A 2.45GHz RF-FRONT END FOR A MICRO NEURAL

INTERFACE SYSTEM

By
SRINIVASAN VENKATARAMAN

Bachelor of Engineering
Bharathidasan University
Tiruchirapalli, TamilNadu

2001

Master of Science
Oklahoma State University
Stillwater, Oklahoma
2003

Submitted to the Faculty of the
Graduate College of the
Oklahoma State University
in partial fulfillment of
the requirements for
the Degree of
DOCTOR OF PHILOSOPHY

July, 2011



A 2.45GHz RF-FRONT END FOR A MICRO NEURAL

INTERFACE SYSTEM

Dissertation Approved:

Dr. Chris Hutchens

Dissertation Adviser

Dr. Reza Abdolvand

Dr. Ramakumar

Dr. Karen High

Outside Committee Member

Dr. Mark E. Payton

Dean of the Graduate College



ACKNOWLEDGMENTS

| would like to take this opportunity to thank my advisor Dr. Chris Hutcliengiving
me a chance to be a part of the MSVLSI group at OSU. Ovefretirs he has constantly
encouraged me to get better at circuit design and has providedleatuggestions for
achieving the same. | am what | am today because of the guidance and supperh&dsa
provided over the years of this program.

| want to thank my committee members Dr. Reza, Dr. Ramakumar and Dr. Kigren H
for accepting to review my work and be on my committee.

| would also like to thank MSVLSI Lab members over the yearsidicy Rehan, Ran,
Gaunglei, Yong and Dr. Liu for being there for some encouragirayigBgons in analog

and mixed signal design issues.

Last but not the least, the love, prayers and sacrifices of app#a and Niru. This work
would not have been possible without your unconditional support and constant
encouragement that you have provided me all these years. Thank yownfpthese and
telling me every time that everything will be all right amat to worry too much. | know

that | can always look up to you for support.

| DEDICATE THIS DISSERTATION WORK TO APPA, AMMA AND NIRU.



TABLE OF CONTENTS

Chapter Page
(@ o Y I8t PP PEPEPRRRPRRRR 1
00 R [ 01 0T U Tod 1 o] o PSSP PPPPPPI 1
1.2 RESEAICh ODJECLIVE ... e e e e e e e e e 7
1.3 Dissertation OrganiZation ...............ueeiiiiiieeeeeeeeeeeeeeeeiaesri s e e e e e eaaeeeeaeereeern 8
(@ o N It S | PP PPPPERPRRPRPR 10
2.1 MatChiNG NEIWOTK .....ceeeeieiiiiiiicee e e e e e e e e e e e e e e e e ee e a e as 10
211 ShUNt MAtCHING ...veeeeeiiiee e 12
2.1.2  SerieS MatChiNg ......uuvuueiiiiiii e e 13
2.2 Literature Review of the RF —DC CONVEIEr........cccoiiiiiiiiiiiiiiiiieeee e 15
2.3 RF-DC CONVEITET ...t e e e e e e n e e e e e ennnnaes 17
2.4 Working of the RF-DC converter CIrCUIL ..........ccooueiieiiiiiiiiiiiiiiiiiiiee e 23
2.5 Schottky diode DENAVION ........ccooiiiieeeee e 26
2.6 Input impedance of the RF-DC CONVEIEr...........oooiiiiiiiiiiiiiiiiee e 30
(O o 1 e I =t S 1| PP PPPPPPUPPPPPR 38
3.1 Miller COMPENSALION .....ccoeeeiiii it e ettt a e e e e e e e e e e aaeeeeeennnnes 39
3.2 INdireCt COMPENSALION ......vuviiiiiiiiiie e e e eee ettt e e e e e e e e e e e e e e eeeesrraaana s 43
3.2.1 Indirect compensation with current injected at different nodes................... 45
3.2.2 Indirect compensation with current injected at same node.......................... 48
CHAPTER IV L.ttt ettt ettt e e e e e e e e e e e e e e e e s s s s asssassateaneeneeeeaaeeas 51
4.1 Introduction to sub-threshold deSigN ..........euuviiiiiiiiiiiiie e 51
4.2 Square law versus sub-threshold behavior..............cccccooiii, 52
4.2.1 Square [aw DENAVION..........cco i 52
4.2.2 Sub-threshold Behavior ..............euiii s 53
G I Lo v= To oI =] (=T =] o = SRS SPPPPPRRR 58
N T R B @0 01T =11 [ ] o PP STPR 59
G T S\ @ o] o =1 - L1 o] o P 62
4.3.3 NOIS€e IN VOItage refErenCe ........oooiviiiiiiiiiieee e 64
4.4 Global DIias gENEIAtOr ..........oceieeeiiiicer e e e e e e e e e e e e e eeeeareanane 66
4.5 Linear drop OUL rEQUIATON ........iiiieie e e e 70
4.5.1 Compensation Of the LDO ..........uuuiiiiiiiiiieeeeeeee e e e e e e e e e eeeeenaeens 73
4.6 POWEL ON MESEL ...ttt ettt e e e e e et e e e e et et e e e e e eeaba e e e e e eenan e eaeeennnnns 79
4.7 DEMOTUIALON ....oeeiiiiiiieee ettt bbbt e et e e e e aaeeeeas 80
CHAPTER V ittt ettt et e e e aeaaaeeeeaeeeseesasa s nssassbebbeeeeeeeeees 84
5.1 High temperature sub-blocks for Vee-squared controlled DC-DC converter ...... 84
5.1.1 Reduced capacitance compared to bulk device ..........cccceeeiiiiiiiiiiiiiiiiiinnnnns 85

iv



5.1.2 LatCh-Up PreVeNTION .......vviiiiiiieie et e e e e e e eeeeeennnnes
5.1.3 HIGherIONIOFF TALtIO ....cceieiiiiiiiiiiiiiiee et e e e e e eeeeeeeens 86
5.2 Fully depleted versus partially depleted deviCe...........ccoeveeiiiiiiiiiiicrieiiiee e, 88
5.3 StaCKed trANSISTONS .....ceviiiiiiiiiee ettt e e e e e e e e e e e e e e e s b b e e e e 90
5.4 Control 100P arChitECIUINES.........uuuieiiiieie e 91
5.4.1 Voltage mode CONLIOL........ccoeeeiiieiieeeee e 92
5.4.2 Current MOde CONLIO ........uuuuueiiiiieee e 93
G YT Yo [ U = T =T o] o o 94
5.5 VOItage REFEIENCE........coeiiiiiiieteee et 97
I Sl 0] 0] o 1= 1= 10| S PP 100
5.7 HYSEEretiC COMPATALOL ... ..cciiiiiiieeiieiiiitiee e e e e e e e e e e et et et bbb s e e e e e e e e e e e aaeeeeeeenenens 102
RS I = (o) Y a1 o] 1= S 103
CHAPTER VI ..ttt et e e e e e e e e e e e e e e e e e e e s e e snnssaeeebaenseeneees 107
6.1 Test procedure for pad frame-1..........cccceiiiiiiiiiieeiieieeeee e e e e e e e e 108
6.2 Test procedure for the pad frame-2.............coiiiiiiiiiiiiii e 110
6.3 CoNClUdING REMAIKS........uuiiiiiiiie i e e e e e e e e as 120
6.4 FULUIE WOTK ... 122
REFERENGCES ..ottt bbbt r e et e e e e e e e e eeeeeas 126



Table

Table 1.1
Table 2.1
Table 2.2
Table 2.3
Table 3.1
Table 3.2
Table 3.3
Table 3.4
Table 3.5
Table 4.1
Table 4.2
Table 4.3
Table 4.4
Table 5.1
Table 5.2
Table 6.1
Table 6.2
Table 6.3
Table 6.4
Table 6.5

LIST OF TABLES

Page

Specification of the power harvesting frontend...............vviiiiiiiiiieeeeeeee, 8
Summary of antenna and rectifier impedance combinations........................ 11
Survey of RF-DC arChiteCtUIreS..........uuuvviiiiiiee e 17
Simulation of diode current parameters with Vin =1V, IL = 54uA.............. 30
Pole Zero locations of a two stage miller OTA .......oooriiiiiiiiiciiii e, 40
Pole zero locations in indirect compensation scheme..............ccccevvvvvvvvnnnns 42
Conventions and assumptions used in indirect compensation...................... 44
Pole zero locations for current injected at different nodes. ...........cccccceeennn. 47
Pole zero locations for current injected at same NOdEeS.........ccceeeeeveeeeeeenneene. 49
Reference current generated for the various blocks in the frontend ............ 69
Pass transistor parameters for minimum and maximum load currents......... 74
Pole zero locations for the uncompensated loop of the LDO ....................... 75
Performance summary of the LDO ........ccccooeiiiiiiiiiieeeer e 78
Specification of the DC-DC converter SyStem...........cooevvvivviiiiiiiiinneneeeeeeeeee, 92
Comparison of voltage referenNCeS ..........ceeeiiiiieii e 100
Description of the pad frame -1 ... 108
Description of the pad frame- 2 ... e 111
Power consumed by individual bIOCKS ... 115
Comparison of the power harvesting Works ...............cuuviiieiiiiiiiieeeeeeeeee, 118
Demodulator iINPUL SELHINGS .......cooiiiiiiiieiiiiir s 120

Vi



LIST OF FIGURES

Figure Page
Figure 1.1 Simplified model of the inductive linK.............oooeveiiiiicii s 3
Figure 1.2 Block diagram of the front end SyStem............coooiiiiiiiiiiiiiii s 8
Figure 2.1 Network representing the maximum power transfer theorem......................... 10
Figure 2.2 Network representing a shunt LC matCh ..........cccooovveiiiiiiiiiiiiiiiicee e 12
Figure 2.3 Network representing a seriesS LC matCh...........ccooeviviiiiiieiiiciieeeee e 13
Figure 2.4 lllustration of Q boost in series matCh............oooiiiiiiiiiii e 14
Figure 2.5 Block diagram of the power harvesting frontend...........c.oooviiiiiiiiin e, 17
Figure 2.6 (a) Plot of ID vs. Vin and (k) ¥s. Vin for N Schottky diode ....................... 20
Figure 2.7 (a) Plot of ID vs. Vin and (k) ¥s. Vin for MOS diode........cccccovvvvvveciieennnnn. 21
Figure 2.8 Current through the SWItCH ..........ccoooi i 21
Figure 2.9 Schematic of the one stage RF-DC converter and its waveform.[28].. 23

Figure 2.10 Waveform at the output of the rectifier with diode drop and .R............ 25

Figure 2.11 Layout of a N type Schottky diode.............ooovrireiiiiiiiiiiie e 27
Figure 2.12 Band diagram of the metal and semiconductor [31] ...........ccevvviviiiiniiiinnnnnn. 27
Figure 2.13 Waveforms of the current through the schottky diode ...........ccccceeveiiiiennenn. 31
Figure 2.14 Input impedance transformation of a RF-DC network [23]..........coeeeeeieeeee. 32
Figure 2.15 Plot of DC voltage vs. 10ad CUIENt ..........coiiiiiiiieee e 36
Figure 3.1 Small signal model of a generic two stage miller OTA[33, 34].....cccceeeeeeeennn. 39
Figure 3.2 Bode plot of a miller compensated OTA..........oooiiiiiiiiiiiiieei e 40
Figure 3.3 Feeding back a current using a common gate device [33] .........ccoevvvivrvrinnnnnn. 42
Figure 3.4 Bode plot of the indirect compensated OTA ........ccoooeiiiiiiiieeiei e 43
Figure 3.5 Four possible structures for indirect compensation. ................ceuuvvvveeiiininneennn. 44
Figure 3.6 Small signal model of OTA with current injection at different nodes.... 46

Figure 3.7 Small signal model of OTA with current injection at same node ................... 48
Figure 4.1 Schematic of the voltage referenCe..........cccoovveeeiiiiiiiiiieeee e 58
Figure 4.2 Monte-Carlo distribution ofg¢r = 400mV at 27°C .......ooiiieiiiiiiiiieeeeeeeiinn. 62
Figure 4.3 Monte-Carlo distribution ofg¥r from 25°C to 125°C.......covvvvrvvvvvvreciieeennnn. 62
Figure 4.4 Plot of voltage reference loop gain and phase versus frequency.................... 64
Figure 4.5 Noise plot at the output of the reference node voltage ............cccceeeeveeeeeeeennn. 66
Figure 4.6 Global bias generator for the signal conditioning blocks..............cccccceeeiiii. 67
Figure 4.7 Distribution of ¥ — Vgsatfor the reference current leg at 27°C ..................... 69
Figure 4.8 Distribution of ¥ — Vysatfor the reference current leg at 125°C ................... 69
Figure 4.9 Schematic of the linear drop out regulator ...............oovveiiiiiiiiiiii e, 70

Vil



Figure 4.10 Block level diagram of loop gain of the LDO ............coooviiiiiiiiiiiiiiiieeeeeee, 73

Figure 4.11 Movement of poles under light load to full load condition.......................... 75
Figure 4.12 Loop gain and phase plots for minimum and full load conditions................ 76
Figure 4.13 Load regulation of the LDO for a step change in input voltage.................... 77
Figure 4.14 Load regulation of the LDO for a step change in load current...................... 78
Figure 4.15 Settling time of the LDO from no load to full load............cccccceeeiiiiinenennnnn.. 78
Figure 4.16 Schematic of the power 0N reSet CirCUIL .........ccoeeviieiiieiiiiiiiee e 79
Figure 4.17 Simulation and power 0N reSet CIFCUIT............uueveiiiiiieeee e 80
Figure 4.18 Schematic of the demodUlator ...............eeiiiiiiiiiii e 80
Figure 4.19 Output waveform of the demodulator ............cccooeeeiiiiiiieeie e, 82
Figure 5.1 Cross section of a NMOS device in Bulk versus SOI [52] ..........ccooeiviiiiiiinnnns 85
Figure 5.2 Cross section of (a) Bulk device and (b) SOl deviCe ........cccceevvveeeeiiiiiiiiiininnns 86
Figure 5.3 Cross section of (a) partially depleted and (b) fully depleted &Sjice... 88

Figure 5.4 Equivalent schematic of the floating body transistor ..............ccccceeeeiiiiieeeeeenn. 89
Figure 5.5 ID vs. VDS of a NMOS device showing the kink effect [51]........c..ccoeeeeeenn. 90
Figure 5.6 Schematic of the stacked tranSiStor .............covvuiiiiiiiiii e 90
Figure 5.7 Schematic of the voltage mode control of the buck converter[50] ................ 92
Figure 5.8 Schematic of the current mode control [50].........ccoovvviiiiiiiiiiiiiiiiii e, 93
Figure 5.9 Schematic of the vee-squared control 100pP [50]........uuvuueiiiiiiiiiiiiieiieiiieeeeiiies 94
Figure 5.10 Schematic of the cascaded pair of error amplifier and comp&fjtor.[. 95

Figure 5.11 Equivalent circuit of the switch and LC filter in the on state [50] ................ 96
Figure 5.12 Bode plot of the loop response of the vee-squared controller ....................... 96
Figure 5.13 1-V plot Of the SN rESISTOr .....coee i 97
Figure 5.14 1-V plot Of the PP reSIStOr. .......uuueeiiiiiie e e e 98
Figure 5.15 ID-VD plot for the NG diode in the peregrine proCess .........cccoeeeveeeeeeeeneeeee. 98
Figure 5.16 (a) schematic (b) layout and (c) measured results of voltagacefe...... 99

Figure 5.17 (a) Schematic of the comparator (b) layout of the comparator ................... 100
Figure 5.18 (a), (b) and (c) Measured results of the comparator ...............cccceevvvvvvvennnnnns 102
Figure 5.19 Block diagram of the hysteretic comparator .............coeevvivveiiiiiininieeeeeeeeeeee. 103
Figure 5.20 Hysteresis plot Versus temperature...........cooeevevvveeeeviiiiiiiiiiee e eeeeeeeeeeeeeennenns 103
Figure 5.21 Schematic of the error amplifier..........cccooii e 104
Figure 5.22 Layout of the error amplifier in the VREF pad frame..............ccccccccieenennnn. 105
Figure 5.23 Measured parameters of the error amplifier...........cccoviiiiiiiiii 105
Figure 6.1 Chip micrograph of the Padframe-1............cccorrrriiiiiiiiiiii e, 108
Figure 6.2 Unregulated voltage versus load current at constant input power................. 109
Figure 6.3 Unregulated voltage versus input power at constant load current................. 110
Figure 6.4 Chip micrograph of the Padframe-2..............ooiii s 111
Figure 6.5 Reference voltage Versus iNPUt POWET .......ccooeeeeeeeviiieeeeeiiiiiesn e e e e e e e e e eeeees 112
Figure 6.6 Regulated voltage Versus iNPUL POWET ...........ooiiiiiiiiiiiiiiiiiiease e eeeeeeeeees 113
Figure 6.7 Regulated voltage of LDO-1 VEISUB V.. ccooveeeeeeeeeieeieeeeeiiiiinn e e 114
Figure 6.8 Regulated voltage of LDO-2 VEISUS V.. .cooveeieiieiiiiiieeiiiiiiiiiee e 115
Figure 6.9 Double side band AM WAVE ...........ccooiiiiiiiiiiiiiiie e 119
Figure 6.10 Demodulator OULPULS .........uuuueeiiiiaieee ettt e e e e e e e eeeeeennnenes 120
Figure 6.11 Schematic of the lIMIter...........uuuiiiii i 124

viii



Chapter |

BMI

VLSI

SOC
RF

LIST OF SYMBOLS AND ABREVIATIONS

Brain machine interface

Very large scale integration systems

System on chip

Radio frequency

Direct current

Resistance of the primary winding

Capacitance of the primary winding

Inductance of the primary winding

Current in the primary winding

Resistance of the secondary winding

Capacitance of the secondary winding

Inductance of the secondary winding

Current in the secondary winding

Mutual inductance between the primary and secondary
Coupling coefficient

Resonant frequency of the primary and secondary
Input voltage of the primary

Output voltage at the secondary

Quality factor of the primary coil

Quality factor of the secondary coil

Bandwidth of the system

Efficiency of the inductive model

Radio frequency identification

Time division multiple access

Code division multiple access

Micro neural interface

Micro neural stimulator

Power density at the receive antenna
Power density at the transmit antenna
Gain at the transmit end of the antenna
Gain at the receive end of the antenna
Wavelength of the medium
Transmission distance
finite-difference time-domain

specific absorption rate



ADC
PLL
FIFO
LDO
POR

Chapter I

Rin
Xin
Lmatcr
Cmatcr

Pi
Vs
PMOS

n
Ve
Vin
fTDIODE
Ip
Ut
CJ
A

ISC

CJC

framos
Coe

Cox

Analog to digital converter
Phase lock loop

First in First out

Low drop out regulator
Power on reset

Radio frequency to Direct current

Metal oxide semiconductor

Voltage source

Impedance of the source

Real part of the resistance of the antenna
Imaginary part of the resistance of the antenna
Impedance of the RF-DC converter

Real part of the resistance of the RF-DC converter
Imaginary part of the RF-DC converter
Matching network inductance

Capacitance of the matching network

Input power

Peak voltage at the input of the antenna

P- type metal oxide semiconductor

Output voltage of the RF-DC converter
Number of stages

Peak voltage at the input of the RF-DC converter
Voltage drop across the switch

Input capacitance of the RF-DC converter
Current density of a schottky diode

Current density of a NMOS transistor
Saturation current of Schottky diode

Thermal voltage

Ideality factor of a diode

Mobility of a NMOS transistor

Gate voltage of the NMOS transistor
Threshold voltage of the NMOS transistor
Unity current gain of the schottky diode

Diode current

Thermal voltage

Junction capacitance of the Schotty diode
Cross section area of the schottky diode
Saturation current density

Junction capacitance per unit area

Unity current gain of the MOS transistor diode
Equivalent gate capacitance of the MOS transistor
Length of the MOS transistor

Oxide capacitance of the MOS transistor
Amplitude of the current pulse

Fourier coefficient

Schottky diodes in the RF-DC converter
Series capacitor in the RF-DC converter



C. Load capacitor in the RF-DC converter

MIM Metal-insulator-metal capacitor
Vg Magnitude of the ripple voltage
B Work function of the metal
@ Work function of the doped semiconductor
X Electron affinity
Er Fermi energy level
Ec Energy level of the conduction band
Ev Energy level of the valence band
OB, Potential barrier from metal to semiconductor
Vi Built in potential of the Schottky diode
J Forward bias current density of the Schottky diode
Va Applied forward bias
C Capacitance per unity area of an ideal p-n junction diode
e charge of the electron
& Permittivity of free space
Ny concentration of the donor atoms
Vr Reverse bias voltage
Jst reverse saturation current density
K Boltzmann’s constant
T Temperature in Kelvin
A Richardson constant
Ioe Fundamental component of diode current
line Fundamental component of input current
| omin Minimum value of the diode current
| omas Maximum value of the diode current
Qnw Quality factor of the matching network
Cb1,Co2  Junction capacitance of the schottky diode
Rep Fundamental resistance of the schottky diode
Chapter IlI

OTA Operational trans conductance amplifier
MDAC  Multiplying digital to analog converter
ADC Analog to digital converter

Om Trans conductance of a MOS device
R Small signal resistance of the MOS device
Cc Compensation capacitance
C Capacitance
GBP Gain bandwidth product
g Output conductance of the MOS transistor
K, Ratio of the mobility of the NMOS to PMOS device

LHP Left half complex plane
RHP Right half complex plane

Chapter IV
P Power
C Total gate capacitance
vV Supply voltage
f Operating frequency

Xi



| Total current consumed

SNR Signal to noise ratio
Vop Supply voltage
KP Trans conductance parameter

AV Over drive voltage of the MOS device
V1aN Threshold voltage

BJT Bipolar junction transistor
Vg Gate voltage of a transistor
Vp Drain voltage of a transistor
Vs Source voltage of a transistor
I Forward current
Ir Reverse current
Ve Pinch off voltage
V1o Zero bias threshold voltage
B MOS transistor gain factor
b4 Surface potential of the MOS transistor
IC Inversion coefficient
Io Drain current of the MOSFET
Avth Pelgrom coefficient
Ve Gate to source voltage of a MOS transistor
Rae Small signal output resistance of a MOS device

PTAT Proportional to absolute temperature
CTAT Complementary to absolute temperature

V ger Voltage reference
Ts Loop gain
Vg Bias voltage
Chapter V

SOS Silicon on sapphire

lon On current of the transistor
lore Off current of the transistor
SOl Silicon on insulator
Si02 Silicon di oxide
Ceox Oxide capacitance

DIBL Drain induced barrier lowering
RN Regular VT device
NL Low VT device

TF Transfer function of the loop gain
Chapter VI

m Modulation index

n Efficiency

AM Amplitude modulation
DSB-AM  Double side band amplitude modulation

Xii



CHAPTER |

This chapter consists of three main sections: introduction, resednective and
dissertation organization. Section 1.1 provides an introduction to implantaueahn
electronics and the various options that exist to power active rhéuigkants. Section
1.2 states the objective of the research and section 1.3 discussdsdbeation

organization.

1.1 Introduction

Implantable medical devices over the past six decades have euvolselding a host of
medical issues e.g. pacemakers and internal cardiac defidmsllin regulating heartbeat,
cochlear implants in aiding hearing among the severely deanhpatsubcutaneous drug
delivery etc. Medical implants can be classified into two maitegories: a) Passive
implants and b) Active implants. Passive implants are devicesldhaot require electric
power to perform their function. Some common examples of passplarita include
structures liked rods , screws etc. made out of bio compatibleiahdiee titanium ,
silicone that are used to support a damaged bone/tissue. Auoipants on the other
hand require electric power to be operational. One of the promisaas af research
using the active implants is the brain machine interface mydg monitoring the raw

neurological signals and post processing it in the electronicaidoanhost of motor



commands of the human body like arm reaching , grasping and mobilityoea
reproduced [1]. This electric power required for the implants cadetigered using
batteries, transcutaneous energy transmission and energy mavdstim the
environment. While traditionally batteries have been used to pdwse implants, they
have the disadvantage of having to be replaced frequently. This gposésof frequent
surgery for the patient user. In addition, wires are -currentlingbeised for
communication between the BMI and the host system. These woeslgra tethering
force to the neural interface and can cause tissue damaget nestvement and in
general limit results. A more attractive solution for mediraplants is the use of
wireless power and communication. Recent advances in wafer packagmwplogies
and advanced VLSI processes together offer the possibiliysystem on chip (SOC)
solution for active implants using energy harvesting. Active implgawered using
wireless power are able to last for decades without replateand also minimize tissue

heating.

The three main approaches for wireless power implementationlarelectrostatic
coupling, 2) inductive coupling, 3) RF or electromagnetic waves [2n 3jn inductively
coupled system, a power amplifier coupled to an external contdbilegs the primary
coil in the RF transmitter. An implanted coil on the secondary reideives this power
and rectifies it to supply adequate DC voltage to the implant. Ptaesfer in an

inductive link depends on the following [4]:

1. Ratio of secondary to primary voltage
2. Power efficiency

3. Bandwidth
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Figure 1.1Simplified model of the inductive link

Figure 1.1 shows the simplified two port schematic of the induéitttemodel. R, Cp
and Lp represent the resistance, capacitance and inductance ointlaeypaind R, Csand
Ls represent the resistance, capacitance and inductance of the sgst@alrhe mutual
inductance between the primary and the secondary can be expreﬂeﬁm ,
where K is defined as the coupling coefficient. Both the prinaad/secondary are tuned

at the same resonant frequency which can be expressed as:

1 1

= = (1.1)
* JLoCp /LsCs
The transfer function fromyto V., can be expressed as [4]:
Ly
Vout _ ('02 k L_P
<vm)"_ (1.2)

o3[ 1 o\, . [, o*\(1 1
[ aar()(-5) G )

WhereQPZ(‘)R—LP and Q¢= Taking a derivative of equation (1.2) , we find that the
P

oOLg
Rs+RL )

maxim value o( °“‘) occurs wherk= and is given as:

\/Qst

( t maxm\/:—\/?)sf (1.3)




Equation (1.2) reveals that the response of the inductive link is ausldg a narrow
band pass filter. The bandwidth of this transfer function at atitoupling frequencies

can be expressed as [4]:

®q
Af=—2 (1.4)
21Q

The coupling coefficient ‘K’ depends on the mutual inductance ‘M’ d&dQ’s of the
components used in the coil. The coils used in the inductive links areiofplemented
as off chip components which give them a very high Q and becaysarthseparated by
a layer of skin which is a few centimeters thick , the valughef overall coupling
coefficient is small. Since coupling depends on proper coil otientgrecise placement
of these structures within the human body will be difficult.cAllse high Q value results
in a low bandwidth for communication purposes. One may think of incredsngatue
of Lsand Ly to raise the value of M. This can be achieved by using a tautticoil and
maintaining the number of turns in the secondary higher than the primmget a high
Vour Multiple turn external coils could be a possibility were it fmt coupling
inefficiency due to the large ratio between the area of xkexreal primary coil (10’s of
cnr) and the sensor coil (100’s of f)m Increasing the number of turns causes the series
resistance of both the primary and secondary windings to go upes® tresults in poor
efficiency. Efficiency of the above two port model can be expressed as:

_ (oM)?(Rs+R)  Rp
T R+ (@M)2/(Rs+R, ) Rs+R;

(1.5)

The communication data rate in inductive coupling is decided by theecbibibe carrier

frequency. A lower carrier frequency results in reduced powss but the size of the

4



antenna and the passive LC components required to implement increasesiadlly.
Even for the highest frequency of commercial mutual inductance systems (13.5®MHz
those with RFID passive tags), 5 MHz bandwidth represents t@nsybandwidth
requirement of 37%.This is simply too wide for a neural interfasggdeand one might
consider TDMA or CDMA for such high bandwidth at the expense of onprbipessing
cost in both area and power [5, 6]. Moving to a higher carrier fregueesults in an
opportunity for a higher data rate for communication together withehefit of smaller
sized passives, but comes at a cost of increased transmissien Ipes in the tissue.
These losses may result in unsafe heating of the tissue.thiess inductive coupling
has been applied for medical application such as retinal prosthasss)lan stimulation
and cochlear implants [7, 8]. Detailed studies using this approach tendicat the
antenna coils are several centimeters in dimension [9, 10]. Stdcessults in power
and data transmission have also been obtained by using a mucér stmaéinsion [11,
12]. From the discussion and studies mentioned above we can concludedtitditve
links are suitable for short range communication from one or fewcete The restricted
volume, communication bandwidth, and depth of implant for the micro nietealace
sensor (MNI) and micro neural interface stimulator (MNS),pa@inder mutual coupling

impractical.

Electromagnetic waves at RF frequency offers the opportunity to rpame
communicate with large number of implanted devices providing a numbeondfol
signals in a highly robust and stable interface. Electromagnetic cadietim the antenna
can be classified based on their intensity into two main caésgdi3]: a) Near field and

b) far field. The term near field usually refers to distangisin one wavelength from



the antenna. Electromagnetic waves from the antenna consisteofdrying ‘E’ and ‘H’
fields that propagate in free space or the medium exposed. hedndield region these
waves act as field lines (inductive and capacitive) that begintemdinate on the
antenna. The far field region is usually referred to regibm&@ wavelengths and above
from then antenna to infinity. In tissue at 1 to 2.5 GHz these ondemnayie translate to
8.5 to 3.5 cm in tissue. Beyond this region, the amount of reactive poless and the
only available power is the RF, normal perpendicular to the directiprophgation. The

power density of the RF power in this region is inversely proportionidle square of the

distanc?lz- from propagation and can be expressed as [13]:

2

A
_ » (1.6)
PP GG, (4nr>

Where R, R are the power densities at the transmit and receive end @ntdenas with
gains G and G. The distance r must be greater than the wavelehgththe medium.
Thus the far field RF radiation offers an opportunity to supply enérgg load at

distances greater than the wavelength of the source.

Authors Sun Mingui et al. in [14], Ibrahim et al. in [15] and Kennedyl®)] have
carried out 2D and 3D simulations on the brain machine interfatensye report the
power absorption and temperature changes of the brain tissue. The aafwitsan
average value of the safe limit of incident power to be 3mW befase af 1°C in tissue
temperature. The 3D simulations were made using finite-differeme-domain (FDTD)
method [17], a full-wave electromagnetic simulation technique. Arpirgdiry simulation

was done by Dr.lbrahim’s group using a half-wavelength (6.2 @matGHz) monopole



antenna mounted approximately 7 mm above the head to excite the BiH)chBased
on these simulation results and the results reported in [15] , maxtower levels of up
to 3mW for a single chip and 1.25mW for a eight chip configuration camleemated
before a 1°C increase in tissue temperature. The maximuragavspecific absorption
rate (SAR) allowed by the FCC commissions is 1.6 W/kg in 1 ghftissue [18, 19].
Authors Xu and Meng have reported a detailed study on the effectspeaftific
absorption rate(SAR) of an ingestible wireless device takitggaccount the variations
of conductivity and permittivity of the human body tissue[20]. The authors repeosted
acceptable SAR levels of 0.89W/Kg for an input power level of 25mwB@mMHz. Xu
and Meng results demonstrate that the deeper an implantable dewviserted into the
human head and as distances between transmit and receive antenndssg signal is
received by the implant. Furthermore, the SAR distributionsstihte greatest
electromagnetic power absorption in close proximity to the tranaménna. The 3D
FDTD studies demonstrate that RF power and VLSI technology tageithe us the
opportunity to develop circuitry that can harvest useful power fréan feeld source and

be operational to perform a variety of functions for the brain machine interface.

1.2 Research Objective

Figure 1.2 shows the block diagram of the entire RFID sensteray The entire system
is capable of harvesting power, amplifying, and recording, diggiznd transmitting
data in real time. The RFID system consists of band passfiem@ibit ADC, reference
chains, PLL, FIFO memory, controller and the power harvestonf £nd. The entire
system is designed to dissipate less than 100uW of powethgittlectronics consuming

less than 40uW. The objective of this research work is to demonstrate a workimansolut
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Figure 1.2Block diagram of the front end system

in silicon for a power harvesting front end comprising the antenna matching network, RF-
DC converter, voltage reference, linear drop out regulator and theddéator. The
power harvesting front end blocks are shown in grey color in Fig2ieThe design of

the antenna is beyond the scope of this work and will not be disci$sennpedance of

the antenna was assumed to be 50 ohms with the expected variation tbhéeange of
40-74 ohms.

The system design parameters and the expected output charestefithe front end are

shown in Table 1.1.

Table 1.1  Specification of the power harvesting front end

Specification Value
Input power Min: -3dBm
Max : 0 dBm
Output voltage Min: 680mV
Max: 720mV
Output power 50 uW
Efficiency 10-15%

1.3 Dissertation Organization

The dissertation has 6 chapters including the present chapter. Chagitmusses the

matching network together with the RF-DC converter. The propesfigbe schottky



diode based rectifier and the analysis of the input impedance BfRii2C converter is

also presented.

Chapter 11l discusses the OTA as a key block in the front endioaways of
compensating the op-amp and their analyses shall be discussed. Engplaagisn the

indirect compensation method.

Chapter IV discusses the Voltage reference, LDO, global biagrg®er and the

demodulator as the blocks comprising the RF- Front end system.

Chapter V introduces the VEE squared control DC- DC converterhendarious high
temperature blocks in building the DC-DC controller system.( Woaik is not a part of

the micro-neural interface system described in chapters I-1V).

Chapter VI provides the measurement and test results for thedREdnhd along with

concluding remarks and future work.



CHAPTER Il

This chapter is divided into six sub-sections. Section 2.1 describesetitk for a
matching network and the different matching network options aveilahéction 2.2
provides a survey of the various architectures found in literaturemiplementing the
RF-DC converter followed by section 2.3, which describes the chaicaable for
implementing the switch in the RF-DC converter. A comparison detwhe schottky
diode and MOS diode is provided. Section 2.4 describes the procedure to davelop
expression for DC voltage at the output of the RF-DC converter.b&havior of the
schottky diode under forward and reverse bias and the differeneedrethe schottky
diode and a regular p-n junction diode is explained in section 2.5. Sectidatil§ the
procedure to calculate the real and imaginary parts of the impagdance of the RF-DC

converter along with the matching network and preliminary simulations.
2.1 Matching Network

Zs = Rs+jXs
Vin

Zin = Rin +inn

T

Figure 2.1Network representing the maximum power transfeoitm
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A matching network is designed to maximize the power transfereleetthe antenna and
the RF-DC converter. Figure 2.1 represents a two port networkillinstrates the
maximum power transfer theorem [21]s Vepresents the peak value of the signal
amplitude at the antennag & the antenna impedance with, Xs being the real and
imaginary parts respectively ang, Zepresents the input impedance of the rectifier, with
Rin, Xin being the real and imaginary parts of the input impedance. ThaldealdC
power at the input of the rectifier based on Figure 2.1 can be expressed ag2allows

IVial® R Vs|?

= 2.1
Rin (Rin+RS)2+(Xin+XS)2 ( )

By differentiating equation (2.1) and equating it to zero, the donditfor maximum

power transfer between the antenna and the rectifier can be summariakalias f

1. R, should be equal toR

2. Xin and X should cancel each other at the desired operating frequgncy

Based on the above criteria, the maximum obtained voltage ampditude input of the
rectifier is equal to W2 and the maximum efficiency obtained is 50%. Table 2.1
summarizes the voltage levels at the input of the rectifiedifégrent values of the real

part of the input impedance.

Table 2.1 Summary of antenna and rectifier impedance comioinsit

Case (i R;,<R. M
( ) n S Vln << _S

2

Case(ii) R,,=Rg v Vs
in~ A

2

Case (|||) Rin>>RS Vin:VS

11



The input impedance of the RF-DC converter (including both real andnamggparts) is
usually higher than the antenna impedance by a factor of five [322]f2Be RF-DC
converter is connected directly to the antenna, this would resalhigher voltage at the
input of the rectifier as highlighted by case (iii), but the potwansfer efficiency will be
quite low. In order to achieve both a high voltage and maximum ptassfer, a
matching network that transforms the low value of the antenna ampedo a higher
value is required. The three methods to implement the matching networks are [22] :

1. Transformer matching
2. Series LC matching
3. Shunt LC matching

Transformer based matching network can be used when the antediffarential in
nature (e.g. like a quarter wave dipole) and the rectifier teatbre is full wave
producing both positive and negative rectified voltages. In order ta gegh voltage at
the input of the rectifier, the ratio between the primary andrelsry needs to be high.
This requirement translates into the inductor sizes being too flarge chip operation

and hence makes this choice infeasible.

2.1.1 Shunt Matching

Rs

ch AN

Limatch

+Cmatch s Rin
O i i

Figure 2.2Network representing a shunt LC match
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Figure 2.2 represents a two-port network with shunt LC matchingonet The shunt
inductor tunes the equivalent shunt capacitance including the paraitibe desired

operating frequency as per the equation (2.2)

1

vV Lmatchcmatch

W= (2.2)

Since no series element is present, a boost in voltage and impédarséermation does
not occur [23]. The antenna and the rectifier have to be designed iertctmmatch the
real parts of the impedance .The maximum available or peak vdatape input of the
rectifier is V&/2 for any given input power. The peak voltage at the input of the antenna

for a power level Rand antenna impedandgs is given as [23]:
VS = 1/2PinRS (23)

From equation (2.3), ¥is directly proportional to i and R. Shunt matching is good
candidate when the combination of available input power and antenna imgedanc
translates to a voltage large enough to turn on the rectifyingedein the RF-DC
converter. This however is not the case for an implantable devide ihuman body,
where the incident power levels may be lower than -3dBm. Asseraching network

solves this problem by providing a boost in voltage at the input of the rectifier.

2.1.2 Series Matching

o L
Vs | match
o—=—AA—+—000"
L_ .)Rs’
Tcmatch $Rin
o

Figure 2.3Network representing a series LC match
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Figure 2.3 represents a network with series LC match. Thepestlof the rectifier
impedance R is assumed to be greater than the antenna impedané@drLC network
converts R to a much lower resistance'Rt node A. From the view point of the source
Vs, a higher current flows into node A and this is impressed;ptoRjet a voltage boost

of Q. Figure 2.4 illustrates this phenomenon.

Vs |@ Lmatch
O AN —— D" R
Loy RS’ 0 Vs AN
Rin_s
— s RS,

T Cmatch_S
[- SE—

Figure 2.4lllustration of Q boost in series match

The parallel combination of ;Rand G,ach Can be transformed into a series equivalent

circuit as follows [21]:

_ Rin
in_S 1+ Qz
(2.4)
1+Q?
Cmatch_S: Cmatch (F)

This newly formed RC network is now in series withak, and the total impedance

looking at node A can be expressed as:

1 . 1
RS = RinﬁS+J (wOLmatch' waC N S) (25)
0 “match_

14



RS is purely real whemyL,ch= and is equal to Rs Substituting this

@0 Crnatch_s
condition in equation (2.4) for maximum power tran®gr,should be equal to;Rs, or

in other words

Q= =24 (2.6)

Equation (2.6) suggests that once the antenna resistance and thesigiahce of the
RF-DC converter are determined, the network transformation ragigtasnatically fixed.
Using the definition of Q, the expressions f@knand Guachare given as:

QRg
Lmatch: OJ_ (2 . 7)

o

Q

match™
woRin

(2.8)

2.2 Literature Review of the RF —DC converter

The RF-DC converter is the critical circuit in the power hsting front end that
produces the rectified DC voltage. A literature review of #wsting RF-DC
architectures for implementing this circuit block reveald tha behavior of the RF-DC
converter is similar to the behavior of the charge pump and/ovdha&ge multiplier
circuits. One of the very famous and widely used architecturebdovoltage multiplier
circuits is the Dickson charge pump [24]. The Dickson architectses a signal from a
low impedance source and two out of phase non-overlapping clocks tatges@ioutput
voltage that is a multiple of the input voltage. This architedtungfeasible in the RFIDS

(RFID sensor system) because of the absence of a readilglde clocking signal and
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power supply. Nevertheless, the results provided by the Dickson charge pone
useful in the study of the RF-DC converter. The RF-DC ardhites found in literature

can be broadly classified as:

1. Full wave rectifiers

2. Half wave rectifiers

In the half wave rectifier architecture, the switch does poduact during the negative
half cycle allowing the load to be discharged over one entire pefiogl.full wave
rectifier architecture conducts during both the positive and negagtles of the input
and hence the magnitude of the ripple is lower for the same vathe wfad capacitor as
compared to the half wave architecture. Authors Curty et al. bhsee the full wave
architecture to implement the RF-DC converter in [25]. Théchwvas implemented as a
diode connected MOS device in a 0.5um peregrine SOI process. AuthodalMand
Sarpeshkar have used the full waver rectifier design by uslfigreven MOS transistors
as switches to implement the RF-DC converter [26]. Three stagee cascaded to
obtain the required DC voltage. The work done by authors Shameliiat[2lF] and
Barnett et al. in [23] use the half wave rectifier desigth MOS diode and series
matching , Schottky diode and shunt matching respectively. Though thevdué
architecture offers the advantage of lower ripple and the fégsiioi generate bipolar
rectified supplies, it increases the amount of losses per atah¢he required area for
implementation. The desired ripple ratio can be met by usiagactor of moderate size
and post regulation of the raw developed voltage. In this work, we €hoasiplement
the RF-DC converter as a half wave rectifier. Table 2.2 provadssmmary of the

various architectures surveyed for implementing the RF-DC converter.
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Table 2.2 Survey of RF-DC architectures

Author Frequency Process| Matching Switch | No. of | Output Load |Efficiency
(MHz) type type stages|voltage(V)| current (%)
range(UA
Curty[25] 915 0.5um| Series MOS 3 0-5 1 0-10
SOl diode
Sarpeshkar[26] 950 0.18um| Shunt MOS 2 0-5 4 16-23
Bulk
Barnett[23] 900 0.18um Shunt Schottky 16 0-3 1-8 4-8
Bulk diode
Shameli[27] 920 0.18u Series MOS 4 0-1 2 5-10
Bulk diode

2.3 RF-DC Converter

| C D1
Antennaq7vinl Liatch IV = Qxw.Vin S Vo
o0 aul D
:C I Cli Rin :
p— = C
match ,‘I s Do o UL C‘ I
I | I
I | I
l——T—1 T
I | Equivalent “ Single stage
Matching I RC —_— RF-DC —
Network Seen by Converter
Matching
network

Figure 2.5 Block diagram of the power harvesting front end

Figure 2.5 shows the schematic of the RF-DC converter with @henatching network
and the equivalent circuit seen by the matching network. For proper RFIDSiopgethe
RF-DC converter needs to generate 30 to 40uW of power at DC vobadgs0 to
700mV for the analog section, 370 to 400mV for the digital circuifsoteer the signal
conditioning and logic circuitry, and 900mV to power the voltage reéereThe RF to
DC circuit topology is primarily dictated by three factoly power requirements, 2)
available power and 3) rectifying switch types, i.e. Schottky dmd&€MOS switch.
Voltage levels must be sufficient to turn on the rectifying @withe Q of the matching

network and the minimum value of the unregulated voltage required to ppivire
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circuits are governed by circuit architecture, topology andctimece of VLSI process.
For this work we chose the IBM 180nm RF CMOS process. The choicemfiraum of
0.9V for the voltage reference architecture arises becauséeopdrasitic bipolar
transistor and two PMOS transistors in series, formingdfeence core. While, the use
of Schottky diodes or diode connected MOS diodes for the refereneavoald reduce
the supply voltage, they fail to achieve the desired accuracy. Braincuit design
perspective, efficient energy harvesting depends on: availghlé power, impedance of
the antenna, and input impedance of the RF-DC converter. Using fages $n the RF-
DC converter to get the rectified DC- voltage and minimizeRReDC losses requires
the use of higher voltage at the input of the rectifier, which canbb@ned using a
matching network. The output voltage of the RF-DC converter can be apptex as

[28]:

VO :2N(VP 'VD) (29)

where \4 is the output voltage of the RF-DC converter, N is the nummbstages, Y is

the peak voltage at the input of the rectifier andid/the drop across the switch. Based
on equation (2.9), in order to get a high DC voltage with a minimum nuofitstages,

Vp has to be maximized and>\ninimized. From equations (2.7), (2.8) and (2.9) we see
that in order to design a matching network and implement the REed@rter, we need
an accurate estimate of the reahBnd imaginary parts ( of the rectifier and V. Rin,

Cin andVp are governed by the choice of the switch that is used infREe@®converter.
The possible candidates for implementing the switch in the half veatdier based RF-
DC converter are: (1) N Schottky diode (2) P Schottky diode anM(3S diode. Three
factors influence the choice of Schottky diodes over a MOS dibdeMOS threshold
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voltage, the available switching voltage and switch current depeitgheet capacitance,
the figure of merit being A/fF. The current density for a Sélyotliode and MOS

transistor can be expressed as follows:

I Vb
JDIODE: KS e(ﬂ-VT) (2 . 10)
2np Vo2 [ (Ve-Vin
JNMos™ }tlz U <e( n-Vr )> (2.11)

The f for the schottky diode can be expressed as:

1 ID
frpropE= m ( nVTCJ>

IS e(anDT)

1
% HVTCJ

V
Iser(ﬁ)

1
% HVTCJoA

V
1 Isoe(ﬁ)
N 21 HVTCJO

(2.12)

The fr for the MOS diode can be expressed as:
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1
2n L*Cox

(2.13)

Equation (2.12) and (2.13) reveal that a higheiof a diode and MOSFET is obtained
when the diode has as higher current density for the same overdrive voltage. Figiire 2.6(a
and (b) show the plot of the current andréspectively versus the input voltage of a
schottky diode for areas ranging from 1qump to 25 prh Figure 2.7(a) and (b) show the

plot of Ir and f of an NMOS transistor for lengths ranging from 220nm to 2000nm.
From these plots, the log —linear range for the schottky and Mi©O&es can be

approximated from 0.3V to 0.5V.

ID Vs vin FTvs Vin
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Figure 2.6 (a) Plot of ID vs. Vin and (b)fvs. Vin for N Schottky diode
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Figure 2.7 (a) Plot of ID vs. Vin and (b)fvs. Vin for MOS diode

The switches chosen for the RF-DC converter must have a minimwgreater than
2.4GHz, as this is the chosen carrier frequency. From Figure 2ariiqlfigure 2.7 (b) we
can see that all schottky diodes and MOS devices with a minimgthl of 220nm meet
this criterion around an input voltage of 320mV.The input to the RF-DC denvs a
large signal sine wave and the current through the switchighey nonlinear pulse. This
pulse can be approximated as a raised cosine wave shown in Figuree@aXimum
amplitude of the diode current is greater than the DC load current of the RBfidErter

by a factor of 8-10 [23].

Input voltage

ﬁ/ Diode

Vp | — L/ current

]
—aT—

Figure 2.8 Current through the switch

The current through the diode can be written as:
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(Vp cos ot-Vp)

ol (2.14)

The Taylor series expansion of the current pulse up to five terms is given as:

)

[genVT nVT

Ip = ———— 24V 024V Vpnfe? (Pe?-12)+3Vp t'o?) (2.15)
24VT n2

As shown in Figure 2.8, the diode conducts only for duration bfdiring the entire

period “T” of the input. The conduction angle of the diode can be expressed as [29]:

2V,

v (2.16)

GC=

Where V is the ripple magnitude ande\k the peak voltage at the input of the rectifier.
Substituting a ripple value of 5mV and- ¥qual to 0.9V in equation (2.16) we find that
the conduction angle is less than 20 degrees and is a valid assumbpémelalionship
betweentand T can be expressed as:

t;= KT (2.17)
Where K is less than one and can be expressed as:

L
C

The Fourier series coefficient of the diode current can be expressed as:

t
2K Vp V,
2K (_nVPT __n\PT ) (24V]-2n2 +V1Vpntle? (t2 ®2-1 2)+3Vp2t4m4)

tl f Ise
= cos(Nwt)dt (2.19)
WK ) 24V n2 (Not)

2K

which evaluates to

22



p Vo) (215Vp 22 (N ()- 12) (1Y)

_ (v 2.20
e ANV n2e? (2:20)

Summation of this Fourier series beyond four terms produces anoéiless than one
percent in the final result. This suggests that faithful reproaluaif this raised cosine
pulse wave needs at least four harmonics and the switches muse e aupport this.
From Figure 2.6(a) and (b) we see that the schottky diodestheset criteria while still
being in the log linear range and achieving the requireBven if the DC load current
increases by a factor of 8, the schottky diodes have the requitecbé& operational. A
wider MOS device can achieve the required current range but fails to achiegquied
fr. We therefore choose the schottky diode as the device for implagéme switch R
and B in the RF-DC converter. Figure 2.6(a) and (b) also reveahtdaide with lower
current density and adequatei$ a preferred device for its lowerpVMOS devices
achieve the required current range anlut are less efficient. This helps to minimize the
Ib.Vp loss in the RF-DC converter and maximize the desired rectftdtage as per
equation (2.9). Based on this discussion a 5um X 5um schottky diodseleaged to
implement the switch in the RF-DC converter. We shall now stineyoperation of the

rectifier in detail.

2.4  Working of the RF-DC converter circuit

D1
NI Vo
i

E, 4
4
;
;7
//I ’//
J ;
D2 TS ®n s
/l 1
4/ H ity
’ 2 \/t

Figure 2.9 Schematic of the one stage RF-DC converter angdaveform [28]
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Figure 2.9 shows the schematic of a single stage RF-DC cenwartl the associated
waveform at the Yyt node. Diodes Pand D are implemented as Schottky diodes in an
N-well, capacitors gand G are implemented as a dual MIM capacitors in an N-wgil. |
is the total load current drawn by the signal conditioning cinguity, is the input to the
rectifier obtained from the matching network angyYis the unregulated DC voltage.
We assume that the two diodes &d D are ideal (i.e. zero voltage drop) and Is
equal to zero. We start with the assumption thatgdes below zero to begin with and
the initial condition on Myt is zero. For €t <t; , D, is reverse biased and, Burns on
disconnecting node X from 34t and thus ¥yr = OV in this period. Beyondy,t Vi,
continues to rise up topat t = §. During this time, i.et,<t<t, diode DO shuts off and B

is turned on. Node X follows 3y, until D, is turned on and beyond that point; the circuit
is a simple capacitive divider betweep&hd Q. Fort,<t<t, ,

Cs

AVoyur= [SRTeN

AV

C
AVoyr= 2—55 (Vp-(-Vp)) (2.21)

AVour= Vp

At t=t,, Vour = Vx = Vp and the voltage across G zero. Beyondt Vi, continues to
fall and Dy shuts off thus disconnectingolr and . To maintain the voltage across C
equal to zero, ¥ follows Vi, up to §. At t3, Vx = 0. Beyond4, D1 turns on and Pis off
while Vx is held at zero up ta.tAs Vi, continues to rise beyong, i, follows Vi, as
both D, and D are off. \{ changes by the same amount asbvt with reference to zero.

At t5, D, is on and the capacitive divider network betweera@ G is formed again and
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a change of Vat the input is reflected as change\%%)fat the output. This is added to the

previously stored value ofpand the new value of the output3—\2r’§. The change in output

is equal to half the change in input for every subsequent cycléharfthal value of the

output can be written as [28]:

=2V, (2.22)

Equation (2.22) can be modified to include the diode drgpahd the presence of the
current sourcepk which is modeled as a resistor & follows,

Vour=2(Vp-Vp) (2-23)

Vour

Figure 2.10Waveform at the output of the rectifier with diodi®p and R

Figure 2.10 shows the waveform at the output of the rectifiehenptesence of load
resistor R. The drop in voltage is a result of load capacitor being disctidhgeugh the
load resistor in every half cycle. This behavior is charetieof a first order RC circuit

behavior and the output voltage in time can be expressed as follows
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-t
Vour = (Vp-Vp)eRecr

= (Ve-Vp) (I'RL.CL)

(Vp-Vp) t
R, C, (2.24)

~(Vp-Vp)-
The first term in equation (2.24) represents the initial conditiothethoad capacitor C
and the second term represents the amount of ripplg oPh€ ripple amplitude can be
expressed as
_(Vp-Vp)

V ~—_
R RLCLFy

I
C.Fn (2.25)

~
~

Substitutingl; =60pA andfi=2.45GHz and a target ripple voltage of 5mV, we find {©

be greater than 2pF. The Final value @fWas chosen to be 24pF in the final RF-DC
design to keep the ripple amplitude even smaller and prevent the drogbat\waitage
due to short signal loss.

2.5 Schottky diode behavior
This section describes the behavior of the schottky diode and thegliyat governs

their behavior. A schottky diode is rectifying junction formed lestw a metal and a
doped semiconductor material. Depending on the type of the semiconduatienial
used, they can be classified as either P type schottky odiodes or N type schottky

barrier diodes.
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Figure 2.1 ayout of a N type Schottky diode

Figure 2.11 shows the cross section of an N type schottky diobe Avitrepresenting
the anode and “C” representing the cathode. The contact from the metal to theesigst

made through the active layer without the implant (i.e. the select layer)[30].

I e; T etl)%n \\ | eVb; Fe
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Depletion |
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Xo=W/i

(a) Before contact (b) After contact

s

BEamamesel 000000 | ——— — — Eri

Figure 2.12Band diagram of the metal and semiconductor [31]

Figure 2.12 shows the energy band diagram of the metal andoselmator. In the above
figure @, is the work function of the metdl is the work function of the doped
semiconductor and is the electron affinity. E Ec and E represent the Fermi level,
conduction band level and valence band level in the semiconductor. Ei@@fa) shows
the band diagram before the metal and semiconductor are brought iot.cohtafermi

level of the doped semiconductor is slightly higher than the metaénWhe metal and
semiconductor are brought in contact and thermal equilibrium is redbleeérmi levels

of both the semiconductor and the metal are equal. Thermal egulilgireached by the
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flow of electrons form the metal into the semiconductor. The potdaialer seen by

these electrons moving from the metal to the semiconductor can be expressed as [31]:

Q)Bn:(@n'x) (226)

Similarly, the electrons in the semiconductor conduction band tngaee to the metal

and the barrier seen by them can be expressed as[31]:

Vi,i=(Dgn-0,) (2.27)

A schottky diode is considered forward biased when the metal sedbiaositive with
respect to the semiconductor. In this case, the built in poténgialeduces and the
schottky barriepg, remains constant. The reduction in barrier height causes a majorit
the electrons from the semiconductor to move into the metal. This pkenans seen as
a forward bias current ‘J’ from the metal to the semicoratuatthe external circuit and
has an exponential relationship with the forward applied voltagdhé schottky diode
is said to be reverse biased when the semiconductor is biasedepadit respect to the
metal. The diode exhibits a reverse biased capacitance lilkkeealnp-n junction whose

magnitude can be expressed as [31]:

1
o= [_C&Na ]2 (2.28)
2(Vyi+VR)

Where C’ is the capacitance per unit area, e is the chargee electrone, is the
permittivity of free space , Ns the concentration of the donor atoms, ¥ the built in
potential of the schottky metal junction and i¢ the applied reverse voltage. The current

equation for a schottky diode can be expressed as[31]:
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J=lsr [exp (?{—Y;) -1] (2.29)

This equation resembles the equation of the p-n junction diode wherthd ¢sirrent

flowing through the diode, sd is the reverse saturation current density, K is the

Boltzmann’s constant, T is the temperature in Kelvin, e is thegehaf the electron and
Va is the applied forward voltage. The reverse saturation currenttylelgsican be

expressed as[31]:

Jgr= Tzexp (-GQBH) (2.30)

Where A is called the Richardson constant. This value depends upon the typeabf
used to interface with the semiconductor. The reverse saturatientcdensity for a

normal p-n junction can be expressed as [31]:

eDyn eD,p
npo pFno
= +
S L L (2.31)

Eq (2.30) and (2.31) were developed based on two fundamental differencesinrent
flow mechanisms in the diode. Equation (2.30) was developed based onrthioie
emission of majority carriers in the schottky diode while (2.343 developed based on
the diffusion of minority charge carriers in the p-n junction diodgidal numbers for
the Richardson constant, ®g,, Dy, N Dp .o, Ln and L, reveal that the reverse
saturation current density Jst for a schottky diode is largarady a factor of £§31].
This causes the schottky diodes to a have a lowdoNa given current as per equation

(2.29).

In a conventional p-n junction under forward bias, the electrons from tyyge material
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try to move to the p side and the holes from the p- type mateoad to the n side. As
these minority carries cross the p-n junction, a capacitarfoenied between the p-side
electrons and n-side holes. This capacitance is the diffusionitzaqu&cor the stored
charge capacitance in the diode. This charge must be removed theféoewvard biased

diode can be turned off. Since majority carriers cause thentuitoev in a schottky

diode, there is no stored charge to be removed to turn off the schaitleyahd hence no
diffusion capacitance associated with it. This makes the schdibkie switch faster as

compared to the regular diode.

2.6 Input impedance of the RF-DC converter

The input voltage or carrier signal across the diode is sinusnidature and the current
through the diode is highly nonlinear resulting in highly nonlinear impedarice.
nonlinear diode current is comprised of the fundamental and other higher ord
harmonics. The series LC matching network that precedes ti¥Rienverter tunes out
these harmonics from the antenna, leaving only the fundamentgbooemti. This
fundamental component of the diode current is used in calculating thenfentid
impedance of the RF-DC converter at the desired operating frequealoylating the
fundamental impedance of the RF-DC converter requires an inigsisgof the voltage
available at 2.45GHz in order to estimate the real and imagars of the input
impedance [23]. Since the minimum unregulated voltage that is desimdund 1V,
preliminary simulations were carried out on a single stagddRFconverter that was

driven by an ideal generator with 1V peak amplitude at 2.45GHz and 54uA load current.

Table 2.3  Simulation of diode current parameters with Vin 1V= 54uA

IDr lin ID max ID min

IDe/lL | 1D mayl in(KQ in(fF
(UA) (mA) (UA) (U-A) FHL max/ L Rln( ) Cln( ) QNW
luym Xlym | 112.4| 2.206 547.7 -54.77 2.08 10.14 4.31 1424 9.21

Diode Area
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2um X2um | 196.2| 2.467| 6825 -213.4 3.63 12.63 3.9171] 159.6 8.9
3um X3um | 377.3| 2.883 672.7 -463.8 6.97 1245 | 11.722 186.6 | 8.56
4um X4um | 645 3.45 736.2 -821.6 11.9 13.63 3.34 223.7 8.1
5um X5um | 990.6 | 4.173 1062 -1277 18.33 19.66 282 | 2704 | 741

Table 2.3 shows the various RF-DC parameters obtained Wberie the fundamental
component of the diode current ahidg is the fundamental component of the input
current.IDmax Ipmin are the maximum and minimum diode current valliess the load
current,Ry, is the real part of the RF-DC converter &gl is the imaginary part of the

RF-DC converter an@ is the parameter described by equation (2.6).
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Figure 2.13Waveforms of the current through the schottky diode

Leakage current and junction capacitance are directly proportioraaka of the diode.
From Figure 2.13 we observe that a 1um X 1um schottky diode hasedéage and
reduced junction capacitance. As a result it behaves like ahsd#ah. As schottky
diode area is progressively increased, the deviation from thebdeavior happens for
two reasons: conduction through the junction capacitands €ignificant compared to
the diode current and the diodei$ reduced. We will follow the model for the RF-DC
converter outlined in [23] for calculation of the real and imagirzayt of the input
impedance. The fundamental component of the diode current can be fotaidnigythe

Fourier series expansion of the diode current and can be expressed as follows[23, 32]:
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2 2
L= T f Ip(t) COS((Dt)thf f Ip () dt=2l; pap (2.32)

The above equation assumes that the conduction angle of the diodelligrainthe
conduction is taken over a small period, such thafwt)=~1. If the diode were ideal and
the parasitics were minimum, an increase in load current woukkdhe pulse to have a
higher peak value and become more narrower to maintain the avetageover a one

period equal tol

D Rs Rr Rs

' m — m
B

Cp Cp
RFD
’ ¢ NODE1 V1c NODEl 2 —
C = C - Ce yope
CPI = CP = T 1

= 1 cb, -1 Ch. — CPll Ry —FCINJ' Rix

D ZIB__I__T CD, CD,

Figure 2.14input impedance transformation of a RF-DC netw@] [

Figure 2.14 shows the transformation of the fundamental impedanttee &chottky
diode into the real and imaginary parts at the input of the RF-DC converter. The output
DC voltage is considered as an AC ground for evaluating thendath®aginary parts of
the input impedance of the rectifiev,c represents the voltage at the rectifier input
terminals. The voltage at NODE1 can be expressed by the voltaderdoetween CC

and CD1+ CD2 as follows[23]

Cc
VNobe1= Vic (—Cc o +CD2> (2.33)

The fundamental diode resistance can be expressed as
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VNODEI
L

Teq=T5q1= T2 = (2.34)

Where | is the fundamental component of the current as evaluated in Table 2.3

=T =T =E(L> (2.35)
= = T\ C e 1y .

The shunt resistance, Rt NODE1 can be expressed as a parallel combinatiqn ehd
rq2 and the total capacitance@s a sum of g and G [23]

Trd1-Tfa2 _ Trd
T g 2

R = rqq I =
(2.36)

Cp1=Cp1tCpy

The transformation from R1 to Rin is described below

Iin= (Vic-Vyopen)joCe
;= VNope1JoCpy

_ Vobel
R,

I

IIN: 11+I

VNODEI

(Vic-VNope)= Vnoperj@Cp + R,

VNODEI

VicjoCc=Vnope1 GoCpHoCc)+ 1

I
=VNODE1 (R—l +J03(CP1+CC)>

33



1+joR; (Cp;+Cc)
=VNODEI R,

v B JoCcRy
NOPEL T 1 40 (Cp #COR,

SUbStitutingVNODEl in IIN we have

joCcR|
-Vic —
1+jo(Cp+Co)R,

In= <V1c ) joCc¢

1+j0)CP1R1
X

- joC
HJUJ(C1>1+CC)R1)J(D ¢

Iv 1+joCp R, .
—=< - )_](DCC
Vic \IHjo(Cp+Ce)R,

_ (1+joCp Ry (1-jo(Cp1+C)R )
14+®2(Cp+Cc)?R, >

ol c

1-5jo(Cp1+Ce)R +HoCp R +0*Cp R, *(Cp +Ce) | c
= ®
14+®2((Cp+C)DR, 10

15joCcR +0?(Cp+C)Cp R
14+®2(Cp;+Cc)?R

olc

_0’C R HoCc(1+02Cp (Cp+CAR, )

1402 (Cp1+C) R
If ®2(Cp;+Cc)?R,>>>1 then
In_ G iCc(1H0’Cri(CrtCAR,’)
Vic  (Cp1+Cc)?Ry o(Cp;+C)?R,?

If OJZCPl (CP1+Cc)R12>> 1
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In_ C 1o SnCe
Vic  (Cp1+Ce)?R (Cp1+Ce)

The above equation suggests that the real part of the input impedance is given as
~ (Cp+Co)°Ry
Rn=——5—
Cc

2

Rin= <1+@> R
IN CC 1

cm)Zle( Cc )
2 1

e (112
N Cc CctCp+Cpy

SinceC:>»>Cp; We have

And the imaginary part of the impedance is given as

CpiCc

Cpn= Copt 2
NP (Cpy+Co)

The 1um X 1um diode follows the cosine current pulse model, but asotes aliea is
increased,; the ratio of the fundamental to load current reaches a maximuraf\is8ugs.
A 5um X 5um diode was selected to implement the RF-DC swhtetiect matching of
Rin for the 5um X 5um Schottky diode from equations (2.7) and (2.8)rescam katch
and Gnaen Of 23.91 nH and 173.2 fF respectively. The total extracted Cireategrthan
the value required to match and the process does not support inductsrwalkusuch

high Q. A series inductor of 9.489nH having a Q in the range of 4 edese This
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value of inductor is feasible for on chip matching. The series L&hmaequires no
additional capacitance and the obtained network Q valygy)(@ 4.5. This Q is
sufficient to provide a 0.9V signal at the input of the rectifremf a 50 ohm -3dBm
source. Figure 2.15 shows the operational range of a single $tag€ Ronverter driven
from a 50 ohm port, while supporting a 54uA DC load current. The simuldtawssthat
up to -3.5 dBm power can be harvested and an unregulated voltage of 1V can be

developed to power the reference circuits.

DC output voltage vs. Load current for a single stage tuned RF-DC converter

-#-Pin =0 dBm
1.8 '\. —+Pin=-1dBm
B S --Pin=-2dBm
1.6
E A‘\n\‘ -@-Pin =-3dBm
E 14 in = -
>3 0\< u\ -©-Pin =-3.5dBm
1.2 S—
>
¢ b\‘
) 9\‘;‘\€ .
9\9\[:( p Preffered
P p——)) operating
0.8 are:
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@
3
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Figure 2.15PIot of DC voltage vs. load current

Summary

In this chapter we looked into the necessity for a matching netimobletween the
antenna and the RF-DC converter and the different types of mgitogiworks available.
The series matching was selected as it provided a voltage ddfoQsaind the required
impedance transformation. Various works were reviewed for implengetite RF-DC
converter and the half wave rectifier based design was chosenadlbefts between the
MOS diode and Schottky diode were studied and the schottky diode was cmgt
provided the requiredrfand lower \4. The RF-DC converter was implemented as a
single stage design preceded by an LC match network tohggh &oltage at the input of
the rectifier. An expression for the output voltage was developedchanuakhavior of the
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schottky diode was explored. Differences between the schottky dindethe p-n
junction were studied and used in calculating the real and imgguaats of the input
impedance of the RF-DC converter. The matching network and the REsD¢erter
were designed to be operational in a 50 ohm environment capable totihgrugsto -
3dBm of input power while providing a minimum unregulated voltage of 0.8¥ a

supporting 54uA load current.
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CHAPTER Il

This chapter describes techniques for compensating an operati@masl
conductance amplifier (OTA). The OTA / Op-amp form the ciitt@zuit in most signal
conditioning blocks like the voltage reference, linear dropout regulator, passl
amplifier, MDAC and ADC etc. The OTAs used in the designthafse circuits are
expected to work in a lowpds range of 0.7V -1V. Most of the OTAs/ OPAMPs are used
in a closed loop configuration to guarantee stability during dipetarhe OTAs can be
compensated internally or externally depending on the choice aipthiecation. In this
chapter, internal compensation methods would be reviewed for the fodjowi

configurations:

1. Review of the two stage miller compensation.

2. Indirect compensation for a folded cascode structure with the compensation
current and small signal current fed to different nodes.

3. Indirect compensation for a folded cascode structure with the exzgapon

current and the small signal current fed to the same node.

Indirect compensation refers to the scheme of compensation wieefeetdback current
from the second stage of the OTA is fed to the output of thestage by connecting the
compensation capacitor to a low impedance node in the OTA rathertitbahigh

impedance output of the first stage [33].
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3.1  Miller Compensation

The small signal model for a general two stage OTA is shawkigure 3.1 below [34,

35]
Cc
VI | { Vout
I\
gml.Vin ng :: (:1 gmz.V1§ R2 :: C2
L

Figure 3.1Small signal model of a generic two stage millerA[83, 34]

In Figure 3.1, gm Ry, C; are the transconductance, resistance and capacitance of the first
stage, G is the compensation capacitor and gm3, & are the equivalent trans
conductance, resistance and capacitance of the second stagavedgpethe capacitor

C, includes the load capacitor that is connected to the second stagemah signal

nodal equations for node,¥nd Vour aregiven as follows:

For node V:
Vi
gm, Vi, + R—1+(V15 C)+(V1-Vour)sCc=0 3.1)
For node Vbt
gm, V| + Your +(V,8C,)+(Vour - V1)sCc=0
V1 5 28L2 ouT 1)8Lc (3.2)

The transfer functioﬁ/\%s()s) can be expressed as [33]:

in
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The location of the poles and zeros of the transfer function are summarized in Table 3.1

(5
e

)

| f_i)

Table 3.1  Pole Zero locations of a two stage miller OTA
Parameter Value
DC gain gm R;gm,R,
RHP Zero (gmz)
Cc

Dominant Pole < 1 )
gm,RyR,Ce

gm, CC
(CcCi+CeCytC i Cy)

Non- dominant pole

GBP (gm1

<)

The transfer function has a dominant pole, a non-dominant pole and dalgipiane

zero (RHP) zero. The bode plot of the transfer function is shown in Figure 3.2 [33]

dB

fi

Magnitude

f, if

GBP

Phlase

(I

-180° >
180 T

Figure 3.2 Bode plot of a miller compensated OTA
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Miller compensation achieves pole splitting by moving the dominant fooke lower
frequency and the non-dominant pole to a higher frequency. In additaedapitreates a
RHP zero between the GBP and the non-dominant pole. The RHP zéeosfléte
magnitude response of the OTA but degrades the phase responsis. Gduause the
RHP zero has the same effect as that of a LHP pole, ineréases the overall delay in
the closed loop system. The presence of this RHP zero degralgshdse margin
significantly thus affecting the stability of the closed loopAOThe current through the
compensation capacitor in equations 3.1 and 3.2 is givenias/gyr) sC. The feed
forward part of the current is;¥Cc and the feedback current isoy sCe. By blocking
the feed forward part of the current through the compensation capfdo#dRHP zero
can be eliminated. Two common methods to cancel the RHP zero é¢hfauad in the

literature are [36-38]:

1. Including a series resistor fRwith the compensation capacitor.
2. Using current buffers and/or common gate stage to feed the comgpensat

current back to the output of the first stage.

In the first method, the series resistor can be implementadohygsical resistor or as a
MOS device operating in the triode region. If a physical resistoused, precise
cancelling of the zero will not take place as there will beatians in the resistor
depending on the process skew giving rise to pole-zero doublets. D& dkvice
operating in the triode region is used as resistor, a sepaaatediiage for the gate has to
be created. This leads to an increase in the power consumptiba o¥érall structure

and is a deterrent for low power design applications.
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The second method uses a voltage buffer/ common gate structure tat feedeforward
current and feed the compensation current back to the output of thetéiget The

schematic of the indirect compensation scheme using the commoardaitecture is

shown in Figure 3.3.

yDD yDD VDD
J- M
M| S — dq [ =

D 4.

I I Vour = Vs
2 ®
Vbiasy (| Mo H M |
T o | I:Ms

Figure 3.3Feeding back a current using a common gate deS&le [

A detailed analysis of the compensation scheme using the cbuiat / common gate

device is outlined in [34, 37] and the summary of the pole zero locatiamglined in

Table 3.2

Table 3.2  Pole zero locations in indirect compensation seéhem

Parameter Value
DC gain gm R gm R,
LHP Zero (gmc)
Cc
Dominant Pole < 1 )
gm,RyRCe
Non- dominant pole gm,Cc
Ci(Cct+Cy)
GBP (& )
Cc
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Comparing the parameters of Table 3.1 and Table 3.2, it can béhaeémetvalue of the
DC gain, dominant pole and the unity gain frequency (GBP) remain urethaAg
comparison of the non-dominant pole for the miller OTA versus the atdicenpensated

OTA reveals that the non-dominant pole is located further away from the G8Rabtor

of (E—C) This value in modern VLSI processes happens to be around 5. Thectindire
1

compensation scheme also introduces a LHP zero between the GBtheandn-
dominant pole. The positive phase shift of the signal througladtls directly to the

output of the first stage enhancing the speed and the phase margin of the OTA.

The choice of using a current buffer versus a common gate deyieadieon the choice
of the architecture of the OTA. While current buffers needdatitianal leg of current to
bias them, common gate structures can be self-embedded in the TaINTRUS the

choice of a self-embedded common gate device with indirect compenkatps realize
OTAs with a higher GBP and sufficient phase margin in a low p@mweironment. The

bode plot of an indirect compensated OTA is shown in Figure 3.4

=9
=

Magnitude

-180°

-

Figure 3.4Bode plot of the indirect compensated OTA
3.2 Indirect Compensation

The four possible candidates for the indirect compensation are shown in Figure 3.5
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Figure 3.5Four possible structures for indirect compensation.

Figure 3.5 (a) represents a single ended version of the indoegiensated OTA where
the PMOS current mirror is cascoded and Figure 3.5(b) represeamtgle ended OTA
where the input pair devices are cascoded. The detailed analyie single ended
architecture shown in (a), Figure 3.5(b) is given in [34, 37]. higs work the transfer
function of the folded cascode differential OTA with indirect compgmsas shown in
Figure 3.5(c) and Figure 3.5(d) is analyzed. The following symlmaitoventions and

assumptions have been made while analyzing the OTA.

Table 3.3  Conventions and assumptions used in indirect cosgigm

Symbol Description Equivalent substitution
gm Trans conductance of the gmy
input stage
o] Output conductance of the em
v
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rail side devices

Gec Conductance of the cascode gm
devices H
gma, gmg, Trans conductance of the gm

cascode devices

Cun Capacitance of the rail side N
Device at node ¥,

Coo Capacitance of the rail side P Cyp= Ki-Cin
Device at node ¥

Cy2 Output capacitance of the
first stage at node vV

Cc Compensation capacitor

Om2 Trans conductance of the
second stage

(o3 Conductance of the second em,
stage Hy

C Output capacitance of the

second stage

3.2.1 Indirect compensation with current injected at different nodes

The small signal model of the differential OTA of Figure 3.%(th the main differential
pair small signal current and compensation current injected atliffevent nodes \p

and Wy respectively is shown in Figure 3.6
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ZMnVin Zee

v

Figure 3.6Small signal model of OTA with current injectiondifferent nodes

The nodal equations for the above model can be written as:

Vo
Vg, +VsCotgm, V+(V(-Vy,)sCc=0 (3.4)
Vxn:
Vanan+Vxngi+(Vxn'V0)SCC+(Vxn'V1)gcc+gmnvxn=0 (3 5)
V1.
(Vl 'Vxn)gcc'gmnvxn+vl SCg2+(V1 'pr)gcc'gmpvxpzo (3 6)
VXp:
prs Cxp+prgi - ngVin+(pr'Vl)gcc+gmppr:0 (3 7)

Solving for the transfer functio\é‘% , the location of the prominent poles and zeros

are summarized in Table 3.4
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Table 3.4  Pole zero locations for current injected at diffénsodes.

Parameter Value
LHP Zero ( gm )
CC+an
o dominant < 2gm )
Cemp,
® non- dominant < gm,Cc >
Cyr(CctCy)
® non- dominant gm
(CcllCy)
® non- dominant ( gm )
CXI’IKT

Solving the nodal equations (3.4) - (3.7), we obtain a transfer functarhwas a first
degree numerator and a fourth degree denominator. Solving the numeeidertlye
location of the zero as shown in Table 3.4. The denominator which contaiogdtien
of the poles has four possible roots. We make the assumption that theadibpole and
the first non-dominant pole occur at lower frequencies. Theidwcaf the dominant pole
and the first non-dominant pole using this assumption is given in Tabld@&4fourth
degree expression is reduced to a second degree expression iridrgoige the third
and fourth pole locations. This expression is given as:

Ccc2 52 Ccczs
¥ +1=0
g,01A(CctCy) g (CctCy) (3.8)

Solving equation (3.8) would yield the exact locations of the remaining noniraam
poles. These poles are placed well beyond the unity gain curientrgguency of the

device and do not affect the frequency response of the OTA in use.
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3.2.2 Indirect compensation with current injected at same node

The small signal model of the differential OTA of Figure 3.5(d) withrtizén differential

pair small signal current and compensation current injected asaime node ¥ is

&S 1(:

Vi

shown in Figure 3.7.

Xp

gmp\7xp CC
|)— Cee
v >

Vo

Cc
VXT'I }:
£gIM1.Vin -l- J-
8i Cxn ‘|‘ gMaVy s 82 2

i

Figure 3.7Small signal model of OTA with current injectionsstme node

Since the main small signal current flows into the noge We can ignore nodexy in

the nodal analysis. The nodal equations for the above model can be written as:

Vo:
Vog,+VosCotgm, Vi +(Vp-V,)sCc=0 (3.9)
Vin:
VianSCantVin gt (Vin-Vo)sCet (V- Vi) g, tem, V- gm Vi =0 (3.10'
Vi
(V1-Vin)g,-gm, VitV sCyp=0 (3.11)
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Solving the nodal equations (3.9) - (3.11) , we obtain a transfer functiarh s a
second degree numerator and a third degree denominator. The locatierpadrninent

poles and zeros are summarized in Table 3.5

Table 3.5  Pole zero locations for current injected at sandeso

Parameter Value
LHP Zeros om.gm,
CcCg;
® dominant < 2gm )
Cepynt
® non- dominant gm; gm, |
G\’ C
Cgp (1+472) ™2
82 ( cc)
® non- dominant @( +2> gm
G\ Ce/’Cgyp

Summary:

The indirect compensation of two stage topologies presented in dyecthas been
used in the design of the linear drop out regulator. From the above esalgsented in
subsections 3.2.1, and 3.2.2 we see that by using indirect compensation, scearae
realize stable OTAs with a higher GBP for a chosen compensedipacitor value
compared to miller compensation method. Injecting the main sigakl current and the
feedback compensation current at different nodes yields one LHP 2exehehe GBP
and the non-dominant pole of the OTA. The zero location can be adjuste@p®sr pr
sizing of the self-embedded common gate device and the compensgacitar to
ensure adequate phase margin for the OTA. The second methodcthijhe small

signal current and the feedback compensation current yields a clusterldiBaaeros in
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the frequency response of the OTA. Both the methods nevertheless artggher value
of non-dominant pole for a choserx @ comparison to miller compensated OTA. A
minor variant of the indirect compensation scheme uses series ¢onrddtansistors to
realize a self-embedded common gate device and low impedancetcndded the

compensation current. A detailed analysis of this method can be found in [34] .
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CHAPTER IV

This chapter is divided into seven sub sections. Section 4.1 presentsodadtibn to
sub threshold design and section 4.2 details the differences betyega Baw behavior
and sub threshold behavior. The description of the blocks succeedingFHIEC
converter is outlined in sections 4.3 - 4.7. Section 4.3 describes iga descedure for
the temperature independent voltage reference. It covers the ©@nd noise analysis.
Section 4.4 describes the design procedure for the global biastgetteafis used to set
the reference current for the PLL, ADC, MDAC and thresholdeuit#cThe description
of the low drop out regulator used in generating regulated suppligbefatigital and
analog blocks is covered in section 4.5 followed by the power on ceseit and

demodulator in section 4.6 and 4.7 respectively.

4.1 Introduction to sub-threshold design

Circuits operating in a neural /biological environment haveiet $imitation on
the maximum amount of power that can be dissipated while still bellygfunctional.
The circuit blocks succeeding the RF-DC converter consist of botlhgaaald digital
circuits like the voltage reference, linear drop out regulatmrgfoviding a regulated

supply to the digital and analog blocks, state machine, PLL, band pgdifiea and

51



ADC. The power consumed by digital circuit is given as P 2f@ére C is the total gate
capacitance, V is the supply voltage and f is the operating fregudine power
consumed by analog circuits is given as P = VI, where V isupply voltage and | is the
total current consumed. While the power consumed by the digitaitsican be reduced
guadratically by scaling down the supply voltage by a factowof the same cannot be
done in analog circuits without sacrificing performance. Power congumgitan analog
circuit is related to achieving a desired signal to noise (®NR) or dynamic range. The
minimum power consumed by the circuit is a ratio of the supply g®lta available
signal swing. In a low voltage environment, the signal swing lba maximized by
having minimum number of devices betweeshVand ground, but to push the noise floor
(KT/C) of a circuit further, a high transconductancg) (ig desired. Analog circuits must
therefore be designed to obtain a high value,pper unit current i.e. gl) while still
maintaining the required SNR and adequate spa¢d When circuits are operated in
weak inversion, the relationship between the current and applied inpuaige/ois
exponential and results in higher transconductance efficiency arbetiefore the

preferred mode of operation for low power design.

4.2  Square law versus sub-threshold behavior

4.2.1 Square law behavior

When a MOSFET is operated in the square law region, the unitgnt gain

frequency(f) is given as [39]:

1 <gm> . Kpav 4.1)

T 21\Cy)  L2-Cox
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Where g, is the transconductance angs @ the total gate to source capacitance of the

MOSFET respectively. Equation (4.1) can be re-written as [39]:

_ 3KP, (Vgs-Vran) _ 31, Vpsar
4nL*Cox 4n L2

T (4.2)

Equation (4.2) suggests that to obtain high speed, a smaller chargibkl(le) and a high
overdrive voltage (Wsat) are desired. The transconductance of a MOSFET operating in

square law is given as:

21
= V)= 21 = ————— 4.
gm BH(VGS VTH) Bn (VGS'VTH) ( 3)
The transconductance efficiency of a MOSFET can be expressed as:
€n 2
e T 4.4
I (Vas-Viu) (4-4)

Devices in the signal path of the circuit require an overdrive wltag \es - V1 of at
least 0.2V to obtain a self-gain and transconductance efficientb§. dthis means that if
PMOS and NMOS transistors were cascoded to get high gain and oupgataince, the
permissible signal swing is only 200mV in a 1\4pvVenvironment. Thus operating the

transistors in square law region is of very little use in low power designs.

4.2.2 Sub-threshold behavior

The equation for current flowing through a MOSFET in square law region is gsven a
1 W
Ip- 71,Cox T (Vos-Vrn)’ (4.5)

Equation (4.5) assumes that whegsVs less than M, the drain current of the MOSFET

is zero. This however is not true as still a considerable amouturognt flows from
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source to drain. This region of operation whekg; ¥< Vry is called the sub threshold
region. In a square law device, the applied gate voltage caarsescunder the channel
to drift from the source to drain across the depletion region, bsbithreshold region ,
the carriers diffuse from source to drain along the channel caastogent flow in the
device [39]. This behavior is analogous to a BJT (with the exceptainthat they are
majority not minority carriers) where carriers are erdittem the emitter and diffuse
across the base to the collector. The expression for drain cofr@MOSFET operating

in sub threshold region is given as [40]:

Ip=Ip-Ip =1 ME Vs Vo
p= Ip-Ig = Ippexp U, exp Uy -exp T, (4.6)

where bo is the leakage current ag\ 0 and is expressed as:

'VTO] (4.7)

IDOEIS eXp [ nUT

I and k are called the forward current and reverse current respectwelycan be

expressed as [40]:

[r=Igexp _VP_VS] (4.8)
| nUT
Vp-V
I =I D] 4.9
R seXP_ Uy (4.9)

Vs, Vp and i are defined as the source, drain and gate voltages of the MCBEEFR
is defined as the pinch off voltage and is expressed as:

V:s-V1o
n

Vp= (4.10)
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In the equations (4.8) and (4.93,i$ called specific current and represents the asymptotic
intersection point of strong and weak inversion regions on the normatiaed

conductance versus drain current plot [40] . The specific current can be ed@gsse

Ig=2npUr’ (4.11)
W
B=1,Cox T (4.12)

The specific current is used as an important design paranmetgizing the MOS

transistors at a particular current density. The term ‘n’ intemu#éd.11) is defined as the
sub threshold slope. In sub threshold operation the surface potentiasuinseasto be

constant along the channel [41]. Therefore any change in théogaubstrate voltage of
the MOS transistor is to be shared between the gate oxide antbtéhesurface

capacitance. The ratio of the change in surface potential toatiee vgltage can be
expressed as:

C
—_—OX (4.13)

oy 1
8VG n COX+CS

For BULK CMOS processes, n ranges from 1.25 to 2. The sub threshald heg three

distinct regions of operation and they are:

1. Weak inversion
2. Moderate inversion

3. Strong inversion

Distinction between these three regions is done on the basis ofiamveogfficient. The

inversion coefficient can be expressed as [42]:
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Ir I
IC=MAX (—,—) (4.14)
Ig Ig

And the regions of operation can be distinguished as:
Weak inversion: IGL 1

Moderate inversion: I&G 1

Strong inversion: IC> 1

The drain current expression in (4.6) can be rewritten as [40]:

S] {l-exp [ V%'VS]} (4.15)

T

Vp-V
T

ID= IF-IR=ISeXp [ U

When \p - Vs is greater than 4 or 54{100 to 125 mV) the error introduced by the term

I-exp [V%—TVS] Is less than 2% of the drain current. This suggests that wekesp

transistors in saturation with 100-125mV obdvand still maintain an exponential
behavior of drain current with respect tgdand high self-gain. Thus the transistor acts
as good voltage controlled current source when operated in weak or raadeeaision
resulting in a low gds. The transconductance of the MOSFET opgrmatsub threshold

is found by taking a partial derivative of equation (4.15) with retsfeVssand can be

expressed as follows:

m L l’lUT HUT UT nUT
g, 1
I, nUp (4.16)
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Comparing equations (4.16) and (4.4) we find that transconductancenef§icseabout 4
times greater in weak inversion than strong inversion. The advargagetisadvantages

of operating in weak inversion can be summarized as follows:

Advantages:

1. Exponential relationship betweemndnd \isleads to improved gm efficiency.

2. Voltage required to keep the transistor in saturation is onlyA4~9his gives
us a permissible signal swing of 0.8V with PMOS and NMOS tramsis
between VWp and \ssin a 1V \pp environment.

3. Intrinsic or self-gain (1) of the device is 4X or higher compared to square law.

Disadvantages:

AVT9
nUt

1. The current mismatch in sub threshold is expressed as%@%] and in
D

o . Al 2AV . .
square law it is given asI:—DZTTO. The current mismatch is at least four
D

times higher in sub threshold compared to square law. The currantatoh

is largely dependent on the threshold voltage change and thisgated by

AVt
VWL

allocating sufficient gate area basedAdir,= [43].

2. The f of a transistor operating in weak inversion is lower comptrede
of the device operating in square law and can be expressed as:

.unUT
2nl?

~

. (4.17)

In a neural / biological environment, the signal bandwidth is from 80Hz KH3

dictating the use of unity gain op-amps approaching 100KHz. For the ch@@em bulk
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CMOS process, therfof an 180nm device is about 6GHz. This offers sufficient
bandwidth to operate in weak inversion. Based on the advantages and dagelvant
described above, we choose the weak inversion mode of operationgio thesfront end

circuits.

4.3  Voltage reference

— 4 e ) S
MPJ:I [ MP7|:| [ WL % - lJMPm
MP1 —o mp3” — i : I

s MP9|:| — twnm j
MPZ_I I— MP4 || MP14

L I L|| VB2

MP6

MP12

MNlj L—| I:MNZ NETE T_| I: ] NETC

MNS - LDO1 LDO2

|y
e

Figure 4.1 Schematic of the voltage reference

1 ¥ 1+
b2
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=
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= = T 1 !

Figure 4.1 shows the transistor level schematic used to gend#rattemperature
independent voltage reference and the reference current for thedno@ out regulators.
The circuit consists of PMOS transistors MP1-MP20, NMOS tsémsi MN1-MNS8,
resistors R1-R6, capacitorcCand forward biased PN junction diodes D1 and D2. All
PMOS and NMOS transistors are nominalMransistors with the bulk of the PMOS
transistors connected too and NMOS transistors connected tgsVWMP1 —MP2, MN1-
MN2 make up the start-up circuit. Transistors MP3-MP8 and MN3-MN#ige the
required bias voltages VB and VB2. The main reference coresteomgidiodes D1-D2,
resistors R1-R5 and transistors MP7, MP8, MP13 and MP14. An op-amgtecansif
transistors MP9-MP12, MN5-MN8 is used for equalizing the node \edtdNETB and

NETC. MP15, MP16 and resistor R6 form the leg that generates mheerature
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independent reference and transistors MP17-MP18 and MP19-MP20 forefarence
current legs for the two linear drop out regulators. As ¥ being ramped up, a start-up
current is established in transistors MP1-MP2, MN1 as follows:

Vop- VGSymi

4.18
rdsyp; Trdsypy ( )

ISTARTﬁUP:

MP1 and MP2 are sized as long channel devices with length equal o t6Okeep their
output resistances high and keep the startup current to a low valuefof B8nstartup
current flows through the diode connected transistor MN1 to estabédgiate voltage to

MN2 to about 550mV. This turns on transistor MN2 which pulls the output of the op-amp
i.e. VB low and the inverting terminal of the op-amp high. The faekitboop is turned

on and current begins to flow in transistors MP7 and MP13 causing METBIETC to

rise to 650mV. Since the source of transistor MN2 is connected to NETB, the value of the
Vs of MN2 is 100mV once the circuit has reached steady state.tWéthy of MN2

being 450mV, transistor MN2 is turned off and disconnected smoothly onceféhence

core is stabilized.

4.3.1 DC operation

The reference core consists of diodes D1, D2, resistors R1-R6. Thedea is to add
currents of opposite temperature coefficients together to generatemperature
independent current and mirror that current on to a resistor to obtémperature
independent reference voltage. A current whose value riseslyingdn increase in
temperature is referred to as a PTAT (proportional to abs@uotperature) current and a

current whose value reduces with an increase in temperatuegeired to as a CTAT
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current (complementary to absolute temperature). When two PNgnscire biased at
different current densities, the voltage difference between them capiessed as [44]:

AV=nV;In(K) (4.19)

Where n is the ideality factor of the diodes, ¥ the thermal voltage and K is the ratio of
the areas of the diode.;r\¢an be further written as KT/q where K is the Boltzmann’s
constant, T is the temperature in Kelvin and q is the charge ofetieoa. The value of
VT at a room temperature of 300K is 25.68mV. From equation (4.19) weltserve
thatAV is proportional to absolute temperature (PTAT). A diode are@ 068 has been
chosen to keep this PTAT voltage to 50mV at room temperature. A PTAT cuensl
generated by converting this voltage to current using residt@n@ can be expressed as
[44]:

AV nV;In(K)

= —= 4.20
Iprat R1 R1 ( )

R1 was chosen equal to 50Kto keep #rat equal to 1pA. The voltage drop across a
diode biased at constant current exhibits a CTAT behavior [44]. Thegeos used to
generate a CTAT current using resistBgsandR, . R, andR, were implemented as a
series combination of R2-R3 and R4-R5 at NETC and NETB respgctiMas series
combination was necessary to generate bias nodes that wouithtaal lower input

common mode range for the OTA in the reference core. The CTAT currentnsagive

I _Voi__ Vb
CTAT R (R

(4.21)

ChoosingR,, R, to be equal to L R1 and the resistor required to generate theevolta

reference beNR1, the expression for a temperature independent reference voltage is
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obtained by adding equations (4.20) and (4.21) together and multiplyingNR byas
follows [44]:

H.VT. IH(K) NRl N'VDI
REF™ +
R, L

(4.22)

where “L” and “N” are integer ratios of the PTAT resistor Rikihg a derivative of
equation (4.22) for temperature independent behavior and equatingnb tohzevalue of

L can be expressed as [44]:

oT

n- In(K) -

L= ~9.41 (4.23)

vy
oT

This makes the value &, andR,equal to 470.5K. R2 was implemented as 200K
and R3 was implemented as 2@BKThis deviation from a total value of 470 8Kwvas
necessary to achieve the desired curvature for the temperadependent current. To
obtain a target reference voltage of 400mV, the value of N was found out to be [44]:

N- v-=3.28 (4.24)

HVT'IHK+T

All resistors in the voltage reference circuit have been im@hed as RP (precision poly
silicon) resistors with a sheet resistance oftl/65 An OTA comprising transistors MP9-
MP12 and MN5-MNS8 has been used to equalize the node voltages NETBEArC.

The input pair devices in the OTA have been cascoded to increasatplé impedance

and to obtain a high gain of 4800, to keep the difference between NETB and NETC under
a 1mV. Figure 4.2 and Figure 4.3 show the Monte-Carlo DC resultggfat 27C and

across temperature respectively.
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Figure 4.2 Monte-Carlo distribution of ¥ = 400mV at 27°C
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Figure 4.3Monte-Carlo distribution of ¥gr from 25°C to 125°C

4.3.2 AC operation
The OTA described above has both positive and negative feedback loops ardined it

positive and negative loop gain for the OTA can be expressed as follows:
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1 Ay
Tig+=g,, (gm7 ro% ((R5+R4) m >> S (4.25)
gm, (1+—)
Op
1 A
Tr6=g,3 <gm13 rof; <R2+R3 <R1+ ))) Os (4.26)
gm, (1+(0_Pl)

where A is the DC gain of the OTA anok; is the dominant pole of the OTA. Ensuring
TLG. isgreater than TLGguarantees loop stability. Proper sizing of capacitpaiCvVB

sets the dominant poley; of the OTA and ensures adequate phase margin. The main
sources of error in this cell are the OTA offset voltagsister mismatch, and mirroring
error of M15. Adequate sizing based on [43] ensuresva&@iation of the voltage

reference is under 5mV.Capacitor & implemented using a zeropY NMOS device

300um

with its drain and source tied together e\gnd . This gives us an £equal to 20pF

Sum
and ensures stability of the reference core. The figure bdiowssthe magnitude and
phase response of the loop around the OTA. The loop response was obtdineaking
the loop at the output of the OTA i.e. node VB and taking a ratio ofutpisignal to
the test signal injected. Figure 4.4 shows the magnitude and pluseoplthe loop
response obtained from simulation. The loop has a magnitude of 76dB phdse

margin of 80°.
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LOOP GAIN MAGNITUDE vs. FREQUENCY
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Figure 4.4 Plot of voltage reference loop gain and phassugefrequency

4.3.3 Noise in voltage reference

The reference shown in Figure 4.1 has many devices contributitite tooise at the

output node Wer. These can be broadly classified into three main categories:

1. Noise from the core reference consisting of R1-R5, D1 and D2 hen®TA
(EcorB.
2. PMOS device MP15

3. Resistor R6.
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All sources of noise have to propagate to node VB to get to the outputVpedelhe

total noise at the reference node can be expressed as follows[45]:

2
Eg¢
Vhoise= (gm15R6)\/Eg152+ECORE2+ <gm15R6> (4.27)

Where Eis is noise of the PMOS transistor MP15 and ik the thermal noise of resistor

R6 and can be expressed as [45]:

ER6= 1/ 4‘kTR6 (428)

gm; 5* f gmys2 Cog(Lys)?

AF
Egi5= J( 2ql )+lKF 1 O (4.29)

The cascode device MP16 contributes negligible noise and can be idoogeElting a
reasonable noise estimate at the reference output. The derightioa noise from the
reference core &ore is expressed below. cBre can further be divided into three
categories and they arexdzc, Enets and Bra

4KT 4KT 4KT
Engrc= <— + —) R, 2+ (— +2ql> R,* (4.30)
R; Ry Ry

Entec propagates to VB as per the following equation:

E 1 Exetc
NETCVB=
gM;s (R.4+R (R +L) (4.31)
(Ry+R)I( R, am,
4KT 4KT
Exers= \/ (R_4+R_5> R5*+(2qD) (R4+R5)? (4.32)

Enets propagates to VB as per the following equation:
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1 ENETB

ExeTBVBI= 1

B3 (Re+R)I (gr)

gm,

(4.33)

Ecorecan be expressed as a root mean squargegéds:, Enetsvs1 and Bra as follows:

ECORE:J ExeTBVEI 2+ENETCVB 1 2+EOTA2 (4.34)

A high value capacitor, CL cannot be used as the reference vidtaganected to the
non-inverting input of the LDO without impacting its stability. Cap@acCL is selected

equal to 2pF to not affect the stability. Figure 4.5 shows the noise plot atghrode.

OUTPUTNOISE vs. FREQUENCY
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1.0x10°

5.0x10"

OUTPUT NOISE--->(V¥Hz)

0.0
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Figure 4.5 Noise plot at the output of the reference nodéagsl

The plot shows that in the signal frequency of interest i.e. 560Hz to 8 KHz, the
major source of noise is the thermal noise. With a 2pF load attheence node, the

noise voltage level is only about 5fiMz.

4.4 Global bias generator

A global bias generator that establishes a reference cuoetite signal conditioning

blocks like the PLL, ADC, band pass amplifier etc is shown in Figure 4.6
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Figure 4.6 Global bias generator for the signal conditiorthgcks

The above circuit is a “constant gm” circuit that has been neadffir low voltage sub
threshold operation. Transistors MP1, MP2, MN1 and MN2 form the staitayt. The
beta multiplier core consists of transistors MN3, MN6 and R1. Timmmam Vpp for
this reference core is given by Vg + IredlR1 + Vbswpe This value turns out to be
about 700mV. Currents of transistor MP3 and MP6 match when their-strarne
voltages are equal. Since it is difficult to cascode the PMOS trandiR8sand MP6, in

a 0.7V supply, a tail-less op-amp consisting of MP4-MP5 , MN4-MN5 is used to equalize
the drain voltages of MP3 and MP6. Transistors MP3 and MP6 areau® donnected
and instead regulated by the OTA. This creates a high impedancanteeoutput of
the OTA and makes the compensation simple by creating a dorpolanat the output
with the introduction of the &. The VGS of MN3 and MN6 when biased in the sub

threshold region can be expressed as:

IREFL3)
+
oW,/ v (4.35)

VGS3 =1’1VT In (
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IrgrLe
VGS6=nVT 11’1 <KID W6) +VTH (4 36)
o )
Knowing
Lo Vas3-Vase
REF R, (4.37)
We get
n
IREF= _T h’l K
R, (4.38)
Or
nV
R,=—=.InK
Irer (4.39)

Using the values K = 2, n = 1.5;¥ 26mV and &er = 100nA, we get R= 267.9KD.
Transistor MP7 has been chosen as the main source of the refetenent mirror to
generate VB2, VB3 and VB4. This was done primarily to add {gefQvIP7 along with
Cgs and Cgs and reduce the size of the compensation capacitor requireabtiizstthe
loop. Transistors MP9, MP13, MN12 and MN13 form the final leg of thereate
current from which current sources or sinks for the other blocks suidiared pass
amplifier, PLL, ADC etc. are generated. Figure 4.7 and Figure 4.8 show the-iarib
distribution of the bias margin i.e.p¥ minus \bsat for MP9, MP13, MN12 and MN13.
A minimum bias margin of 50mV is maintained across these trarsistnd the
simulation suggests that it is possible to stack four reguiagr RMOS and NMOS
transistors in a 700mV supply (4x (5 UT +50mV). Table 4.1shows tkeerefe currents

generated for the various blocks in the front end circuit.

68



Table 4.1  Reference current generated for the various blockse front end
Block Value
PLL 75nA
ADC 25nA
Thresholder 50nA
MDAC 50nA
MP19 MP13 MN12 MN13
e mid = -76.6353m 182 mu = -214.864m 125“rnu = 1%5,oss,m iz el = s%égggm_
ik 2@:653;3 j I a1 IZ'N =560
80.0 I 100 II 100 100 I
60.0 75.0 75.0
o s 5 5
> > > >
40.0 50.0 50.04
20.04 25.01 25.04
0.0+ 0.0+ 0.0+ 0.0+
=90 =65 =275 =225 =175 =125 50.0 100 150 200 82.5
Figure 4.7Distribution of Vs — Vgsaifor the reference current leg at 27°C
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— wave_24() — wave_25() —wave_26() —wave_27()
175 125 125 100
mu = -87.8739m mu 67.761m mu = 115.832m
sd = 3.08524m sd 8.0974m sd = 2.6888m
N = 500 N =500 N =500
1504
1004 100+ 80.04
1254
75.0- 75.04 60.04
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Figure 4.8 Distribution of Vs — Vgsatfor the reference current leg at 125°C
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4.5 Linear drop out regulator
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Figure 4.9 Schematic of the linear drop out regulator

A voltage regulator is a device that produces a constant outpag&dtir a limited range
of load currents. Such a circuit is necessary in the RF- Frohtf@ the following

reasons:

(1) Isolate the signal conditioning blocks from the main RF-DC converter.

(2) Provide a regulated and scaled down version of the rgywg€nerated by
the RF-DC converter.

(3) Provide a stable pb for all the signal conditioning blocks even if there is

a change in the input power or load current.

Figure 4.9 shows the schematic of the linear drop out regulatoringgherating the
regulated power supply for both the digital and analog blocks. Thataiansists of a
single stage error amplifier comprising of transistors N2, MN1-MN4. The input
pair is implemented using PMOS transistors in order to fai&lilower common mode
voltage operation. Transistors MN1- MN4 form the NMOS mirror loadhef error
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amplifier. The mirror load devices were implemented as aseombination of devices
with their lengths split in half. This arrangement aids the coisgteon of the LDO using

a left half plane zero (LHP zero) just outside the gain bandvaiditiuct [46]. A current
mirror comprising of transistors MN5 and MNG6 is connected to the ghtthe pass
transistor MP3. This was done in order to have minimal current thrtheghpass
transistor under no load condition of the LDO. A target value of 700nt¥iasen as the
analog \bp for the signal conditioning blocks and 400mV for the digital circuits.

Performance of this LDO is characterized by the following specificafibfis

(1) DC PERFORMANCE

The bias currents for the error amplifier (excluding the baayl rgference), currents
through transistors MN5-MNG6 and the current through the feedback laddeRR2
constitute the DC performance of this circuit. The bias currenteeoerror —amplifier

and the mirror leg have been chosen equal to 2.45uA (temperature indepmdent
from the band-gap reference). The feedback ladder consists of tes segistors RF1
and RF2 of value 38/ and 51K respectively. The quiescent current consumed by the
LDO under nominal conditions is 15.5uA and the power consumed for an unrdgulate

Vpp of 0.9V is 14uW.

(2) AC PERFORMANCE

AC performance will largely be characterized by the loap gad phase margin around
the unity gain frequency. This procedure will be repeated under full dod no load

conditions for the LDO to check for stability.

(3) TRANSIENT RESPONSE
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The transient response of the LDO comprises of two main phenomena:

(a) Line regulation: It is the ability of the circuit to m&iin its output voltage constant
for any small change in the input voltage. It is characterlze applying a step input

voltage and measuring the change in output voltage. Mathematically , it can Issedpre

as [48]:
AV
line regulation= 2
AVi, (4.40)
AV, 1
AVin  AgaP (4.41)

In other words, the line regulation can be minimized by having a high loop gain.

(b) Load regulation: It is the ability of the circuit to maintés output voltage constant
for any change in the output load current. It is characterizegflyiag a step change in
load current and measuring the amount of change in output voltage. Métiadiy it

can be expressed as:

load regulation= -
oad regulation= m (4.42)

The total time taken by the circuit to go from an initial dieatate voltage to a final
steady state voltage upon the application of a load transieentisrcalled the full load

settling time of the circuit. The load regulation of the LDO can be expres$éé]a

AV, 1 (Rﬂﬂ) 1
AVin GEAa Rﬂ (RDS+RL) (443)

The above equation suggests that the load regulation can be mainyizeaximizing

the transconductance of the error amplifier and the current gain.
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4.5.1 Compensation of the LDO
Figure 4.10 shows the major blocks of the LDO when the feedbackidommken to

analyze the loop gain of the LDO.

l\| VOUT REGULATED
gm —

A Sm1 p
I/’ RF]%

v T

Figure 4.1lock level diagram of loop gain of the LDO

In the figure shown above, gml is the transconductance of the empbfienmR1 is the
effective output impedance of the error amplifiegate is the total capacitance at the
output of the error amplifier (gate of the pass transistor). RE1IRE2 are the feedback
resistors required to establish a DC voltage of 400mV at the afigbe error amplifier.
CL is the load capacitor of 50pF and resistor RL is used for atmglthe load current.
The effective load resistance at the output of the LDO can be expressddves. fol

Rieff = (rds;z Il rdse) I (RF1 + RF2) || RL (4.44)

The minimum unregulated voltage is 0.9V from the RF-DC converterrenthinimum
value of the regulated supply is 0.7V, the pass transistor MRRjusred to maintain a
minimum drop-out voltage of 200mV. Under the maximum load current of 6€QeA,

drain current of the PMOS pass transistor can be expressed as:
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1 W )

Ip=71,Cox <f) (Vpsar) (4.45)

Using a channel length of 300nm in order to obtain the maximumef find that for a
drop out voltage of 200mV, the width of the pass transistor is requurgteater 32um.
The table below shows the properties of the pass transistor fetageinimum and

maximum load currents obtained from simulation.

Table 4.2 Pass transistor parameters for minimum and maxihoach currents

ILOAD gmpas R!eff gmpas R!eff
60UA 668.2uS 7.9 5.28
10uA 183.9uS 10R 1.8563

Referring to Figure 4.10 the transfer function of the loop can be expressed as:

Loop gain =T T, T (4.46)

Where the transfer function of the error amplifier which is given as:

T,= 'gm1 RA
" (1+sRACgatE) (4.47)

knowing R y=t4s lIrgs andCeare= (Cdb2+cdb3+CgSmp3+ngmp3(1+gmp3 Rleff))

The transfer function of the pass transistor stage and the feedback lagd@astde

expressed as:

T -gmp, Ry
> (14s.CL(Ryep)) (4.48)

And

Ts = RF2/(RF2+RF1) (4.49)
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The above equations suggest that there are twa pludé are prominent in the frequer
response of the LDO. The location of these poleszamo are given :

P; = 1/(2tCLRet) (4.50)

And

P> = 1/(2t RaCgaTE) (4.51)

Table 4.3 andrigure 4.1. below show the polezero locations and the bode plot for 1
load and light load conditior

Table 4.3  Pole zero locations for the uncompensated loopet DC

L Ra Coarte P P,
60 HA 8.9MQ 125.3fF 141.43KHz | 402.86KH:
10pA 19.377NQ 169.41fF 48.50kHz 93.6KH:
‘!igh!!o;aé’te full load
—% S~
E 1i(jw\t;“w\ \
~ \\
““'\ fun
Hz — = \\\ 21
\

Figure 4.1 Movement of poles under light load to full load ddion

The two poles are very low in frequency for botihtiload and full load conditions anc
capacitor of 50pF cannot lused to stabilize the LDO as the phase margin agpes °.
When the load capacitor is increased to 1uF or l€d#n the pole associated with -
output node becomes the dominant pole. For an Sidie in a neural environmer
such capacitor sizes aawt be realized on chip and are highly undesiratiechip. To
compensate the LDO, we choose the indirect comgiensacheme with split lengt
implementation of the current mirror load in theoeramylifier [49]. The indirect
compensation scheme results in pole splitting efdbminant nd nondominant poles b
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indirectly feeding back the signal from the second stage fieeotitput node ) to the
output of the first stage [49]. In addition to pole splitting, it atgooduces a left half
plane zero between the GBP of the OTA and the non-dominant pole. ThedtH helps
improve the phase margin of the LDO. The unity gain frequency laad_iHP zero

location are given as follows [49]:

. 1 gm,
" (2m) Cc (4.52)
And
_ 1 42gm,
frup zERO = @ 3Co (4.53)
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Figure 4.12Loop gain and phase plots for minimum and fuldlcanditions

LOOP PHASE (Deg)

Figure 4.12 shows the magnitude and phase response of the loop of th&hiB®op
response has been obtained by breaking the loop betwgean® A as shown in Figure
4.10. The loop GBP is around 1MHz with a compensation cap of 3.2pF for both light
load and full load conditions. The phase margin in both the methods is beé8®®and

90° respectively. The LDO has been designed with a DC loopo§&@dB, a unity gain
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frequency of 1.02MHz at 54uA and 1MHz at 10uA while consuming 15uUA cuifbet.
second LDO for the digital blocks has an identical architectutieeakDO for the analog
blocks. Since the regulated voltage required for the digital black®OmV, this LDO
has been connected in the unity gain configuration without additional feetuhtek.
This LDO consumes 3.6p A of current. Figure 4.13 shows the behavior adting node
for a step change in the input voltage. The input voltage was Vesiad).9V to 1.1V in

1uS .The simulated line regulation is 0.03 V/V.

LINE REGULATION PLOTS

0.78 ——IL = 60uA
0.76
S
é 0.74
L
'—
|
o 0.70 e
5 |
i
M oes 700 mv
<
5
o 0.66
LLl
x
0.64
0.62 T T T T T T T T T T
0.007 0.008 0.009 0.010 0.011 0.012
TIME (s)

Figure 4.13Load regulation of the LDO for a step change puinvoltage

Figure 4.14 shows the response of the output node of the LDO for ehsiege in load

current from 10pA to 60pA in 1uS and Figure 4.15 shows the settling time of the LDO.
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Figure 4.14Load regulation of the LDO for a step change adl@aurrent

The simulated load regulation is 0.001 V/V. The settling time eftBO from a light

load of 10pA to a full load of 60 pA is equal to 3.2 uS.

NO LOAD TO FULL LOAD SETTLING

0.7075
——REGULATED OUTPUT VOLTAGE
0.7070
0.7085
0.7060
0.7055
0.7050

07045 M

0.7040 3.2uS

VOUT (V)

0.7035

0.7030

T T T T T T T T T T T
0.010000 0.010002 0.010004 0.010006 0.010008 0.010010
FREQUENCY (s)

Figure 4.15 Settling time of the LDO from no load to full load
The simulated performance of the LDO is summarized in Table 4.4.

Table 4.4  Performance summary of the LDO

Parameter Specification
DC LOOP GAIN 60 dB
GBW 1.02 MHZ (IL = 60 pA)
1MHZ (IL = 10uA)
PSRR -32dB @DC
-20dB @ 1KHz
Settling time 3.2 uS (no load to full load settling)
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| Quiescent current 15 pA

4.6 Power on reset

A power on reset is a signal to the other blocks i.e. the membky ADC etc. that the
regulated power supply has reached its desired steady stade Tais signal is also used
to reset the flip flops to a desired starting logic level. PRER places the other circuits is
reset mode until a stable reference voltage has been obtaineBORh& based on the
rise time of the regulated power supply. The regulated suppbmpared with a delayed
level of the reference voltage and this signal is further ddlay set the power on reset
signal. Figure 4.16 and Figure 4.17show the schematic of the powefreset circuit
and the simulation result.

VDD_REGULATED

M1

M2

M3

sy s lsx e ]

<+ < b
M4 M7 I_'V'9 M11 I_M1 3
POR_SIGNAL
. —)
M5
M8 I:M10 M12 I:MM

Figure 4.16Schematic of the power on reset circuit
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Figure 4.17 Simulation and power on reset circuit

4.7 Demodulator

D2 D3
>F< VDD_REG
D1 N DEMOD_OUT
o—PDF ) | {>c o o o P o
d 71
RE_IN l Cs X1 e s Mo Y

R1 C1

v

Figure 4.18 Schematic of the demodulator

Figure 4.18 shows the schematic of the demodulator. The demodalataircuit that is
used to establish the reference clock signal for the PLL. impet signal to this
demodulator / RF-DC converter is usually an amplitude modulatedldigat has both
signal and the carrier information in it. The signal informatioratis3.2MHz and the

carrier is at 2.45GHz which need to be separated. The demodwatists of a peak
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detector circuit comprising the diode D1, R1 and C1. The peak detetdiiovged by a
simple amplifier which is followed by a series of buffers tbaénal clear demodulated
signal. Capacitor gis used to AC couple the peak detected wave to the amplifier. The
simple amplifier comprises of an inverter whose input and outputareected using
back to back Schottky diodes as shown in Figure 4.18. The inverter esl laasr near
Vpp/2 when operated in this configuration. During the positive cyclh@fmodulated
signal the capacitor is charged by the current of diode D1ptWpvwhere \b is the
carrier peak voltage and the)\6 the voltage drop across the diode. In the negative cycle
the diode D1 is reversed bias and the capacitor C1 startsadjsap through the
resistance R1. The RC time constant must be chosen such thsibw ienough for the
ripple at the output to be low and fast enough to follow any changieeahodulating
signal. The diode D1 was implemented as a schottky diode R1, C1 hawveclesen
equal to 8.5 and 1.2fF respectively. This gives us a RC time constant of 10.2ms or
upper cut off frequency of 15.62MHz. The carrier frequency in our isa82GHz and
the modulating frequency is 3.2MHz. The demodulator and the RF-DC cankavte
common inputs and are connected to the output of the matching networknaidteng
network and the RF-DC converter have been designed in such a mannéhethat
minimum peak voltage of the carrier wave is 900mV. For a tangelulation index of
10% to 20%, the minimum modulation depth that can be obtained is 180mV. h#ith t
depth of modulation being 180 mV and the inverter biasedpat2y the peak detector
should not decay more than 90mV between two positive peaks of ther.caine

minimum value of the carrier frequency that can be used is calculated as follows

t

VP_VD_O'O9:(VP_VD)6? (454)
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=

Vp-Vp
AT

T Vp'VD'0.09
or
Vp-Vp
wen(it)
T\ Vvp-0.09

substituting ¥ = 0.9V, VD = 0.5V andr = 10.2nS, the minimum carrier frequency
necessary for modulation is found to be 340MHz. The figure below shows the waveforms

of the demodulated output for a amplitude modulated input.

L3/DEMOD_DUT

6004 0(312.3ns, 230.2uV)

V (mv)

T T T T T
775 8.0 B.25 8.5 B.75

7.7715us 700mY tirme (us)

Figure 4.19 Output waveform of the demodulator

Summary

In this chapter we looked into the behavior of the MOS transistdrerstib threshold
regime to begin with. Operating MOS transistors in sub threskgide is preferred for
circuits operating in the neural environment where power dissipatish lme minimized.

The transistors have the required td be operational while providing the required
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dynamic range and SNR. The exponential relationship betweemaimecdrrent and the
gate to source voltage of the MOS device leads to an increasextamauctance
efficiency. The ability of a MOS device to be in saturatiothyust 100 — 125 mV gives
us enough head room for signal swing in a 1ps \énvironment with high open loop
gain. The design of the temperature independent voltage redetteat produces a 0.4V
reference voltage for the LDOs has been looked into. Analysis @@heAC, transient
response and noise sources has been looked into. A global bias gehatapootides
reference current to the PLL, ADC, thresholder and MDAC has bestgneel in the sub-
threshold regime. Two LDOs that provide regulated voltages of 0.7V andfGr4We
analog and digital blocks respectively has been looked into. [OD@s were
compensated using the indirect compensation scheme which achieuds lrandwidth
for a smaller value of compensation capacitance. The indirecparsated LDO
achieves a GBP of 1MHz and an excellent phase margin of 80°. lioaddithe above
mentioned blocks, the design of the power on reset and the demodulatorehas be

explored in this chapter.
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CHAPTER V

This chapter describes the basic blocks involved in the design and deeatogf a high
temperature Vee- squared DC-DC controller. Section 5.1 and its slitmseprovide an
introduction of the SOI/SOS process outlining its advantages and disages. Section
5.2 describes the two differences between the fully depletedpartclly depleted
devices. Section 5.3 describes the use of stacked transistorsgatenibhe kink effect
phenomenon in the SOS/SOI design process. Section 5.4 provides an oadriew
various control loop architectures for the DC — DC system fatbtoy the description of
voltage reference, comparator, hysteretic comparator aod anplifier in sections 5.5,

5.6, 5.7 and 5.8 respectively.

5.1 High temperature sub-blocks for Vee-squared controlled DC-DC converter

This chapter presents the design of the various sub-blocks usdesigning a Vee
squared controller for a DC-DC converter system [50]. The followingblocks were

designed in the 0.5um Peregrine SOS process to support high temperature operation up t

275°C:

1. Temperature independent voltage reference that provides 0.4V ande@eB&hce

voltage values.

2. Error amplifier used in the Vee-squared controller.
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3. Comparator
4. Hysteretic comparator that is used in the hysteretic mode operation.

The peregrine SOS process has been selected as the gdrefieoiee of the VLSI

technology for very high temperature applications for the following redSahs

1. Reduced junction and side wall capacitance of the source and elyansr of the

transistors enabling high speed operations for both digital and analog designs.

2. Absence of a thermally induced latch-up problem.

3.A higherION/IOFF ratio for the transistor.

The sub sections below describe each reason in detail.

5.1.1 Reduced capacitance compared to bulk device

Figure 5.1 show the cross section of a bulk device and an SOI device. In a bulk device,

Source Gate [rain Source Gak Crain

i -

Si0z inaulator —s
Fsubstrate Floading body —
Sisubstrate
—  Grounded body
Corentional buk substrate Partially depleted
MM O3 transstor silicon-on-reulator

MIO3S transistor

Figure 5.1Cross section of a NMOS device in Bulk versus 2] [

the total capacitance from the source and drain regions of th&=EID&mprises of the
reverse biased junction capacitors. This is primarily controllethéyarea of the defined
source and drain regions and the doping concentration of the substrase of tae SOI

device as shown in Figure 5.1, the total capacitance from theesamndcdrain sides is in
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series with the oxide capacitancegff). Because of the higher thickness and lower
permittivity of the (SiO2) oxide layer, the overall capacitarioethe substrate is
dominated by the oxide capacitance. In addition, because of the predeheeoxide
layer, full dielectric isolation of N and P devices is possibleegult is reduced side wall
capacitance and no well to substrate leakage paths. Thus,ettadl capacitance to the
substrate is smaller compared to a bulk device and resulteigher value off for the

same feature size compared to the bulk processes of the same length.

5.1.2 Latch-up prevention

Figure 5.2 (a) and (b) show the cross section of the bulk devibetve parasitic bipolar

transistors and that of an SOI device respectively.

T ot

(@) (b)

Figure 5.2Cross section of (a) Bulk device and (b) SOI device

The presence of the NPN and PNP transistors in a positive tdedioafiguration
resembles that of a thyristor. An unwanted disturbance like transigtching or self-
heating of the device can cause carriers to be injected into feedbahese bipolar
transistors which can trigger the positive feedback loop. This carm ¢hascircuit to
latch up .In case of an SOI device because of the presertbe blried oxide, these

parasitic bipolar transistors are nonexistent and the device is not prone to latch up.

N .
5.1.3 Higher /IOFF ratio
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For an SOI/SOS device, the sources of leakage are: (1) sshdlttdeakage (2) Gate
induced drain leakage (3) Punch through (4) Gate oxide tunneling curreaddition a
bulk device has one or more well to substrate paths. The predominare sblgakage
among the above listed mechanisms is the sub-threshold leakageullhiereshold

leakage current can be approximated as:

=1 e{VGS'Vth}
b nVr (5.1)
WhereVy = 25.8mV, §is the current when 35 is equal to ¥y and
=1+ Ceq
T Cox (5.2)

Sub threshold slope is defined as the inverse ratio of the logaoithihe drain current
with respect to ¥s and can be defined as:

_ aVGS _ (1+ Ceq ) KT
d(log,,Ip) q (5.3)

Cox
The lowest possible value of the sub threshold slope that can be obtaB@aV for

n=1. Measured devices in 0.5 um peregrine SOS process have repauedthreshold
slope of 62 mV/dec for the NMOS and 65mv/dec for the PMOS [51]hé&semperature

is increased, the threshold voltage reduces and this increasgs evices with a lower

value of S have better leakage performance and acceﬁ?é%%ﬁ ratio and are the

preferred choice for high temperature operation for equestiotids. From equation (5.1)
it is evident that, as the threshold voltage reduces, the leakagentcis going to
increase. One reduction mechanism for threshold voltage is Bk €ffect which is
predominant in short channel devices. As the channel length is redheedgpletion

region from the drain end extends into the channel and the amount of velgaged to
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invert the channel is reduced thus reducing the threshold voltage. 8/580device is
usually made of thin film Silicon. The total capacitance tloatrols the active region is
much smaller because of the presence of the oxide and this in camunit thin film
Silicon results in better control for the gate over the actgeon. Thus the reduction of

threshold voltage because of DIBL is less in an SOS/SOI device, compared to bulk.

5.2 Fully depleted versus partially depleted device

Figure 5.3 (a) and (b) show the cross section of a fully depletggartially depleted

SOS/SOI device respectively.

t
Ne" . undepleted regian date :

source drain | source drain
I poly B poly

N~ 1w | [ heavily doped Si I ? : - ? — g heavily doped Si

Insulatar [ oxide Insulator [J oxide

D WEakW deEd Si I:I WEEIKI‘;-’ deEd ol
[ depletion region [T depletion region

(a) (b)
Figure 5.3Cross section of (a) partially depleted and (blyfdepleted device[53]

While manufacturing an SOI/SOS device, the source, drain and therdgidps of the
MOSFET are isolated from the substrate. While the source and enals of the
MOSFET are connected to well defined nodes in the circuit, thg [sodsually left
unconnected. The floating body MOSFETSs can be classified into two major types:

(a) Fully depleted device and (b) partially depleted device.

Fully depleted device: The cross section of a fully depletettelés shown in Figure 5.3
(b). In a fully depleted device the thickness of the depletigiomels greater than the Si
film used to make the device. A positive charge on the gateaigse ¢he depletion of

carriers underneath it and hence the name fully depleted device.
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Partially depleted device: The cross section of a parttlyleted device is shown in
Figure 5.3(a). In a partially depleted device, the thickneskeofieépletion layer is much
greater than the thickness of the Si film used to make thead&Vicen a positive voltage
is applied to the gate, all the carriers underneath it will naleipéeted and an undepleted
region exists under the gate as shown in Figure 5.3(a). Thigpletetk region has a
possibility of being charged due to switching transients ofléhwece and causes the kink
effect. The equivalent circuit schematic of a partially depleloating body device is

shown in Figure 5.4. The floating body causes a parasitic NPN device to appear in

b
L o

Ts

Figure 5.4Equivalent schematic of the floating body transisto

parallel to the main transistor. An increase in the drain voltagses the electrons near
the drain to form electron —hole pairs because of impact ionizatlm electrons from
these new electron-hole pairs are attracted to the drain amdldseget accumulated on
the undepleted region i.e. the base. For small drain —source voltagpartsitic bipolar
transistor usually remains off, but as the drain to source vakafyether increased the
base voltage of the bipolar transistor also raises turning thel@&dce on and leading to
an increase in current consumption and reduced ION/IOFF ratiogeartetal loss of
control of the CMOS transistor. This phenomenon is reportedly observeddaa \bs

value of 1.4-1.6V as shown in Figure 5.5.
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15 2 25
Figure 5.5ID vs. VDS of a NMOS device showing the kink eff§gi]

The kink effect can be beneficial for the digital designs dselps lower the switch
resistance for a given value ofyor harmful reducing theol/logr ratios. High NMOS
leakage kink can destroy the functionality if NOR gates &teme temperatures. Note
NMOS kink in the measured curves if Figure 5.5 gt ¥qual 1.5V andpl~ 0, This
kinking is unacceptable for analog designs which relies on outputaressof the device

for high self-gains and high circuit gains.

5.3 Stacked transistors

Figure 5.6 shows the schematic of a composite transistor madgatking a high

threshold (RN) device in series with a low threshold (NL) device.

Figure 5.6Schematic of the stacked transistor

90



The main motivation for using a series combination of transistibihsdifferent threshold
voltages is to mitigate the kink effect. The effective outpsistance of this stacked
cascode can be expressed as [54]:

Re.o= gm, 101105110110, (5.4)

Wheregm ,ro; are the trans-conductance and output resistance of the RN deulicg

is the output resistance of the NL device. For a given value df ggehe RN and NL
devices can be sized such that the RN device remains in sataradicerves as the main
transistor in the signal path with the required self-gain andHe NL device is sized
such that the ¥s value of the RN device is always lower than 1.4 V and grelaser
VDSs;: to prevent the lower RN from experiencing the kink effect. Taeked transistor
configuration also helps reduce the off state leakage in ddgsign. For a zero input
voltage at the gate of the stacked device and a high valugspthé intermediate node
Vu as shown in Figure 5.6 stays positive. The negative valueggfc&uses the NL
device to self —reverse bias itself and this reduces the sedhtid leakage current. The
upper NL devices are viewed as being sacrificial. Also of assistance a large value
of Vps is now split between the two transistors and the effectiye atross each
transistor is much lower. This also mitigates the thresholdg®ellowering caused by the
DIBL effect. This stacked transistor configuration will ged in the design of the sub-

blocks for the Vee-squared controller.

5.4 Control loop architectures

A high temperature DC-DC buck converter has been designed fofoliogving

specifications in [50]:
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Table 5.1  Specification of the DC-DC converter system

Specification Value
Operating Temperature 0-275°C
Input voltage range 15- 20V
Output voltage range 1.5t01.8V
Output Watts 2W
Regulation 2%

Efficiency 80-90 %
Stability(Phase margin) 75°

A control loop is essential in the DC-DC converter to estabhehproper feedback
between the scaled version of the output and the input in order to etheewnecessary
accuracy at the output and the desired phase margin. The threaromgtiectures that are
used to implement the control loop architectures for the DC-DC converter are:

(1) Voltage mode control

(2) Current Mode control

(3) Vee- squared mode control

5.4.1 Voltage mode Control

The schematic of a voltage mode control of a buck converter is shown in Figure 5.7

Comparator Vref

Error
amp.
Figure 5.7 Schematic of the voltage mode control of the brmhkverter[50]

In the voltage mode control, the error amplifier compares the outpl aicaled version

of the output with a predetermined reference voltage to produce@nvettage. This
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error voltage is used as the reference for the comparatoh whbiopares this with an
artificially produced ramp. The ramp is usually produced by acdrverter, and this
current is integrated to produce a voltage ramp by the capacher output of the
comparator is a pulse width modulated waveform which is used to ctmrbigh side
and low side switch in the buck converter. While the architecturéh®voltage mode
control is very simple and consists only of the error amplifiel the comparator as the
main blocks in the feedback path additional compensation is eqiliined to maintain
stability to achieve the necessary phase margin.

5.4.2 Current mode Control

The schematic of the current mode control for a buck converter is shown in Figure 5.8

[_/A P.q_F’WL
Vin ﬁw C == Vour
Sense l,

<l
<}

—
Vref

Comparator

Error
amp.
Figure 5.8 Schematic of the current mode control [50]

The error amplifier in the current mode control performs theestamction as described
in the voltage mode control. The reference ramp signal for thearatop in the current
mode control scheme is derived from the inductor current. The cimferthation from
the inductor is converted to a voltage by using either a senseoremisan isolation

transformer [50]. The loop still needs to be compensated to achienedbssary phase
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margin. The three main compensation schemes used to achievitystditithe control
loop are:

1. Type | compensation

2. Type Il compensation

3. Type Il compensation

A detailed description of the type |, Il and lll compensatioresws for the DC-DC
converter is given in [50, 55].Though the type Il and Il compensatberses yield
robust stability , implementing them requires extra components arehggcthe bill of
materials of the system. In addition, since the transient beHaagaio propagate through
the error amplifier, the bandwidth of the error amplifier ttabe high. High bandwidth
for the error amplifier comes at an expense of increased pawssumption and is
undesirable.

5.4.3 Vee —squared control

/. M
PS -
A ESR :
—»\4 |
|
Vin C == Vour |
I
|
L R |
FFB |
— Reset SFB
Qb| gominant -
R-S Logic <t
Q

Comp. Vref

Error
amp.
Figure 5.9Schematic of the vee-squared control loop [50]

The schematic of a vee-squared control loop is shown in Figure %e9veh squared
control mechanism consists of two loops. A slow feedback loop(SF®Byemhe DC
information of the output or a scaled version of the output is fed tertbeamplifier for

establishing the error voltage. Any transient change that ®@tuhe load is sensed by
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the ESR of the capacitor and fed directly to the comparatorodtpeit of the comparator
is given to R-S flip-flop which over rides the system clock to kjyicespond to load
changes. Since the error amplifier is out of the transient pethiesponse is only limited
by the comparator delay, delay of the digital logic and thi&ckvdelay. This eases the
requirement on the band width of the error amplifier and as a fessiimuch slower
consuming less power. Compensation is still necessary to makgydtean stable to
achieve the desired phase margin. The loop transfer function olvdabesquared
controller is obtained by breaking the loop at the output node and applgimglatest
signal and measuring the ratio of the output to the test sapyled. The transfer
function of the cascaded pair of comparator and the error amplifier can lessegas

TF = A.A, (5.5)

A simplified schematic of the cascaded pair of the error diepknd comparator is

shown in Figure 5.10

vV - | Ac
Ae +

==t| Cc—-
Vref

Figure 5.10 Schematic of the cascaded pair of error amplifie comparator [50]

We can write [50]

Vi-Ae)

TF1: AC ('Vi' 1+_CS

(5.6)

WhereA .= gm.r, and{ =r,.C,
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Rearranging the above equation we have [50]

S

®
TF,=-A_.A, |~
! 1+ S (5.7)

©p

1 .
R and cozzgc—m respectively. The
C

Io-Le

The pole and zero location fdif; are given aso,=

small signal model of the switch along with the output filter is shown in Figure 5.11

-

Figure 5.11 Equivalent circuit of the switch and LC filter ihe on state [50]
The transfer function of the above network can be expressed as [50]:

_ R( 1 +SCRc)
 PLC(R+R)+s(C(R(R+R+R o) R (RHR o) )+L) +(R+R+R o) (5.8)

TF,

The overall loop response is the product of the transfer functionarid=TF, and the
bode plot of the composite loop response is shown below.
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| _
[ — Comp

\ ILzo dB/dedl — Error Amp
I |

I\ |
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|
|

WESR

A
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Figure 5.12Bode plot of the loop response of the vee-squeoettoller
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By inserting a compensation capacitor at the output of the erroifiemp@a LHP zero is
realized in the overall transfer function. The location of thidPL+¢ro is chosen to be
about 1/18 the frequency of the LC filter. By choosing a proper capacitat its
associated ESR value, a 20 dB/dec roll off can be obtained around thegaimty

frequency with sufficient phase margin.

5.5 Voltage Reference

A temperature independent voltage reference sets the DC @ccofathe DC-DC

converter in steady state. Two reference voltages of 0.4V andvwe8¥/ established for
the vee-squared controller. 0.4V was chosen as the referencefenlte following

reasons:

(1) Preliminary studies were conducted on the NG diode andorssistfind the useful
region of operation. The figure below shows the I-V plots of ther&distors in the

peregrine 0.5 um process.
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Figure 5.13-V plot of the SN resistor
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Figure 5.141-V plot of the PP resistor.

Figure 5.13 and Figure 5.14 indicate that linear ohmic region foesigtors are around

0.45V. Beyond this region of operation, the resistors exhibit a voltzeféaent and are

hence undesirable. The temperature coefficient of the SN resists found to be

540ppm/ °C. The SN resistor was chosen for its lower temperature coefficient

(2) Figure 5.15 shows the ID-VD plot for the NG diode in the peregrine process.
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Figure 5.15ID-VD plot for the NG diode in the peregrine prese
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The plot above also shows that the log linear range for the flimde25°C to 275°C is
around 0.45V.Based on this measured information, the voltage drop acrossisteas
and diodes was not allowed to exceed 0.4V. Figure 5.16 shows the schiayaticand
the measured results for the voltage reference. The chosetecinal@ and the design
procedure is the same as described in the voltage refererioen secchapter 1V. The
measured temperature coefficient of the reference voltagdonad to be 143 pVv/°C

across the temperature range 25°C to 275°C.

Ll
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08 |  frm----oool B }h__l

0 7 n =VREF2
*VREF1

0.6

0.5 1

VOLTAGE (V)

04 | F-----oo-s R REREEE R

0.3 . ;
0 100 200 300
TEMPERATURE (°C)
(©

Figure 5.16(a) schematic (b) layout and (c) measured restilisltage reference

The measured results reported here are the first of its kisuchtelevated temperatures.
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These results demonstrate better temperature coefficierthdowoltage reference in

comparison with the existing solutions in the market.

Table 5.2  Comparison of voltage references
Vendor Temp-Co Range
Cissoid [56] 350 pv/°C -30°C - 225°C
This work 143 pVv/°C 27°C - 275°C

5.6 Comparator

Comparators and hysteretic comparators are used in the contoolparform under
voltage lock out and duty clamp functions €ftie schematic and layout of the core
comparator is shown in Figure 5.17 (a) and (b) respectively. Theitcwas designed
using PMOS transistors for the input pair to support lower common havedls. A set-
reset NAND latch was implemented to provide the hysteresididuno the hysteric

comparator.

0 pm

(@) (b)

Figure 5.17(a) Schematic of the comparator (b) layout of theparator

Transistors MP1 and MP2 were sized to keep thenput referred offset to less than

5mV based on the following equation:

VWL (5.9)



Choosing a target 34 of 1.25 mV, the total gate area obtained was 576. pf gate
length of 3um was chosen and the width was chosen to be 192 pmwasis
implemented as 32 fingers of 6um each. The comparator shown @ stage circuit
where the first stage is folded current cascode architeetudethe second stage is a
cascode stage. Since the output pair MP13-MP14 swings from 0 to BE8V;4 across
these transistors is greater than 1.4V. The stacked confayuradis used to prevent kink
effect in these for these devices and MN10-MN11. To maintaircihent mirroring
accuracy, MP3-Mp4 and MP11-MP12 were also implemented as staekex The
second stage consists of a simple cascode stage where teerRilsilevices MP6-MP8
were diode connected. This was necessary to achieve the diffetensimgle ended
conversion without kink errors. . Note MP10 and MNG6 are sacrificigicde ensuring
stage 2 gain and are allowed to kink. While the P side devicesdigete connected to
achieve the necessary gate bias, the N side cascode devicdsagsetefrom a separate
leg of current. This was necessary as it was not feasibleave 4 diode connected
transistors in a 3.3V supply. Again, transistors MP10 and MN6 impletepair
stacking to mitigate the kink effect. The comparator achievB£ ajain greater than
80dB and a GBP of 2.3MHz while driving a 50pF load capacitance teraperathese
values of GBP and DC gain are sufficient in implementing the \sguared control.
Figure 5.18 shows the measured results of the open loop gain, risefésd| rise/fall
delay and offset voltage of the comparator. The rise/fall timerizedall delay were

measured with a 50pF load capacitance and 50mV overdrive voltage.
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Figure 5.18@a), (b) and (c) Measured results of the comparator

5.7 Hysteretic comparator

The hysteretic comparator is used to implement the under voltdgeubscheme in the

Vee —squared controller. It can also be used as a control mechamdan light load

conditions. The popular ways of implementing the hysteresis function are:

(1) Employing positive feedback around the comparator

(2) Use of two separate comparators and an RS latch.

While method (1) may be popular among the discrete circuits, reglthe positive

feedback using resistors and the required high and the resulting oaducswitching

performance makes it an impractical option. Additionally the t@sisconsume large

area. The second method was selected for implement thedsystiinction as hystertic
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comparator delay is limited by the delay of either anatmgparator. The block diagram
shown in Figure 5.19 and the measured results are shown in Figure 5.20.

Comparator 1

Vhigh o

- R
Vin Digital |- »
logic
+ S
Viow _

Comparator 2
Figure 5.19Block diagram of the hysteretic comparator
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Figure 5.20Hysteresis plot versus temperature

5.8 Error Amplifier

The error amplifier is a critical building block of the DC-D@ntroller. It compares the
scaled output voltage with a reference voltage to produce an output whibh used by
the comparator for stabilizing the control loop. The schematic ofptbposed error

amplifier is shown in Figure 5.21.
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- Figure 5.21Schematic of the error amplifier

Since the generated reference voltage is around 400mV, PMOSstivesgiave been
chosen to implement the input differential pair. Based on the syaieitiirements of the
control loop, the error amp has been designed for a GBP of 300Hz, an opegailmop
greater than 60dB, and a slew rate of 300mV/uS. The size of the meetipa capacitor
planned for use in the control loop is 15mFom the requirements of the GBP at a
selected device an overdrive voltage of 200mV, the size of the pgiutdevices was
found to be W/L =4 @ 6u/12u. Again a folded current architectaregyavith additional
cascoding and device stacking were employed similar to that describeccontparator.
Operating on lower common mode voltages around 200mV (in the absence of MF1-MF5)
can force transistor MO in the triode region. This can seveaffigct the output
impedance and gain of the OTA. A feedback boost amp consistingnefstaas MF1-
MF5 compensates for the anticipated loss of gain when the outpuyt fwaes MC1 into
the triode or linear region. The dimensions of the gain boostingfenpMF1-MF5) are
chosen similar to the input pair and current folding devices of the erroifiamgrhsuring
matched behavior. The layout and the measured results of thampbiier are shown

in Figure 5.22 and Figure 5.23 respectively.
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Figure 5.22 Layout of the error amplifier in the VREF pad fram
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Figure 5.23Measured parameters of the error amplifier

The measured open loop gain tends to be slightly higher than the sidnuédiies. This
is because the design is based on a constant overdrive voltage mdsbodhe stacked

devices used in the error amplifier kink less with an increasgenperature. This
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increases the overall gain of the error amplifier. The peregrodeis do not reflect the
kink behavior at such high temperatures. The GBP of the error ampiditeches well the
simulated values. This is because the mobility of the devices ieduttean increase in
temperature.

Summary

In this chapter the peregrine SOS/SOI process was introducedirmuits advantages
and disadvantages over the bulk process. The differences betwdaltytdepleted and
partially depleted devices have been introduced and the root causekofkttetfect in
partially depleted devices has been traced. The stack trargdistciure has been used as
single composite device in analog circuits to mitigate the kifikcefind achieve the
desired performanc&he design and development of various blocks for a DC-DC buck
converter capable of operating up to 275°C is presented. The controlrgidesign is
based on the Vee-square control mechanism. A temperature indeperal@ge
reference providing a high impedance output of 0.4V and 0.8V has been desigmed usi
the NG diodes and SN resistors. The measured temp-co was found48 h&//°C. A
comparator and hysteretic comparator have also been designed ojpetagional at
275°C. The comparators have a common mode range from 0.3V to 2.2 V with a
propagation delay of less than 100 nS for a 50 mV overdrive voltagem&hsured
rise/fall time for a 50pF load capacitance is less than 20 nS. An error amysgi in the
main feedback loop has also been designed and tested. The erroreamatifa GBP of

300Hz with a 15 nF capacitor and an open loop gain greater than 55 dB.
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CHAPTER VI

This chapter describes the test and measurement results of tbe hpowesting
front end. Two pad frames have been designed and fabricated iBMh&80nm RF-

process. The pad frames consist of the following circuits:

(1) Padframe-1: A RF-DC converter with the matching network and a
programmable bias current source.
(2) Padframe-2: A full circuit comprising a matching network, RF-DC

converter, LDOs and demodulator.

Section 6.1 describes the test procedure for Padframe-1 whicklescvariation of Wp

with respect to load current and input power. Section 6.2 describestipeaeedure for
padframe-2 and measures the voltage reference and regulated vottdgeswo LDOs
versus input power followed by the testing of the demodulator. SectiaowcBides the

chapter along with future work mentioned in section 6.4.
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6.1  Test procedure for pad frame-1

Figure 6.1Chip micrograph of the Padframe-1

Figure 6.1 shows the chip micrograph of Padframe-1 and Table 6.linsottia pad

information.

Table 6.1  Description of the pad frame -1
Pad name/ No. Type Label Description
GSG Input GSG Input to circuit connecting the

network analyzer

1 NC - No connection

2 NC - No connection
DC Voltage of the

3 Output vbD RF-DC converter

4 NC - No Connection

5 Input Vs Connection to the bias resistor

6 Input Vk Connection to the bias resistor

7 Ground Gy 0V ground connection

The following tests were performed on pad-frame 1:

TEST 1:To study the relationship of the rectified DC voltage versud toarent of the

matched RF-DC converter.

Test equipment use#tP 8720D network analyzer and HP 4155A function generator.
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Test Procedurefhe input power was supplied to the circuit by the connecting tl& GS
input pad to the 8720D network analyzer and was held constant at -S5@®BmY). The
entire current consumed by the RFID sensor system was minigkadorogrammable
current source. The current in the programmable current sourceanwead from OuA to
54 pA in steps of 10pA and the DC voltage was recorded using tHAd5HA. A total of

10 dies were measured and the Figure 6.2 below shows the plot of the results obtained.

VDD VS. ". @ Pin = '3dBm

i ¢ VOUT
1.05 N
\
1
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_ 0.95 \
S \
By
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0.85 EN
\\
Q\
¢

0.75
0 10 20 30 40 50 60
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Figure 6.2Unregulated voltage versus load current at congtaut power

For a peak load current of 54pA, the unregulated voltage developed is 780bnsV.
value of \bp is just sufficient to power the voltage reference and the LDBs.average

1o value obtained from the measurement at any load current is 0.008447 V.

TEST 2:To study the relationship of the rectified DC voltage verspstipower at a

constant load current.

Test equipment use#tP 8720D network analyzer and HP 4155A function generator.
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Test Procedurefhe input power was supplied to the circuit by the connecting tl& GS
input pad to the 8720D network analyzer and was swept from -4 dBm (40GqudV
dBm( 1mW) in steps of 1 dBm. The load current was held at constamsvat 54 pA(

full load ) and 27 pA( 50 % load) using the HP 4155A.
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Figure 6.3 Unregulated voltage versus input power at condtextt current

Figure 6.3 shows the plot of the unregulated voltage versus input ppwenstant load
currents of 54pA and 27uA. The difference between the tyys Wh at any given power
level is about 125mV and is consistent with Figure 6.2. The RF-DC denvas a
measured start-up time of 1uS and the ripple on the unregMated 4mV at an input

power of -3 dBm (500uW) and a load current of 54pA.

6.2  Test procedure for the pad frame-2
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Figure 6.4Chip micrograph of the Padframe-2

Figure 6.4 shows the chip micrograph of Padframe-2 and Table 6.2nsotlia pad

information.
Table 6.2  Description of the pad frame- 2
Pad name/ No. Type Label Description
GSG Input GSG Input to circuit connecting the
network analyzer
1 Input/output oA Output of the RF-DC converter
2 Output \buT REC Regulated output of LDO1
3 Output \bo Esv Regulated output of LDO1
4 Input \bp 1p: 1.2V supply for the pad driver
5 Input \bb op: 0.7V supply for the pad driver
6 Output Rmob out Demodulator output
7 Output Rk Power on reset signal
8 Output \ker 53 535 mV reference voltage
9 Output \REF 400 400mV reference voltage
10 Output \LeF 13 135mV reference voltage
11 Input B:vob I Demodulator input

TEST 1:To study the relationship of the voltage reference versus input power.

Test equipment use#tP 8720D network analyzer and HP 4155A function generator.

Test Procedurefhe input power was supplied to the circuit by the connecting tlg@ GS
input pad to the 8720D network analyzer and was swept from -4 dBm (40GqubV

dBm( 1mW) in steps of 1 dBm. The load current was held at constamsvaf 54 pA(
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full load ) and 27 pA( 50 % load) using the HP 4155A. The referencegeoliteas

measured from pad 9 using the 4155A.
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Figure 6.5 Reference voltage versus input power

At -4dBm of input power, there is insufficientpy developed to power the voltage
reference or LDOs etc. In the power range from -3dBm to -ldBgulation is
maintained and the voltage reference accuracy is 5.7bits and 6.34 BiBat and
0dBm respectively. This happens for the following reasons: in Fgydréhe node“VB’

is biased from a current source whose current is overly depend¥@boAs Vpp rises,
bias current also increases and causes a change in thedtatye of transistors MP
MP13, MP1s, MP17 and MRg.This results in a power supply rejection ratio (PSSR) error in

the value of Mer. The measured results have @value of 0.00276 V.

TEST 2:To study the relationship of the regulated voltage of the LDOsuyergut

power.
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Test equipment usedd4P 8720D network analyzer, HP 4155AA function generator,

voltmeter and resistors to set the load current.

Test Procedurefhe input power was supplied to the circuit by the connecting tli@ GS
input pad to the 8720D network analyzer and was swept from -4 dBm (40QqudV
dBm( 1mW) in steps of 1 dBm. HP 4155A was used to complete the ground omnec
to the circuit and the regulated voltage of the two LDOs wassuned using the

voltmeter at pads 2 and 3.
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Figure 6.6 Regulated voltage versus input power

Figure 6.6 suggests that the rate of increasepdf Vrec1 and \kec2 beyond -1dBm is
around 150mV/dBm. At this rate, the projected maximusp ® 1.8V would be reached
at +3dBm input power. Any increase in input power beyond this point wouldgathe
nominal devices used in this process. In order to prevent this fromriagpan over

voltage protection circuit i.e. shunt regulator must be added totheimaximum ¥p to
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safe limits. This feature need not come at a significant aseren LDO or RF to DC

power.

TEST 3:To study the relationship of the regulated voltage of the LDOs veisus V

Test equipment usediP 4155A function generator, voltmeter and resistors to set the

load current.

Test Procedure: The RF-DC converter was disconnected from the rest of b@tcand
the two LDOs were powered directly from pad -dzMWvas varied from 0 V to 1.5 V in
steps of 0.1V and the measurements fRecdy and \kecz have been made at pad-2 and

pad-3.
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Figure 6.7 Regulated voltage of LDO-1 versugy/
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Figure 6.8 Regulated voltage of LDO-2 versugy/

Figure 6.7 and Figure 6.8 indicate that below 0.75V, there issuafiicient \Vpp
developed to establish a reference voltage of 0.4 V and hence the @® d® out of
the regulation range. The required voltages of 0.7V for LDO1 and f@4LDO02 are
established around aply of 0.75V. Regulation is maintained in the VDD range from
0.75V to 1.2 V. Results from Figure 6.7 and Figure 6.8 is consistemttatresults of
Figure 6.2 and Figure 6.3. Apl value of 0.75 V is developed while supporting a 54pA

load current at -3dBm input power level.

Table 6.3  Power consumed by individual blocks

Block name Symbol Supply| Quiescent Power
Voltage (V)| current(uA)| Consumed(uW)
RF-DC converter KEoc Input power -3 dBm(500 pWw)
Voltage reference VReF 0.9 8 7.2
LDO1 Rpo1 0.9 7.5 6.75
Feedback ladder B 0.7 8 5.6
LDO2 Rpo2 0.9 3.6 3.24
Demodulator Bemop 0.7 1 0.7
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Table 6.3 shows the power consumed by the individual circuit blocks of ther pow
harvesting front end. The total current consumed by the individual blsckS8.ipuA

while the power consumption is 23.49uW. The system has been dekigaetbtal load
current of 54pA, indicating that 26 A is available for the sigmaiditioning circuitry
blocks. Out of the 26pA available for the signal conditioning circuttng, memory
consumes 5uA current from a 0.4V regulated supply and the ADC , bandrppler
together have 21pA available from the 0.7V regulated supply. Hargeticiency can

be defined as the ratio of the total harvested power to theata@téble input power. At -
3dBm (500uW) of input power, the unregulated DC voltage developed is around 0.78V
and the circuit can handle 54 A load current making the total harvested power 42.1uW.

Pyarvestep  42.1
= = 8.429
Pin 500 % (6.1)

Nharvested =

The total power consumed by all the blocks can be expressed as:

ProrarL= Prepct PvrertPLpo1tPLD02 T PEB T PDEMOD TPSIGNAL (6.2)

Equation (6.2) can be re-arranged as:

ProtaL= PLoss* PoverrEADTPSIGNAL (6.3)
where
Pross =Prepnc (6.4)
and
Poverneap =Prpo1tPLpo2tPrs (6.5)

Where Ross represents thepYp loss in the RF-DC converter angJerueap iS the

combined loss in the two LDOs and the feedback laddgn ;. can be expressed as:

Psionar =PvrertPanaroctPMEMoORY (6.6)

Where Pyrpr IS the power consumed by the voltage refereRgga o IS the power
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consumed by the analog circuits ah\gqyvory IS the power consumed by the memory.
Since the LDOs and the signal conditioning circuit consume power tiiersame node
i.e. the unregulated p$ obtained from the RF-DC converter, we define the useful power
conversion efficiency i.e. “LDO efficiency” as the radbPSIGNAL' to Ryarvest and can

be written as:

Iipo

n =
FPO T T bo+sionaL (6.7)

Substituting the values ®gna; andPyarvesT IN €quation (6.7) , we find that the LDO

conversion efficiency to be:

18.3
= 2 40929
lLoo = 793776 % (6.8)

ProtaL must be kept the under target 100uW limit in order to avoid tissuadre@o
maximize the useful power available for the signal conditioningyitiy, i.e. Pgignar »
losses in the RF-DC convertegd3c and Ryverneap Must be minimized. For an “N” stage
RF-DC converter, the total losses can be expressed spNIThe losses can be
minimized by having a single stage RF-DC converter and aMgwor the schottky
diode. Having a low ¥ also maximizes the final out put voltage as mentioned in chapter
II. The CMRF180nm IBM process only supported n type schottky diodes tivisenwork

was initiated but have since added more efficient p type schottkyP-type schottky
diode that has a lowerpvof 0.12V in comparison with a n-type schottky diode but more
important a lower VD for the same. fThe second generation design of this work will

feature the design of the RF-DC converter with the P-type schottky diodes.

Poverneaprepresents the power consumed by the two LDOs and the feedback ladder. The

present value of &erneap IS 15.64W. By reducing the quiescent current consumption in
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the LDOL, by a factor of 2 and replacing the feedback ladderestiter MOS connected

diodes or un-doped poly resistors, this value can be reduced to 8uW.

Table 6.4  Comparison of the power harvesting works
Author [FrequengyProcess| Matching Switch | No. of Output Load current |Efficiency
(MHz) type type stages| voltage(V) | range(uA) (%)
Curty 915 0.5um | Series MOS 3 0-5 1 0-10
SOl diode
Sarpeshkar 950 | 0.18um| Shunt MOS 2 0-5 4 16-23
Bulk
Barnett 900 | 0.18um| Shunt | Schottky| 16 0-3 1-8 4-8
Bulk diode
Shameli 920 | 0.18um| Series MOS 4 0-1 2 5-10
Bulk diode
This work] 2450 | 0.18 bulk Series | Schottky 1 0.65-1.3 10-54 7.5-1Q
diode

Table 6.4 represents the comparison of this work with other works fouhd literature.

The work done by authors Curty, Barnett and Shameli is intendexbdiomercial RFID

applications only. The load current in these works comprises omligibél circuitry like

the memory and is less than 10 pAisTwork is the first of its kind in implementing a

power harvesting front end with a series matching network andgingle stage RF-DC

converter. More significant in this work is a complete powersystem for a smart

RFID and including harvesting, regulation, and dual analog/digital egulators. The

load current range supported is from 10pA to 54pA. The overall eiiency obtained

in this work is comparable with the other works as shown inTable 6.4 with the

exception of Sarpeshkar which is switch transistor with using compiebody biasing.

TEST 4: To study the working of the demodulator circuitry.
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Test equipment usedektronix 1180B digital sampling scope, Rhode and Schwartz AM
function generator, Agilent 33250A function generator, HP 4155A and Agilentuf

scope.

Test Procedure:A double sideband amplitude modulation signal that contains both the
carrier and data was created to the test the demodulator. Thesigaal was created
using the Agilent 33250A function generator and modulated using the Rimube a
Schwartz function generator to create the DSB-AM wave. TB8-BM wave was
connected to the input of the demodulator using the GSG input. HP4155Ase@g0
power to the demodulator at pad-2 and the pad drivers at pads 4 and Svwagpdde
output of the demodulator was measured from pad-6 using the Agilentumnfi

oscilloscope. A picture of the DSB - AM wave is shown in Figure 6.9.

3B

Figure 6.9Double side band AM wave

The Gen-2 RFID standard defines the modulation index as follows[57]
(%)=(-3
AR (6.9)
Typical values of “m” for the Gen -2 RFID standard range from 80% to 100%. Tbéest t
demodulator, we choose a conservative vaIu% ef 0.3, setting m = 70% in the Gen-2

Standard. Figure 6.10(a) - Figure 6.10(d) represent the output of itieddiator for

various combinations of the signal and carrier frequencies as mentioned in Table 6.5
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Table 6.5 Demodulator input settings

Figure number frequsgr?(r:li(lKHz) FreqSSrzg;(rMHz) Modulation index (%)
Figure 6.10 (a) 100 600 70
Figure 6.10 (b) 100 900 70
Figure 6.10 (c) 450 600 70
Figure 6.10 (d) 450 900 70

File Control Setp Messure Analyze  Utiies  Help

@ T ()

Figure 6.10Demodulator outputs

The signal frequencies chosen for the test were 100 KHz and 45@ e+ limitation
of the test equipment Rhode and Schwartz to modulate signals only60p-toHz. The
carrier frequency was chosen to be 600MHz and 900 MHz based on ¢hesdis in

chapter IV where 600MHz is a conservative number and 900 is Gen-2 Standard.

6.3  Concluding Remarks
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A power harvesting front end complete with LDOs, voltage retereand demodulator
suitable for operating at 2.45GHz for neural/biosensor applicationbleapfa harvesting
greater than 40pW at — 3dBm of RF signal levels was presenteglilad®ed supplies of
700mV and 400mV supporting 54uA of total load current heavily weighted tdogn
signal conditioning, a Gen2 compatible demodulator and 400mV voltagenaddrave
been demonstrated. Measured results are within the process skeveteasaof + 10%
with exception of the voltage reference PSRR. Maximum measegdated output
voltage range for the LDOs is from -3dBm to -1dBm and wifltiehcies greater 8.5%.
Harvesting efficiency compares favorably to previous workBaiple 6.4. The harvester
system presented here is a full functioning regulated poweersystere an order of
magnitude of greater power suitable for powering for signal atignisand data

transmission.
The following papers have been submitted and published during the course of this work:
Journal paper:

(1) S.Venkatarman , C.Hutchens , R.Renakker Il, Tamer Ibrahim and Rehan Ahmed,
“ A 2.45GHz Power Harvesting Front End for Neural applicationdtaft in

preparation to be submitted to the IEEE Transactions in circuits and sydtems
Conference Publications:

(1) C.Hutchens, R.Renakker 1l , S.Venkatarman , Rehan Ahmed, R.Liao and
S.Ibrahim : “Implantable Radio Frequency Identification Sensors: Wireless
Power and Communication,33% Annual International Conference of the IEEE
Engineering in Medical and Biological Society , Boston ,MA , 2011.( Accepted)
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(2) S.Venkatarman and C.HutcherfsRF-Front end for wireless powered neural
applications”, 51° Midwest Symposium on Circuits and

Systems,Knoxville,TN,2008.( Accepted)

6.4 Future Work

In this work we have demonstrated a power harvesting front gradbleaof harvesting up
to -3dBm (500uW) of power and delivering a 0.7V and 0.4V regulated suppéges|
while supporting a 54pA load current. In order harvest even lower dewads up to -6
dBm (250 uW) inside the human body the following changes are profoodbeé second

generation front - end design:

(1) Matching network: One of the main reasons for choosing 2.45 GHz frequency of
operation is the feasibility of small size passive elememiisamtenna for the matching

network. As mentioned in chapter Il, equation 2.6, the Q of the matchtagnkeis
given asQ, = f%-l. This equation assumes that4@f the series inductor has a value
S

greater than Q. In the 180nm IBM process, Q values of the inductor required to match
the RF-DC converter are in the range from 3-5. A high Q imdustdesirable as it helps
boost the voltage at the input of the RF-DC converter without angploss. The series
inductor can be absorbed in the antenna design which will be made on apgatibten
flexible PCB. Inductors made on the PCB have much higher Qs compared dhip
inductors and the overall frequency of operation can be brought dowmn2¥i5GHz to
900MHz. Another solution is to use DM metal option for the inductorghe IBM
process. Inductors manufactured with DM metal option have slightly higgheompared

to the LM metal option in the standard design kit. This option howeveesah an
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increased cost of wafer production.

(2) RF-DC converter: The output of the RF-DC converter as mentioned ftecHa

is given asVqoyr=2N (Vp-Vp). The output voltage can be maximized by the following
ways: (1) increasing the number of stages (2) maximizingnd (3) minimizing 4. Vp
can be maximized by increasing the Q of the matching network gredn be minimized
further by choosing a different switch in the RF-DC converteuriiy the
implementation of the first generation design of the power hiamge$front end, the
choice of switches was limited to N-Schottky diodes and MOSdsvirhe IBM 180nm
process has been supplemented with an additional P-type schattley wihose ¥ is
around 120mV. Proper sizing of the P-type Schottky diodes ensures adiggaatk
lower Vp thus maximizing the output of the RF-DC converter with a fewerbeurof
stags. By increasing the number of stages in the design to /angirg the switch to a
P-type schottky device, power levels up-to -6 dBm can be harvestg@asing the
number of stages can however pose a risk of developing excessiavgeva#t the input
power levels increase. A proposed solution is to add a shunt regulataluthps the
extra power to ground and prevents the output of the RF-DC converteekoeeding

the rated 1.8V or alternately reflect power into the tissue for better cakpers
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4= CRUDE MOS —p PR— SHUNT [—— — AUXILLARY —_—
REFERENCE REGULATOR REGULATOR

Figure 6.11Schematic of the limiter

Figure 6.11 shows the schematic of the proposed limiter cittwibnsists of the crude
MOS reference of 0.4V, a shunt regulator and an auxiliary regutatcuit. The crude
MOS reference is designed in such a manner that Mas a rise time nearly equal to that
of the unregulated pb. This value happens to be around 1lpSaii R have been sized

such that Y = 0.4V when \4p has reached 1V as follows:

% —( Rs )1—0 4v
AR, R,/ (6.10)
This gives \&si4 Sufficient strength to turn on and pull thgpvhode lower, dumping the
extra power to ground. An auxiliary regulator is added to a#sestnain regulator in

preventing the ¥p node from rising beyond 1.5V 4Rnd R have been sized such that

Rs
sz( )1.2=0.6V

R4+R5 (6.11)

and

V3= Vpp-lrerRe (6.12)
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As Vpp rises even further, the current in transistorg Mnd My increases and is
mirrored to the main shunt regulator. This causes oY M4 to further increase and

pull the Vpp node further preventing it from reaching the target 1.8V.

3) LDO and voltage reference: The quiescent current consumption of the LBOs is
be reduced from 2.45pA to 1.2pA in the both the designs. The feedback fiadthes
LDO is to be replaced with un doped poly resistors or MOS devicethelrsecond
generation design, the total power consumed by the front end blockdesigned as

follows to 15uW.

PrroNTEND= PyrprTPLpO1 7 PLDO2 T PEBHPDEMOD (6.13)

PrrontEND= (0.9%8)+(3.6%0.9)+(3.6%0.9)+(1*0.7)+(1*0.7)=15pW 6.1
To increase the PSRR of the voltage reference, it is proposeplace the biasing of the

node \&; in figure 3.1 by a constant current circuit, and make it supplypemtient.
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