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Lecture Overview

» Background and context: Low power systems

> Power management — circuit requirements
> Other DC-DC power converter types

» Switched capacitor power converters
> Charge transfer
> Charge pump topologies
» Loss mechanisms in SC power converters
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Energy Harvesting Systems

System-Level
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» Power conditioning optimizes power harvesting
» Harvested energy is stored as usable voltage
> Power management optimizes power consumption
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Power Management Algorithms

Dynamic power management, DPM

» Go to standby when possible

» Good for burst operation (e.g. RF TX)
Dynamic voltage/frequency scaling, DVFS

> Lower operating frequency during non-maximal processor
load — saves power

> Lower supply voltage with frequency — saves energy
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Power Management Algorithms
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DC-DC Power Converters

» Circuit Level Power Management
» Regulate DC-input to reference voltage

> Reference can be higher or lower
» Same or reverse polarity

Feed-back controller

»

> Efficiency!
» Varying line and output conditions
>

Variable or multiple output levels (DVFS)
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Efficiency

» Most critical metric for power converters
» Loss mechanisms for SC power converters introduced later
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Line Regulation

» Ability to maintaining desired V,,;, when Vj, fluctuates
» Essential for energy harvesting systems

AVoy mV
Ay 5]

lout=const

Line Regulation = (
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Load Regulation

AV,
Load Regulation = ( AI"‘;’) [—
out | Vi,=const

> Vot typically decreases as Iy, increases
» Ability to maintain constant V,,; with varying load conditions
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Reference Tracking Speed

AT S
AVout) [V]

lout=const

Reference Tracking Speed = (

» How fast variable output tracks to new V¢
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Other desired properties

» Monolithic solution
» Small die area

> Reconfigurability
> Noise
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DC-DC Converter Types
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Linear regulators and LDOs

,Voul A _Voul
3 Resr 3 Resr
[ Iout coul P Iout Coul
» Error amplifier + item Pass transistor as VCVS
» No switching noise
» Only step-down output
» ndrops as Vyy; increases
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Switch Mode

vvyyy

Good efficiency (> 90%)

Buck and Boost possible L Vout
o—p— "N —o

Duty-cycle PWM feedback S J\
cout

Energy stored on the Vin S,
inductor released at different
voltage

Variable output possible but
difficult

Iout

I—o
—I—
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Switched Capacitor

> Charge pump

> Feedback controller o°
Vout=2vin
» Monolithic solutions > ——g.
. \ G
> Variable V,; with Vi ol Con

I lout

reconfigurability

> Highly efficient at these
discrete voltages

.||_o
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Charge Pump Topologies
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Charge Transfer

» Basic mechanism of charge pumps
> Based on conservation of charge

Charge Conservation
Quot = C1 Vi + Co Vo

Viinal =
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Charge Pump Startup

(a) S, S, Vo
o o o o—9 o
@, l
vm C1

> Voltage replicator configuration

“lnnnno.

» Charge transfer doesn’t match Vs to Vj, instantly
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Voltage Inverter

kn Icpa Sz
D4 [0}

Vin Ce Cout
@, D,

(a)

» (Cy discharges with I,y during phase 2
» Equal recharge in steady state

» Average I, = average loy

» Conversion gain, CG = Vyyi/ Vip = —1
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Voltage Inverter AV

(a)

Iin S Icp g S:
(o @,
Vin Ce Cout
@, [0}
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AV measures output swing during one cycle
lcout changes from — I, to Io,; between the phases

Vout changes also due to discharge

AV = 2oyt % ESRcout + 5224

>

>

» Step change in V,,; equal to 2/, ESRcout
>

> 2fsCout
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Voltage Doubler
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» Cp charged to Vi, during phase 1
» Vout = Vin + Vp during phase 2
> CG= 2, Iin ave — 2Iout

> AV =2l x ESRcout + zfscour
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Step-Down Charge Pump
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» Caps in series during charge, parallel during discharge
» CG=1/2, linae =1/2lout

» Charge delivered to output during both phases

» AV significantly improved

»

AV = Sl
2fsCout
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Losses in SC Power Converters
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Redistribution Loss

» Energy lost when capacitors at different voltages are
connected together

Ve CiVi+ G\
final C1 + CQ

1 1 1
Eloss = §C1 V2 4 502 VZ— 5(01 + Co) Vi
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Redistribution Loss in Voltage Doubler

(a)

> When caps are connected,

Vout= Voun

top plate of Cp, is at 2V, Vﬁ?

> Ve, ut is lower: it has been = =
discharged by /oyt ORI

> Charge distribution every

cycle!

._r._'J.
v [—

>V, before and after redistribution, Vo 1 and Vouee
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RﬁgiLstribution Loss in Voltage Doubler

Cp Vin + Cout Vout1 = Cp( Vout2 - V/n) + Cout Vout2
Discharging with l,::

Cout(voutZ - Vout1) = Iout Ts

Leads to:

/
Vout2 =2 Vm o

Iout /out
Vourt = 2Vip — —
out1 in Cp fs Cout fs

1
P loss — éfs[cp V/% + Coutv outlt — Cp( Vout2 - Vout1 )2 Cout Vgutz]
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Conduction Loss

» Switches have Ry,

nT+DT
PIOSS Z ESRCP + Z Hon)fs/ Idt

» Is minimized with larger W transistors
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Switching Loss

> Energy is required to charge switch transistor parasitic
capacitances

» Cgs dominates and is set by dimensions

Ploss,CGs =T Z CGS,/ Vés,i = fsCox Z WiL; Vésﬂ'
i i
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Conduction and Switching Loss Optimization

» Larger devices (smaller R,,) have larger Cgs

> Different optimal width for each switch

> Defined 4 = 0

> Wqp is affected by path configuration, input and output
voltages, lo,: and fg
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Reversion Loss

Vout
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Conclusion

» DVFS requires multiple output voltage levels

» SC solution have advantages over linear regulators and
switched mode power converters
» SC power converters use charge pumps based on charge
transfer
> Introductory charge pump topologies covered
» Loss mechanisms

> Redistribution
» Conduction
> Switching

» Reversion
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Homework

» Shortly explain the operation of the cross coupled voltage
doubler. What are its main benefits?

» Shortly explain what can be done to mitigate reversion power
loss in the cross coupled voltage doubler.
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