
 
Provided by the author(s) and University of Galway in accordance with publisher policies. Please cite the

published version when available.

Downloaded 2023-05-19T14:34:40Z

 

Some rights reserved. For more information, please see the item record link above.
 

Title Modelling and design of microinductors for power supply on
chip applications

Author(s) Feeney, Ciaran

Publication
Date 2015-05-27

Item record http://hdl.handle.net/10379/5026

https://aran.library.nuigalway.ie
http://creativecommons.org/licenses/by-nc-nd/3.0/ie/


  

 

 

 

Modelling and Design of Microinductors for  

Power Supply on Chip Applications 
by 

Ciarán Feeney, B.E. 
 

in fulfilment of the requirements for the degree of 

Doctor of Philosophy  

 

in the subject of 

Electrical and Electronic Engineering 

 

Power Electronic Research Centre 

School of Electrical and Electronic Engineering  
College of Engineering and Informatics 
National University of Ireland, Galway  

Ireland 
 

Supervisor 

Dr. Maeve Duffy  

Co-supervisors 

Prof. Sean Cian Ó'Mathúna 

Prof. William Gerard Hurley 

 
May, 2015 



  

 

 
 

 

 

 

 

 

 

Dedicated to my parents, 

John and Carmel Feeney. 



  

-iii- 

Table of Contents 
Abstract.......................................................................................................................vi!

Acknowledgements ................................................................................................... vii!

Declaration of Authorship ...................................................................................... viii!

List of Publications .................................................................................................... ix!

1.  Introduction ........................................................................................................... 1!
1.1.! Introduction ................................................................................................. 1!
1.2.! Thesis Objectives ......................................................................................... 4!
1.3.! Thesis Contributions and Structure ............................................................. 7!

1.3.1. Design of Racetrack Microinductors ................................................. 7!
1.3.2. Distributed Racetrack Microinductors ............................................... 9!
1.3.3. AC Winding Loss of Phase-Shifted Coupled Windings ................. 10!
1.3.4. Analysis of Coupled Stripline Microinductors ................................ 11!
1.3.5. Optimisation of Coupled Stripline Microinductors ......................... 13!

References .......................................................................................................... 15!

2.! Background and Related Work ......................................................................... 18!
2.1.! Introduction ............................................................................................... 18!
2.2.! Inductors for PwrSoC Applications ........................................................... 21!
2.3.! Microfabricated Inductors on Silicon ........................................................ 25!

2.3.1. Microfabricated Inductor Structures ................................................ 26!
2.3.2. Microfabricated Inductor Materials and Processing ........................ 31!
2.3.3. Design and Modelling of Microinductors ....................................... 34!

2.4.! PwrSoC Converter Topologies .................................................................. 35!
2.4.1. Circuit Topologies ........................................................................... 35!
2.4.2. DC-DC Converter Control ............................................................... 36!
2.4.3. Light-load Efficiency ....................................................................... 37!
2.4.4. Competing Technologies ................................................................. 38!

2.5.! Summary .................................................................................................... 40!
References .......................................................................................................... 41!

3.! Design of Racetrack Microinductors ................................................................. 53!
Preamble ............................................................................................................. 53!
3.1.! Introduction ............................................................................................... 55!
3.2.! Microinductor Modelling .......................................................................... 58!

3.2.1. Inductance Model ............................................................................ 59!
3.2.2. Microinductor Loss .......................................................................... 60!
3.2.3. Core Saturation ................................................................................ 62!
3.2.4. Temperature Rise ............................................................................. 63!

3.3.! Design Procedure ....................................................................................... 63!



  

-iv- 

3.3.1. Design Methodology ....................................................................... 63!
3.3.2. Procedure Implementation ............................................................... 67!

3.4.! Design Procedure Results .......................................................................... 71!
3.4.1. Design Variations ............................................................................ 71!
3.4.2. Microinductor Analysis ................................................................... 73!

3.5.! Measurements ............................................................................................ 76!
3.6.! Conclusions ............................................................................................... 78!
References .......................................................................................................... 79!

4.! Distributed Microinductors for Improved Light-load Efficiency .................. 82!
Preamble ............................................................................................................. 82!
4.1.! Introduction ............................................................................................... 84!
4.2.! Parallel Inductor Circuit Topologies ......................................................... 87!

4.2.1. Parallel Microinductor Design vs. Silicon Processing Capabilities 89!
4.2.2. Microinductor Loss Models ............................................................. 92!
4.2.3. MOSFET Loss Models .................................................................... 95!

4.3.! Prototype Microinductors On Silicon ........................................................ 97!
4.4.! Modelling of Circuit Performance ........................................................... 100!

4.4.1. Microinductor Loss ........................................................................ 101!
4.4.2. MOSFET and Control Circuitry Modelling .................................. 102!
4.4.3. Converter Efficiency Models ......................................................... 104!

4.5.! Measurements and Analysis .................................................................... 105!
4.6.! Conclusions ............................................................................................. 107!
References ........................................................................................................ 109!

5.! AC Winding Loss of Phase-Shifted Coupled Windings ................................. 113!
Preamble ........................................................................................................... 113!
5.1.! Introduction ............................................................................................. 115!
5.2.! Modelling of Coupled Winding Resistance ............................................. 118!
5.3.! Boundary Magnetic Fields of Coupled Stripline Inductors ..................... 120!

5.3.1. Boundary Field Calculations at θ=0 ............................................. 121!
5.3.2. Boundary Field Calculations at θ=π .............................................. 122!
5.3.3. Verification of Boundary Field Calculations ................................. 122!

5.4.! Modelling And Simulation of ac Winding Loss ...................................... 124!
5.4.1. Microfabricated Coupled Inductor ................................................ 124!
5.4.2. LLC Transformer and Spiral Windings ......................................... 127!

5.5.! Measurements .......................................................................................... 129!
5.5.1. Test Method ................................................................................... 130!
5.5.2. Experimental Results ..................................................................... 131!

5.6.! Conclusions ............................................................................................. 132!
References ........................................................................................................ 133!

6.! Analysis of Coupled Stripline Microinductors ............................................... 135!
Preamble ........................................................................................................... 135!
6.1.! Introduction ............................................................................................. 138!
6.2.! Coupled Microinductor Circuit Modelling .............................................. 140!

6.2.1. Coupling and Additional Air Core Inductance .............................. 143!
6.2.2. Phase Current Analysis .................................................................. 144!



  

-v- 

6.3.! Coupled Microinductor Modelling .......................................................... 149!
6.3.1. Inductance Modelling .................................................................... 149!
6.3.2. Loss Modelling .............................................................................. 150!

6.4.! Coupled Microinductor Analysis and Validation .................................... 152!
6.5.! Measurements .......................................................................................... 159!

6.5.1. Coupled Microinductor Measurements ......................................... 159!
6.5.2. Converter Measurements ............................................................... 161!

6.6.! Conclusions ............................................................................................. 166!
References ........................................................................................................ 166!

7.! Optimisation of Coupled Stripline Microinductors ....................................... 170!
Preamble ........................................................................................................... 170!
7.1.! Introduction ............................................................................................. 172!
7.2.! Design Considerations for Coupled Stripline Inductors .......................... 175!

7.2.1. Thermal and Magnetic Saturation Constraints .............................. 176!
7.2.2. Device Area ................................................................................... 176!
7.2.3. Number of Phases .......................................................................... 179!
7.2.4. Switching Frequency ..................................................................... 182!

7.3.! Coupled Inductor Design ......................................................................... 184!
7.3.1. Optimization of a Coupled Inductor Unit in a Fixed Area ............ 184!
7.3.2. Optimization of Parallel Coupled Inductors in a Fixed Area ........ 188!

7.4.! Measurements .......................................................................................... 190!
7.4.1. Coupled Inductor Measurements ................................................... 190!
7.4.2. Converter Measurements ............................................................... 192!

7.5.! Conclusions ............................................................................................. 196!
References ........................................................................................................ 198!

8.! Conclusions and Future Work ......................................................................... 201!
8.1.! Introduction ............................................................................................. 201!
8.2.! Contribution to PwrSoC Design Challenges ........................................... 201!

8.2.1. Racetrack Microinductors .............................................................. 202!
8.2.2. Coupled Microinductors ................................................................ 202!

8.3.! Future Work ............................................................................................. 203!
References ........................................................................................................ 205!

APPENDICES..........................................................................................................207!

A.! General Expression for Ac Winding Loss in Foil Conductors ...................... 207!
References ........................................................................................................ 210!



  

-vi- 

Abstract 
The never-ending pursuit of higher power density and efficiency has driven 

researchers to explore new areas of device integration and fabrication of dc-dc 

converters. To improve power density and efficiency researchers are developing 

novel components and packaging technologies, with the ultimate goal of integrating 

active and passive components together to realise a heterogeneous Power Supply on 

Chip (PwrSoC).  

The main roadblock to achieving a fully integrated power supply on chip is an 

efficient, miniaturised inductive filter element. Microinductors are limited by a 

number of the factors including device structure, core materials and fabrication 

process constraints. Within these limits, however, lie significant opportunities to 

improve and advance research towards the holy grail of an efficient PwrSoC.  

This thesis contributes to the development of PwrSoC, a robust analytical 

analysis of uncoupled racetrack and coupled stripline microinductors, from the 

design stage through to their performance in prototype dc-dc converters. There is a 

particular focus on the distribution of microinductors to realise a highly granular 

power supply, leading to improved system level performance.  
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Introduction 
 

1.1.  Introduction 
If one thing is ubiquitous across all electronic devices, it is relentless size 

reduction while simultaneously increasing functionality. In the last two decades for 

example, the handheld mobile phone with a monochrome display has transitioned 

into a device that encompasses all the features of a computer, which can easily 

browse the web and send emails, while simultaneously providing data to the user 

from a host of on-board sensors. This extraordinary functionality would be 

unimaginable only a few years ago. Integrated processors or so-called Systems on 

Chip (SoC), integrate all functions of an electronic system such as analogue, digital 

and radio frequency systems on a single integrated circuit [1]. SoCs have become 

common in almost all mobile devices thanks to their low power consumption and 

improved performance over discrete systems.  

While the performance of power supply units (PSUs) has improved and their 

form factor has shrunk, they still account for a large proportion of the PCB real estate 

due to the number of passive components remaining external to the SoC chip itself. 

The multitude of functions provided by SoCs requires multiple voltage 

domains to supply various on-chip integrated circuits, driving a proliferation of Point 

CHAPTER 1 
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of Load (PoL) dc-dc converters located next to the SoC. Placing the converter next to 

the load is required to reduce the length of interconnects, which in turn improves 

transient response due to reduced parasitic inductance and concurrently reduces 

interconnect losses. Compounding the need for reduced interconnect parasitics is the 

drive towards lower output voltages to reduce power consumption, as it is directly 

proportional to the square of the supply voltage in integrated circuits; the 

International Technology Roadmap for Semiconductors (ITRS) predicts that by 2024 

output voltage requirements will be below 600 mV [2]. As voltage scales downward, 

current requirements scale upwards and so to maintain acceptable levels of transient 

performance during load perturbations, interconnects must be reduced in length.  

The need for additional voltage domains, reduced interconnects and minimal 

board real estate occupied the PSU is heading towards an impasse when using PoL 

converters with discrete components. Power Supply on Chip (PwrSoC) can be seen 

as the next evolutionary step for PoL converters to further reduce the restrictive 

interconnect parasitics and to improve the overall system performance. PwrSoC aims 

to integrate all active and passive components on a heterogeneous package through 

operation at multi-MHz switching frequencies, thus reducing the amount of board 

real estate required and also reducing the parasitic interconnects associated with the 

use of discrete components. Using the same technology, PwrSoC dc-dc converters 

can be packaged with the load to realise a true system on chip. Considering these 

points, it is clear that the emerging market for PwrSoC is one that will experience 

significant growth in the coming years allowing for functionality that is 

unimaginable today. 

Low power solutions for mobile devices combining system and software 

architecture design as well as circuit and processing technology has been stated as 

one of the major design challenges by the ITRS [3]. As the functionality of mobile 

devices increase, so too does their power requirements, leading to an increased 

output power range from sleep mode to full operation. The goal for the power 

converter is then to maintain high power conversion efficiency across the entire load 

range. This leads to the need for a more granular power supply, which has multiple 

power supply domains that can be scaled as load demand varies, thereby maintaining 
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high efficiency across the load range. Microinductors are a key enabling technology 

for this type of power supply, as distributing a number of smaller parallel phases that 

are equivalent to a larger single-phase type dc-dc converter can result in high 

efficiency being maintained across the entire load range as parallel phases are 

disabled. Implementation of this granular topology hinges on the design and 

modelling of microinductors.  

Typically the inductor is the limiting component, both in terms of size and 

efficiency [4] as efforts to reduce size is limited by thermal requirements and higher 

core and ac winding loss due to increasing frequency. Inductor design will be more 

important than ever in terms of overall dc-dc converter design and optimisation, as 

high frequency effects become more significant. The core materials developed thus-

far for use in microinductors have non-ideal properties in terms of core saturation, 

resistivity, coercivity and relative permeability, leading to trade-offs between 

inductance, saturation, eddy current and hysteresis core loss. Coupling these 

variables with relatively high winding loss due to the millimetre scale of the devices, 

it is clear that optimisation of microinductors is a non-trivial task. Much of the work 

to date uses algorithms [5] to find the optimum design for a given circuit 

specification, hiding the underlying effects of variation in processes and layout. The 

optimisation becomes more complex when designing coupled inductors, as the 

number of coupled phases, phase shift angle, duty cycle and coupling factor all play 

crucial roles in power loss and circuit behaviour. Much of the published literature 

follows rudimentary design approaches and it is therefore difficult to discern general 

design rules, which the typical designer can use to easily find the optimum 

microinductor for their particular application.  
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1.2.  Thesis Objectives 
This thesis aims to address a number of key challenges in advancing 

microinductors fabricated on silicon, while also improving light-load efficiency.  

Much of the research to date has focused on a particular aspect of the 

microinductor such as the structure, magnetic material, process or implementation 

within a circuit. Combining these aspects into the design for an optimum 

microinductor has typically fallen to algorithmic approaches such as particle swarm 

optimisation [5], where a vast range of designs are analysed, typically to develop a 

relationship between efficiency and power density. While the optimum inductor is 

found, the underlying factors which effects the design are somewhat obscured.  

The work of this thesis develops a somewhat traditional approach to inductor 

design, which allows the designer to easily optimise the microinductor for a given 

specification, while also revealing the limiting factors to improved efficiency. The 

work also gives an insight into the thermal characteristics of the device. 

As the output current load range increases, a more granular power supply is 

inevitable where parallel phases can be disabled as load current decreases to maintain 

high efficiency across the load. The objective of this work is to replace a single 

microinductor with equivalent parallel microinductors within the same footprint area 

to allow for parallel phases to be disabled at light-load. This work focuses on the 

implications for such an approach on inductor and circuit design. 

Coupled inductors have been shown to improve both steady-state and 

transient circuit behaviour [6]; however, their design for PwrSoC applications 

remains rudimentary. The design of coupled microinductors offers a number of 

additional caveats which impact on the circuit performance such as the number of 

phases, coupling factor and the phase shift angle of the applied phase voltages. This 

thesis develops accurate analytical loss models to account for variations in phase 

shift angle between coupled phases and demonstrates its influence on inductor loss 

and performance for different numbers of coupled phases. Using an analytical 

solution, this thesis optimises coupled microinductors for a given circuit specification 
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and provides the designer with an understanding of the factors affecting 

performance. Distributing coupled inductors in parallel is investigated to realise a 

highly granular power supply and in doing so, provide a means to improve efficiency 

over the entire load range. 

As the trend of decreasing voltage and increasing current requirements 

continue, future PwrSoC converters will be required to maintain low duty cycle 

ratios (Vout/Vin) while also delivering high levels of output current. Fig. 1.1 presents 

both the duty cycle ratio and maximum output current of current state of the art 

integrated inductive converters; further details and references are provided in 

Chapter 2. 
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b) Output current versus switching frequency. 

  

b) Vout/Vin versus switching frequency. 

Fig. 1.1 Comparison of this work to State-of-the-Art PwrSoC converters. 
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The majority of current state of the art converters utilize air core spiral 

inductors, which have been demonstrated up to a maximum output current of 1 A. 

Moving towards higher output current, air core spiral inductors may not be a viable 

solution due to the size of the footprint area required. The goal of this work is too 

develop high current, low duty cycle ratio converters using microinductors with a 

magnetic core. The target duty cycle ratios and output current of this thesis are 

overlaid in Fig. 1.1.  

1.3.  Thesis Contributions and Structure 
This thesis follows an article based presentation style, where many of the 

chapters are peer-reviewed publications. All articles are preceded by a preamble 

outlining the research challenge and content of the article. References for each 

chapter can be found at the end of the respective chapter. The primary design 

challenges outlined in Section 1.1 are treated in five distinct phases, corresponding to 

Chapters 3 through to 7, outlined below.  

1.3.1. Design of Racetrack Microinductors 
A number of degrees of freedom are available when designing 

microinductors, which are not available in traditional inductor design such as fine 

grain control over core and winding geometries. It is therefore necessary to develop a 

design methodology that combines the flexibility afforded by the lithography process 

with a traditional approach to magnetic component design.  

Previous approaches to racetrack inductor design use Pareto optimization [5, 

7, 8], which varies a wide range of parameters to develop a relationship between 

efficiency and power density. While this approach returns the optimum structure for 

a particular power density, the design parameters limiting performance are somewhat 

obscured. This method is also computationally inefficient, as a vast number of 

possible designs are evaluated for a specific power density, which are non-optimal. 

In chapter 3 a new design methodology addressing these issues is proposed, 

which allows the designer to intuitively design racetrack microinductors by imposing 
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limits due to area, core saturation and thermal specifications. Using this method, the 

user can identify the factors limiting device performance and make adjustments 

accordingly. Fig. 1.2 presents the developed design procedure where specifications 

of inductor, material and process constraints are used to develop a limited range of 

possible designs. These designs can be then evaluated while also allowing the 

designer to view limiting factors.  

This thesis combines models for inductance and loss calculations and 

validates them for use in microinductor design. The procedure is used to analyse a 

number of suitable designs for a given specification and outlines a number of routes 

that can lead to improved racetrack microinductor performance. A fabricated 

microinductor was tested in a 20 MHz, 1.8 W dc-dc converter. 

 

 
Fig. 1.2 Developed design procedure flow chart. 
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1.3.2. Distributed Racetrack Microinductors 
In this thesis, distributed microinductors with an equivalent area, current 

handling and inductance are analysed and demonstrated in a 20 MHz, 1.8 W dc-dc 

converter. Their performance is analysed, along with an in-depth investigation into 

the loss mechanisms at play for the converter and microinductor. New performance 

metrics are introduced to provide insight into the advantages of distributing 

microinductors in parallel compared to single lumped microinductors.  

Previous work presented by Collins has shown that paralleling of planar 

inductors on PCB can reduce footprint size and increase current handling [9]. In that 

work, standardized core sizes and materials limited opportunities for improvement. 

Microinductors inherently have many more degrees of freedom in core and winding 

design. Similar work has shown that paralleling of tapped inductor elements can lead 

to more effective use of the magnetic core [10]. DiBene demonstrated a 400 A 

voltage regulator using coupled inductors arranged in parallel, which can be disabled 

as load current deceases [11]. Paralleling of inductors was necessary in DiBenes case 

in order to support the very high current levels applied. 

This work demonstrates improved light-load efficiency by disabling a parallel 

phase, thereby remove switching and inductor losses associated with that phase, as 

well as reducing the output ripple current. Pulse Frequency Modulation (PFM) is 

implemented at light-load to further improve efficiency. 

 
Fig. 1.3 Measured converter efficiency results using parallel Microinductors. 
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Fig. 1.3 presents the measured efficiency results of a number of distributed 

racetrack microinductor topologies. An improvement of up to 7.5% at light load 

efficiency is demonstrated using parallel microinductors.  

1.3.3. AC Winding Loss of Phase-Shifted Coupled Windings 
Literature published to date on coupled stripline microinductors [12, 13] 

ignores the phase shift between harmonic currents in coupled windings when 

calculating winding loss. Phase shift between winding currents can cause the ac 

winding loss to vary significantly due to changes in the magnetic field distribution. 

In Chapter 5 an analytical method to calculate the resistance matrix has been 

developed by building upon the two-dimensional ac winding loss calculation 

outlined by Wang [14] for microfabricated inductors. Furthermore it is shown that 

phase angle affects the loss in a number of practical coupled winding structures, 

highlighting that its effect must be considered to accurately account for all loss 

components. 

Fig. 1.4 shows the variation in ac loss factor, Pac/Pdc versus the phase shift 

angle between current harmonics. Excellent agreement is demonstrated between the 

proposed analytical model and Finite Element Analysis (FEA) results.  

 

 
Fig. 1.4 Finite element analysis and model for coupled stripline inductor versus phase shift angle. 
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1.3.4. Analysis of Coupled Stripline Microinductors 
The use of inversely coupled inductors to provide superior steady state and 

transient performance is well known [6, 15]. However, in the case of coupled 

stripline microinductors arranged in a cyclic cascade configuration [16], only basic 

analysis has been reported into the loss mechanisms at play.  

Groups at IBM, Intel and Dartmouth College [17-19] have designed coupled 

microinductors fabricated on silicon using the classic reluctance model for 

inductance. These articles evaluate loss based on the root mean squared of the phase 

current, which can lead to a discrepancy between analytical and measured loss. 

Chapter 6 presents a comprehensive analysis of the various loss mechanisms 

that affect coupled stripline microinductors. A method is provided to calculate the 

Fourier series of the phase current and using this, along with the loss models 

developed, a clear insight into the loss mechanisms at play is presented. The impact 

of additional air core inductance is investigated as a means to reduce the phase 

coupling co-efficient, which leads to reduced phase ripple current. 

A method to calculate eddy current core loss has been modified to account for 

the phase shift angle between harmonic phase currents. Using this and the model for 

ac winding loss in chapter 5, a full analytical solution is presented and validated 

against finite element analysis and measurement results. Fig. 1.5 a) presents a three-

dimensional model of a 3-phase coupled inductor followed by the fabricated device 

in Fig. 1.5 b). 
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a) Three-dimensional model of a 3-phase coupled stripline microinductor. 

 

 

b) Fabricated 3-phase coupled stripline microinductor. 

Fig. 1.5 3-phase coupled stripline microinductor. 

 

A 20 MHz prototype dc-dc converter using a 3-phase coupled stripline 

microinductor is tested, validating the proposed analytical models.  
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1.3.5. Optimisation of Coupled Stripline Microinductors 
In dc-dc converter applications using uncoupled inductors, phases can be 

added arbitrarily to increase output current and improve transient response times [20, 

21], limited only by the control of the system. Coupled inductors however, offer 

some unique challenges when additional phases are required.  

Reported work to date does not comprehensively deal with the factors 

affecting coupled inductor performance or methods to increase current handling. 

Prabhakaran [13] presented results of a 4-phase coupled stripline microinductor at 5 

MHz but a thorough analysis into the factors affecting optimization was not 

presented. Sturcken et al. presented measured efficiency results of a number of 

similar stripline microinductors [12], but he did not delve into the factors affecting 

the performance of the inductors. 

This work presents an analysis of a number of coupled inductor 

configurations, with a particular focus on their implementation in dc-dc converters 

with low duty cycle ratios. The effect of increasing switching frequency is analysed 

and is shown to improve inductor efficiency. Fig. 1.6 presents coupled inductor 

efficiency per phase for a number of coupled phases versus duty cycle. It reveals that 

3 and 5-phase coupled inductors achieve the highest overall efficiency in this duty 

cycle range of 0.1-0.4. This is due to the interdependence of the applied phase shift 

angle and the number of phases. Applying the optimum phase shift angle results in 

the external magnetic field at the Np ⋅ fsw  harmonic cancelling, so that the induced 

eddy current core loss is negligible at that harmonic. However, as additional phases 

are added, the phase current waveform becomes highly irregular with the 

introduction of a number of significant intermediary harmonic components that 

contribute additional eddy current winding and core losses.  
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Fig. 1.6 Normalised coupled stripline microinductor efficiency per phase. 

 

Similar to the advantages of distributing uncoupled inductors in parallel, it is 

shown that the distribution of parallel-coupled microinductors to achieve the required 

output current is superior to larger multiphase coupled inductors. 

This chapter presents validation of this work with two prototype converters 

using coupled stripline microinductors. 
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Background and Related Work 

2.1.  Introduction 
This chapter presents a typical dc-dc converter paradigm, followed by a review 

of PwrSoC converters and related research. Fig. 2.1 shows a typical dc-dc step-down 

conversion topology with two voltage domains, which may be required for a current 

state of the art System on Chip (SoC). A number of Point of Load (PoL) converters 

are needed to supply the multiple voltages required for the various on chip analogue, 

digital and radio frequency loads. As a result, when using discrete components, the 

numerous PoL converters occupy a large proportion of the available area budget.  

 
Fig. 2.1 Block diagram of a dc-dc conversion paradigm with multiple PoL converters. 

 

CHAPTER 2 
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Fig. 2.2 Block diagram of the new dc-dc conversion paradigm using PwrSoC technology. 

 

A new paradigm for dc-dc conversion is outlined in Fig. 2.2, where the voltage 

regulators are integrated with the load, culminating in a significant reduction in 

parasitic interconnects between the load and components of the voltage regulators, 

shown in Fig. 2.1. The reduction in interconnects results in reduced parasitic 

inductance, capacitance and interconnect loss, leading to improved performance both 

in terms of efficiency and transient behaviour. The advent of PwrSoC means that the 

area occupied by these converters will be significantly reduced due to their high 

frequency; expected to be at least 20 MHz [1]. By increasing the frequency of 

operation the amount of energy required to be stored per cycle is reduced, resulting 

in smaller inductive and capacitive filter components. 

To realise the goals of the ITRS [2] for smaller form factor mobile devices 

and therefore power supplies, a number of technologies need to be combined for 

PwrSoC converters, some of which are already available. Wire bonding is a well-

known packaging technique, however the additional parasitics associated with this 

technique may impose a limit on the performance of the converter in terms of 

efficiency and switching frequency. Flip chip packaging, where solder bumps are 

deposited on the component before being placed on external circuitry for bonding is 

ideal for this application. Using this technique a three-dimensional PwrSoC package 

can be assembled with minimal interconnect parasitics. Clearly packaging 
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technology [3-5] has advanced in other IC applications to a stage where, if 

implemented in this field, a high performance PwrSoC is achievable. A typical dc-dc 

converter in this power range implements a single MOSFET conversion stage [6, 7], 

which in the PwrSoC field limits the range of applicable voltages due to physical 

limitations of the silicon. This issue is becoming more prominent as the silicon 

semiconductor fabrication node scales downwards [8]. Cascode switching is seen as 

a feasible solution [9] to this problem, as MOSFETs are arranged in series, so that no 

one MOSFET switch exceeds the maximum voltage but together the MOSFETs can 

support a significantly higher voltage than the silicon breakdown voltage [10, 11]. 

Undoubtedly, advances in packaging and MOSFET design will occur which will 

further advance possible PwrSoC performance. In summary, it is clear that packaging 

technology and MOSFETs are not impediments to realising PwrSoC. 

The inductive filter element is seen as the main stumbling block in terms of 

size, efficiency and system performance. It is this element that requires the most 

attention and this is reflected in published literature to date. This chapter reviews 

state of the art work in this area and illustrates how it relates to the research 

proposed. For the purposes of this review, highly integrated dc-dc converters are 

defined herein as converters that have passive and active elements packaged together 

so that no external components are required, and operate at switching frequencies 

greater than 10 MHz. The full integration of the converter results in minimal 

interconnects between passive components, active MOSFETs and control circuitry 

allowing for improved performance over their counterparts using discrete 

components. The main focus of this work is on inductive switching topologies, 

although competing technologies are also reviewed.  

Section 2.2 presents a review of microfabricated inductor applications, 

Section 2.3 deals with state of the art microfabricated inductors, Section 2.4 outlines 

circuit topologies and competing PwrSoC technologies. Finally Section 2.5 

summarises these findings.  
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2.2.  Inductors for PwrSoC Applications 
One of the envisaged applications for PwrSoCs is their use as PoL dc-dc 

converters to supply high current loads [1]; to achieve this, inductive switching 

topologies may be the best candidate [12]. However, the integration of magnetics on 

silicon is still a major roadblock towards realising PwrSoC [13]. Since 2004 a wide 

range of inductor types have been integrated with dc-dc converters to demonstrate 

the viability of such a highly integrated approach. In this section, a comprehensive 

review and analysis of integrated inductive components for dc-dc converter 

applications [10, 14-43] is presented. 

Much of the early work on integrated inductors for PwrSoC has focused on 

air core implementations. Schrom et al. [42] in 2004, published the results of an 

integrated converter with a maximum switching frequency of 480 MHz, using off 

chip air core inductors in a 4-phase topology. In that work they achieved a peak 

converter efficiency of 76% with a maximum output current of 600 mA. Sun et al. 

[38] used an integrated spiral air core inductor in their converter, demonstrating a 

peak converter efficiency of 64% and maximum output current of 1 A. Wibben et al. 

[35] in 2008 used coupled air core spiral inductors with a switching frequency of 170 

MHz to achieve a peak converter efficiency of 78% but only capable of supplying a 

maximum output current of 350 mA. A number of groups published findings of 

integrated converters using spiral air core inductors during 2008 to 2010 [29-33, 44], 

with all demonstrators only capable of supplying a maximum of 270 mA.  

The first high power implementation of an integrated converter came in 2010, 

when DiBene [28] demonstrated a 400 A dc-dc converter using 16 phase coupled 

stripline inductors with a Permalloy core, which achieved a peak efficiency of 76%. 

In 2011, Maity et al. [25] reported an 84% efficient converter using off chips 

inductors for an input voltage of 2.7 V and output voltage of 1.2 V. Lu et al. [21] 

reported a peak converter efficiency of 88.4% with a maximum output current of 1.5 

A, however the switching frequency was 10 MHz with no details of the inductor 

provided in literature, only that it is an air core inductor. In 2012, Zhang et al. [20] 
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used a spiral magnetic core inductor at 20 MHz to supply a maximum dc current of 

660 mA with a peak converter efficiency of 83%. Huang et al. [17] used bond wires 

to provide the required filter inductance in a 4-phase 100 MHz converter achieving a 

maximum efficiency of 82.4%. The voltage transformation ratio (Vout/Vin) in that 

converter was high, at 0.85, which may limit its practicality.  

A significant article by Sturcken et al. [16] used a silicon interposer, where 

the magnetics are formed using the traditional CMOS process and then connected to 

an integrated dc-dc converter circuit. In this case, wire bonds and associated 

packaging are a major loss contributor emphasising the need for a more integrated 

approach where parasitic interconnects are minimised. Fuketa et al. published the 

results of a 70 MHz converter reaching a peak efficiency of 88% using a spiral 

inductor with a ferrite core and a voltage transformation ratio of 0.556. Intel 

demonstrated full system integration within their 4th generation Core Processor, 

where the power supply is packaged directly with the load using flip chip technology 

[10] making it the first true commercial implementation of PwrSoC. They reported a 

peak converter efficiency of 90% and maximum output current of 60 A. The circuit 

topology implemented phase shedding to maintain high efficiency over the entire 

load range.  

The majority of integrated converters reviewed operate at very high 

frequency to reduce the size of the inductive filter element, thereby allowing for 

straightforward integration in a monolithic converter. However, it’s worth noting that 

conducted emission regulations do not apply for frequencies greater than 30 MHz 

and so operating above this frequency guarantees compliance. This is due to the FCC 

(Code of Federal Regulations Title 47 Part 15) and European standard (CISPR-22) 

not specifying conducted emission limits for frequencies greater than 30 MHz. It 

should be noted that radiated emission standards are specified for frequencies greater 

than 30 MHz. 

This thesis sets out a number of Figures of Merit (FOM) for integrated 

inductive dc-dc converters in Fig. 2.3. The graphs include details of the inductors 
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used, where inductors with a magnetic core are denoted with a square marker 

followed by air core and off chip inductors signified by circular and cross markers 

respectively. Colours are also used to define the type of inductor, e.g., spiral, coupled 

etc.  

 

a) Peak converter efficiency versus switching frequency. 
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b) Maximum output current versus switching frequency. 

 

c) Vout/Vin versus switching frequency. 

Fig. 2.3 a) Efficiency, b) output current and c) Vout/Vin versus switching frequency for state of the art 
integrated dc-dc converters. 
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Scrutinizing Fig. 2.3 a number of trends are evident.  

•  Converters primarily operate with a switching frequency in the region 

of 100 MHz, where the maximum switching frequency demonstrated 

is 660 MHz. 

•  Air core inductive components are predominantly used due to the ease 

of integration. They have been demonstrated in converters operating 

in the range of 10 to 660 MHz. 

•  Inductors with a magnetic core are competitive with air core inductors 

in terms of efficiency and are typically used in converters capable of 

supplying output currents greater than 1 A. All reported converters for 

output currents of greater than 1 A have a minimum switching 

frequency of 100 MHz.  

The vast majority of dc-dc converters detailed above reach their peak 

efficiency when the voltage transformation ratio is around 0.63. The effect of 

reducing this ratio results in higher phase ripple current and loss and so, as voltage 

requirements reduce the efficiency attainable will reduce if higher values of 

inductance and/or switching frequency are not implemented. This thesis is targeting 

magnetic components for use in low voltage transformation ratio, high output current 

dc-dc converters to meet the needs of future applications.  

2.3.  Microfabricated Inductors on Silicon  
Microfabricated inductors can be fabricated on silicon using a wide variety of 

processes and materials. In general the fabrication can be summarised in the 

following way. In the case of air core inductors, they are formed by electroplating 

copper windings onto a silicon substrate after patterning with an appropriate seed 

layer and surrounded with layer of insulation such as Benzocyclobutane (BCB). In 

the case of inductors with a magnetic core, the core material is deposited by 

electroplating or by sputtering with appropriate patterning and insulation.  
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Many of the articles cite issues surrounding the inductive element such as 

integration and the significant proportion of loss associated with it [23, 29, 44]. The 

result is that many articles have switching frequencies in the region of 100 MHz so 

that the required inductance is in the region of 1 to 30 nH, allowing for small 

inductive elements comparable to those used in RF applications. To facilitate an 

appropriate discussion in this area, a number of articles have been included in this 

section which discuss microfabricated inductors, but have not been demonstrated in a 

monolithic converter that meet the criteria discussed in Section 2.1. In this Section a 

number of microinductor structures are reviewed along with a discussion on 

applicable thin film magnetic materials. Section 2.3.3 summarises articles addressing 

the design and modelling of both uncoupled and coupled microinductors. 

2.3.1. Microfabricated Inductor Structures 
The vast majority of integrated dc-dc converters utilize air core inductors to 

provide the required inductance, which were primarily developed for use in RF 

applications. Spiral air core designs [23, 29, 30, 35, 36, 38, 39, 44, 45] are the most 

widely used followed by off chip air core inductors [19, 24, 27, 37, 40, 42], bondwire 

inductors [17, 18, 34, 46], inductors utilizing a magnetic core [14, 16, 20] and finally 

inductance integrated with the device packaging [10].  

In 2000 Park et al. developed a solenoid type inductor using a Ni50Fe50 with 

an inductance density of 142 nH/mm2 and measured dc resistance of 300 mΩ. 

Between 2000 and 2004, Katayama [47], Kim [48] and Park [49] published 

measured results of spiral inductors using magnetic cores but the maximum 

frequency implemented was 2.2 MHz. This is due in part to higher core losses are 

anisotropic properties are difficult to enhance in these spiral structures. A number of 

articles detailing integrated converters utilised air core spiral inductors due to their 

similarity to RF inductors. However, power inductors require a low dc resistance to 

minimise loss, which is typically not a major constraint for their RF counterpart. It is 

for this reason that many of the converters can supply only a maximum of 1 A using 

these types of inductors.  
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In some literature, different inductance values and switching frequencies were 

analysed, in these cases, the combination of inductance values and switching 

frequency, which resulted in the highest efficiency are presented. Fig. 2.4 includes a 

number of additional magnetic devices such as spiral inductors [47-51], coupled 

inductors [52, 53], racetrack microinductors [54-56], stripline inductors [57, 58] and 

solenoid microinductors [59, 60] all of which have a magnetic core.  Additionally 

spiral inductors [61, 62] and a toroidal inductor [63] utilising an air core are 

included. Similar to Fig. 2.3, devices with a magnetic core are represented with a 

square marker and air core devices are signified with circular markers in Fig. 2.4 and 

Fig. 2.5. 

Fig. 2.4 shows a clear trend of decreasing inductance with switching 

frequency and magnetic core inductors dominating lower frequencies due in part to 

the improved inductance per unit area.  

 

Fig. 2.4 Output filter inductance versus switching frequency. 
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The main advantage cited in literature for use of air core inductors is their 

ability to be implemented in a similar fashion to RF applications. However, the 

current levels in the RF field are low compared to that of power inductor 

applications. Moving forward as current levels increase the potential for problems 

surrounding inductance density and Electromagnetic Interference (EMI) are clear 

[64]. The use of magnetic material surrounding the windings is known to provide 

higher inductance densities and reduced EMI issues [13, 65]. However, the 

additional complexity of designing inductors with integrated magnetic material is 

seen as an obstacle. Indeed only three groups [14, 16, 20], incorporate magnetic 

material in the output inductor for use in their integrated converters. Viewing the full 

field of integrated magnetics devices reveals that there are number of inductors 

utilizing magnetic material at 100 MHz and even up to 300 MHz [16] (note that this 

is not shown in Fig. 2.4 as it is not the optimum switching frequency in terms of 

converter efficiency). Fig. 2.5 shows inductance density per unit area, nH/mm2 is 

significantly higher for devices employing a magnetic core. It should be noted that in 

the case of bondwire inductors no discernable area can be established and so this 

type of inductor are not presented in Fig. 2.5. 



CHAPTER 2. BACKGROUND AND RELATED WORK 

-29- 

 

 

Fig. 2.5 Inductance density per unit area versus switching frequency. 

 

In the same vein as spiral inductors, Wu and Wibben [35, 66] demonstrated 

spiral air core coupled inductors in stacked interleaved converters to provide 

inductance enhancement and reduced output current ripple. Using a magnetic core 

for this type of device could be used to improve the inductance density and reduce 

EMI, however it is difficult to induce anisotropy in the core of a circular or square 

spiral, which may limit their use at very high frequency, as core losses become 

unacceptably large [67]. Considering the issues surrounding EMI and poor 

inductance density it is obvious why most converters operate with a switching 

frequency around 100 MHz with a maximum output current of less that 1 A shown in 

Fig. 2.3 b). 

A similar structure to that of a spiral inductor in terms of winding layout that 

allows for the use of anisotropy is that of an elongated spiral inductor. Colloquially 

known as a racetrack type inductor, it is formed by adding straight sections of 

windings surrounded by a magnetic core between two half spirals. In this way 
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anisotropy can be easily introduced by depositing the core material in the presence of 

a dc magnetic field. Racetrack inductors have been investigated for high frequency 

operation up to 100 MHz with inductance levels in the order of 10-100's nH [54, 65]. 

O'Donnell et al. [56], in 2008, published details of a 100 nH inductor designed for 

power applications with a dc resistance of 113 mΩ enhancing the anisotropic 

properties of the magnetic core. Harburg et al. fabricated a 660 nH racetrack inductor 

for use in 25 W dc-dc converter operating between 5-30 MHz with a reported Q-

factor of 18.  

Toroidal [63, 68] and solenoid [59, 60] structures where the windings are 

wrapped around an air or magnetic core have been studied for use in this application. 

Of the two, the toroidal structure is more suitable as the external magnetic fields are 

minimized as a consequence of the toroidal shape, thereby reducing the probability 

of encountering EMI issues. Much like the spiral inductor, anisotropy is difficult to 

introduce in a toroidal structure. Crossed anisotropy has been used [69] however the 

flux must be perpendicular to the hard axis in some regions and this impacts on core 

loss. Radial anisotropy overcomes this issue by allowing the flux to travel along the 

hard axis in all regions however it remains difficult to achieve; a radial magnetic 

field is required when annealing the core [68] which may be difficult to induce for 

multiple inductors at wafer level.  

Stripline inductors formed by surrounding a conductor with magnetic core 

material can achieve low loss but they are limited in terms of the inductance value 

they can provide, which is in the order of 1-50 nH. Yao et al. [57] demonstrated a V-

groove stripline inductor, which exhibited an approximate inductance of 3.4 nH from 

10 MHz to 100 MHz with a dc winding resistance of only 3.83 mΩ.  

Saturation of the magnetic core under dc load is a notable issue when 

designing microfabricated inductors. One attractive solution to alleviate this issue is 

to inversely couple phases so that the dc flux is cancelled within the core. Coupled 

inductors with a magnetic core offer a number of additional advantages over their 

uncoupled counterparts such as inductance enhancement and reduced core volume 
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[70]. A number of groups have demonstrated coupled stripline inductors [16, 28, 71], 

which allows for straightforward inducement of anisotropic properties in the core and 

to fabricate compared to more complex structures. Sturcken et al. also demonstrated 

a ladder type solenoid coupled inductor [27], with a reported self-inductance of 18.4 

nH per phase. 

Bondwire inductors and inductance provided by packaging parasitics [17, 18, 

34, 46] is one avenue, which has been explored recently. The advantages of using 

these types of inductors is a significant saving in terms of layout, however, the 

process variability during the fabrication may lead to unpredictable inductance levels 

and hence circuit performance. 

2.3.2. Microfabricated Inductor Materials and Processing 

2.3.2.1.  State of the Art 

Typically soft magnetic materials are used in microfabricated inductors to 

increase the inductance per unit area over an equivalent air core inductor and to 

contain the magnetic flux generated by the windings. The following is a summary of 

deposition techniques and the materials used in recently published articles. 

Current state of the art material depositions come in two flavours, sputtering 

[55] and electroplating [72]. Sputter deposition is a line of sight technique, which can 

uniformly build up successive layers of material. It can efficiently deposit magnetic 

material up to few hundred nanometres thick, but past this it becomes an expensive 

and slow process. Sputtering allows for the use of exotic combinations of materials 

and also the inclusion of lamination layers in the core [58], which can serve to 

significantly reduce eddy currents circulating within the core [57]. It is clear why it is 

a common method of deposition in the research field, however the costly and time 

consuming attributes of this technique may restrict its widespread adaption in an 

industrial setting. 
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Electroplated deposition is a method that has been used widely to fabricate 

magnetic cores with relativity large film thicknesses of several micrometres [56]. 

The process is compatible with current CMOS fabrication methods allowing for easy 

transition from a research to industrial setting. Inclusion of laminations in the core is 

also possible using this method of deposition and has been demonstrated by research 

groups at Georgia Institute of Technology [73] and Tyndall National Institute [74]. 

These advantages are not without their drawbacks, as can be seen in Table 2.1 

electroplated materials tend to have a lower resistivity than that of sputtered 

materials implemented thus far. 

To achieve optimal performance it is desirable for the magnetic material to 

have a high saturation field level to avoid core saturation, resistivity to reduce eddy 

current loss, relative permeability to enhance inductance per unit area, anisotropic 

field to increase current handling and reduce loss and a low coercivity to limit 

hysteresis loss. Saturation field level, Bsat and resistivity, ρ, are intrinsic properties of 

the magnetic materials but relative permeability, μr, coercivity, Hc, and the 

anisotropic field are dependant on deposition technique and shape of the core [75].  

Anisotropic properties are induced in the core by applying a strong dc 

magnetic field perpendicular to the intended direction of the magnetic flux, meaning 

that the hard axis is parallel to direction of the flux and easy axis perpendicular to it.  

Considering the results in Table 2.1 it is clear that no one material satisfies all 

salient points, as there are many conflicting requirements. For instance the need for a 

high saturation field level Bsat and resistivity are contradictory. Higher saturation field 

levels require more magnetic material to be included but this typically will result in 

decreased resistivity. It is therefore paramount to reach equilibrium between all the 

salient points based on the application of the magnetic material. 
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TABLE 2.1 COMPARISON OF MAGNETIC MATERIALS. 

Description Unit [16, 56, 76] [57] [28, 53] [52, 58] [59] [50] 

- Material - Ni45Fe55 CoZrO Ni80Fe20 CoZrTa CoTaZr CoP 

- Deposition  - Electroplated Sputter Sputter Sputter Sputter Electroplated 

Bsat 
Saturation 
field T 1.5 1 1 1.52 1.44 0.8 

ρ Resistivity  µΩ!cm 45 300 20 99 100 80 

µr 
Relative 
permeability  µm 280 100 1000 1000 500 200 

Hc Coercivity Oe 0.5 1 1 0.015 0.4 10 

Ct 
Core 
thickness µm 2-4.2 4 4 2 2.2 10 

- 
Laminated 
core - No Yes Yes Yes Yes No 

 

Recently a number of promising materials have been described in literature 

which may improve the quality of magnetic devices fabricated on silicon such as 

CoNiFe [77] and a granular electroplated material, CoNiFeP [78] which has a 

resistivity two orders of magnitude larger than an NiFe alloy material. While these 

materials show promising traits, considerable work remains to develop higher quality 

magnetic films for use in microinductors. 

2.3.2.2.  Processing Technologies Implemented 

In this thesis microinductors have been fabricated using standard 

electroplating techniques compatible with current CMOS technology. All devices 

fabricated have a closed magnetic core structure, which encloses copper windings. 

Individual layers are formed using custom mask sets to pattern the respective layers. 

Firstly a seed layer of TiCu is deposited on a layer of Benzocyclobutane (BCB) 

insulation, which has been formed on top of a silicon wafer. A layer of magnetic 

material (Ni45Fe55) [76] is electroplated and patterned on top of the seed layer, 

followed by a layer of BCB insulation. A second seed layer of TiCu is then 

deposited, onto which the copper windings are then electroplated. A layer of epoxy-

based photoresist (SU-8) is then placed on the windings followed by the top 

magnetic layer of Ni45Fe55.  
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The Ni45Fe55 magnetic material used in this thesis has a relatively low 

resistivity (45 μΩ!cm) and so to control eddy current core loss, the core thickness is 

approximately 7% thinner than the skin depth at the desired frequency of operation. 

For example, at 20 MHz the skin depth is 4.51 μm and so the core thickness is 

specified to be 4.2 μm [76]. 

Using this fabrication technique each successive layer has a maximum error 

tolerance of approximately ± 10%, typically however, this is much lower. The 

minimum insulation thickness between the core and windings is approximately 20 

μm to achieve high fabrication yield. Further details of fabrication constraints are 

detailed in subsequent chapters in relation to the specific inductor type.  

2.3.3. Design and Modelling of Microinductors 
A critical part of any design procedure is valid models to predict loss and 

performance within the circuit. Until recently ac winding loss was difficult to 

estimate due to the two dimensional fields present in these types of microinductors 

without the use of a Finite Element Analysis (FEA) package. Harburg introduced a 

semi-empirical solution [79] for racetrack microinductors which combined a one 

dimensional field solution with lookup table of over 12000 entries to calculate ac 

loss. Wang [80] developed a two dimensional analytical solution to ac winding loss 

in closed core structures by degenerating the problem into two, one dimensional 

problems showing excellent agreement with FEA results and measurements. 

Both Andersen [54] and Harburg [81] presented a multi-objective 

optimisation procedure for racetrack microinductors which arrives at the optimum 

inductor for a given specification by varying a wide range of parameters. Daniel et 

al. [82] presented a design procedure which varied the relative permeability to 

control the inductance of the device. Flynn et al. [83] proposed a design 

methodology for high frequency solenoid microinductors based on a reluctance 

model following a traditional approach to design. 
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A number of authors presented work on the design and optimisation of 

coupled inductors Morrow et al. [53] presented work on the optimisation of a basic 

coupled stripline inductor structure using rms currents to estimate loss. In that work 

MOSFETs were also optimised in terms of gate drive loss and conduction loss to 

arrive at optimum system level performance. Sturcken [84] designed and optimised a 

ladder type solenoid coupled inductor structure using a reluctance-based model. 

Prabhakaran [71] also used a reluctance based model to estimate inductance in a 

four-phase coupled stripline inductor. Dang [85] used ANSYS Maxwell [86] to 

develop a physical model of a two phase spiral coupled inductor with a ferrite core. 

Wu [66] also used a FEA package to design and optimise the two phase coupled 

inductor used in their work. 

2.4.  PwrSoC Converter Topologies 
In this section circuit topologies suitable for PwrSoC applications are 

discussed along with control, light-load efficiency improvement techniques and 

competing technologies. 

2.4.1. Circuit Topologies 
The primary underlying circuit topology used in all the reviewed literature is 

a buck type dc-dc converter, which is a well-understood and relatively simple 

topology. Approximately 53% of the reviewed converters were single-phase buck 

converters, with remaining being made up of multiphase dc-dc converters ranging 

from 2 to 16 phases. Within the multiphase dc-dc converter subset, four implement 

coupled inductors [16, 27, 28, 35] ranging from 2 to 16 coupled phases.  

The use of coupled inductors offer a number of advantages with respect to 

circuit performance and inductor performance [87]. One interesting topology is the 

stacked interleaved dc-dc converter [35] which eliminates the output ripple current 

dependence on duty cycle thereby maintaining a very low output ripple voltage. In 

that work the authors implemented a 2-phase air core coupled inductor with a phase 
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inductance of 2 nH achieving a peak efficiency of 79%. When a magnetic core is 

used the advantages of using a multiphase-coupled inductor topology comes to pass 

[16, 27, 28]. Inversely coupling the phases allows for the dc flux to be cancelled 

within the core, reducing the susceptibility to core saturation. Concurrently the 

transient behaviour is also improved [87] as it is dependant on the leakage inductance 

during load steps. Inevitably the improved performance comes at the expense of 

design complexity and implementation.  

2.4.2. DC-DC Converter Control 
The multi-MHz switching frequency required to achieve a fully integrated 

converter offers some unique design challenges in terms of control of the dc-dc 

converter. It is envisaged that PwrSoC converters will need to endure large load 

perturbations while ensuring minimal voltage deviation from the required output 

voltage during transients while also maintaining a highly customisable system. The 

leading method of control is to implement a two-loop system where a fast inner loop 

responds to load transients and a slower outer loop manages system level 

performance such as output voltage, frequency and possible non-linear control 

schemes [10, 16, 19, 28]. The control can be implemented using digital or analogue 

schemes or a combination of both.  

Digital control offers the ability to adjust parameters in real-time without the 

need to disable hardware and also provides feedback of control signals that are 

inaccessible in an analogue controlled adaptation; a major advantage when 

implementing a non-linear control scheme [7, 88]. Though the advantages are 

numerous for this discrete time system a number of disadvantages exist which may 

limit their performance in PwrSoC applications. Such things as the resolution due to 

finite word length of the digital processor, delays in analogue to digital conversion 

and vice-versa as well as time delays computing the control algorithm [89] may to 

lead poor system performance. Analogue continuous time control systems 

intrinsically avoid these disadvantages, which may be a significant advantage over 

digital control at very high frequencies. 
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2.4.3. Light-load Efficiency  
Light-load efficiency is becoming more of a necessity than a wish, as many 

devices are required to operate in this state for prolonged periods of time. Along with 

the inductive filter element the power switching stage incurs the vast majority of loss 

in a switching converter. A number of loss mechanisms contribute to the system 

inefficiency such as inductor winding conduction and core loss, MOSFET gate drive, 

switching, conduction, diode reverse recovery and deadtime loss. 

While some of the outlined converters implement hard switching [16, 20, 27, 

30] with no form of efficiency improvement techniques, most implement zero 

voltage switching [10, 33, 36] or gate charge recycling [10, 18, 19, 33] to improve 

the system efficiency. Gate charge recycling is an inherent attribute where cascode 

switching is implemented [9-11]. 

Other methods of light-load efficiency improvement include reducing 

switching frequency at light-load, which reduces the switching and gate drive losses 

incurred [90-92]. Lu et al. implemented a constant on-time Pulse Frequency 

Modulation technique [21] in a fully integrated converter with a peak efficiency of 

88.4 % while maintaining an efficiency of over 81% between 20 mA and a maximum 

output current of 1500 mA.  

In multiphase dc-dc converters it is possible to disable parallel phases as load 

current decreases [93]. Researchers at Intel demonstrated dc-dc converters using this 

technique using both uncoupled [10] and coupled inductors [28] to maintain a near 

flat efficiency curve over the entire load range. Collins et al. [94] improved light-

load efficiency by replacing a single lumped inductor with N-parallel inductors, 

which realize an equivalent inductance and then disabling these parallel phases as 

load current decreases. This can lead to a reduced inductor volume in comparison to 

an equivalent lumped inductor and improved light-load efficiency. 
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2.4.4. Competing Technologies 
Switched capacitor topologies offer a number of benefits compared to 

inductive switching, such as higher power density and ease of integration. In this 

section a number of metrics are presented to compare and contrast these two 

competing technologies. 

An overview of the landscape is presented in this section detailing highly 

integrated step down inductive and switched capacitor dc-dc converters since 2004 to 

the present. The comparison of these converters is quite complex as both inductive 

and switched capacitor converters have inherent limitations, which limit their 

application.  

 

Fig. 2.6 Peak efficiency versus peak output power of inductive switching and switched capacitor dc-dc 
converters. 
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The switched capacitor paradigm has an inherent drawback for higher power 

applications as their efficiency is reduced as output current is increased, due to 

periodical forced charging and discharging of the switched capacitors. This attribute 

is clearly evident in Fig. 2.6 where all switched capacitor converters reviewed 

operate below an output power of 1.65 W [95-109]. The switched capacitor output 

voltage range is also limited as there is a significant drop in efficiency if not 

operating close to one of the fixed voltage conversion ratios [110]. Nonetheless for 

ultra low power conversion, switched capacitor topologies dominate the field with a 

noticeable drop in peak efficiency of the inductive dc-dc converters below 0.5 W. 

There are clear advantages and disadvantages to both approaches for realizing a truly 

integrated power supply on chip but as can be seen from Fig. 2.6 switched capacitor 

are usually implemented for low power conversion while inductive switching tends 

to be more appropriate for high power conversion with both topologies capable of 

achieving greater than 90% peak efficiency. 

A hybrid circuit of the two topologies may offer the best of both worlds in 

terms of efficiency, power density and circuit flexibility. Indeed a resonant switched 

capacitor circuit that provides a maximum output power of 4.3 W has already been 

developed [111], which is far above the maximum output power of 1.65 W for a 

conventional switched capacitor topology [99] developed thus far. However these 

hybrid circuits are still in the developmental stage with significant research into the 

design and control of these yet to be undertaken. 
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2.5.  Summary 
This chapter presents details of current state of the art work in the area of 

integrated converters with a focus on integrated magnetics. The PwrSoC paradigm is 

presented with compatible circuit topologies, control and light-load improvement 

techniques. Emphasis in particular is placed on microinductor structures, materials, 

design and implementation.  

As output voltage requirements decrease, dc-dc converters with low duty 

cycle ratios are inevitable in the future; this will necessitate the implementation of 

high performance magnetics on silicon. Literature published to date doesn't deal with 

the implications of low duty cycle ratios on inductor performance in detail. It is also 

apparent that user-friendly design methodologies for microinductors and accurate 

models for coupled inductors are not available. This thesis aims to address these 

issues.  
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Preamble 
Presented in this chapter is a detailed design procedure and comprehensive 

analysis of racetrack microinductors for high frequency dc-dc conversion 

applications. A 1.8 W, 20 MHz dc-dc converter is used as a benchmark design.  

Microinductor design and optimisation can be challenging as the inherent 

design flexibility offered by microfabrication technology allows for many degrees of 

freedom compared to traditional inductor design. Much of the literature published 

thus far uses optimisation algorithms such as particle swarm methods to find the 

optimum device structure [1, 2]. In doing so, the physical parameters affecting the 

performance of the inductor are somewhat obscured. Particle swarm methods are 

also computationally inefficient, as a large range of possible designs are evaluated 

for a specific power density, which are non-optimal. 

In this chapter, a traditional approach to inductor design has been developed 

which accounts for current handling, saturation levels and footprint area intrinsically. 

This approach allows the designer to clearly observe how variations in certain 

parameters affect the performance of the device. A number of example designs are 

CHAPTER 3 
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presented to demonstrate how different parameters affect performance using the 

models for inductance and loss presented. 

This work shows that, due to the high dc resistance of these racetrack 

microinductors, the number of turns should be minimised while achieving the 

required inductance. Also highlighted is the higher inductor efficiency attainable by 

increasing the switching frequency. 

Finally, finite element analysis simulations and measurements are used to 

validate the analytical models. 
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Abstract— Inductor-on-silicon research to date has focused on optimising 

technologies for maximum power density and efficiency, with most design procedures 

based on computationally intensive methods. In this paper a simple and intuitive 

method for designing microinductors based on a given dc-dc converter specification, 

which includes accurate models for all loss components, is developed. A detailed 

examination of variations in designs to realise the same circuit performance is also 

presented. Finally finite element analysis simulations demonstrating the accuracy of 

the models are given, along with measured results of a fabricated microinductor. 

3.1.   Introduction 
Recently research has focused on the miniaturization of power supplies with 

increasing levels of performance and power density required. Advances in packaging 

and switches have outpaced the development of magnetic components and this is 

now the main roadblock to realising a fully integrated Power Supply on Chip 

(PwrSoC) [3, 4]. The need for a new design methodology for microinductors is 

explained by the difference in winding and core structures applied when compared to 

discrete wire-wound components; for microinductors, core size and copper area are 

both variable quantities as defined by suitable lithographic patterns, while traditional 

© 2015 IEEE. Reprinted, with permission, from Ciaran Feeney et al. Design Procedure for 
Racetrack Microinductors on Silicon in Multi-MHz dc-dc Converters, Jan, 2015. 
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inductor designs are largely based on fixed core structures and standardised copper 

wire sizes.  

Traditional inductor design focuses on limitations such as flux saturation, 

current handling and inductance requirements [5]. Typically core material and 

dimensions, along with copper winding sizes are predefined by operating frequency 

and circuit specification in traditional inductor design. Inherently microfabricated 

inductors have many more degrees of freedom so minute adjustment of core size and 

windings can easily be achieved. This paper presents a traditional approach to 

inductor design for microfabricated inductors, much like methods in [5, 6] which 

take inductance, core saturation and current handling into consideration, to define 

limits in compliance with the fabrication process and circuit specification. Compared 

to particle swarm or Pareto optimization [1, 7, 8] (which vary a wide range of 

parameters to develop a relationship between efficiency and power density) the 

number of possible designs that comply with these constraints is significantly 

smaller, while allowing for a more application-focused approach to microinductor 

design. Additionally, the limitations affecting inductor design such as saturation and 

current handling become apparent, which can be difficult to discern from other 

design procedures. Therefore this enables identification of the most effective areas 

for research towards higher current, higher frequency and higher power density 

microinductors. 

There are many suitable microinductor structures for PwrSoC applications [3, 

4]. Spiral inductors provide excellent inductance per unit area and a low dc 

resistance; however it is difficult to induce anisotropy in the magnetic core and 

electromagnetic interference can be an issue if an air core is used. Coupled stripline 

inductors can achieve low loss but they are limited in terms of the inductance value 

they can effectively provide, which is in the range of 10-50 nH [9]. Toroidal [10] and 

solenoid inductors [11] have been shown to achieve very good inductance levels 

using crossed anisotropy; however the flux must be perpendicular to the hard axis 

direction in some regions [4] and this impacts on core loss contributions under high 

flux excitation conditions, as applied in power conversion. Radial anisotropy 
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overcomes this issue for toroidal cores [12], which ideally allows all the flux to travel 

along the hard axis. One of the more developed approaches for PwrSoC is the 

racetrack design, where an elongated spiral inductor allows for a straight-cored 

section whose anisotropic properties can be enhanced. Racetrack microinductors 

have previously been demonstrated in 20 MHz dc-dc converters [13, 14], and they 

have been designed for high frequency operation up to 100 MHz with inductance 

levels in the order of 100's nH [1]. 

Accurate analytical loss models are paramount for microinductor design so 

that their performance can be predicted in a circuit application without the need for 

complex iterative Finite Element Analysis (FEA) simulations. Models for dc winding 

loss, eddy current and hysteresis core loss have been well established; however due 

to the two-dimensional magnetic fields present in closed core structures ac winding 

loss is more difficult to calculate. Semi-empirical methods and adaptations of 

Dowells one-dimensional formula have been used in the past [2, 15]; however they 

only provide qualitative results for particular cases. In this paper an analytical two-

dimensional ac winding loss calculation [16] is used and thus a complete analytical 

model for all loss components is presented along with FEA simulations and 

measurements for model verification. 

The proposed design procedure is applied to perform a detailed analysis of 

possible designs that satisfy circuit requirements, which include the effect of varying 

inductor parameters such as winding conductor thickness, switching frequency and 

core window utilization. Optimum designs are then modelled for use in a 20 MHz 

dc-dc converter along with measurements of a fabricated microinductor.  

This paper is organised as follows: in Section 3.2 a description of analytical 

racetrack microinductor models for inductance and loss is presented. Section 3.3 

outlines details of the proposed design procedure for the microinductors and Section 

3.4 presents a detailed analysis of the microinductor loss models. Section 3.5 

confirms the models with measurements followed by conclusions in Section 3.6. 
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3.2.  Microinductor Modelling 
The following equations detail inductance and loss calculations for racetrack 

microinductors, with parameters as shown in Fig. 3.1. 

 

a) Three-dimensional model of a 3-turn microinductor. 

 

 

b) Cross sectional view of one core. 

 

 

c) Top view of 1/4 of microinductor. 

Fig. 3.1 Models of 3-turn microinductor. 
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3.2.1. Inductance Model 
For racetrack microinductors, inductance is provided by a number of different 

sources; the core inductance, Lcore, the end spiral inductance, Lspiral, mutual coupling, 

Lmutual and self inductance, Lself of the copper tracks under the core all need to be taken 

into account. The contribution to overall inductance ( L = Lcore + Lspiral + Lmutual + Lself ) 

is outlined in order of significance where the bulk of the inductance is provided by 

the core. This is calculated using a reluctance model given by 

 Lcore = 2
µ0 ⋅µr ⋅Nt

2 ⋅Ac
lmag

, (3.1) 

where the permeability of free space μ0 is 4π×10-7 H/m, μr is the relative permeability 

of the core, Cw, Cl and Ct are the core width, length and thickness respectively, Dh is 

the device height, Nt is the number of turns, giving core area, Ac =Ct ⋅Cl  and the 

magnetic path length, lmag = 2(Cw +Dh −2Ct ) . The aspect ratio, Ar, of core length, Cl, 

to core width, Cw, is usually greater than 2 and less than 5 for Ni45Fe55; setting Ar 

below 2 leads to a core that is more susceptible to saturation and an aspect ratio 

above 5 results in reduced initial permeability due to shape anisotropy effects [17]. 

The end spirals of the racetrack inductor are approximated as an air core 

spiral inductor. An empirical curve fit [18] for inductance which includes self and 

mutual inductance terms is calculated by 

 Lsprial =
µ0 ⋅Nt

2 ⋅davg
2

ln 2.46
Ρ

#

$
%+0.2Ρ2

&

'
(

&

'
(

#

$
% , (3.2) 

where dout and din are outer and inner diameters of the spiral windings, 

davg = 0.5(dout +din )  is the average diameter, and Ρ = (dout −din ) / (dout +din )  is the fill 

factor. The winding thickness, Wt has a negligible effect on overall inductance and is 

ignored.  
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The self inductance of a rectangular cross section under the closed core 

regions is described in [19] and is expressed by 

 Lw,self ≈ 2Nt ln(
2Cl

Ww +Wt

)+ 1
2

"

#
$

%

&
'×10−5 . (3.3) 

The mutual inductance between adjacent copper tracks under the closed core 

regions is given by 

 Lw,mutual ≈ 2Cl
j=i+1

N

∑
i=1

N−1

∑
ln 2Cl

( j − i)(Ww +Ws )
$

%
&

'

(
)−1+ ( j − i)(Ww +Ws )

Cl

−
( j − i)(Ww +Ws )

2Cl

$

%
&

'

(
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2
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,
,
,
,
,

-

.

/
/
/
/
/

×10−5 , (3.4) 

where the summation limit N is the number of turns. Equations (3.3) and (3.4) omit 

negligible geometric mean distance terms presented by Grover in [19] as they were 

found to have an insignificant impact on the self and mutual inductance. 

3.2.2. Microinductor Loss 
The inductor loss components are outlined in order of significance; dc 

winding conduction loss; core loss, inclusive of eddy current and hysteresis loss 

components, and ac winding conduction loss.  

Dc resistance of the windings under the core, Rdc,core, and of the end spirals 

[20], Rdc,spiral, are calculated by (3.5) and (3.6). 

 Rdc,core =
ρ

Ww ⋅Wt

(2Nt ⋅Cl ) , (3.5) 

 Rdc,spiral =
2π ⋅ ρ

Wt ⋅ ln(
ro, j
ri, j
)j=1

N

∑ , (3.6) 

where ri, j =1 2Din + ( j −1)(Ww +Ws ) , ro, j = ri, j +Ww  and the resistivity of copper, ρ is 

1.72×10-8 Ω/m. 



CHAPTER 3. DESIGN OF RACETRACK MICROINDUCTORS 

 -61- 

The dc conduction loss is calculated by taking the dc output current, Idc, and 

applying 

 Pdc = (Rdc,core + Rdc,spiral ) ⋅ Idc
2 . (3.7) 

The Fourier series can be used to estimate the current amplitude of the 

inductor ripple current at the n'th harmonic, however this leads to a complex 

expression. A simplified Fourier expression [21] to estimate current amplitudes, In 

for a triangular current waveform is given by  

 In ≈ ΔI
sin(πn ⋅D)
π 2n2 ⋅D(1-D)

, (3.8) 

where D is duty cycle, ΔI is the peak-to-peak ripple current and n represents the n'th 

harmonic frequency. All harmonics that contribute more than 5% of the fundamental 

harmonic losses are included in calculations.  

Core loss consists of two components, eddy current and hysteresis loss. Eddy 

current loss can be calculated by assuming all the eddy currents induced in the core 

decay according to the one-dimensional Helmholtz equation [22]. Assuming that the 

top and bottom of the core along with the sidewalls are equivalent to four individual 

bus bars the eddy current loss is given by 

 Pe = 2
ρc(Cw +Dh )Cl

Ct

υn
sinh(υn )− sin(υn )
cosh(υn )+ cos(υn )

Hn
2

n=1

nmax

∑ , (3.9) 

where υn =Ct /δc =Ct / ρc / (µ0 ⋅µr ⋅ π ⋅n ⋅ fsw )  is the core thickness to skin depth 

ratio at the switching frequency, Hn is the ac magnetic field amplitude at the n'th 

harmonic, nmax is the maximum harmonic number and ρc is the resistivity of the core. 

Hysteresis loss is given by the Steinmetz equation [23]. 

 Phys =K ⋅ fsw
ΔBp-p
2

#

$
%

&

'
(

β

Vc  (3.10) 
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where ΔBp-p is the peak-to-peak flux density that depends on the applied voltage 

waveform, Vc is the volume of the core material and K and β are material dependent 

properties.  

In magnetic devices with closed cores, such as racetrack microinductors, the 

magnetic field distribution within the winding window is two-dimensional [24, 25]. 

Dowell’s one-dimensional method for ac winding conduction loss is therefore no 

longer valid and leads to a significant error. Wang et al. have introduced an 

analytical method to accurately predict ac winding conduction loss when two-

dimensional magnetic fields are present [16]. The ac winding resistance at the n'th 

harmonic current, Rac,n, can be found by implementing this method [16] and the ac 

power loss can then found by applying 

 Pac = Rac,n ⋅ Irms,n
2

n=1

nmax

∑ , (3.11) 

where Irms,n is the root mean square of the n'th harmonic inductor current. Again, all 

harmonics that contribute more than 5% of the fundamental harmonic losses are 

included. 

3.2.3. Core Saturation 
The peak flux density, Bpeak is calculated based the dc flux density, Bdc, and 

peak-to-peak flux density, ΔBp-p, both of which are related to applied current levels as 

 Bdc = µ0 ⋅µr ⋅Hdc =
µ0 ⋅µr ⋅Nt ⋅ Idc
2(Cw +Dh )

, (3.12) 

 
ΔBp-p
Bdc

=
ΔI
Idc

, (3.13) 

 Bpeak = Bdc +
ΔBp-p
2

. (3.14) 

It is assumed that the H-field is constant throughout the core and therefore magnetic 

flux density is also constant. 
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3.2.4. Temperature Rise 
Inductor temperature rise is somewhat difficult to estimate due to unknown 

environmental conditions and device packaging. In this case the thermal resistance of 

the core and insulator between the core and windings is low (in the order of 10's 

W/m2°C) and so, should allow for adequate heat dissipation to the surrounding air 

and adjoining structures. In the absence of reference data for maximum current 

handling capabilities of copper on silicon, and to represent conditions applied during 

inductor testing, data for calculating the minimum winding width, Ww,min, of outer 

copper tracks on PCB is applied as a first approximation [26]. 

 Ww,min =

I
m ⋅ ΔT e

#

$
%

&

'
(

Wt

1/r

⋅ (25.4×10−6 )2 , (3.15) 

where m=0.048, e=0.44 and r=0.725. Given that the thermal conductivity of silicon 

is better than that of FR4 laminate, it is expected that this equation provides an 

appropriate minimum winding width. 

Excluded from this analysis is the contribution of Joule heating from within 

the core. However, since core loss contributions are found to be much lower than 

winding losses, they are not expected to impact significantly on the winding 

temperature rise. Observed temperature results presented in Section 3.5 confirm that 

(3.15) is satisfactory and serves as a useful limiting equation for inductor thermal 

performance. 

3.3.  Design Procedure 

3.3.1. Design Methodology  
Previous optimisation approaches to microinductor design require 

considerable computation effort to find valid designs [1, 7]. In this design procedure 

a universal approach is proposed which provides an applied method to design the 

optimum inductor within a given footprint area for a dc-dc converter specification; a 
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buck converter in this case. This method is similar to traditional inductor design 

approaches [5, 6] where core inductance, Lcore, current handling ability and core 

saturation flux density, Bsat, within a given footprint area are all input design 

parameters. These are combined with processing limitations to produce a small set of 

designs whose performance can be analysed in detail to identify optimum designs in 

terms of loss, size, etc. By comparison, the parameters of inductance, current 

handling and saturation are usually output values calculated in design methods that 

sweep all possible design variations within specified processing and material 

constraints. Therefore, the level of computation required to identify optimum designs 

for a given circuit specification is much higher using these methods, and 

relationships between application parameters, inductor materials and device structure 

are more difficult to recognise. 

Firstly circuit specification parameters such as inductance, L, maximum dc 

output current, Idc, inductor ripple current, ΔI, switching frequency, fsw, are combined 

with basic process parameters such as winding thickness, Wt, core material properties 

and other fabrication limitations. Core thickness, Ct, is set to be slightly less than the 

material skin depth, which mitigates the effect of eddy currents circulating within the 

core. The available footprint area, A, is also defined at this stage. In line with 

conventional inductor design, these parameters are used to calculate the minimum 

winding width, Ww,min for a given temperature rise using (3.15). Maximum flux swing 

due to saturation, ΔBmax, is given in terms of applied current levels as 

 ΔBmax = Bsat ⋅ ΔI / (Idc +ΔI / 2) , (3.16) 

where dc and ac magnetic flux density levels are directly proportional to applied 

current levels as described in (3.14).  

Referring to Fig. 1, the device footprint area, A can be expressed as 

 A = (2Cw +Cs )(Ar ⋅Cw +2Cw +Cs ) , (3.17) 

where the area taken up by the core thickness, Ct and spacing between the core side 

wall and track winding, Cws is assumed to be negligible. The aspect ratio, Ar is 

typically limited to between 2 and 5, and therefore with Cs defined by processing 
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capabilities, (3.18) can be applied to determine the core width, Cw, for a given device 

footprint, A, and a given Ar. Solving the expression, Cw is found as 

 Cw =
A−Dw

2

DW ⋅Ar
=

b2 + 4A ⋅a− 4a ⋅Cs
2 −b

2a
, (3.18) 

whereDw = (2Cw +Cs ) , a = 2Ar + 4  and b = Ar ⋅Cs + 4Cs . 

For the defined range of Ar values, upper and lower limits to the number of 

inductor turns, Nt, are then found. A minimum number of turns required to prevent 

saturation is defined in (3.19) and a maximum number of turns based on the 

minimum track width, Ww,min for a given temperature rise is defined in (3.20). As 

given, the minimum number of turns, Nt,min, is found in terms of the applied volt-

seconds product (for a buck converter in this case), the core cross sectional area 

( 2Ar ⋅Cw ⋅Ct ) and the maximum allowed ac flux swing, ΔBmax. 

 Nt ,min =
τ (Vin −Vout )DT

2Ar ⋅Cw ⋅Ct ⋅ ΔBmax
, (3.19) 

 Nt ,max =
Cw −2Ct −2Cws +Ws

Ww,min +Ws

, (3.20) 

where τ is the minimum ratio of core inductance to total inductance. Note that once 

the inductor footprint area, A and aspect ratio, Ar, are specified, the core width, Cw, 

applied in (3.19) and (3.20) can be deduced from (3.18) to facilitate calculation of 

Nt,min and Nt,max. 

Up to this point, the required inductance value has not been considered. 

Assuming the overall device height, Dh is constant and the core width, Cw >> Dh, 

(3.1) for core inductance can be simplified to  

 Lcore,approx = µ0 ⋅µr ⋅N
2
t ⋅Ct ⋅Ar . (3.21) 

This provides an initial range of possible Nt and Ar combinations needed to achieve 

an approximate core inductance. Fig. 3.4 combines the approximate core inductance 

with the range of Nt,min and Nt,max values calculated using (3.19) and (3.20) to identify 
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a range of viable designs that satisfy current handling, saturation and inductance 

requirements. Note that (3.21) is independent of device area, but the effect of area is 

incorporated in the calculation of Nt,min and Nt,max. The total inductance of each design 

can be verified using the models set out in Section 3.2.1. Depending on the tolerance 

requirement of the inductance, L, the design can be adjusted by varying Ar to increase 

or decrease overall inductance similar to adjusting the size of a gap in a traditional 

inductor. The loss models defined in Section 3.2.2 are then used to estimate total 

microinductor loss in the circuit application for each viable design so that an 

optimum minimum loss design can be deduced. The design flow is detailed in Fig. 

3.2 and demonstrated for the buck converter specification in Section 3.3.2. 

                                   

Fig. 3.2 Developed racetrack microinductor design procedure. 
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3.3.2. Procedure Implementation 
Using the procedure outlined, a 75 nH microinductor which can carry an 

Idc,max of 1 A in a 4 mm2 footprint is designed for use in a dc-dc converter with Vin=4.2 

V and Vout=1.8 V. In order to maximise the cross sectional area of conductor tracks 

and therefore minimise winding resistance within a given footprint, the winding 

spacing, Ws, between copper tracks is kept to a minimum as defined by the 

fabrication process limitations as well as the separation, Cs, between the two 

magnetic cores. Winding width : spacing ratio is critical to device performance both 

in terms of loss and device fabrication yield [27], with a minimum spacing resulting 

in the lowest loss but reduced fabrication yield. Fig. 3.3 shows the normalised loss 

for a 3-turn inductor and resistance factor, Rac/Rdc, where the winding spacing is 

increased leading to a decrease in winding width for a fixed core width. While an 

optimum in terms of the resistance factor exists the dominance of the dc loss in these 

devices shows that a minimum spacing design is optimal. A 1 A dc and 1 Apeak 20 

MHz sinusoidal waveform was used to calculate the conduction loss in the example 

shown. 

 

Fig. 3.3 Conduction loss and resistance factor versus winding spacing. 
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The minimum core separation, Cs is 150 μm, the minimum winding spacing, 

Ws is 20 μm and the winding thickness, Wt is 30 μm unless otherwise stated. These 

limitations are required to maintain a high fabrication yield. The core material 

Ni45Fe55 has a saturation flux density, Bsat of 1.5 T and relative permeability of 280. 

The Steinmetz equation for Hysteresis loss parameters are assumed to be K=300 and 

β=1.72. The aspect ratio, Ar is stipulated to be between Ar,min=2 and Ar,max=5. 

Fig. 3.4 shows plots of the approximate number of turns needed to achieve 

different values of core inductance, Lcore,approx, using a core thickness, Ct of 4.2 μm for 

a given range of Ar values. Combining these plots, with limits of minimum and 

maximum number of turns given by (3.19) and (3.20) within a footprint area of 4 

mm2, provide a well-defined set of possible designs for a winding temperature rise of 

85 °C and 60 °C. Using these plots the limitation affecting the design, whether 

inductance, saturation or current handling, can be quickly discerned. Although the 

aspect ratio, Ar is limited to be between 2 and 5, a design with an aspect ratio, Ar 

below 2 is included to demonstrate trends adequately. 

For each integer number of turns within the shaded range, an approximate 

core inductance, Lcore, of 65% of total inductance was chosen as an initial starting 

point, i.e. approximately 50 nH for a 75 nH total inductance requirement. This value 

was chosen as a reasonable starting point for a first approximation of the inductor 

design in this case, where analysis of previous racetrack microinductors showed that 

at least 65% of the total inductance is provided by the core term for inductors 

designed to operate at 20 MHz. Three possible designs for a 75 nH inductor are 

found and marked at integer values of Nt between the 50 nH and 100 nH plots. For 

this 75 nH inductor, it can be seen that with Nt equal to 5 or greater, the core aspect 

ratio needed to provide the required inductance is less than 2 (according to (3.21)), 

which is outside the range of where anisotropy remains effective. 
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Fig. 3.4 Various core inductances for a 20 MHz design showing Nt,max 85 °C, Nt,max 60  °C for a  temperature 

rise of 85 °C and 60 °C respectively, Nt,min, along with 3 design points. 

 

Of course, larger inductance can be achieved by increasing the aspect ratio, 

but designs will then be constrained by winding loss limits, Nt,max. This is more 

evident where a more conservative winding temperature rise of 60 °C is assumed. At 

the lower limit of Nt < 3, it is seen in Fig. 3.4 that it is not possible to achieve the 

required inductance for a core aspect ratio of less than 5 regardless of winding 

temperature rise limits.  

Using this procedure, losses of all valid designs can be calculated to 

determine an optimum design without the need to check for saturation or that the 

device area requirement is exceeded, as these are accounted for in the initial design 

steps. Depending on the inductance tolerance requirements the aspect ratio can be 

adjusted to meet this specification, similar to adjusting the air gap in a traditional 

inductor. Note that increasing or decreasing the aspect ratio, Ar serves to increase or 

decrease the inductance provided by the core and hence the overall inductance, as 

this is the main source of inductance. To enable a valid comparison of designs the 

aspect ratio has been adjusted so that each inductor provides 75 nH of inductance 

within a 4 mm2 footprint area. The initial and adjusted final designs are given in 

Table 3.1. 
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TABLE 3.1 INDUCTOR DESIGN PARAMETERS 

Parameter  Description Unit Initial designs Final designs 
Nt Turns - 3 4 5 3 4 5 
Ww Winding width µm 146 133 118 147 137 125 
Ar Aspect ratio - 4.5 2.6 1.6 4.55 2.35 1.35 

 

Fig. 3.5 Peak Current Density of 3, 4 and 5 turn device at 20 MHz. 

  

Fig. 3.5 presents the peak current density, Jpk, (Jdc +Jac,pk/2), for the 3, 4 and 5 

turn device designs. Although none of these designs are effected by the Nt,max 

boundary the trend towards a higher current density in the windings as the number of 

turns increases is evident. 

Using finite element analysis the peak flux density, Bpeak was found to be 1.22 

T, 1.32 T and 1.47 T for the 3, 4 and 5 turn devices, respectively, all of which are 

within the maximum saturation flux density of 1.5 T. These values agree well with 

analytical estimations of 1.19 T, 1.31 T and 1.44 T calculated using (3.14) for the 3, 

4 and 5 turn designs, respectively. There is a maximum variation between FEA and 

analytical results of approximately 2.4 % occurring for the 3-turn device. It is worth 

noting that in Fig. 3.4 the Nt,min boundary for saturation is closest to the 5-turn device 

(with an aspect ratio of 1.35), confirming that this design operates at the highest level 

of Bpeak.  

The full load loss breakdown can be seen in Fig. 3.6 for the same designs (a 

5-turn inductor with an aspect ratio, Ar below 2 is included to demonstrate trends in 

loss adequately). By increasing the number of turns, Nt, the core volume is reduced 

and hence so too is core loss, but dc and ac winding conduction loss increase.  
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Fig. 3.6 Loss breakdown of a 20 MHz, 75 nH inductor for 3, 4 and 5 turns devices. 

 

Analysis of loss for 3 and 4-turn inductors over the load range reveals that a 

4-turn inductor at 100 mA has 0.8 % lower loss than a 3-turn inductor. However, at 

full load the 4-turn inductor incurs 9.8% more loss than the 3-turn. As dc winding 

loss is dominant the number of turns should be kept to a minimum. 

3.4.  Design Procedure Results 

3.4.1. Design Variations 
Using the methodology and specifications outlined above, a number of design 

variations have been investigated to illustrate the scope of the design procedure. 

Results presented in Fig. 3.7 are limited by the same process constraints described in 

Section 3.3.2, having a core thickness of 4.2 μm for 20 MHz designs and of 3 μm for 

40 MHz designs. An approximate winding temperature rise of 85 °C is used to 

calculate the minimum winding width, Ww,min. As the aspect ratio is limited to 

between 2 and 5, these constraints give a definitive solution set for a required 

inductance, footprint and current handling requirement. The approximate core 

inductance, Lcore,approx is calculated using (3.21) for core inductances of 25, 50 and 100 

nH. 

A number of variations are considered to demonstrate their affects on 

inductor performance. Fig. 3.7 a) has an increased core width spacing, Cws which 
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reduces the amount of copper in the core window area. This effect can be seen by the 

reduction in the maximum allowable number of turns according to (3.20). Fig. 3.7 b) 

reveals that by increasing the winding thickness the maximum number of turns limit 

is slightly increased according to (3.20); however due to the increased winding 

spacing required to fabricate the thicker track, the gain is negligible. In Fig. 3.7 c) by 

increasing the operational frequency the inductance requirement for an equivalent 

current ripple at 20 MHz is halved. This allows the maximum number of turns to be 

kept approximately the same as the initial design in Fig. 3.4 a), but the inductance 

requirement is much lower so only 2 or 3-turns are required. By reducing the number 

of turns required for the 40 MHz design the winding width, Ww can be increased and 

thus dc winding resistance can be reduced. In Fig. 3.7 d) a 40 MHz design which 

occupies a smaller 3 mm2 footprint area shows an increased minimum turns limit and 

decreased maximum turns, Nt,max.  

 
a) A 20 MHz, 75 nH inductor with a Wt of 30 μm and Cws of 67 μm in a 4 mm2 footprint. 

 

 
b) A 20 MHz, 75 nH inductor with a Wt of 50 μm in a 4 mm2 footprint. 
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c) A 40 MHz, 37 nH inductor with a Wt of 30 μm in a 4 mm2 footprint. 

 

 
d) A 40 MHz, 37 nH inductor with a Wt of 30 μm in a 3 mm2 footprint. 

Fig. 3.7 Core inductance and limitations of various designs carrying an Idc,max of 1 A. 

 

3.4.2. Microinductor Analysis 
Fig. 3.8 presents a number of designs that realize a ripple ratio of 70% of 

Idc,max of 1 A with Vin=4.2 V and Vout=1.8 V with losses calculated using the equations 

outlined in Section 3.2.2. All designs presented achieve the required inductance 

using a minimum number of turns as the loss characteristics for these designs are the 

same as the designs presented in Section 3.3.2 where dc winding conduction loss 

dominates. The 3-turn 75 nH inductor, L1, designed using Fig. 3.4 a) is used as a 

benchmark design.  

The core winding spacing for L2 is increased to 67 μm, which reduces the 

copper track width and hence increases dc winding conduction loss. 
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Fig. 3.8 Loss analysis of different microinductors. 

 

For inductor L3 the copper tracks are increased to 50 μm but provides little 

benefit as increasing the Wt also requires the winding spacing to be increased to 50 

μm and the device height, Dh to 88.4 μm. The full load loss is reduced by 12 mW, 

which is insignificant when considering the approximate 30% increase in device 

height required for the thicker winding tracks. The increased winding thickness also 

increases the ac winding conduction loss compared to the benchmark design. 

Increasing the switching frequency to 40 MHz for inductor L4 yields the best 

improvement as the inductance requirement can be reduced thereby reducing dc and 

ac winding conduction loss and core loss, simultaneously in a 4 mm2 footprint.  

The performance of four inductors was analysed using the equations 

described in Section 3.2.2 and also simulated using the finite element analysis 

simulation package, Ansys Maxwell [28]. The FEA modelling environment is an 

excellent mathematical tool for the multidimensional modelling of Maxwell's 

equations and hence can be thought of as a reliable method to validate the analytical 

solution presented in this work. 

Four inductors have been analysed and are detailed in Table 3.2. Values of 

inductance, dc and ac winding resistance and eddy current core loss have been 

estimated using Ansys Maxwell [28] and analytical results have been calculated 

using the equations outlined in Section 3.2. Table 3.2 illustrates excellent agreement 

between analytical and finite element analysis simulations, further validating the 
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models used. The inductance and ac winding resistance for inductor L2 is slightly 

lower than the analytical model values, which is caused by an increased core to 

winding spacing, Cws. This results in a non-uniform flux distribution leading to error 

in calculating the H-field boundaries for ac winding loss and also the core 

inductance. The analytical dc and ac resistance results are also slightly lower than the 

FEA simulation results for inductor L4. This is due to a low aspect ratio of 2.5, 

which results in a significant proportion of the footprint area of the device being 

occupied by the end spirals and also a large winding width to thickness ratio of 6.3 

which results in a less accurate analytical expression for dc and ac winding 

resistance. 

TABLE 3.2 COMPARISON OF SIMULATED AND ANALYTICAL RESULTS FOR INDUCTORS. 

Specification Unit L1 L 2 L 3 L4 
fsw Switching frequency MHz 20 20 20 40 
Nt Winding turns - 3 3 3 3 
Ar Aspect ratio - 4.55 4.9 4.6 2.5 
Wt Winding thickness μm 30 30 50 30 
Ww Winding width μm 147 116 104 191 
Ct Core thickness μm 4.2 4.2 4.2 3 
Cw Core width μm 531 530 521 661 
Cl Core length μm 2417 2158 2396 1652 
Cws Core to winding spacing μm 20 67 50 20 
Dh Device height μm 68.4 68.4 88.4 68.4 
Dl Device length μm 3326 3355 3371 2734 
Dw Device width μm 1212 1210 1191 1471 
Performance Unit Calc. Sim. Calc. Sim. Calc. Sim. Calc. Sim. 
L Inductance nH 75 74 74 68 73 72 38 41 
Isat Maximum saturation current A 1.7 - 1.7 - 1.8 - 2.06 - 
Bpeak Peak flux density T 1.19 1.22 1.19 - 1.17 - 0.97 - 
Rdc Dc winding resistance mΩ 81 80 91 91 70 71 53 65 
Rac Ac winding resistance @ fsw mΩ 110 106 193 156 134 109 82 114 
Pe Eddy current core loss mW 38.5 39 35.6 36 37 39 32 33 
Phys Hysteresis core loss mW 18 - 16.5 - 17 - 16 - 
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3.5.  Measurements 
The fabricated racetrack microinductor used in this work consists of a 

racetrack shaped copper coil, which is sandwiched between two layers of a magnetic 

NiFe alloy deposited by electroplating. The fabrication process is detailed by 

N.Wang et al. [29]. A model of one such racetrack microinductor can be seen in Fig. 

3.1. Small signal impedance vs. frequency characteristics for the inductor L2 were 

measured using a HP LCR Meter (Model 4285A) with a sinusoidal excitation signal 

up to 30 MHz. Results are given in Fig. 3.9. 

A comparison of analytical vs. measured microinductor loss for L2 is 

presented in Fig. 3.10. Due to fabrication variability, the measured dc resistance is 

114 mΩ compared to the modelled value of 90 mΩ. The dc resistance was measured 

using a 4-point probe station. Ac conduction loss includes both ac winding 

conduction loss and core loss resistance, whereas for the analytical solution core loss 

and ac winding conduction loss are calculated independently. Also included in the 

measured ac conduction loss is the seed layer loss and loss due to an overlap of the 

core sidewalls and core bottom, which produces core feet resulting in increased eddy 

current loss [29]. The main loss anomaly is caused by a lower inductance of 

approximately 69 nH at 20 MHz in the fabricated component, compared to the 

modelled value of 75 nH. This causes higher inductor ripple current and hence ac 

loss. 

 
Fig. 3.9 Inductance vs. resistance for microinductor L2. 
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Fig. 3.10 Analytical (dashed lines) vs. measured model of microinductor L2. 

 

The temperature rise of microinductor L2 was monitored when implemented 

in the circuit specification outlined in Section 3.3.2 using an Infrared thermometer. 

Two conditions were investigated, namely natural convection and forced convection, 

where a 1 W fan was positioned approximately 10 cm away from the circuit. The 

microinductor was packaged in a similar fashion to [14] on a DIL (Dual-In-Line) 

package with 25 μm diameter gold wire bonds. To ensure the reliability of the wire 

bonds the level of rms current applied was conservatively limited to 0.55 A. The 

winding and core regions remained uncovered to enable heat transfer directly to the 

air. Due to the size of device it is difficult to isolate the temperature rise of the 

windings, core and wire bonds and so the peak temperature rise was taken within a 

circular area of approximately 3.2 mm2. The highest temperature rise was observed 

closest to the wire bonds and it is likely that an implementation without these wire 

bonds would have a lower temperature rise than that shown in Fig. 3.11. 

Application of (3.15) with an inductor rms current of Irms = 0.55 A for this 

winding predicts a temperature rise of approximately 16 oC for natural convection, 

and so provides a reasonable starting point for determining thermal limits. Forced 

convection has a temperature rise of approximately 10 oC demonstrating the strong 

dependence on environmental factors. 
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Fig. 3.11 Observed temperature rise of microinductor L2. 

 

3.6.  Conclusions  
This paper has outlined a method to accurately design an optimum racetrack 

microinductor for a given circuit specification in a simple and intuitive way. The 

method identifies limitations of core saturation, current handling and inductance 

value based on processing specifications within a given inductor footprint area, and 

allows for accurate modelling of inductor performance for a limited set of possible 

designs.  

The accuracy of the analytical models for winding and core loss are compared 

with FEA simulations and measured results with excellent agreement. Further 

analysis is required to develop a complete thermal model, accounting for the device 

materials, geometry and placement within the circuit, which could then be substituted 

into this design procedure.  

This work shows that using this technology increasing the switching 

frequency provides the best means to improve performance and, therefore, should be 

main target of future research.  
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Distributed Microinductors for Improved Light-load 

Efficiency 
 

This work has been published in the IEEE Transactions on Power 

Electronics, February 2015. DOI: 10.1109/TPEL.2014.2309393  

Preamble 
This chapter presents an analysis of the advantages of paralleling 

microinductors and their implementation in a prototype circuit. It involves the 

application of the design procedure in Chapter 3 to optimise different combinations 

of parallel microinductors. Details of distributed parallel racetrack microinductors in 

a 1.8 W, 20 MHz dc-dc converter with accompanying analysis are presented. Light-

load improvement techniques are discussed and two such techniques implemented; 

switching out of a parallel phase and pulse frequency modulation.  

Work completed by Collins [1] has shown that paralleling of planar inductors 

on PCB can reduce footprint size and increase current handling. In that work, 

standardized core sizes and materials limited opportunities for improvement. In the 

case of racetrack microinductors, the fabrication process allows for many more 

degrees of freedom in core design. Similar work [2] has shown that paralleling of 

tapped microinductor elements can lead to more effective use of the magnetic core. 

DiBene [3] demonstrated a 400 A voltage regulator using coupled microinductors 

CHAPTER 4 
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arranged in parallel, which could be disabled as load current deceases. Paralleling of 

inductors was necessary in that case in order to support the very high current levels 

required by the application.  

Loss models are detailed for both the microinductor and MOSFETs, along 

with two new metrics; inductance factor per unit area and effective Q-factor. These 

metrics demonstrate the improved utilization of the core material due to paralleling 

of microinductors. 

The loss components described are used to develop an empirical model of a 

20 MHz dc-dc converter IC. The empirical model is then used with the 

microinductor loss models to predict converter efficiency for a number of parallel 

topologies. 

Finally, experimental verification is presented for a dc-dc converter topology 

with distributed microinductors and compared against an equivalent single-phase dc-

dc converter. A measured converter efficiency of 63.5% at 230 mA was achieved 

using parallel MOSFETs-microinductors compared to that of 58% for an equivalent 

single-phase converter.  
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Abstract—The purpose of this work is to show that distributing 

microinductors in parallel can reduce light-load losses, while also maintaining the 

same overall footprint area and the same effective inductance as a single 

microinductor. The performance of parallel microinductors is compared in a number 

of configurations to demonstrate which configuration provides the best overall 

performance in terms of circuit size, conversion efficiency and power handling. 

Light-load saving techniques are implemented demonstrating the potential of 

parallel inductors to improve efficiency at light-load. Measured and modelled results 

of efficiency vs. load are presented for the prototype dc-dc converters explored, and 

a peak efficiency of 74% is predicted for a 1.8 W, 20 MHz dc-dc converter including 

microinductors. 

4.1.   Introduction 
There is an on going drive toward miniaturization of power supplies to 

provide a more granular power management system for the most basic of portable 

electronics up to high performance computing loads. However, advancement is 

somewhat hindered by the performance of microinductors [4, 5]. The main 

limitations are inductance levels achievable and microinductor efficiency. This paper 

© 2015 IEEE. Reprinted, with permission, from Ciaran Feeney et al. A 20 MHz 1.8 W dc-dc 
Converter with Parallel Microinductors and Improved Light-Load Efficiency, Feb. 2015. 
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presents a method to improve the performance of dc-dc converters using 

microinductors, while also providing a means to improve light-load efficiency. The 

fundamental idea is to replace a single inductor with a number of parallel inductors 

that would have the same equivalent inductance, current handling capacity and 

footprint area.  

The rationale is to improve the effectiveness of magnetic core regions 

produced using thin film technology [6], which is currently limited by a very high 

ratio of winding area : core area. 

That is, the reluctance of the flux path through the windings is generally 

comparable to that provided by the core. Paralleling provides a means for reducing 

the winding area of individual microinductors, so that the effectiveness of their core 

regions can be improved. At the same time, parallel MOSFETs can be used that carry 

a proportion of the total output current and so can also be optimised. The aim of this 

work is to investigate the scope for overall improvement in inductor and circuit 

performance provided by replacing a lumped inductor with parallel inductors in a 

single-phase dc-dc converter for low power applications (1 – 5 W).  

Microfabricated inductor technology is particularly suited for distributed 

circuit topologies because the same micro-fabrication technique can be applied to 

produce parallel arrays of microinductors as a lumped microinductor with no 

additional cost, provided that the same footprint area is used. A number of possible 

microinductor types exist for use in the low power range; air core inductors are used 

in high frequency dc-dc converters [7, 8] (>100 MHz) but tend to have lower Q-

factors and power density than inductors with magnetic cores [9]. Coupled inductors 

provide a means to improve losses but typically aren’t suitable for use in lower 

power ranges due to the low inductance per unit area achievable [10, 11]. 

Microfabricated V-groove inductors show good potential but have low inductance 

levels [12]. For microinductors with a core, the racetrack design is a good choice as it 

is capable of high frequency operation. It has inductance levels in the order of 100's 

of nH [13] and it has been demonstrated previously in 1 W, 20 MHz dc-dc 

conversion [6, 14].  
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Work presented by Collins [1] has shown that paralleling of planar inductors 

on PCB can reduce footprint size and increase current handling. In that work, 

standardized core sizes and materials limited opportunities for improvement; for 

microinductors the fabrication process allows for many more degrees of freedom in 

core design. Similar work has shown that paralleling of tapped inductor elements can 

lead to more effective use of the magnetic core [2]. DiBene demonstrated a 400 A 

voltage regulator using coupled inductors arranged in parallel, phase shifted blocks 

of 16 phase cells which can be disabled as load current deceases [3]. Paralleling of 

inductors was necessary in this case in order to support the very high current levels 

required by the application, with individual inductors carrying a maximum current of 

1.5 A. By comparison, the aim of paralleling microinductors in this paper is to 

optimise the overall inductor performance for power levels of the order of 1 W, and 

to demonstrate the level of improvement possible over an equivalent lumped 

inductor. This is partly enabled by the removal of ac loss associated with disabled 

MOSFET-microinductor paths, as with other parallel topologies. The authors [15] 

previously demonstrated a 10% improvement in light-load efficiency using parallel 

microinductors for an 8 MHz dc-dc converter. This paper focuses on microinductor 

operation at 20 MHz.  

Traditionally, the phase interleaved buck converter topology provides parallel 

MOSFET-inductor paths in applications where high load current and fast transients 

are required [16], as with microprocessor loads [17]. While paralleling inductors 

reduces current requirements of the individual phase inductors, the main motivation 

for interleaving is to improve the circuit transient performance, rather than to 

improve individual inductor performance.  

Some interleaved buck converters take advantage of phase shedding which 

reduces the number of actively switching phases and their associated losses as load 

current reduces [18, 19]. However, due to the large ripple current in individual 

phases, this technique results in higher output current ripple and hence higher voltage 

ripple, as ripple cancellation is reduced. Even if the phase shift angle is adjusted to 

maintain maximum ripple cancellation, the level of cancellation is still reduced, and 
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the added circuit complexity is only warranted in applications where fast transient 

performance is critical. In this work the shedding of a parallel MOSFET-

microinductor path increases the effective input-output inductance, thereby reducing 

the overall output ripple current. Due to the dominance of ac losses at light load, this 

results in improved conduction losses in the inductors and MOSFETs, in addition to 

reduced MOSFET switching losses.  

Others [20, 21] have investigated techniques for improving the MOSFET 

losses; e.g. the so-called switched width method where portions of the MOSFET 

power stage are switched off to improve light-load efficiency but the inductor ripple 

current remains unchanged.  

This paper presents results using constant on-time PFM (Pulse Frequency 

Modulation) along with parallel MOSFET-microinductors to improve light-load 

efficiency over that of a standard single-phase converter with a single lumped 

microinductor. It should also be noted that the proposed method is complementary to 

other light-load improvement techniques such as diode emulation [22]. 

The remainder of paper is organised in the following way: in Section 4.2 the 

proposed parallel microinductor topology is presented along with a description of its 

major loss components. Section 4.3 discusses the microinductors investigated and 

provides a thorough analysis of their performance before and after packaging. A 

detailed model of the losses and predicted converter efficiency is detailed in Section 

4.4 along with a breakdown of losses showing where the loss improvement is 

achieved. Measured efficiency of a prototype converter is presented in Section 4.5 

followed by conclusions in Section 4.6. 

4.2.  Parallel Inductor Circuit Topologies 
PwrSoC converters are being aimed towards a wide range of applications 

from battery powered portable devices to high-end computer power supplies where 

individual Point of Load (PoL) supplies are used to power individual components 

such as CPUs. A review of commercially available converters [23-28] aimed at 

portable electronic devices, FPGAs, smartphones and other peripherals revealed that 
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for switching frequencies greater than 8 MHz the maximum output current currently 

supported is 650 mA in a non co-packaged inductor converter. 

The converter specification outlined in Table 4.1 is based on implementing 

the maximum switching frequency of 20 MHz from a commercially available 

converter [28]. This specification would be suitable for a range of applications 

including power amplifiers and other mobile applications. 

Table 4.1 CIRCUIT SPECIFICATION. 

Circuit specification Unit - 
fsw Switching frequency MHz 20 
Vin Input voltage V 4.2 
Vout Output voltage V 1.8 
Iout Output current A 1 
Inductor parameters - Single inductor Parallel inductor (per inductor) 
L Inductance H L L × N 
Idc Output current A Idc Idc ÷ N 
ΔI Ripple current Ap-p ΔI ΔI ÷ N 
A Device area m2 A A ÷ N 
 

 

 
Fig. 4.1. Single-phase buck converter with two parallel MOSFETs and microinductors. 
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Two topologies are investigated; a standard single-phase buck converter and a 

buck converter with parallel MOSFETs and inductors which are switched in phase; 

the latter with two parallel MOSFET-inductor paths is shown in Fig. 4.1. With 

additional parallel MOSFET-microinductor paths it becomes possible to switch out 

these paths as the load current reduces. In the case of Fig. 4.1, once the output 

current falls below 50% of its maximum level, one parallel path can be switched out. 

The microinductors for use in the parallel MOSFET-microinductor paths are 

chosen based on the guidelines in Table 4.1 where N is the number of parallel 

inductors. For example, in the case of Fig. 4.1, with two parallel inductors replacing 

an equivalent single inductor, the inductance of each parallel inductor is required to 

be a factor of two larger, while its current handling capabilities can be reduced by the 

same factor. The current handling ability of the parallel MOSFETs can also be 

reduced to half the total output current. 

4.2.1. Parallel Microinductor Design vs. Silicon Processing 

Capabilities 
The structure of a racetrack inductor is illustrated in Fig. 4.2, where a thin 

film core surrounds a single copper winding layer along its length, and winding turns 

are completed in semicircular spirals outside the core at either end. In order to 

maximize the inductance enhancement factor provided by the magnetic core, the 

aspect ratio of core length, Cl, to core width, Cw, is usually greater than 2 and less 

than 5 due to a characteristic of reduced core permeability with increasing aspect 

ratio [29]. The cross sectional area of winding turns depends on the level of current, 

IL, to be applied, where for minimum resistance, the maximum possible winding 

track thickness, Wt, is usually chosen for a given processing technology. This reduces 

the choice of winding size to the track width, Ww. 

 J = Irms

Wt ⋅Ww

< Jmax  or Irms

Jmax

<Wt ⋅Ww , (4.1) 

where, in the absence of guidelines for copper tracks on silicon, rules for copper 

tracks on PCB may be taken as a limit for maximum current density levels, Jmax, for a 
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given temperature rise (taken as 85°C in this case). The overall core width, Cw, is 

then specified by the number of inductor winding turns, Nt, the space between 

individual winding turns, Ws, and core thickness, Ct. 

 C w = Nt ⋅Ww + (Nt +1)Ws +2Ct . (4.2) 

The inductance of a racetrack inductor is given in terms of Nt, and the core 

size (width, Cw, and length, Cl) as 

 L = µ0 ⋅µr ⋅Nt
2 2Ct ⋅Cl

2(Cw +Dh )
+ Lair , (4.3) 

with Dh being device height, μ0 the permeability of free space, μr the relative 

permeability of the core and Lair inductance of the windings without the core. For the 

range of racetrack inductors investigated in this work, it is found that Lair accounts for 

approximately 20% of total inductance and therefore for the purposes of this 

discussion, the expression for inductance is simplified to 

 L = µ0 ⋅µr ⋅Nt
2 1.2(Ct ⋅Cl )
(Cw +Dh )

. (4.4) 

For available magnetic materials, Ct needs to be less than the skin depth at the 

specified frequency to minimise eddy current core loss, and when combined with the 

chosen value for track thickness, Wt, device height, Dh is fixed as 

 Dh =Wt +2St +2Ct , (4.5) 

where St is the thickness of insulation between core and copper windings, and again 

depends on available processing capabilities. This leaves parameters Cw, Cl and Nt as 

inductor design variables, with Cw and Nt related through (4.4), and Cl : Cw restricted 

to between 2 - 5. As with conventional inductor design, the target is to provide either 

minimum inductor loss within a given footprint, or minimum inductor size within 

specified limits of loss. 
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TABLE 4.2 PARALLEL MICROINDUCTOR CONSTRAINTS. 

Parameter Single inductor Parallel inductor (per inductor) Parallel inductor (per inductor) 
N  1 N N 
L  L1 L1 × N L1 × N 
Irms  I1 I1 / N I1 / N 
Cw  Cw1 Cw1 / N Cw1 
Cl  Cl1 Cl1 Cl1 / N 
Nt  Nt1 Nt1 Nt1 ⋅N  

Ww  Cw1 − (Nt1 +1)Ws

Nt1

 
Cw1 −N(Nt1 +1)Ws

N ⋅Nt1

 Cw1 −N(Nt1 +1)Ws

N ⋅Nt1

 

 

Taking an inductor with inductance, L1, which has been designed for 

minimum loss within a given footprint, 2(Cw1(Cl1 +Cw1)  for a buck converter, as a 

reference design. It has a maximum current handling requirement of IL. If this 

inductor is now to be replaced with N parallel inductors, the inductance of each 

parallel inductor needs to be increased by N and its size needs to be reduced by 1/N, 

as described in Table 4.2. The options for reducing the size of each individual 

inductor include reducing the core width, Cw1, or the core length, Cl1, and the 

implications of both these options are described in Table 4.2. It should be noted that 

due to restrictions in the ratio of Cl : Cw or in Ww : Ws, both core width and length may 

need to be reduced to achieve the size reduction required. However, to illustrate the 

issues, the two simplest cases of reduced core length and reduced core width are 

considered here. 

It is recognized that the device height, Dh, is usually much less than the core 

width, Cw, the inductance can be increased by a factor of N by reducing Cw1 by the 

same factor, as listed in Table 4.2 above. However, if the number of winding turns, 

Nt1, is to remain the same, the track width, Ww1, needs to be reduced to 

(Cw1 −N ⋅Ws ) / (N ⋅Nt ) , as given. Noting that so long as the track spacing, Ws is much 

smaller than track width, Ww1, it is found that the resulting factor of reduction in Ww1 

is approximately N.  

A similar effect is seen if inductor size reduction is achieved through reduced 

core length, Cl1. Assuming that Cw1<<Cl1 as a first approximation, a core length of 

Cl1 / N  may be assumed to give the required reduction in inductor size. However, 



CHAPTER 4. DISTRIBUTED MICROINDUCTOR ANALYSIS 

 -92- 

this also results in reduced inductance, and therefore in order to provide the 

necessary increase in inductance as given by (4.4), the number of winding turns 

needs to be increased by N. Again, this impacts on the width of copper tracks that 

can be fitted into the core width, Cw1, where it is found that the size of tracks needs to 

be reduced by a factor of at least N.  

In both cases, dc winding resistance of each parallel inductor is increased by 

an increased number of turns and/or decreased track width. This effect becomes more 

significant as the number of parallel paths increases, and eventually the track width 

needed to maintain inductor size and inductance becomes smaller than the available 

track resolution. Nonetheless, until that limit is reached it is found that while 

resistance per parallel inductor is increased, the current handled is reduced by the 

same factor and therefore resulting inductor loss levels can be somewhat maintained 

under full load conditions. For lower current levels, the breakdown in losses between 

dc, ac winding and core losses varies with inductor structure, and it is shown in 

Sections 4.4 and 4.5 that different levels of total loss reduction can be achieved with 

parallel inductors under varying load conditions. 

4.2.2. Microinductor Loss Models 
The inductor loss can be broken up into three individual components; dc 

conduction, ac winding conduction and core loss, with dc and ac conduction loss 

given by 

 Pdc = Rdc
Idc

2

N 2 ,   Pac = Rac
ΔIrms

2

N 2 . (4.6) 

Rdc is dc resistance, Rac is ac resistance, Idc is output dc current and ΔIrms is the root 

mean square of the overall inductor ripple current (ΔI).  
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  Core loss consists of two components, eddy current and hysteresis loss; 

hysteresis loss is given by the Steinmetz equation [30]. 

 Phys =K ⋅ fsw
α ΔB

2
$

%
&

'

(
)
β

Vc , (4.7) 

where ΔB is the peak-to-peak flux density, Vc is the volume of the core material per 

inductor and K, α and β are material dependent properties. Eddy current loss can be 

calculated by assuming all the eddy currents induced in the core can be described by 

the one-dimensional Helmholtz equation [31]. 

 Pe = 2
ρc ⋅2(Cw +Dh )Cl

Ct

υ
sinh(υ)− sin(υ)
cosh(υ)+ cos(υ)

H 2 , (4.8) 

where υ =Ct /δc =Ct / ρc / (µ0 ⋅µr ⋅ π ⋅ fsw  is the core thickness to skin depth ratio at 

the switching frequency, H is the ac magnetic field amplitude, ρc is the resistivity of 

the core, and Dh is the device height per inductor. Fig. 4.2 shows a cross section of 

one core detailing the various parameters discussed. According to (4.7) and (4.8) 

core loss is independent of dc current and thus by switching out a parallel inductor 

the core loss for that inductor is removed from the overall loss. 
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a) Top view of 1/4 of a 3-turn microinductor. 

 

b) Cross-sectional view of core. 

 

 

c) Microinductor fabricated on silicon. 

Fig. 4.2 Microinductor schematics and fabricated device. 

 

Similarly, switching out parallel inductor paths reduces ac winding losses. 

For example, with a single-phase dc-dc converter having two parallel MOSFET-

microinductor paths it would become possible to switch out one parallel MOSFET-

microinductor path when the load current is below 50%. When the path is switched 

out the effective inductance is doubled which reduces the overall inductor ripple 

current by a factor of two; however the effective ac resistance is doubled and 

therefore using (4.6) the net ac conduction loss is halved. Although dc loss is 

increased, its contribution is less significant than ac and core loss contributions at 
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light load, and so by switching out the parallel path the overall inductor loss is 

decreased compared to that of a single lumped inductor. 

4.2.3. MOSFET Loss Models 
As with the inductor loss models outlined previously, generalized MOSFET 

loss models are presented to illustrate how different loss components are dependent 

on current, voltage and switching frequency, so that MOSFET performance can be 

predicted in different circuit configurations. The equations are outlined in order of 

significance of power loss.  

The general equation for MOSFET conduction loss is given as (per 

MOSFET). 

 Pcon = ( Idc
2

N2 +
(ΔI N)2

12
)RDS (on) ⋅D  (4.9) 

where RDS(on) is the on-state resistance of the MOSFET, D is the duty cycle of the 

conducting MOSFET and ΔI is the overall output inductor ripple current.  

MOSFET switching loss depends on load current and so (4.10) is valid when 

Idc < ΔI/2 and the MOSFET is in continuous conduction mode (allowing reverse 

inductor current). Equation (4.11) is valid when Idc > ΔI/2, accounting for the fact 

that when Idc < ΔI/2 and negative inductor current is flowing, the MOSFET is still 

required to switch Idc + ΔI/2 and Idc - ΔI/2 during each switching cycle. 

 Psw =
1
2
Vsw

ΔI
N
(Trise +Tfall ) fsw , (4.10) 

 Psw =
1
2
Vsw

Idc
N
(Trise +Tfall ) fsw . (4.11) 

Vsw is the switching voltage and Trise and Tfall are the rise and fall times of the high 

side and low side MOSFET respectively.  
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Gate drive loss, Pg is independent of switching current, and dependent only 

on switching frequency and gate drive voltage, VD for a particular MOSFET 

 Pg =Qg ⋅VD ⋅ fsw , (4.12) 

where Qg is the MOSFET gate drive charge. Pcoss is the loss attributed to the charging 

and discharging of the output capacitor per MOSFET. 

 Pcoss =
Coss ⋅Vsw

2 ⋅ fsw
2

, (4.13) 

where Coss is the MOSFET's output capacitance and Vsw is the switching voltage. 

Diode conduction Pd (4.14) is the loss associated with low side MOSFET when its 

body diode is conducting. 

 Pd =Tbd ⋅ fsw ⋅Vd
Idc
N

, (4.14) 

where Tbd is the time the body diode is conducting and Vd is the voltage drop across 

the MOSFET body diode.  

Finally, diode reverse recovery loss (4.15) is experienced on the body diode 

of the high side MOSFET when Idc < ΔI/2 and on the low side MOSFET when Idc > 

ΔI/2. 

 Pqrr =Qrr ⋅Vsw ⋅ fsw , (4.15) 

where Qrr is the body diode reverse recovery charge.  

Investigation of the above equations shows that there is potential for 

improvement in MOSFET losses at light-load when it is possible for a parallel 

MOSFET-microinductor path to be switched out. As the equivalent inductance is 

effectively doubled, overall output ripple current is halved so ac conduction (4.9) is 

reduced in the same way as for ac inductor loss. Switching losses (4.10) and (4.11) 

are also reduced, by the removal of the switching component, although dc 

conduction loss increases with the increase in effective dc resistance (4.9). However, 

again the dc conduction loss is insignificant at light-load when considering all other 

losses. The reduced number of switching MOSFETs also results in improved overall 
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gate drive loss (4.12), diode conduction loss (4.14) and reverse recovery loss (4.15). 

The relative contribution of these different loss components is illustrated in a 

demonstrator converter in Sections 4.4 and 4.5 using the test microinductors 

described in Section 4.3. 

4.3.  Prototype Microinductors On Silicon 
The range of microinductors used in this work consists of a racetrack shaped 

copper coil, sandwiched between two layers of magnetic material (NiFe alloy) 

deposited by electroplating. All microinductors investigated are from the same 

fabrication batch and the process for realizing them is detailed by N.Wang et al. [6]. 

For the purposes of this work microinductors were identified that had suitable 

inductance values and equivalent device areas to enable a comparison between a 

parallel combination of two microinductors and an equivalent single one. A 

photograph of one such microinductor, L1, which occupies an area of 4 mm2 is 

shown in Fig. 4.2 (c). Other dimensions are described in Table 4.3,where it is seen 

that the size reduction required for 2 parallel inductors (2×L2) is achieved through 

the combination of reduced core width, Cw, and core length, Cl, thereby necessitating 

a slight increase in number of turns, Nt, to provide increased inductance. 

Small signal impedance vs. frequency characteristics for the inductors were 

measured using a HP LCR Meter (Model 4285A) up to 30 MHz with the results 

given in Fig. 4.3. These measurements were taken before packaging on the adaptor 

boards was completed. 

 
Fig. 4.3. L-R measurements of microinductors L1 and L2. 
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Fig. 4.4. Inductance factor per unit area and Q-factor for L1 vs. 2×L2. 

 

Fig. 4.3 shows that microinductor L2 provides approximately 1.7 times more 

inductance than the L1 at 20 MHz in an area that is half that of L2. The resistance of 

L1 (R1) is larger than expected at frequencies below 10 MHz, due to contact 

resistance. The relative contribution of this effect diminishes as frequency is 

increased and at 20 MHz the resistance of L2 (R2) is larger than R1, as expected.   

Previously microinductors have been analysed in terms of inductance density 

and inductance vs. dc resistance [32, 33]. In this work a suitable measure to illustrate 

the performance of the magnetic core is proposed as the inductance factor per unit 

area, AL/A, given as 

 AL / A =
L / Nt

2

A
, (4.16) 

where Nt is the number of winding turns and A is the footprint area. Results for the 

two prototype inductors are compared in Fig. 4.4, where it is seen that AL/A increases 

by almost 100% (1.82 nH/mm2) when parallel microinductors are used. This is 

explained by the improved effectiveness of the thin film core provided by a larger 

ratio of core area : window area, as expected.  
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Analysis of the Effective-Area Ratio, EAR, detailed in [2] also showed that 

paralleling of these inductors resulted in an increased EAR. 

 EAR = Nt ⋅Ww ⋅Cl

Dw ⋅Dl

, (4.17) 

with Dw being the overall width of the device and Dl the overall device length. 

The Q-factor is also compared in Fig. 4.4, where an improvement of ~40% is 

found by using parallel microinductors over a single microinductor. Results in this 

case are based on measured values of inductance and resistance at 20 MHz. In order 

to account for the different contributions of dc and ac losses in dc-dc converter 

applications, an effective Q-factor, Qeff is defined as the level of energy transferred 

per cycle divided by the total energy loss per cycle. Total energy loss is split into dc 

and ac components to allow analysis over the entire load range. 

 Qeff =
fsw ⋅ L(I pk

2 − (I pk −ΔI )
2 )

(Rdc ⋅ Idc
2 + Rac ⋅ Irms

2 )
, (4.18) 

where fsw is frequency, L is inductance, Ipk is peak inductor current, Idc is dc inductor 

current, Irms is the rms of the inductor ripple current, Rdc and Rac are dc and ac 

resistances. For output current levels below 500 mA the parallel MOSFET-

microinductor path can be switched out and it is found that Qeff is improved as a 

result, with the improvement becoming more apparent at lower current levels; for 

instance for a load current of 200 mA Qeff = 7.89 for one of two parallel 

microinductors, 1×L2 vs. Qeff = 4.56 for one lumped microinductor, L1.  

 To facilitate the ability to easily interchange the microinductors being used, 

the microinductors were wire bonded on an 8-pin dual in-line (DIL) socket using 25 

μm diameter gold wire bonds. 
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TABLE 4.3 INDUCTOR SPECIFICATION. 

Specification Unit L1 1×L2 2×L2 
Ww Winding width μm 116 38.5 - 
Wt Winding thickness μm 30 30 - 
Nt Number of turns - 3 4 - 
Ct Core thickness μm 4.2 4.2 - 
Cw Core width μm 530 338 - 
Cl Core length μm 2080 1600 - 
Dl Device length μm 3340 2360 - 
Dw Device width μm 1210 826 - 
A Device area mm2 4.06 1.95 3.9 
L Inductance @ 20 MHz  nH 88.4 127 63.5 
Rdc Dc resistance  Ω 1.01 1.38 0.69 
Rac Ac resistance @ 20 MHz  Ω 1.84 2.67 1.34 

 

The wire bond adds approximately 2-3 nH of parasitic inductance to each inductor, 

which was estimated by finite element analysis [34]. Using standard testing 

procedures dc winding resistance can easily be obtained and it was found that 

following packaging, dc resistance is substantially larger that the pre-packaged 

values due to parasitics introduced by packaging onto adaptor boards (0.114 Ω and 

0.29 Ω for L1 and L2, respectively). Inductance and ac resistance of the packaged 

microinductors on the adaptor boards was measured using an Agilent impedance 

analyzer (Model 4395A) and results are detailed in Table 4.3. These results are 

applied to predict the performance of the microinductors in different dc-dc converter 

configurations, and to enable comparison with circuit measurements. 

4.4.  Modelling of Circuit Performance 
The breakdown of losses between microinductors and MOSFETs is described 

in this section for different buck converter configurations based on the specification 

of Table 4.1. The chosen dc-dc converter is an SC220 from Semtech [28] which has 

maximum output current of 650 mA. Paralleling of two of these converters provides 

an overall current handling capacity of at least 1 A, as required. Ideally, a single 

controller would be applied to realize a more integrated converter, and current 

sharing techniques such as those detailed in [35] should be used so that the load is 

balanced equally. However, it is not foreseen that microinductors fabricated on the 
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same die would have significantly different resistance and inductance values so 

current sharing would be expected to be equal. 

4.4.1. Microinductor Loss 
Due to the addition of adaptor board packaging impedances, measured results 

of impedance presented before packaging are used to model the inductor losses. 

Using these results dc conduction and ac loss can be estimated by applying (4.6) for 

different operating current levels of the converter circuit, with Rac assumed to include 

the effects of ac winding resistance and core loss. Fig. 4.5 a) gives a breakdown of 

predicted inductor losses of the single inductor, L1, over the specified current, while 

similar results are presented in Fig. 4.5 b) for two parallel inductors, 2×L2 switching 

to one of two parallel inductors, 1×L2, at 500 mA.  

 
a) 1×L1 inductor with two parallel MOSFETs. 

 

 
b) 2×L2 inductors with two parallel MOSFETs. 

Fig. 4.5. Microinductor loss breakdown. 
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At light-load the effect of switching out one of the parallel inductors at 500 

mA is seen in Fig. 4.5 b) in terms of a reduction of ac loss (winding conduction and 

core loss) compared to the single lumped inductor in Fig. 4.5 a). While dc resistance 

is increased, total inductor losses are competitive with an equivalent lumped 

inductor. The performance of L1 and 2×L2 is comparable at higher current levels 

when both parallel inductors are connected. 

4.4.2. MOSFET and Control Circuitry Modelling 
Comprehensive details of the MOSFETs used in the Semtech SC220 

converter are not currently available [34], but by performing tests of efficiency vs. 

load for a given circuit configuration, it is possible to deduce expressions for 

MOSFET loss for different load currents. By using the MOSFET RDS(on) value given, 

MOSFET conduction losses can easily be calculated over the entire load range. 

Similarly, microinductor loss can be calculated for different load current levels using 

the equations presented in Section 4.2.2, and then it is possible to identify the 

remaining loss, PExtracted, as consisting of a combination of three loss components. The 

first is a frequency dependent component accounting for gate drive power, body 

diode reverse recovery, diode conduction, output capacitance charge, and input and 

output capacitor ESR (as given in Section 4.2). The second is MOSFET switching 

loss and is dependent on both dc current / ripple current and switching frequency (see 

(4.10) & (4.11)). The third component is a constant loss component due to the 

biasing control circuitry etc. 

 C1 ⋅ fsw +C2 ⋅ Idc ⋅ fsw +C3 = PExtracted . (4.19) 

Note that C3, may be estimated from extracted loss measurements when the converter 

is disabled. For this work the dc-dc converter operates in three distinct modes of 

operation and hence has different loss elements over the output current range. In 

mode 1 the converter is operating in PWM mode while Idc > ΔI/2, which would be 

the case at full load. The three loss components of PExtracted are then as defined in 

(4.19), with fsw = 20 MHz and C1, C2 being unknown constants which can be derived 

from curve fitting of loss data for currents greater than 320 mA. 
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The transition between circuit modes 1 and 2 occurs when Idc <= ΔI/2. In this 

mode the dc-dc converter continues to operate in continuous conduction mode, and 

as with mode 1, the switching frequency remains at 20 MHz. In the switching loss 

component of (4.19), Idc is replaced with ΔI (see (4.10)), making the total loss 

constant. 

The transition from mode 2 to mode 3 is detected by monitoring the switch 

from PWM to PFM mode, which occurs when the load current is between 100-200 

mA [28]. Mode 3 is a fixed on-time PFM control strategy and therefore ΔI is 

constant. The MOSFET and control losses will therefore only vary with switching 

frequency, fpfm, which can be measured and the constant C4 may be deduced from 

extracted loss measurements.  

 C4 (1+ΔI ) fpfm +C3 = PExtracted . (4.20) 

Using deduced constants C1 – C4, equations (4.19) and (4.20) can be applied 

to calculate MOSFET and controller losses for different circuit configurations. For 

illustration, constants, C1, C2 C3 and C4 for MOSFET losses were derived from 

measurements on a single-phase converter (see Table 4.1) with a single lumped 

microinductor, L1, and Fig. 4.6 a) confirms the resulting accuracy of equations (4.19) 

and (4.20) in predicting MOSFET loss for  the same converter with parallel 

MOSFETs and microinductors. It is seen that the analytic model is very accurate for 

modes 1 and 3, while being less so for mode 2 (between 200-500 mA) as the 

individual parallel MOSFETs change from PFM mode to PWM mode at different 

current levels.  

Results of total MOSFET loss for the test circuit of Table 4.1 are compared in 

Fig. 4.6 b) with 2 MOSFETs and L1 vs. 2 MOSFETs and 2×L2, (switching to 1 

MOSFET and 1×L2 at 320 mA). Clearly, switching out of one parallel inductor-

MOSFET path provides a significant improvement in MOSFET loss, with almost 

50% reduction in the range of 100 – 300 mA. 
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a) Predicted vs. measured with 2 parallel MOSFETs and microinductors, 2×L2. 

 

b) Predicted MOSFET loss. 

Fig. 4.6 Predicted dc-dc converter and MOSFET loss  

4.4.3. Converter Efficiency Models 
Presented in Fig. 4.7 are the predicted converter efficiency results for 

different equivalent combinations of MOSFETs and microinductors; Fig. 4.7 a) is 

based on microinductor characteristics prior to packaging, while Fig. 4.7 b) includes 

the effects of packaging parasitics. Equations (4.19) and (4.20) are applied for 

calculating MOSFET losses while inductor losses are estimated using (3.7). Both 

graphs show that switching out of one of the 2 parallel inductors (2×L2) provides 

improved light-load efficiency over the case of a single inductor (L1) for currents 

between 100 - 400 mA at least, with improvements of up to 10% achieved in both 

cases. This is explained mainly by improvements in MOSFET losses as shown in 

Fig. 4.6 a), but which are enabled by having 2 parallel inductors.  
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a) Modelled converter efficiency models with parasitics of adaptor boards removed. 

 

b) Modelled converter efficiency with parasitics. 

Fig. 4.7 Modelled converter efficiency. 

 

Performance at higher current levels is more or less the same for all combinations 

considered for the unpackaged inductors, while improved performance of the parallel 

inductors in Fig. 4.7 b) is explained by additional loss contributions of packaging 

impedances. 

4.5.  Measurements and Analysis 
A number of prototype dc-dc converters based on a Semtech 20 MHz dc-dc 

converter [34] were tested with different inductor and MOSFET combinations; one 

with 2 MOSFETs and 1 inductor (L1), and the other with 2 MOSFETs and 2 parallel 

microinductors (2×L2) as detailed in Fig. 4.1. The available microinductors provide 

significantly less inductance than the recommended 220 nH for this converter, 
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resulting in higher inductor ripple current and hence MOSFET loss than if the 

recommended inductance value was used. Parasitics of the adaptor board used for 

testing also negatively impact the efficiency; however if this topology were to be 

implemented it would be possible to package the microinductors and MOSFETs 

together, improving the overall efficiency as predicted in in Fig. 4.7 a).  

Circuits with both MOSFETs connected were tested over the load range from 

0 – 900 mA and results of circuit efficiency were calculated using measurements of 

input and output voltage and current levels. For illustration, the switching waveform 

of the low side switch for operational modes 1 and 2 (fixed switching frequency of 

20 MHz) is shown in Fig. 4.8. 

Fig. 4.9 shows the measured converter efficiency for various combinations of 

MOSEFTs and microinductors vs. load current. At light-load in Fig. 4.9, an 

improvement of 7.5% in efficiency is shown for currents in the range of 100 - 200 

mA between two parallel MOSFETs (1×L1) and one MOSFET with one of two 

parallel inductors (1×L2). 

  

Fig. 4.8 PWM voltage waveform across the LS switch. 
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Fig. 4.9 Measured converter efficiency results. 

 

The predicted peak efficiency for one MOSFET and 1×L2 is 64.5% with a 

measured efficiency of 63.5% observed, verifying the predicted trends. Due to 

current limit constraints of the wire bonds it was only possible to test the parallel 

MOSFETs with a single microinductor up to 320 mA, however the trend in measured 

efficiency is similar to predictions presented in Section 4.4 under light-load 

conditions. Results for one MOSFET with microinductor L1 are also included to 

show that even though one of two parallel microinductors, 1×L2 has a higher dc 

resistance than L1, the efficiency is still improved due to reduced ac winding 

conduction and core loss as discussed in Section 4.2. 

4.6.  Conclusions  
This work demonstrates the improvement in converter efficiency by using 

parallel MOSFETs-microinductors in a 1.8 W, 20 MHz dc-dc converter while 

maintaining the same overall microinductor footprint. A measured efficiency of 

63.5% at 230 mA was achieved using parallel MOSFETs-microinductors compared 

to that of an equivalent circuit efficiency of 58% for an equivalent single-phase 

converter. At light-load, an improvement of up to 7.5% was demonstrated for the 

parallel inductors (over a single inductor), and it was shown that this is largely due to 

improved MOSFET losses, achieved by removing one parallel switching path. As 

discussed, the adaptor board parasitics contribute a significant amount to the overall 

loss and so, if they are removed, converter efficiency would be improved to an 
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estimated 74%. While the microinductors used were designed for power conversion 

applications, they are not optimised for the demonstrator converter specifications. An 

initial investigation has shown that the level of improvement demonstrated by 

paralleling in this case can be further improved. Further work to determine the 

optimum number of parallel MOSFET-microinductor paths to provide improved 

overall converter efficiency is required. 
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AC Winding Loss of Phase-Shifted 

Coupled Windings 
 

This work has been published in the IEEE Transactions on Power 

Electronics, March 2015. DOI: 10.1109/TPEL.2015.2418094 

Preamble  
When moving towards higher power levels than those discussed in Chapters 3 

and 4, ac winding loss was seen to vary significantly in coupled inductors due to the 

phase shift angle of the applied phase voltages. This chapter provides a new 

methodology that accounts for the effect phase-shifted currents has on the loss 

associated with coupled windings. An analytical method to calculate ac winding loss 

is detailed, which accounts for the effect of phase shift when two-dimensional fields 

are present in a coupled stripline microinductor core. 

Articles published to date for coupled stripline microinductors estimate ac 

winding loss using the rms value of the phase current, without considering the effect 

of phase shift between currents flowing in neighbouring coupled windings [1, 2]. 

However, in multiphase coupled stripline inductors, the phase current can be highly 

irregular leading to significant harmonic components in the frequency domain. These 

CHAPTER 5 
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harmonics have varying phase shifts from one another, according to the phase shift 

angle of the applied phase voltages, which is selected based on the number of 

coupled phases. This leads to significant variation in the magnetic field present 

within the core for different harmonic currents and therefore variation in the ac 

winding loss induced.  

This work builds on the analysis in [3] to derive an expression for winding 

loss caused by phase shifted currents in foil conductors and identifies that a 

resistance matrix can be applied to accurately account for the effects of phase shift.  

In this chapter, an analytical method to calculate the resistance matrix has 

been developed by building upon the two-dimensional ac winding loss calculation 

outlined by Wang et al. [4], and extended to account for arbitrary phase shifted 

currents. The model is validated against finite element analysis results for a typical 

coupled stripline inductor core. The proposed model predicts that the ac winding loss 

at 20 MHz is 1.65 times higher at a phase angle of π compared to a phase shift angle 

of 0 for the coupled stripline structure described. 

Two other coupled winding structures are investigated with respect to 

variation in phase angle between coupled windings; spiral air core coupled windings 

and a gapped planar transformer. It is shown that the loss associated with these 

windings varies significantly with phase shift angle. Measurements are presented for 

spiral air core coupled windings, which are representative of inductive coils used in 

wireless power systems. 
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Windings 

Ciarán Feeney, Jun Zhang and Maeve Duffy 

Power Electronics Research Centre, National University of Ireland, Galway, Ireland 

 

Abstract— In circuits where there is an inherent phase shift angle between 

coupled winding currents such as in coupled inductors, it is important to accurately 

calculate the ac winding loss at the correct phase shift and frequency. Phase shift 

between winding currents can cause the ac winding loss to vary significantly due to 

changes in the magnetic field distribution. This paper presents an analysis of 

winding loss for the general case of coupled windings with arbitrary phase shifted 

currents and its effect in a number of practical devices. A detailed approach to 

analytically calculate ac winding loss in microfabricated coupled stripline inductors 

is presented along with a derivation of the resistance matrix for the device. The 

analysis and methodology is then validated using finite element analysis and 

experimental results. 

5.1.  Introduction 
As the never-ending pursuit of higher switching frequencies and power 

densities continues unabated [5-8], the need for accurate ac winding loss calculation 

has never been more important. As these trends continue, ac winding losses in 

magnetic devices are becoming more substantial as the thickness of conductors 

becomes larger than the skin depth of the material. In components where the 

windings are magnetically coupled, changes in magnetic field distribution due to a 

phase shift between the winding currents can significantly affect their ac winding 

loss depending on the skin depth of the conductor and proximity of adjacent 

windings.  

© 2015 IEEE. Reprinted, with permission, from Ciaran Feeney et al. AC Winding Loss of 
Phase-Shifted Coupled Windings, March, 2015. 
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In phase-interleaved coupled inductor windings, the ac winding loss is 

affected by the phase shift of voltages applied to the windings, which is selected with 

respect to the number of phases implemented. For example in a 3-phase coupled 

inductor, the windings are driven with a phase shift between the applied voltages of 

2π/3 [9]. Consequently in addition to a phase shift of 2π/3 between fundamental 

harmonic currents in the coupled phases, the 2nd and 3rd harmonic currents will be 

phase shifted by 4π/3 and 2π from one another, respectively, and similarly for higher 

order harmonics. Clearly, the magnetic field distribution in the windings at a phase 

shift 2π/3 will be considerably different than that at 2π and therefore care must be 

taken to account for the phase shifts between different harmonic currents when 

calculating ac winding loss. A difficulty arises when calculating ac winding loss for 

currents with phase shifts of other than 0 or π due to phase shifted boundary 

magnetic fields, which are not accounted for in established equations for ac winding 

loss. 

Ac winding loss in multilayer winding structures is typically calculated by 

using one of several one-dimensional analytical solutions to Maxwell's equations [3, 

10-12]. Most of these methods are based on Dowell’s formula [10] and are largely 

dependent on the boundary magnetic fields established by the applied winding 

currents. However, none of them deal explicitly with the effect of phase-shifted 

currents on winding loss. Indeed most work in this area assumes that the magnetic 

fields generated are real with no complex component, as the phase shift between 

currents in the windings is assumed to be either 0 or π. This assumption will lead to a 

significant error when calculating ac winding loss when this condition is not met. 

Some attempts to generalise winding loss calculations in terms of current levels have 

been made by extracting a resistance matrix [13], but due to the complexity of the 

boundary magnetic field calculations for individual components of self resistance, 

this method is not very widely used and its validity has not been demonstrated for 

phase-shifted currents. Vandelac and Ziogas present a starting point in the analysis of 

power loss due to phase shifted currents [3], for conductors having one-dimensional 

magnetic field distributions in the z direction. However their model has not been 

developed or applied to determine the effect of phase shift in practical devices. This 
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paper builds on the analysis in [3] to derive an expression for winding loss caused by 

phase shifted currents in foil conductors and identifies that a resistance matrix may 

be applied to accurately account for the effects of phase shift.  

In microfabricated coupled stripline inductors, where switching frequencies 

can easily exceed 100 MHz [1, 14], conductor dimensions are often larger than the 

material skin depth to handle the applied dc current. In these types of closed core 

structures, where two-dimensional magnetic fields are present, implementing a one-

dimensional solution can lead to a significant over estimation of ac winding loss [4, 

15]. Previously Wang [4] developed a two-dimensional analytical method to 

calculate ac winding loss for microfabricated racetrack inductors in which all 

winding currents are in phase. This paper builds on that work, providing a method to 

derive the resistance matrix of microfabricated coupled stripline inductors and 

therefore an analytical solution to calculate ac winding conduction loss for any 

arbitrary phase shifted currents in a coupled stripline inductor. 

Transformers inherently have a phase shift between the primary and 

secondary currents, which is usually assumed to be negligible. However, this 

assumption can introduce a significant error when calculating ac winding loss in 

some cases. In order to demonstrate the scope of the resistance matrix in accounting 

for phase shift effects on winding loss, two other practical cases are analysed and 

validated by finite element analysis. Firstly, in the transformer of an LLC resonant 

converter, there is a phase shift between the primary and secondary currents due to a 

magnetizing inductor placed in parallel with the primary side of the transformer, 

which forms part of the resonant tank to achieve soft switching. In this case, the 

phase shift changes dynamically with load level [16] and therefore for accurate 

analysis of efficiency, it is paramount to account for phase shift effects in ac winding 

loss calculations. Also investigated are air core coupled coils, which represent a 

wireless charging paradigm in which phase shifted currents are induced due to low 

coupling factors.  

The remainder of this paper is organised as follows: in Section 5.2 the 

relationship between ac winding loss and the magnetic field distribution produced by 
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phase shifted currents is described along with its relationship to the resistance matrix 

with a detailed derivation provided in Appendix A. Section 5.3 details equations for 

estimating two-dimensional boundary magnetic field distributions presented in [4] at 

a phase shift of 0, and also newly developed equations for predicting boundary 

magnetic fields at a phase shift of π. In Section 5.4, the magnetic field boundaries are 

applied to calculate power loss at 0 and π and then used to find the resistance matrix 

for a coupled microfabricated stripline inductor. Results are compared with finite 

element analysis simulations, along with a number of typical coupled winding 

structure cases. In Section 5.5 measurements are presented for a two-layer spiral 

winding structure typical of those applied in wireless power systems.  

5.2.  Modelling of Coupled Winding Resistance 
An expression for the ac loss incurred in coupled foils that carry phase shifted 

currents may be found by solving for the eddy current distribution, Jy(x), produced by 

the magnetic fields associated with the currents, and applying (5.1) over the cross 

sectional area of each foil, assuming the magnetic field generated has a component in 

one dimension only. 

 Ploss =
1
2σ

Jy(x) ⋅ Jy
*(x)( )0

h
∫ dx , (5.1) 

where σ is the conductivity of the material and h is the foil thickness. 

For two parallel foils similar to those investigated by Vandelac in [3] and as 

shown later in Fig. A.1, an expression for total power loss for phase shifted currents, 

 !
I1 and  !I2 = !

I1e
jθ , is derived in Appendix A and found to be given by 

 Ploss,total =

I1
2

2σδ
(a2 + c2 )+ (b2 +d 2 )( )F1(ϕ )− 4 a ⋅ c+b ⋅d( )F2 (ϕ )( )

+
I2
2

2σδ
(a2 + c2 )+ (b2 +d 2 )( )F1(ϕ )− 4 a ⋅ c+b ⋅d( )F2 (ϕ )( )

+
I1 I2 cos(θ )
2σδ

(c ⋅d +a ⋅b)F1(ϕ )−2(a ⋅d +b ⋅ c)F2 (ϕ )( )
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where a, b, c and d are constants related to the geometry of foils, δ is the skin depth 

of the material and F1(φ) and F2(φ) are hyperbolical functions as defined in Appendix 

A. Investigation of the first term shows that it accounts for power loss in foils 1 and 2 

due to current I1 flowing in foil 1 only. Simplification of (5.2) for current flowing 

only in foil 1 shows that it reduces to a form which represents power loss due to the 

self-resistance of foil 1, R11 given by Spreen [13]. Similarly, the second term may be 

seen to represent total power loss due to the self-resistance of foil 2, R22.  

Analysis of the third term shows that it accounts for loss due to currents 

flowing simultaneously in both foils, and that the dependence on the phase shift, θ 

between currents is a cosine function. A comparison with the expression for power 

loss in two windings in terms of a resistance matrix according to Spreen [13] 

identifies the third term as power loss due to two equivalent mutual resistance terms 

R12 and R21. 

 
 

Ploss,total =
1
2

I1 I2!
"

#
$

R11 R21
R12 R22

!

"
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#

$
&
&
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#

$
& . (5.3) 

This can also be written in the form 

 Ploss,total = I1,rms
2 R11 + I2,rms

2 R22 + (I1,rmsI2,rmsR12 + I1,rmsI2,rmsR21)cos(θ ) , (5.4) 

for a phase angle of θ between I1 and I2. Examination of (5.2) and (5.4) therefore 

confirms that power loss due to phase-shifted currents is accurately predicted in 

terms of the resistance matrix; i.e. it is generalised in terms of the applied current 

amplitudes and a cosine function of the phase angle between them. 

Depending on the winding structure, the resistance matrix can be found by 

measurement, by Finite Element Analysis (FEA) or by solving analytical expressions 

for the resistance terms based on the magnetic field boundaries. Typically three test 

conditions are required to solve the resistance matrix for two or more windings; 

however in cases where the windings are identical, it is possible to solve with just 

two known conditions. This is illustrated for coupled stripline inductors, where 

expressions for their boundary magnetic field distributions are presented in Section 
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5.3 for currents flowing in phase and out of phase, and these are then applied to 

determine ac winding loss at an arbitrary current phase shift in Section 5.4. 

5.3.  Boundary Magnetic Fields of Coupled 
Stripline Inductors 

In this section a microfabricated coupled stripline inductor shown in Fig. 5.1 

is analysed. The device, which is designed to operate with a switching frequency of 

20 MHz, is assumed to have a winding width, Ww of 34 μm, thickness, Wt of 35 μm 

and winding spacing, Ws of 25 μm. The device has a core width spacing, Cws of 10 

μm and the insulation thickness between the core and the top and bottom of the 

conductor windings, it is 4 μm. A Ni45Fe55 core surrounds the windings with an 

assumed relative permeability, μr of 280 and thickness, Ct of 4.2 μm. These values 

are typical for Ni45Fe55 applied in microfabricated inductors [17]. 

 

a) Magnetic field intensity boundaries at a phase angle of 0. 

 

b) Magnetic field intensity boundaries at a phase angle of π. 

Fig. 5.1 Cross sectional views of a coupled microinductor core. 
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For the structure shown in Fig. 5.1, the magnitude of the magnetic field 

intensity within the core is given by (5.5) as 

 
 
H core,θ ≈ H ⋅d ⋅ lmag ≈!∫ "

I1 + "
I2

lmag
≈
I1 + I2 cos(θ )+ j sin(θ )( )
2(Cw +Dh −2Ct )

, (5.5) 

where I1 and I2 are the magnitudes of phase shifted currents flowing in conductor 1 

and 2 respectively. It is assumed that the magnetic field is homogenous throughout 

the core. The core width is Cw, Cl is the core length, Ct is the core thickness and Dh is 

the device height. Note that the result can be improved by accounting for the leakage 

flux due to the free space within the core window, although for most cases this is 

insignificant. 

5.3.1. Boundary Field Calculations at θ=0 
The boundary magnetic fields for a phase angle, θ=0 have been described in 

[4] where current is applied in the same direction in all conductors as shown in Fig. 

5.1 a); their calculation is summarised below for completeness. 

The magnetic field intensity at the top and bottom edges of the conductors, 

He,0, can be calculated using the magnetic path l0 in Fig. 5.1 a) and Amperes law. 

 H e,0 ≈ −
Wwindow +2Ct +2it

Wwindow

H0,core , (5.6) 

where H0,core is given in (5.5) when the phase angle, is 0 and Wwindow is the window 

width. 

Taking the magnetic path ll0, the boundary field along the left vertical edge, 

Hl1,0 is given by 

 H l1,0 ≈
2Cws ⋅H e,0 −Wt ⋅H0,core

Wt

. (5.7) 

 Using Ampere's law the magnetic field intensity along the right vertical edge 

of the conductor, Hr1,0 is then expressed as 
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 H r1,0 ≈
2(Cws +Ww )H e,0 −Wt ⋅H0,core + I1

Wt

. (5.8) 

 In the same manner the magnetic field boundaries for the remaining 

conductor can be solved. 

5.3.2. Boundary Field Calculations at θ=π 
At a phase shift of θ=π, the magnetic field distribution in the windings is 

symmetric about the vertical axis of the structure rather than the horizontal axis as is 

the case in Section 5.3.1. To estimate the boundary fields, the magnetic path l1 shown 

in Fig. 5.1 b) is followed and calculation commences with the magnetic field 

intensity along the left vertical conductor edge as 

 H l1,π ≈ −
Wheight +2Ct +2Cws

Wheight

Hπ,core . (5.9) 

Hcore,π in this case is estimated as a phase angle of π using (5.5). 

The magnetic field intensity along the right conductor edge is given by 

 H r1,π ≈
I1 +2(Ww +Ct +Cws )Hπ,core −Wheight ⋅H l1,π

Wheight

. (5.10) 

Then using Ampere's law the magnetic field intensity along the top and 

bottom, He,π of the conductor is defined as 

 H e,π ≈
H r1,π ⋅Wt +Wt ⋅H l1,π − I1

2Ww

. (5.11) 

This analysis can easily be extended to approximate the magnetic field 

intensity boundaries for the remaining conductors.  

5.3.3. Verification of Boundary Field Calculations 
Fig. 5.2 a) compares the calculated magnetic field intensity boundary values 

described above along the left and right vertical edges of the conductors (shown in 

Fig. 5.1) with FEA results. An Eddy current solver within the FEA software package, 
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ANSYS Maxwell [18], was used to analyse a two-dimensional model of the core 

described. A maximum error of 0.4% was allowed, with convergence based on loss 

for this and all FEA simulations hereafter. Results are plotted as a function of 

horizontal distance from the left-most conductor edge; i.e. the 0 position is along the 

boundary Hl1. Analysis of two frequencies 10 Hz and 20 MHz and at phase angles 0 

(blue) and π (red) show that there is no significant change in magnetic field with 

frequency at the conductor boundaries, and that the simulated and calculated results 

are in good agreement. For example the boundaries Hr1,π and Hl2,π for a phase angle of 

π, have an error of approximately 2.3% relative to FEA results. Note that the lines 

joining the boundary values represent the magnetic field levels in the vertical Hy 

direction only, and are taken along the horizontal centre line of the structure shown 

in Fig. 5.1.  

 

Fig. 5.2 Vertical magnetic field intensity boundaries of FEA versus model along conductor edges. 
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5.4.  Modelling And Simulation of ac Winding 

Loss 
An analytical solution for microfabricated coupled inductor loss at 0 and π is 

presented using the magnetic field intensity boundaries outlined in 5.3 and used to 

derive a resistance matrix for the device. This is followed by an analysis of phase 

shifted currents on practical air-core spiral windings and windings within a 

transformer using a gapped core.  

5.4.1. Microfabricated Coupled Inductor 
Calculating the magnetic field intensities at 0 and π shown in 5.3 for the 

structure of Fig. 5.1, and implementing Wang's equations [4] to find the induced 

current densities, the power loss in each conductor at phase angles of 0 or π, Pac,0/π, is 

calculated as 

 Pac,0/π ≈
1
2σ

(J1,0/π + J2,0/π + Jdc )∫∫ ⋅ (J1,0/π + J2,0/π + Jdc )
∗dxdy , (5.12) 

where σ is the conductivity of the material, Jdc is the dc current density and J1,0/π and 

J2,0/π are current densities induced by the vertical and horizontal flux linkages within 

the conductors, respectively at phase shifts of 0 or π. For example the current density 

in conductor 1, J1,0/π is found using a second order differential equation derived by 

Wang [4]. 

 J1,0/π ≈ υ
2 +G ⋅ cosh[τ x]+Q ⋅sinh[τ x]− Jdc , (5.13) 

where G = τ ⋅
H l1,0/π + I1 /Wt −Ww ⋅υ

2 −H l1,0/π ⋅ cosh(τ ⋅Ww )
sinh(τ ⋅Ww )

, τ = ( j ⋅ω ⋅µ0 / ρ)
1/2 , 

υ = (−2H e,0/π /Wt )
1/2  and Q = τ ⋅H l1,0/π , as defined in [4]. The resistivity of copper is 

ρ=1.73×10-8. The current density in conductor 2, J2,0/π can be expressed in a similar 
fashion.  
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The total ac power loss is then given for both conductors at a phase shift of 0 
and π by 

 Pac,total ,0/π ≈ 2Pac,0/π . (5.14) 

In this analysis the magnetic field boundaries at a phase angle of 0 are 

calculated based on the assumption that the He,0 boundary is uniform across the core 

window, therefore when calculating the resistance matrix if current is applied to one 

winding and zero to other, the He,0 boundary would be non-uniform and thus would 

result in a less accurate estimation. Owing to the symmetrical nature of this coupled 

inductor structure the resistance matrix can be found using the total power loss 

calculated previously for a phase shift of 0 and π. 

 Assuming the self-resistance of each winding is equal and I1,rms = I2,rms the 

mutual resistance, Rm can be found by (5.15). The difference between total power 

loss at 0 and π is used to estimate the mutual resistance as the power loss due to the 

self-resistance remains constant. Using this fact it can be deduced that the difference 

in total power loss is only due to the mutual resistance term.  

 Rm ≈ R12 ≈ R21 ≈
Pac,total ,0 −Pac,total ,π
4I1,rms ⋅ I2,rms

. (5.15) 

It is generally found that the mutual resistance term in this case is negative; 

however the total power dissipated in the device is guaranteed to be positive for any 

winding currents applied since R11 × R22 > R12
2. 

As the self-resistance terms are assumed to be equal in both conductors, (5.4) 

can be simplified and the total loss found at 0 or π can be used to approximate the 

self-resistance term, Rs using Rm as defined by (5.15). The self-resistance terms are 

found by  

 Rs ≈ R11 ≈ R22 ≈
Pac,total ,0

2I1,rms ⋅ I2,rms
− Rm

$

%
&

'

(
) ≈

Pac,total ,π
2I1,rms ⋅ I2,rms

+ Rm
$

%
&

'

(
) . (5.16) 
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The resistance matrix, R is then expressed as 

 R=
R11 R21
R12 R22

!

"
#
#

$

%
&
&
. (5.17) 

The matrix, R can then be used to calculate power loss when phase shifted 

currents are applied to the windings by substituting the matrix values into (5.4). 

Shown in Fig. 5.3 a) is the implementation of (5.17) to calculate the ac factor, 

Pac/Pdc, compared with FEA loss results for the structure outlined in Fig. 5.1, plotted 

as a function of frequency. The largest discrepancy between FEA results and the 

model exist when the phase angle is π. This is due in part to the fact that the 

magnetic field boundaries are assumed uniform along the conductor edges. However 

at higher frequencies these become non-linear, introducing an error into the 

calculation; most effected is the He,π boundary. For instance at 30 MHz the skin depth 

is approximately 2.8 times larger than the winding width which leads to current 

crowding and therefore a change in the magnetic field boundaries.  
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a) Pac/Pdc for at 0 and π. 

  

b) Pac/Pdc for varying phase angle. 

Fig. 5.3 FEA versus modelled Pac /Pdc for a coupled stripline inductor. 

 

Fig. 5.3 b) presents results of the analytical solution vs. FEA results for 

Pac/Pdc as a function of phase shift for frequencies of 10 and 20 MHz. There is 

excellent agreement between the results with a maximum error of 1.7% and 5.2% at 

0 and π at 20 MHz respectively.  

5.4.2. LLC Transformer and Spiral Windings  
A two-layer air core coupled winding structure was modelled in which each 

winding has ten spiral turns on each side of a PCB with an outer diameter of 24 mm, 

track pitch of 1 mm, track width and thickness of 400 μm and 30 μm respectively. 

An axial distance of 400 μm separates the windings. The structure is representative 
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of inductive coils used in wireless power systems [19]. In this case, there is no simple 

analytic solution for the boundary magnetic fields and therefore the ac winding loss 

can be found using finite element analysis, either to calculate a resistance matrix for 

application in (5.4) or to vary the phase angle of the applied currents in FEA and 

calculate the resulting total loss. In this case, as the phase shift between coupled 

windings varies with load level, application of (5.4) reduces the computational effort 

required to consider efficiency versus load. Fig. 5.4 compares the resulting values of 

Pac/Pdc, as a function of phase angle, θ using (5.4) (denoted Rmatrix) and the FEA 

results found by varying the phase angle of the applied currents. The resistance 

matrix is found using the Eddy current solver with the same model settings discussed 

in Section 5.3.3. Each graphed line varies with θ as a cosine function. Clearly the 

resistance matrix can accurately represent the total power when the phase angle is 

varying without the need for multiple simulations. 

 

Fig. 5.4 Pac /Pdc of 10 turn spiral coupled windings. 
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Fig. 5.5 Comparison of Pac/Pdc of Rmatrix versus FEA simulation. 

 

 As discussed earlier there is an inherent phase shift associated with 

transformers used in LLC converters. For example, presented in Fig. 5.5 is the ac 

factor, Pac/Pdc of the primary windings in a planar gapped transformer described in 

[20] where the number of turns on the primary winding and each of the two 

secondary windings is 35 and 4, respectively. Again, the resistance matrix was found 

using FEA to produce modelled results of loss versus phase angle presented in Fig. 

5.5 and these are verified with total power loss values predicted in FEA as the phase 

angle of the applied currents is varied. As in wireless power transfer applications, the 

use of the resistance matrix greatly reduces computation required to calculate 

winding losses under different load conditions and, therefore, current phase shifts in 

LLC transformers. 

5.5.  Measurements 
To illustrate the level of variation between maximum and minimum values of 

ac resistance, the air-core spiral coupled winding structure described in Section 5.4.2 

has been fabricated and tested with phase shifts of 0 and π. The following sections 

outline the test method and experimental results.  
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5.5.1. Test Method 
By connecting the coils in series and series opposition it is possible to 

measure the equivalent series resistance at a phase angle of 0 and π respectively. The 

inductive reactance of the windings is significant at the frequencies of interest 

(fsw>>1 MHz) and this can lead to inaccurate results using an impedance analyser. To 

mitigate this effect a series capacitance, Cm is added to reduce the inductive 

impedance. The capacitance value is selected according to the frequency of interest 

and coil connection method. Fig. 5.6 shows the connection method where pin 1 and 2 

are the connection points to the impedance analyser and Cm is the series capacitance.  

 

Fig. 5.6 Connection method of coupled windings for measurement at a phase angle of 0 and π. 
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5.5.2. Experimental Results 
Using the test method outlined, an Agilent 4395A impedance analyser was 

used to measure the series ac resistance and the results are compared in Fig. 5.7 with 

FEA simulation results at phase angles of 0 and π. The dc winding resistance of each 

winding is 745 mΩ compared to an estimated 604 mΩ predicted using FEA. The 

error is thought to be as a result of the idealised model implemented in the 2D FEA 

simulation model. However using the resistance factor ratio, Rac/Rdc the measured and 

FEA results are in good agreement. At 10 MHz the measured results deviate from 

FEA results by 2.3% and 1.3% at phase angles of 0 and π respectively.  

 

Fig. 5.7 Rac /Rdc of measured versus FEA results at 0 and π. 
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5.6.  Conclusions 
This paper has outlined a method to accurately calculate the resistance matrix 

for a microfabricated coupled stripline inductor. This method is useful for the design 

and optimisation of coupled stripline inductors which are being investigated for 

PwrSoC applications, as there is no analytical method to calculate ac winding loss 

incorporating the effect of phase shifted currents currently available. Incorporating 

the effect of the phase shift is especially important in these devices when applied in 

dc-dc converter applications due to the non-sinusoidal phase currents present, which 

can have a number of significant phase shifted harmonic currents.  

This method assumes that the magnetic field boundaries are uniform along 

the conductor edges, which in most cases is a reasonable assumption, however in 

cases with a low window utilization factor for example, the flux distribution may be 

non-uniform, resulting in this method becoming less accurate. Accounting for the 

non-linearity of the flux distribution could improve the accuracy of this method.  

The use of the resistance matrix has also been demonstrated to accurately 

account for the effect of varying phase angle for two other magnetically coupled 

devices where phase shifted currents are present; i.e. air-core transformers used in 

wireless power transfer applications and LLC resonant transformers. In both cases, 

application of (5.4) enables a significant reduction in the level of computation 

required to investigate the effect varying phase shift has on winding losses under 

different load conditions. Clearly the effect of the phase shift can significantly 

increase winding loss and should be considered as frequencies are extended into the 

multi-MHz switching frequency range.  
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Analysis of Coupled Stripline 

Microinductors 
 

This work has been submitted to the IEEE Transactions on Power 

Electronics. 

Preamble 
This chapter presents models and analysis of coupled stripline 

microinductors, which are aimed at higher power levels than the uncoupled racetrack 

inductors discussed in Chapter 3 and 4. A 20 MHz, 1.6 W, 3-phase dc-dc converter 

utilizing a coupled stripline microinductor has been assembled and tested for a range 

of operating conditions.  

The use of inversely coupled inductors to provide superior steady state and 

transient performance is well known [1, 2]. However, in the case of coupled stripline 

microinductors arranged in a cyclic cascade configuration [3] only basic analysis of 

the loss mechanisms at play has been reported. Coupled stripline microinductors 

offer a number of additional challenges in terms of analysis to that of their uncoupled 

counterparts. Duty cycle, coupling factor and the number of phases are strongly 

 
CHAPTER 6 
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correlated, with each having a significant impact on loss and overall circuit 

performance. 

Past publications use the root mean squared of the phase current to estimate 

loss [4, 5], which neglects phase angle and the effect of possibly large harmonic 

currents. While this approximation is justifiable for uncoupled inductors where the 

phase current waveform is triangular with a dominant first harmonic, it is not for 

coupled inductors. For coupled inductors the duty cycle, phase angle of the applied 

voltages, the number of coupled phases and coupling factor all play a crucial role in 

the loss incurred by the coupled inductor and indeed the system as a whole.  

In this work a modification to an existing method to calculate eddy current 

core loss [6] when there is a phase shift between phase currents is presented. 

Combining this with the newly developed model for ac winding loss given in 

Chapter 5, all loss components are accurately accounted for. Using the models 

presented, the impact of the various order harmonics are investigated in relation to 

core and winding loss. The impact of coupling factor between two windings 

surrounded by a single core is investigated by means of including an additional air 

core inductance and finally the results are validated against finite element analysis 

and measurements.  

An empirical model developed in Chapter 4 for a specific converter IC is 

combined with the models presented to predict circuit efficiency and is validated 

with measurements. A 3-phase prototype converter has been manufactured with a 

coupled stripline microinductor, with models predicting a peak in-circuit coupled 

inductor efficiency of 86.6%. This prototype is tested for a range of input voltages 

and the results are presented in this chapter. 

 



CHAPTER 6 ANALYSIS OF COUPLED MICROINDUCTORS 

-137- 

Loss Analysis of Coupled Stripline 

Microinductors in Power Supply on Chip 

Applications 
Ciarán Feeney1, Ningning Wang2, Santosh Kulkarni2, Zoran Pavlović2, 

Sean Cian Ó’Mathúna2, 3 and Maeve Duffy1 

1Power Electronics Research Centre, National University of Ireland, Galway, Ireland 
2 Microsystems Centre, Tyndall National Institute, University College Cork, Ireland 

3 Department of Electrical Engineering, University College Cork, Ireland 

 

Abstract— Coupled microinductors fabricated on silicon offer improved 

voltage regulator performance and reduced power loss compared to equivalent 

uncoupled microinductors. However the interdependence of currents flowing in 

coupled phases brings more challenges to the modelling of loss. In this paper models 

that account for the duty cycle and phase shift angle of the applied phase voltages 

are presented for coupled stripline microinductors, and are shown to have a 

significant impact on harmonic current amplitudes and therefore microinductor 

efficiency. Models for ac winding resistance and eddy current core loss, which 

account for phase angle variation are included and are used to investigate a 1.6 W, 

3-phase dc-dc converter for a number of operating conditions. The impact of a high 

coupling factor between two windings surrounded by a single core is also 

investigated. The models are validated using finite element analysis and 

measurements. A 3-phase coupled microinductor has been fabricated with a Ni45Fe55 

core and analysed for a number of operating conditions. A prototype 3-phase 

converter utilizing this inductor has also been measured and is discussed in detail. 

The coupled microinductor is predicted to have a peak efficiency of 86.6% at 20 

MHz in the prototype circuit. 
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6.1.  Introduction 
As the drive towards miniaturization of power supplies continues, there is a 

conflict between high efficiency and fast transient response when it comes to 

uncoupled inductors. Inversely coupled inductors provide a means to reduce transient 

inductance while also maintaining acceptable levels of output ripple current 

cancellation during steady state operation [1, 2, 7]. Due to the ease of layout, the 

cyclic cascade configuration [3] is suitable for implementing coupled microinductors 

on silicon [8-10]. This symmetric configuration allows for additional phases to be 

added with the knowledge that all phase currents will remain symmetric. However 

with additional phases, the analysis of phase currents and therefore inductor loss 

becomes more complicated. This paper describes the modelling of losses in the core 

and windings of coupled stripline microinductors, particularly focusing on how the 

phase angle of the current harmonics affects loss for non-optimal circuit conditions. 

In uncoupled dc-dc converters the interleaving of phases to improve transient 

response and reduce output current ripple is well known [11, 12]. This method results 

in a trade-off between phase ripple current and fast transient response, as improved 

transient response requires a reduction in phase inductance but leads to higher phase 

ripple during steady state operation. Coupled inductors provide a means to avoid this 

conflict by inversely coupling the phases together to provide superior steady state 

and transient performance [1, 2]. While coupled inductors operating with a duty 

cycle that provides full output ripple cancellation is ideal (i.e. a duty cycle of 1/Np 

using an Np-phase coupled inductor), the input voltage is generally variable over a 

certain range and therefore the coupled inductor is likely to be subjected to a range of 

duty cycle ratios. In the case of non-optimal duty ratios, the phase ripple current can 

increase significantly and degrade dc-dc converter performance, especially for high 

levels of coupling between phases. The structure of the coupled stripline 

microinductor means that each phase is coupled with its two neighbouring phases 

and so careful harmonic analysis is required to fully account for loss. The effect of 

additional uncoupled inductance in each phase is discussed and its impact on the 

circuit and coupled inductor analysed.  
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Researchers at Intel [5] presented work on the optimization of a basic coupled 

stripline inductor using rms currents and dc resistance to estimate loss; in that work a 

laminated core was used which reduced eddy core current loss and the impact of 

higher order harmonics. Sturcken [4] and Prabhakaran [9] used a reluctance-based 

model to predict inductance for a ladder type coupled inductor and a coupled 

stripline inductor. However Sturcken did not calculate loss and Prabhakaran did not 

account for the effect of the phase angle when estimating ac winding loss. In this 

work a reluctance model is presented to predict inductance, along with loss models 

for winding and core regions, both of which account for the effect of phase shift 

angle between currents in coupled windings.  

This work highlights the fact that the loss induced in the core and windings is 

affected by different order harmonics, as some harmonic currents acting on the core 

cancel depending on the phase shift angle. Similar effects were identified by Labouré 

et al. for wire-wound coupled inductor structures [13], but the impact of varying duty 

ratio and phase coupling were not considered. These effects are investigated in this 

work, and when combined with models for phase shifted currents are shown to have 

a significant impact on winding and core losses under typical circuit conditions. 

Analytical models for inductance and loss are applied to predict coupled inductor 

performance in an interleaved buck topology and are validated using Finite Element 

Analysis (FEA). As well as the cyclic cascade structure investigated, the same 

modelling approach can be used to estimate inductance and loss in other 

microfabricated devices such as transformers and other stripline coupled inductor 

structures. 

Inductance measurements of a microfabricated 3-phase coupled inductor are 

presented, as well as circuit efficiency measurements in a 20 MHz buck converter for 

a range of input voltages, with a maximum output current of 1.9 A. A peak inductor 

efficiency of 86.6% was measured for an input voltage of 2.7 V and output voltage of 

1 V. Modelled results indicate that an efficiency of up to 92% can be achieved at 

higher frequency. 
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This paper is organised in the following way; Section 6.2 describes circuit 

modelling of a phase interleaved buck converter using a coupled stripline 

microinductor and the effect of additional air core phase inductance. Section 6.3 

describes the modelling of inductance and loss for coupled stripline microinductors. 

Section 6.4 provides a comparison of FEA and analytical results for a 3-phase 

coupled microinductor. Models are then implemented for a specific converter IC to 

predict circuit level efficiency. In Section 6.5 coupled inductor measurements are 

presented along with converter efficiency measurements. Finally conclusions are 

presented in Section 6.6. 

6.2.  Coupled Microinductor Circuit Modelling 
Shown in Fig. 6.1 is the structure a Double Layer Metal (DLM) [14] 3-phase 

coupled inductor along with its electrical circuit representation in Fig. 6.1 c). A 3-

phase coupled inductor structure is chosen for this analysis as the nominal duty cycle 

is close to 1/Np for the chosen demonstrator buck converter, which ideally allows full 

output ripple current cancellation [15]. However, the models have been developed to 

enable a wide range of duty cycles to be considered so that the impact of operating at 

non-optimal duty cycles is illustrated. Two other duty ratios are also investigated to 

illustrate the resulting issues, and the analysis can easily be extended to any number 

of coupled phases. In this structure higher window utilization can be achieved 

compared to single layer metal devices, as the requirement for large winding spacing 

to achieve high winding thicknesses is negated [16].  
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a) Top view of a 3-phase coupled microinductor. 

 

b) Front view of a single core in a DLM type inductor. 

 

c) 3-phase inversely coupled inductor with air core phase inductance. 

Fig. 6.1 3-phase DLM coupled microinductor and its electrical representation. 
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A 3-phase coupled microinductor has been designed for use in a 20 MHz, 3 V 

to 1 V dc-dc converter capable of supplying 1.6 A of dc current to the load. 20 MHz 

was chosen, as it is the highest switching frequency in a buck converter IC that is 

commercially available for testing. The coupled inductor is designed to achieve 

maximum inductance within a fixed area, as defined by fabrication constraints. The 

minimum winding width is based on a temperature rise of 85 °C for the maximum dc 

phase current as described in [17]. Table 6.1 provides details of the coupled 

microinductor. The core material is Ni45Fe55, which has a relative permeability, μr, of 

280, and resistivity of 45 μΩ!cm. The permeability is dependent on a number of 

factors such as aspect ratio, core thickness, material composition etc. A relative 

permeability of 280 is chosen based on previous experimental results presented in 

[18, 19]. The saturation field level of the material is 1.5 T and so the peak current 

acting on the core, (I1-I2)pk, is required to be below 1.86 A. The Steinmetz parameters 

for the core are as follows; K=300 and β=1.72. Further details of the core material 

and fabrication process can be found in [20].  

TABLE 6.1 INDUCTOR DESIGN SPECIFICATIONS. 

Specification Unit 3-Phase 
Cl Core length µm 2475 
Cw Core width µm 138.4 
Cs Core separation µm 340 
Cws Core winding spacing µm 25 
Ct Core thickness µm 4.2 
Ww Winding width µm 80 
Wt Winding thickness µm 15 
Ws Winding spacing µm 20 
Dh Device height µm 88.4 
Dl Device length µm 3300 
Dw Device width µm 1700 
A Device Area mm2 5.6 
Lii,a/b Self inductance per core nH 10.15 
Lk Leakage inductance per core nH 0.469 
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6.2.1. Coupling and Additional Air Core Inductance 
Generally, a high phase coupling co-efficient is desirable for inversely 

coupled inductors to enhance steady state inductance, while at the same time 

maintaining a low transient inductance [1]. However, the level of coupling between 

phases has a dramatic impact on phase current and efficiency. In this work, core 

coupling factor is used to describe the coupling between two windings surrounded by 

a single core and phase coupling co-efficient, k is used to describe the relationship 

between the phases of the coupled inductor. In the DLM core structure shown in Fig. 

6.1, the core coupling factor is greater than 0.95 due to the proximity of the windings 

to each other; approximately 20 μm in this work.  The phase coupling co-efficient, k 

is half the core coupling factor as each phase is coupled with half of each adjacent 

phase as shown in Fig. 6.1 c).  

 For a duty cycle of 1/3 or 2/3, a 3-phase coupled inductor with a high phase 

coupling co-efficient is optimal both in terms of output ripple and efficiency, because 

inverse coupling of the phases is maintained over the complete switching cycle. 

However as the duty cycle changes from 1/3, the phase ripple current increases 

significantly due to time instances within the switching period where the phases are 

positively coupled, resulting in the flux collapsing within the core. This means that 

additional uncoupled air core phase inductance, Lair is required to ensure adequate 

performance when the duty cycle is non-ideal. Fig. 6.1 c) shows an inductor, Lair 

connected in series with each phase. For this analysis Lair is modelled as an additional 

length of copper winding external to the coupled inductor, which has the same 

winding width and thickness as the winding in the coupled inductor. Other methods 

to provide this additional inductance are available such as a meander stripline etc.; 

however these are beyond the scope of this analysis. It is worth noting that the 

additional inductance degrades the transient performance of the inductor. Evaluating 

Fig. 6.1 c) the overall self inductance of phase 1 is given as  L11 = L11,a + L11,b + Lair . As 

the device is symmetric the remaining phases can be described by L11 = L22 = L33 . 
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6.2.2. Phase Current Analysis 
The phase current in a cyclic cascade coupled inductor structure is dependent 

on a number of factors including self-inductance, mutual inductance, number of 

coupled phases, duty cycle, phase shift angle and applied phase voltages. The phase 

current harmonics vary with duty cycle and thus must be analysed over the expected 

operating range. Both Wong [7] and Dong [21] performed circuit analysis based on 

equivalent inductance values for 2 and 3-phase coupled inductor structures for cases 

of  D <=1/ N p  and  D => (N p −1) / N p . The equivalent inductance can be used to 

predict peak-to-peak phase ripple current but the complete Fourier series of the 

waveform cannot be deduced. Labouré [13] presents a detailed derivation using 

matrices for Intercell transformers which can also be applied to this coupled inductor 

structure. However, for investigation of variations in duty cycle and coupling factor 

for a given core structure, as applied here, analysis of the complete inductance matrix 

in the time domain provides results of phase ripple current levels more directly, and 

these can then be applied to calculate flux density waveforms in the core. 

Equation (6.1) describes a matrix representation of V = L ⋅ ΔI /Δt for a 3-

phase coupled inductor. This can be rearranged into the form of (6.2) to find the 

current matrix, ΔI containing the change in amplitudes of each phase current during 

a particular time period, Δt. 
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 ΔI = L−1 ⋅V ⋅ Δt , (6.2) 

where in the general case of Np coupled phases, L is a n×n inductance matrix, V is the 

voltage applied to the phases, Δt is the time interval during which the voltages 

remain unchanged (for example, a 3-phase coupled inductor would have 6 such time 

intervals over one full period when D<1/3). Due to the symmetrical nature of the 

structure, the phase currents in each phase are equivalent and only differ by a phase 
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shift angle. Note that this analysis can easily be extended to coupled structures with 

higher numbers of coupled phases.  

Fig. 6.2 shows the applied voltages to each phase of a 3-phase coupled 

inductor for a duty cycle D<1/3, along with representative phase currents, I1 and I2 

and the difference between these currents, which acts on the core. Each time period T 

can be broken into 6 time segments when the voltages V1, V2 and V3 vary; 

 
t0 : t1
t2 : t3
t4 : t5

!

"
#

$
#

DT ,        
t1 : t2
t3 : t4
t5 : t6

!

"
#

$
#

( 1
Np

−D)T . (6.3)  

This can be extended for cases when 1/3<=D<2/3 and D>=2/3. 

 

Fig. 6.2 Inversely coupled inductor waveforms of applied voltages and phase currents. 
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Fig. 6.3 shows the impact that Lair has on phase current waveforms in the time 

domain for the 3-phase coupled microinductor detailed in Table 6.1, where the 

output voltage (Vout) remains fixed at 1 V and the input voltage (Vin) varies. The self 

inductance of phase 1 is given in Fig. 6.1 c) as the sum of L11,a , L11,b and Lair. As the 

structure is symmetric the remaining phase inductances are calculated the same way. 

With no additional air core inductance the phase inductance is 20.3 nH and has a 

phase coupling co-efficient of 0.477 with each of the other two phases. The 

additional Lair=2 nH results in the phase inductance becoming 22.3 nH with a phase 

coupling co-efficient of 0.434. For non-ideal duty cycles of 0.37 and 0.244, (shown 

in Fig. 6.3 a) and c)) the additional inductance, Lair has a significant impact on phase 

ripple current. However for the ideal duty cycle of 0.333 in Fig. 6.3 b) the reduction 

in phase ripple current due to the additional inductance, Lair is minimal. The overall 

output ripple current of the circuit is also influenced by Lair with predicted peak-to-

peak values of 6.27 A, 0 A and 14 A with no additional inductance and of 1.64 A, 0 

A and 4.53 A with 2 nH of additional inductance for Vin=2.7 V, 3 V and 4.1 V 

respectively. 

 

 

a) Current waveforms with 0 nH and 2 nH of air core inductance for Vin=2.7 V. 
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b) Current waveforms with 0 nH and 2 nH of air core inductance for Vin=3 V. 

 

 

c) Current waveforms with 0 nH and 2 nH of air core inductance for Vin=4.1 V. 

Fig. 6.3 Time domain analytical model of ac current waveforms over two periods for duty cycles of 
0.37, 0.333 and 0.244 corresponding to input voltages of 2.7 V, 3 V and 4.1 V. 

 

Fig. 6.4 a) and b) shows the calculated harmonic currents per phase for duty 

cycles of 0.37, 0.333 and 0.244, corresponding to the input voltages investigated 

above. When D=0.333 for a 3-phase coupled inductor, the 1st harmonic is dominant; 
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however with non-optimal duty ratios of D=0.244 and D=0.37, higher order 

harmonics are the dominant ones. This results in significant differences in loss for 

the coupled inductor with only slight deviations from the optimal duty cycle, and this 

is illustrated later in Section 6.4.  

 

a) Phase winding harmonic currents with no additional phase inductance.  

 

b) Phase winding harmonic currents with Lair=2 nH. 

 

c) Calculated harmonic currents acting on core with no additional phase inductance. 
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d) Calculated harmonic currents acting on core with Lair=2 nH. 

Fig. 6.4 3-phase harmonic current amplitudes for windings and core for duty cycles of 0.37, 0.333 and 
0.244 corresponding to input voltages of 2.7 V, 3 and 4.1 V and respectively. 

 

The magnitudes of the harmonic currents acting on the core are shown Fig. 

6.4 c) and d). As the phase currents are symmetrical with a phase shift relative to one 

another, any two phase currents acting on a given core can be subtracted to find the 

overall current that produces flux as shown in Fig. 6.2. The Fourier series of the 

resulting waveform can then be found to deduce the current harmonics acting on the 

core. As expected for the 3-phase inductor analysed, the 3rd and 6th harmonics are 

cancelled and so ideally no loss is induced in the core for those harmonic 

frequencies. This results in a design trade-off, as the 3rd and 6th harmonics can be 

significant with respect to winding loss. Clearly such variances in harmonic current 

amplitude due to changes in duty cycle need to be accurately modelled so that 

inductor losses can be accounted for, as well as their impact on other circuit 

components. 

6.3.  Coupled Microinductor Modelling 

6.3.1. Inductance Modelling 
The inductance provided to Lii,a/b by the core (shown in Fig. 6.1 c)) is based on 

a reluctance model, and the self inductance of the winding track under the core is 

found using Grover’s equation for a single conductor [22]. This equation is also used 
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to calculate Lair for uncoupled track lengths introduced to control the phase coupling 

co-efficient. The relevant equations have previously been introduced in [17]. In 

addition, the leakage inductance for two windings under a given length of core is 

estimated by considering the reluctance of the air gap, between the two windings in a 

similar manner to Dowell [23]. Referring to Fig. 6.1 b), the length of the gap is 

Cw −2Ct , and the gap cross-sectional area is given by  Cw ⋅Ws , so that the leakage 

inductance per core can be expressed by 

 Lk =
µ0 ⋅Cl ⋅Ws

(Cw −2Ct )
, (6.4) 

where the permeability of free space, μ0 is 4π×10-7 H/m, Ws is the winding spacing, 

Cl, Cw and Ct are core length, width and thickness respectively.  

The mutual inductance, Lm per core can then be described in terms of the self-

inductance of the core, Lii,a/b and leakage inductance, Lk as Lm = Lii,a/b − Lk . 

Ignoring the end turns of the 3-phase coupled microinductor shown in Fig. 

6.1 a) (as their contribution to overall inductance is negligible), the symmetric 

inductance matrix is given as 

 L =
L11 L21 L31
L12 L22 L32
L13 L23 L33

!

"

#
#
#

$

%

&
&
&
, (6.5) 

where L11 = L22 = L33 = Lii,a + Lii,b + Lair  and L12 = L13 = L23 = L21 = L31 = L32 = Lm . 

Inversely coupling the windings leads to dc flux cancellation mitigating the 

susceptibility to core saturation, however the peak ac flux density should also be 

below the saturation field of the core material. This can be found by calculating the 

peak ac flux acting on the core and ensuring it is below Bsat. 

6.3.2. Loss Modelling 
The analysis of coupled stripline microinductors is quite complex due to 

variations in harmonic amplitude and phase angle for different numbers of phases 
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and duty cycles. To achieve accurate loss predictions the phase angle of each 

harmonic current must be accounted for in the loss equations. 

Dc winding conduction loss is calculated in the normal way and ac winding 

conduction loss, Pac is estimated using an analytical two-dimensional method as 

described in [24] and [25] to account for the effect phase angle, θ has on winding 

loss. It is paramount to account for the phase shift angle between harmonic currents, 

as its impact can be significant [15]. A resistance matrix [26] can be used to find the 

ac winding conduction loss in this device by deriving the self and mutual resistance 

of the conductors. The self resistance is defined as the apparent resistance of one 

conductor with current flowing in that conductor only and the mutual resistance term 

accounts for current flowing in two conductors at a time. It should be noted that self 

resistance includes losses incurred in neighbouring conductors even if there is no net 

current flowing in them. Using the method described in [25], the resistance matrix 

for the windings in each core section can be derived and their total loss calculated by 

 Pac = Np ⋅
I1,rms,n
2 ⋅R11,n + I2,rms,n

2 ⋅R22,n +

(I1,rms,n ⋅ I2,rms,n ⋅R12,n + I1,rms,n ⋅ I2,rms,n ⋅R21,n )cos(θn )

#

$
%%

&

'
((

n=1

nmax

∑ , (6.6) 

where R11,n and R22,n are the equivalent self resistances of each winding surrounded by 

the core (Fig. 6.1 b)) and R12,n/R21,n are mutual resistances between these two 

windings at the n'th harmonic. Due to the symmetric nature of the inductors and 

applied voltage waveforms, total ac winding loss at each harmonic is then found by 

multiplying Pac by the number of core regions. 

To estimate eddy current core loss in each core, the magnitude of the 

magnetic field strength for inversely coupled phases is expressed by 

 H core,θ ,n =
I1,n − I2,n cos(θn )+ isin(θn )( )

2(Cw +Dh −2Ct )
, (6.7) 

where I1,n and I2,n are the peak harmonic amplitudes of phase currents in phase 1 and 

2 at the n'th harmonic respectively, θn is the phase angle between them and Dh is the 

device height. Note that (5.5) neglects the leakage flux due to free space within the 

core window. 
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Assuming there is one-dimensional decay of the magnetic fields within the 

core according to the Helmholtz one-dimensional equation [6], the eddy current core 

loss for any given phase angle, θ is given by  

 Pe,θ ,n = 2
ρc(Cw +Dh )Cl

Ct

υn
sinh(υn )− sin(υn )
cosh(υn )+ cos(υn )

H core,θ ,n
2 , (6.8) 

whereυn =Ct /δc =Ct / ρc / (µ0 ⋅µr ⋅ π ⋅n ⋅ fsw  is the core thickness to skin depth 

ratio at the n'th harmonic, Hcore,θ,n is the ac magnetic field magnitude at the n'th 

harmonic, μr is the relative permeability of the core material and ρc is the resistivity of 

the core. 

Hysteresis core loss is difficult to estimate due to the complex nature of the 

current waveforms and the non-linear loss mechanisms present. A first 

approximation is given by estimating the peak-to-peak flux density, ΔBp-p due to both 

coupled currents within a core and applying the Steinmetz equation [27], 

 Phys =K ⋅ fsw
ΔBp-p
2

#

$
%

&

'
(

β

Vc , (6.9) 

where Vc is the volume of the core and K and β are material dependent properties.  

The peak-to-peak flux density, ΔBp-p is estimated by first deducing the peak-

to-peak current acting on the core, ΔIcore,p-p=(I1–I2)p-p using (6.1)-(6.3). Using this 

value, ΔBp-p can be expressed as ΔBp-p = µ0 ⋅µr ⋅ ΔIcore / (2(Cw +D h −2Ct ) . The 

relevant waveforms are presented in Fig. 6.3. 

6.4.  Coupled Microinductor Analysis and 
Validation 

The analytical models presented in Section 6.2 and 6.3 were implemented 

using a mathematical software package; full load loss results are presented below. To 

illustrate the relative contributions of harmonics in winding and core losses, 

harmonic components for ac winding and eddy current core losses are presented in 
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Fig. 6.5 up to the 6th harmonic, as higher order harmonics are not significant in this 

case. It is found that for Vin=3 V (D=0.333) the influence of Lair is not as significant 

as for non-optimal duty cycle ratios, because as seen in Fig. 6.4, the first harmonic is 

dominant with negligible higher order components. 

 

  

a) Ac winding loss with Lair=0 nH. b) Ac winding loss with Lair=2 nH. 

  

c) Eddy current core loss with Lair=0 nH. d) Eddy current core loss with Lair=2 nH. 

Fig. 6.5 Analytical harmonic ac winding and eddy current core loss breakdown for various input 
voltages.   
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Fig. 6.5 a) and b) highlight the impact that the additional phase inductance 

has on ac winding conduction loss, where the additional 2 nH of air core inductance 

significantly reduces the loss induced in the windings by the 3rd and 6th harmonic and 

results in an overall loss reduction of 64%, 12% and 84.8% for Vin=2.7 V, 3 V and 

4.1 V respectively. Fig. 6.5 a) includes out of range harmonic losses results for 4.1 V. 

The 3rd harmonic incurs 468 mW and the 6th harmonic incurs 64 mW of loss, making 

up a total of 568 mW. The eddy current core loss shown in Fig. 6.5 c) and d) shows 

that total loss is reduced by 12.8%, 12.1% and 14.9% for Vin=2.7 V, 3 V and 4.1 V 

respectively, due to the additional inductance. This reduction is not as significant 

when compared to the reduction in ac winding loss, as the 3rd and 6th harmonic 

currents affecting core loss are cancelled and thus their contribution is negligible. As 

discussed in Section 6.2.1, Lair is a single copper winding in air provides the 

necessary 2 nH additional phase inductance. The inductor has a winding width, 

thickness and length of 80 μm, 15 μm and 2.01 mm respectively. The dc resistance 

introduced is approximately 28.8 mΩ and the ac resistance at 20 MHz is 31.1 mΩ, 

and so the three Lair inductors contribute an additional 24.4 mW of dc loss and 8.4 

mW ac loss under full load for Vin=3 V. Note that total full load loss is 394 mW in 

this case. The inductor Lair is provided by a straight copper track in this work, 

however, it could be also provided by a more optimal structure such as a spiral or 

meander type inductor. 

For validation, results produced using the analytical loss and circuit 

waveform models (denoted Calc.) are compared against FEA results with current 

levels applied from spice simulations (denoted Sim.) in Fig. 6.6 a). The parasitic 

capacitance for the 3-phase device has been estimated to be approximately 915 fF 

between coupled phases using FEA. This capacitance has been included in the spice 

circuit simulation, however its effect is negligible. The inductance is estimated using 

the Magnetostatic solver in Ansys Maxwell [28]. Table 6.2 provides two-

dimensional results versus analytical results found using the equations outlined in 

Section 6.3. Calculations of Rdc and Rac at 20 MHz exclude the contribution of the end 

turns. Rac,0/π represents the ac winding resistance at phase angles of 0 and π and can 

be used to predict the ac winding resistance at a phase shift of 2π/3 [25]. A three-
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dimensional model of the inductor structure shown in Fig. 6.1 a) reveals that the 

outer winding (phase 1) has an inductance of 22.9 nH and the inner windings (phase 

2 and 3) have an inductance of 21.9 nH each. The higher inductance of phase 1 is due 

to the longer outer winding. The phase coupling co-efficient between phases 1-2, 1-3 

and 2-3 is 0.46, 0.48 and 0.48 respectively (without the inclusion of Lair).  

TABLE 6.2 3-PHASE COUPLED INDUCTOR ANALYTICAL VS. FEA RESULTS. 

Specification Unit Sim. Calc. 
- Core self inductance per phase nH 21.7 20.3 
k Phase coupling co-efficient - 0.482 0.477 
Rdc Dc phase winding resistance mΩ 71 71 
Rac,0 Ac phase winding resistance @ 0, 20 MHz mΩ 76 80 
Rac,π Ac phase winding resistance @ π, 20 MHz  mΩ 87 90 

 

 

a) Loss breakdown for Vin=2.7 V, 3 V and 4.1 V, supplying 1.6 A.  

      

b) Loss breakdown vs. load for Vin=2.7 V. 

Fig. 6.6 Loss breakdown of coupled inductor for Vout=1 V and various input voltages with 2 nH of 
additional air core inductance per phase. 
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Combining the two-dimensional FEA inductance estimation and the 

analytical loss equations described in Section 6.3.2, Fig. 6 shows that the loss 

calculations are in excellent agreement with maximum deviations of 1.3%, 1.1% and 

2.5% from simulated results for Vin=2.7 V, 3 V and 4.1 V respectively. Fig. 6.6 a) 

shows a slight discrepancy between simulated and calculated results and it is found 

that this is largely due to differences between the analytical and FEA inductance 

estimation. Including the estimation for Lair results in a phase inductance of 23.7 nH 

and phase coupling co-efficient of 0.44 for the simulated results, and a phase 

inductance of 22.3 nH with k=0.434 for the calculated values. Resulting calculated 

values of loss are then approximately 3.7%, 3.3% and 4.8% higher for Vin=2.7 V, 3 V 

and 4.1 V respectively.  

Investigating the breakdown of losses versus load in Fig. 6.6 b) it is clear that 

core losses are dominant due to the high phase ripple current present. The calculated 

peak-to-peak flux density, ΔBp-p is 1.13 T, 1.26 T and 1.26 T for Vin=2.7 V, 3 V and 

4.1 V respectively. 

For input voltages of 2.7 V and 3 V shown in Fig. 6.6 the ac winding loss is 

small in comparison to other loss components. However, for Vin=4.1 V (D=0.244), 

the ac winding loss represents 18 % of total loss compared to 6.7% for the nominal 

input voltage of 3 V. This is due to the increased 3rd harmonic winding loss, but as 

discussed, the 3rd harmonic has a negligible impact on eddy current core loss.  

Including both dc and ac losses incurred by Lair the overall result is a 49.4%, 

1.1% and 7.6% reduction in total loss at full load compared to the loss incurred with 

no additional air core inductance for Vin=2.7 V, 3 V and 4.1 V respectively.  

To demonstrate the influence that harmonic currents and their respective 

phase angles have on loss, loss was calculated using the rms of the phase current at 

the fundamental frequency while disregarding the influence of the phase angle. Eddy 

current core loss using the rms current is predicted to be 45.9%, 8.9% and 49.6% 

higher than FEA results which accounts for harmonic phase angles for Vin=2.7 V, 3 V 

and 4.1 V respectively.  



CHAPTER 6 ANALYSIS OF COUPLED MICROINDUCTORS 

-157- 

 

Fig. 6.7 Modelled efficiency versus load of a 3-phase coupled inductor with 2 nH of air core phase 
inductance and Vin=2.7 V. 

 

Ac winding loss is estimated to be 7.6% and 17.8% higher and 9.1% lower for the 

same conditions. Clearly using the rms current to estimate loss would lead to 

erroneous results. 

The results of Fig. 6.6 are applied to produce the modelled inductor efficiency 

results of Fig. 6.7, where a peak inductor efficiency of 83.3% is predicted for Vin=2.7 

V. In this case, inductor efficiency is defined as Pout / (Pout +Pl,loss )  where Pout is the 

total output power and Pl,loss is the total coupled inductor loss. While both the solid 

and dashed lines account for change in current levels produced with the additional 2 

nH uncoupled inductance per phase, only the dashed line includes the loss incurred. 

The level of inductance provided by the coupled inductors in this case is 

limited by the available footprint area (5.6 mm2), but this can be overcome by 

designing the inductors for operation at higher frequency when semiconductor 

switches and controllers become available to support applied current levels. At 20 

MHz the peak-to-peak phase ripple current is predicted to be approximately 1.59 A, 

which is three times larger than the dc phase current. This has significant 

implications for both the inductor and semiconductor switching losses. To illustrate 

the level of improvement possible at higher frequencies, Fig. 6.8 presents a 

breakdown of loss versus frequency within the same core footprint area as specified 

above. The core thickness of the material is reduced as frequency increases and is set 

to be approximately 7% less than the skin depth of the core material. For example at 
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20 MHz the core thickness is 4.2 μm but is 1.6 μm at 140 MHz. At 140 MHz the 

total loss is significantly lower than 20 MHz with the peak-to-peak phase ripple 

current being approximately 69% of the full load dc phase current. Operating at this 

frequency would result in significantly lower conduction loss and switching loss, as 

the peak current that is required to be switched is reduced.  

 

Fig. 6.8 Modelled loss breakdown versus frequency of a 3-phase 20 MHz dc-dc converter for Vin=2.7 
V and a dc output current of 1.6 A with 2 nH of air core inductance. 
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6.5.  Measurements 

6.5.1. Coupled Microinductor Measurements 
A 3-phase DLM coupled inductor has been fabricated (shown in Fig. 6.9) 

with a Ni45Fe55 core. A layer of Su-8 insulating material separates the top and bottom 

windings and a copper via connects the top and bottom windings of the outer track, 

further details on the fabrication process can be found in [14]. The measured dc 

resistance is in line with the predicted value of 71 mΩ; e.g. the measured dc 

resistance of phase 2 is 66.7 mΩ.  

 

a) Top view of fabricated inductor. 

 

b) Cross sectional view of three cores. 

Fig. 6.9 Fabricated 3-phase coupled microinductor. 
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Inductance for each phase is presented in Fig. 6.10, which was measured 

using a HP 4285 LCR meter with a sinusoidal excitation signal up to 30 MHz. The 

phase inductance is approximately 2 nH lower that the design value at 20 MHz, 

which leads to higher phase ripple current and hence higher induced loss than 

predicted in Section 6.4. The measured inductance of phase 1 is slightly higher due 

to the longer outer winding as predicted by the three-dimensional simulation in 

Section 6.4. Note that at lower frequencies (<1 MHz) the inductance in all phases is 

similar, and this is thought to be a consequence of the calibration method used, as the 

separation between probes is similar between contact pads on phases 2 and 3, but it is 

larger for phase 1 (see Fig. 6.1). 

 

Fig. 6.10 Measured inductance of the 3-phase coupled inductor from 500 kHz to 30 MHz. 
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6.5.2. Converter Measurements 
A Semtech SC220 20 MHz converter IC [29] is implemented on each phase 

of the coupled inductor which are then synchronized using a Digilient Nexys 3 

development board based on a Xilinx Spartan 6 FPGA. The 3-phase converter is 

shown in Fig. 6.11. Gold wire bonds with a diameter of 25 μm and an approximate 

length of 1.5 mm are used to connect the coupled inductor to the PCB. Each of the 

three copper tracks between the switching node and the coupled inductor has been 

designed to have an equivalent dc resistance to reduce dc current imbalance.  

As the coupled inductor placed on a PCB board for testing the 

interconnections between components add a significant amount of additional 

inductance and so Lair is not required. The predicted interconnection inductance per 

phase approximated to be 8 nH, which has been estimated by FEA [28] to be the total 

contribution of the wire bonds and copper tracks of the PCB board (Fig. 6.11). The 

additional interconnect inductance means that the phase inductance is 28.3 nH and 

has a phase coupling co-efficient of 0.342. The coupled inductor is then predicted to 

have a peak efficiency of 86.8%, 85.2% and 83% for Vin=2.7 V, 3 V and 4.1 V when 

applied in the circuit. 

 

 

Fig. 6.11 Prototype 3-phase dc-dc converter. 
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The Semtech IC [29] used in this work has the highest switching frequency 

commercially available. However, there are significant issues when implemented in 

this type of converter. This IC has two modes of operation, Pulse Frequency 

Modulation (PFM) and Pulse Width Modulation (PWM). The converter IC moves 

into continuous conduction (PWM) mode when the phase ripple current moves above 

a certain threshold. In this application the phase ripple current is high, with peak-to-

peak ripple current (ΔIp-p) in-circuit predicted to be 0.97 A, 0.89 A and 1.07 A for 

Vin=2.7 V, 3 V and 3.3 V; this means that the dc load current needs to be high in 

order for all phases to operate in PWM mode. The minimum dc output current to 

maintain PWM operation is 1.4 A, 1.6 A and 1.75 A for Vin=2.7 V, 3 V and 3.3 V 

respectively. The converters are synchronized via an external signal from an FPGA, 

as shown in Fig. 6.12 a). Each converter IC has an independent control loop, which 

controls the duty cycle based on a voltage reference. Variations in the duty cycle 

between ICs leads to non-optimal flux cancellation and hence higher ripple current 

and loss. The voltage across the low side switch of phase 1 and 2 of the 3-phase 

converter is shown in Fig. 6.12 b), where there is a difference between duty cycles. 

This in turn leads to thermal imbalance between phases. As the duty cycle is 

mismatched between phases, the falling edge is taken as the reference point and 

shows that there is a time delay of approximately 13 ns between phases which is 3.7 

ns shorter than the ideal 16.7 ns which would correspond to a phase shift of 120°. 

The shorter observed time delay is possibly exacerbated as a result of taking the 

falling edge as a reference, as the fall time is longer than the rise time and the type of 

deadtime control circuitry used is unknown. 
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a) Synchronization signal (1) and low side switch voltage (2) for Vin=3.3 V. 

 

b) Low side switch voltage of phases 1 and 2 for Vin=2.7 V. 

Fig. 6.12 Measured waveforms of a 20 MHz 3-phase converter. 

 

Using the same empirical equation derived for the SC220 converter IC [29] 

when operating in PWM mode [30] and scaling for the applied voltage transfer ratio, 

the dashed lines in Fig. 6.14 presents predicted converter efficiency accounting for 

losses associated the coupled inductor, the three Semtech SC220 IC switching 

converters and interconnection losses. The predicted peak efficiency of the system is 

57.2% 56.7% and 50.8% for Vin=2.7 V, 3 V and 4.1 V. The additional dc resistance 

between the switching node and output of each phase has been measured is 

approximately 191 mΩ. The main contribution to this comes from the gold wire 

bonds used, which are described above in Section 6.5.2. 

Fig. 6.13 presents the predicted loss breakdown of the 3-phase converter for 

Vin=2.7 V. 61% of loss is attributed to the three SC220 ICs due to the high phase 

ripple current. 
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Fig. 6.13 Modelled loss breakdown of 3-phase 20 MHz dc-dc converter for Vin=2.7 V and a dc output 
current of 1.6 A. 

 

Nonetheless, Fig. 6.14 provides measured efficiency results for Vin=2.7 V, 3 

V and 3.3 V, with analytical efficiency calculations overlaid on the graph with 

dashed lines. Measurements confirm the trends in efficiency vs. load for different 

input voltages (i.e. decreasing efficiency with increasing input voltage), but there are 

differences between modelled and measured values with maximum deviation of 10% 

for Vin= 3.3 V. The cause of this inaccuracy is thought to be attributable to a number 

of sources such as current imbalance due to variations in duty cycle, lower 

inductance at harmonic frequencies, high levels of ac flux and increased resistance 

due to the heating of the copper traces and windings. These issues could be 

significantly alleviated if a more integrated approach was taken in the packaging of 

the converter and if direct control of the duty cycle was possible, as the phase 

inductances and dc resistances are approximately equal. 

 



CHAPTER 6 ANALYSIS OF COUPLED MICROINDUCTORS 

-165- 

 

Fig. 6.14 Analytical (dashed lines) vs. measured efficiency of a 3-phase, 20 MHz, dc-dc converter 
versus load for Vin=2.7 V, 3 V and 3.3 V. 

 

Both Sturcken [10] and DiBene [8] demonstrated fully integrated dc-dc 

converters using coupled stripline microinductors achieving peak efficiencies of 75% 

and 76% respectively. To achieve a peak converter efficiency of 75% Sturcken 

operated the converter with a duty cycle of 0.66 however for a more extreme duty 

cycle of 0.388 the efficiency drops to 57% with an operating frequency of between 

125 and 200 MHz. This is close to the peak efficiency of this converter 55% with a 

duty cycle of 0.37 (2.7 V), albeit with a significantly lower switching frequency of 

20 MHz. The dc-dc converter demonstrated by DiBene achieved a peak efficiency of 

76% with a switching frequency of 115 MHz and a duty cycle of 0.59. As seen in 

Fig. 6.14 the duty cycle ratio has significant impact on efficiency.  

Considering state-of-the-art integrated converters operating at 20 MHz, 

Zhang [31] presented a converter capable of supplying up to 1 A and Maity [32] 

demonstrated a dc-dc converter capable of supplying 660 mA, both in a single phase 

buck topology. In this work a coupled inductor with a low duty cycle of 0.333 which 

supplied a maximum dc output current of 1.9 A was demonstrated.  

As discussed in Section 6.4 if this technology were implemented at higher 

frequency the converter efficiency would be significantly increased.  
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6.6.  Conclusions 
Presented are details of analytic loss models for coupled stripline 

microinductors, which account for the phase shift angle and level of coupling 

between phases. The models have been used to predict efficiency for a number of 

circuit specifications and have been validated against FEA results and measurements. 

The models have been combined with a previous empirical model for the Semtech 

SC220 converter IC to predict overall circuit efficiency. These models can also be 

applied to other stripline inductor technology to predict inductance and loss. 

Eddy current core loss is seen as a substantial source of loss in this work. This 

loss component could be significantly reduced if the core was laminated or by 

increasing the switching frequency to reduce phase ripple. The core inductance is 

estimated assuming a dc excitation current, while this is an acceptable approximation 

when the core thickness is equivalent to the skin depth of the material; for higher 

order harmonics the inductance level will drop compounding the losses due to these 

higher harmonics. In the future, models will need to be developed which account for 

the reduced inductance at higher frequencies. However, in this work the effect was 

not significant as approximately 8 nH of additional air core inductance is present. In 

this work three individual converter ICs were used to implement a 3-phase converter, 

if a more integrated approach was taken, a significant improvement in circuit 

performance is attainable. 

It is clear from this work that switching loss and core loss are significant loss 

components. These losses may be reduced if parallel coupled inductors were 

implemented so that as load current decreases parallel coupled inductors could be 

disabled along with their respective switches. Future work will investigate the 

optimum structure and configuration of these coupled microinductors. 
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Preamble 
This chapter is the culmination of work presented in previous chapters and 

details the use of models presented in Chapters 3 through to 6 to optimise coupled 

stripline microinductors in power supply on chip applications. Two prototype 20 

MHz dc-dc converters have been manufactured and tested at power levels of up to 

3.45 W. 

The optimum number of phases for a particular circuit specification is one 

major unanswered question, as coupled phases cannot be arbitrarily added in order to 

provide higher output current. Groups at IBM, Intel and Dartmouth College [1-3] 

have fabricated coupled microinductors on silicon and evaluated loss based on the 

root mean squared of the phase current, which can lead to a discrepancy between 

analytical and measured loss. Prabhakaran [4] presented results of a 4-phase coupled 

stripline microinductor at 5 MHz but a thorough analysis into the factors affecting 

CHAPTER 7 
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loss was not presented. Sturcken et al. presented measured efficiency results of a 

number of similar stripline microinductors [5], but he did not delve into the factors 

affecting the performance of the inductors. The impact of low duty cycle ratios on 

the performance of coupled inductors has also not been investigated. 

In this thesis, the models developed are used to gain an insight into how loss 

mechanisms behave when parameters such as duty cycle and phase number vary. 

Particular emphasis is placed on the optimum number of phases for low duty cycle 

ratios and how the performance of the circuit is affected under non-optimal 

conditions.  

The distributing of coupled microinductors in parallel is analysed and is 

shown to have superior performance compared to coupled inductors with higher 

number of phases. The impact of switching frequency is discussed with a view to 

improve coupled inductor performance, as well as thermal and saturation limitations. 

Two prototype converters that include a 2×3-phase and a 5-phase coupled 

stripline microinductor have been manufactured and tested at power levels of up to 

3.45 W at 20 MHz. 
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Abstract— Coupled inductors offer significant advantages over their 

uncoupled counterparts; however with these advantages come a number of 

additional design caveats. The factors affecting the design and optimisation of 

coupled stripline microinductors for PwrSoC applications are outlined which include 

device area, the number of coupled phases, duty cycle, paralleling of coupled 

inductors, switching frequency as well as thermal and saturation constraints. Results 

of this analysis are presented and discussed along with guidelines for the design of 

coupled stripline microinductors, which show that paralleling coupled inductors is 

the best route towards higher output current. Analytical models predict a peak 

inductor efficiency of 86.8% and 86.3% for fabricated 3 and 5-phase coupled 

stripline microinductors with a Ni45Fe55 core, for input voltages of 2.7 V and 2.5 V 

respectively. Measurements of prototype 3 and 5-phase converters verify models with 

parallel coupled stripline microinductors over a range of operating conditions. 

7.1.  Introduction 
As the holy grail of a heterogeneous dc-dc converter fabricated on a single 

chip (PwrSoC) has all but arrived [5, 6], integrated magnetics still remain a major 

performance inhibitor due to loss contributions. Coupled stripline microinductors 

have a number of distinct advantages over uncoupled microinductors in terms of 
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efficiency and transient performance [7]. By inversely coupling each phase, the 

transient performance is drastically improved as the effective inductance is reduced 

to leakage inductance values, while the steady state inductance is enhanced under 

steady-state conditions [8]. Furthermore, inverse coupling means that the dc flux is 

cancelled within the core, allowing for a reduced footprint area, as the core can be 

smaller [9-11].  

Although the advantages of coupled inductors are clear, careful design is 

required if the benefits over their uncoupled counterparts are to be realized. When 

designing uncoupled inductors the current waveform can be modelled as a triangular 

wave, which is dependent only on the applied voltage, inductance and switching 

times. Uncoupled inductors are also easily scalable into large multiphase dc-dc 

converters to deliver higher efficiency, better transient response and greater output 

ripple current cancellation [12]. While coupled inductors offer advantages on all 

these fronts, their design and analysis is considerably more complex. The duty cycle, 

coupling factor and number of phases greatly impact the peak-to-peak phase ripple 

current, the amplitude of the current harmonics and the loss incurred. Taking these 

points into consideration, additional phases cannot be arbitrarily added if better 

transient performance is needed, further output ripple current cancellation is required 

or output current requirements increase. Clearly careful design is paramount to 

realize the full benefit of coupled inductors.  

In this paper an analytical design approach is presented for optimization of 

coupled stripline microinductors in terms of maximum current handling per inductor 

footprint area. Various factors affecting performance are investigated including 

device area, number of coupled phases, duty cycle, paralleling of coupled inductors, 

switching frequency as well as saturation and thermal constraints.  

Others [1-3] have designed coupled microinductors fabricated on silicon 

using the classic reluctance model for inductance. These articles evaluate loss based 

on dc winding resistance (and the root mean squared of the phase current), which can 

lead to a discrepancy between analytical and measured loss, as potentially large 

harmonics and their respective phase angles are not properly accounted for. 
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Prabhakaran [4] presented results of a 4-phase coupled stripline microinductor 

designed to carry 10 A within a core footprint area of approximately 50 mm2 at 5 

MHz, but a thorough analysis into the factors affecting performance was not 

presented. Sturcken et al. presented results of a number of similar stripline 

microinductors with a reported peak efficiency of 71 % for a voltage transformation 

ratio of 0.55 operating with a switching frequency in the range of 125 MHz to 200 

MHz [5]. Current handling of 5.5 A in a 1.96 mm2 footprint area was achieved, but 

the factors affecting the performance of the inductors was not given. In this paper a 

through analysis incorporating the phase shift angle is completed, revealing the 

optimum configuration for coupled stripline microinductors for a wide range of duty 

cycles, and illustrating the design trade-offs that complicate its choice.  

As output voltage requirements trend downward [13], it is envisaged that 

more extreme voltage transformation ratios will become more prevalent, leading to 

an increase in phase ripple current, which in turn has a direct impact on inductor and 

circuit efficiency. This paper focuses on the optimum coupled inductor configuration 

for use in dc-dc converters with low duty cycle ratios. Concurrently, as voltage 

requirements reduce, current requirements increase [13] and there is need for a more 

granular power supply to cope with large load variations. The ability to disable 

phases will be vital to maintain high efficiency across the entire load range. DiBene 

[14] implemented a number of parallel 16-phase coupled stripline microinductor 

cells which could be disabled as load demand decreased. In that work a peak 

efficiency of 76% was measured for one 16-phase cell rated for 25 A in an area of 

2.8 mm2 with a switching frequency of 115 MHz. Intel demonstrated full dc-dc 

converter integration within their 4th generation core processor [6] using uncoupled 

air core inductors integrated in the package. That converter reached a peak efficiency 

of 90% and allowed for the disabling of cells as load demand decreased. In this work, 

the scalability of coupled stripline inductors is investigated demonstrating its impact 

on circuit performance. 

This paper is organised as follows: Section 7.2 outlines design considerations 

for coupled stripline microinductors fabricated using a double metal layer (DLM) on-
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silicon process. Section 7.3 compares design variations for a given circuit 

specification and identified guidelines for optimized designs. Section 7.4 presents 

measurements of fabricated 3 and 5-phase coupled microinductors along with circuit 

efficiency for a number of prototype circuits followed by conclusions in Section 7.5. 

7.2.  Design Considerations for Coupled 
Stripline Inductors 

A number of factors impact significantly on coupled microinductors in terms 

of loss and performance within the circuit. For ease of illustration, these factors are 

discussed for coupled inductors which have been designed to operate at 20 MHz with 

an Ni45Fe55 core as described in [15] and with Double Layer Metal (DLM) windings 

[16]. Using a DLM process to fabricate the windings has a number of advantages 

over its Single Layer Metal (SLM) [17] counterpart such as higher power density per 

unit area and higher efficiency as window utilization is increased.  

The coupled inductors are arranged in a cyclic cascade configuration [18], 

where each phase couples tightly with only two of its neighboring phases, as shown 

in Fig. 7.1. Factors investigated include thermal and magnetic saturation limits, 

device area, optimum phase shift angle between coupled phases, the number of 

coupled phases and switching frequency. 

 

Fig. 7.1 Coupled inductor configuration with Np phases. 
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Inductance levels of the coupled inductors are modelled based on the same 

reluctance equations applied for racetrack inductors [19] with leakage inductance 

based on Dowell’s equation [20]. These are combined with loss models for dc 

winding loss, Hysteresis core loss as well as eddy current core [21] and ac winding 

conduction loss [22, 23], both of which account for the effect of phase shift angle 

between current harmonics.  

7.2.1. Thermal and Magnetic Saturation Constraints 
Inverse coupling of phases allows for cancellation of dc flux within the core; 

however, the peak flux, Bpeak produced by the sum of both ac winding currents is 

required to remain below the saturation field level, Bsat of 1.5 T for the Ni45Fe55 

material used in this work. Using the models presented in [21], Bpeak can be estimated 

to ensure that the core doesn't saturate. 

The minimum winding width is found based on the temperature rise of copper 

windings due to dc phase current using the equation found in [19] (based on copper 

tracks on PCB). In some cases there is a significant ac current component and so this 

must also be considered for winding temperature rise. This can be incorporated into 

inductor design using a recursive function to solve for the minimum winding width 

for the rms phase current, Irms. However, temperature rise is highly dependent on 

environmental factors such as proximity to other components and whether or not heat 

removal techniques are employed and so it is difficult to verify the validity of using 

the Irms phase current. It is for this reason that dc phase current is used to define the 

minimum winding width required in this analysis, unless otherwise stated.  

7.2.2. Device Area 
The models described above are applied to compare the performance of 3-

phase coupled inductor designs for an input voltage (Vin) of 3.3 V, output voltage 

(Vout) of 1 V and a dc current per phase of 533 mA over a range of areas in Fig. 7.2. 

For each area, the maximum core area and therefore inductance possible is fitted for 

a range of increasing winding widths, from a minimum of 80 μm, which is based on 
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a maximum temperature rise of 85 °C (for a dc phase current of 533 mA), with a 

winding thickness, Wt of 15 μm. An additional air core inductance of 2 nH per phase 

is included to reduce the assumed core coupling factor from >0.95 to approximately 

0.87. The additional air core inductance is not included in the area or loss 

calculations to allow for direct comparison of coupled inductor structures, further 

details are provided in [21]. Coupled inductor performance in Fig. 7.2 is compared in 

terms of the ratio of ripple current to dc current per phase and inductor efficiency, 

which is defined as Pout / (Pout +Pl,loss )  where Pout is the total output power and Pl,loss is 

the total coupled inductor loss. 

 

a) Phase ripple current ratio versus winding width. 

 

b) Inductor efficiency versus winding width. 

Fig. 7.2 Various core areas and winding widths for a 3-phase coupled inductor with an additional 2 nH 
of air core inductance per phase.  
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Evaluating these graphs, there is a clear trade-off between inductor efficiency 

and the ratio of ripple current to dc current per phase, ΔI/Idc as winding width and 

footprint area are varied. The optimum winding width for a total core footprint area, 

Np ⋅Acore of greater than 2 mm2 is clear in Fig. 7.2 b), as it corresponds to the highest 

inductor efficiency. Acore is the area of one core and Np is the number of coupled 

phases. For smaller footprints, the optimum winding width is the minimum allowed 

according to winding thermal limits. This is explained by the fact that eddy current 

and hysteresis core loss have the largest proportion of total loss and as a result, 

increasing the winding width reduces the total inductance and the increases phase 

ripple current ratio. This is illustrated more clearly in the full load loss breakdown 

results of Fig. 7.3 a), where for a core area of 1 mm2 the core loss increases 

substantially as winding width increases. For larger core areas, core loss reduces as 

seen in Fig. 7.3 b) for an area of 4 mm2 and so a trade-off exists between winding 

and core loss to realize the optimum coupled inductor within a fixed footprint area.  

With the aim of maximizing current handling per inductor footprint area, the 

design of Fig. 7.3 a) is chosen as a benchmark design; i.e. a 3-phase coupled inductor 

designed to handle 533 mA per phase, which results in total output current of 1.6 A 

in a core footprint area of 1 mm2. 

  

a) Winding and core loss in a 1 mm2 footprint 
area. 

b) Winding and core loss in a 4 mm2 footprint 
area. 

Fig. 7.3 Total (dashed line), winding and core loss for two core areas, 1 mm2 and 4 mm2. 
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7.2.3. Number of Phases 
Typically the number of phases, Np, is chosen based on the duty cycle ratio to 

allow for maximum flux cancellation between phases (i.e. Np=1/D). However, as the 

input voltage and/or output voltage may vary over a range, the duty ratio is not 

necessarily fixed in PwrSoC applications. Furthermore, in order to achieve higher 

output current levels, additional phases may be required, but for coupled inductors, 

the choice of the optimal number is not straightforward as phase shift angle, duty 

cycle ratio and number of coupled phases have a significant impact on loss and phase 

ripple current. A number of configurations are possible when a large number of 

phases are required to handle higher power. For example, a 15-phase system can be 

achieved by one 15-phase coupled inductor, by five parallel 3-phase coupled 

inductors (5×3-phase) or by three parallel 5-phase coupled inductors (3×5-phase).  

To evaluate the effect of additional phases on power loss in the windings and 

core, a range of phase numbers are analysed for a fixed output voltage of 1 V with a 

wide input voltage range of 10 V to 2.5 V, corresponding to a duty cycle range of 0.1 

to 0.4. The winding width for each phase is 80 μm and thickness is 15 μm 

corresponding to a maximum dc current handling capability of 533 mA per phase for 

a temperature rise of 85 °C. Each core (per phase) has an approximate footprint area, 

Acore of approximately 0.333 mm2, resulting in a current handling of 1.6 A/mm2, 

similar to the benchmark design investigated in Fig. 7.3 a). Note that all designs meet 

core saturation requirements.  

For 2 to 4-phase coupled inductors the phase angle between the applied phase 

voltages is 2π/Np. As detailed in [24], the optimum phase shift angle for higher 

coupled phase numbers is described for an even number of phases, θeven and odd 

number of phases, θodd when Np>4 by 

 θeven = π −
2π
Np

,        θodd =
(Np −1)π

Np

, (7.1) 

where θeven/odd is the optimum phase angle. 



CHAPTER 7 OPTIMISATION OF COUPLED MICROINDUCTORS 

-180- 

Results of coupled stripline microinductors with 2, 3, 4, 5, 7 and 15-phases 

are presented below but it should be noted that, 6, 10 and 14-phase are inherently 

included as they have the same properties as 3, 5, and 7-phase coupled inductors due 

to implementation of the optimum phase angle (7.1). As the core size, Acore, and the 

output power per phase is fixed, a normalised relationship between inductor 

efficiency and ratio of ripple current to dc current per phase, ΔI/Idc due to the number 

of phases only can be found.  

Fig. 7.4 a) analyses the phase ripple current ratio over a duty cycle range of 

0.1 to 0.4 and it is clear that 5 and 7-phase coupled inductors maintain the lowest 

phase ripple current ratio, with 3 and 4-phase coupled inductors outperforming them 

for a limited duty cycle range only. For example a 3-phase coupled inductor is ideal 

for a 3.3 V to 1 V voltage transformation (D = 0.303) but as duty cycle reduces, the 

phase ripple current ratio increases significantly compared to the 5 and 7-phase 

coupled inductors, i.e. the phase ripple current ratio for a 3-phase coupled inductor 

with a duty cycle of 0.10 is approximately 47% higher than a 5-phase coupled 

inductor. This is explained by the minimization of the phase ripple current ratio at 

duty ratios, D, equal to integer multiples of 1/Np, with higher phase numbers having a 

larger number of minimum duty points in the range investigated. However, it should 

be noted that the minimum phase ripple current ratio levels increase as the phase 

number increases, because only two phases are coupled together at a time. Therefore, 

improvements in phase ripple current ratio do not necessarily translate directly into 

improved inductor efficiency as shown in Fig. 7.4 b). 
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a) Phase ripple current ratio for duty cycles of 0.1 to 0.4 (Vin=10 V to 2.5 V). 

 

b) Coupled inductor efficiency (Vin=10 V to 2.5 V). 

Fig. 7.4 Phase ripple current ratio and coupled inductor efficiency for a fixed individual core size, 
where each phase carries 533 mA dc current and an additional air core inductance of 2 nH is included. 
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Another limiting factor for coupled inductor efficiency with increasing phase 

count is the interdependence of the applied phase shift angle and the number of 

phases. Applying the optimum phase shift angle (7.1) results in the external magnetic 

field at the Np ⋅ fsw  harmonic cancelling, so that the induced eddy current core loss is 

negligible at that harmonic. However, as additional phases are added, the phase 

current waveform becomes highly irregular with the introduction of a number of 

significant intermediary harmonic components that contribute additional eddy 

current winding and core losses. This effect is seen in results for the 15-phase 

coupled inductor, which has a phase ripple current ratio similar to those of a 3 or 4-

phase devices, but follows a similar trend in efficiency to the 2-phase coupled 

inductor. The 4-phase device performs poorly across the range of duty cycles as the 

optimum phase angle is specified to be 90°, resulting in poor flux cancellation 

between coupled phases and hence larger harmonic current amplitudes.  

Using Fig. 7.4, it is evident that there is a trade-off between the phase ripple 

current ratio and efficiency due to the increasing number of harmonics and their 

respective phase shift angles from one another with the best performing coupled 

inductors over the range of duty ratios considered being the 3 and 5-phase in terms of 

efficiency and the 5 and 7-phase for phase ripple current ratio. Therefore, as current 

requirements scale upwards it is clear that five parallel 3-phase coupled inductors 

(5×3-phase) or three parallel 5-phase coupled inductors (3×5-phase) would perform 

significantly better than a 15-phase coupled inductor in terms of efficiency if a high 

current system was required.  

7.2.4. Switching Frequency  
The main issue affecting efficiency in designs presented thus far is high phase 

ripple current ratios due to low the phase inductance that can be achieved within a 

limited footprint area. To reduce the phase ripple current ratio and improve 

efficiency, the effect of increasing switching frequency is investigated in this section. 

As switching frequency increases the skin depth of the core material decreases and so 

for all frequencies analysed, the core thickness is set to less than one skin depth 
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(approximately 7% less) to control eddy current core loss. Fig. 7.5 presents results of 

efficiency and phase ripple current ratio for the benchmark 3-phase coupled inductor 

(with a core area of 1 mm2) up to 140 MHz. Efficiency is estimated for a full load 

current of 1.6 A, and input and output voltages of 3.3 V and 1 V respectively. It is 

seen that to achieve full load efficiency of over 90%, a switching frequency of at 

least 80 MHz is required. The same level of improvement is attainable for a 5-phase 

coupled inductor at 140 MHz, where the 5-phase implementation achieves a peak 

efficiency of 92.3% with a phase ripple current ratio of 0.77. 

 

Fig. 7.5 Modelled 3-phase coupled inductor efficiency and phase ripple current ratio with an 
additional 2 nH of air core inductance per phase.  
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7.3.  Coupled Inductor Design  
Up to this point, generalized results of coupled inductor performance have 

been presented for a range of varying circuit specifications and footprint areas. In 

this section, the design of coupled inductors for a given circuit specification and 

footprint area is described. For this analysis, the input voltage is taken as a more 

typical range of 4.1 V to 2.5 V (D=0.24 to 0.4) with a fixed output voltage of 1 V. 

The impact of a fixed area and the scalability of coupled inductors are investigated in 

terms of the phase ripple current ratio and efficiency. 

7.3.1. Optimization of a Coupled Inductor Unit in a Fixed 
Area 

Optimization of one coupled inductor unit within a given core footprint area 

is investigated, with the number of coupled phases varied as a parameter. As 

identified in Fig. 7.2 for 3-phase inductors, highest efficiency is achieved with a 

minimum phase ripple current ratio for high dc current per unit footprint designs, and 

therefore design proceeds with the aim of achieving maximum inductance with the 

minimum winding width according to thermal constraints. This means that as the 

number of phases increase the dc phase current per phase reduces and hence so too 

does the minimum winding width requirement. Previous design considerations, 

neglected the impact of phase ripple current on thermal limits to demonstrate trends 

adequately. However to fully analyze these inductors thermal effects need to be 

considered as the phase ripple current for some designs is extremely high. 

To demonstrate trends for a number of different phases the total core area is 

assumed to be 2 mm2, corresponding to a dc current capability of 0.8 A/mm2 of 

inductor area. In Fig. 7.6, the phase ripple current ratio and efficiency are plotted for 

a range of coupled inductor designs with the minimum winding width based on Idc 

(solid line) and on Irms for the worst-case phase ripple current ratio, ΔI/Idc (dashed 

line), both of which are based on a temperature rise of 85 °C. The minimum winding 

width is used in accordance with guidelines deduced from the results of Section 7.2.2 
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for limited device area. The minimum winding widths based on Idc vary from 140 μm 

for the 2-phase design to 40 μm for 5-phases, respectively, and from 510 μm to 55 

μm for 2 and 5-phases, respectively, using Irms. Higher numbers of phases fail to meet 

thermal requirements based on the Irms phase current. Clearly the 2-phase design is 

most affected by using Irms to find the minimum winding width, with trends in phase 

ripple current ratios and efficiency of 3, 4 and 5-phase coupled inductors being 

broadly similar. 

 

a) Phase ripple current ratio for duty cycles of 0.24 to 0.4 (Vin=4.1 V to 2.5 V). 

                     

b) Coupled inductor efficiency (Vin=4.1 V to 2.5 V). 

Fig. 7.6 Phase ripple ratio and coupled inductor efficiency for output current of 1.6 A with an 
additional air core inductance of 2 nH per phase and a footprint area of 2 mm2 
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Due to the large phase ripple current ratio for the 2-phase inductor the Irms is 

high, resulting in a 3-phase coupled inductor having the highest efficiency over most 

of the range. As the numbers of phases increase beyond 3, the phase ripple current 

ratio increases because the inductance per phase is limited by the available footprint 

area, meaning that for low output current applications a smaller number of phases is 

optimal. 

In Fig. 7.7 a higher current handling capability of 1.6 A/mm2 is investigated. 

The winding width is based on Idc per phase (solid line) for a temperature of 85 °C as 

before, with widths varying from 140 μm for a 2-phase design and 40 μm for a 5-

phase design. A comparison of designs based on Irms (dashed line) shows that only 

the 3-phase coupled inductor is suitable with a minimum winding width of 127 μm, 

which results in a phase ripple current ratio of 4.28 and peak efficiency of 76%. All 

designs meet saturation requirements. 
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a) Phase ripple current ratio. 

 

b) Coupled inductor efficiency for an output current of 1.6 A. 

Fig. 7.7 Phase ripple current ratio and coupled inductor efficiency for duty cycles of 0.24 to 0.4 
(Vin=4.1 V to 2.5 V) with an additional air core inductance per phase of 2 nH and core footprint area 
of 1 mm2. 

 

Evidently a 2-phase coupled inductor has the highest efficiency based on Idc 

thermal constraints. This is a result of the 2-phase coupled inductor having a higher 

window utilization ratio than other designs and the fact that the external magnetic 

field at the 2nd harmonic is cancelled. However the phase ripple current ratio for the 

2-phase is extremely high and the design doesn't meet Irms thermal limits regardless of 

the winding width implemented in a core footprint area of 1 mm2. 
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7.3.2. Optimization of Parallel Coupled Inductors in a Fixed 

Area 
In PwrSoC applications the scalability of the power supply is of the upmost 

importance. As referred to earlier, phases cannot be arbitrarily added. In this section, 

optimization of paralleled coupled inductor units is investigated in order to achieve 

an increased output current requirement, Idc of 8 A with input and output voltages of 

3.3 V and 1 V (D = 0.303), respectively. The total core area is increased to 

accommodate the higher output current but the same benchmark current handling 

capability of 1.6 A/mm2 of inductor area is maintained.  

Using the results of Section 7.2.3 to identify the optimum number of phases, 

five parallel 3-phase coupled inductors (5×3), three parallel 5-phase coupled 

inductors (3×5) and one 15-phase coupled inductor are modelled in Fig. 7.8 a) for the 

specification outlined above at 20 MHz. All designs occupy a total core footprint 

area of 5 mm2, A =N ⋅Np ⋅Acore  where N is the number of parallel phases and the 

winding width for the 3, 5 and 15-phase coupled inductors is 80 μm, with a winding 

thickness of 15 μm. In Fig. 7.8 a) the 5×3 phase coupled inductor can be seen to have 

the highest overall efficiency with a high level of granularity. The phase ripple 

current ratio for the 3, 5 and 15-phase coupled inductor is predicted to be 3.03, 3.43 

and 4.87 respectively. The 5-phase coupled inductor has a similar phase ripple 

current ratio to that of the 3-phase, as shown in Fig. 7.4 a) for this duty cycle ratio. 

Clearly the 15-phase coupled inductor performance is significantly worse that 

parallel coupled inductor configurations of 5×3-phase and 3×5-phase.  
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a) Coupled inductor efficiency of a 5×3, 3×5 and 15-phase at 20 MHz. 

 

b) Coupled inductor efficiency of a 5×3 and 3×5 at 80 MHz. 

Fig. 7.8 Modelled coupled inductor efficiency with 2 nH of air core inductance per phase.  

 

In Fig. 7.8 b) to illustrate the level of improvement possible at higher 

frequency, 5×3 and 3×5-phase coupled inductors are modelled at 80 MHz. The 5×3-

phase coupled inductor reaches a predicted peak efficiency of 90.2 % and the 3×5-

phase reaches 90.1% with a phase ripple current ratio of 1.06 and 1.2 respectively. 

Comparing both graphs in Fig. 7.8, it is evident that the same trends are present at 

higher frequency but with much improved performance metrics overall.  

Clearly to achieve higher output current the best solution is to add parallel 

coupled inductors rather than additional phases in a single coupled inductor. The 

benefits of this are two-fold; 1) parallel coupled inductors offer a higher level of 

granularity so that improved light-load efficiency can be achieved and 2) lower 
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numbers of coupled phases offer a more customizable approach, which can be 

tailored to the circuit requirements to optimise for both high efficiency and low phase 

ripple current.  

7.4. Measurements 

7.4.1. Coupled Inductor Measurements 
Two DLM coupled stripline microinductors, (3-phase and 5-phase) have been 

fabricated using the same fabrication process detailed by Wang [15] for the core and 

for the DLM windings in [16]. To enable a comparison between coupled inductors, 

each device has a core width of 138.4 μm, winding width of 80 μm, winding 

thickness of 15 μm and a device height of 88.4 μm. A 3-phase coupled inductor has 

been fabricated in accordance with a current handling of 1.6 A/mm2. A 5-phase 

coupled inductor has also been fabricated within the same core footprint area capable 

of handling 2.66 A/mm2 in order to validate models for higher switching frequencies. 

Table 7.1 presents the specification for the two coupled inductors fabricated. Ac 

phase winding resistance is predicted for a switching frequency of 20 MHz using the 

analytical models described previously.  

TABLE 7.1 COUPLED INDUCTOR SPECIFICATIONS. 
Specification Unit 3-Phase 5-Phase 
Cl Core length μm 2475 1500 
Cs Core separation μm 340 255 
Dl Device length μm 3000 2450 
Dw Device width μm 1700 2000 
Ls Phase self inductance nH 20.3 12.1 
Rdc Dc phase winding resistance mΩ 71 43 
Rac,0 Ac phase winding resistance, 0 mΩ 80 48 
Rac,π Ac phase winding resistance, π mΩ 90 55 
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Fig. 7.9 3 and 5-phase fabricated coupled inductors on die.  

 

The measured dc resistance of phase 2 for the 3 and 5-phase coupled inductor 

is 66.7 mΩ and 45.7 mΩ respectively, similar to the predicted dc resistances given in 

Table 7.1. Fig. 7.10 shows the measured phase inductances for both the 3-phase and 

5-phase coupled inductors. The small signal tests were carried out under sinusoidal 

excitation with a HP LCR meter (4285A). Measured results compare well with the 

design values of 20.3 nH and 12.1 nH for the 3 and 5-phase coupled inductors 

respectively. In both cases, the measured inductance of phase 1 is slightly higher than 

the remaining phases, as this is the longer outer winding in both devices as can be 

seen in Fig. 7.9. 
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a) Phase inductance of a 3-phase coupled inductor.  

 

b) Phase inductance of a 5-phase coupled inductor. 

Fig. 7.10 Measured inductance of the 3 and 5-phase coupled inductor from 500 kHz to 30 MHz. 

 

7.4.2. Converter Measurements 
This section presents measured efficiency results for a 2×3-phase and 1×5-

phase dc-dc converter using a Semtech SC220 converter IC to control each phase 

[25]. The individual converter ICs are synchronized using an FPGA. Interconnects 

between the converters, coupled inductors and output add approximately 8 nH of 

additional self inductance per phase. The dc resistance added due to the copper 

interconnects between the switching node and output of the inductor is 

approximately 191 mΩ and 159 mΩ for the 3 and 5-phase converters.  
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Fig. 7.11 provides measured efficiency results for the two prototype circuits, 

a 2×3-phase and a 1×5-phase converter. Models for the coupled inductors and 

converter ICs are used to predict total efficiency (dashed lines); further details on 

modelling and implementation can found in [21]. The measured efficiency of the 

2×3-phase converter is significantly lower than that predicted due to a current 

imbalance between phases. 
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a) Efficiency of a 1×3 and 2×3 phase 20 MHz dc-dc converter with an input voltage of 2.7 V. 

 

b) Efficiency of a 5-phase 20 MHz dc-dc converter with input voltages of 2.5 V and 2.6 V. 

Fig. 7.11 Modelled (dashed lines) and measured efficiency versus load of fabricated 1/2×3-phase and 
5-phase dc-dc converter for various input voltages. 

 

For the 5-phase prototype converter approximately 63% of total loss is 

attributed to the converter ICs, the coupled inductor accounts for 21% followed by 

the interconnects which account for 16% with Vin=2.5 V and full load current of 2.6 

A. While the measured converter efficiency is not impressive, increasing the 

switching frequency (as shown in Fig. 7.5) will serve to reduce phase ripple current 

and therefore increase overall efficiency. It should be noted that the switching loss 

will become the limiting factor as frequency increases, however MOSFETs have 

already been demonstrated up 300 MHz [5] in an integrated dc-dc converter using 

similar magnetic technology and power levels. 
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In Fig. 7.12 the predicted efficiency of the 2×3-phase and 1×5-phase coupled 

inductor independent of the converter is shown. The 2×3-phase inductor efficiency is 

seen to increase below 1.6 A when the parallel coupled inductor is disabled for light-

load. A peak inductor efficiency of 86.8% and 86.3% is predicted for the 3 and 5-

phase inductors with input voltages of 2.7 V and 2.5 V respectively. 

 

Fig. 7.12 Predicted in-circuit efficiency of coupled inductor versus load for the prototype 2×3-phase 
and 5-phase converter with Vin=2.7 V and 2.5 V respectively. 
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In both prototypes the input voltage is limited due to thermal limitations of 

the wire bonds and converter ICs. For the 5-phase dc-dc converter, there is a thermal 

imbalance between phases, thought to be a result of different duty cycles in each 

phase. The difference in duty cycle is as a result of each converter IC having an 

individual control loop which controls the duty cycle based on a voltage reference 

and so direct control of the duty cycle is not possible.  

 

Fig. 7.13 Voltage across low side switch of phase 1 and 2 of the 5-phase converter.  
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7.5.  Conclusions 
Presented in this paper is a comprehensive analysis of coupled stripline 

microinductors for use in power supply on chip applications. A detailed examination 

of the factors affecting performance under typical dc-dc circuit conditions have been 

discussed, such as duty cycle, the number of coupled phases, thermal and saturation 

constraints and switching frequency have been discussed. The paralleling of coupled 

inductors is seen to provide an excellent means of maintaining high efficiency over 

the entire load range by disabling coupled inductors as load demand decreases. The 

high level of granularity also has implications for the semiconductor switching 

devices, as these can be disabled thereby allowing for the highest possible efficiency 

to be maintained across the entire load range. 

Clearly the implementation of coupled microinductors requires significantly 

more design and analysis compared to conventional uncoupled inductors, however, 

the performance improvement justifies the complexity. As can be seen from the 

analysis, the performance and choice of layout out is highly dependant on the circuit 

specification. No one coupled structure is superior in all cases, and so, going forward 

a multifaceted design approach is required, similar to that presented by Šviković [26] 

which considers the semiconductor switches, capacitors and inductors in the 

optimization process switches as there will be a trade-off between the number of 

switches, phase number and phase current. 

Moving forward higher switching frequencies must be achieved to reduce the 

phase ripple current and improve efficiency. 
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Conclusions and Future Work 
 

8.1.  Introduction 
The research presented herein has developed a systematic approach to the 

design and analysis of both uncoupled racetrack and coupled stripline 

microinductors. In particular, it analyses the use of distributed microinductors for 

improving light-load efficiency. A number of prototype 20 MHz dc-dc converters 

utilising distributed uncoupled racetrack and coupled stripline microinductors have 

been developed, demonstrating the possibility of highly granular dc-dc conversion 

topologies. 

8.2.  Contribution to PwrSoC Design Challenges 
The work of this thesis has contributed to the advancement of PwrSoC in a 

number of ways. The design and analysis of uncoupled racetrack and coupled 

stripline microinductors and their demonstration in distributed topologies has been 

thoroughly investigated with improved light-load efficiency exhibited. 

CHAPTER 8 
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8.2.1. Racetrack Microinductors  
Developed during the course of this work is a systematic design procedure for 

racetrack microinductors. In particular, this work highlights possible avenues to 

improved inductor efficiency. The design procedure developed uses a traditional 

approach, allowing the user to intuitively design the optimum inductor for a given 

circuit specification.  

A dc-dc converter utilizing distributed racetrack microinductors for improved 

light-load efficiency is analysed and two new metrics are introduced to qualify the 

improvement due to the distribution of inductors in parallel. The work demonstrated 

improved utilisation of the core material and significantly reduced loss when a 

parallel phase was switched out in a 20 MHz dc-dc converter topology. 

8.2.2. Coupled Microinductors 
This work has improved the analysis and design of coupled stripline 

microinductors in a number of ways. 

Firstly, an analysis of the loss mechanisms affecting coupled stripline 

inductors is presented. Ac winding loss and eddy current core loss are both affected 

by the phase shift of the applied phase voltages and number of coupled phases. In 

this work a method to calculate the resistance matrix based on the magnetic fields 

present in the core is put forward along with a modification to an existing method to 

calculate eddy current core loss. Using these newly developed equations, factors 

affecting performance such as the number of phases and duty cycle are investigated. 

An analysis of the optimum number of phases for low duty cycle ratios is performed 

and some of the design trade-offs highlighted with increasing switching frequency 

providing the best route to improved coupled inductor efficiency. The work shows 

that by paralleling coupled inductors, efficiency at full load can be increased while 

maintaining a near flat efficiency curve as load demand decreases due the ability to 

switch out parallel-coupled inductors compared to larger multiphase coupled 

inductors. This work has been validated using two prototype converters; a 2×3-phase 

and a 1×5-phase 20 MHz dc-dc converter. Measurement results are presented for 
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duty cycles as low as 0.303 and for dc output current up to 3.45 A. These results 

compare very well with other state-of-the-art literature, with only three groups 

publishing results of converters capable of supplying higher output current [1-3] with 

microfabricated inductive components.  

8.3.  Future Work 
Using the research presented in this thesis a number of prospective avenues 

have been created for future work in this area. 

Using the detailed models for coupled stripline microinductors presented, it is 

now possible to fully optimise a dc-dc converter using coupled stripline 

microinductors for a target specification. A system level optimisation would present 

some interesting trade-offs, much like those shown by Šviković et al. [5], where all 

components, active and passive are optimized in unison. 

This thesis clearly demonstrates that in order to increase efficiency for both 

racetrack and coupled microinductors, the switching frequency should be 

significantly increased. 

Of the models used in this work, the calculation of hysteresis core loss is 

thought to be the least accurate as it assumes a sinusoidal waveform generating the 

flux within the core. A number of improved hysteresis core loss models for devices 

with non-sinusoidal waveforms have been developed in the past [7-10], which may 

be suitable for improving the estimation of hysteresis core loss. However, core loss 

in these microfabricated devices is highly dependant on the core geometry and so the 

validity of these improved models is difficult to ascertain. This area requires 

significant work due to the variability in core loss due to the material properties, 

deposition techniques and core geometry. 

One facet that requires additional work is that of a valid thermal model for 

microinductors. As was discussed in chapters 3 and 7 the temperature rise of the 

component is a significant limiting factor. Development of a more accurate thermal 
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model will also aid a more precise estimation of loss and overall system 

performance. 

Inversely coupled inductors are well known to enhance transient response [4] 

in phase shifted dc-dc converters. However, the transient response using coupled 

stripline microinductors has not been investigated thoroughly and may offer some 

interesting control challenges.  

Operating coupled inductors in discontinuous conduction mode is typically 

seen as a negative as the phases will not longer benefit from coupling. However an 

opportunity to improve light-load efficiency may exist if a number of control and 

implementation issues are overcome [6]. 
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General Expression for Ac Winding 

Loss in Foil Conductors 
 

Vandelac [1] derived a general expression relating the boundary magnetic 

fields to ac winding loss for foil conductors. This section develops and applies that 

expression for two foil conductors that carry sinusoidal phase shifted currents. It is 

shown that the resulting loss solves to the same form as that predicted by the 

resistance matrix. 

In Fig. A.1, the spacing between the two foils is relatively small and the 

magnetic field intensity is assumed to be uniform along the z axis [2]. Since the 

magnetic field is assumed to be entirely in the z direction, the Helmholtz equation 

degenerates to a one-dimensional problem.  

 

Fig. A.1 Two parallel infinitely long and infinitely high foil conductors, 1 and 2. 

 

APPENDIX Α  
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To solve for foil 1 Hz(0) is given as 

 Hz (0)= (α + jβ ) ⋅Hz (h) , (A.1) 

where α +jβ is the complex field ratio relating Hz(0) to Hz(h). 

Power loss, Ploss in the y-z plane per square metre can expressed as a function 

of the magnetic field boundaries across the surface of foil 1 for a sinusoidal wave 

using [1] by 

 Ploss =
Hz

2 (h)
2σδ

[(1+α 2 +β 2 )F1(ϕ )− 4α ⋅F2 (ϕ )] , (A.2) 

where σ is the conductivity of the material, δ is the skin depth of the material and 

F1(φ) and F2(φ) are hyperbolical functions. 

 δ =
2

ωµ0σ
, (A.3) 

 ϕ =
h
δ

, (A.4) 

 
F1(ϕ )=

sinh(2ϕ )+ sin(2ϕ )
cosh(2ϕ )− cos(2ϕ )

F2 (ϕ )=
sinh(ϕ )cos(ϕ )+ cosh(ϕ )sin(ϕ )

cosh(2ϕ )− cos(2ϕ )

. (A.5) 

Allowing  

 
 

Hz (0)= a ⋅ !
I1 +b ⋅ !

I2
Hz (h)= c ⋅ !

I1 +d ⋅ !
I2

, (A.6) 

where a, b, c and d are constants related to geometry of the foils. Ploss can be 

expressed in terms of their currents and relative geometries by 

 

 

Ploss =
c ⋅
!
I1 +d ⋅ !

I2
2

2σδ
1+ a ⋅

!
I1 +b ⋅ !

I2
c ⋅
!
I1 +d ⋅ !

I2

2$

%
&
&

'

(
)
)F1(ϕ )− 4Re

a ⋅
!
I1 +b ⋅ !

I2
c ⋅
!
I1 +d ⋅ !

I2

$

%
&

'

(
)F2 (ϕ )

,

-

.

.

/

0

1
1
. (A.7) 
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Power loss, Ploss for foil 1 can be expressed in terms of the two applied 

currents  !
I1and  !

I2 by 

 Ploss =

1
2σδ

c2I1
2 +2c ⋅d ⋅ I1 ⋅ I2 cos(θ )+d

2 ⋅ I2
2

+a2I1
2 +2a ⋅b ⋅ I1 ⋅ I2 cos(θ )+b

2I2
2

%

&
''

(

)
**F1(ϕ )

−
2
σδ

a ⋅ c ⋅ I1
2 +a ⋅d ⋅ I1 ⋅ I2 cos(θ )

+b ⋅ c ⋅ I1 ⋅ I2 cos(θ )+b ⋅d ⋅ I2
2

%

&
''

(

)
**F2 (ϕ )

-

.

/
/
/
/
/

0

1

2
2
2
2
2

. (A.8) 

Simplifying (A.8), power loss, Ploss for foil 1 can be expressed in terms of the currents 

I1 and I2 and the phase angle between them, θ. 

 Ploss =

I1
2

2σδ
(a2 + c2 )F1(ϕ )− 4a ⋅ c ⋅F2 (ϕ )( )

+
I2
2

2σδ
(b2 +d 2 )F1(ϕ )− 4b ⋅d ⋅F2 (ϕ )( )

+
I1 I2 cos(θ )
2σδ

(2c ⋅d +2a ⋅b)F1(ϕ )− 4(a ⋅d +b ⋅ c)F2 (ϕ )( )

'

(

)
)
)
)
)
)
)

*

+

,
,
,
,
,
,
,

. (A.9) 

It is clear that this result takes the same form as the resistance matrix, where 

the first part represents the power loss in foil 1 due to current I1, the second part 

represents the power loss in foil 1 due to current I2 flowing in foil 2, and the third 

part represents the power loss in foil 1 due to both currents I1 and I2 and their relative 

phase shift, θ. 

Following the same methodology, power loss in foil 2 can be described in a 

similar fashion. The result of combining the power loss for foil 1 and 2 is shown in 

(5.2). 
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