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IFD Power Management Research Focus Areas

High Power Density Hybrid Converters: RF Power Amplifiers
Mobile phones, data centers, automotive 5G, WI-Fi 6, Long Range loT
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Integrated High-Voltage Conversion Wide Dynamic Current Range Converters
Microrobotics, Neural Implants loT, Wearables




1?;1-3 Power Management Research Focus Areas

Wide Dynamic Current Range Converters
loT, Wearables




Major limiter in loT devices: battery size / battery life

Power

battery life

Challenge: Require high efficiency

over 1,000,000x dynamic range
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~97%
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Challenge: Not a lot of room
for large passives/converters

Research goal:
Simultaneously increase
efficiency and power
density over a wide
dynamic range




=~ Powering loT and Wearables in Scaled-CMOS

UCsD

Conventional Goal
Bulky L, high-Q

Wearable/loT Chip Wearable/loT Chip
PMU*
Power
Management
IC Sensors - Sensors
Process Process
2180nm Chip <28nm Chip <28nm Chip
High-V transistor available Only Low-V transistor available

PMU*: Power Management Unit
with or without off-chip inductor
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Li-ion Fully-Integrated PMU Challenges in 28nm FDSOI

UCsD

Scaled-CMOS
Challenges
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Only Low-V
transistors available

Only Low-V
capacitors available

Poor quality
on-chip passives
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Poor efficiency
Low power density

_________________________________

- High switching & conduction losses
- Complex power-hungry drivers
- Many level shifters

High conversion ratio
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== | Towards Fully-Integrated Li-ion PMU in Scaled CMOS

UcCsD

2-Level Buck 4-Level Converter

Vin Vin
_c' 28V<sV <42V _c":'l"

1.5V
_4 Transistor -c|
V0V, . |Cn1 V0>V, /3
- /' x5 in ) 2V;/3 75
L Vout i L Vou

Small on-chip L, large ESR
-High Switching & conduction losses
-Poor efficiency

Reduced swing at Vx
F,, reduced by > 23x
& efficiency by up to 33%
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1

0 0.2 0.4 0.6 0.8 1
VA

out

st_ 4L 1/3 - Vout/Vin

st _ 2L 1-—- Vout/Vin

S.S. Amin et al., JSSC’19



ﬁ Conventional 4-Level Converter Area Penalty

Conventional 4-Level Proposed Modifi\?d 4-Level
in
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- Changing the switching states of flying caps reduces the cap voltage stress
S.S. Amin et al., JSSC"19




Driver Architecture
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We Shble Measurement Results

Sensors
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Viat SIMO Stage ' Viat Stage?2 -
T J.Kim et al.. VLSI'1 Energy harvesting & MPPT ' T Voltage regulation | - Single input
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S.S. Amin et al., ISSCC’18/JSSC’18



= Time-Shared Inductor for Multi-Input Harvesting

UCSD
Battery
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S.S. Amin et al., ISSCC’18/JSSC’18



= Challenge: decoupling MPPT and Load Regulation

UCsD

Battery
VH1(D1 -PV Vear ®2-BAT

PV o— J, (LA oo Vi1
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= comparator
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\ High voltage ripple Extra charge recycled to battery
T, setfor  T,8€t  Degraded load regulation MPPT & load regulation decoupled
MPPT by ZCD ' 1rade off in “K. Chew et al., ISSCC 2013”

S.S. Amin et al., ISSCC’18/JSSC’18



MISIMO Event Driven Controller

MISIMO Triggers

@ Triggers end of inductor

switching cycle

.

Triggers the
controller
for energy

harvesting

MISIMO
Digital
Controller
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< deliver energy to the load

S.S. Amin et al., ISSCC’18/JSSC’18
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or
Wearable

MISIMO Measurement Results

Sensors
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Weafl?;ble Hybrld S”VIO

Sensors
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Li-ion compatible in 28nm FDSOI
Simultaneously regulates 3 loads w/ one inductor
Peak efficiency = 91.4%

4,000x dynamic range w/ >70% efficiency

16 S.S. Amin et al., CICC’20
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Power Management Research Focus Areas

High Power Density Hybrid Converters:
Mobile phones, data centers, automotiv
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Inductor-first conversion

) High Voltage Low Voltage
Passive-stacked 3 order Low Current High Current
: T \
~buck
fb’-l‘ (P S3B) converter Switches Small Inductor YOOUT
.......... — (Small Ryy) (Large DCR)
PMIC } <7 7

Split into two half-sized inductors
and stack at input

The input capacitor is now flying

All passives are stacked at input

Inductors are placed at the low-current side of the converter

A. Abdulslam et al., ISSCC’19
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Welrable PS3B Measurement Results
Top-side Npea=94% @ PD of 0.18W/mm? Max. PD of
A EATETAA 0.7W/mm?2
E L 100 - @ 86.6%
: ' \"/ =1.4V
2 ' 90 ouT
N 9
v Plsegreesnly | = 80
> e
2.33mm 9 ol
. Q
Bottom-side uu:‘_I
N 1 . 60 L
£
= 50 : : : :
O"_) 0 0.5 1 1.5 2 2.5
N ILo AD [A] A. Abdulslam et al., ISSCC’19
\

Benefits: reduced EMI and input noise, area-
2.33mm efficient stacked-passives, smaller inductors volume




= Li-ion-compatible SMML Converter

UucsD
. . e . V.w
< A symmetric modified multilevel ladder T
(SMML) converter: S RS
— Consists of two sides each with 2 capacitors and Vit VIR
< Features: CiLL j I\ &R
v" Decreased conduction losses due to S3L S3R
inherent phase interleaving. val VR
v" Minimum blocking voltage on all L S4R
switches/capacitors. CoLL /I X i _LCR
v" No need for voltage balancing modules S5L L’UI(_WLVOUT S5R
flying capacitors are naturally stable. viL V3R
v' All necessary supplies are generated S6L  Cour S6R
internally to power drivers and level shifters. é é

20 A. Abdulslam et al., JSSC’20
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Wearable
Sensors

SMML Measurement Results

The inductor and the
output capacitor are
mounted under the chip
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e Power Management Research Focus Areas

RF Power Amplifiers
5G, WI-Fi 6, Long Range loT
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CMOS Power Amplifier Voltage Challenge

Vesr= 4V
w [m
V, ~1V
nC. CMOS
DC " Var=> 5V
DC-DC %| | 0
—1PA
| | ’73{ nr
Ny
L AT
N
ﬁDC—DC ??PA X miL
Vowos AAAAN
VUVVVUVV
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Idea: utilize many efficient ~1V
class-D PAs and combine
power with transformers

Problem: three voltage
conversion stages leads to
cascaded losses:

Ntot = Npc-pc Npa Nxfmr < 30%

Why do we go down, then

back up in voltage?
There must be a better way!
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Partial Solution: PA Stacking

Stack entire class-D PAs for current re-use:
~100% efficient implicit DC-DC conversion

VBAT

—H PA

PA

5 Vaar

Two-stage cascade:

Ntot = Nra Nxfmr

—

xﬁm’

T

¥

Problem: still require lossy
transformer to achieve high
output power in scaled CMOS

L.G. Salem et al., JSSC’17



lﬁ Solid-State RF Impedance Transformation

Idea: generate large RF voltages directly from a battery using ~1V devices by stacking PAs,
then flying subsequent PAs between the rails of the prior stages in a House-of-Cards Topology

VBAT

VRF, up

VREdown
N/
T :l: ““““““ \ & Vear B
Vrr ' Y
i VRE —; i ><>,O Q@ VREup
|
} VRE —\ + ; i &@’/O‘ 5/(,\’
| -1
0.5Vear -~ jVBATi 2 sVoar ———"1—1"1—"1"1—
‘ Crry | — I @6
; VRE — : <
} | QO VREdown
| VRF —»l !
I I
| ) GND - B

o5 MY ____. 4 L.G. Salem et al., JSSC’17
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UCSD

Solid-State RF Impedance Transformation

Idea: generate large RF voltages directly from a battery using ~1V devices by stacking PAs,
then flying subsequent PAs between the rails of the prior stages in a House-of-Cards Topology

VBAT
VRF,up
VHoC
Flying
domain®
VREdown
joEm i ~ <,
] ! D (,\’
} I % 'Q
| | RS
} VRE —N + ; : /y@ ~
io.jVBAT - T Z_VBATi 'Y’Q @é(’\’
i Var Cry | — i y 2)
| |
i .
1 |

e e e e ”

*For more information, see Salem et al., ISSCC’16

Vaar

VRE up

ZiVBAT T T T

VREdown

GND

L.G. Salem et al., JSSC’17



= Solid-State RF Impedance Transformation

UCsD

Idea: generate large RF voltages directly from a battery using ~1V devices by stacking PAs,
then flying subsequent PAs between the rails of the prior stages in a House-of-Cards Topology

VBAT

No need for
impedance

VRFEu .
P transformation

VHoC l

Vout

27

Flying
domain

}i BPF
VREdown

High power RF
waveform synthesized

directly from Vg, using
low-voltage transistors

*For more information, see Salem et al., ISSCC’16

VREdown

GND

L.G. Salem et al., JSSC’17



House-of-Cards (HoC) Schematic

Level-shingting non-overlap generation
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4.8V
°| 36 48 ) 1.2V ma_lntamed
T~ /. at all times
T~ A
3.6V
- Possible
T R2R2E voltage
T 3.6,4.8 states:
L2 4V - L 012 24,
| ™ 36,48V
—_— 012
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24, 36 N
RF charge
i '2V-\\ 4 transfer ]
—~ RF current switches —| =
T path
|
oV \ DC voltages inherently generated; only b:ﬁ?;:gg E

v

mismatch charge needs to be delivered

L.G. Salem et al., JSSC’17
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Measurement results: PAE

40.3%

- —Class-B
| |—Model

o Measured

18.3%

Assuming an |
80% efficient

DC-DC
converter
5 10 15 20 25 30
Code

65nm LP
1.2V transistors

>40% battery-to-RF power-added efficiency at both

peak power (23dBm) and at 6dB backoff

L.G. Salem et al., JSSC’17
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