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Motivation

• Transcutaneous power transmission commonly 

used to power biomedical implants wirelessly

• Power transmitted from LP to LS inductively

• DC supplies provided by power efficient PMU
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Conventional PMU Approach

• Passive or active rectifier followed by linear regulator

• Min. peak VAC  min[VACP] = VO + VDO + VD

• VDO: Regulator dropout voltage

• VD: Voltage drop on rectifier

• Limited power & voltage conversion eff. to 65 – 80%
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Active Rectifier/Regulator in [6]

• Combine PFETs in rectifier & regulator  rectulator

• For VAC > VO, AE drives MS to have VO = (1 + R1/R2)Vref

• For VAC < VO, MS is off  no current flow b/w VAC & VO

• Improve power & voltage conversion eff. (P & RV)

• Input frequency (fAC) limited by delay of CO1

MS

co1+-

S2S1

+-

Vref

R1

R2

CB

+ -VS

VAC

VO

AE



6

Proposed Passive Rectifier/Regulator (I)

• Combine passive rectifier into regulator  prectulator

• MPR also used as passive rectifier w/o using comparator

• VB > VO − VDi & VACP – VDi, (VDi = parasitic diode drop)

• IO > 0 for VAC > VG + |VTP|

• VO regulated to (1+R1/R2)Vref by AE thru controlling IO
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Proposed Passive Rectifier/Regulator (II)

• Startup situation

 MPR on for  VAC & VG ~ 0V

 But, VO < (1+R1/R2)Vref

 AE keeps VG ~ 0V

 VO > VG + |VTP|  IO flow back 

 VO stuck at low value

• Overload situation

 Increase IL  VG < VO – |VTP|

 IO flow back to VAC

 Abrupt drop on VO & P

 AE needs to keep VG > VO – |VTP|
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Proposed Passive Rectifier/Regulator (III)

• Auxiliary rectifier designs with VD < 0.65V
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Comparison w/ Conventional Rect.-Reg.
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Different Prectulator Configurations

• Using both VAC  polarities • Voltage doubling

 Multiple VO’s can also be 

obtained using multiple 

AE’s & MPR’s
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Voltage doubling Prectulator Design

• MT1 used for limiting 

VACT b/w ~0V & +VACP

• MB1 used for limiting 

VACB b/w ~0V & −VACP

 Increase range of VAC

• MT3 added for detecting 

overdriven situations

 IOVT > 0 for          

VGT2 < VOP − |VTP|

• MB3 added similarly

• RC’s & CC’s added for 

freq. compensation
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Design of Amplifier AT

• For startup or high IL situations with VGT2 ~ VOP − |VTP| & 

IOVT ~ ID22, M21 is off  AT not continue to drive VGT2 lower

• Prevent current flow back but VO is no longer regulated
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Design of Amplifier AB

• VGB2 ~ VOM + VTN & IOVB > 0 for startup or high IL situations

• IOVB mirrored to node X  AB no longer continues to drive 

VGB2 higher when IOVB ~ ID43 with ID40 ~ ID34
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Die Photo & Layout

• Process: 0.18m CMOS

• Active area: 560200m2

• Designed using 3.3V I/O devices

• Tested using 50 AC source w/ 10 resistor for input 

power (Pin) measurement

• Two 1F caps connected to VOP & VOM

prectulatorprectulator

Die photo Layout
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Experimental Output Waveforms

 fAC = 15MHz, PL = 46.8mW

 min[VACP] = 3.6V

 P @ min[VACP] = 87.7%

 RV = VOC/min[VACP] = 1.67

 fAC = 100MHz, PL = 8mW

 min[VACP] = 2.1V

 RV = 1.42
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Measured P & RV vs. PL @ fAC = 15MHz

 max[P] ~ 87.7% & max[RV] ~ 1.82 at VOC = 6V

 P > 80% for PL > 5mW & VOC > 4V

 At overload situation (VOC dropped 0.1V from 4V), P only 

dropped < 0.13% for PL ~ 65mW

 No significant current flow back 
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Measured P & RV vs. fAC

 P > 93% for fAC  1MHz & VOC > 4V

 max[P] @ 20MHz = 84.0%

 RV > 1.7 for fAC  1MHz; max[RV] = 1.71 @ fAC = 15MHz

 P & RV degraded at high fAC’s due to MT1 & MB1 added for 

reducing voltage stress & increasing ranges of VACP & VOC
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Load Regulation & Startup

 fAC = 15MHz

 VACP = 3.2V

 VOC/IL = −1.9mV/mA

 fAC = 15MHz

 RL’s @ VOP & VOM = 820

 Startup time < 145s

• Load Regulation
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AM Rejection & Input Regulation

 fAM = 20kHz & fAC = 15MHz 

 2.8V < VACP < 4.8V with 

VOC = 4V

 VOC/VACP = −15.9dB

 AM rejection limited by BWs 

of AT & AB @ high fAM’s

 Input regulation = 1.1mV/V 

for fAM = DC

• VOC/VACP vs. fAMVACP = 2V

VOC = 0.32V
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Performance Comparison

[4] [5] [6] This work

Technology 0.18m 0.35m 0.18m 0.18m 

Output range 

(V)
1.8 1.19 – 3.56 1.5 – 3.4 2.4 – 6.4

Active area 0.12mm2 0.186mm2 0.07mm2 0.112mm2

max[PL] 40mWA 24.8mW* 58.1mW 83.2mW

fAC (MHz) 13.56 13.56 0.5 – 15 0.2 – >20

RV 1.5B 0.79 –

0.93*
0.57 – 0.96 1.4 – 1.86

max[P] (%)

@ fAC (Hz)

74.8 @ 

13.56M

90.1* @ 

13.56M

81.5 @ 

15M

87.7 @ 15M

84.0 @ 20M

Load 

regulation
– No < 61V/mA < 1.9mV/mA

*rectifier only; Avoltage doubler only; Bincluding linear regulators



21

Summary and Conclusion

• Prectulator combined passive rectifier into linear regulator

• Regulator output transistor used both for output voltage 

regulation as well as rectification

• High speed comparators not required to achieve high fAC

• Bulk voltage biased by low voltage drop auxiliary rectifier

• Gate voltage controlled by amp. for voltage regulation

• Startup & overload situations detected by other transistors 

that output currents to prevent amp. from overdriving 

• Voltage doubling prectulator implemented in 0.18m 

CMOS process

Achieved max[P] = 87.7% & max[RV] = 1.71 @ 15MHz


