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Powering the
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Power Management with Energy Harvesting Sources

[ Wireless Energy
Harvesters

=z 2H

N

100's mV

» Wide Input Range

» Switched-Capacitor (SC) for

Power Conversion
v Full integration

v' Fine-grained VCR (FVCR)

v High efficiency

v' High power density
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Conduction/Parasitic Loss in SC Power Stage

» Conduction loss: Slow switching (Rgg,) ("1} Quar Quar?
Charge sharing loss: Energy loss occurs — “= @=  Esee =500 0
when there is charge transferred between —g E
two capacitors. Vin

> d I h ( ) RSW Qtran Q
Conduction loss: Fast switching (R tran®

FsL c,-£— o ¥ Eige= coth(ZRSWC”)

Switch on-impedance loss: Finite settling

effect during Q,,, sharing. Vin
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Conduction/Parasitic Loss in SC Power Stage

» Total conduction loss

A .
Rout Rss. dominate Real trend curve » Royr = \/ RSSL2 + RFSLZ

Rrs. dominate

<
-
-
e
-
o

| fs
> Parasitic loss % T i
Due to charging and discharging the Ci_l_ Eis.par = BCiAVcs?
bottom-plate parasitic capacitance SC,, o T %
where B depends on the choice of capacitor. 3 BCi
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Fully Integrated FVCR SC Converter Comparison

Topology | __ Series-Parallel m

V Vin
IN C c )

a= 0) a3-0)

Vour — L d T C7= _______________________ [ 21 ]_/ [ 2:1 ]_/ [ 2:1 ]XQUT
G G [CAE C==0, C. . Cs

CoF G5 Vour -+ T -
Cs1 CsT CoT C3—|— a1_1J a2=1/ a=1/
Vv
SS > o, Vss > ) i iR il
. m + 11 1 X n
VCR—m+n,{m,nEZ } VCR:{E'g""'n—-I—l} VCR=ﬁ,{X=1,3,...,2 — 1}
VCR . .
Flexibility High Low Medium
Conduction VCR dependent Optimal Optimal
Loss
Parasitic Large Optimal Large
Loss J P J
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Fully Integrated FVCR SC Converter in bulk CMOS

A
N\
95 ISSCC'16 (79)_
| \\
S N
= 85" |95CCu5 /SSCC14(15) # (45K
2 | SSCC16(1T) ¢ o
| ey | N
75l ASSCCtS JSSC'15(4)3
¢ N
(117)® (2) @)
| ¢(6) SP Topology e
65LC = Limifed performance | (Num er.o in rlac et)>
10°  10% 10" 100 0" 10* 0]

Power density (mW/mm?)

IEEE SSCS Swiss Chapter DL - MKLaw

Page



Fully Integrated FVCR SC Converter in bulk CMOS

A
N\
95 ISSCC'16 (79)‘0\
— i h N \
2 a5l SSCC'14(15) '( 43)\ D|ckspn Topolqu
= * Optimal parasitic loss
—

\ 17)e¢ O

i SCC'16(17) S e Limited realizable VCRs
_ : JSSC'15

75 n N\

(Number of VCR in bracket )

65_ | I I | | | >

10° 107 10" 10 10° 10°

Power density (mW/mm?)
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Fully Integrated FVCR SC Converter in bulk CMOS

A Binary Topology
* High nes, low p-density (STmW/mm?)
* MIM/MOM C;, for low parasitic

(Number of VCR in bracket )

65_ | I I | | | >

10° 107 10" 10 10° 10°

Power density (mW/mm?)

IEEE SSCS Swiss Chapter DL - MKLaw Page 10



Fully Integrated FVCR SC Converter in bulk CMOS

A Resolve the limitations:

* Full integration * Flexible VCR
* Reduced parasitic loss ¢ Optimal Rgq,
* High power density

SCV
‘ Dickson Topology @

79[
(117)e 2)¢
- (117)94 )
SP Topology @ (Number of VCR in bracket )
65— 3 | 2 | | | 2 | 3 |
IR A T T A

Power density (mW/mm?)
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Outline
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« Algebraic Series-Parallel (ASP)-based Boost Topology

 Algorithmic Voltage-Feed-In (AVFI) Buck/Boost Topology

e Summary
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Conventional FVCR SC SP Boost Converter

Inte[g)j.erk VCR=2 Cascaded VCR=2.5

(Dickson) Fractional VCR=0.5 ( Vour T )

(V) (series-parallel) (5/2 Vin) C1

Cr= r A Com= Cy==

V 1 Vin V T T
(l;I -+ C3% 12 Vi ﬁ INC1 T C3f

VssI _ VC2I Coz Co== Vss T Co==

. P 9y L o ® ) L ? ®; )

» Cascaded Integer + Fractional Topology
v Intuitive implementation
v" High flexibility with separate SC stages (e.g. Dickson + Series Parallel)
v Wide VCR generation for V,, adaptation
x VVCR Flexibility vs. conduction loss (Rgg, )
x High parasitic loss
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Conventional SP Topology

| I

! Qour n columns I

I n 'd N\ I

V m ' —= — I
VIN n I VIN ‘_/_ (n - i).VIN I
: V Ve,02,i = n [

| SS |

' I

: n columns :

= =] —'\"\ _____ Vour :
\\\\\ o, c,::T% CZ::T%... Cn::TQnLur :

= ] |

I Vin C%D Veg,01=Vin I

Y :

» Parallel discharge (n branches) + Series charge (1 branch) with n capacitors

111

» Limited VCR generation: VCR = 1505 .}

s 2
» High bottom-plate parasitic loss: E,, ;- « Z(AVCBJ)Z =L (l VIN)

n
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Conventional 2DSP Topology
Vour = (K + M/p)Vin

Vour

(/o) Vin

m rows
X

n columns

Vss

(K-1)VIN¢

FLS

¢

L

”’H_/""i
C11=‘= C127U. ..

C1n

=Y P
)\ A
I I I

/—o’o—

%

_Fo’o—

Viv @

O,

Vss

Qour n columns
I{ A N\
Ci= Co== - Cin=
Qour T .
| LS : rows
71:'_ Cm2—— e mn——
|/ '
n columns
(K-1)VIN(JDT Qour
L
Ci11 Co== Cin
B
Qurft  Qourf: Qourf & } m
n _L n _L n
Crn1— Cm2=— Con=—~
VINCP

» Fine-grained VCR using an mxn capacitor matrix

» High VCR flexibility as the capacitor matrix increases
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Limitations of 2DSP

» Under the area-constrained condition: Qour n columns
n,- '
Optimal Rgg, EXpression Q. ; /
_ ¥l Ci== C12_—|:_ 2R Cin=
Vour m Aei = Qour m
VCR = - =K+ — Qout @1 n : rOWS
n +—
IN 2 2 TF‘Z o — R mn_:‘l—_
e )L (K sm ) b C/
SSL,opt— =
A Cror/fs Cror/fs n Vss
n columns
: V. s -
2DSP Rgq, Exprlessmn out KAV @] Qour
Rss12psp = (m+ K — 1)* C. == C.,== c
) C 11 12 1n
rorfs oD, QourT_!_ QOUTTT . QOUTTT m
n * n * n _L TOWS
— RSSL,ZDSP > RSSL,Opt except for m=1 Cm1:|: CmZ:I: Cron——

» Also, large parasitic loss still unresolved Vss

[M. D. Seeman, TPEL'08]
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ASP VCR Elaboration
B 2DSP-Based Topology (m Xn)

V
Vour = Vin + (’m X %) + (K =DV

Fractional Integer
V
ouT @ (K-1)Vin g:
n+mvl J_ J_ n
f C11——T .o TC1n +
2 Vi
Cm1 J-T D00 J-Tcmn —
—r T
Ci1 ——l ——lCm1
' +
C1n J-i J-lCmn %VIN

Vss —l—
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ASP VCR Elaboration
B 2DSP-Based Topology (mXn) ™ Proposed ASP VCR Elaboration (2n-2)

Vin
Vour = Vin + (m X —> + (K —DViy VCR = Vour _ K+
n Vin n
Fractional Integer -
Vour ¢ (K.1)VIN g: nVOUT = (Kn + m)VIN
ntm
Vi
f C11=T=T -LT Cm |t
2 Vi
Cm1 J-T oo J-Tcmn —_
P
C11 ——i ——lCm1
' +
C1n J-i J-lCmnl %VIN
Vss -
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ASP VCR Elaboration
B 2DSP-Based Topology (mXn) ™ Proposed ASP VCR Elaboration (2n-2)

Vin
Vour = Vin + (m X —> + (K —DViy VCR = Vour _ K+
n Vin n
Fractional Integer N
\+/OUT @ Ked) Vi g: nVoyr = (Kn + m)V;y
ntm -
n C11=T=T -LTCm A"'
: Vour = (Kn+m)Viy — (n — D)Vpyr
. 2 Vi
Cm1 J-T oo J-Tcmn —
o
C11 ——i ——lCm1
' +
C1n J-i J-lCmnl %VIN
Voot v -
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ASP VCR Elaboration

B 2DSP-Based Topology (mXn) ™ Proposed ASP VCR Elaboration (2n-2)

Vin
Vour =Vin + (m X T) + (K — DV VCR = JoUT _ e T
VIN n
Fractional Integer -
\+/OUT @ Ked) Vi g: nVour = (Kn+m)Vy
ntm -
f Vi C11=T=T--- -LTCm \+
- Vour = (Kn+ m)Viy — (n — D)Vpyr
. —Vin
. n .
—_ —_
Cm1 T"' Tcmn —
Vin E E . Vour = KViy +
Cs1 __l ——lCm1 (Tl —m — 1)(K — 1)VIN +

mKVIN +
(n—1) (VIN - VOUT)

L, L *4
Cn Cmn —V
Ves 1 —l—l l n VIN

- Number of unit capacitors - Sustained voltage
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ASP Operation

B Proposed Implementation for the VCR Expression

Vour =KVin+(n—m—-1)(K - 1DV;y + mKV;y + (n — 1) (Viy — Vour)

Phase 2 Phase 1 Phase 1 Phase 1
Algebraic series-parallel stage
4 aciasp=1/n
o — ¢ Qour
= — - Q i =
( Total number of ASP cells, N asp = (2n - 2) \ Vour= KV + SV o, T |Qc,| o
Vour ? ? ? s gy
KV * ® .
:IN Cﬂ_ Cz(nﬂ_
y " —— Cziv1)
(K-1)Vin * ? C C T T == —
d, ovml Cy1|t Cyu _— = == =
cdowed T T i A
Vin o .
. N ~—
y ~ -
Vss $ $ $ $ ~
Vex = (K= 1)V Vey = KViv Ve: = Vin =Vour Nc asp :(Zn -2

.
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Integer Level Generation in ASP

Algebraic series-parallel stage
4 aciasp=1/n S%ecifit(:: cje_ll t\}//g;e? (&either;un{t” o, Qour )
- _ x Or Cy) IS epen e‘rz . Q 1=
Total number of ASP cells, Nc asp=(2n-2) \ Vour= KV + Ve 1~ — ®, T |Qc,il o
Vour — o
. _—ee e — | \ e ~
:m N Cal Corn // \ D
. e P s Cufiv1)
K-1)V + + — - ' ——
C o Jedlle | T il G| (=E Call | o
. / x1 :((.n:m-1) \ l l T zi l l
;T —_
/ A
.o \\ - o
VSS ,’ I w y >
\ 'l Vex = (K- 1)V \\ Vey = KVin Ve: = Vin =Vour Nc asp = (2n-2)
1

Dickson sta

ge examples: \

\ ]
\_ Generate (K-1)Vi for Cx(n-m-1) in @4

Generate (K-1)Viv for Cx1 in @
o - ) (¢ ; A
(K-1) VIN \ YDx1,1 Dx1,K-2 (K-1) VRI Dx(n-m-1),1 Dx(n-m-1),K-2
_______ iz N S . -
V TT V TT
IN lL IN lL
Vss—— Vss——
ac,ipks = 1/n ) \_ ac,i pks = 1/n ),
Page 22

For all Cy: total number of Cpx, Nc_pksx = (n—m-1)(K-2)
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Integer Level Generation in ASP

-

Algebraic series-parallel stage
aciasp=1/n Specific cell type (either “unit” o Qour )\
. - B CxorCy) is VCR dependent. — *1 Qcil =
Total number of ASP cells, Nc asp=(2n-2) \ Vour= KV + Ve 1~ — ®, T |Qc,il o
Vour — —
KV /\ e LN ~~ ’II \
:IN \/K Catl Can) / ; . N
. T — Cz(i+1)
(KAN—— P ‘\ === T =
S T = (N R e o | e
L Ot N T 1Jed] ]
/ \ \
Yn— \\ > L/
E ’I \ S . N~ _J
Vss ,' \\ N — -
L ’, Vex = (K- 1)Vin \‘ Ve, = KVin Ve, = Vv =Vour S Ne asp ;{(Zn -2
\
Dickson stage examples: | N
Generate (K-1)Viwfor Cxs in ®; > Generate (K-1)Vi for Cx(n.m.1) in ®1 “\_Generate KV for Cym in ®;
4 “ . . AN .~ @ . ) < . . )
(K-1 ) VIN \ YDx1,1 Dx1,K-2 (K- 1 ) VRI Dx(n-m-1),1 Dx(n-m-1),K-2 v;v Dym, 1 Dym,K-1
_______ N . . oy N
Viv —3—— T Viv — T - Viv — 1 T
I= I= I=
Vss——— Vss——— Vss——
\_ ac,i oks = 1/n J \_ ac,i oks = 1/n J \_ aci pks = 1/n J
For all Cy: total number of Cpx, Nc_pksx = (n—m-1)(K-2) For all Cy: Nc_pksy = m(K-1)

IEEE SSCS Swiss Chapter DL - MKLaw
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Integer Level Generation in ASP

-

Algebraic series-parallel stage
aciasp=1/n Specific cell type (either “unit” o Qour )\
.y - B Cxor Cy) is VCR dependent. ™~ ™1 Qcil =
Total number of ASP cells, Nc asp=(2n-2) \ Vour=KVin+ Ve 1o, —— ®, T |Qc,i| o
Vour — —
KV ) R II /—1\\ a (o)
:IN \/R Cz1 Cz{n-1) // \\ 3/ K\
. T )
K-1)V ) D \ o S / \ (__ \
(KA S I N N R s s T o=
: //C lc l Nt \ 4 T Car l T el l Contl] | |
Lol T el Vo
/ \ \ \
VlN L \ \\
: ” \\ N ~ - N~ L/ \
S \ T~ ~ - \
VSS | ) N N P \
. ', Vex = (K- 1)Vin \‘ Ve, = KViy Ve:=Vin-Vour '~ Ne asp ;{(2n -2 ) \
1 \
Dickson stage examples: | N |
Generate (K-1)Vifor Cys in ®; > Generate (K-1)Vi for Cx(n.m.1) in ®1 “\_Generate KV for Cym in @1 Generate KV for Czn-1) in ®;
g e C N (¢ C N C C N [ C | C )
(K- 1 ) Vin \ YDx1,1 Dx1,K-2 (K- 1 ) VRI Dx(n-m-1),1 Dx(n-m-1),K-2 Vin Dym, 1 Dym,K-1 KV Dz(n-1),1 | Dz(n-1),K-1
_______ A . . S s N E Sy N
Viv TT Viv TT . Viv TT Viv TT
l_L l_L l_L l_L
Ves—— Ves—— Ves—— Ves——
ac,i oks = 1/n J \_ aci pks = 1/n J \_ ac,i oks = 1/n J ac,i pks = 1/n J
FOI' a” Cy: NC_Dks,y = m(K— 1) FOI' Cz(n-1): NC_Dks,z = (K— 1)

IEEE SSCS Swiss Chapter DL - MKLaw
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Complete ASP Topology Implementation

Algebraic series-parallel stage

4 aciasp=1/n Specific cell type (either “unit” o Qo )
iy _ B CxorCy) is VCR dependent. ™ 1 Qcil = ur
( Total number of ASP cells, Nc asp=(2n-2) \ Vour=KVin+ Ve 1o, —— ®, T |Qc,i| o
VOUT t \ oo
KV Lo AR II /—1\\ 4 (o)
:IN \/K Cz1 Cz(n-1) // \\ g X N
: \ — 0 C: i+1)
K-1\V D D N B S / | (1] \
//Cx1 lcx(n-m-1)l N e \\ 4 T Cz1 l _T C;- l Cz(nIT \ N
e || l \ c-
\
ViN— \
:IN ” \\ N } ] L
Vss ,' \\ o~ - — - \\
- - - =] Y
9 ,, Vex (K 1) Viv \\ VCy KVIN Ve: = Vin =Vour \ NC?ASP - (2" _ 2) ) \\\

Dickson, stage examples:

Generate (K-1)Viv for Cx1 in @

|
\

AN
AN

For all Cy: total number of Cpyx, Nc_pksx = (n—m-1)(K-2)
IEEE SSCS Swiss Chapter DL - MKLaw

AN
\. Generate (K-1)Viw for Cyn.m-1) in @1 "\ Generate KV for Cym in @1

|

No. of ASP cells:

N¢_asp = 2n — 2

No. of integer cells:

int=Kn-2n+ m + 1

. Total no. of cells:
NC—total — KTl + m — 1

‘ -
Generate KV for Czn.1) in @2

4 | N
KV Cozn-1)1 | Cozn-t)k-1
______ sl
- T
L
Vin l _LT
Vss——
- ac,ipks = 1/n )

e e . Y (¢ . N < A
(K- 1 ) VIN \ YDx1,1 Dx1,K-2 (K- 1 ) VRI Dx(n-m-1),1 Dx(n-m-1),K-2 v;v CDym,1 CDym, K-1
——————— - e T B e T S
. .= . |=
.__f___l_z_z — .__f___lf_z — ___f__£=_=___
Vss lT Vss lT Vss lT
\_ ac,i ks = 1/n J \_ ac,i ks = 1/n J \_ ac,i ks = 1/n J

For all C,: Nc_oksy = m(K- 1)

For Cyn-1): Nc_pks,. = (K- 1)
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Complete ASP Topology Implementation

Algebraic series-parallel stage

Dickson, stage examples:

Generate (K-1)Viv for Cx1 in @
|

g )
(K-1)Vin \ Cox,1 Cox1x-2
——————— f\i
|
_______ Tl
L
Vin l _LT
Vss T
- ac,i pks = 1/n )

\
\_ Generate (K-1)Vi for Cx(n-m-1) in @4

AN
AN

AN
“\_Generate KVi for Cym in @1

Generate KV for Czn.1) in @2

e sscebalLox otalnyupbern of Cax Ne_oksx = (n-m - 1)(K - 2)

4 aciasp=1/n Specific cell type (either “unit” o Qour )
o _ CxorCy) is VCR dependent. — W1 1=
Total number of ASP cells, N asp = (2n - 2) 7 K [Qc,i| = _
Vour . X ASP | Vour = KV + 2V¢i I\ \\\ . T/ No. Of ASP Ce”S.
Y T Ne_asp = 2n — 2
KV J fo—— (o) _ n
:IN = Cat| Copy)| / \ . \JK\ C-ASP
° \ [ I Y J— 2(i+ . .
(K1) 1/\ + R === / L ' No. of integer cells:
. ., m Cy |t C, —_—\ = —
/ l x(nm1) I _I \\\ ’ T 1l <T C,i l l CZ("")l N NC—iTlt =Kn-2n+m + 1
/ T \ \
L A \
\2'" ’,' y S — - ] . Total no. of cells:
Vss— - RN — \ N =Kn+m-—1
I = _ 2 c-total
S ! Vex = (K- 1)V \ Vey = KViv Ve: = Vin =Vour N ase ;{(Zn -2 ) \

For all Cy: Nc_pksy = m(K-1)

For Cyn-1): Nc_pks.. = (K- 1)

— N < N ; N
(K- 1)VR: Coxn-m1),1 Coxn-m-1)k-2 KV;V Coym,1 Coym,k-1 KVin Cozn-1)1 | Cbzin-1)k-1 R SSLASP = R SSLopt ,
_______ N _______,/_x_ﬂ:_ I N _ 1 (Kn +m — 1)
. .. T . T Crorfs n
'——_‘[—f ————— B ---_ﬁ---- —— -——_ﬁ———- -—— | ASP topology
Vin Vin 4 Vi — - attains optimal Rgg,
I ES I
Vss Vss Vss
\_ aci pks = 1/n J \_ ac,i oks = 1/n J ac,i pks = 1/n J
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ASP Topology Design Framework

(K-p1)Vn Vv (K-p3)Vin Vv (K-pne1)Vin -+ Vin

©)

c/i== C,=— C;==

Q)
a:d Czﬂ C3:|:J o

@Vour Vis V2ss Vgs Vigs ViNe-1)Bs KVINg
Vss )

Vss

p; = {0,1} is a design parameter Ng =2n —2

Capacitor voltage balance:
(K —p)Vin + Wiy = Vour) + (K —p3)Viy + Viy — Vour)
+ ot (K — pr—l)VIN + (Vin — Vour) = Vour — KVin

P, P,
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ASP Topology Design Framework

m/n

(K-p)Vn Vi (K-p3)Vn ~ Viv (K-pnet)Vin-— Vin : N ‘
CJ') Ng/2
T Np—2X.F _

Ci== C.=—= C:=— Cni—= VCRASP — our =K+ F k=1 P2k-1

Vin Np + 2
Vour Vour

Vss

o) o/ oF/ o | M=oz
®Vour Viss Vass Vias Vias Vivrss Kleg C.o2p; = n—m — 1 with optimal Rgg,

Vss ()]
p; = {0,1} is a design parameter Ng =2n —2

However, there can be different
options for the result of p,, p; ps .

Capacitor voltage balance: ]

(K —p)Vin + Vin = Vour) + (K — p3)Vin + (Vin — Vour)

» P, selection for parasitic loss
+ -+ (K — pr—l)VIN + (Vin — Vour) = Vour — KVin. reduction

P, ®,
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Determination of Parameter p

B Strategy: Limit Bottom-plate Switching Voltage |AV |

(K-p1)Vn  Viv (K-p3)Vn Vv

©)

Ci=— C.=—— C:=— Cs

Vourg Vourg

(K-pnet)Vin -~ Vin

CNF--

Vourg

Vss ¥

6/ o[ 6 o om0
Viness  KVin

@Vour Viss Vass Vigs Viss
Vss b,
Odd Even Odd Even
(\ = ( )
AVipei_1y + (— + ) Vinl, (i is odd
N CB(i—1) n Pi | Vin g
\|AVCB(1-_1) — Vinl, (i is even)

IEEE SSCS Swiss Chapter DL - MKLaw

(K —DViy < Voyr —Vin < KViy
Constraint condition: |AVeg;|l < Vin

¥

p;(i is odd)

( _ (i-1)/2

L (B0 Y

) 2 - P2k-1
(i-1)/2

i+ 1 m
0, > (1—;) <1+ Z D2k-1

L k=0

[Y. Jiang, JSSC’19]
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Loss Comparison

B ASP-based vs. 2DSP-based Topology (on conduction and parasitic Losses)

Parasitic Loss vs. VCR Parasitic Loss vs. VCR
Rss. vs. VCR (fixed Vi) (fixed Vour)
70 — 0.35 —
gof —9—ASP-based | = 13 X% E 0.3} %x —o— ASP-based
> WK s o0 3
—>— 2DSP-based S 4 95 X K x| = X —%— 2DSP-based
501 x xx | X X % X X < 0.25f
mg = X X x X )§<X = X
K A xX xX xX n X
§40 X XX X X § 1 v X X % %o § 0.2 o )g;x’§<
30 $1 & X oy S| 5015 o
§ x XX X X d:o = 0.75p X %oo% P § @,
= 20 o & X ®p ¢ 8 01F o 00 %
X XX x x_ we s 05F X Q¢ { S LN
i m«p £ X & —o— ASP-based £ 0.0 P WW ]
S —»— 2DSP-based =) 00 B
O_M.M . = 0.251 aped® . . . 1=, . . . .
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
VCR VCR VCR
v Rssi asp < Rssy opsp v" ASP-based ones achieve lower parasitic loss
(except for m = 1) in both fixed V, and V,,; cases.
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ASP-based Topology Example

L FE S IR —> p1357={010 1}

o,

KVin

(K-1)Vin

©)

C1=

C.

wb Tg Tcg wd

KV (K-1)Vin

Cs

RACARAE

b,

Vourd

Viss

Vass

ViNF.1)Bs VinF.1)Bs

e s T

Step 1

Targeted VCR:

57 —-K=1,m=2,n=5
9012 - K=2,m=2,n=5

IEEE SSCS Swiss Chapter DL - MKLaw

Step 3

i+1
2

i+ 1
2

Step 2 Determine p;
p;(iis odd)
No. of ASP cells: (
Ne=2n—-2 |=p L (
— 8 cells for ASP =)
o |
\

I

)(1-

(i-1)/2
m

1—_>>1+ Pok-1

n
(l 1)/2

— <1
n) + z P2k-1
k=0
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ASP-based Topology Example
—> Pusr= {0107}

(K-1)Vin

(K-1)Viy

)

Vigs VinF-1)Bs

VOUTQ Vigs
ASP-Based 5:7 (K= 1

( By reordering the cell sequence
C1 C: Cs Cs Cs Cs

Vss
AVCB_ 2 3 1 1 _f 2
5

VN_{g 5 5 5

IEEE SSCS Swiss Chapter DL - MKLaw

1
I
|
I
I
|
I
|

Notice: . !
With K =1, C; and C,in the framework

are simply eliminated.

Page 32



ASP-based Topology Example

N el SN/ —> Pp1357={0101}

KV Vin (K-1)Vin

©

¥
Vssg Vowg

Ci— C.—— C:—

3 4
Vssg Vomg

Vin

C——

KVin

C——

Vin

Cs =

5
Vssg VOUTg

(K-T)Vin

Vin

C:—=—

Vssg Vomg

Ce—

V3gs

Vs

VinF-1)Bs

VinF-1)Bs

o [o/ o/ o/ A/ oE )

b

VOUTQ Viss Vass
ASP-Based 5:7 (K= 1
( By reordering the cell sequence
Ci Cz C3 Cs C5 Cs

Vour

Vss
AV 2 3 1

Vvw '5 5 §

IEEE SSCS Swiss Chapter DL - MKLaw

ASP-Based 5:12 (K= 2

With K > 1, no cell should be eliminated.
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ASP-based Boost Converter Design Overview

-

0.6mm

Fully integrated in 65-nm bulk CMOS
using 1-V core devices

7 reconfigurable rational boost VCRs
(from 1:1.25 to 1:5)

V\: 0.25~1V, Vo 1 = 1V
Dual-branch interleaving architecture

Adaptive bootstrapping (ABS) switch
driving circuits

0.9mm

ED[]DDDDDDDvn

out/ Cin—

(<

UITHRTEN o (AT (T ot
1
cﬂy "“i“‘ OO0 W [LTTRTO0T (LT CERTDT T et |
o
(0°) ittt

Active area: 0.54mm?

Total Cy, ~3nF using
MIM+MOS capacitors

- UUUUL EIEI

............................................
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PR 7 PR 1B 1

180° Power cells

HEHH HEE
Vss Vour Vin Vss Vour Vin
S O 5
ABS Drivers ABS Drivers ABS Drivers :
|
State Logics State Logics State Logics| |
_S V' N V' N I
| CLK<1:4> CLK<1:4> CLK<1:4> CLK<1:4> |
|
4-phase NOV-CLK Gen HJ > CLK<1:4> |
e v v )
I &
Dvn<2:0> CLK, Voo
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Power Stage Reconfiguration Modes Summary

I Fractional Part Integer Part
B 7 Boost Topologies (ASP) Dareon
mic ¢ ¢ ¢ pa ¢ C | G ¢ 3 c: C C C  pm ¢t C C  Ci
mVIN Vin Vin Vin m Vin Viv | Vi Vin m Vin Vin Vin Vin m \J’I_N Vin Vin
L L L 1 L, L0l 1) L L L 1 L N
A A LA R A A MR A A R R A
Vss Vour Vour Vour Vss  Vour | Vss  Vour Vss  Vour Vss  Vour Vss Vour  Vss
Vour B Vour | Vour VJO_UT \js;s ViUT
L W L L W % W ?
0] 1) ) 1) 1) ¢ 4 o) 2) () 1) ) 1) Pii oy ==t 4 4 ok
| T/l T VT T T i
_______________________________________________ Vi W e
PElc ' ¢ ¢ ¢ EEe G C  C EEC G G G
Viv | Vv | Vi Vi Vss Vour | Vss  Vour! Vss Vss  Vour |
SO | R | R | RN L L L og L L.
Vss | Vss | Vss | Vss Vin Vin | Vin Vin | Vin Vin Vin
i VIT | VIT | \jczu” \j(:UTé \jI_N | \JIT \jI_N \J/T
B T R X A B B i T N NI e K R 1
M HH R | 2 T T 2 T T
Vv ;. VUn ; Vin ; Vi Vss Vss Vss Vss

.....................................................................................................................................................................
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Power Cell Implementation (C,)

C1 cell (0° branch) en ABS; |
Vin Vi Vour Vss

clkol— VDD
I [ Vss
Vool enVs,1so Vs, | j j VSS C Dyineos
| VG,o I F_ B VDD C|k1 80— _D
'gi _,§}'|§$80AB StV 1a] S1T1 S1m2 B> Nl Dymes— DVitet>
T3

cT\
&

|
|7/m
IN)

oo\
[ 1
S

Vs Vb * S1 Dvine2> L )
I | Ver
Vo qoger G Q& ( ABS; |
(180°) I S1B4 en 3
e Ve Dvin<2>
’ ! 150 0 - Dvin<o>
VDD S1B3 S1B1
Vb 1 clko —Dvin<t>
Vss A2_3_%_{ IE ABS; _| E :’2 C|k1aoL )
Dvin<z> VSS | - Dvin<2:0> =000~ 110 = VCR=4:5~1:5

» Signals from state logics and D,
» LV power switches
» Supports dual-branch operations

=
_| '%4_ Dynamic body biasing —

T
for P-/N-switch elesl Gel=l
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Working Principle of Adaptive Bootstrapping Driver

IO G (en=1, en=0)

0° Voo ON Vs

PowerBranchm I _|__$_|__ [
Ve,
>

oo
[72)

. l _!G,wol
180 T~

Power Branch *** Vb,180 OFF Vs.180

Vb,0 = Vs,0 = Vpass
Vb, 180 # Vs, 180
Min(Vb,1s0, Vs,180) = Vb1

IEEE SSCS Swiss Chapter DL - MKLaw

clkorso

-------------------------

: Vb 1+Vop i Vb L
[  J

Vpi180
=Vb1 i Pl

-------------------------

----------------------------------

-----

1_

E — Nz, Na,180
P
Nso| ¢ Voo
P1 0 T vpass ><vpass+vDD
PCor180
PCod/180d

i I_ Ve,180=Vh 1
E N5, 180
; N3,180 %1
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Working Principle of Adaptive Bootstrapping Driver

DEEL RS ENCE  (en=0, en=1)

0° ... Vpo OFF Vy
Power Branch I — [
Ve,
>
0
w
- l _!G,wol
0]
Power Branch Vb.1so OFF Vs.1s0
Vb0 # Vs,
Vb,180 # Vs, 150
c|k01180: PCodi1sod = 0
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Measured Conversion Efficiency over V

. RL=85Q 85 RL=100Q 85 RL =125Q 85 R =150Q
2:3 50| 2:3 4 80| 2:3 . 80 | 2:3
80t 12 r\4(5\ 1:2 r\(\ 12 (\<45\ 1:2 (\<45\
sy 5y 75} 75} ;
70t __10¢} 10} _ 0 .
S 65t ’s = 65 2:5 = 651 2 S e5¢f :
Ll ' Ll Ll Ll
© 60 O 60 © 60 © 60
o o o o
55 | 55 | 55 1 55 1
50| Vinrange 0.49 ~ 1V 50| Vinrange 0.47 ~ 1V 50 | Vinrange 0.44 ~ 1V 50 Vinrange 0.43 ~ 1V
45 - (90 457 =800 45 - 0 457 = 0
w0l Noeak = 80% ol Noeak = 80% w0l Noeak = 79.7% w0l Noeak = 79.7%
35 SO —— 35 _— 35 — 35 —
04 05 06 07 08 09 1 11 04 05 06 07 08 09 1 11 04 05 06 07 08 09 1 11 04 05 06 07 08 09 1 11
Vin (V) Vin (V) Vin (V) Vin (V)
8 R.=200Q o5 RL =250Q 85 RL =400Q &5 R. =800Q
80t 80 2:3 80 80

2:3 a5 L L

751 : ' 75| 4:5 75 23 . 75
1:2 - y 4:5
70t 35 70 2k 370 - 13 j/\//‘\ 70r 23 .
5¢ 5¢ 65 95 5¢
L L E)J L : 0F 1:2 :
0 0 ) © 60 :
55 55 55 } 55 1 £:5
/ v

S0 Vinrange 0.39 ~ 1V 50 ¢ Vinrange 0.35 ~ 1V 50 ¢ Vinrange 0.3 ~ 1V S0 ¢ i range 0.25 ~ 1V

45+ 45+ 45+ 45+
=77.99 =76.8% =73.99 = 66.59
a0l MNpeak %o w0l MNpeak %o 1 MNpeak %o w0l Npeak Yo
3 L Bl 3B
03 04 05 06 07 08 09 1 1.1 03 04 05 06 07 08 09 1 11 03 04 05 06 07 08 09 1 11 02 03 04 05 06 07 08 09 1 11
Vin (V) Vin (V) Vin (V) Vin (V)

» Peak efficiency of 80% at 2:3 is attained in heavy load cases with V5 = 1V
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Converter Operating Frequency and Output Waveform

70
60
50

NAQf
< 30}

w2

20+
10|

> V,y vs. f, at different R_ and VCR with Vg, = 1V

0 I I I I 1
03 04 05 0.6 0.7 0.8 0.9 1

2:5 4:5 RL=85Q

\2:3

SN

04 05 06 07 08 09 1
Vi (V)

1.1

=250Q

\\\K

Vin (V)
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1.1

0.2 03 04 05 0.6 07 08 09 1

2:5

RL=125Q
4:5

2:3

|
.

04 05 06 07 08 09 1

1.1
Vin (V)

2:5

RL = 800Q

LR

Vin (V)

1.1

1.15V

1.10V

1.05V

1.00V

0.95V
0.90V

1.10V

1.05V |

1.00V

0.95V

0.90V

VCR=4:5 Vin=0.94V fs=39MHz R. =85Q

AVour = 76mV
™M A\
\/ '. -\lg’\_ Hﬂ\ f;*\hf’\w \[ \ \f\{;ﬂ\ﬂj fﬂ'\

__;!___1_1-4. _______________ -'_ ________ y__ ¥ ¥ _ J___l___l

50th 20ns

VCR=2:3 Vin=0.78V fs = 35MHz R_=85Q

AVouT 84mV J

A h". ‘h‘ e' H\'\ .JL Iy \ / J\ ! f
‘gr./'nr Hn"f i\/u \_)JH‘/ \ /‘H IH

» Measured Vg for 4:5 and 2:3

without using off-chip filtering
capacitors.
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Performance Summary and Comparison

This work JSSC'16 [15] [JSSC'15 [24] [ JSSC'15 [30] | TVLSI'15[13] | JSSC'17 [16] | JSSC'18 [34] | ISSCC'16 [35]
Technology 65nm CMOS | 180nm CMOS | 28nm FD-SOI | 180nm CMOS | 0.35um CMOS | 180nm CMOS | 65nm CMOS H%i:shbllrgs
Conversion type Boost Boost Boost Boost Boost Boost Buck-Boost Buck-Boost
ASP-based SP-based i . SP-based Moving-sum Binary
Topology type (ASP+Dickson)| (transposed SP) Customized Customized (transposed SP) | (Dickson+SP) AVFI Recursive
VCR type Rational Rational Rational Integer Rational Integer Rational Rational
Number of VCR 7 14 3 2 4 *22 13 (boost) 9 (boost)
VCR range 1.25~5 1.33~8 15~25 4~6 2 ~ 4 (boost) 10~31 1.1 ~7 (boost) |1.14 ~ 4 (boost)
Integrated Cg, MOS + MIM HD-MIM MOS + MOM | MOS + MIM Off-chip N/R MOS + MIM MIM
V,n Range [V] 0.25~1 045~3 1 1 1.4~3 0.25~0.65 0.26~13 2 ~ 6 (boost)
'N g ' ' ' ' ' (boost)
Vour[V] 1 3.3 12~24 3~6 4.8 4 1.2 5
lout max [MA] 20.1 0.015 1 0.24 10 *0.001 21.7 (boost) 1.4 (boost)
Npeak [%0] 30 81 38 58 82 60 83.2 (boost) 70.9 (boost)
P-densit N
1Y @hpea #9227 %0.0174 4.9 2.4 N/A £-0.0001 | 10.8 (boost) | *0.15 (boost)
[MW/mm-]
Fully integrated Yes Yes Yes Yes No Yes Yes Yes
*Estimated from the corresponding literature #Regulation control executed externally
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Outline
« Background and Motivation
 Algebraic Series-Parallel (ASP)-based Boost Topology

 Algorithmic Voltage-Feed-In (AVFI) Buck/Boost Topology

e Summary
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Cell Extraction from Existing Dickson Topologies

EX|st|ng Dickson Topologies (Boost)

-------------------------------------------------------------

Ci C2C3Cs  Ci1 CoCsCy

Vour

i : Dickson Cell (DSC) (Boost)
Classic T T . ;
1:5 Boost Vin— | |

I Vss—L T ] ] ] : \ E

@ ol - T + |

A . Basic Cell : — — |

V Ci CoC3Cs Cs Cy Cs Cy Extraction { Qcy r—l _Qc,oi
OouT 1T : 1 :

Extended Vi =ta_ | L I Sio
4SBoost J--L—+ Jl--lLJ--L

' Vs ®a ®s * AV Viy Or Vour = Vi

-------------------------------------------------------------

* |nter-Cell Q-Transfer Path:
Top Plate in Top Plate out (TT)
Bott. Plate in Bott. Plate out (BB)

B Optimal bottom plate switching (AVg)
B Limited VCR of 1:N, (N-1):N
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Generating of Charge-path Folding Cell (QFC)

Dickson Cell (DSC) (Boost) Q- path Folding Cell (QFC) (Boost)
. Su Sio Vin Vour | L Vi Sio Siy Vout
/->| 4> A | ¢ ; | ¢t » > |
R / _— { Qco Qcirg
Il + 1 Il +1 | E o ol
LT 1| i CellExtension : T T
\ I \ I | Qe } I Qco
v > \ :—N v v
“Vin Vss ‘S Sio . Si) Vss Vin Sio
S m__......BB S BT B
B Lacks VCR flexibility « AV Internal-node dependent

* Inter-Cell Q-Transfer Path: “Folded”
Bottom Plate in Top Plate out (BT)
Top Plate in Bottom Plate out (TB)
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Cell-Based Topology Design Concept (Boost)

T BB
C S Sio Vin Vout
Qcr | f->Qc,o |1
DSC: + +
W wHe
VN Vss Sii Sio
o BT 18
ViN S{i,O i,; VQUT
-Z?c,o Qc-,Tl,
QFC: +f + 1
E QCJ’ 1:% } v "QC,O
SuVss Vi Sio

IEEE SSCS Swiss Chapter DL - MKLaw

Topology
Generation

Algorithmic

)

K

Proposed topology

g S1.0 DSC S20 Sn1,0

QFC

B Rational FVCR implementation
B Optimal Rgg,
B Cell by cell AV g optimization
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Cell Parameterization (Boost): b; & m,
Vour feed-in coefficient: b, => b;=0 | b;=1 Q-folding (QF)

@ [ T BB coefficient: m,
Si §u) E \ANV?UT J:L
SI,O - S|,| + VlN - bIVOUT QC‘,T%*QC,O i <17
. et R R DSC: m =0
f E | p
o . Si,o ) Si’l *Vin VIIN Vss QC’*SH éifc’o
b;=1:8,0= 5+ Vin = Vour < """"" . T ------- s

Viw Sio | Si Vour

A _> : _» A
Qco : Qq:i B

Unique cell > Qo | .

| ' — ’ p— FC: m, =

configuration by b; & m. T T Q ,
Qcy - 1 Qco

K Si \788 VN vSi,o

IEEE SSCS Swiss Chapter DL - MKLaw Page 46



Cell Parameter Summary (Buck/Boost): a;, b;, m,

Basic Power Cells:

Topology generation steps:

VCR Specification

¥

Algorithm for
parameters a,, b,, m.

¥

m; (Buck) bi =1 (Boost) ai =1 mi
ai 0 (DSC) 1 (QFC) 0 (DSC) 1(QFC) | /b
Sii Sio Si) Vour Sii Sio Vin Sio
) —~ =N 4 = ad ad
1T 1T T 1T
o\ 77| =~| [1B|=| | 7T|==| |BT|=F]| |0
{ v ‘ > | v _J“ v
Vss Vour Vss Sio Vin Vss Sii Vss
ViN V?UT Vin Si,g Vin Vour §i,l Vour
1|BB| = | |BT|— BB| == TB | == 1
-/ - -/ v _J“ o> { o>
Sii Sio Sit Vour Sii Sio Vin Sio

IEEE SSCS Swiss Chapter DL - MKLaw

Topology framework
(a;, by, m)

¥

AVFI topology
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Cell Parameter Summary (Buck/Boost): a;, b;, m,

Basic Power Cells:

Algorithmic Power Cell Model:

m; (Buck) bi =1 (Boost) ai = 1 m; V """
*\ 0050 |_1(QFC) | 0(DSC) [ 1(GFC) /b T i Boost (V,,; Feed-In):
Su Sip | S Vour M S | Vi Sig - * Sio = Siy+ Vin - biVour
T L L T
07T\ /| |TB| T T\ = | |BT|=| |0 SII_’jt_’SIO
 Z > v / v
VssVour|  Vss Sio VN Vss Sit Vss UN
Vin Vour Vin Sio Vin Vour Sii Vout N :
s - N N % : Vour :
1/88|==| |BT|==| |BB|==| [1B/==| |1 S et i Sio
; W i
— > D - > > E E
Sii Sio Siy Vour Sii  Sio Vin Sio ] i Buck (V,y Feed-In):
— / - Sio =St aViv- Vour
- VN

IEEE SSCS Swiss Chapter DL - MKLaw

----------
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AV, 7Fl Topology Framework (Boost)

$10 = Sit + Vin = bVour Algorithmic V. feed-in (AV,Fl) Topology Framework

E VOUT E VOUT
Y - V S V S ¢ S one
S|I_'? Sio {? — ’%20 o —(E n-1.0 = Vour
ViN
L VN DSC/QFC DSC/QFC DSC/QFC DSC/QFC
Algorithmic (m,) (m,) (M) (m,)
Power Cell Model

Sio= (1+)V), - (Z,':=1bj) Vour

Y _ Vour __1+n
X Vv 1+37b,

VCR =
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AV, tFl Topology Framework (Boost)

Boost X - Y Algorithmic V7 feed-in (AVy,:FI) Topology Framework
Y-1 n- n
Reg min = ; Vour C1 Cz Cr-1 C
R _ Ci i i ) n,0
SSLAVFI = 2 <Qour> ’GT:/ S1,0 A S0 + Sn-1,0 = Vour
_ n |
= 1+5p, Vin
=1 DSC/QFC DSC/QFC DSC/QFC DSC/QFC
=L (m,) (m,) (m, ) (m,)
= RssLmir Si0= (T+)Viy= (31, b)Vour
* Area-Constrained VCR = Y Vour  1+n
[M. D. Seeman, TPEL'08] X VIN ) 1+ Z?Jb,
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AV, tFl Topology Framework (Boost)

Design Concept

With a VCR Target

--------------------------------------------

DSC QFC

ETT|BB| BT|TB|§

--------------------------------------------

Algorithm to
determine b; & m;

Algorithmic V7 feed-in (AVy,:FI) Topology Framework

Vour C1 Co Ch-1 Cn
Vo Y. ¥ .
:%-E S10 A S0 i Sn-1,0 ,?_|= Vour
ViN
DSC/QFC DSC/QFC DSC/QFC DSC/QFC
(my) (m,) (M) (m,)

» Generating a topology with reduced parasitic loss.

IEEE SSCS Swiss Chapter DL - MKLaw
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Algorithm for b, Determination (Boost)

Level Bounded Rule (LBR) (boost): S;_.1y0 € (Vss: Vour):

Applying the LBR:
0<S;0<Vour

'(?31,0.'(?32,9...4' Sn-1,0, b, algorithm
Vi r __{1, (1+b1+... +bi)VCR < i#1
Sio = (1#i)Vin = (Zb1-)Vour 0, (1+bt... +bi)VCR > i+1

br
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Determination of m; (Boost)

b 0(DSC) | 1(QFC)
Sii Sio| ViNn Sip
= s
Iy Iy
0, = —
Vm\és 3§J\ks
(TT) (BT)
Vin Vour S_i<l V?UT
', + L
1| [==| | (==
JQ o
Siit Sio| Vin Sio
(BB) (TB)

IEEE SSCS Swiss Chapter DL - MKLaw

n-stage AVoutFl (Boost)
(") (") () (
VOUTE - E CZ: ICM: :
:?7 A4 V ]
i{? E S1.0 i,‘ E 0 i,(_? ESm,o i
Vi '\____;: '____: "____;: - 4
DSC/QFC DSC/QFC DSC/QFC DSC/QFC
(m1) (m2) (Mn-1) (mn)

C, implementation
solely depends on b,.
(identical form, =0 or 1)

C,., implementation depends on
both b,_. & m,_,.

— Explore m; algorithm with
stage-by-stage AV.g optimization.
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Determination of m; (Boost)
* S0=S;+Vn-bVour 2 Sio>Vywhenb; =0

mj+1 =0 (DSC) mi+1 = 1 (QFC) mj+1 = 0 (DSC) mi+1 =1 (QFC)
. Sio N Si+1) Si+1,0 Vin §i+1,0 ... Sio Vin Vour ~ Sis1)) \{OUT
L L L L co L L
i i+ i* i i+ Ci+
C T C 1 —l_ C 1 T C T 1 —l_ 1 T
. \}SS W/ - S‘i+1,l\;SS Vss T Sit,) éi+1,0 Vi §i+1,0
[ bi=0, bi+; =0 ] AVcgjis1 = [Vin = Vss| | | AVea,i+1 = [Sio — Vs [ bi =0, bi+ = 1 ] AVcg i+ = [Vour = Vin| | | AVes,is1 = [Vour - Siol

* S50=S5,*+*Vin-bVoyur 2 So<Vywhenb;=1

mi+1= 0 (DSC) mi+1 =1 (QFC) mi+1 = 0 (DSC) mi+1 =1 (QFC)
.. Vour Vin Vour N Sis1,) YOUT ... Vour / Si+1, Si+1,0 VIn §i+1,o
T c., L c., =L T T T
i i+1 i+1 i i+ Ci
C —l_ —l_ —l_ C —l_ Ci+1 T T
: éi,o\/3i+1l éi+10 Vin Si1,0 éi,o Vi Vss / St Vss
[ bi=1, b =1 ] AVceg,iv1 = |Vour = Vin|| | AVcB,i+1 = |Vout — Sio] [ bi=1, b =0 ] AVcgji+1 = |ViN = Vss| L+ AVcg,i+1 = |Sio — Vss|
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Proposed AV, FI Topology Summary (Boost)

Topology
Model

Coefficients
Algorithm

IEEE SSCS Swiss Chapter DL - MKLaw

Cn-1 Cn

Vour

Vi

VoutFl Coefficient
b = { 1, (1+bs*... +bi1)VCR < i#1
0, (1+b4+... +bi1)VCR > i+1
bn=0
QF Coefficient
m; = bi.1 © b, mq1 = either 1or0

Power Cell Table
bn| 0(DC) | 1(QFC)
Sii Sio| VN Sip
= -
o e ) e
Vin Vss §i,| Vss
(TT) (BT)
Vin Vout S_i<l VQUT
Iy =
J G o
Sii Sio| Vin Sio
(BB) (TB)

Page 55



Proposed AV, FIl Topology Summary (buck)
Power Cell Table

Topology
Model

Vour

C1 Co Cn-1

Cn

AA

S40

n-1.0F = Vout

/on

Vou'r _ 1+ 244

Viwn = 1+n

mi
di

0 (DSC)

1(QFC)

Coefficients Algorithm

LBR (buck):
St~n-1,0 € (Vss, Vin)

Sio

ViNnFI Coefficient

/Z:ZE°

QF Coefficient

o= (1+2a1-)Vin
— Vour
0<Sio<VNn

al G_) a|+1, mn

1, iVCR > 1+astazt...ai1
, IVCR <1+astazt...aiq

either 1 or 0

S_i;I S,i_’P

L

Vss V"om
(TT)

Sit Vour
N A

o>
Vss Sio
(TB)

Vin Vourt

- \p
Sii Sio
(BB)

VIN Si,g

§i,| \;OUT
(BT)

IEEE SSCS Swiss Chapter DL - MKLaw
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Proposed AVFI Topology Summary (Buck/Boost)

n-stage AVFI buck-boost topology

C1 C2 Cn-1 Cn
Vour
BUBa
Ny Z .
,,.
Vin
_ 1+ 2a1-n
VeR =13 5h,,

ai, bi, m; for arbitrary VCR can
be algorithmically determined
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Buck:

di1 = O, D1-n =1

N ={1, IVCR > 1+as+azt+...ai
0, IVCR < 1+astaqt...ai

mi = ai D ai+1, Mn = X (1 0r 0)

di~n = 1, bh=0

b _{1, (1+b1+... +bit)VCR < i+1
L0, (1+bs+... +biy)VCR > i+1

m; = b1 @b, mi =X (1o0r0)
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Proposed AVFI Example 7:4 (Buck)
1~2). VCR = 7:4 — number of cell N¢c = 6.

3~4). Coefficients: buck — b1~s =1,

1. Aribtrary VCR = 7:4

2. Number of cell Nc: 26={010101)} > mic={11111X)
Buck: Nc=p-1
Boost: Nc = q - 1 5~6). Topology implementation:
= /b Vour VN S20 Vour VIN Ss0 Vour VNV
3. Calculate VFI coefficients aj/ b:. VjN j?UT ;IlN 25’0 C}JT )'_N 4{0 }UT }'N 10UT
4. Calculate QF coefficient m. | e | Y
9. Apply corresponding power cell . ! _5, ).I |1 —5 ),I ! _5
configurations from the table v S1o \/0{’JT v Ss0 Vo%n v S50 V:UT

with the calculated a;/ b; / mi.

O)——
N——

|
|

0 1 2 3 4 5

V\s Ss0 Ss0 S0 V}QUT Sio0 S20 YIN

Cbot domain Ciop domain
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6. Assign proper switching phase
for all power stages.




Q-Conduction Loss Comparison

Qc [Salem ISSCC14]
Mcon = Q_ou7)2 [Jung ISSCC’16] [Lutz 1ISSCC’16]
O AVFI (24 VCRs) X NSC (3-stage) O RSC (4-stage)
O Q 'D f 50 | 11
% S x X X xx = oxX
0.8 xx * x X * " .
& " ¢ R 40 x &
20 x
0.4/ ® Ml
10 Dkx &
0.2? . . . . Om,,@*. . . . .
05 06 07 08 09 1 2 3 4 5 6 7 8
VCR (Buck) VCR (Boost)

Optimal conduction loss factor as in existing topologies.
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Parasitic Loss Comparison

2[(

Mpar = MCON

Qour

Qc,i )|AVCB|2]

0.2

X

“ 50%. reduétion

05 06

07 08 09
VCR (Buck)

30

[Salem ISSCC’14]
[Jung ISSCC’'16] [Lutz ISSCC’16]

VI " | & AVFI (24 VCRs) X NSC (3-stage) I RSC (4-stage)

Exponentially A

reduced

VCR (Boost)

Improved parasitic loss factor than existing topologies.
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Simulation Results & Comparison
W/de VIN range buck—boost conversion by d/fferent topo/og/es

100

11 |

: 8%& ] 1~6% , -
80} ~ | |
< 007 i — AVFI (24 VCRs)
a0l i — NSC-3 |
] <—Boost ! Buck — — — RSC-4 )

| ____ Series-Parallel
20 | (24 VCRs) ]

0.3 0.7 1.4 15 1.9 2.3

Vin (V)

0.2V <V < 2.3V, Vour =1V, |y = 20mA| |Rsq: AVFI=NSC =RSC < S-P
Cootpar = 8%, Agyy = 1MmM?2 Roar: AVFI < NSC S RSC < S-P
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Converter Overview

DA Vin
{ T IZ'X})UT)
10 Main Cells (MCs) 10 Auxiliary Cells (ACs) |, Vo
( L
Pulse Skipping | Vout
L2l ] il i e ] ] ] d Ll el a2l e ) Ll L Modulation _vaEF
.
20 0 D% I 4@ NOL-clk gen —X clk
00 — 5XI:| L: ;\/
| RSBD S I h Dri | Digital Ctr ‘4¢'Clkv
W|¢c rivers Ig1tal L. J¢ D<0 4> @I‘-&DVIN_S
1 | e 1
180° 10 MCs + 10 ACs Power Stage L L 4d-clk
I T 1

* 10 main + 10 auxiliary cells + Dual-branch interleaved
« VCRs: 11 buck + 13 boost « 25MHz clock pulse-skipping modulation
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Cells Partitioning Mode Summary

1C VCR={2:1 1:2 1:1}

Vour |

MC
<1>

MC

| <10>

AC
<1>

AC

"1 <10>

ViN

e 7 partition modes

with cascaded or
parallel cells

« Support 24 VCRs
* Full cap. utilization

o # of cell reduction:
60 — 20
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2C VCR={3:2 2:3 1:3}

3C VCR = {4:3 3:4 1:4)

Vour T 7 ] 1 Vo T T ] T
MC | MC MC MC AC | AC MC | MC  MC MC | AC AC
<> | <> <3 | <4> |77 <1:5> <6:10> <> | <> | <3 |77 <105 | <1:5> <6:10>

Vi Vin

4C VCR={5:3 5:4 4:5 3:5 2:5 1:5) 5C VCR = {6:5 5:6 1:6)

Vour—] | ] Vour—] | | |
MC MC MC | MC | AC AC MC MC AC AC
<> <4> <9> | <10> | <1:5> [<6:10> <> <5> <6> | | <10>

Viy — | | | | Viy — |

6C VCR={7:4 7:5 7:6 1:7} 10C VCR={11:10 10:11}

Vour—] | | ] Vour—] | | |
MC MC MC AC | AC MC | _| MC| [AC | [ AC
<1> <6> <7> | <1:5> <6:10> <> <10> <> <10>

Viy — I I | | Vin
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Chip Implementation
I 22mm ———»

E E
) =8
65nm bulk CMOS = al g
Cfly =8 nF £ |it=s =
Cout=6 nF E il =6
Area=242mm?2 <« |iL £~
|- |
L N
ey | i
— L e

1~2) 10 MC Csqy (MIM + MOS) and Cour (MOS) for 0° and 180° branches
3~4) 10 AC Cqy (MIM + MOS) and Cour (MOS) for 0° and 180° branches
5~7) RSBDs + digital control

8~9) Power switches
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Measured Conversion Efficiency over V,y (Vo1 = 1V)

20.5 25.6

23 45561011 1110655475 39 5:3 _ i

b

1:2 3.5\ \

DO
Ooo
0o

5
.'.

O
"..

o

Boost <—,— Buck
|

0% .‘. o

-
.....

Simulated—— Measured —e—

[

Vin=0.23 ~ 2.3V VOUT =1V
VCR no. = 24 Npeak = 84.1%
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05 07 09

1.3
Vin (V)

15 1.7 19 21 23




Measured Efficiency over Output Power Range

n (%)

......................................................

70 80

20 30 40
Pout (mW)

* Max. Pg,r > 80mW with buck 2:1
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Measured Load Transient Waveforms

VCR = 6:5, fs = 25MHz, Vin = 1.32V, Vour > 1V, C_ex = OuF
li0ad —> i< ~THS 25 mA

Y bt s L

”fummm
| ittt

. 4mA

AVour = 31 mV

VOUT Varop = 30 mV

AVour = 36 mV
v
f t
f 140ps
100 ps 0.8us
T Vou7with100Mlebandv.yidth limiting
CLKsw
“—> <“—>
200 ns 20 ys
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Performance Summary and Comparison

This work D. Lutz C.K.Teh M. Saadat X. Hual J. Jiang
ISSCC'16 ISSCC'16 ASSCC'15 CicC'15 JSSC'17

Technology 65nm CMOS  (0.35ym HVCMOS| 65nm CMOS 0.25um CMOS | 65nm CMOS |130nm CMOS
Conv. type Buck-Boost Buck-Boost Buck-Boost Buck-Boost Buck-Boost Buck
No.of VCR |11 buck + 13 boost | 8 buck + 9 boost | 5 buck + 1 boost |4 buck + 4 boost | 3 buck + 3 boost 6 buck

Integrated Cgy MOS + MIM MIM MQS + off-chip 1uF MIM N/R Off-chip 4uF

Vin[V] 0.22~24 2~13 0.85~3.6 06~24 05~3.3 16~3.3

Vour [V] 0.85~1.2 5 0.1~19 12~15 1 05~3

lout max [MA] 80.1 4 10 0.1 0.0033 120

Buck: 84.1 Buck: 81.5 Buck: 95.8

r]peak [%]

Boost: 83.2

Boost: 70.9

Boost: 90.5

704

I:,'den@rlpeak

Buck: 13.2

[mWImmz]

Boost: 10.2

*Buck: 0.96

N/R

‘Estimated from the corresponding literature
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*Boost: 0.15

*0.0069
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Outline
« Background and Motivation
* Algebraic Series-Parallel (ASP)-based Boost Topology

 Algorithmic Voltage-Feed-In (AVFI) Buck/Boost Topology

 Summary

IEEE SSCS Swiss Chapter DL - MKLaw Page 69



Summary

Resolve the limitations:

A
a0 » Full integration * Flexible VCR
9 ISSCE 16(79)‘\\ * Reduced parasitic loss ¢ Optimal Rgg,
— | N ° High power density
= g5/ SSCC'14(15) € (45 v AVFI(24),
g | SSCC16(17) ¢ N Yy 1SSCC’'18/JSSC’18
= : 1SSC15 ASP (7), JSSC'19
75 . <
) (2) : Dickson Topology
i *(6) SP Topology .
(Number of VCR in bracket )
05" 2 1 0 X v 3
10 10 10 10 10 10 10

Power density (mW/mm?)

IEEE SSCS Swiss Chapter DL - MKLaw
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