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Abstract

This thesis discusses alternative power supply concepts for the impedance-measurement IC

with high-performance requirements. The analysis is concentrated on the linear voltage reg-

ulators. There are various concepts of how an application-speci�c linear voltage regulator

can be realized. Based on the given speci�cations, di�erent topologies have been analyzed,

starting with the most simple ones and extending to the more complicated architectures.

The design is done using 130nm technology and it has been tested for various load and line

disturbance pro�les. The analysis is based on simulations over all process corners and wide

temperature range, taking into account the mismatch of the devices and process variations.

Firstly, the characteristic di�erences of linear voltage regulators with NMOS or PMOS pass

device have been compared. The performances of the linear voltage regulator with an NMOS

pass device without the charge pump circuit have been evaluated. Advantages of using low or

medium voltage devices regarding the area reduction versus exceeding the breakdown volt-

age of the particular devices have been discussed. That leads to the design of the stacked

architecture with a pre-regulator and three main voltage regulators using low voltage NMOS

pass devices, together with the internal bias and bandgap voltage reference, charge pump

and clock generation circuit. No external components, such as bu�er capacitors have been

used. The three main regulators are able to regulate a dynamic battery cell voltage from 2V

to 5V to a nominal 1:5V output voltage at a maximum load current of 10mA each. Output

voltage variation for di�erent line and load transient pro�les doesn’t exceed the �10% of the

nominal output voltage.

Keywords: power supply concepts, linear voltage regulators, analog integrated circuits,

NMOS/PMOS pass device, impedance measurement
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Kurzfassung

In dieser Arbeit werden alternative Spannugsversorgungskonzepte f�ur den Impedanzmess-IC

mit hohen Leistungsanforderungen diskutiert. Die Analyse konzentriert sich dabei auf die

linearen Spannungsregler. Es gibt verschiedene Konzepte, wie ein anwendungsspezi�scher

linearer Spannungsregler realisiert werden kann. Basierend auf den gegebenen Spezi�katio-

nen wurden verschiedene Topologien analysiert, angefangen bei den einfachsten bis hin zu

den komplizierteren Architekturen. Der Schaltungsentwurf wurde in 130nm-Technologie

durchgef�uhrt und f�ur verschiedene Last- und Netzst�orungspro�le getestet. Die Analyse

basiert sich auf Simulationen �uber alle Prozessecken (Process Corners) und einen weiten Tem-

peraturbereich, wobei auch zuf�allige Bauteilmismatch und Prozessvariationen ber�ucksichtigt

werden. Zun�achst wurden die charakteristischen Unterschiede von linearen Spannungsre-

glern mit NMOS- oder PMOS-Durchlassbauelement verglichen. Die Leistungen des lin-

earen Spannungsreglers mit einem NMOS-Durchlassbauelement ohne Ladungspumpe wurden

ausgewertet. Die Vorteile der Verwendung von Nieder- oder Mittelspannungsbauelementen

hinsichtlich der Fl�achenreduzierung gegen�uber dem �Uberschreiten der Durchbruchspannung

der jeweiligen Bauelemente wurden diskutiert. Dies f�uhrte zum Entwurf einer gestapel-

ten Architektur mit einem Vorregler und drei Hauptspannungsreglern unter Verwendung

von Niederspannungs-NMOS-Durchlasstransistoren, zusammen mit der internen Bias- und

Bandgap-Spannungsreferenz, der Ladungspumpe und der Takterzeugungsschaltung. Es wur-

den keine externen Komponenten, wie z.B. externen Kondensatoren, verwendet. Die drei

Hauptregler sind in der Lage, eine dynamische Batteriezellenspannung von 2V bis 5V auf eine

nominale Ausgangsspannung von 1:5V bei einem maximalen Laststrom von jeweils 10mA

zu regeln. Die Ausgangsspannungsvariation f�ur verschiedene transiente Netz- und Lastpro�le

�uberschreitet nicht die �10% der nominalen Ausgangsspannung.

Schlagw�orter: Spannungsversorgungskonzepte, lineare Spannungsregler, analoge integrierte

Schaltungen, NMOS/PMOS-Durchlassbauelement, Impedanzmessung
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1 Motivation

Li-ion batteries have a wide �eld of applications such as portable electronics, electric house-

hold items, medical health instruments and as well as electric vehicles. Therefore multipack

batteries as well as single cells have to be under constant monitoring to ensure that the func-

tion and the safety of the vehicle occupants is guaranteed. In addition to permanent voltage

and temperature measurement, electrochemical impedance spectroscopy (EIS) is used.

A complete state determination of the Li-ion cells can be made from the internal impedance

curves in the frequency range from mHz to a few kHz. The impedance range varies from a

few m
 to a few 100� 
 depending on the cell chemistry and size of the battery cells. To

be able to determine imprinted AC voltage changes down to a few 10�V , in an environment

that is very noisy due to the switching of the power transistors, the requirements for the

supply voltage for the measurement hardware are enormous. In this context, the power sup-

ply concept has to meet high performances such as high power supply rejection ratio with

maximum 200mV noise per cell.
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2 Electrochemical Impedance Spectroscopy

A cell is the basic part of the battery. Li-ion rechargeable cells have become more and more

popular due to their high energy and power density, low self-discharge rate and long lifetime,

but have to be constantly monitored due to reduced lifetime of the cells operated outside

their safe operating area. Li-ion cell capacity decreases linearly with the number of charge

and discharge cycles. All that changes can be associated with the variations in the internal

impedance of the battery itself. The resistance of a typical Li-ion cell is in the order from

500� 
 to 800 � 
. [1]

Electrochemical Impedance Spectroscopy (EIS) is a technique used for the determination of

a battery cell impedance in order to estimate and accurately predict the State of Charge

(SoC) and State of Health (SoH) of the battery and de�ne its operational boundaries. [2]

SoC refers to the actual available charge compared to the total charge of the battery when

fully charged, while SoH refers to the actual condition of the battery compared to the nominal

state. [1]

Figure 2: Typical Li-ion battery impedance measurement - Nyquist plot with an equivalent
electrical model [17]

EIS measurements consist of applying an AC signal at the battery terminals and repeatedly

measuring the impedance at di�erent frequencies (typically kHz to mHz range) which is

then used to determine the battery performance under di�erent operating conditions and
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temperatures, since the impedance values also vary with the temperature. These data are

relevant for battery management and can improve range prediction accuracy. [2]

The impedance values can be visualised in the Nyquist plot, which is used to present the

real and the imaginary impedance components, as shown in the �gure 2, where the frequency

decreases from left to right, or in the Bode plot as a separate representation of the impedance

magnitude and phase over the frequency range. [3]

The impedance curve can then be compared to the characteristic shape of impedance graphs

of basic electrical elements and the equivalent electrical circuit can be modeled and used to

predict the dynamic changes during the battery life. For example, high frequency response

near the origin of the plot can be modeled by an inductor and an ohmic resistor due to the

metal elements of the cell and cables, the middle part by an RC-parallel branch dependent

on the electrode potential. [17]

Low frequencies on the right side are represented by the Warburg impedanceW associated

with the di�usion process of Li-ion in the electrode material. [19]

EIS of Li-ion batteries has been limited to the laboratory measurements and it requires a

well-de�ned measurement setup, a proper measurement hardware and a deep understanding

of the chemical and dynamic processes happening inside the battery in order to correctly

evaluate the measured impedance data.

Long lasting batteries, such as the ones used in electric vehicles have to be monitored onboard

during the operation in order to measure the temperature of the cell cores and establish their

SoC and SoH. The data is then used for safety measures and improvements in the battery

management systems (BMS). [3]

This usually involves a complex implementation and high costs.

Page 3 of 74



3 Introduction to Linear Voltage Regulator Topologies

A voltage regulator produces a constant output voltage from a poorly speci�ed DC input

voltage. It consists of an internal reference voltage, an error ampli�er, a resistive feedback

voltage divider and a pass device. The error ampli�er compares the reference voltage with

the feedback and delivers the voltage that controls the gate of the pass device responsible for

sourcing the output current. If the output voltage falls below the desired value, decreasing

also the di�erence between the feedback and reference voltage, the error ampli�er increases

the gate voltage and with that the gate-source voltage of the pass device is increased, thus

more current can 
ow through the pass device, increasing in turn the output voltage. There-

fore the pass transistor in the linear voltage regulator acts as a variable resistor regulated

by the feedback loop and can be realized as a bipolar junction transistor (BJT) as well as a

metal{oxide{semiconductor �eld-e�ect transistor (MOSFET).

Figure 3: Linear voltage regulator - block diagram

Fixed reference voltage is usually provided by the bandgap circuit. The resistive feedback

network determines the mathematical relationship between the reference and the output

voltage as:

VOUT =
R1 + R2

R2
Vref (1)
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There are three main types of voltage regulators [21]:

� linear voltage regulators

� switching mode voltage regulators

� shunt voltage regulators

In this work the main focus is set to linear voltage regulator with a pass device connected

in series with the unregulated supply and the load. Shunt regulators are the linear voltage

regulators with the pass device connected in parallel with the load. [21]

3.1 Characteristics of Linear Voltage Regulators

In this section some of the main characteristics of the linear voltage regulators (LVR) are

explained.

3.1.1 Drop-out Voltage

Drop-out voltage is de�ned as the minimum voltage di�erence between the input and the

output at which the output voltage regulation can be maintained [8]. If this voltage di�erence

drops below the minimum drop-out voltage, the pass device of the regulator acts as a variable

resistor and operates in a linear region where the output follows the input voltage. To be

able to regulate the output voltage to a desired value, the linear voltage regulator normally

operates in a saturation region, where its pass device acts as a voltage controlled current

source. An LVR can be referred to as a low drop-out (LDO) regulator if it can operate in

low drop-out voltage regulation.

3.1.2 Load Regulation

The dependence of the output voltageVOUT on the load current I OUT is de�ned as the load

regulation. It is similar to load transient response. The only di�erence is that the transient

response refers to dynamic variation of the load, while load regulation to the static variation.

The ideal behaviour would be that the output voltage is not in
uenced by the change in the
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load current, but due to the �nite open loop gain, a change in the output current causes a

change in the output voltage.

Load Regulation=
� VOUT

� I OUT
�

� 1
gmA R2

R1+ R2

(2)

Equation 2 applies for both NMOS and PMOS pass device, and it shows that load regulation

depends on the open loop gain of the ampli�erA, the transconductance of the pass transistor

gm and the resistive divider with R1 and R2. [9]

Load transient response is a�ected by the load capacitor and the overall phase margin of

the system. A higher value of the output capacitance reduces the over-/undershoots of the

output voltage during the load transients, but it also increases the settling time, which is the

time needed for the regulator to stabilize the output voltage back to its nominal value.

3.1.3 Line Regulation

The line regulation de�nes the variation of the output voltage with the change of the input

voltage. It is related to line transient response which refers to dynamic variation in the input

voltage, and line regulation to the static variation.

Line Regulation=
� VOUT

� VIN
(3)

PMOS line regulation can be de�ned as [9]:

� VOUT

� VIN
�

1
A R2

R1+ R2

(4)

Equation 5 describes the line regulation for the NMOS pass device, introducing the intrinsic

gain of the pass devicegm � ro as an additional parameter. [9]

� VOUT

� VIN
�

1
gm roA R2

R1+ R2

(5)

Increasing open loop gain improves both load and line regulation.
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3.1.4 Stability

The LVR can easily become unstable due to its negative feedback loop and a connection of

at least 2 gain stages. A thorough stability analysis of the system has to be done in order to

check its stability. This is usually done by AC analysis using Bode plots and calculating the

phase margin of the system to assess the stability of the control loop.

Stability can be determined by analyzing the approximate location of the poles and zeros.

Each of them has an impact on the gain and phase of the feedback loop. Poles contribute

with � 90� and zeros with +90� in phase shift. The impact on the gain is� 20dB per decade,

respectively for zeros and poles. So basically, the phase of the system can be inverted with

two poles. The phase shift can be compensated with a zero. Di�erent compensation tech-

niques are possible, depending on the architecture of the regulator.

3.1.5 Power Supply Rejection - PSR

Power supply rejection describes the ability of a regulator to suppress power supply noise

from its output over a wide frequency range.

PSR(f ) =
� VOUT (f )
� VIN (f )

(6)

The power supply rejection ratio (PSRR) is measured in decibel and de�ned as:

PSRR = 20log PSR (7)

PSR of an LDO is mostly determined by the open loop gain of the error ampli�er. There are

three regions that characterize the PSRR of an LDO. The �rst one is in the low frequency

region and it refers to the bandgap reference PSRR, second region is the open loop gain

region of the error ampli�ers gain bandwidth up to the unity gain frequency, and the third

region is above unity gain frequency where the output capacitor dominates along with any

parasitics between the input and output voltage. [18]

Page 7 of 74



4 Design Speci�cations and Requirements

The linear voltage regulator is implemented in 130nm technology and it is assumed to be a

part of an impedance measurement IC of a single cell Li-ion battery.

For the dynamic input voltage range from 2V - 5V the LVR should generate a stable, nominal

output voltage of 1:5V with a maximum error of � 10% of the nominal value, which equals

to the minimum of 1:35V and the maximum of 1:65V. This error budget is de�ned by the

safety limitation of the digital library devices.

Application speci�c design includes various high performance requirements. The voltage

regulator needs to react fast in case of a quick load change or a change in the supply voltage

in order to keep the output voltage stable. Therefore minimizing the regulator's transient

response and increasing its power supply rejection ratio (PSRR) are important tasks. The

main design speci�cations listed in the Table 1 dictate the architecture of the circuit, as well

as the choice of the pass device.

Process technology 130nm
Operating input voltage range 2V to 5V
Nominal output voltage VOUT 1:5V
Maximum output voltage error � 10%VOUT

Temperature region � 40� C to 120� C

Table 1: Main design speci�cations
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5 Pass Device Comparison

The selection of the pass device needs to satisfy the design speci�cations, such as de�ned

input and output voltage range. Despite the fact that the MOS as well as BJT transistors

can be used as pass device, the focus will be set on MOS devices, as on the comparison be-

tween the NMOS and PMOS transistors. Keeping up with the technology trends and using

lower supply voltages leads in favour of using the PMOS pass device because there is no need

for the higher gate voltage to achieve the low dropout voltage. Using low voltage devices is

preferable due to better power e�ciency, smaller chip area and low costs, but also introduces

the problem of the low device breakdown voltage.

5.1 Pass Device Characterization

Figure 4 shows the testbench used to check the dynamic behaviour of the non-regulated pass

device by applying a step to the input voltage or load current. The simulations are done in

order to roughly characterize and choose the pass device. For this purpose medium voltage

devices are chosen, which can tolerate higher input supply voltages according to the design

speci�cation.

Simulations are done separately for both PMOS and NMOS pass device. An ideal voltage

source is used at the gate of the pass device, which voltage has been determined for the

nominal output voltage of 1:5V at the load current of 1mA. Supply voltage is set to 5V. In

the �gure 5 the applied step in the output current is depicted. Figures 6a and 6b show the

applied change in the supply voltage.
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Figure 4: Testbench - dynamic behaviour of the pass device

Figure 5: Load current pulse with a rise/fall time of 100ns
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(a) Sine wave

(b) Pulse signal

Figure 6: Change of the input voltage

Disturbance pro�le NMOS PMOS
Load current pulse � VOUT = 67 mV � VOUT = 3:5V

Input voltage
change-100 mV pulse

� VOUT = 4:38mV � VOUT = 2:76V

Input voltage
change-sine wave

� VOUT = 5:25mV � VOUT = 3:09V

Table 2: Summary PMOS vs. NMOS pass device - Output voltage step response

Table 2 shows the summary of the di�erences in the output voltage �VOUT from the nominal

output value, as response to the presented disturbance pro�les. It can be seen that the
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NMOS pass device shows much better step response to the change in the input voltage or

output current. The values of the change in the output voltage stay in themV -range for the

NMOS, while the PMOS pass device exceeds its maximum drain-source breakdown voltage.

Therefore it can be concluded that the NMOS pass device is basically self-regulating and less

sensitive to noise on its source or drain node. To avoid changes in the output voltage due

to the load or line variations, a negative feedback is required. This is realized by adding an

error ampli�er to the feedback loop which controls the gate voltage of the pass device and

adjusts the gate-source voltage depending on the change in the load or supply voltage.

5.2 NMOS as Pass Device

An NMOS pass device requires a positive drive voltage from its gate with respect to the

output voltage. It operates as a source follower with a gain of approximately one and a

non inverting behaviour [14]. This improves the stability of the feedback loop because no

additional phase shift is introduced and the gain doesn't change with the load current. As

shown in the testbench from the section 5.1, an NMOS pass device has much better behaviour

regarding the noise suppression. In the case of increase of the load current, the gate-source

voltage increases accordingly, thus regulating the constant voltage at the source node. The

same procedure happens in case of the ripple at the power supply line, where the gate voltage

follows the change in the supply voltage keeping the output voltage constant. Considering

the chip area, NMOS pass device requires a smaller area than a PMOS to be able to source

the same load current. This is due to the fact that majority carriers-electrons in the NMOS

transistor have higher mobility than the holes in the PMOS transistor [14]. Smaller transistor

size implies smaller gate-source capacitance and reduces the necessary chip area.

Main drawback of an NMOS pass device is the need for the charge pump circuit to keep its

gate-source voltage higher than the threshold voltage of the pass device. This means that

the supply voltage cannot fall below the desired output voltage plus the gate-source voltage

of the pass device, since the error ampli�er feeding the gate of the pass device is limited to

this supply and can't pull the gate voltage above it. The solution for this is in the use of a

charge pump, which is necessary to achieve low drop-out voltage.

However, the charge pump also comes with signi�cant disadvantages such as additional cur-

rent consumption, line noise, electromagnetic interference and increase in the chip area.
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Figure 7: LVR with NMOS pass device Figure 8: LVR with PMOS pass device

5.3 PMOS as Pass Device

A PMOS pass device requires a negative drive voltage from its gate with respect to the

battery cell voltage. In its common source con�guration it has more than a unity gain and

phase shift, thus any ripple on its drain terminal gets ampli�ed at the source. The noise at

the power supply line is sensed directly at the source of the PMOS transistor.

PMOS pass device introduces another gain stage which depends on the output current. Sta-

bility is also harder to achieve due to its inverting behaviour. If the low dropout voltage

is necessary then the use of the PMOS transistor as pass device is recommended, due to

the fact that the input voltage can be as low as output voltage plus the saturation voltage

of the pass device. There is no need for the charge pump circuit like for the NMOS pass device.
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6 Load and Line Disturbance Pro�les

The de�ned line and load disturbance pro�les are related to the dynamic variation of the

load current and supply voltage. The pro�les have been determined empirically, according

to the known disturbances or noises that can occur when the battery is in use.

6.1 Load Current Pro�les

One of the main speci�cation for the design of an LVR is a capability of driving a high current

load. Every change in the load current will cause a change in the gate-source voltage of the

pass transistor, thus invoking the change in the output voltage.

As described in the section 3.1.2, the reaction of the regulator to the change in the load

current is de�ned as the load regulation or load transient response, depending on if it's a

static or dynamic change. The rise time of the load current change has the biggest impact

on the variation in the output voltage. With the increase in the slew rate and the current,

higher peaks appear on the output voltage.

The analysis and simulation of the di�erent LVR topologies is done for several load pro�les

with di�erent slew rates, described in the �gures below. The values of the maximum rise

and fall time of the load and line transients, that the control loop of the regulator can

follow without exceeding the error margin of the output voltage, di�er among the analyzed

topologies.

Figure 9: Load current pro�le - transient jump from minimum to maximum value with
unde�ned rise and fall time
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Figure 10: Opposite load current pro�les applied to 2 di�erent LVRs with the same supply
voltage to investigate the in
uence among each other

6.2 Digital Load Current Pro�le

The LVR produces a stable supply voltage for the digital core which operates in the high

frequency region. A digital load usually creates large current spikes, which have a lot of

impact on the regulator output voltage. For example, if a clock frequency of the digital

controller is increased, the large current peaks cause the increase of the average load current

producing undershoots in the output voltage, which depend on the output capacitance and

the frequency. From the equation 8, it can be seen that the values of such undershoots increase

with the average current of the clock treeI avg;clk and decrease with a bigger output capacitor

C. On-chip capacitors are usually limited by the chip area. A bu�er capacitor which is big

enough to minimize the output voltage peaks caused by high digital load transients has to

be placed o�-chip. Such external capacitor requires one extra pin on the chip and in turn

also increases the area and total costs of the chip production.

� VOUT =
I avg;clk

C � f clk
(8)
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Figure 11: Digital load current pro�le generated from a clock tree simulation

In order to characterize such a current pro�le to be able to include it in the simulation with

the voltage regulator, another simulation of a particular clock tree is done.

The testbench of the clock tree is built out of a 28MHz ideal clock pulse and a numerous

amount of CMOS bu�ers supplied by the regulator output voltage. A 100 
 resistor and

a 500pF parasitic capacitor are used for the ideal supply voltage decoupling. Generated

current pro�le is analyzed and integrated in the testbench of the regulator using the ideal

current source with exponential rise time. This current source was added on the top of the

constant DC load current.

The generated current measured at the supply pin showed high peaks during switching and

the regulator was tested for the maximum current peak at which the output voltage stays

inside the allowed region of� 10% of the nominal value.

6.3 Line Transient Pro�le

Line transients mostly involve sharp rising pulses or peaks on top of the cell voltage which

cause the typical undershoots or overshoots in the output voltage, measured at a constant

load. Following �gures show the line pro�les used for the line transient response analysis. For
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example, �gure 13 illustrates a possible disturbance pro�le during the switching of the power

transistors with the frequency of 20kHz when the high current 
ows through the internal

inductance of the battery cell.

Figure 12: Line transient pulse

Figure 13: Line transient peaks
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7 Analysis of the Di�erent Regulator Topologies

In this chapter di�erent linear voltage regulator topologies are analyzed and compared in

order to �nd the optimum concept which can satisfy the speci�cation and also reduce the

area and production costs. The presented designs have been veri�ed for a typical mean

point of the process corners through DC, AC and transient simulation at a nominal room

temperature of 27� C, as well as corner analysis for all the process corner models of the

resistors, capacitors and transistors (fast-fast (FF), slow-slow (SS), fast-slow (FS), and slow-

fast (SF)) for worst case temperatures of minimum� 40� C and maximum 120� C. Random

mismatch and process variations have been veri�ed through Monte Carlo simulations for 3

standard deviations away from the mean value (3 sigma).

7.1 LVR with a Medium Voltage (MV) PMOS Pass Device

First supply concept that was analyzed is the typical linear voltage regulator with a PMOS

pass device. This topology doesn't require a charge pump and an oscillator which keeps the

design process simple. The circuit has been implemented with a medium voltage device which

can tolerate drain-source and gate-source voltages higher than the speci�ed input range. In

case the load is switched o� and the output voltage goes to 0V, the pass device can tolerate

the full supply voltage across its drain-source terminals.

Figure 14: Linear voltage regulator with a medium voltage PMOS pass device
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Figure 14 presents the testbench used to characterize the behaviour of this regulator topology.

The circuit consists of an error ampli�er, PMOS pass device and the resistive feedback di-

viders. Bias current and reference voltage are derived from ideal voltage and current sources.

A simple symmetrical current mirror operational transconductance ampli�er (OTA) from

�gure 15 is used as an error ampli�er. It consists of di�erential input pair N1 and N2 and

this di�erential input is converted to a single ended output via current mirrors. Cascoded

form is used in order to increase the gain of the OTA. PMOS pass device in common source

con�guration is a gain stage itself and it creates an additional pole at lower frequencies.

Figure 15: Symmetrical current mirror OTA

The gain of the �rst stage - OTA is de�ned as the product of the transconductance of the

input stage Gm and the output resistanceROUT :

AOT A = Gm � ROUT (9)

whereGm = gm1 � B and ROUT = rds8jj (rds12rds7gm7) (the index of the transconductancegm

and drain-source resistancerds refer to the respective transistor index from the �gure 15).

B = 2 is the current ratio of the input and output branch.
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