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Compact Electronic Devices

www.ifixit.com

e Small volume: high current density.
e High efficiency: prolong the usage time.
e Large voltage conversion ratio (VCR): 3-4.2V to sub-1V.
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Conventional Buck

Vin
Vx A
Si :';\ L Vin
Vour
e §—TT—MA—s -
L Rocr I A
Sz Oo\ Coutr —— lout our

e Pros: Wide VCR range, easy to implement.
e Cons: Large A/, high DCR loss, narrow duty ratio at high VCR.

ICAC 2022 5 of 40



Flying Capacitor Multilevel Converter

Cr1

4L FCML

x A

113Vin

L A

lout

v Wide VCR range. x High DCR loss.
vSmall Al x Flying cap. balancing
v Extended duty ratio. ISsue.
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Hybrid Converter with Reduced [,
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Hybrid Converter with Reduced [,
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Hybrid Converter with Reduced [,
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v'Reduced /|, low DCR loss.

v Cr automatic balance.
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Hybrid Converter with Reduced [,
Always-Dual-Path (ADP) hybrid converter.
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J.-Y. Ko et. al., VLSI 2021

v'Reduced /, low DCR loss.
v Cr automatic balance.
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Outline

m Proposed CPL-Buck Converter with Reduced Inductor Current
e Topology and Working Principle
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Proposed CPL-Buck Converter
Vin o§c1> ‘£F1 o§3c V.F3 os)c ® ® Vour
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e [ at the output side for large VCR regulation.
e C., in-series with L reduces inductor switching node (V,) voltage.
e SC in-parallel with L (CPL) reduces |, .
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Working Principle: Sub-1/3X Mode
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Working Principle: Sub-1/3X Mode
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Working Principle: Sub-1/3X Mode

S1 vy Vs _>I1
Vin _—3‘272 T =Tt Vour Vin-2Vour
R R B &
+1 Fl== Vcr2 T
1l ¢ lout
b1  Vep == lCF1 a _84_ ,' — 0 OUT___ 1
0-DT —|, -||—c-o—‘a/ :
Fa | |
o_ L == out
Ver 100" lout/(1+2D)
Ve by osii Vks o Vour | = lour
] e " 142D
l |
| — | T
+ Cro = Ver I D
() Vep1 == ' F1 N Cour| Tour ouT — —V/N
2 f \__Se__.| 1l 1 1+2D
- OO ®
DT-T 0 Vrs [ 1
I I S —(—— )2, R
1o ‘7FZ cono_t = 3" "5/ Tour ocR

ICAC 2022

0

DT

T (14D)T 2T (2+D)T 3T

>
t

15 of 40



Working Principle: Sub-1/2X Mode
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Working Principle: Sub-1/2X Mode
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Working Principle: Sub-1/2X Mode
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Power Stage Transfer Function

HE 2DL
V R, (1+2D)’
Sub-1/3X Mod T(s) = N : 0 2. .
. ode (5) V_(1+2D)’ 1+SL/RO+RL(CO+4CF1+CF2)+S2 (C, +4C,, +C,,)L
(1+2D)’  (1+2D)’
{eieo
I14s .
Sub-1/2X Mode  T(s) ~ — 2 | R+ D) ) ‘
Vm(1+D)2 1+SL/RO+RL(CO+CF1+CF2)_I_S2 (CO+CF1+CF2)L
(1+ D)’ (1+ D)’

Left-half-plane (LHP) zero.
The flying capacitors, as well as the duty cycle D, have effect on the complex pole

frequency.
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Inductor Conduction Loss Reduction
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e For VCR=0.3, / is reduced to 0.4/51, normalized Po\p | is reduced to 0.16.
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Total Conduction Loss Reduction

129 - iSub5-1l3X Mode5

Sub-1/2K Mode

Normalized total conduction loss

i R h~ / e Assume the on-resistance of S,,
§ S, and S, are Ry, R, and Rs
SRR R.=R,=Rqy, R;=0.5Rgy, R:=NRgy-

=
o)

PCOND CPLIPCOND CB

T R ® Pconp_cpL Can be maximumly
02 4t 0.21... : reduced to 59%, 48%, 35% and
{  TaeetVCR o Retorn|  27% with N=1,2, 5 and 10,

0.0 0.1 0.2 0.3 0.4 0.5 respectively.
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Inductor Current Ripple

0.30 E
0254 s 2iPhas Inductor Current Ripple Expression
>£r":l 0204 oS- hace M ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, V/N
— 020 3-level buck converter | Al, = E'MU—ZM)
JTLLALTs S A R | 2-phase Al, = ﬁ.z/\m_z/\/j)
ADP hybrid mode fL
0.10 4 =2 converter | 3-phase Al, = Vi -M1'5_3M
. 05_ SNy 4 mode fL 1-M
B Sub 1/3X Mode 9 M sub-1/3X N V., (1-3M)
: *B d on th fecti t hing fr =—"-
0.00 as_e on e sam? e ec_ ive SWI c |ng requency This work mode L fl 1—2M
0.0 0.1 0.2 0.3 0.4 0.5 sub-1/2X V., (1-2M)
VCR Al =
mode L. 1-M

e Much better than the ADP converter.
e Comparable with 3-level buck converter.
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Vout Drop Due to Resistance
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(1+2D)*(1-D)

Ceerm Verr |1 T Jour Vg4 and Vg, are larger than 2V, and
W% = =  Voum respectively. Vo1 is smaller than



Vout Drop Due to Resistance
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Simulated V1 drop with R,=R, =80 mQ,

R,=40 mQ and R;=20 mQ.
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Vout Drop Due to Resistance
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D o .
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Simulated V1 drop with R,=R, =80 mQ,
R,=40 mQ and R,=20 mQ. e Mode switches based on D.
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Outline

m Circuit Implementation
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Schematic of the CPL-Buck Converter
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ICAC 2022

e S,: Stacking two 2.5V
PMOS transistors.

e S, and S;: Stacking one
2.5V and one 1V NMOS
transistors.

e clk 40 and clk_80 with
duty ratios of 40% and
80% for mode selection.
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Internal Power Rails

VReF1

Analog
Blocks

ICAC 2022

e PLDO: V| to 2.4V, for
analog blocks.

e 1/2X SC: V| to Vg-=1/2V|\,
for S, driving, no need for
bootstrap capacitor.

e NLDO: V. to 1V, for digital

block and S, and S, driving.
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Ramp Generator with Specific Duty Ratio
VD:)/m JVDD
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o V\5x=0.2Vp and V|, =0.4Vy, so D of clk_20 and clk_40 is 20% and 40%.
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Ramp Generator with Specific Duty Ratio
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clk |
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o V\5x=0.2Vp and V|, =0.4Vy, so D of clk_20 and clk_40 is 20% and 40%.

—
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Outline

B Measurement Results
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Chip Micrograph and PCB

e 65 nm CMQOS process.
e Die area: 2.72 mm?.

e C-, and C,: 4.7 uF, soldered
on-die, 1.0x0.5x0.5 mm3.

eL:470 nH, 1.6x0.8x0.8 mm3.

e Cor 10 pF, 1.6x0.8x0.8 mm?3.

e \WWorking frequency: 2 MHz.

% S 1.7mm
8 ¥ i |
D El JSs [ ]S5
=l
g 5 LDO
| Therestare o~ .. &SC
8 bootstrap cap.
% r ‘ Se
= EEET ]
[ Sz i .
O _
W(H g AHHHHAHHHHEH M
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Measured Steady State Waveforms

Vin=4.2V, Vour=1V, lout=1.2A,Sub-1/3X Mode
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Load Transient and Reference Tracking

1.2A
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Measured Efficiency

95 - 3 95 . 92.9% /32X 95 92.7% Sub 1/3X mode
90.3%  Sub-1/3X mode , =a—y o Sub-/3X mode N
90 - ‘ 1/ : 904 S
| REY 2 ===
s = ( = )Sub 1/2X mode
580 pq LB e ey o s o
é?s- %75
70 4 70
65 - 65 ‘;
60 60 . . . S S S S .
. 0.0 0.2 0.4 0.6 0.8 1.0 1.2
l"OUT(A)

e Sub-1/3X mode shows higher efficiency than sub-1/2X mode.
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Efficiency and Current Density
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Performance Summary and Comparison

[1] ISSCC [4] ISSCC :
2017 [2] CICC 2020 | [3] JSSC 2020 2021 [7] VLSI 2021 This Work
Technology 65 nm 180nm 180nm 180nm 180nm 65nm
Hybrid Dickson Hybrid
Topology SC 5-level FCML SMML Cascaded SC ADP CPL-Buck
Input Voltage 3-4.5V 5.5V 3-5V 4-6V 3.4-4.5V 3-4.2V
Output Voltage 0.3-1V 0.4-1.2V 0.3-1.2V 0.4-1.2V 0.3-1.7V 0.6-1V
Output Current 1.53A 1.4A 2.5A 1A 1.6A 1.2A
Switching Frequency 0.2-5MHz N.A. SMHz N.A. TMHz 2MHz
Inductor 180nH 240nH 220nH 240nH 4.7uH 470nH
Inductor Size 4mm? 2x1.6mm? omm2 2x1.6mm2 4mm? 1.6%0.8%0.8mm?3
Flying Cap. 3x22uF 3x4.7uF 4x1uF 21);%5'5 2x10uF 2x4.TuF
Output Cap. 22UF 10uF 1uF 14.1uF 10uF 10uF
90 @0.81V, 920 @1.0V, 89 @1.0V, 95.1 @1.1V, 86.5 @1.1V 929 @ 0.8V, @
[ Peak Eff. @Vout, @VCR @0.193 @0.182 @0.222 @0.220 @0.244 0.267
Total Area 9.56mm? 12.8mm? 10.5mm? 11.0mm2 9.08mm? 4.0mm?
Current Density 0.16 A/mm? 0.11 A/mm? 0.24 A/mm? 0.09 A/mm? 0.18 A/mm? 0.30 A/mm?
Inductor Current Reduction NO NO NO NO YES YES
ICAC 2022
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Outline

m Conclusions
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Conclusions

m Reduces V, swing by an in-series C,, reduces /| by an in-parallel SC.
m A larger VCR range compared with the inductor-input topologies.

m Good performances in /, reduction and small A/, .

m Analyzed the V; drop due to the DCR and switch on-resistances.

m Obtained 92.9% peak efficiency, 0.3 A/mm? current density, using a
1.6x0.8x0.8 mm? inductor.

ICAC 2022 39 of 40



Thank You for Your Attention !

Guigang CAI
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