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Abstract

Aida Ahmed Fouad El-sabban

"Design and Implementation of RF CMOS Power Amplifiers for Bluetooth”
Doctor of Philosophy Dissertation, Faculty of Engineering,
Ain Shams University, 2004

There is a constant increasing demand for compact, low-cost and low-
power portable devices in the world of RF communication transceivers. Due
to the continuous progress, high integration capability and low-cost CMOS
technology, this research will focus on the design and implementation of RF
CMOS power amplifiers since the power amplifier design is a key in the
entire RF system. In general, PA's are difficult to integrate in CMOS because
of technology limitations (like breakdown voltage) that severely limit the
efficiency and linearity of the PA.

This work targets power amplifiers for short-range wireless
applications, especially the Bluetooth standard. It first proposes a simple new
analytical method using MATLAB for estimating initially the different
design parameters incorporated in any stage of the sinusoidal or bias-
dependant classes of the CMOS PA design without the blind use of the
simulator in the early stage of iterations. The methodology takes into account
the effect of the transistor knee voltage. This methodology is compared with
simulations using BSIM3v3 transistor model from AMS and it shows a good
qualitative agreement and an acceptable quantitative one with the analytical
method.

In this thesis also, an overview of the different technology and layout
parameters affecting the modeling of the RF MOSFET transistor is

presented. The layout-aware macro-model incorporates these parameters in



accordance with the BSIM3v3 compact model is demonstrated and validated
by a comparison between simulation results and measurement data -
provided by the foundry - for a transistor with total width of 90um and 18
fingers fabricated using a 0.35pum CMOS process. A Monte-Carlo analysis is
performed to explain the slight difference between the measurement and the
simulation. This model can be easily modified in order to account for
different aspects of the layout unlike the provided model from the foundry.
Finally, a 2.4 GHz power amplifier intended for class 1 Bluetooth
applications is designed and implemented using a standard 0.35 um CMQOS
process from AMS (Austria Micro Systems). This process has two poly
layers, triple metal layers, one thick metal layer, MIM (Metal Insulator
Metal) capacitors and high resistive poly module and operates under 3.3 V
supply. The design and implementation is done using the RF transistor
model. Since the power amplifier design requires lots of simulations
iterations even with the use of analytical method to initially estimate its
components values, an optimization/synthesis operation based on gradient
algorithm optimization is used to speed up the design phase and achieve the
required target. This technique strives to find the global minimum of the
error function that represents the difference between the achieved
specifications and the required ones by finding the slope of this function.
After designing the PA, draw its layout and performing the post-layout
simulations, the amplifier is capable of delivering a maximum output power
of 22 dBm, which is more than required by the Bluetooth standard at the
frequency band (2.4 GHz — 2.5 GHz) using a 3.3 V supply. This output
power is achieved with an efficiency (n) of 46.1% and an overall power
added efficiency (PAE) of 45.5%. The power amplifier employs a class AB
in its two stages, which represents a compromise between efficiency and

linearity. Thus, it can be easily linearized to satisfy more standards in the



ISM band which utilize non-constant envelope modulation schemes. In
addition, it has the power control feature through the use of the bias voltage
of a cascode configuration as the control signal. This complies also with the
class 1 Bluetooth standard. The designed PA is unconditionally stable in the
entire frequency band and achieves a 50Q input and output matching
through the use of on-chip coils except for the choke coil at the drain of the

last stage.



Contents
List Of SYMDOIS c..eviiiiiiiieiiece ettt 3
List Of ADDIEVIAtIONS......ccccuiiiiiiieeiieeciee ettt eree e e e e e sareeeaaeeens 7
LISt Of FIZUIES ...viieiiieeiie ettt et et eeaeeen 9
LiSt Of TabIeS.....uviieiiiieiieecee ettt e e 11
INErOAUCTION ... 12
L@ 1 F:1 1113 17
PA REVIEW....ooiiiiiiiiieeeee ettt 17
1.1 INErOAUCHION ... e e 17
1.2 PA Parameters .......cooueerieiiieniiiieeiieeeese et 18
1.2.1 OUtPUL POWET ....c.eeiiiiiiiiiiccceecceee e 18
1.2.2 EffiICIENCY 1ot 19
1.2.3 LAN@ATIEY ..ottt 20
1.2.3.1 1-dB Compression Point ...........cccceeeveerieeiieneenieeieeeene, 21
1.2.3.2  AM/PM CONVETSION ...ccuvvieirieeeiiieeeirieesireeeseveeeeiveeeeneeeenes 22
1.2.3.3  Intermodulation Distortion (IMD) ..........cccceeevievierirennnns 23
1.2.3.4  Adjacent Channel Power Ratio (ACPR)........ccccceeennene. 24
1.2.4 PA Stability ..c.oeveiiiiieieeeeeeeee e 27
1.2.5 Typical CharacteriStiCs......coeevuereererruenienieeienreneeeeeeeneeenne 27
1.3 Classes OF PAS ..c..oiiiiiieeieeceee e 28
1.3.1 CIASS A oottt e e 28
1.3.2 CIaSS B 30
1.3.3 ClassS ABi.....ooioiiieee et e e 31
1.3.4 CIASS Caneeee e 32
1.3.5 ClaSS E.eoeeeeeee et e 33
1.3.6 CLASS F oo 35
1.4  Linearization TeChniques .........ccccceevieriieiieniiienieeieeieeeee e 36
1.5 CMOS RF PA Recent Progress.........occveeeveeenieeenieeeniieenieeeeeenn 38
1.6 CONCIUSION. ...ccuitieiiiieeiie ettt e te et e e et e e s e e beeesaseeenaseeeaneeens 39
@) 1 F:1 11 1) /TR 40
CMOS PA ANALYSIS .eeiiiiiieiiieiie ettt ettt ettt 40
2.1 INtrodUCtION ....oeiiiiiiie e 40
2.2 Conjugate Match and load-Line Match..........cccccccceviiniininncnnnnne. 41
2.3 Effect of Transistor "Knee"..........cccvveviiveniieeiiieeeeeeeeeee e 44
2.4 Proposed MATLAB Procedure..........c.coocueenieniiininniieiesieeene 45
2.4.1 Transistor Model .........coooeeiiiiiiiniiicceeeee, 47

242 Optimum Load .......cocoeviiiiniiiiiiicccce 48



243 Output Power and Efficiency .........cceooeeviieiieniiienieniieenne, 53
2.4.4 Comparison with SiImulations ..........ccccceeeevieeniieenciieeeieeee, 56
2.5 CONCIUSION. ...utiiiiiiiiiiieteeit et 59
O] 1 F:1 41 1) i 60
RF MOS Transistor Compact Model ...........ccoooeeriiiiiieniiniieiecieeeeeee e, 60
3.1 INErOdUCTION ..o 60
3.2 RF MOS Transistor Layout..........ccccceevieniieniieniieiieie e 62
33 RF Equivalent CirCuit..........ccceeevvieviiieniieeciee e 64
3.3.1 Gate RESISTANCE .....evuveieiiiriieieeeeeeeeeseeeee e 65
332 Source/Drain ReSIStance ............coceeveeenieeniennienieeeesieeeen 67
333 Overlap Capacitances..........occueerieerieerieenieeriieeieenie e 73
334 Junction Capacitances .........ccceecveeeveeeeriieeerieeerieeereeeeeee e 74
3.35 Substrate Network Resistance...........ccoeeveevveenienieeneenneenen. 76
3.3.6 Non-Quasi-Static (NQS) Effects......cccccecveevieieniiieeieeeiens 82

3.4  Representation of the Multi-finger Structure in the SPICE-like
STMULALOTS ...ttt et 83
3.5  Validation of the RF Transistor Layout-aware Macro-Model ......87
3.6 CONCIUSION. ..ttt e 91
L@ 1 F: 1 11 1) SRR 92
Bluetooth CMOS PA DESIZN .....ceeeiviieiiieeiiieeiee ettt e 92
4.1 INtrOAUCHION ... 92
4.2 General Design Considerations...........cceeeeveeeeveeeiveesnveeenveeennens 95
4.2.1 Technology ChoiCe ........oovieiiieiiiieciiecie e 95
422 PA Class Selection .........cccceeuieiiiiieiiieniieeeeeeeee e 96
423 Single-ended Topology .....ccoveeeiiiriiiiiieiieeieeee e 96
4.2.4 Multi-stage Desi@n .......cceeeeviieriiieiiieeieeee e 97
4.2.5 Chip-on-board (COB) Die Attachment..........cccccoceeveeuennee 98
4.3 Design Procedure .........ccuveviieeiciiieiiiecee e 99
4.4  Synthesis/OptimMiZation ..........ccceecueeriieriieeniieeiieiee e eneee e 102
4.4.1 Schematic/netlist Specification ............cceecveeeeieeecieerneeennee. 106
442 CONSIIAINES.....c.eveeiieiieeiieeie ettt see et see e e seeeteesaae e 110
443 GOALS et 111
4.5 Simulation ReSUlts.........ccceeeiiieiiiiiiiiiieiecieeeee e 112
4.6  Layout and Post-layout Simulation Results ..........c..ccccveeenennnee. 119
4.7 CONCIUSION...cutiiiriiiiiiieeiteee ettt 124
CONCIUSION ...ttt ettt sttt sbe e 125
RETRIENICES ...t 128

APPENAIX Lot 138



Bag;
Rsource
Riopt
Y

Pt

Or

u

Y

€o
Vs
Vbs
Iy

List of Symbols

Efficiency

Stability factor

Quality factor

Power Added Efficiency
Input power

Output power

Required channel frequency
Required channel bandwidth
Adjacent channel bandwidth
Source resistance

Optimum load resistance
Half conduction angle
Thermal voltage

Fermi potential

Carrier mobility

Body effect coeffecient
Permittivity of free space
Gate source voltage

Drain source voltage

Drain current

Threshold voltage
Transistor width

Transistor length

Oxide capacitance per unit area
Gate bulk voltage

Zero-bias threshold voltage



Rg—total

Em
RSH

Source bulk voltage

Boltzmann constant

Electron charge

Temperature in kelvin

Oxide thickness

Dielectric constant

Intrinsic electronic concentration
Substrate doping concentration
Drain current DC component
Drain current fundamental component
Drain current 2™ component
Drain current 3™ component
Drain current 4™ component
Drain current 5™ component
Transistor finger width
Transistor finger length

Number of fingers

Transistor effective width
Intrinsic part of the MOS transistor
Input impedance

Polysilicon sheet resistance
Metal1/Poly contact resistance

Total number of gate contacts

Polysilicon gate width including the part extending beyond

the n" diffusion region
Overall equivalent gate resistance
Transconductance

Diffusion sheet resistance



NRD Number of squares in the drain region

NRS Number of squares in the source region

L Length of the drain diffusion region

Lg Length of the source diffusion region

Remint Contact resistance between M1 and diffusion
Cidv Drain bulk junction capacitance

Cisp Source bulk junction capacitance

R Drain bulk resistance

Ry Source bulk resistance

Rusb sh Substrate sheet resistance

Rush Substrate resistance

Csbx Source bulk capacitance for each finger

Cabx Drain bulk capacitance for each finger

Tdbw Substrate drain resistance with unit channel width
Lsbw Substrate source resistance with unit channel width
Nac Number of contacts in the drain region

Nec Number of contacts in the source region

Caso Overlap capacitance between gate and source
Cado Overlap capacitance between gate and drain
Lov Overlap between source or drain and gate
Da Drain bulk diode

Dg Source bulk diode

Ciunction Junction capacitance

G Area capacitance of the diffusion region
Ciswp Sidewall capacitance of the diffusion region
AD Drain area

AS Source area

PD Drain perimeter



