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PowerSoC perspective
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PowerSoC “design flow”: Designer options

Specification

:

Technology

|

——————
— Powver Stage Specification
— Capaciar: — Total Passives An
Cout 250 nF Area mmz
Cin 250 nF — Inductor
Sem
Lonpar | 100 | pH Lew m
LcoLt par 100 pH L parz 100 pH
— MOSFET:
— Hl side: Pmos — LCWA side: Mmos
b 2000 Um W 2000 urm
Wiy min 2000 um Win min 2000 Ll
o m | e m
Ron mCh Ron 171.658 mCh
— Dead Tir

— System Specification

y

Control

— Regulstor Constrains

Modes of

operation

Load Design Contral

P | 50 |dea

|5|ngle Buck WMC: CCM =selution

oo

Select Optimized Yalues:

T 20 MHz
fsw min MHz
fawe max 30 Hz
— Cutput
“out 2 W
Static ripple pp

Drynatnic ripple pr

— Input
“in W
Static ripple pp %
Dynatnic: ripple pr %
— Load
lout typical 28
lout maximal ma
lout minimal ma,

— Cortrol

— Topology

Two Phase Buck
I:l Coupled Tw
L mag

Buck

| [C] Optimization
Ceincout [Jrout []fsw

D wn D Area

— hode of Operation

CCM only
CCM+DCM+BURST

— Control of the system
“foltage Mode Control

. Peak Current Mode Control

Input Voltage Steps

Minimal Capacitors

— Target Efficiency

i @ lout typical

i @ lout maximal

3 0w e

i @ lout minimal 75
— Load Step
Dilout e
Set. Time 2, 20000 =

— Input Yoltage Step:

Dvin 250 '

Set. Time ns

H

RUN

sion strategy
Cond. Mode
Cond. Mode
t-load mode

ency
ime

PAGE 17



CEIUPM | Eeranica CAD GUI

Industrial

— Power Stage Specification — System Specification Regulstor Constrai Load Design Control
—Cepectors———— .
apacitors Total Passives Area taw 20 Wiz P 60 deg Single Buck VMC: CCM solution  »
Cout 25 nF 2 2 J
o 2 rea 13 i, fowe min P WHz Efimin B MHz Select Optimized Values:
G 25 nF
in 250 — Inuctor fawr max 0 O i 5 MHz
Precision 5 nF L 150 G — Output Bima: 5 WHz
Vaut 12 W
Density 220 NFAmm2 Lma 2000 nH — Control
Static ripple pp s % N~
Srea 3 mm2 Precision 1 nH
Dynamic ripple pp 12 % [] single Phase Buck
Wout pi 50 my ILpp max 500 ma = [ Two Phase Buck
“inp
. Coupled Two Phase Buck
Vinpe &0 my #Lanin 1 i s v e o HEmmes
R w J|_mes Static Benaviour
ic ripple s
Rein par 10 mohim Ared 4 mm2 STBED —Madle of Operation N @ lout typ @ lout max
Dynamic ripple 5 % | lout Sweep [| @ lout min
Lein par 100 pH ILpp 12 ma, g PRIE PR CCH only o fen
b T CCM+DCM+BURST D
R mohm : Regulator Design
Roout par 10 mohm (e 1 lout typical 280 ma, — Cortral of the system——— N ’
Load Steps
Lcout par 100 PH L parz 100 rH lout maximal s00 ma. Voltags lode Control Input Voltage Steps
Peak Current Mode Control
 MOSFET: (R D] 50 mé Winimal Capacitors
Hiside: Pmos—————————— — LOW sidle: himas
. i . — Target Efficiency -
Wi 2000 8000 ni @ lout typical 20 %
Wi thin 2000 um Wi min 2000 um il @ lout maxial 85 %
i max 30000 um W max 30000 um il @ lout minimal 75 %*
vgs 5.0 W ¥gs |50 W — Load Step:
Diout 50, 300 mé
lgmax 80 mé, Iy max |80 ma :
ns
ron E— Fon e oh Set. Time 2, 20000
—Input Voltage Steps —————————————————
Dead Ti " 5@ siep <
D¥in 250 m
FtoN 1000 ps MtoP 1000 [
Set. Time: o ns RUN

PAGE 18



CAD GUI

Static Spec

. Regulator Constraints
Capacitors

Optional
Vramp ceccccadPpl 4
lower electrode T |
; Veer opology
+ Hy(s) -
Vout Rippled signal |
>+
Power
Stage
rate Capacit T ——
FIFEEED Tl oSS faw 20 MHz Single Buck VMC: CCM soluton
5 nF
et £ s (8 — IR Select Optimized Values:
nF
T max _-:- MHz
L 150 nH — Output
Precision nF A H
vou v Operating Mode
Density Lz 2000 nH
area mm2 Precision nH Continuous Conduction Mode
Dynamic ripple pp % [T] single Phase Buck i
Iy
B i _ v Coupled Two Phase Buck
S 1 % Static Behaviour
ic ripple
Roin par Area mmz2 FHABED s @ lout typ @ lout max
Dynamic ripple % lout Sweey lout min
Lein par BH Lpp 12 ma, v PRIZ PR s » @
Toad Dynamic Behaviour
Reou par Rz e ot yrical e Fastzmilien
Load Steps.
Lot par 0 pH L parz PH ot mepansl mé LA nput Voltage Steps
Peak Current Mode Control
i ot minimed s e —_—
= w w [omman i
Wi min 2000 um Wi min 2000 um i @ lout maximal %
Y max 30000 um Wi ma 30000 um i @ lout minimmal 3
ns
- e sr . - P . Set. Time 2, 20000
Input Voltage Steps: - -
Dead T & L9 i 1% 0
D¥in 250 i
FtoN 1000 ps MtoP 1000 [
S
st | o |m un T
Ly 7
=
Total Area // T
g
34mm /
0
«— i —>
ccm CCM
s cem
Burst] DCM
I Burst
o T T
E 500 100 150 2000 250 300 350 400 450 500
& -—— [ -——- Tovr [mAl
i

PAGE 19



CENUPM | G CAD GUI

Industrial

lower electroce

ectrode

S i
I ’ +
Cou_v
SZ — Y OU
rate
N

| Dptimizatior

Cin/Cout

wp

Dlout 50, 300 mé

Set. Time 2, 20000 ns

R T L —————
Deadt T & . i J
D¥in 250 m
FtoN 1000 ps MtoP 1000 [ d
i

| : 7 T

2
S
5
g
3
g
B
5
@
El
g
]
3
g

3.4mm

Cin_v «— i —»
665nF CCMi} CCM

1.4mm x 1.9mm| s beM oM

Burst] DCM

LR Boen

S0 100 150 200 250 300 350 400 450 500
Torr ImA]

Chip
1.8mm x 1.39mm

2.6mm

E
E
b
o
=
E
E
&
o

P

PAGE 20



Centro de
Electrénica
Industrial

i CEIUPM

Design Flow

Specification

Designer options

Technology Topology

Design tools

Models Design space

Optimization

Optimization of

Modes of
operation

Losses

Final design

PAGE 21



S Design Flow

Industrial

i CEIUPM

Specification

Voltage mode control
Current mode control
Ripple-based control

PAGE 22



i CEIUPM

e, Ripple based Control

Industrial

2
v IC control Simplis simulation

V ref

ref

Modulator

control

Ref [V]
-| Control [V]

Very fast even with low ESR caps )

* Output current
* Voltage reference

v, [V]

v

1§

[ Feedforward of:
X

L L ' L ' L ' L

208 30,0 30,2 30,4 30,6 3028 31,0
t (us)
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March 2011

Complex analysis, SIMPLE implementation ) —

PAGE 23



Centro de
Electronica
Industrial

% CEIUPM

EASY implementation

7

L]

i

C

cap current sensor

I,

S
5

—E

cap current sensor

PAGE 24



e V1 concept

Industrial

i CEIUPM

‘-{- T 60 a2 aaaaal s 2 aaaaal s aaaal a2 aaaas

Driver

Via 1 40 -

Gain (dB)
—
1

Modulator T —— VA
M 40 ] v, control
-------- Type-IlI voltage mode control

l’L. ’&) Ll L I'TY""I’ Ll Ll """I’l Ll Ll """‘[ L LA A AL
s 2 28 A 444 2 2 22 & 444 2 2 2 & A & 44 s s 24 & &AL

90 - [a8) -

Hi(s) =Ap/s + K, + K;1 = °7

-270 L] LA ""l Ll | 2L R J ""' L) | B ZE ""' L LA A ALl

100 1k 10k 100k IM
Frequency (Hz)

PAGE 25



i CEIUPM

Control: V2,

2
Vv Ic control Simplis simulation

Load step Load step DVS DVS Line step
4A->0A 0A>4A 1.2V->2.2V 2.2V->1.2V 5V&->3.3V

5 —

Duty [V]

V,, [V]

Vref [V] 1:2 ]
1.0
8 1 1

i [A]
i, [A]

1 ' ' ' f f
30,0 30,5 31,0 31,5 32,0 32,5 33,0 33,5 34,0 34,5 35,0

t
ALMOST OPTIMAL RESPONSES IN ALL TRANSIENTS

PAGE 26



i CEIUPM

ST Design Flow

Industrial

Specification

Technology Topology

Models

Capacitor model )
Inductor model

MOSFET model

Switched models of converter

Small signal model of converter -

PAGE 27



a CEIUPM

Centro de
Electronica
Industrial

Models: MOSFETS

Optimization requires

“Low computational cost” model

based on accurate CADENCE simulations,
mapping the whole design space
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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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Racetrack inductor

N

Core inductance A // — ¢
Self inductance of wires dhl pto Ho el fousilelle U
e
Symbol Description
N Number of turns
t, Winding width
c Winding thickness
O EI——, Cw Core width
Copper losses ¢ Core thickness
Hysteresis losses G Core length
Eddy current losses d, Device height
\ s d, Device width
d Device length

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,

.9, pp.4422,4430, Sept. 2013
o * & Tyndall ETHzirich

ational Institute
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Geometry design

N

yd Cw
Core inductance - = a
] ) VAY/ /A A/ /a8
Self inductance of wires dl| betatto Mo la gl Lo lle Lo e I/
N%A N%c.c
Core inductance Leore =2 Holte c _ Holte G .
lm Cy + dh
Self-ind f wi L 0.2¢; |1 2¢i +1
elf-inductance of wires ~ 0.2¢;|In —
tself l t, +t, 2
2
u,N“d 2.46
Inductance of core-less spirals L; spirat = oTavg 0.2¢ [1n< 4 + 0.2p?
Average diameter Fill factor
d. = d, + d; _dy,—d;
avg — 2 p d, +d;

L= Lcore + Lt,self + Lt,spiral

T

EEnd_turn

Cored part vl spir € Tyndall ETHziirich

nal Institute
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v = 90003 PICS3 - Std design
T 10
- - «
B terminal F1CSC A terminal h%; o
N
%}Zw _ .
Ceor Crop E —
o It N T~
D % i~ T
w ] \\\
iy el 0.1
Rsus
0.0
1.00E-11 1.00E-10 1.00E-09 1.00E-08 1.00E-07 1.00E-06 1.00E-05
Capacitor (F)
7B Pits Capacitance [nF/mm?] 200 250 300
% Planar capacitance [nF/mm?] 4 5.4 6.8
8 Metal M1 to metal M2 [pF/mm?] 76 80 84
(1]
L Metal M1 to substrate [pF/mm?] 75 100 125
Parameters
BV [V] 30
IS [A] 1.83e-16*perimeter + 2.9e-15 * surface
IBVL 2*IS
M 0.3
CJO [pF/mm?] 10

EG [eV] 1.11 | p d
Defined by 14
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Specification
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Design space

L-C constraints
Effect of Modulation DELAY
Closing the loop
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BUCK CONVERTER

Output capacitor

Inductor filter

Switching frequency

Control

aYRYERYERYER
A P A D

Single-phase / Multi-phase

Constraints

Load transients Voltage reference Static ripple Modulation delays Filter resonance in
tracking Voltage mode

1

R fres I Efsw
—‘ AN av, o |Gl
N
Vv = : delayed
I, ref . Jr ! '] switching
—— = = - - ° 1 optimal
J_ l switching Area to close
Vo Av, t : optimal the loop
t output
: voltage
: delayed
L 1 1 1 1
Av,~cte - —= t.~cte-VLC Av,~cte - — - —; ta~cte - — [res~cte: fgoy
c : ’ S JE t VLC
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( Load transients )

i Design space: load transient
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Design space

| -
o
o
‘©
I
o
S
(@]

1 , AL 5 SN

A"7o,load: 2C (C-ESR)*m + m -ug' Load transient
@)
Vi, —v
Loading m = %

. vO
Unloading m = —
L

Inductance
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Design space: voltage reference tracking

Voltage reference
tracking

. 2-L-C
L = 11
dn(1—dw) (55 +3)
d,+d,
m — 2
Ad = |d, — d4|

Output capacitor

ts~cte-VLC

Design

Voltage reference
tracking

\

Load transient

Inductance
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Constraints

( Static ripple )

1 1
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AV~ A < sor— ESR) 5 \
fsw o .
-5 Load transient
@) Static output
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L fSW

Inductance
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C Static ripple )

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

To comply with voltage
ripple

Voltage reference
tracking

Static output

voltage ripple
To comply

with voltage
tracking

Load transient

Output capacitor

\

Load transient

Voltage reference
tracking

Output capacitor

Static output

Inductance voltage ripple

The solution is to decrease output
voltage ripple by other means

( Use multi-phase topology )

Inductance

( Increase switching frequency )
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Control specs

Peak current mode AB<f, /7 f = 1MHz

SW,min
e

CCM/DCM/Burst PM=60 I f =30MHz

SW,max
—

Modulator |« Control Output specs
[ Vout = 1'2V ]

S, L . i\, = 144mV

Static _ - I out,max

( V, =5V ] . I + | AVoutmax = 60MV_ || iy 1ras = 300MA@2ps
C

" oL Bioyy 1rans = 50MA@2ns

— S, == Vour M =280mA

AV, = 250mV =
Dynamic ) [ Ioum( =500mA
[ AVinm = 600mV ] | =50mA
out,min ~
AV, trans = 250mV@0ns
Common for p-MOS and n-MOS Cpnin = 50nF ]
Win= 2Mmm Dead time p>n = 1ns O enponsity = 220nF/mm?2 ]
Wpna = 30mm Dead time n>p= 1ns R_=10mQ ]
par
Vg, =5V l L,,,=100pH
lg, max = 80MA

PAGE 41
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v | wp

.
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.
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[ Results of the optimization process ] ; J
N EEE— ' T
o || arsorr2asnr (||| 20000 || 11.7 MHz
1\ J ~—— \ 4 N cem
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. J \\ J/ . J
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( Ideal MOSFETs — Real Inductor ] [ Real MOSFETs — Ideal Inductor ]

0 =B-Fiotal “*Fnmos _tot
-2 Ppmos_tot <0-Prmos_sw| 77 1
-0-Ppmos sw — il

L [E Pl
.---‘é,“-.........E-.----.....E.---—---...E....--——--T......----‘E,“. * PL_C“_DC

' ' ' ' -~ P cu ac
-~ PL_Fe_Hysl
“| 0= PL Fe Eddy

o

-
S L O
L= = = ]

S

Losses (mW)
== M g & Ch

(=]

MOSFETs Power

Inductor Power
Losses (mW)

N

=]

2 4 6 8 10 12 14 16 18 20
fsw (MHz)

[=]

“"'{""'8
SRS S S——— e o707 o 1] ( Real MOSFETs — Inductor with Cu losses J
i i i i i i | =Cy (nF)

[=2]
o

Components
values

500¢

= Ftotal
N PL_tut
~©- PmosreTy

o
N
=

System Power
Losses (mW)
3

o

-
[=}
[=}

600 G S -a-(l:'(nH& )
| e Lo ] S eour \NF) L

400 . : < Cin (nF)

200 i

—
) B 0O N

___________

Area distribuion
(mm?)

Components values

2 4 6 8 10 12 14 16 18 20

0 12 14 16 18 20
fsw(MHZ)
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N
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o oo
oo

System Power
Losses (mW)

]
(=]

MOSFETs Power
Losses (mW)

Inductor Power
Losses (mW)
[=7]

o

(=

( Real MOSFETs — Real Inductor

)

| & Frotal - FmosreTs
-2 P ot

o P

........... | S
1 H H H

-&-Piotal “#Pnmos tot |
-2-Ppmos _tot <0-Pnmos_sw B S S S S—
-©-Ppmos sw ; : : :

- E L_total
|=& P cupc
{-©& PL_Cu_nc
- PL_Fe_Hysl

120 PL _re Eddy

Components values

Area distribuion
(mm?)

1000

EECTERTE T

=L (nI;I}:)

-Ciy(n

1500 |-\

..........

fCDUTl(n F)
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L LT ET R T

- Arotal "9 Acout
: -ﬁ-AL
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1416
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( Optimal solution: Losses Breakdown ]

<1%4%

Bl P cy pc (22.23 %)

Bl P cuac (8.42 %)
mm P o
mm P
PL_par (0 u/“)
B Pcout esr (0.21 %)
= P o
PCin_ESR 0.39 %
Pcin_par (0.20 %
Pemos_cond (10.46 %
PPMOS_turn_on 0.60 %
P
PPMOS_gale (?54 ll%)

]
—
/
]

—

L_Fe Hyst (8.95 9
L:FZ:E::;G 11.00 }/u)

Cout_par \Y- a/

PMOS._turn_off (6.82 %

3 Pnmos_cona (6.89

2
PNMOS_rev_rec (293 A)
mm P
PNdiode_PlN {395 %']

NMoS_gate (7.87 %)

B Pydiode nop (0.44 %)

100
95

)
&

<

(
=

-]
o

Converter efficiency

90

-
on

( Converter efficiency comparison ]

| "8 NRMIL-©-NRM-CuL
1 & MiM.RL=7= NRM.RL

2 4 6 8 10 12 14 16 18 20
fsw (MHz)
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Summary

Technology impact:

CMOS improvement: optimum fg,, A\

Inductor technology improvement: :
optimum fg,, W

Bl P, pc (22.23 %)
Bl P cuac (842 %)
| PL_Fe_Hy!r:t (8.95 %
L Fe Edd
[ | PL_par (o‘b 0
B Pcou esr (0.21 %)
= PCoul_par A4 %?
1 Pcin_Esr (0.39 %
— PCinert 20 %

< 1%4%

1 Prmos_gate (.94 %

Phdiode pan (3.95 %
B Pndiode_nzp (0.44 %

3 Prmos_cond (6.89 %)
] PNMOS_rev_rec ‘293 Aﬁ)
B Pnmos_gate (7.87 %)

11.00 %)

1 Ppmos_cond (10.46 %
— PPMOSﬁturnﬁon 060 u/o
1 Pemos_turn_off (6.82 %

Qutput capacitor

" - n

~ 100 MHz
4

~10 MHz

Calculate the “Design space” for your
specs:
. Load steps

. Voltage or reference steps
* VouTipple

*  Multi-phase, modulation delays, ... J

Models, algorithms and tools
to OPTIMIZE your design

To comply with
voltage ripple

Static output
voltage ripple
To comply
with voltage
tracking A.\

Voltage reference

Load transient

tracking

Inductance
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Thank you for your
attention!
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