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= Capacitive AC-DC Step-Down Approach
= High Voltage Conversion Ratio DC-DC Approach
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Problem & Facts

Although standby power of individual mains
connected appliances is low (<1 W), it represent
a significant fraction of global electricity
consumption due to the large amount of devices

Consumers: Consumption:

TV, VCR, Set-top, Stereo Annual Domestic Percentage

Computer " France 2000: 7%
Kitchen appliances = UK 2004: 8%

External power supplies = Other:upto13%
Ceiling fans
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Problem & Facts

Although standby power of individual mains
connected appliances is low (<1 W), it represent
a significant fraction of global electricity
consumption due to the large amount of devices

Consequence:

=  Emissions: International Energy Agency attributes 1%
of 2007 global CO, emissions to vampire power
@ 3% CO, due global air traffic
= CO, B Global warming
= SO, B Acid rain
=  Fire risk : Heat dissipation
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Goal

" Provide low power from the mains with an
enabling a

— Main power supply fully off
— Low cost

— Low volume

— Low input power

— Optimal power throughput

E{> Large Voltage Conversion Ratio Required

| nEIS LEUVEN

8 October 14 PowerSoC 2014 5




Bridging the voltage gap

1 = Series impedance
7 AC,low

— Resistor in

= Very lossy due to V
high voltage ratio AC

— Series capacitor
= Lossless in ideal case

" Large impedance as result 77717
of low mains frequency

) = Direct mains connection

— Stacked voltage domains
(high VCR / Extensive stacking)

L= LEUVEN
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A Capacitive AC-DC Step-Down Converter

= |deal model
— Pyt = f(Vouo G f

out’ ~in’ malns' )

V. fixed

mains’
th(t) :\/§V;n8én(2ﬂfmainst)
VCm(t) %(\/51/1?1 - Vout)Sin(Qﬂfmainst)

dVe,
dt

=Cin(V2Vin — Vout)co8(27 frnainst)
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Modeling result

- POUt(C|n) Ilnear 1000 e

300 _
100

= P_,(Vo) linear
for low V.

C.. [pF]

3
Vuul [V]
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Circuit implementation

= 2 cases: Fully integrated (uUW'’s), Highly Integrated (mW'’s)
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Chip implementation

High voltage
terminal

= Capacitor
— Metal-metal capacitor

— High voltage plate in
top metal

Low voltage
terminal

— 4um spacing
— 50 pF

Sy

= Resistor

— b6um to substrate

2mm

— Top metals

— Vias
— 36 kQ
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Pload,max [}.LW]

Measurements

= Universal mains
— 85-265V.
— 50-60Hz

16 - . : _
—+ - Calculated ! :

14 - +Mea5ured ............................... /f/ ........... -
12
10

8

6

:

2 i

85 120 230 265
VRMS [V]

= C,,: 50pF
= US: 6.4 yW
= EU:9.5 yW

0 Hllﬂ'f'lh-[f;';'}w«mwvflm.’m_ ' )*F',"J'l‘l'\'.fwllﬁ"l-ﬂ"*' i [ bt
-0.02 -0.01 0 0.01 0.02
10ms/div
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|:'Inad,max D"lw]

Measurements

= Universal mains = Ci: 2X 68nF
— 85-265V. = US:4.2 mW

—_ 50-60Hz = EU: 7 mW

150 : . 3
- ¢ - Calculated v : :
—— L DC : E
125/ ——Measured | 4 | .
100} | :
fmains=60 Hz
750
50}
25}
0 " ‘ ‘ ‘ | | |
8 1y BO® -0.02 ~0.01 0 0.01 0.02
RMS 10ms/div
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Measurements

Reference [Tamez, Esscirc’10] Case 1 Case 2 (2x68nF)
Tech node 0.13pm 0.35pum
Venms 120V 120V 230V 120V 230V
fmains 60Hz 60Hz 50Hz 60Hz 50Hz
Power/area | 0.43uW/mm? | 1.06uW/mm? | 1.58uW/mm? - -
Vieg 4V 3.3V
ton.diode 48% 91% 93.5% 91% 93.5%
Pout.max 1.5uW 6.4uW 9.5uW 4.2mW TmW
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Concept & Goal

" High voltage conversion ratio from a high
input voltage with a monolithic IC

ﬂ Switched Capacitor approach? 7

Duty cycle 50%

&> Inductive DC-DC converter : PWM
Monolithic integration
Voltage domain stacking/serialization

Investigate SC DC-DC potential for
Monolithic Very High VCR DC-DC
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Problem considerations

= What do we need to make a high VCR
converter?

— VCR is topology dependant
= Min #capacitors set by Fibonacci Limit (Makowski)
= Higher VCR requires more components

— Switches & Capacitors
= Voltage ratings set by topology

— Control

= Getting signals from start to finish throughout voltage
domains
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Problem considerations

= What do we have to make a high VCR

converter?
— Switches Impact
" Low voltage: GO1, GO2, (GO3) ‘high’” f,,, Ok
= High voltage: DMOS ‘low’ f,,, only
— Capacitors
" Low voltage: GOX cap, (MIM cap) ‘low’ density
= High voltage: Fringe cap ‘very low’ density

» It will be impractical to use DMOS devices since low f_,
and very low density capacitors are not a good match
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Problem considerations

* What do we need to pay attentionto in a
monolithic high VCR converter?

— How does VCR influence component requirement?
= Component rating
= Component utilization

— Parasitics related to components
= Ex. parasitic capacitor coupling to substrate with V_

,rated

» Where are the loss contributions coming from?

KATHOLIEKE UNIVERSITEIT
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CMOS considerations

" Where are the loss contributions coming from?

= R, related
Rroute Resrc, Res Rest

N AT

Vo.ideal Rout Vv,

SR S %
f x| ™

— Extrinsic losses Vi

" Ryyn related
— Parasitic capacitor coupling factor

I e 7
— Parasitic capacitor swing — den.Cp., - [den,switches]
- Mswzzac,i VCpar,swing,i2
@) KATHOLIEKE UNIVERSITEIT
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Investigated topologies

= Known to have efficient capacitor utilization

(a) Dickson Star 4:1 (c) Fibonacci 5:1 (d) Dickson Star
Embedded Cascade 8:2:1
Vyo—1 <1 3 v, V. o—7 =1 oV, .
+C3 J‘CZ #21 'L J—]—cz J LS J v, 0—/1J_ /1 J_/2
2\ 1\ 1\ 2\ z\ 1\ 2[ 1 ) 2 2%’ —|—C3 C2 _|_C1
J__|J__|JT_‘ 1L L 1L 2\1\1\2\2\1\
T T DLy L
N
(b) Series parallel 4:1 (e) Doubler 4:1 |/1P j[_l—_/w
/2C3 /2C2 /2Cl L 1 J— J— J— :|—° V
c2 ==C1
MMT/AT/AT/I }/ I ;
2 2 2 2
L1 1 L L L
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Topology results

Dickson Star

Dickson Star Series Parallel Fibonacci Doubler
Embedded Cascade
# columns = k k=N-—1 k=N-—-1 Fibg o =N @ k=4 —1° k = 2log2(N) — 1
ke Foodl | e | b Fibyg Fod it | Gkdddodra
Verated [Vout] [123...N 1...1] [Fiby ... Fibyyq] | 246...(5 —1)11]° 12244... 5%
Vew [Vout] 1...1] [123...N-1] [Fiby ... Fiby] 2...211]° (121 022%0...2l92(N) (]
N-—1 k ) . (logaN)—1
Mo -1 + Zl i2 ¥ 2 (Fib;)? 2.5 — T+ _21 2i—1
1= i 1=
N 1 (logaN)—1 )
Ke = (X |ke,il)? (z+ X 2797
=1 i=1
Kc, N = 2-25
_ 1 1 1 1
Msw, N =4 3 3.5 — 1.5 1.5
Msw, N =8 z 17.5 4.62 2 3.5
Msw, N =16 i 77.5 — 2.25 7.5
y N = 55 — 89
Msw, N =64 o3 1333.5 2.375 31.5
X 220.6 — 578
MS’LU} N = 00 o0 2.5 o0

b N > 2 and N even and % even

I | RS
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Topology Simulations

= Validation of Dickson Star: n[a], n[VCR]

82
78
80
77
78
76
—76
£ 75
=74 £
=74
72
73
70 o - —
1 1.5 2 25 | 84, 35 4 4.5 5 T 10 15 20 25 20 a5
par Voltage conversion ratio N
(a) Dickson Star topology with parasitic reduction at (b) Evolution of the converter efficiency with rising
VCR=11, fsww = 10MHz, V;,, = 41.7V, Vo = voltage conversion ratio, fs,y = 10MHz, apq, =
3-3V, Pf_}uﬂ - 40mw, Cﬂof, - Q-QRF 3%3 Vout - 25Va PG'U..E — QDI'HW, CEOL/“/;.'H. —

1.94nF'/19V for N=5 to 2.86nF/100.5V for N=35
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Inclusion of practical C;, voltage rating

= —

= Variable VCR; V
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Inclusion of practical C;, voltage rating

= Variable VCR; V =20mW

out

out

=1.8,y=0.88, f,,=15MHz, P
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Inclusion of practical C;, voltage rating

- —

= Variable VCR; V, =18, y=0.88, f,,=15MHz, P ,,=20mW
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High VCR topology conclusion

= M., highly volatile over investigated topologies

— Dickson Star clearly differentiates and outperforms
= Highest possible capacitance utilization}

Decreasing n drop

= Lowest possible M, metric (converges!) with increasing VCR

= Good match for CMOS implementation

= Embedded D* Cascade not better than D*

— Even though it is a single stage conversion
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Conclusions

= High VCR Monolithic integration
— 0, and Ve o cwing NAVE large impact on solution
space

— Dickson Star topology very promising:
= Converging f,.

= Converging M,

— Large component count no issue
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Thank you!

QUESTIONS?
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