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EMI Suppression With Distributed L LC Resonant
Converter for High-Voltage VR-on-Package
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Abstract— Higher on-chip current demand leads to lower
power efficiency of the power delivery network due to distri-
bution losses within the current path. A high-voltage power
architecture and voltage regulator (VR)-on-package topology can
increase system power efficiency by reducing distribution losses.
Electromagnetic interference (EMI) can, however, be a significant
challenge due to the high-voltage injection and close proximity
to sensitive electronics. A novel transformer-based inductor,
inductor, capacitor (L LC) resonant converter with a distributed
topology for point-of-load dc-to-dc conversion is presented here.
The distributed topology exhibits more than 3× lower EMI as
compared with a single-branch L LC resonant converter with
the same step-down ratio. A prototype of the VR-on-package
has been developed. Experimental results demonstrate good
correlation with the EMI analysis. Application to systems-in-
package, wireless devices, and Internet of Things is targeted due
to the low EMI of this distributed converter system.

Index Terms— Electromagnetic interference (EMI), high-
voltage power architecture, inductor, inductor, capacitor (L LC)
resonant converter, system-in-package (SiP), voltage regulator
(VR)-on-package.

I. INTRODUCTION

ACENTRALIZED power architecture (CPA) is widely
used in computer systems, where two-stage voltage con-

version is typically required [1]. A high dc voltage (ranging
from 48 to 60 V), generated from an ac-to-dc converter, is ini-
tially converted to a medium-level dc voltage (for instance,
12 V) [2]. A point-of-load (PoL) converter subsequently
transfers the medium-level voltage to an on-chip voltage
(for instance, 0.8 V). Due to increasing current demand in
high-performance computing (HPC) systems, a CPA suffers
from significant distribution losses. A distributed power archi-
tecture (DPA) has therefore become a widely used power
distribution topology [3], [4]. In DPA systems, the high dc
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voltage is directly converted into the load voltage using a
PoL converter to eliminate local distribution losses caused by
transmitting low voltages. With on-chip voltages as low as
0.8 V [5], high step-down ratio converters for DPA systems are
required [3]. Although a DPA system can reduce distribution
losses between the ac-to-dc converter and the PoL converter,
the power loss due to the parasitic resistance between the PoL
converter and the on-chip load can be substantial, particularly
in HPC systems. This loss is referred to as the last inch power
loss [6].

A voltage regulator (VR)-on-package is a promising
technology to mitigate this last inch power loss. A VR module
is traditionally board mounted, supporting voltage conversion
and regulation for the on-chip load through the power
distribution network of the printed circuit board (PCB)
and the package. By placing a PoL converter within the
package [6], the resistive path is shorter and only within
the package. Power losses due to the resistive path are,
therefore, lower as compared with a VR-on-PCB topology.
Moreover, a VR-on-package topology requires less ball grid
array (BGA) resources for the power distribution network due
to high-voltage transmission between the PCB to package
interface, supporting a higher on-chip signal bandwidth.

The close distance between the VR and on-chip load due to
the VR-on-package topology and high-voltage injection due
to the high-voltage DPA system lead to significant electro-
magnetic interference (EMI) [7]–[9]. Moreover, the higher
operating frequency of the VR makes EMI more of a challenge
[10]–[12]. Not only may EMI affect the proper function of the
digital circuits but EMI can also pollute the surrounding EM
environment, which is crucial for wireless devices and Internet
of Things (IoT). EMI is particularly difficult to eliminate
because EMI is often coupled through the package, where
traditional shielding techniques cannot be applied. Suppression
at the source of EMI is, therefore, important.

EMI is affected by the waveform profile and magnitude
of the current flowing through the converter. The harmonic
behavior associated with the high-frequency current and volt-
age waveforms is a major aspect of EMI. A sinusoidal current
waveform exhibits few harmonics (ideally, only the primary
harmonic), significantly mitigating EMI [13], [14]. A resonant
converter is, therefore, advantageous due to the characteris-
tics of high efficiency, high power density, and sinusoidal-
shaped waveforms [15], [16]. Based on this concept, a novel
high step-down ratio, low EMI inductor, inductor, capaci-
tor (L LC) resonant converter with a distributed topology is
proposed here.
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Fig. 1. Full-bridge isolated L LC resonant converter.

The rest of this article is organized as follows. The perfor-
mance degradation of an L LC resonant converter caused by
a high turns ratio is discussed in Section II. In Section III,
a distributed L LC resonant converter is introduced. The
performance and power efficiency of this converter are also
presented. In Section IV, near-field simulations of the EMI
of the proposed distributed resonant converter are described.
Experimental near-field scans of a VR-on-package prototype
are also discussed. Some conclusions are offered in Section V.

II. PERFORMANCE DEGRADATION DUE

TO HIGH TURNS RATIO

As illustrated in Fig. 1, an L LC resonant converter consists
of four parts: 1) a primary stage LC tank; 2) a transformer;
3) a rectifier in the secondary stage; and 4) an LC filter. The
primary stage LC tank generates sinusoidal current from the
input dc voltage of the L LC resonant converter Vdc. In this
work, Vdc is assumed to be 55 V, a typical voltage within
the telecommunications ecosystem. Voltage conversion and
isolation are achieved by a step-down transformer. The step-
down ratio determines the turns ratio of the transformer. A
full-wave rectifier in the secondary stage of the converter
transforms the ac current from the transformer into a dc current
flowing into the load. Switches within the resonant converter
utilize power MOSFETs, as illustrated in Fig. 1. An LC filter
removes any high-frequency harmonics originating from the
imperfect sinusoidal current as well as stabilizes the output
voltage.

The operating frequency of a resonant converter can range
from a few hundreds of kilohertz up to a few megahertz. To
limit the area of the magnetic component, a higher frequency
is preferred, leading to a larger power density. The tradeoff,
however, is greater switching loss. In the VR-on-package
topology in this work, a smaller area is preferred. The target
frequency of the L LC resonant converter is, therefore, 2 MHz.
The higher switching power loss is alleviated by the reduced
distribution loss due to the VR-on-package topology.

The step-down transformer transfers the sinusoidal current
from the primary stage (Ires) to the branches of the secondary
stage (Ibranch1/2). The magnitude of Ibranch1/2 is determined
from both the load and turns ratio of the transformer. Two
current paths control the switches, S5, S6, S7, and S8, in the
rectifier stage, as illustrated in Fig. 1. When switches, S6 and
S7, turn on, the first half-cycle of the sinusoidal current enters

Fig. 2. Performance degradation of a high-turns-ratio converter.

branch 1, flows through the load, and returns to the transformer
in branch 2. When switches, S5 and S8, turn on, the second
half-cycle of the sinusoidal current enters branch 2, flows
through the load, and returns to the transformer in branch
2. Switching pairs, S6 and S7 and S5 and S8, intermittently
turn on and off two current paths at the resonant frequency
of the primary LC tank stage. The load current (Iload) is,
therefore, a positive half-cycle sinusoidal current at twice the
resonant frequency, as illustrated in Fig. 1. Due to the output
capacitor Cout, the voltage across the load exhibits less ripple,
proportional to the current flowing through the load.

A transformer with a high turns ratio is required for high
step-down ratio conversion in DPA systems (e.g., from 55 to
0.8 V). Parasitic impedances exist between the secondary
stage of the resonant converter and the on-chip load. For
example, the power delivery network within the package
connecting the VR to the on-chip power delivery network
can contribute hundreds of micro-ohms of parasitic resistance.
The effects of the parasitic impedance within the secondary
stage, however, become significant with a higher turns ratio,
producing a distorted current waveform within the converter.
As compared with a sinusoidal current waveform, a distorted
current waveform produces greater EMI. Two case studies with
large input voltages and a high step-down ratio have been
evaluated. 22 and 55 V are the input voltages in these two
case studies. The output voltage in both cases is 0.8 V. The
turns ratio of each transformer is selected to match the step-
down ratio of the converters. Simulation results of the two
case studies are illustrated in Fig. 2. Performance degradation
due to the high turns ratio is demonstrated as compared with
the low turns ratio in the 12 V to 18 V conversion.

The current flowing through branch 1 Ibranch1 in each of the
converters is illustrated in Fig. 2. Current spikes are observed
in both cases when the current waveform within the branch
crosses zero. The magnitude of the current spikes increases
with a higher turns ratio of the transformer, as illustrated
in Fig. 2. In the case of the 55-V input, the current waveform
is significantly distorted, no longer maintaining a sinusoidal
shape. Large current spikes of 90 A produce greater EMI,
resulting in a less robust, noisy system. Moreover, a high
voltage across the circuit elements is induced by these current
spikes, potentially causing device failure.

The effect of the turns ratio of a transformer on the behavior
of a converter is illustrated in Fig. 3. An ideal transformer is
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Fig. 3. Working principle of basic transformer.

assumed, where

V1

V2
= I2

I1
(1)

is maintained. The voltage across the primary winding is

V1 = N2 Rout

N2 Rout + Rin
Vin. (2)

The current through the primary winding is

I1 = Vin

N2 Rout + Rin
. (3)

The output resistance and parasitic impedance of the rec-
tifier stage degrade the operation of the primary LC tank.
The resistance in the secondary stage contributes to the total
parasitic resistance within the LC tank in the sinusoidal current
generation stage. From (2) and (3), the parasitic impedance
seen by the primary stage is N2 times larger than the actual
resistance. The output impedance, therefore, has a greater
effect on the LC tank than the parasitic impedance of the
primary stage. With increasing N, the effect of the parasitic
impedance on the secondary stage grows exponentially, lead-
ing to a distorted current waveform within the LC tank. An
L LC resonant converter with a high turns ratio is, therefore,
a challenging requirement. Nonetheless, a high step-down ratio
is required for DPA PoL converters due to the high input and
low on-chip output voltage levels. A converter with a small
turns ratio transformer and high step-down ratio is, therefore,
highly desirable.

III. L LC RESONANT CONVERTER WITH

DISTRIBUTED TOPOLOGY

To provide high step-down ratio conversion, a scalable dis-
tributed topology for the L LC resonant converter is proposed.
As illustrated in Fig. 4, a distributed topology is achieved by
cascading multiple primary stages in parallel with multiple
secondary stages. A lower voltage drop is exhibited in this
configuration across the primary winding of each branch.
The secondary stage of each branch is connected to the
load without contention from the other branches. The output
of the secondary stage of each branch is connected to the
power/ground pins of the resonant converter. Current flows
from the power pins to the power delivery network within
the package. The secondary stage voltage of the distributed
topology is similar to the voltage of a single branch L LC
resonant converter. The primary stage voltage in the distributed
topology is, however, reduced due to the voltage divider across
all of the serially connected primary stages. Increasing the

Fig. 4. L LC resonant converter with distributed topology.

Fig. 5. Waveforms characterizing performance of distributed L LC resonant
converter.

number of branches within the distributed topology further
reduces the turns ratio of the transformer within the L LC res-
onant converter. High step-down ratio conversion is, therefore,
achieved using multiple transformers with a low turns ratio.

The topology of the distributed L LC resonant converter
is evaluated for high step-down ratio PoL conversion. The
distributed topology consists of eight branches. Each branch
exhibits a turns ratio of 8.5. An input voltage of 55 V is
converted to an output voltage of 0.8 V. The passive LC
elements, parasitic impedances, switches, and load behavior
are identical for each branch. Simulation results describing
the performance of the distributed L LC resonant converter
are illustrated in Fig. 5. The output voltage is stable around
0.8 V with less than 3% ripple. Improved sinusoidal distortion
and smaller current spikes are achieved as compared to a
single-branch, high-turns-ratio converter. A reduction of 90%
in the magnitude of the current spikes is achieved by the
distributed topology. Reductions in EMI levels are discussed
in Section IV.

Power loss breakdown models of converters have been
well researched [17]–[20]. Four components are considered
to quantify the loss breakdown process: 1) primary side
power MOSFETs; 2) transformer; 3) secondary side power
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Fig. 6. Power loss components for an eight-branch distributed L LC resonant
converter.

MOSFETs; and 4) parasitic impedances. Note that a low
output resistance reduces the loss within the MOSFET.
PSPICE is used to evaluate both the switching and static
power loss. The transformer loss, typically composed of core
and winding losses, is a significant component of the total
power loss of a converter [20]. The transformer loss varies
significantly with different design specifications such as the
core size, winding size, and winding material. One objective
of this article is to evaluate the effects of EMI on the proposed
resonant converter. Since the design of the transformer is out
of the scope of this article, a 97% transformer efficiency is
assumed for the power loss breakdown analysis.

A distribution of the power loss of each component in the
eight branch distributed L LC resonant converter is illustrated
in Fig. 6. The transformers and MOSFETs within each of
the branches are included. The secondary-side MOSFETs
contribute most of the total power loss due to the high currents
flowing through the secondary stage and the large number
of MOSFETs to support the eight branches. The maximum
power efficiency of the distributed L LC resonant converter is
89.8%, as compared to a 91.7% maximum power efficiency
in a single-branch L LC resonant converter with the same
step-down ratio. The distributed converter, therefore, exhibits
a greater total power loss as compared with the single-branch
resonant converter. Due to the low turns ratio, the energy
loss of each branch in the distributed topology is less than
the energy loss of the single-branch resonant converter. The
degradation in power efficiency in the distributed topology is
small. The slightly reduced power efficiency is compensated
by the high step-down ratio conversion in DPA systems,
leading to comparable or greater system-level power efficiency.
Due to the lower turns ratio, the current waveform is also less
distorted, producing lower EMI.

Because of the additional transformers and switches in the
secondary stage, the area of the distributed L LC resonant
converter increases linearly with the number of branches.
The increase in area is dependent on the type of transformer
and switch. Due to the lower current flowing through each
branch within the distributed resonant converter, a smaller
switch is utilized. A smaller transformer is also used due
to the lower turns ratio. The area of each branch within the
distributed L LC resonant converter is, therefore, less than the
single-branch resonant converter. In one case study, the area

of an eight-branch distributed L LC resonant converter is
84.1% larger than a single-branch L LC resonant converter.

Note that the distributed converter topology is highly scal-
able. The number of branches is dependent on the circuit
area, specific voltages, and performance requirements. This
distributed topology is particularly advantageous when high
step-down ratio conversion is required, as in DPA systems.
Due to the EMI mitigation characteristics, as described in
Section IV, the distributed topology is highly applicable to
noisy environments, such as systems-in-package, IoT, and
wireless applications.

IV. NEAR-FIELD EMI EVALUATION IN VR-ON-PACKAGE

ENVIRONMENT

Although a high step-down ratio PoL converter-in-package
is a promising technology, high EMI levels have become
significant, degrading the system-level signals and compromis-
ing power integrity. Due to the close proximity in a VR-on-
package environment between the source and victims of EMI,
and the high voltages in a high step-down ratio converter-
in-package, EMI within a package has become a significant
issue. Full-wave EM simulations are, therefore, described in
this section to evaluate the EMI characteristics of the proposed
distributed L LC resonant converter. EMI fundamentals are
briefly summarized in Section IV-A. The VR-on-package
environment used to evaluate the EMI characteristics of the
proposed distributed L LC resonant converter is described in
Section IV-B, followed by the simulation setup. Experimental
and simulation results are discussed in Section IV-C.

A. EMI Background

EMI is the phenomenon where an EM disturbance is gen-
erated by surrounding electronic devices that affect the proper
function of the electrical circuits through a conducted or radi-
ated path. Conducted EMI, also called coupling noise, consists
of inductive and capacitive coupling through an electrical path.
Conducted EMI filters are widely used to reduce the conducted
EMI [21], [22]. Since the primary focus in this article is
to evaluate how the resonant converter affects the EM envi-
ronment within a system-on-package (SoP), conducted EMI,
albeit important, is not the focus of this article. Radiated EMI
is the undesired EM radiation generated by high-frequency
electronic devices without an electrical path. Due to the high
operating frequency of the proposed distributed L LC resonant
converter, radiated EMI is the primary noise issue in this
converter.

The effects of EMI can be evaluated as two parts,
the aggressor and the victim. Any electrical device or passive
element can behave as an antenna, radiating an EM wave
to the surrounding environment. This structure is considered
to be an EMI aggressor. The higher the frequency and the
larger the antenna size, the stronger the EM radiation. Due
to the high frequency, high power characteristics, and large
metal traces transferring high voltages, the PoL converter-
in-package is considered here as an EMI aggressor. The
entire system, including the digital ICs and PoL converters,
is treated as an EMI victim. The surrounding environment
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Fig. 7. Package with a digital IC and two PoL converters. (a) Top view.
(b) Side view.

outside the package is not considered; the near-field range is
the focus of this article.

B. EMI Evaluation Setup

The evaluation of package-level EMI has recently drawn
significant attention from the research community [7]–[9],
[11], [23], [24]. In [9], a thin micro-electromechanical sys-
tem (MEMS) package is used to evaluate different EMI
suppression methods. By redesigning the microbumps, adding
ground vias, and applying a metal coating on the input–output
ports, lower EMI is achieved. In [7], a near-field EMI eval-
uation methodology has been developed for mobile DRAM
applications. In [8], cavity resonance, as an EMI contributor,
has been evaluated with a full-wave solver. The effects on
EMI within individual elements and possible EMI vulnerable
spots within a package are also discussed. To the authors’ best
knowledge, no work has been published on evaluating EMI in
a VR-on-package environment where the PoL converters are
treated as EMI aggressors.

The package utilized to evaluate EMI has been designed
within a VR-on-package environment based on the design
specification listed in Table I. All of the power planes and via
connections for the power distribution network exist within
the package. No signal routing, however, exists within the
package. As illustrated in Fig. 7(a), three components, a digital
IC and two PoL converters, are placed on the top side of
the package, highlighted by the solid rectangles. The area
of the IC and PoL converter components is, respectively,
900 and 250 mm2. Since the intended application of the
VR-on-package is HPC, the rectangle representing the digi-
tal IC can include a silicon interposer and high bandwidth
memory. Alternatively, the rectangle representing a PoL con-
verter represents the proposed resonant converter, including

TABLE I

DESIGN SPECIFICATIONS OF PACKAGES SUPPORTING
VR-ON-PACKAGE ENVIRONMENT

Fig. 8. Intensity of electric field across package. (a) Distributed L LC
resonant converter. (b) Single-branch L LC resonant converter.

the switching devices, transformer, and power/ground pinout.
Note that planar magnetics technology is utilized by the power
transformer within the converter, reducing the thickness of
the converter in the VR-on-package system. The winding is
based on etched copper traces on a PCB with the planar
magnetic core passing through the PCB. The active and passive
components are assembled on the surface of the PCB. The
entire converter is assembled on the package next to the digital
IC, as illustrated in Fig. 7(a). The circular pads shown in the
figure are connection pins between the package and digital
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Fig. 9. Validation of near-field EMI of distributed topology of L LC resonant
converter. (a) Experimental near-field scan. (b) EMI simulation of the Y -
component of the magnetic field at 120 MHz.

IC and the PoL converters. The dashed circles illustrate the
location of the via stack, which transfers 55 V from the PCB
to the PoL converter.

A side view of the system is depicted in Fig. 7(b). Two
voltage domains exist within the power network of the pack-
age. One domain is a high-voltage power network (55 V),
as illustrated by the dash box. The high-voltage power network
connects the BGA power pins and the VRs, where low current
is transferred from the BGA power pins to the VRs, as the
thin arrow indicates. The other power domain is a low-voltage
power network (0.8 V), as illustrated by the double dash box.
The low-voltage power network connects the VRs and IC,
where high current is transferred from the VRs to the on-chip
power network through the 0.8-V power network, as the thick
arrow indicates. Note that the decoupling capacitance listed
in Table I is connected to the 0.8-V power network. Dedicated
power planes transfer current from the PoL converters to the
digital IC after 55 V are converted into 0.8 V.

As previously mentioned, radiated EMI behaves as an
antenna. A large metal trace passing a high-frequency, high-
voltage signal is a strong EMI aggressor. In the following
case study, the via stack, which transfers 55 V to the PoL

Fig. 10. Near-field EMI scan of the Y -component of the magnetic field.
(a) 500 MHz. (b) 800 MHz.

converter, is treated as an EMI aggressor. Note that EMI
from the via stack passing through the package is difficult
to eliminate since it is difficult to shield the system. The
metal trace within the PoL converter is not considered an
EMI aggressor since the voltage on the metal trace within
the PoL converter is only 0.8 V after the conversion process.
A metal coating can also be used to reduce EMI radiation
around the PoL converter [9]. The EMI intensity is also
related to the characteristics of the signal passing through the
EMI aggressor (the EMI source) [25]. To compare the EMI
levels of the proposed distributed L LC resonant converter
with the single branch L LC resonant converter, the current
and voltage characteristics are extracted from Cadence Vir-
tuoso simulations, as described in Section III. A near-field
EMI simulation (using ANSYS SIwave [26]) is subsequently
conducted for the entire package. The far-field radiation of the
PoL converter is also provided, comparing the EMI level with
the International Special Committee on Radio Interference
(CISPR) 22 standard, which is widely used for radiated and
conducted EMI.

C. EMI Validation of Distributed L LC Resonant Converter

As previously mentioned, simulation of the near-field EMI
is conducted in ANSYS SIwave, where the near field is
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Fig. 11. Comparison between far-field radiation of distributed L LC resonant converter at 3 m and the CISPR 22 standard.

TABLE II

COMPARISON OF SINGLE-BRANCH AND DISTRIBUTED L LC RESONANT CONVERTERS

evaluated on the surface of a cuboid that completely encloses
the system. The offset of the x-, y-, and z-axes of the cuboid
is 4 mm. The observation surface illustrated in Fig. 8 is the
top surface of the cuboid.

The EMI levels across the entire package, characterized as
electronic field intensity, are illustrated in Fig. 8. A layout
of the metal layer and components of the package are also
illustrated in Fig. 8, where the near-field distribution within
the package is depicted. A darker color implies a higher EMI
level. The closer to the EMI aggressor, the higher the EMI. The
highest electric field intensity is observed around the via stack,
where the high voltage is injected into the VR-on-package
system. The highest EMI level from the single-branch and
distributed L LC resonant converters is, respectively, 740 and
210 V/m, as illustrated in Fig. 8. The distributed L LC resonant
converter, therefore, exhibits more than 3× lower EMI than
the single-branch L LC resonant converter.

A prototype of the VR-on-package topology has also been
developed. Near-field scans have been conducted, spanning
from 120 MHz to 14 GHz. The near field is scanned using
the API 3-D scanning system with a printed circuit magnetic
field probe [27]. An experimental magnetic field scan above
the bottom side of the PoL VR at 120 MHz is illustrated
in Fig. 9(a). These experimental results agree with the EMI
simulations in ANSYS SIwave, depicting the magnitude and
location of the peak EMI in the VR-on-package system.

TABLE III

EMI CHARACTERISTICS OF DISTRIBUTED L LC RESONANT CONVERTER
WITH DIFFERENT NUMBER OF BRANCHES

The Y -component of the peak magnetic field is
6.85 × 10−3 A/m, as illustrated in Fig. 9(b). The highest radi-
ated power in the experimental near-field scan is −24 dBm,
as illustrated in Fig. 9(a). As previously mentioned,
the evaluation surface is 4 mm above the package, leading to
a magnetic field strength of 7.25 × 10−3 A/m. The simulation
of the peak EMI matches the experimental near-field scan
within a 5.5% error. The experimental field distribution pattern
illustrated in Fig. 9(a) is different from the EMI simulation
in Fig. 9(b) since no signal routing is included in the
simulation. The location of the high-speed signal is illustrated
by the dashed circle in Fig. 9(a). The experimental results also
demonstrate that EMI from the high-speed signal begins to
dominate with increasing frequency, as illustrated in Fig. 10.

The far-field radiation of the proposed distributed L LC
resonant converter at a distance of 3 m is illustrated in Fig. 11.
The frequency ranges from 0 to 500 MHz. A zoomed-in view
around the resolution frequency of 2 MHz is also illustrated
in Fig. 11 to provide sufficient resolution. The highest field
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intensity at 3 m, 42 dBuV/m, is observed at 2 MHz due to the
resonant frequency of the converter. CISPR 22 for class B 3-m
radiated EMI limit (40 dBuV/m) is also illustrated in Fig. 11
as the dashed line. The far-field EMI is below 40 dBuV/m
across the entire spectrum except for the resonant frequency
at 2 MHz. Note that the far-field EMI is not the focus of
this article. Shielding techniques can reduce far-field EMI [9].
Near-field EMI is, however, difficult to eliminate due to the
compact nature of a system-in-package.

A comparison of the near-field EMI among distributed
resonant converters with different branch numbers is listed
in Table III. Although the power efficiency of the distrib-
uted L LC resonant converter is lower than the single-branch
L LC resonant converter, the distributed L LC resonant con-
verter utilizes a much higher step-down ratio. Importantly,
the distributed L LC resonant converter exhibits significantly
lower EMI as compared with the single-branch L LC resonant
converter (see Table II). The high step-down ratio and low
EMI characteristics of the proposed distributed L LC resonant
converter make the distributed L LC resonant converter a
promising candidate for PoL conversion in a VR-on-package
environment.

V. CONCLUSION

An L LC resonant converter operating at high frequencies
to provide PoL dc–dc conversion is described in this article.
Distortion of the sinusoidal waveform produces a 90-A current
spike due to the high turns ratio of the transformer. A
distributed L LC resonant converter that supports high step-
down conversion is, therefore, proposed. A stable voltage with
less than 3% ripple is achieved. A reduction of nearly 90% in
the magnitude of the current spikes as compared to a single-
branch L LC resonant converter with a similar step-down ratio
is also achieved. A VR-on-package platform, supporting EMI
evaluation of the VR, is demonstrated. More than 3× lower
EMI in the distributed L LC resonant converter is achieved
as compared with the single-branch L LC resonant converter
utilizing the same step-down ratio. Experimental results show
good correlation with the EMI simulations in terms of the
magnitude and location of the peak EMI. The distributed
converter topology is also highly scalable and compatible with
standard power conversion architectures.

REFERENCES

[1] K. I. Hwu, W. Z. Jiang, and Y. T. Yau, “Ultrahigh step-down converter,”
IEEE Trans. Power Electron., vol. 30, no. 6, pp. 3262–3274, Jun. 2015.

[2] I. P. Vaisband, R. Jakushokas, M. Popovich, A. V. Mezhiba, S. Kose,
and E. G. Friedman, On-Chip Power Delivery and Management. Cham,
Switzerland: Springer, 2016.

[3] L. Brush, “Distributed power architecture demand characteristics,” in
Proc. IEEE Appl. Power Electron. Conf. Expo., vol. 1, Feb. 2004,
pp. 342–345.

[4] H. Huang, “Coordination of design issues in the intermediate bus
architecture,” in Proc. IEEE Appl. Power Electron. Conf. Expo., vol. 1,
Mar. 2005, pp. 169–175.

[5] K. Xu, R. Patel, P. Raghavan, and E. G. Friedman, “Exploratory design
of on-chip power delivery for 14, 10, and 7 nm and beyond FinFET
ICs,” Integration, vol. 61, pp. 11–19, Mar. 2018.

[6] K. Xu, B. Vaisband, G. Sizikov, X. Li, and E. G. Friedman, “Power
noise and near-field EMI of high-current system-in-package with VR
top and bottom placements,” IEEE Trans. Compon., Packag., Manuf.
Technol., vol. 9, no. 4, pp. 712–718, Apr. 2019.

[7] J. S. Youn et al., “Chip and package-level wideband EMI analysis for
mobile dram devices,” in Proc. DesignCon, Jan. 2016, pp. 1–14.

[8] N. Kim, L. H. Li, S. Karikalan, R. Sharifi, and H. Kim, “Package-level
electromagnetic interference analysis,” in Proc. IEEE Electron. Compon.
Technol. Conf., May 2014, pp. 2119–2123.

[9] C.-H. Ko, H.-L. Lee, and C.-H. Wang, “The EMI suppression of ultra
thin MEMS microphone package,” in Proc. IEEE Int. Microsyst. Packag.
Assembly Circuits Technol. Conf., Oct. 2010, pp. 1–3.

[10] D. J. Perreault et al., “Opportunities and challenges in very high
frequency power conversion,” in Proc. IEEE Appl. Power Electron. Conf.
Expo., Feb. 2009, pp. 1–14.

[11] D. Shin, N. Kim, J. Lee, Y. Park, and J. Kim, “Quantified design
guides for the reduction of radiated emissions in package-level power
distribution networks,” IEEE Trans. Electromagn. Compat., vol. 59,
no. 2, pp. 468–480, Apr. 2017.

[12] S. Kose, E. G. Friedman, R. M. Secareanu, and O. Hartin, “Current
profile of a microcontroller to determine electromagnetic emissions,” in
Proc. IEEE Int. Symp. Circuits Syst., May 2013, pp. 2650–2653.

[13] Y.-S. Lee and G.-T. Cheng, “Quasi-resonant zero-current-switching bidi-
rectional converter for battery equalization applications,” IEEE Trans.
Power Electron., vol. 21, no. 5, pp. 1213–1224, Sep. 2006.

[14] R. L. Steigerwald, “A comparison of half-bridge resonant con-
verter topologies,” in Proc. IEEE Appl. Power Electron., Mar. 1987,
pp. 135–144.

[15] P. Clarke, “Self-commutated thyristor DC-to-DC converter,” IEEE Trans.
Magn., vol. MAG-6, no. 1, pp. 10–15, Mar. 1970.

[16] K. Xu, B. Vaisband, G. Sizikov, X. Li, and E. G. Friedman, “Distributed
sinusoidal resonant converter with high step-down ratio,” in Proc. IEEE
Elect. Perform. Electron. Packag. Syst., Oct. 2017, pp. 1–3.

[17] F. Krismer and J. Kolar, “Accurate power loss model derivation of a
high-current dual active bridge converter for an automotive application,”
IEEE Trans. Ind. Electron., vol. 57, no. 3, pp. 881–891, Mar. 2010.

[18] K. Venkatachalam, C. Sullivan, T. Abdallah, and H. Tacca, “Accurate
prediction of ferrite core loss with nonsinusoidal waveforms using
only Steinmetz parameters,” in Proc. IEEE Comput. Power Electron.,
Jun. 2002, pp. 36–41.

[19] R. Yu, G. K. Y. Ho, B. M. H. Pong, B. W.-K. Ling, and J. Lam,
“Computer-aided design and optimization of high-efficiency LLC series
resonant converter,” IEEE Trans. Power Electron., vol. 27, no. 7,
pp. 3243–3256, Jul. 2012.

[20] F. Xue, R. Yu, and A. Q. Huang, “A 98.3% efficient GaN isolated
bidirectional DC–DC converter for DC microgrid energy storage system
applications,” IEEE Trans. Ind. Electron., vol. 64, no. 11, pp. 9094–9103,
Nov. 2017.

[21] X. Huang, J. Feng, F. C. Lee, Q. Li, and Y. Yang, “Conducted EMI
analysis and filter design for MHz active clamp flyback front-end
converter,” in Proc. IEEE Appl. Power Electron. Conf. Expo., Mar. 2016,
pp. 1534–1540.

[22] H.-I. Hsieh, J.-S. Li, and D. Chen, “Effects of X capacitors on EMI filter
effectiveness,” IEEE Trans. Ind. Electron., vol. 55, no. 2, pp. 949–955,
Feb. 2008.

[23] Y. Xiong and Z. Yan, “EMI and PI analysis of analog board,” in Proc.
IEEE Int. Symp. Microw., Antenna, Propag. EMC Technol. Wireless
Commun., Oct. 2013, pp. 171–175.

[24] S. Hayashi and M. Yamada, “EMI-noise analysis under ASIC design
environment,” IEEE Trans. Comput.-Aided Design Integr. Circuits Syst.,
vol. 19, no. 11, pp. 1337–1346, Nov. 2000.

[25] T. Sudo, H. Sasaki, N. Masuda, and J. Drewniak, “Electromagnetic
interference (EMI) of system-on-package (SOP),” IEEE Trans. Adv.
Packag., vol. 27, no. 2, pp. 304–314, May 2004.

[26] (2017). ANSYS SIwave. [Online]. Available: http://www.ansys.com/
products/electronics/ansys-siwave

[27] (2019). API. [Online]. Available: http://www.amberpi.com/productssmart
scan550

Kan Xu received the B.S. degree in electrical
engineering from the North China University of
Water Resources and Electric Power, Zhengzhou,
China, in 2012, and the M.S. degree in electri-
cal and computer engineering from the Univer-
sity of Rochester, Rochester, NY, USA, in 2014,
where he is currently pursuing the Ph.D. degree
in electrical engineering, under the supervision of
Prof. E. G. Friedman.

His current research interests include on-chip and
package-level power delivery networks, high-current

HPC systems, 3-D integration, and optical waveguides.

Authorized licensed use limited to: UNIVERSITY OF ROCHESTER. Downloaded on June 01,2020 at 16:05:50 UTC from IEEE Xplore.  Restrictions apply. 



XU et al.: EMI SUPPRESSION WITH DISTRIBUTED L LC RESONANT CONVERTER FOR HIGH-VOLTAGE VR-ON-PACKAGE 271

Boris Vaisband received the B.Sc. degree in com-
puter engineering from the Technion–Israel Institute
of Technology, Haifa, Israel, in 2011, and the M.S.
and Ph.D. degrees in electrical engineering from
the University of Rochester, Rochester, NY, USA,
in 2012 and 2017, respectively.

In the summer of 2013, he interned with the
Optical and RF Research Group, Cisco Systems
Inc., San Jose, CA, USA. In the summer of 2015,
he interned with the Power Design Team, Google
Inc., Mountain View, CA, USA. From 2008 to 2011,

he held a hardware design position with Intel Corporation, Israel. From
2017 to 2019, he was a Post-Doctoral Scholar with the University of California
at Los Angeles, Los Angeles, CA, USA. He is currently an Assistant Professor
with the Electrical and Computer Engineering Department, McGill University,
Montreal, QC, Canada. His current research interests are in integration and
design methodologies for heterogeneous systems, including power delivery,
communication, thermal-aware design and floorplanning, and noise coupling.
Some applications of interest are high-performance computing, Internet-of-
Things devices, and biocompatible systems.

Gregory Sizikov received the B.S.E.E. degree from
Bar-Ilan University, Ramat Gan, Israel, and the
M.S.E.E. degree from the Technion–Israel Institute
of Technology, Haifa, Israel.

He worked at Intel. He manages the Power
Integrity and EMC Team, Hardware Group, Google
Inc., Mountain View, CA, USA. He has been focus-
ing on high power designs for the last 15 years.
He holds 11 patents and has authored or coauthored
several peer-reviewed articles.

Xin Li received the B.S. and M.S. degrees in
electrical engineering from the Harbin Institute of
Technology University, Harbin, China, in 2005.

From July 2005 to March 2013, he was with
Schneider Electric, as a Power Electronic Design
Engineer and Design Manager, working on variable
speed drive and active power filter design. From
February 2013 to March 2015, he was with Power
Integrations as a Lead Application Engineer. He is
currently a Technical Lead Manager with Google,
Mountain View, CA, USA, where he leads the team

to develop power technologies and solutions for Google data center products.
His technical interests are in power conversion system, energy storage, and
backup system.

Eby G. Friedman (Fellow, IEEE) received the B.S.
degree from Lafayette College, Easton, PA, USA,
in 1979, and the M.S. and Ph.D. degrees from
the University of California at Irvine, Irvine, CA,
USA, in 1981 and 1989, respectively, all in electrical
engineering.

He was with Hughes Aircraft Company from
1979 to 1991, rising to the Manager of the Signal
Processing Design and Test Department, where he
was responsible for the design and test of high-
performance digital and analog ICs. Since 1991,

he has been with the Department of Electrical and Computer Engineering,
University of Rochester, Rochester, NY, USA, where he is a Distinguished
Professor and the Director of the High Performance VLSI/IC Design and
Analysis Laboratory. He is also a Visiting Professor with the Technion–Israel
Institute of Technology, Haifa, Israel. He has authored more than 500 articles
and book chapters, 19 patents, and authored or edited 18 books in the
fields of high-speed and low-power CMOS design techniques, 3-D design
methodologies, high-speed interconnect, and the theory and application of
synchronous clock and power distribution networks. His current research and
teaching interests include high-performance synchronous digital and mixed-
signal microelectronic design and analysis with application to high-speed
portable processors, low-power wireless communications, and server farms.

Dr. Friedman is a Senior Fulbright Fellow. He is a member of the Editorial
Board of the Journal of Low Power Electronics and Journal of Low Power
Electronics and Applications and of the Technical Program Committee of
numerous conferences. He previously was the Editor-in-Chief and Chair of
the Steering Committee of the IEEE TRANSACTIONS ON VERY LARGE
SCALE INTEGRATION (VLSI) SYSTEMS, the Regional Editor of the Journal
of Circuits, Systems and Computers, a member of the Editorial Board of
the PROCEEDINGS OF THE IEEE, IEEE TRANSACTIONS ON CIRCUITS
AND SYSTEMS II: ANALOG AND DIGITAL SIGNAL PROCESSING, Analog
Integrated Circuits and Signal Processing, IEEE JOURNAL ON EMERGING

AND SELECTED TOPICS IN CIRCUITS AND SYSTEMS, and Journal of Signal
Processing Systems, a member of the Circuits and Systems (CAS) Society
Board of Governors, and a Program and Technical Chair of several IEEE
conferences. He was a recipient of the IEEE Circuits and Systems Mac
Van Valkenburg Award, the IEEE Circuits and Systems Charles A. Desoer
Technical Achievement Award, a University of Rochester Graduate Teaching
Award, and a College of Engineering Teaching Excellence Award. He is the
Editor-in-Chief of the Microelectronics Journal.

Authorized licensed use limited to: UNIVERSITY OF ROCHESTER. Downloaded on June 01,2020 at 16:05:50 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


