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Outline

L] Introduction to Multiphase FIVR (MP-FIVR)

L] Current-Shared 400MHz/phase 6-Phase FIVR with Bond-Wire Inductors
B Inter-Inductor Current Balancing: PVDS
B Phase-Shedding-Optimized AC Dynamics
B DLL-based MPCG for Granular Phase Count Control
B Chip Implementation and Measurement

L] Current-Shared 200MHz/phase 4-phase FIVR with On-Chip Spiral Inductors
B Current-Shared 2-Phase 2L1C Topology
B 4-Phase 4L2C Topology for Inter-Channel Current-Balancing
B Chip Implementation and Measurement

] Summary
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Advantages of Multiphase FIVR (MP-FIVR)

Mobile CPU Power Consumption

*FIVR: fully integrated voltage regulator

Multiphase (4-Phase) FIVR Architecture

#ofcores: 1 1 2 2 4 4 8 Vin 559 55% VN
E 2:5 —e— SPEC IL—Z I*L4
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A Recent Progress Ly UK
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Smartphone Model L1 3 0 100% |4
Source: M. Halpern, HPCA’16 L - L
| . D, 1L [ 1L [ L
L1 MP-FIVR’s power delivery to large domains N e N e B
B Heavier loads are efficiently covered by multiple D57 [ L | [
inductors and sub-converters. D, ! § o |
B A higher effective frequency (T/4) facilitates 2 Ts > T4
fast DVS and mitigates voltage droop. Effective switching
frequency
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Recent Works related to MP-(F)IVR
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*PIC: parasitic inductive coupling

Challenges in MP-FIVR: Current-Sharing Imbalance

[ Inequal resistance (ARg,) [ Inductance mismatch (AL) L1 Duty skew (AD)

B Power switch Ry, B Closely-spaced inductors o F,, >100MHz
M Inductor DCR B On-chip inductors’ PIC* effect B More sensitive to skew
Skew
>+
D; D, D: & W_¥
D _¥ 1}
—P
Ts

= = Current-Sharing Imbalance (/,, # /,,)

@ Large output ripple @ Hotspot (low reliability) @ Losing benefit of MP-IVR
/\/\/\/\leanCEd S 4 P IVR Balanceq pp
@ Re ~
Vou'r """"""""""""""" - , % , \\~\:7\ba/8/706d
|>° ATmax =M1 - M4 =6.6°C NS e
Unbalanced \J/___. ~ Source: K.-Y. Hu, A-SSCC’'18 Load Carrert
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Challenges in MP-FIVR: Phase-Shedding

2 of 4 are activated Efficiency [%] (Non-binary)
A

2'.phase ,3-phase
. .
}qﬁ N
Active ,"

'S . o~ .,
~7h f Vi
Inactive |

Inactive

A 3
\\4(22)—phase

A 3

I

~ 50% of /

Load,max Load Current (I oaq)

[1 Phase-Shedding controls the phase count for high efficiency over a wide /4

] Previous MP-IVRs (ISSCC’22, JSSC’'13) support only the binary # of phases@
B # of phases=1-2—-4 -8 for simplicity of phase division
B [t would be better if the phase-shedding is more fine-grained (e.g., 1-2-3-4-5-....) @
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Challenges in MP-FIVR: AC Dynamics with Phase-Shedding

40 T T L B B L |

TV L Ne#of o - wr  L/Ccombination
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= ik, UpN A7 = | 6-phaseshow 4 |
For stability, “N=1" is the worst case. E 08 the same speed | oz mode (1)
. o = | W/ TIXe
B If designing C. based on “N=1 (the lowest w,)”, <., @ S o
] H . -8' .
we can’t exploit the fast-transient response of s | L-phase mode (N = 1)
the multiphase (N > 1) IVR. o_6| \\\\\\\\\\\\\\\\\\\\\\\\
B Phase-shedding-optimized loop design is needed. 600 640 680[ | 720 760
Time [ns
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Outline

[

L] Current-Shared 400MHz/phase 6-Phase FIVR with Bond-Wire Inductors
B Inter-Inductor Current Balancing: PVDS
B Phase-Shedding-Optimized AC Dynamics
B DLL-based MPCG for Granular Phase Count Control
B Chip Implementation and Measurement

[
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PVDS Current-Sharing: Peak-and-Valley Differential Sensing

Peak-Differential Sensing (PDS) Valley-Differential Sensing (VDS)

_ |
Switch-Matrix @, T VN N N\
Qs P o Ly - »

Vs

(DN2 2

< > <
Cr & SW matrix Buck Power
for PVDS Stage

¥,
[1 PVDS magnetizes L, and L, shortly with C; for fully-differential sensing Al,
W Ifl,<l, = V. will deviate from 0V and continuously increase (V¢ > 0V)
W Ifl,>1, = V. will deviate from OV and continuously decrease (V¢ < 0V)
W Ifl,=1, = Vstays OV
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PVDS Current-Sharing: Duty-Cycle Calibration for “Al, = 0”

- *NB: normal buck mode w/o PVDS
Current-Sharing Duty (®,)-Generator !

I IL2,avg BAY
Sawtooth
OSC,>| Generator ﬁi—v- |L1,avg Hf=--\--
3 CF
ANV Z ¥
= ! v'\ N | il 25,0, 0, (A
Pex x Ve |+ :<X- \ 1 Ver (O]+—Vrer I
+ T IX 3 —\/ Vcr | Mismatch
% Ckx, / ! = Vour Corrected
i [ ICC
. g = R oV t
~ PWM generator - Vcx-calibration block - Error-amp &
Type-I compensator v
V., = equivalent voltage for ®,, (duty-cycle for L,) vﬁi Vi
=Vie+ Vo >
: < > . - > <
V, = offset calibrated by -G, -V Before PVDS PVDS & mismatch correction After PVDS

(I.2 > IL1) (I.2 = IL1)

L] Current-sharing procedure scenario (initially for I, > I ,):
B Through PVDS, V continues to increase positively (V> 0).
B “—G_-V." isinjected to offset C,, resulting in the reduced L,’s duty-cycle (®Dp,).
B As |, decreases, I, increases owing to its own regulation (/.4 =/; + I5)-
B Finally, I, and I, are equalized @ with V. = 0 and non-zero offset V,,.
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PVDS Current-Sharing: / -Balancing Process

700 700,
I -Balancing Sequence with Single C; T T
g 900 £ 500
“ )
2-Phase S 300 S 300
Balancing = =
3 3
o 1001 © 1001
: 3 o @ Current-shared even
Balzli\lnocing X' —6-Phase g -1004 5 1001 with mismatches
@ 1-Phase Balancing ", LInitial condition B 100 LPVDS enabled
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atching Process #1 > #2 y H#lo#3 #1 o #2 . T T e
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Simulation conditions: —=E

B V=12V, V,,;;=0.9V,/,.4=0.9A, N =3 (3-phase)
B (= 4nF, f,,, = 400MHz/phase

B Al mismatch: L, =2nH, [, =1nH, L;=1.5nH

M Skew mismatch: D, = 90.5%, D, = 79.8%, D, = 83.9% | ——
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Time [us]

P ———————
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] Pl i
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PVDS Current-Sharing: Non-ldeal Effects of PVDS

[1 PVDS can distort the inductor current (/) profile, influencing power conversion
B Small AV, is preferred to maximally resemble the normal buck (NB) mode.
B Distortion of I -profile during PVDS also impacts the current-sharing accuracy.
B Sampling time (Tg) = 200ps (>> controllable minimum), on-chip C; = 4nF (reused from C,)

1000+

< Peak-Differential Sensing (PDS)
E 7501 —> 4—T51:200ps
Switch-Matrix (oY ViN 3 ’ 5
¢|32 ¢Bl O—l Ll %’ 5001 % 6T ﬁ:r%?ttla(l)lggg minimum @ Ce =4nF =+ 30 %
— o 6“ - = — -1 4 @
| ;_I Vg e > 3 2501 Q S 25 5
N1 I S s — Te1 =0 (NB) > ¢ ' 3
— = o 0] Ts1=600p5 _$Bl = éggps o 4 + 20 g
= 03 3 Te1=1nsi« —— 1= DUpS 15 Design
- —Tg1=1NS 1 - 4 2
%Z_I Vin ] > = 5ol 51 o 3 Point 15 S
(@]
2 _ = .1 .=
------------------ > 2- 1.25] _— N=2 (2-phase) | B 2 10 '_E
VX2 ...... » /i Li=L,=1nH = :
°_| I o> > 4 lLoad = 700MA £ 1 -5 5
N2 g0.75* Cr = an? 1 1 1 1 | L 1 1 1 | 1 Z
= E ] L] L] L] I L] L] L] L] I L]
<] » > s %% 0 02 04 06 08 1 1.2
Cr & SW matrix ~ Buck Power 2 025 l.-sampling (®g) duration (= Ts) [ns]
for PVDS Stage £ 04 | ——
-‘g-o.zsj mes Power loss is mainly caused by conduction
@ | | | | loss via PVDS switch-matrix.
0 1.1 2.2 3.3 4.4 55
Time [ns]
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Phase-Shedding: Load Current (/ ,.,4) Estimation

Increased Ip1 by reducing N /AN /N /N /N
L1 /N /N /N /N NI/ VDS ZPDS N I/ VDS /PDS N
N N o
0 AL VDSN/PDSN I/ vDSN/PDS ! .t
oV Il
VcE -] [0 - I
—_— [ \
[O)8 I
q>Rst lllI
N = # of phases Vi !.'
Phase-Shedding V _"'\" =3
Controller >N - / \}Lgn I'§
(Up/Down Counter) N < N-1 keep
1 I
= IDLE Vint i ,—/_
D (forcing N=1) T

[1 Load current (/,,.4) estimator to adjust the phase count (N)
B / __,estimator samples AV, after PDS or VDS for L,, and accumulates it via integrator (V,,,,).
V... <V, (lower-limit) > N &< N-1; V, . >V, (upper-limit) > N & N + 1.
If V <V, <V, Nis kept without change.
If IDLE is disabled, /, ,4-estimator adjusts N from 2 to 6 with an integer-step.
Controlling N (phase-shedding) maximizes efficiency over a wide load range
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Phase-Shedding-Optimized AC Dynamics

[1 C, and C, are adjusted to fully exploit the speed benefit of the multiphase (N>1) IVR
B LUT-based C. control =» w; x 2.5 improvement (for N = 6)
B LUT-based C. control + C, reallocation =» w; x 14 FASTER (for N = 6)

‘f\‘\?-‘-\ ________ On-Chip Cap.
neo- Vv Re-Allocation ¥ Single-phase
IN

AV
= |f N =1 O”Ti'O\MM@W
% ] Multl -phase
ol 2 2 Total C N-adaptive C, N-optimized
: | Il [Mour —e = T(s) © . AC dynamics
i il A CERRR © €, reallocation
% . ] louT I"“I’ C<OV N . .
6 : = . .
nigd I el 1L I Fixed © Slightly increase  L/C combination
= SN —= VRer P 1
Loop T(S)) v_ v+ Wt Wo Wo ~
\G..7 &= 0dB —> L
i mc o8 W —
PWM Ve >3 S N
Gen. [* 0 G
I_é’%cc £Eg Loop BW = IVR speed!
vt T L% g5 S o v
Sawtooth e o w; << Wy to ensure phase w, v —me. N
margin (loop stability) C. Vyu
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Phase-Shedding-Optimized AC Dynamics: C, Reallocation

Lis WAV MVou W sof.

Seamless current delivery
reduces the output ripple

If N >> 1, a large C, is unnecessary

[1 On-chip C, Reallocation S 50
é Target (acceptable) AVt
B At N =1, total C; = Cyy (2nF) + C; (4nF), reducing T4 @ Dynamic reallocation
output ripple. > 30 >~ w all; Capac'tors
= 0—0
B When N 2> 2, deliberately decreasing C, to achieve % 20
. . = leed Co
a far higher w,. (C; is reused to PVDS) s 10 \ Excessively reduced ripple
B [C,=6nFatN=1]and[C,=0.2nF at N = 6] 3 0 -
exhibit the same output ripple (30 ~ 40mV). ' 2# of acf’ive phaies (N) ° °
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Phase-Shedding-Optimized AC Dynamics: Result

w/o phase-shedding optimized AC dynamics

40

I W | " Fixed Cc & Co |
o] I —= " AR N O O 1 N VN N 0 A SO O S O W -
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| [==N = 4: wr = 66.7M-rad/s & PM = 88.0°
== N = 5: wr = 66.7M-rad/s & PM = 88.2°
120} N = 6: wr = 66.7M- rad/s & PM = 88.3°
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-90 :
-180 MEEEE
-225] M .
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[1 N-Optimized Dynamics via C, Reallocation

B LUT-based (C.) compensation + variable C

B Loop bandwidth (w;) is 14x FASTER at N = 6.
(while maintaining phase margin and ripple)

B Dynamic On-Chip Reallocation:
N =1 =» C; works as an output capacitor
N >2 =» C;is used for PVDS operation

w/ phase sheddmg optlmlzed AC dynamics
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] =
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e———= l
-1ssw
-180

Phase (deg)

-270

-225¢

&&‘/

10M

0.9}

Output (Vour) [V]

0.8}

100M 100G
Frequency (rad/s)

VREF =06V->09V

6-phase mode (N = 6) |
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Conventional MPCG for Phase-Shedding Control

L] Typical multi-phase clock generator (MPCG) (for 8-phase IVR)
B Composed of EIGHT 3-stage counters for N = 23 =» easy way to divide the phase. @
B Only binary # of the active phases (e.g., N=1-2-4-8-...). @

3 - Stage (N=2°

PN 8-phase 4-phase 2-phase
ECS 1 el W e
e L oS oS |
: : —> OSC,(3"4) —> 0SC,(380°.4)
N
= - L= »osc7<?@°x7> \‘0506(360(’@
ool L >0 o ol | 8 8
[D Q > [

TH>o~0SCo(30°8) —t» 0SC4(8) —» 0SCo(%0%8)

CLK OB

v

—Do— CLK_ OB
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DLL-based MPCG for Granular Phase-Shedding

Voltage-controlled delay line (VCDL)

| ! ! ! Ve Delay Extractor [i]
- OSCREF—-> eoe OSCia . En:N2i?
(400MHz)
OSCrer[T 1 e LS oy
, _ v v v v A |
OSC: {1 di=TsN 0SC, 0SC, OSC;s 0SCs ST |
0OSC, "J\ | d,=Ts/N 0 OSCi; .:
= S = OSCREF—P De|ay dj_ VDD O\L + OSC—=—_LL —
, Y Extractor [1 g B
OSCy[ T dy=TgN  OSC™* 5 . VOR6 Pl B T S e . | i' I
Vasum ~ I S di 0.5x freq. scaling .
1Ts . = Cueil =©
Outputs of MPCG  ou | ey [ L = ) Mo 1T
utputs o OSCi—» Extrac;or 1 PP d:dy Sd-to-V converter
N

[1 DLL-based MPCG for granular phase-shedding (e.g., N=1-2-3-4-_.)
B |n VCDL, time delay (d;) between OSC, ; and OSC;: d. = T/N (where T, = period of OSCg;)
B 3d.-to-V converter sums up all delays and converts it into the DC voltage-domain Vg -
if >d. (=d, +d, +... +dy) = 100%, V4sym = 0.5Vp.
B DLL feedback-loop controls the VCDL voltage V,, so that Vg = 0.5Vp.
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DLL-based MPCG for Granular Phase-Shedding

Voltage-controlled delay line (VCDL)

! ! ! Vet
OSCgrer_| )
O * %
v v v v
OSC; 0SC, O0SC; 0OSCs
OSCrer—> Delay d, Voo 0‘61, "
OSC,—»| Extractor [1] N Vore R.pr %z R
> £
1 @ Vasum 22 I $)
I 7 L CLPI =U
OSCii—>| Delay | 7/ - =
OSCi—» Extrac;or [ d,:dy Sdi-to-V converter
N
N @Zd| TS <2—Ts>

L1 Varying N (phase count) in DLL-based MPCG
B d,,pulses (M= N + 1) are selectively masked. pophase (=6 e gophase (=5 2

----- o

B When changing N, multi-phase clocks are 0 5\\//OR6 YNNN NN TN BE
. . . . DD 4 A
immediately reorgamzed.@ e e PG N PR P
B Itis also free from harmonic lock issue. @ o Vasun 2Ts
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Chip Implementation

v

PWM Controller w/ Current Balancing,
Phase-Shedding & Dynamic Optimizer

Ve Dynamic Type-I

Compensato
i/ 4
Vei (O+Vrer
s |Vei:Ves Ve i s |
% «— Calibration |3 |_'* CCO 1TVOUT
o N = j
8 0OSC;: N = # of phases
s | OSCs | Multi-Phase &N Phase-Shedding Ctrl.
= [« CLK Gen. upt dn} keep?
o 7 | oag Estimator
f f
N OSCrer V IDLE
(400MHz) CF

Output cap.

L] Features of the 6-phase FIVR chip
B 28nm (LPP) 1P8M CMOS process
B 400MHz/phase, L (bond-wire) = 1InH x 6
B Total on-chip capacitance = 6nF
BV, =12V, Vy,;=0.570.9V, |, = 1.8A
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Bond-Wire (BW) Inductors

BW diameter
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Bird view

Lateral view
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Measured Transient Responses

[1 DVS Response

[1 Load-Transient Response

| = - .
DV5 rate 75mV/ns @56 phase TN:6->-': e Measured load transient
Vour =0.9V ErN:ZT responses
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_ ' _ @ 6-phase (N = 6), Co = 0.2nF @ N =6, TLoaq (L-H) = 3ns
900mV. 52 Gomy » 600my \ o= 0.2nF &=
R N Y Y N N T m m _ i _,- N .
b (lrF;Eg phase mode) 2y IYOUVT I—VO.?V 1 R
300mV. “\ ' oo H o e : P —
R 3 m
/. 600mV. Vour s >
: :'l\ g g By e 8 B P 14 > T|_0ad (H'L):4ns o :
2 _
0.2V TDVS (fall) = 5ns = 1.1A5 X ons | —1LIA
10ns 10ns  1A/ns\| —°* lLoad [1A/ns
0.1A 0.1A
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Demonstrations of Current-Sharing & Phase-Shedding

[1 Current-Sharing Effect . Phase-Shedding Control
B Before PVDS, Al = 10mA under /4 = 80mA B N=3:/,=1,=15=40mA (total 120mA)
W After PVDS, Al < 1mA (1.25% inaccuracy) ©) @ M N=2:/,=/,=60mA, /,=0A
RBCIOre PVDS current-balancind SNSRI c: 205 curren-baiancino S WWEE PR L~ li2
.I.I-:I R N fLF' f -f -1 |Jn Jr_uld."q'u WY
5T WAl TOmA
20mA lL1,avg =45MA | 40mA
S > |L2,avg — 35mA 5ns ~ ||_2,avg - 395mA I
; . - 20mA L3
*Measured with external SMD inductors (L = 20nH) ;
20ns ; 0A

*Measured with external SMD inductors (L = 20nH)
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Power Loss Breakdown & Efficiency

[1 Power Conversion Efficiency
| o .Peak 83.7%

(o]
o

[ 1 Power Loss Breakdown

fvw=12v
T | | VQUT_ogov‘

o)
o
]

s P g, - Dynamic switching loss
s P . 1 - Conduction loss via power switches

w1 - Conduction loss via inductor Rpe & Rac

~
o
| N

L
=
- Total Vin=1.2V -
g 212mW ILoad =1.5A '
£ 200 ; 2 ]
! )
S .-' S 007
£ 150 =
c ;! ~ W 50
> ! %o E
> j ]
§ 100 i S % 404 | -
= o T | ILoad-adaptlve phase sheddlng control
50 ! 30 T
D%_ 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
; _ Load Current (I oaq) [%0]
Vour = 0.9V
out H Peak 837% at VOUT = 09VI ILoad = 13A
: B Fine-grained phase-shedding =

0
VOUT = 0.45V
(ILrms = 330mMA) (I rvs = 288mMA)

M Low-Q inductor is a major loss ®
factor (P4 = 60% of total loss)
: B Power density = 1.23W/mm?

any significant drop is no observed @
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Outline

O O

L] Current-Shared 200MHz/phase 4-phase FIVR with On-Chip Spiral Inductors
B Current-Shared 2-Phase 2L1C Topology
B 4-Phase 4L2C Topology for Inter-Channel Current-Balancing
B Chip Implementation and Measurement

O
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Current-Shared 2-Phase 2L1C Topology

L] Current-Shared 2L1C Topology S,
B 2-phase operation: I, =1, =1,,,4/2 ?__I_I'

— low conduction loss, reduced output ripple @

B Reduced voltage swing at the switching node
(Vy) as well as the bottom of C; V NO—9
—> low dynamic loss with high f,,, & large Cyq; @

B Intrinsic current-sharing effect via a series-

capacitor (C) @ =V
B Wide coverable VCR =(0.75~ 1) and (0 ~ 0.75) @ S,

Composed of 4 SWs, 2 inductors, 1 fly-capacitor

*DSD converter also uses the same resources,
but it is specialized for large step-down (VCR =0
~ 0.25) applications
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2L1C Operationfor0.5<D< 1

_Sli L Vin i vV
V1 1 CF
_rr """""""""" i-> V|N/2 7/ kf """"""" _'k'
L1
2 | . O< oV > t
> 5 VlN'A
1
................................ IL>2 VIN/2 \\ \\ \\ } \,\ \\
= Vx2 L, 2 oV Vxi Mxz >t
S3 4 3 A ILE
AV N\ 2\
e PO
Vy, L1 Conversion Ratio oA 2TasB 4B < ¢
> {
:::::::::::_-li:: -'i'é """""" i-’ VCR — VOUT — D + 1 S
Ver=s " - VvV 2 ! < D
< IN S,
toc Ss__| «—»
3"'34 Fly-cap voltage S, ] D
IL2
JUS - > V.~ In E-9F A H. A HLE
Ve |, 2 N
(1-D) (1-D) Ts

[ When 0.5<D< 1, the 2L1C converter covers VCR=0.75~1
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2L1C Operationfor0<D< 0.5
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Intrinsic Current-Sharing Effect via Series-Capacitor C;
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412C Topology: Inter-Channel Balancing (ICB) [1/2]

L] Inter-Channel Balancing (ICB) Technique

B Power transfer is cross-swapped between 2L1Cs

L, Ly |
—w— |
L1 I3 !
I
2 L4 !
------------- > D
— W — W
L, L,
Non-ICB Cycle

ICB Cycle

N
I 1
L ! >t
wioICB |IcCB Non-icB
|

Sia
ke Ll
Tl Jm’\
+lC FA \“| L1
Vera S2a \x
- . Channel A
[ iloa
I‘S4,A v
2
11
ST Lo L
V|NO—. S3iA I_S4X :II_S4YE VOUT
(N = 3N /
= . L3 |ICB SWs |cg |lLoad
\IL3 - =
VcrgB Sy “q 4
- I ilog
/ Channel B
I_S4,B ,,"I
Sy
It
T L4
S3B

Current-Shared 4L2C Topology
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412C Topology: Inter-Channel Balancing (ICB) [2/2]

1 Non-ICB cycle

M C, worksforl, &L,
=>» Balancing /; =/,

M C,worksforl; &L,
=>» Balancing /5= I,

----------------------------------------------------------------------------
' d

Non-ice [ ” T L= T L L:1:E| :
Cycle C C :
y P L fF1 T, SR
n- |89 180°— -1 80 = =M1 80 =" =W
Channel B B '
Balancer | ggo 90° _-Ig?. 90° JLI_E_GD-M 90° L3 i
L, <4Ce L F— |
L;‘CE;VL‘Z‘ CF2'| L4 CF ] L fF -|-L :
4 4 '

270° 270°L— 270°— D70 F——q |

S
‘I
Y
‘l\
]
w
]
]
L]
]
L]
]
]
L]
]
L]
]
]
]
]
L]
]
]
]
]
L]
]
]
]
]
]
]
]
L]
]
]
]
]
]
]
]
]
]
L]
]
]
]
]
L]
]
L]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
L]
]
L]
]
]
L]
L]
[
rA)
A
e N
?

‘e

“coeccscccccccscccccccas

L] ICB cycle g 0 ) )
: : or
M C., worksforl, &L 3 ICB Cycle e
F1 1 4 ' Cri TL
: ~ ' L
= Balancing /j; =/, ! 270° 270° b 704t a
' Inter-
B C,worksforl, & L; i | Channel
: - : | Balancer | gge o of
=> Balancing /, = /; ! 90 0T g
o |L; <CgP>L
L |G L o= T
: o L L4
) 180 180° 180°L=FL———(I"180°
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Chip Implementation

VBoTs Co| 1 [G] Spiral 2nH x 2 CSC O N\\:2 Bond-wire2nHx 2

VinT ¥ (@) = =11 MOSCAP 2nF x 2 (b) MOSCAP 2nF x 2

Cgor-Charge- R
Recycling 1
Gate Driver

Gate Driver
L

\4

\4

VBOT,A

ViN=T .
Cgor-Charge- : iR : —— : o
—»] Recycling A /AR 200MHz FIVR 200MHz HIVR
! 2-Phase / 2L1C / on-chip spiral 2-Phase / 2L1C / bond-wire inductors

Gate Driver
—»] Gate Driver

I:.] Ext. SMD 20nH x 4
I Ext.smp4amFx3

\ 2P PWM Gen.
$90°-phase-shifte
\ 2P PWM Gen.

100MHz EXT VR
4-Phase / 4L2C / SMD inductors

CLK (fSW =200M HZ)

B Fabricated in 55-nm CMOS process, V= 1.2V, V,,; = 0.7 ~ 1V, 200MHz/phase x 2~4 phases

B Three versions: 2L1C w/ on-chip spiral inductors, 4L2C w/ external chip inductors
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Design of On-Chip Spiral Inductor
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Measurements

[ [ — = =N
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Demonstration of 2L1C Current-Sharing Effect
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Power Loss Breakdown & Efficiency
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Outline

O O

L] Summary
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Summary

1 Multi-Phase FIVR could be an ideal solution for high-throughput SoC power delivery
[] Technical challenges in MP-FIVR:

B Current Imbalance due to different resistance, inductance mismatch, and duty-control skew
B Binary number of activated phases
B Different AC dynamics dependent of phase-shedding

L1 PVDS current-sharing is able to balance inductor currents w/o significant overhead
[] DLL-based MPCG adjusts integer-step phase count for granular phase-shedding

B More flattened high efficiency over a wide load range

[1 Phase-shedding-optimized AC loop control w/ Cy-reallocation paves a way to fully
exploit the fast-transient benefit of the MP-FIVR
[] Topological current-sharing technique: 2L1C converter

B [CBscheme (cross-swapping the power transfer-path) can extend # of phases even in
topological current-sharing solution
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