
This is a postprint version of the following published document:

Fernandez, C., Pavlovic, Z., Kulkarni, S., McCloskey, 
P., & O’Mathuna, C. (2018). Novel High-Frequency 
Electrical Characterization Technique for Magnetic 
Passive Devices. In IEEE Journal of Emerging and 
Selected Topics in Power Electronics, 6(2), 621–628 

DOI:10.1109/jestpe.2018.2798919

 ©2018 IEEE. Personal use of this material is permitted. Permission 
from IEEE must be obtained for all other uses, in any current or 
future media, including reprinting/republishing this material for 
advertising or promotional purposes, creating new collective works, 
for resale or redistribution to servers or lists, or reuse of any 
copyrighted component of this work in other works. 

https://doi.org/10.1109/jestpe.2018.2798919


  
Abstract— Integrated magnetic components are key elements of 

the Power Supply on Chip modules. Due to the application 
requirements, these magnetic devices work at very high frequency 
and have low inductances. Conventional small-signal tests do not 
provide all the required information about the magnetic device. 
Hence, it is important to develop new set-ups to apply large signals 
to accurately measure the performance of devices under realistic 
operating conditions, including non-linear core effects. The 
proposed experimental set-up is suitable to measure the device 
impedance under different large-signal test conditions, similar to 
those in the actual converter, since the excitation current can be 
configured through every winding: ac current up to 0.5 A at 
frequencies up to 120 MHz and dc bias current up to 2 A through 
one or both windings. Voltage and current are measured using 
commercial instrumentation. Due to the characteristics of the 
probes and the high frequency of the test, the attenuation and 
delay due to the probes and the experimental set-up have to be 
taken into account when processing the voltage and current 
waveforms to calculate the impedances. The compensation test to 
calculate this attenuation and delay is described. Finally, the 
proposed set-up is validated by measuring a two-phase coupled 
inductors micro-fabricated on silicon. 
 

Index Terms— dc-dc converters, impedance measurement, 
integrated magnetics, thin-film inductors, large signal testing 
 

I. INTRODUCTION 
HE ever-increasing drive towards miniaturization, 

increased functionality and higher efficiency of electronic 
devices has highlighted the challenge of delivering power 
efficiently to these devices. Granular Voltage Regulation (VR) 
is increasingly seen as solution to address the power 
requirements of multi-functional electronic device. These 
granular VRs can be placed at the point-of-load minimizing the 
efficiency losses due to parasitic interconnects. This is typically 
achieved as a Power System in Package (PwrSiP) or Power 
System on Chip (PwrSoC) where the VR is either packaged or 
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monolithically built with load [1]. Apart from improved 
parasitic losses, this approach also provides benefits of 
improved dynamic response from the VR based on the 
requirements of the load. Additionally, granular VR’s use 
multi-phase topologies where the concept of phase shedding 
also provides improved light load efficiencies as compared to 
single phase topologies [2-6].  

A buck type dc-dc converter is the most commonly employed 
topology for Integrated VR (IVR), since it offers higher 
efficiency compared to linear and hybrid regulators and 
performs step down function as required by the applications. 
Typically, a buck converter circuit employs inductors to store 
the electrical energy temporarily. These magnetic devices use a 
soft magnetic material core to store the energy efficiently. The 
use of soft magnetic cores significantly increases the energy 
density of the inductor in comparison to an air-core device 
without the soft magnetic core [6-9]. Traditional inductor 
structures use ferrite magnetic cores owing to ferrite’s low cost 
and ultra-low power loss density. Advanced power switching 
circuits employing faster switches and drivers, reduce the 
energy storage requirement in these devices, enabling the use 
of alternate thin film soft magnetic materials as cores. A key 
advantage of thin film materials is their higher saturation flux 
density which enables devices with smaller footprint and 
volume, in comparison to lower saturation density ferrite based 
devices. Additionally, thin film alloys can be processed on 
silicon substrates with MEMS based fabrication techniques [7], 
allowing further integration of these passive devices with other 
active components fabricated on silicon. Considerable effort 
has been made to design and construct suitable magnetic core 
for inductors to be used in IVR applications, [5-10]. However, 
most soft magnetic thin films have higher losses in comparison 
to ferrites, particularly in relation to eddy current losses, as they 
are much more conductive. Moreover, although the higher 
permeability of thin film materials enables miniaturization, a 
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disadvantage of higher permeability is that when such materials 
are used in single phase inductors, the shorter magnetic path 
length for smaller devices limit the current handling capability 
of the device. This challenge is addressed through the use of 
inductors with negatively coupled phases, in which opposing 
flux is induced in the core resulting in flux cancellation thus 
enabling the cores to handle higher currents. Additionally, the 
negatively coupled phases reduce the output ripple, through 
reduced summation of currents in different phases and also the 
energy is stored in the leakage inductance of the device 
enabling faster transient response to the load. 

As explained earlier, the use of soft magnetic thin films is 
enabled by faster switching circuits and increasingly, 
researchers have focused on developing new magnetic thin 
films alloys and device constructions, capable of operating at 
very high frequencies beyond 100 MHz. Core losses are highly 
non-linear with both frequency and B-field, reinforcing the 
importance of empirical characterization, not modeling, as the 
best route to design the component. This accentuates the 
challenge of characterizing these materials and devices at high 
frequency. Characterization at high frequencies using network 
analyzers is widely used, but only a small signal current is 
applied, and hence this characterization only provides 
information concerning copper and core eddy current losses. A 
large signal characterization set-up is required to accurately 
measure the loss performance of coupled inductor device before 
a full VR test [5]. 

 The large signal characterization conditions are typically 
selected to match those of the actual converter, so the device 
impedance measurement gives the total core loss including 
eddy current, hysteresis and excess eddy current losses. The key 
issues to be addressed in a large-signal measurement system are 
the generation of an adequate excitation signal as well as a high-
precision method to measure the equivalent impedance. There 
have been a significant number of reports on large signal 
characterization of discrete passive devices [11-13]. However, 
work on integrated thin film devices has been challenging due 
to the need for high frequency characterization. This work 
presents the large signal tests performed to characterize a 
device up to 120 MHz. The paper also discusses the challenges 
in terms of acquiring accurate voltage and current data at these 
frequencies along with the challenge of compensation for the 
lag in the probes. 

II. LARGE SIGNAL MEASUREMENT SET-UP AT HIGH 
FREQUENCY 

A. Proposed large signal set-up 
A typical approach to large signal characterization of an on-

silicon coupled inductor is through applying the appropriate 
excitation either in one or two phases and measuring the voltage 
and current to calculate its impedance. A key challenge is the 
accurate extraction of the voltage and current waveforms at 
very high frequencies. 

 
Fig. 1 Schematic of the large signal testing circuit 
 

 
Fig. 2 Large signal set-up 
 

The proposed experimental set-up, whose schematic is 
represented in Fig. 1, has been designed in order to: 1) set the 
conditions as similar as possible to those that the device would 
have on the actual converter, producing both ac and dc currents 
through one or both windings; 2) improve the accuracy of the 
measurements at very high frequencies using commercial 
probes to sense voltage and current. 

Measuring the voltage and current waveforms (𝑣1, 𝑖1, 𝑣2, 𝑖2) 
and depending on the applied voltages (𝑣𝑎𝑐1, 𝑉𝑑𝑐1, 𝑉𝑑𝑐2, 𝑣𝑎𝑐2), 
indicated in Fig. 1, the self-impedance or the mutual impedance 
can be calculated under different working conditions. Thus, the 
self-impedance of the primary winding 𝑍11 is calculated by 
measuring 𝑣1 and 𝑖1, while the core-impedance 𝑍12 is 
calculated by measuring 𝑣2 and 𝑖1. The inductive component is 
calculated directly as the imaginary part of the impedance while 
the resistive component is the real part of the impedance. 

Fig. 2 provides a picture of the set-up. The excitation signals 
for each winding, shown in the schematic in Fig. 1, are 
generated by two different branches connected in parallel: 

• Generation of the ac signal (𝑣𝑎𝑐1 and 𝑣𝑎𝑐2): a RF-
amplifier, controlled by a signal generator, injects the ac 
current to the PCB circuit through an SMA connector. The 
RF Amplifier is series-connected to a dc blocking 
capacitor. 

• Generation of the dc current (𝑉𝑑𝑐1 and 𝑉𝑑𝑐2): an 
independent dc source is series-connected with an 
inductance to block the ac current and a power resistor to 
limit the total current. 
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