voltage, via the body diode. Therefore, a bulk regulation
is necessary to automatically connect the bulk potential of the pass device to the highest
voltage level in the Power Source. Such a circuit is shown in figure and is realized
by connecting two PMOS devices between the bulk potential and the source- and drain
voltages [14].

o« — o —

O S I Iy

Vout

Fig. 4.11: Pass Device - Bulk Regulation. The bulk potential of the blue marked pass
device is automatically connected to the highest voltage level.

4.6 Enable Function

The regulated bulk potential discussed before is also useful for the enable function. If this
signal is logical low, the pass device gate is pulled up by a transistor to the regulated bulk
potential to prevent the load from discharging. This is also possible without an applied
voltage on the input pin of the Power Source. In section the transistor level design of
the pass device with the implemented enable function is presented.

Besides closing the pass device, the enable signal is used to achieve a power down mode
in all circuit blocks to prevent a quiescent current through the Power Source. Thus, the
VDD analog-switch is introduced. This switch is build up like the pass device circuit with
bulk regulation. Due to a level shift circuit, the digital enable signal is shifted to this
regulated bulk potential. Because of that, it is ensured that the switch can also be opened
when the Power Source is not supplied. By opening the switch, all analog blocks are in a
power down state and only a leakage current flows through the supplied circuits.
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4.7 Adjustable Reference Voltages of the Error Amplifiers

To adjust the voltage levels on the input- and output pin, a solution that does not affect
the poles by changing the output resistance of the system should be sought. This is realized
by varying the reference voltages of the amplifiers with programmable voltage dividers.
The topology of this circuit implementation is shown in figure As discussed in
the concept, 32 digital signals are provided by the demodulator to control the output
voltage and the limit of the input voltage. Only one of the 32 signals is active at a
time. A resistive ladder, consisting of 33 resistors, is supplied via the buffered reference
voltage Vier. Between every node of two resistors, one NMOS transistor for one control
signal is placed to tap the different potentials. In this topology, nearly no current passes
the transistors because of the connection of the outputs Viyefin and Vierout to the high
impedance amplifier inputs.

Vref

I

R1
R2 N33
1 u 1
! R
! N3p i
% Vref,in or Vref,out
R33 fo

Fig. 4.12: Variable Voltage Reference Source - Working Principle. The circuit behaves like
a potentiometer. Only one control signal is active which changes the divider
ratio.

The total resistance of this resistive ladder should be as large as possible to reduce the
quiescent current. In section the calculations to dimension these circuits are done.

4.8 Switchable Feed-Forward Capacitor

The trigger to disconnect the feed-forward capacitor is the input voltage regulator. There-
fore, the input pin of a comparator is connected directly to the output of the IVR error
amplifier of the Power Source. This signal is compared to a reference potential, that should
be higher than the lowest output voltage of this error amplifier. The inverting output of
the comparator is connected to the gate of an NMOS switch, which is implemented be-
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tween the capacitor and the input pin of the error amplifier. To precharge the feed-forward
capacitor when the IVR is active, a voltage buffer is implemented to prevent loading of
the variable output reference source. This procedure is essential, because of connecting an
uncharged capacitor leads to an unwanted charging process which is visible in the output
voltage of the Power Source. As the other output of the comparator, also the non-inverting
one is connected to the gate of an NMOS transistor which works as switch and connects
the feed-forward capacitor to the voltage buffer output when the input potential is below
the defined limit and the input voltage regulator is active. The circuit for the switched
feed-forward capacitor is presented in figure

Vout

Cff2 p—

Vbuffer

Jojesed wo)

VIVR Vref

Fig. 4.13: Switched Feed-Forward Capacitor - Working Principle. If the IVR circuit is not
active, the capacitor is connected to Vg out. If Vivr is larger than Ve, the
feed-forward capacitor is charged by the buffer circuit to Vyufer.

In the design considerations, the most important mathematical relations between the
circuit blocks of the Power Source are presented. The next step is to design all circuits on
transistor level with the correct dimensioning of each device. Design considerations are
an important step for the design process which can be seen as a kind of top-level design.
The aim in this chapter is to understand how the circuit blocks and control loops relate
to each other and which functions they have to fulfill.



Chapter 5

Design Process of the Power
Source

The transistor level design process of the Power Source based on the discussed design
considerations is explained in this chapter. At the end of this chapter, the implementation
of all design blocks of the Power Source on transistor level is shown. First, the full pass
device design with the enable feature is implemented. After that, the implementation of
the output voltage regulator is derived. Based on this design, the input voltage regulator
is implemented. In the last part, the top-level schematic and the final layout is shown.

5.1 Pass Device Implementation with Power Down Circuit

Due to the strict requirement of no quiescent current through the Power Source when no
supply voltage is provided, a logic must be implemented to guarantee a closed pass device.
The transistors M; and My provide the regulated bulk voltage for Mpp as discussed in
section The transistor level implementation of the pass device with bulk regulation
and power down circuit is presented in figure If the enable signal is logical low, Mjs
is opened and the inverter, consisting of My and Mg provides a logical high output which
closes My and pulls the pass device gate to the regulated bulk potential. Therefore, the pass
device is closed due to a gate- source voltage of 0 V. In that case, only a leakage current
passes Mpp. In the other case, when enable is logical high, M3 is closed and M, is opened.
Thus, the gate potential is defined by the output voltage of the LDO error amplifier. A
logical signal disable is provided by the inverter also for other circuits. This signal is
logical high when enable is logical low, also when the Power Source is not connected to
an external supply voltage and a charged capacitor is connected at the output pin due to
the regulated bulk potential. With this signal, it is possible to use PMOS transistors as
power down switches. As nearly no load current passes the mentioned transistors M; -
Mg, they can be designed with the minimal process dimensions.

The requirements on the PMOS pass transistor are to ensure a minimum area consumption
at 200mV voltage drop across it for the largest possible output current. The first step
in the design process is to calculate the maximum output current I, for the in chapter
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defined 100 mW source. It is a fact that the largest load current occurs at the lowest
output voltage. Therefore, Vout min is like discussed in chapter [2[set to 1.1 V.

Psupply = Vout,min * Imax (51)

Pouonl 100 mW
Lnax = PPY — = 90mA 5.2
e Vout,min 1.1V o ( )

The W/L- ratio of the pass device Mpp is designed by setting Vi, to the lowest available
input potential of 3.3V. After that, Vo is fixed in the simulation to 3.1V by an ideal
voltage source to ensure a 200 mV drop across the PMOS transistor. After that, the width
of the device is increased until a current of 90mA flows through it. To minimize the
transistor area, the length of the device is set to the lower process limit which results in a
larger leakage current when the pass device is closed.

My

Rl
||

1
Vin
Y
Ms
P —

Vou
M
w1 ro
B2
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I
e
Ms disable
gate

Fig. 5.1: Pass Device - Transistor Level Implementation. If the enable signal is logical low,
the gate of the pass device is pulled to the regulated bulk voltage and closed.

5.2 QOutput Voltage Regulator Design

Since the pass device is now implemented, the design process of the output voltage regu-
lator can start. The first step in this procedure is to define the resistors of the adjustable
reference source and the output voltage divider The development process of the output
voltage regulator is referred to section 1] and figure [4.9] As the total resistance of R
and R4 has a direct impact on the locatlon of the poles, this must also be considered. The
most important consideration for the ratio between R3 and Ry is the introduction of the
feed-forward capacitor Cgs. A large ratio leads to a large difference between the frequen-
cies of the zero and pole, which are introduced by the feed-forward capacitor regarding
equation and If they are not separated widely, the effect of the zero is barely



CHAPTER 5. DESIGN PROCESS OF THE POWER SOURCE 28

noticeable, because of the direct following pole. On the other hand, a large resistor ratio
means that the adjustable reference source must adapt Vief in very small steps to achieve
the 100mV steps at the output pin. Therefore, a trade off between all considerations has
to be made. Due to that, the adjustable voltage reference source is designed to adapt
the output voltage of it in 10mV steps which leads to a ratio of % = % to achieve the
designated 100mV steps at the output. The total resistance of Rg and R4 must not be
too small to minimize the quiescent current. To prevent the charged load capacitor for
discharging via the two resistors, an enable switch is implemented. This transistor closes
the current path when the enable signal is logical low.

5.2.1 Adjustable Output Reference Source Design

The adjustable output reference source, introduced in section [£.7] and figure [£.12] is im-
plemented to vary the input voltage of the error amplifier. As presented in section[4.7] the
circuit can be seen as a resistor with an adjustable divider ratio. This circuit is supplied
with 1.2V via the reference buffer. Due to the predefined output potentials between 1.1V
and 4.2V in 100mV steps and the ratio of the output divider, the resistor values of R; to
R33 can be calculated. Because of the output voltage divider ratio, the potential on the
output of the reference Vit out must be between 110 mV and 420mV. Therefore, the step
size of the output potentials AVief oyt is 10mV. For the calculation, a step size between
the resistors AR must be defined. Defining the upper resistance in a node as Ry, and the
resistance to ground as Rgown, they can be expressed by the following equations:

Vref - Vref,out

= A .

R P A\/vref,out R <5 3)
Vref out

Riown = —————— - AR 5.4

d A\/vref,out ( )

With the equations and R1 and Rg33 are defined. The remaining resistors between
them have a resistance of AR.

The switches are dimensioned to the minimum width and length, due to a very small
current that flows into the gate of the amplifier.

5.2.2 Error Amplifier Design

By defining the resistors, also the input voltage levels of the error amplifier are defined.
Therefore, implementing the error amplifier of the output voltage regulator is the next
step in the design process. Due to the smallest output voltage of the adjustable reference
source with 110mV, a topology of an amplifier is needed which can be operated with
such a low input common mode voltage level. Thus, a folded cascode OTA (Operational
Transconductance Amplifier) structure with a PMOS input pair is chosen. In figure
the schematic of this circuit is shown. The requirements on the amplifier are a high DC
gain to reduce the error in the output voltage and a large phase margin with the pass
device as load. Because the provided supply voltage of the circuit depends on the input
voltage of the Power Source, a stable operation of a supply voltage Vpp analog between



CHAPTER 5. DESIGN PROCESS OF THE POWER SOURCE 29

2.5V and 4.5V must be guaranteed. Another requirement for the error amplifier is to
close the pass device strictly when a capacitor is charged to the defined output voltage
potential to prevent an overcharging of the device. Because of the used structure, the
output voltage is limited to two saturation voltages of the transistors M5 and M~ below
VDD,analog- Therefore, Mg and M;j; are designed to source only a small current through
the cascode output branches. If the transistors My - M7 are dimensioned correctly, a
high output potential V¢ forces them from saturation region into linear region which is
necessary to close the pass device. A small output current leads also to a large output
resistance of the circuit which is necessary to make the pole between pass device and
amplifier dominant. M3 sources a 2 uA current to ensure a high unity gain frequency with
the input pair consisting out of M; and Ms. Typically, the input pair is designed with
larger dimensions to decrease the offset voltage of the amplifier.

/I\ Vp,analog
Vbia:_ol M3 IjIOM——MOIEJ
4 5
Vin, Vinn M
OP_OIENH MZ]I‘)_‘7 Vl:jE - 74[ Vou
M M
on ~a—,

M
. %l— 10 Mll {Q
Vbias,3 L1

Fig. 5.2: Folded Cascode OTA. Used amplifier structure in the Power Source.

To verify the AC behavior of the circuit, a test bench is needed. The DC operating point
of the circuit is determined by negative feedback. During the AC simulation, the OTA is
operated in an open loop configuration with a load capacitor of 3 pF which represents the
miller- and the gate capacitance of the pass device. The input common mode level in this
simulation is set to 400 mV. To evaluate the bode plot, the CADENCE stability analysis
function is used. In figure the bode plot simulated with nominal process models for
both VDb analog limits is shown. As visible in figure the unity gain frequency is 1 MHz
for both supply voltage levels. The phase margin is 89°, also for both voltage corners.
63 dB DC gain is enough to minimize the error, in combination with the other amplifying
circuit parts, at the output voltage level to a negligibly small value.

5.2.3 Feed-Forward Capacitor

The feed-forward capacitor defines the frequency of the pole and zero introduced by it.
To achieve the best result in the phase margin, the frequency with the highest phase shift
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Fig. 5.3: Folded Cascode OTA - Bode Plot. The open loop bode plot of the implemented
error amplifier simulated over the supply voltage corners for a 3 pF load capacitor.

must be placed on the unity gain frequency of the output voltage regulator. The value of
Co is determined by sweeping the capacitor and measuring the phase margin with a load
resistor Rjgaq of 1k in parallel connection to a load capacitor Cip,q of 100 nF. Since the
capacitor is only switched off when the input voltage regulator is active, the design of the
switching logic is discussed later in section

5.2.4 Miller Compensation of the Pass Device

To guarantee a stable behavior of the closed loop output voltage regulator, it is neces-
sary to introduce also another pole compensation method. By introducing a resistor Rc
and a capacitor C. between the output node of the amplifier and the output pin of the
voltage regulator, a zero is introduced. C. is designed to be as small as possible. A large
capacitance on the output node of the error amplifier decreases the unity gain frequency
and therefore the control speed. As can be seen in equation [£.19] the value of R, must be
greater than gm,PlMOS to shift the zero to the left half plane and to the desired frequency.
The aim is, to locate the zero near the unity gain frequency of the closed loop transfer

function of the output voltage regulator. A nested loop sweep for C. and R, was performed
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Fig. 5.4: Folded Cascode OTA - Layout (31 pum x 24 ym).
in simulation to find the best fitting values which fulfill the before described requirements.

5.3 Input Voltage Regulator Design

The input voltage regulator is designed similar to the output voltage regulator. The
design process is related to section [£.4.2] Since the input voltage limits of Vi, are also
adjustable in 100 mV steps, the ratio of the input voltage divider, consisting of R; to Ra,
is also set to % The total resistance should not be too small to prevent a high quiescent
current. Therefore, the output voltage of the adjustable input reference source is between
250 mV and 440mV, also adjustable in 10mV steps. Also in this signal path, a switch
is implemented which prevents a current consumption via both resistors when a supply
voltage is connected to the input pin and the enable signal is logical low. To be able
to use the same type of decoder as for the input voltage reference source and nearly the
same voltage divider structure, the range of the output voltage is modified from 130 mV to
440mV. The values of the implemented resistors are evaluated by equations [5.3] and [5.4]
It should be noted, that a proper operation of the Power Source can only be guaranteed

for input voltage limits equal to or greater than 2.5V.

As for the output voltage error amplifier, the implemented error amplifier for the input
voltage control loop is a folded cascode OTA with a PMOS input pair. In that case, the
load of the OTA is only the gate capacitance of the decoupling NMOS device. This NMOS
transistor is designed to ensure operation in saturation when the input voltage regulator
is active. In this design approach, the dimensions are at the minimum process limit.
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Therefore, this capacitance is far smaller than the one of the pass device which results
in a faster amplifier configuration with the same implementation out of section [5.2.2]
To decrease the unity gain frequency and increase the phase margin, the bias current of
the amplifier is reduced and an additional load capacitor is added to the output node.
This capacitor is varied until the phase margin of the input voltage control loop is at a
maximum. It must be considered that the dominant pole of the input voltage control
loop should be located between the pass device and the error amplifier of the output
voltage regulator. Therefore, the load capacitor should not be too large to ensure that the
dominant pole of the input voltage error amplifier is above the dominant pole frequency
of the output voltage error amplifier. The unity gain frequency of this configuration is
designed, as discussed in section to be above the unity gain frequency of the error
amplifier of the output voltage regulator. This has the advantage that the non-dominant
pole is not relevant for the entire transfer function.

The feed-forward capacitor is determined with the same method as discussed in section
0. 2.3

5.4 Switchable Feed-Forward Capacitor

After designing the input voltage regulator, the switchable feed-forward capacitor can be
implemented. This procedure is referred to section As mentioned, the trigger signal
to disconnect the capacitor of the reference node is the output voltage of the input error
amplifier. This is realized with a time continuous comparator which compares the two
voltage levels and provides an inverted and non-inverted output. The potential of the
reference signal of the comparator is defined via a voltage divider. There, the buffered
reference voltage is divided to a voltage level which is above the lowest output potential
of the error amplifier.

5.4.1 Time Continuous Comparator Design

The implemented comparator is presented in figure Basically, it consists of a differen-
tial stage and two inverters which provide a high gain at the output. To prevent instability
of the circuit near the threshold voltage, a hysteresis is introduced by positive feedback.
This is realized by an additional current path into the differential pair by opening an
NMOS transistor via the inverter structure. The hysteresis is shown in figure Vup
represents the sweep from 300mV to 500mV and Vgown the inverse one. The simulation
of the curve is made with nominal process models and a threshold voltage of the compara-
tor of 400 mV. As recognizable, the hysteresis is symmetric on the positive and negative
sweep. The steep signal edge when the output level switches indicates a high open loop
gain of the circuit. The layout of the comparator is presented in figure The input pair
and the current mirrors are surrounded by dummy-transistors to ensure a better matching
of the two devices. The total chip are of this circuit is 26 ym x 20 ym = 520 gm?.

5.4.2 Voltage Buffer Design

To prevent loading of the external reference source and the adjustable output reference
source, a voltage buffer is introduced. Two buffer circuits are implemented in the whole
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Fig. 5.6: Time Continuous Comparator - Hysteresis. Hysteresis of the time continuous
comparator at a reference voltage of 400 mV and a supply voltage of 3.3 V.

Power Source. To develop a circuit for both applications, the specifications of the input-
and output voltage need to be investigated first. If the circuit is implemented to precharge

33
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Fig. 5.7: Time Continuous Comparator - Layout (26 pm x 20 ym).

the feed-forward capacitor of the LDO, the input potential of the buffer varies between
the output voltages of the adjustable output reference source. Thus, a folded cascode
OTA with a PMOS transistor input pair is chosen to fulfill the requirements of the low
input voltage potential. If the buffer is used with that configuration as reference voltage
buffer, the gain of the circuit is significantly reduced due to the resistive load. Therefore,
a low ohmic voltage output class A stage is implemented in the buffer. This stage follows
directly to the cascode stage of the amplifier and is compensated by a series connection of
a capacitor and a resistor.

5.5 Top-Level Schematic and Layout of the Power Source

Some basic circuits of the Power Source are not described in more detail. These blocks
are the 5 Bit decoder, a level shift circuit and a bias block.

The decoder converts a 5 Bit input signal into a thermometer code with 32 output signals
with standard NAND and NOR gates. Following the decoder, 32 level shift circuits are
implemented to shift the logical high signal from Vpp gigital t0 VDD,analog. Due to the used
NMOS transistor in the adjustable reference sources, the inverting output of the level shift
circuit is used as output signal.

As mentioned before, a level shift circuit shifts a logic level of a signal to a higher one.
These circuits are usually implemented to shift the level of a digital signal to the analog
supply voltage, which is usually above the digital one. Digital circuits are often imple-
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mented with thin oxide minimum sized transistors, which are supplied with a lower supply
voltage then analog circuit blocks, to save chip area and to reduce the power losses.

To gain robustness of bias current sensitive circuits, such as amplifiers or comparators,
a bias current is distributed instead of voltages. This is done with so called bias blocks.
This circuit basically consists of current mirrors, which provide the reference current to
the other circuit blocks. To provide variant currents, NMOS transistors with different

%—ratios are used in the bias block.

The top-level schematic of the Power Source is presented in figure All implemented
circuit blocks and signals are shown, except the enable/disable signal path and the ref-
erence currents, provided by the bias blocks. To prevent a charged load capacitor from
discharging via the output voltage divider, an NMOS transistor is closed when the enable
signal is logical low. This transistor is implemented between Ry and ground. An equal
transistor is also used under the input voltage divider between Rg and ground to minimize
the quiescent current of the Power Source when the enable signal is logical low.

In figure the layout of the Power Source is shown. In comparison to the full size of
the circuit, the pass device consumes only a small chip area. Both adjustable reference
voltage sources require about half of the overall chip area. A large part of the total
chip area is used by the high ohmic poly resistors. They are necessary to that extend to
minimize the quiescent current in the circuit. In total, the consumed chip area of the NFC
Power Source in this 130 nm process is 255 um x 194 ym = 0.049mm?. The floorplan of
the layout is presented in figure [5.10)
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Fig. 5.8: Power Source - Top-Level Schematic. The circuit blocks inside the Power Source

are presented in this figure. The enable- and bias current connections are not

visible.
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Fig. 5.10: Power Source - Floorplan of the Layout. 1. Switchable Feed-forward Capacitor;
2. Adjustable Output Reference Source; 3. Reference Voltage Buffer; 4. Pass
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Chapter 6

Verification and Simulation

The verification of the implemented circuit is made in this chapter. This is done with
transient- and AC simulations for each control loop based on a suitable test bench. To
ensure proper operation of the Power Source in an application, the limits of the load
capacitors and resistors are evaluated in this chapter. Process and mismatch variations
are considered in Monte Carlo simulations. The circuit behavior at different temperature
levels is investigated with corner simulations.

6.1 Test Bench

A test bench is needed to verify the transient- and the AC behavior of the Power Source.
The test bench provides a periphery which is identical to the application of the circuit.
As discussed in chapter |1 a parallel connection of a resistor Rjy,q and a capacitor Cig.q
represents the load. The analog front-end is modeled by a voltage source Vguppy and an
internal source resistance Rgource- All external signals from the digital block and the analog
front-end are provided by ideal voltage- and current sources. To simulate the transient
short circuit behavior of the Power Source, a large and not charged capacitor Cgjy, can
be connected in parallel to the load network via a switch. Besides voltage- and current
sources, also the resistors, capacitors and switches of the external periphery are ideally
modeled components. The test bench of the Power Source is presented in figure All
simulations in this chapter except the Monte Carlo and corner simulations in section
are executed with nominal process models .

6.2 AC-Analysis of the Power Source

The AC simulations of the Power Source are used to describe the frequency behavior of
the circuit. The main information out of this analysis is the stability of the circuit and the
load characteristics, where a stable operation can be guaranteed. It must be considered,
that this type of simulation is made in one DC operating point of the circuit. Therefore,
more AC simulations are necessary to describe the behavior of the Power Source for all
different types of the output voltages and input voltage limits.
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Fig. 6.1: Power Source - Test Bench. The external periphery to verify the Power Source.

6.2.1 Output Voltage Control Loop

To analyze the output voltage control loop it must be ensured that the input voltage
regulator is not active and the LDO works in the regulation region. As discussed in
section this is fulfilled when equation is valid. The dropout voltage of the output
voltage regulator is load current dependent. Therefore, a generalized value for this voltage
cannot be given. In figure the behavior regarding the input potential of the LDO of
the Power Source is presented. The dropout voltage and the different regions of operation
of the implemented circuit for various load currents and an output voltage of 1.1V are
shown in figure [6.2l The dropout voltage is the difference between the black reference
line, which represents a 0V dropout voltage, and the input potential where the LDO can
provide the desired output voltage. For small load currents, the dropout voltage is a few
millivolts and for a load current of 100 mA nearly 600 mV. As discussed in [5], an LDO
can be operated in three different regions. The regulation region is the desired one. There,
the input voltage is high enough to ensure that the LDO can provide the desired output
voltage. The region, where the output voltage cannot be reached is called dropout region.
For a higher load current, also the dropout voltage increases due to the larger voltage
drop across the pass device. The last remaining region of operation is the off region where
the pass device is closed due to the small gate source voltage. To determine this chart,
the input voltage regulator must be deactivated by disconnecting the signal path between
the decoupling device and the output voltage regulator. The supply voltage of the Power
Source Vpp analog is fixed to an ideal voltage source with 3.3 V to provide stable operation
of all analog blocks. The dropout voltage is an essential parameter of the Power Source
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and must be considered when the circuit is implemented in the application.

1.2 T T | T T
1 - .
0.8 i
>
=
06 ]
3
o
>
04 7lload=100mA =
7lloao| =10mA
0.2 Iload=1mA .
— — — 1.1V Reference
0 1 1
0 1.5 2 2.5
inV

in

Fig. 6.2: Output Voltage Regulator - Dropout Voltage. The load current dependent
dropout voltage of the Power Source with deactivated input voltage regulator
and a fixed Vpp analog Potential at 3.3V. Vg is defined by the adjustable out-
put reference source to 1.1V.

If the before discussed assumptions are valid and the output voltage regulator of the Power
Source is in the regulation region, the bode plot of this control loop can be determined.
As discussed in section [£.1.2] the AC behavior of an LDO was determined by opening the
feedback path between the error amplifier and the pass device. The test bench switch
between the output pin and Cg, is opened and a 100nF load capacitor is connected.
To determine the AC behavior for different load currents, Rioaq is varied between 1k()
and 10k to simulate two different levels of loading of the Power Source. The circuit is
supplied with 3.3V and Rgource is set to 109 €2, referring equation To ensure that the
input voltage regulator is not active during this simulation, the voltage limit is defined to
2.5V. Vout is set to 1.1 V. In figure[6.3] the simulation results are presented. By increasing
the load current, the open loop gain of this control loop is enhanced. A higher current
through the pass device reduces the drain-source resistance of it which normally results
in a decrease of the gain. Besides the resistance, the transconductance gy, is increased by
the larger current. Also the error amplifier changes its parameters by changing the load
resistor. For low output currents, the output voltage of the error amplifier is very high
which forces the upper cascode transistor into linear region. Thus, the gain of the error
amplifier is significantly reduced due to a low output resistance. Due to the parameter
changes in the pass device and the error amplifier, the gain of the output voltage regulator
is reduced when a large load resistor is connected to the Power Source. By investigating
the bode plot, it is recognizable that the poles of the system also change their positions.
Due to the decreasing transconductance and the output resistance of the error amplifier,
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the dominant pole is shifted to a higher frequency. The non-dominant pole on the output
node of the Power Source is pushed down to a lower position due to the increasing load
resistance. Thus, the dominant- and the non dominant pole approach with decreasing
load current. Therefore, the stability of the output voltage regulator depends also on the
provided load current. This behavior is opposite to that of a conventional LDO structure
without miller compensation which typically increases the stability with a decreasing load

current [I5]. To guarantee a stable operation, a maximum output resistance needs to be
defined which is investigated later in this chapter.
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Fig. 6.3: Output Voltage Regulator - Bode Plot for Different Load Currents. The fre-
quency behavior of the output voltage regulator simulated for different load cur-

rents and a 100 nF capacitance at the output. The supply voltage level is set to
3.3V and the output potential to 1.1V.

As it is also possible to supply the Power Source with different voltages, the AC behavior
of the output voltage regulator for different supply voltages needs to be investigated. The
simulation results of the AC behavior for a supply voltage of 3.3V and 4.5V are shown
in figure During this simulation, the resistance of the load resistor is set to 1k and
the load capacitor to 100 nF. The value for the internal source resistance is defined with
109 Q2 for both supply voltages due to a better comparability of the bode plots. As in the
previous simulation, the input voltage limit is defined to 2.5V.
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Fig. 6.4: Output Voltage Regulator - Bode Plot for Different Supply Voltages. The fre-
quency behavior of the output voltage regulator simulated for different supply
voltages and a fixed load of 100 nF and 1k {2 at the output. The voltage on the
output pin is defined with 1.1V.

By increasing the supply voltage of the Power Source, the open loop gain in the output
voltage control loop decreases and the dominant pole is shifted to a higher frequency. Since
the transconductance and the drain-source resistance of the pass device shows only a slight
increase, the parameters of the error amplifier must change. The output resistance of the
folded cascode circuit decreases when the input voltage of the Power Source increases.
This occurs due to the higher output voltage of the error amplifier. Therefore, also the
open loop gain of the control loop increases when the supply voltage is reduced. The
dominant pole is shifted to a higher frequency because of the before discussed decrease of
the output resistance.

6.2.2 Input Voltage Control Loop

To evaluate the AC behavior of the input voltage control loop, it is necessary to bring
the Power Source in a DC operating point, where this control loop is active. This is
done by connecting a correct dimensioned load resistor to the output pin. This resistance
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multiplied with the maximum load current needs to be smaller than the output voltage
of the low-dropout voltage regulator in order to keep it deactivated. The Power Source
behaves like a current source when this is fulfilled and consumes a constant load current
from the supply voltage source which is defined by:

o Vsupply - Vin,limit
Imax =

= ljoad + Iquiescent (61)

Rsource

Where Lyuiescent is the consumed quiescent current of the Power Source and Viy jimis the
defined voltage limit where the input voltage control loop is activated. The current Ijoaq
is the constant current on the output pin of the circuit. If the load current is below the
limit defined in equation [6.1] due to a large load resistor or a charged load capacitor, the
input voltage regulator is deactivated and the output voltage control loop gets active.

The bode plots of the input voltage control loop are determined the same way as discussed
before in section First, the frequency behavior of the Power Source for different load
currents is investigated. They are achieved by defining several input voltage limits of the
input voltage control loop. In the simulation results presented in figure two input
voltage limits of 2.5V and 3.0V are defined. The supply voltage source provides a 3.3V
DC voltage with a source resistance of 109 2. On the output pin of the Power Source, a
502 and 100 nF load is connected in parallel to ground. For the sake of completeness,
it should be noted that the output voltage of the LDO is defined with 2.5 V. With both
input potential limits, a maximum current of respective 7.4mA and 2.8 mA is provided
by the supply voltage source which can be calculated with equation The gain of the
input voltage control loop is slightly increased by a higher load current. Besides the gain,
the frequency of the dominant pole decreases when the input voltage limit is reduced.
A lower input voltage limit leads to more current which decreases the potential on the
output pin of the error amplifier in the low-dropout regulator in order to increase the gate
source voltage of the pass device. Both occurrences are indicated by the increasing output
resistance of the error amplifier in the output voltage control path. When only a small load
current passes the pass device, the amplifier needs to provide a higher output potential
which leads to an unsymmetrical operating point in the output stage. As the small signal
output resistance of amplifiers is determined by a parallel connection of the two branches
between the output node and ground or the supply potential, this parameter is determined
by the smallest one. A larger current leads also to an increase of the transconductance of
the pass device which also increases the open loop gain.

To evaluate the behavior of the circuit to changes in the load resistance, nearly the same
test bench setup is used as before. The input voltage limit is defined at 3.0V for a supply
potentials of 3.3 V. This simulation is evaluated for a 502 and 500 €2 load in parallel to
a 100nF capacitor. Both bode plots are presented in figure [6.6] As recognizable, the
DC open loop gain is nearly unaffected due to the changing load resistors. However, by
increasing the resistance on the output pin, the phase margin is strongly affected. The
unity gain frequency and the phase margin of the control loop remain unaffected. By
increasing the load resistance the dominant pole is pushed to a lower frequency. Besides
this, the non-dominant pole is not affected by this increase and remains nearly constant at
the same position. Besides the impact on the pole frequencies, also a zero is recognizable
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Fig. 6.5: Input Voltage Regulator - Bode Plot for Different Load Currents. The frequency
behavior of the input voltage regulator simulated for different load currents,
defined by setting the input voltage limit of the regulator to 2.5V and 3.0V.
A higher load current pushes the dominant pole frequency to a lower one and
increases the DC gain.

introduced by increasing the resistance of the load resistor. This zero is defined in equation
and gets visible due to the large load resistor. Besides the zero, also the pole from
equation [£.12]is pushed to a higher position because of the increase of the load resistance.
Therefore, a significant difference in the phase between both frequencies is visible.

As discussed in chapter [4] the impact of the load capacitor on the input voltage regulator
is significantly small and can be neglected. By decreasing this capacitor, the pole zero
pair is shifted to a higher frequency but still not affects the phase margin or unity gain
frequency. Thus, no further investigations of it are necessary.

6.2.3 Load Characterization

The Power Source is not able to guarantee proper operation for all types of loads. There-
fore, the minimum and maximum load resistors and capacitors needs to be defined to
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Fig. 6.6: Input Voltage Regulator - Bode Plot for Different Load Resistors. The frequency
behavior of the output voltage regulator simulated for different load resistors and
a fixed load capacitor of 100nF. By increasing the resistor, the dominant pole
frequency is pushed to a lower one and the non-dominant one increases due to
the decreasing output resistance of the input error amplifier which also reduces
the gain.

ensure that the phase margin is always larger than 45° which is the minimum criterium
for stability. All the following simulations are evaluated with ideally modeled loads and
nominal process models for the Power Source at room temperature. The test bench is
build up equivalent to the set up in section AC simulations are done with different
load types and the load size as a function of the phase margin is plotted as result. The
results are evaluated at a DC operating point, where the output voltage regulator is active
and the output voltage is controlled by the low-dropout regulator. It is necessary to use
the correct calculated internal source resistance for the respective supply voltages.

First, the AC behavior for different load capacitors is investigated. Only a load capacitor
is connected to the output pin of the Power Source for these simulations. The phase
margin is determined for the upper- and lower voltage corner of the Power Source. For
a supply voltage of 3.3V, the output voltage is defined with 1.1V and the input voltage
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limit is set to 2.5 V. The other supply voltage corner is simulated for an output voltage
of 4.2V and a lower input voltage limit of 2.5 V. By increasing the output voltage of the
Power Source, the minimum required load capacitor to achieve stability increases. The
simulation result is shown in figure[6.7] Based on this result, the minimum load capacitor
to achieve a phase margin of at least 45° is 160 pF. By increasing the capacitance at
the output node, the non-dominant pole frequency is pushed to lower frequencies. If this
capacitance is large enough, the non-dominant pole frequency is below the frequency of
the pole between the pass device and the error amplifier of the output voltage regulator
and gets dominant. This process is visible in the simulation result as peak in the phase
margin. By reaching a certain point of capacitance on the output node, the phase margin
remains constant at nearly 90° due to the low unity gain frequency of the Power Source.
If the load capacitor increases, the unity gain frequency of the output voltage regulator is
reduced because of the shifted frequency pole.
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Fig. 6.7: Load Characterization - Phase Margin as Function of the Load Capacitance. By
increasing the output voltage of the Power Source, the minimum required load
capacitance for a stable operation increases.

The next characterization is done by varying the load resistor. In that case, no load
capacitor is connected to the output pin of the Power Source. As discussed before in
this chapter, the stability decreases with the load current. Therefore, the phase margin is
reduced by increasing the load resistor. The phase margin is at the critical point at 45°
if the load current is below 3.8 uA. This point occurs with an output voltage of 1.1V at
a load resistance of 290 k2 if the circuit is supplied with 3.3V and is also proved in other
operating points.

It is not possible to adopt this minimum load characterizations if both load types are com-
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bined to a parallel network consisting of a resistor and a capacitor. Therefore, additional
simulations are necessary to determine the circuit behavior for combined loads. In the
first analysis, the load resistor is fixed to 1k{2 and the capacitor in parallel to the resistor
is varied. In figure [6.8] the simulation results for two operating points are presented. The
first one is evaluated with an output voltage of 1.1V and a supply voltage of 3.3 V. In this
operating point, the smallest load current passes the Power Source due to the small output
voltage. If the load current increases by defining a higher output potential of 3.5V, the
phase margin also increases. Therefore, the minimum capacitance of the load capacitor is
defined by investigating the phase margin as function of the load capacitance for the small-
est possible load current. In the first section of the curve in figure the non-dominant
pole- and the unity gain frequency of the Power Source decreases with increasing load
capacitance. Therefore, also the phase margin of the system is reduced. On a certain
point, the non-dominant pole is at the frequency of the introduced zeros. At this point,
the phase margin increases until the load capacitor is too large and the non-dominant
pole gets pushed below the zeros. There, the phase margin strongly decreases and the
Power Source gets unstable. With a fixed load resistor of 1k(), the circuit is stable for
load capacitors < 150 pF and 20nF < Cijpaq < 500 nF.
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Fig. 6.8: Load Characterization - Phase Margin as Function of the Load Capacitance with
a Fixed Load Resistor. The minimum load capacitance is defined with the lower
curve which is simulated with the smallest load current.

In the last section of the load characterization, the load current dependency of the phase
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margin with a fixed load capacitor is evaluated. During this evaluation, the maximum
allowed load current in the DC operating point where the capacitor is fully charged must
not exceed the limit to activate the input voltage regulator. Therefore, the maximum load
current is defined by:

Imax - Iquiescent > Iload (62)

This equation can be rewritten as:

Vsupply - Vin,limit 1 Vout (6 3)

Rsource quiescent > m

If equation [6.3] is fulfilled when the load capacitor is fully charged, the output voltage
regulator of the Power Source is active and controls the output potential. By increasing
the load current above this limit, the input voltage regulator is activated. The quiescent
current is discussed in chapter[7] As expected, the phase margin is reduced if the resistance
of the load resistor decreases. For a load capacitor of 100 nF, the phase margin is above
45° for all load currents.

6.3 Transient Simulations

Transient simulations of the Power Source are necessary to observe the short circuit be-
havior of it. If an uncharged high capacity capacitor is connected to the output pin
during operation, it must be ensured that the input voltage drop of the Power Source is
small enough to prevent the analog front-end from an under-voltage brownout. Another
important information out of this analysis is the settling behavior of the Power Source.

6.3.1 Short Circuit Behavior

For the transient analysis of the Power Source, a load capacitor with 100 nF and a load
resistor with 1k{2 is connected in parallel to the output as shown in the test bench in
figure The short circuit is simulated by connecting an empty 100 uF capacitor Cgip, in
parallel to the output pin during operation. The in figure presented simulation results
are simulated for two different operating points. The red curves are evaluated with an
output voltage of 2.0 V and an input voltage limit of 2.5 V. For the blue curves, an output
voltage of 3.5V is used with a lower input voltage limit of 3.7V. The Power Source is
supplied in both cases with 4.5V via Rgource with 203€Q2. In a), the short circuit control
signal is shown. If this signal is logical high, Cg, is connected in parallel to the output pin
and the ground potential which simulates a short circuit of the Power Source. The input
voltages are determined by the defined limit, if the current from the supply source causes
a too large voltage drop across Rgource @s visible in b). During the charging process of
Cload and the short circuit, the input potential is determined by the input voltage control
loop. In c), the output potential of the Power Source is shown which gets pulled down if
the short circuit occurs. When the load current decreases below Ijax — Iquiescent due to the
charged capacitor, the input potential rises until Vgupply — Rsource * Isupply is reached. The
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in d) presented current represents the current through the pass device which consists of
the load current and the quiescent current passing the output voltage divider. During the
slope when the short circuit control signal changes between low and high, a recognizable
settling behavior occurs. For the red curve, this process takes about 7 us and for the blue
one 20 us due to the larger output potential. This point is critical for the Power Source.
First of all, a short circuit occurs at the output pin. Thus, the input voltage regulator is
activated and the switchable feed-forward capacitor is disconnected from the signal path.
These procedures can not happen infinitely fast which leads to a visible settling behavior
in the input voltage. Another important parameter for this behavior is the phase margin
and unity gain frequency of the input voltage control loop which defines the speed and
overshoot of the regulator and are limited. Therefore, the settling time and -amplitude
of the input voltage depends on the parameters of the input voltage control loop but also
on the provided electrical power on the output pin and decreases by reducing the load
current or the output potential. The settling time of the output voltage is discussed in
the following section.

6.3.2 Settling Behavior of the Output Voltage

The settling time of the output voltage regulator depends mainly on the size of the load
capacitor and -resistor, the output voltage and the maximum allowed load current due to
the input voltage regulator. If the load is defined by a resistor and a capacitor, the voltage
on the output pin increases according to:

Vout (t) = Rioad * Lioad - (1 - €_£> (64)

With 7 = Rioad - Cload and Iivad = Imax — Iquiescent- Equation is valid until veyue(t)
reaches the desired output potential of the LDO. Then the output voltage regulator is
activated and controls vous(t). This happens due to the increasing potential between the
output voltage divider during the charging process. The input voltage control loop fixes
this potential to a constant value which is equal to the reference voltage of the error am-
plifier. If vy, (t) increases, the decoupling device sources less current to keep this potential
constant. If this voltage is larger than the reference potential of the error amplifier due to
the charging process, the decoupling transistor and the pass device are closed which results
in a decreasing load current. Therefore, the input voltage regulator is deactivated and the
LDO takes over the output voltage regulation. If the output potential of the LDO is set
higher than the product of Rioaq - lioad, the regulator gets never active and the voltage on
the output pin increases to Vout(t — 00) = Rjoad * lioad- The small overshoot of the output
voltage during the charging process in the red curve in c) in figure occurs due to the
small output voltage of the LDO compared to the product of Rioaq - Lioaa Which results
in a fast charging process. As the change between both control loops can not happen
infinitely fast, the input voltage control loop overcharges the load capacitor. Since a load
resistor is connected in parallel, the capacitor discharges until the output potential of the
low-dropout voltage regulator is reached at the output pin. If no external load resistor is
connected to the Power Source, the capacitor starts to discharge via the large resistance
of the output voltage divider. Therefore, the discharge current is smaller which results in
a longer period where the load capacitor is charged to a higher voltage than the desired
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Fig. 6.9: Transient Analysis - Short Circuit Behavior. The transient short circuit behavior
of the Power Source when a large capacitor is connected in parallel to the load
for two different output voltages and input voltage limits with a supply voltage
of 4.5V. a) represents the short circuit control signal. In b), the input voltage of
the Power Source is shown for a limit of 2.5V (red) and 3.7V (blue). The output
voltages 2.0V (red) and 3.5V (blue) are shown in c). In the sub figure d), the
respective current through the pass device for both operating points is shown.
This current represents the load current and the quiescent current through the
output voltage divider.
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output voltage. If only the load capacitor is connected to the output pin, the charging
curve is linear until the desired output voltage of the low-dropout regulator is reached.

6.4 Monte Carlo and Temperature Corner Simulations

The last part of the circuit verification is done with so called Monte Carlo and corner
simulations. In the Monte Carlo simulation, the process models include process- and
mismatch variations which are important due to the changing behavior of the circuit.
Different ambient temperatures of the Power Source are simulated with corner simulations.
As usual for consumer electronics, the temperature corners are —20°C, 27°C and 80 °C.
The most important information from these analyses are the effects on the phase margins
of the control loops and the output voltage or input voltage limit of the Power Source.

The Power Source is supplied during these simulations with 3.3V via a source resistance
of 109€2. The output voltage is set to 2.0V and a load resistor of 1k{2 is connected in
parallel to a 100 nF load capacitor to the output pin. To ensure that the output voltage
control loop is active during the first simulations, the input voltage limit is set to 2.5 V.
All simulation results for the output voltage regulator are shown in table

] Parameter ‘ Minimal | Mean | Maximum | Standard Deviation
Phase Margin 27°C 66.30° 70.15° 72.47° 1.286°
Phase Margin —20°C 64.42° 68.80° 71.57° 1.496°
Phase Margin 80°C 68.27° 71.52° 73.52° 1.064°
Voutr 27°C 1.910V | 1.992V 2.100V 36.98 mV
Vout —20°C 1.913V | 1.992V 2.097V 36.43 mV
Vour 80°C 1.906 V | 1.989V 2.102V 37.79 mV

Table 6.1: Monte Carlo and corner simulation results for the output voltage regulator.

To simulate the input voltage regulator, the load resistance is reduced to 1002 in order
to activate the control circuit. The simulation results are presented in table

Parameter ‘ Minimal | Mean | Maximum | Standard Deviation ‘
Phase Margin 27°C 52.70° 64.41° 70.91° 3.143°
Phase Margin —20°C 45.70° 58.61° 67.36° 3.977°
Phase Margin 80°C 59.42° 68.2° 76.10° 3.764°
Vin limit 27°C 2.249V | 2,495V 2.699V 73.05mV
Vin limit —20°C 2,239V | 2496V 2.706 V 75.78 mV
Vin timit 80°C 2.259V | 2,494V 2.691V 70.42mV

Table 6.2: Monte Carlo and corner simulation results for the input voltage regulator.

As recognizable, the standard deviations of the input voltage regulator are almost twice as
large as the deviations of the output voltage control loop. The reason for this is that the
input voltage control loop passes two error amplifiers. Therefore, the offset of this control
loop is nearly twice as large as the offset of the low-dropout voltage regulator.
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Conclusion

The presented concept of the NFC Power Source in this thesis is a fully integrated power
management solution for NFC applications. This circuit combines two separate control
loops into one stable system which makes it easier to implement it in an IC. The Power
Source is adaptable to different types of loads and supply sources due to the adjustable
voltage limits on the output- and input pin. The basis of the Power Source is a low-dropout
voltage regulator and a PMOS transistor as pass device. A flipped LDO is used as input
voltage regulator to detect a decrease of the input potential. The output of this control
circuit is connected to the gate of a NMOS transistor which pulls the input potential of
the output voltage error amplifier to the input voltage of the Power Source, if the load
current causes a too large decrease of it. Several pole compensation methods are necessary
to achieve a stable operation for both control loops.

The circuit is supplied with voltages between 3.3V and 4.5V from a 100 mW voltage source
and is able to provide regulated output potentials from 1.1V to 4.2V in 100 mV steps.
The Power Source can control the maximum voltage decrease on the input pin from 2.5V
to 4.4V, also in 100 mV steps. During operation, the Power Source consumes a maximum
quiescent current of 35 uA. With a load capacitor of 100 nF, the circuit can guarantee a
stable operation for all load currents. If no load resistor is connected to the output pin,
a minimum 160 pF load capacitor is needed to achieve a stable operation. If a resistor is
connected at the output pin, a minimum load current of 3.8 uA is necessary to achieve at
least a phase margin of 45°. In table a comparison between the parameters of the
input voltage- and the output voltage regulator, simulated in a typical operating point, is
done.

The transistor level design of the Power Source is implemented in a 130nm standard
CMOS process where the circuit consumes about 0.049 mm? chip area. The verification is
done with Monte Carlo and corner simulations.
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’ Parameter Output Voltage Regulator | Input Voltage Regulator
Type of Load 1k and 100 nF
Output Voltage 25V
Input Voltage Limit 3.0V
Supply Voltage Level 3.3V
Quiescent Current 31 pA
Open Loop Gain 73dB 112dB
Phase Margin 71° 66 °
Unity Gain Frequency 102kHz 421 kHz

Table 7.1: Comparison between the parameters of both control loops.
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Outlook

The presented concept and design in this thesis shows a good control behavior for both
voltages. Of course, there is room for some improvements in the implemented circuit
which are discussed in this outlook. Besides that, a test chip is necessary to investigate
and measure the real behavior of the circuit. After a full verification in the laboratory,
the Power Source should be implemented in a passive NFC device. Since the test bench
presented in this thesis is only a simplification of the whole application, an implementation
of the Power Source in a fully-modeled test bench, consisting of an NFC reader device and
an analog front-end, is necessary. Based on this test bench, the impact of the control
behavior of the Power Source on the whole system needs to be investigated.

The Power Source works properly in stationary operating conditions. If the output pin
is shorted to ground, the input voltage regulator needs some time to control the voltage
on the input pin. To minimize the settling time, the input voltage control loop needs
to react faster. This can be achieved by increasing the unity gain frequency of both
error amplifiers. To reduce the voltage overshoot during the regulation, also the phase
margin of the whole input voltage control loop needs to be increased by improving the
pole compensation methods or introducing new ones.

To reduce the leakage current through the pass device, if a load capacitor is charged and
the circuit is disconnected from a supply potential, the length of the transistor should be
increased. The pass device is quite small in comparison to the remaining layout of the
Power Source. Therefore, this improvement should not increase the chip area strongly.
In the implemented design, the leakage current is about 116 nA if the load capacitor is
charged to 4.2V and the input pin is connected to ground.
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APPENDIX A. INPUT VOLTAGE LIMITS - PIN CONFIGURATION

Input Voltage Limit

5 Bit Decoder - Digital Input

Pin4 [Pin3 [Pin2 | Pin1l| Pin0

1.3V 0 0 0 0 0
1.4V 0 0 0 0 1
1.5V 0 0 0 1 0
1.6V 0 0 0 1 1
1.7V 0 0 1 0 0
1.8V 0 0 1 0 1
1.9V 0 0 1 1 0
20V 0 0 1 1 1
2.1V 0 1 0 0 0
22V 0 1 0 0 1
23V 0 1 0 1 0
24V 0 1 0 1 1
25V 0 1 1 0 0
26V 0 1 1 0 1
2.7V 0 1 1 1 0
28V 0 1 1 1 1
29V 1 0 0 0 0
3.0V 1 0 0 0 1
3.1V 1 0 0 1 0
3.2V 1 0 0 1 1
3.3V 1 0 1 0 0
3.4V 1 0 1 0 1
3.5V 1 0 1 1 0
3.6V 1 0 1 1 1
3.7V 1 1 0 0 0
3.8V 1 1 0 0 1
3.9V 1 1 0 1 0
4.0V 1 1 0 1 1
4.1V 1 1 1 0 0
4.2V 1 1 1 0 1
4.3V 1 1 1 1 0
4.4V 1 1 1 1 1
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Table A.1: The input voltage limit can be defined by the five digital inputs of the Power

Source.
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APPENDIX B. OUTPUT VOLTAGE - PIN CONFIGURATION

Output Voltage

5 Bit Decoder - Digital Input

Pin4 [Pin3 [Pin2 | Pinl| Pin0

1.1V 0 0 0 0 0
1.2V 0 0 0 0 1
1.3V 0 0 0 1 0
1.4V 0 0 0 1 1
1.5V 0 0 1 0 0
1.6V 0 0 1 0 1
1.7V 0 0 1 1 0
1.8V 0 0 1 1 1
19V 0 1 0 0 0
20V 0 1 0 0 1
21V 0 1 0 1 0
22V 0 1 0 1 1
23V 0 1 1 0 0
24V 0 1 1 0 1
25V 0 1 1 1 0
26V 0 1 1 1 1
2.7V 1 0 0 0 0
2.8V 1 0 0 0 1
29V 1 0 0 1 0
3.0V 1 0 0 1 1
3.1V 1 0 1 0 0
3.2V 1 0 1 0 1
3.3V 1 0 1 1 0
3.4V 1 0 1 1 1
3.5V 1 1 0 0 0
3.6V 1 1 0 0 1
3.7V 1 1 0 1 0
3.8V 1 1 0 1 1
3.9V 1 1 1 0 0
4.0V 1 1 1 0 1
4.1V 1 1 1 1 0
4.2V 1 1 1 1 1
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Table B.1: The output voltage of the Power Source can be defined with the five digital

inputs.



Appendix C

Input Voltage Regulator - Transfer
Function

The transfer function is derived with the small signal model shown figure The pa-
rameters g, and rpg are equal to g, pmos and rps pmos. The signal vy, in this derivation
equals vout,EA and voug is equivalent to the signal vyy.

First, Kirchhoff’s current law is applied to the output node which results in following

equation:
Vout Vout VX (C_l)

Rix  Ips  Ips
Where vy is the voltage between the drain pin of the pass device and ground and is defined
by:

Zm * Vin — 8m * Vout =

: Rour
Vv = 1+ * CQ
7 145 Cioad - Rour (©2)

iy can be derived by applying Kirchhoff’s law to this node:

. V
Ix = —8m * Vin + 8m * Vout + r]o)ust
. (C.3)
DS
. V.
Ix = —8m * Vin + 8m * Vout + r](:))ust
B ix - Rour (C.4)
rps - (1 +5- Cload - RouT)
. 1:{OUT ) Vout
-1 = —gm-Vi . C.5
Ix ( + DS - (1 Ts- Cload : ROUT) gm * Vin + &m * Vout + DS ( )
Yout + m "V — 8m * Vin
ix _ Ips g out g (06)
1+ Rour
rps-(1+s-Cload-RouT)
Therefore, vy is represented by:
Y :‘;OTUSE‘Fgm'Vout_gm'Vin‘ Rour (07)
* 1+ Rour 1+ s Cioad - Rour '

rps-(1+s-Cload - RouT)
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With vy, equation can be rewritten as:
Vout Vout
€m *Vin — 8m * Vout = 5
RN DS
%"’_gm'vout_gm'vin
o 1+ Rour (C-S)
rps-(1+s-Cload-RouT)
. Rour L1
1 +s:Cioad - Rour DS
By doing some math, this equation can be rewritten as:
Vout Vout
m * — 88m = 5 C.9
Zm * Vout — &m * Vout Rin DS ( )
_ Vout * (ROUT + &m - Rourt - I'DS) (C 10)
r2¢ - (1 + 5 Cioad - Rour) + Rour - IDs
Vin * m ° R T
i (8m - Rour - rps) (C.11)
15 - (1 48+ Cioad - Rour) + Rour * I'ps
The transfer function is calculated by solving this equation to %
Vout _ gm - RN - 1ps - (1 + 5 - Cioad - RouT)
Vi (ros + Rour + Rix + gm - Rix -xps) (145 - “epfiglogiin ey o) )
(C.12)
The zero of this function is described with:
1
7 = C.13
27 Cioaa - Rour ( )
And the pole is defined by:
b= rps + Rout + RIN + gm - RN - TDs (C.14)
2 -7 - Cload - RouT - (tps + RiN + gm - RN - TDs) '
The DC gain is defined by:
Rin -
Apc = gm - N * I'DS (C.15)

rps + Rout + RiN + gm - Rin - Ips
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