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CAD Tools available

Circuit Level Simulators

PEXprt-Pemag
developed
by UPM

Finite Element Analysis Tools

Magnetic Component Optimization Tools

General Purpose Math Tools

lack of integrated design environment for Power Systems on Chip
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IC perspective
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IC perspective
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PowerSoC perspective
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PowerSoC perspective
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PowerSoC perspective
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PowerSoC “design flow”: Designer options

Technology Topology Control
Modes of 
operation

Specification

1-phase Buck converter
2-phase Buck converter
2-phase coupled Buck 
converter

Inductor

Semiconductors 

Capacitors  

Voltage mode
Current mode
Ripple-based

Modulation strategy
CCM
DCM

Light-load mode

Continuous Conduction Mode

Discontinuous Conduction Mode

BURST Mode

vOUT

vOUT

vOUT

iL

iL

iL

Constant frequency
Constant on-time

Io

vo
Δvo

HV(s)+
-

VREF

+

-

Optional

VRAMP

+

Power 
Stage

Rippled signalvOUT

Ripple-based

Load-steps
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PowerSoC “design flow”: Designer options
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CAD GUI
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CAD GUI
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CAD GUI
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Specification

Design Flow

Technology Topology Control
Modes of 
operation

Models Design space

Optimization of 
Losses

Final design

Designer options

Design tools

Optimization
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Design Flow

Technology Topology Control
Modes of 
operation

Models Design space

Optimization of 
Losses

Final design

Voltage mode control
Current mode control
Ripple-based control

Specification
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Very fast even with low ESR caps

Feedforward of:
• Output current

• Voltage reference

V2Ic control

Ripple based Control

Io [A]

vo [V]

Ref [V]

Duty [V]

Control [V]

Complex analysis, SIMPLE implementation

OPTIMAL RESPONSE!!

IL [A]

Simplis simulation

Del Viejo, M.; Alou, P.; Oliver, J.A.; Garcia, O.; Cobos, J.A., "V2IC control: A novel control technique with very fast response under load and 

voltage steps," Applied Power Electronics Conference and Exposition (APEC), 2011 Twenty-Sixth Annual IEEE , vol., no., pp.231,237, 6-11 

March 2011
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EASY implementation
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V1 concept
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V2Ic control

Control: V2Ic

Vin [V]

vo [V]

Duty [V]

iL [A]

Vref [V]

io [A]

1.2V

2.2V

4A

0A

4A

5V
3.3V

Load step
4A0A

Load step
0A4A

DVS
1.2V2.2V

DVS
2.2V1.2V

1.2V

Line step
5V3.3V

5V

ALMOST OPTIMAL RESPONSES IN ALL TRANSIENTS

Simplis simulation
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Design Flow

Technology Topology Control
Modes of 
operation

Models Design space

Optimization of 
Losses

Final design

Capacitor model
Inductor model
MOSFET model
Switched models of converter
Small signal model of converter

Specification
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Models: MOSFETS

x1i

x1i+1

x2j

x2j+1

x1
x2

Yi,j+1

Yi+1,j+1

Yi,j

Yi+1,j

YINT i,j

y(x1, x2)

(wPmin, wNmin) (wPmax, wNmax)

IDSmin

IDSmax

Optimization requires
“Low computational cost” model
based on accurate CADENCE simulations,
mapping the whole design space

DUT

 

VX

VDD

ILoad

IDRV

VSS

IDSnom= 200 mA

wPnom=10.6mm 

wNnom=10.8mm

Svikovic, V.; Cortes, J. ; Alou, P. ; Oliver, J. ; Cobos, J.A. ; Maderbacher, G. ; Sandner, C.
“Energy-Based switches losses model for the optimization of PwrSoC buck converter”, COMPEL 2014
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PTurnOFF = 7.86 mW
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Circuit waveform to quickly calculate losses
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Inductor Optimization

Wc

Hc

Lc

Wcu

― fixed dimensions
― degrees of freedom

220nH F = 10 MHz
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Models: Inductors

T.M. Andersen, C.M. Zingerli, F. Krismer, J.W. Kolar, Ningning Wang and C.O. 
Mathuna, "Modeling and Pareto Optimization of Microfabricated Inductors 
for Power Supply on Chip," Power Electronics, IEEE Transactions on , vol.28, 
no.9, pp.4422,4430, Sept. 2013

Racetrack inductor

Geometry design

Core inductance
Self inductance of wires

Losses calculation

Copper losses
Hysteresis losses

Eddy current losses

Symbol Description

N Number of turns

tw Winding width

ct Winding thickness

cs Winding spacing

cw Core width

ct Core thickness

cl Core length

dh Device height

dw Device width

dl Device length
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Models: Inductors

Geometry design

𝑳𝒄𝒐𝒓𝒆 = 𝟐
𝝁𝒐𝝁𝒄𝑵

𝟐𝑨𝒄
𝒍𝒎

=
𝝁𝒐𝝁𝒄𝑵

𝟐𝒄𝒕𝒄𝒍
𝒄𝒘 + 𝒅𝒉

𝑳𝒕,𝒔𝒆𝒍𝒇 ≈ 𝟎. 𝟐𝒄𝒍 𝐥𝐧
𝟐𝒄𝒍

𝒕𝒘 + 𝒕𝒕
+
𝟏

𝟐

Geometry design

Core inductance
Self inductance of wires

Core inductance

Self-inductance of wires

𝑳 = 𝑳𝒄𝒐𝒓𝒆 + 𝑳𝒕,𝒔𝒆𝒍𝒇 + 𝑳𝒕,𝒔𝒑𝒊𝒓𝒂𝒍

𝑳𝒕,𝒔𝒑𝒊𝒓𝒂𝒍 ≈
𝝁𝒐𝑵

𝟐𝒅𝒂𝒗𝒈

𝟐
𝟎. 𝟐𝒄𝒍 𝐥𝐧

𝟐. 𝟒𝟔

𝒑
+ 𝟎. 𝟐𝒑𝟐Inductance of core-less spirals

𝒅𝒂𝒗𝒈 =
𝒅𝒐 + 𝒅𝒊

𝟐
𝒑 =

𝒅𝒐 − 𝒅𝒊
𝒅𝒐 + 𝒅𝒊

Average diameter Fill factor

𝒅𝒊
𝒅𝒐
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Models: Capacitors – Spice Model

C
ap

ac
it

o
rs

Parameters min typical max

Pits Capacitance [nF/mm2] 200 250 300

Planar capacitance [nF/mm2] 4 5.4 6.8

Metal M1 to metal M2 [pF/mm2] 76 80 84

Metal M1 to substrate [pF/mm2] 75 100 125

D
IO

D
E

Parameters

BV [V] 30

IS [A] 1.83e-16*perimeter + 2.9e-15 * surface

IBVL 2 * IS

M 0.3

CJ0 [pF/mm2] 10

EG [eV] 1.11

PICS3 - Std design
y = 0.0003x-0.4266

R2 = 0.8047

0.01

0.1

1

10

1.00E-11 1.00E-10 1.00E-09 1.00E-08 1.00E-07 1.00E-06 1.00E-05

Capacitor (F)

E
S

R
 (

O
h

m
)CTOPCBOT

PICS C A terminal

D

RSUB

B terminal

Defined by
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Design space

Technology Topology Control
Modes of 
operation

Models Design space

Optimization of 
Losses

Final design

L-C constraints
Effect of Modulation DELAY
Closing the loop

Specification
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Design space: constraints

BUCK CONVERTER Design decisions:

Output capacitor

Inductor filter

Switching frequency

Control

Single-phase / Multi-phase

Constraints

Load transients

∆𝒗𝒐~𝒄𝒕𝒆 ∙
𝑳

𝑪

Io

vo
Δvo

𝒕𝒔~𝒄𝒕𝒆 ∙ 𝑳𝑪

Voltage reference 
tracking

iL

Vref

vo

ts

∆𝒗𝒐~𝒄𝒕𝒆 ∙
𝟏

𝒇𝒔𝒘
∙
𝟏

𝑳𝑪

Static ripple

Δvo

𝒕𝒅~𝒄𝒕𝒆 ∙
𝟏

𝒇𝒔𝒘

Modulation delays

td

𝒇𝒓𝒆𝒔~𝒄𝒕𝒆 ∙ 𝒇𝒔𝒘 ∙
𝟏

𝑳𝑪

Filter resonance in 
Voltage mode

|Gvd|
fres

𝟏

𝟓
fsw

Area to close 
the loop
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∆𝒗𝒐,𝒍𝒐𝒂𝒅
𝒎𝒊𝒏 =

𝟏

𝟐𝑪
𝑪 ∙ 𝑬𝑺𝑹 𝟐𝒎+

∆𝑰𝒐
𝟐

𝒎

∆𝒗𝒐,𝒍𝒐𝒂𝒅~𝒄𝒕𝒆 ∙
𝑳

𝑪

Design space: load transient

Constraints

Load transients

iL

vo Δvo,load

Voltage reference 
tracking

Static ripple Modulation delays
Filter resonance in 

Voltage mode

𝒎 =
𝑽𝒊𝒏 − 𝒗𝒐

𝑳

𝒎 =
𝒗𝒐
𝑳

Loading

Unloading

Io

m

Inductance

Design space

Load transient

O
u

tp
u

t 
ca

p
a

ci
to

r
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Design space

𝒕𝒔~𝒄𝒕𝒆 ∙ 𝑳𝑪

Design space: voltage reference tracking

Constraints

Load transients
Voltage reference 

tracking
Static ripple Modulation delays

Filter resonance in 
Voltage mode

iL

Vref

ts

𝒕𝒔
𝒎𝒊𝒏 =

𝟐 ∙ 𝑳 ∙ 𝑪

𝒅𝒎(𝟏 − 𝒅𝒎)
𝟏
∆𝒅

+
𝟏
𝟐

Inductance

𝒅𝒎 =
𝒅𝟏 + 𝒅𝟐

𝟐

∆𝒅 = 𝒅𝟐 − 𝒅𝟏

Voltage reference
tracking

Design
space

vo1=Vin·d1

vo2=Vin·d2

O
u

tp
u

t 
ca

p
a

ci
to

r

Load transient
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Design
space

Design space: static ripple

Constraints

Load transients
Voltage reference 

tracking
Static ripple Modulation delays

Filter resonance in 
Voltage mode

∆𝒗𝒐,𝒑𝒑~𝒄𝒕𝒆 ∙
𝟏

𝒇𝒔𝒘
𝟐

∙
𝟏

𝑳𝑪
Δvo

∆𝒗𝒐,𝒑𝒑
𝒎𝒊𝒏≈ ∆𝒊𝑳

𝟏

𝟖𝑪𝒇𝒔𝒘
+ 𝑬𝑺𝑹

∆𝒊𝑳=
𝑽𝒊𝒏 − 𝒗𝒐

𝑳

𝒅

𝒇𝒔𝒘

Inductance

Static output 
voltage ripple

Design
space Load transient

Voltage reference
tracking

O
u

tp
u

t 
ca

p
a

ci
to

r
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Design space: static ripple

Constraints

Load transients
Voltage reference 

tracking
Static ripple Modulation delays

Filter resonance in 
Voltage mode

Static output 
voltage ripple

Design
space

Inductance

O
u

tp
u

t 
ca

p
a

ci
to

r

Load transient

Voltage reference
tracking

To comply 
with voltage 

tracking

Inductance

O
u

tp
u

t 
ca

p
a

ci
to

r

Load transient Voltage reference
tracking

To comply with voltage 
ripple

Static output 
voltage ripple

What if there is no solution
in the design space??

Use multi-phase topology

Increase switching frequency

The solution is to decrease output 
voltage ripple by other means
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Design Flow

GOAL

Technology Topology Control
Modes of 
operation

Models Design space

Optimization of 
Losses

Final design

Technology
Topology
Control
Modes of operation
Inductor design
Capacitor design
MOSFETs sizing
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Specifications

wmax = 30mm

MOSFET specs

wmin= 2mm

Vgs = 5V

Ig, max = 80mA

Dead time pn = 1ns

Dead time np= 1ns

Common for p-MOS and n-MOS

ΔIL,max = 500mA

Inductor specs

Lmax = 2μH

Rpar=10mΩ

Lpar=100pH

σcap,ensity = 220nF/mm2

Capacitor specs

Cmin = 50nF

Rpar=10mΩ

Lpar=100pH

CCM/DCM/Burst

Control specs

Peak current mode ΔB < fsw/7

PM = 60º

fsw,min = 1MHz

fsw,max = 30MHz

Vin = 5V

Input specs

ΔVin,max = 250mV

ΔVin,trans = 250mV@0ns

ΔVin,max = 600mV

Static

Dynamic

Vout = 1.2V

Output specs

ΔVout,max = 60mV

Iout,typical = 280mA

Iout,max = 500mA

Iout,min = 50mA

Δiout,trans = 50mA@2ns

Δiout,trans = 300mA@2μs

ΔVout,max = 144mV

Static Dynamic
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CAD GUI

Inductor

Semiconductors 

Capacitors  

1.2V5 V

280mA

Io

vo
Δvo

Static Spec

Dynamic Spec

Load DesignRegulator Constraints

Topology

Continuous Conduction Mode

Discontinuous Conduction Mode

BURST Mode

vOUT

vOUT

vOUT

iL

iL

iL

Operating Mode

Analysis of the system

Total Area

175 nF / 245 nF

12 mm

201 nH

14.1 mm

11.7 MHz

9.9 mm2

Results of the optimization process
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Results (& “what if” analysis)

Ideal MOSFETs – Real Inductor  

Real MOSFETs – Inductor with Cu losses  

Real MOSFETs – Ideal Inductor  
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Results (& “what if” analysis)

Real MOSFETs – Real Inductor
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Results (& “what if” analysis)

Optimal solution: Losses Breakdown

Converter efficiency comparison
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Calculate the “Design space” for your 

specs:

• Load steps

• Voltage or reference steps

• Vout ripple

• Multi-phase, modulation delays, …

Models, algorithms and tools 

to OPTIMIZE your design 

Summary

Technology impact:

• CMOS improvement: optimum fsw 

• Inductor technology improvement: : 

optimum fsw 
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