14:40 4-3 A -90dBc@10kHz Phase Noise Fractional-N Frequency Synthesizer with Accurate Loop 52
Bandwidth Control Circuit
T. Morie, S. Dosho, K. Okamoto, Y. Yamada and K. Sogawa
15:05 4-4 A Direct Digital Frequency Synthesizer with Single-Stage Delta-Sigma Interpolator 56
and Current-Steering DAC
W. Ni, F.F. Dai, Y. Shi and R.C. Jaeger

Session 5: Imagers, Biochip and MEMS [Suzaku II]
Chairpersons: M. lkeda, University of Tokyo
S. Natarajan, ATMOS

13:50 5-1 A Sensitivity and Linearity Improvement of a 100 dB Dynamic Range CMOS Image 62
Sensor Using a Lateral Overflow Integration Capacitor
N. Akahane, S. Sugawa, S. Adachi, K. Mori, T. Ishiuchi and K. Mizobuchi
14:15 5-2 The 1T Photo Pixel Cell Using the Tunneling Field Effect Transistor (TFET) 66
T. Nirschl, A. Bargagli-Stoffi, J. Fischer, S. Henzler,
P.-F. Wang, M. Sterkel, W. Hansch and D. Schmitt-Landsiedel

14:40 5-3 Active CMOS Biochip for Time-Resolved Fluorescence Detection 68
G. Patounakis, K.L. Shepard and R. Levicky
15:05 5-4 A High-Voltage CMOS VLSI Programmable Fluidic Processor Chip 72

K. Current, K. Yuk, C. McConaghy, P. Gascoyne, J. Schwartz, J. Vykoukal and C. Andrews

Session 6: RF Building Blocks [Suzaku lli]
Chairpersons: H. Sato, Renesas Technology Corp.
T. Blalock, University of Virginia

13:50 6-1 Low Power Programmable-Gain CMOS Distributed LNA for Ultra-Wideband 78
Applications
F. Zhang and P. Kinget
14:15 6-2 A Phase-Coherent Transformer Enabled 2:1 Frequency Divider with 7dB Phase 82
Noise Reduction and SpeedxGain/Power F.O.M. of 2x10? (pico-Joule)”
D. Huang, W. Hant, W.-K. Yeh, J.-K. Ma, C. Chien and M.F. Chang
14:40 6-3 An Integrated 5 GHz Low-Noise Amplifier with 5.5 kv HBM ESD Protection in90 nm RF 86
CMOS
D. Linten, S. Thijs, W. Jeamsaksiri, J. Ramos, A. Mercha,
M.l. Natarajan, P. Wambacgq, A.J. Scholten and S. Decoutere
15:05 6-4 A DC-2.5GHz Wide Dynamic-Range Attenuator in 0.13um CMOS Technology 90
H. Dogan, R.G. Meyer and A.M. Niknejad

Session 7: PLL and On-Chip Interconne%uzaku 1]
Chairpersons: M. Matsui, Toshiba Corp.
V. De, Intel Corp.

15:50 7-1 A Spread Spectrum Clock Generation PLL with Dual-tone Modulation Profile 926
D.-S. Kim and D.-K. Jeong

16:15 7-2 4.0GHz 0.18um CMOS PLL Based on an Interpolative Oscillator 100
F.H. Gebara, J.D. Schaub, A.J. Drake, K.J. Nowka and R.B. Brown

16:40 7-3 Adaptive Network-on-Chip with Wave-Front Train Serialization Scheme 104

S.-J. Lee, K. Kim, H. Kim, N. Cho and H.-J. Yoo
17:05 7-4 Near Speed-of-Light On-Chip Interconnects Using Pulsed Current-Mode Signalling 108
A.P. Jose, G. Patounakis and K.L. Shepard

Session 8: Analog Techniques [Suzaku ll]
Chairpersons: M. Nagata, Kobe University
P. Kinget, Columbia University
15:50 8-1 An All CMOS 84dB-Linear Low-Power Variable Gain Amplifier 114
Q.-H. Duong, L.-Quan and S.-G. Lee
16:15 8-2 A 1V Supply 50nV~Hz Noise PSD CMOS Amplifier Using Noise Reduction Technique 118
of Autozeroing and Chopper Stabilization
T. Yoshida, Y. Masui, T. Mashimo, M. Sasaki and A. Iwata

Vii
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16:40 8-3 Managing Leakage in Charge-Based Analog Circuits with Low-Vw Transistors by 122
Analog T- Switch (AT-Switch) and Super Cut-off CMOS
K. Ishida, K. Kanda, A. Tamtrakarn, H. Kawaguchi and T. Sakurai
17:05 8-4 A CMOS Oversampling D/A Converter with Multi-bit Semi-Digital Filtering and 126
Boosted Subcarrier SNR for ADSL Central Office Modems
A.C.Y. Lin, D.K. Su, RK. Hester and B.A. Wooley

Session 9: Multi-GHz Wireline Building Blocks [Suzaku ]|
Chairpersons: N. Lu, Etron Technology, Inc.
W. Lee, Texas Instruments

15:50 9-1 A 34Gb/s 2:1 MUX/CMU Based on a Distributed Amplifier Using 0.18um CMOS 132
U. Singh, L. Li and M.M. Green

16:15 9-2 A 20-Gb/s 2-to-1 MUX and a 40-GHz VCO in 0.18-pym CMOS Technology 136
J. Lee, J.-Y. Ding and T.-Y. Cheng

16:40 9-3 Design and Analysis of a 20-GHz Clock Multiplication Unit in 0.18-um CMOS 140

Technology

J.Lee and S. Wu

17:05 9-4 A 20-GHz Phase-Locked Loop for 40Gb/s Serializing Transmitter in 0.13um CMOS 144
J. Kim, J.-K. Kim, B.-J. Lee, N. Kim, D.-K. Jeong and W. Kim

20:00 Rump Sessions:
Organizers: M. Ugajin, NTT
C.K. Ken Yang, UCLA

R-1 Digital Rump Session [Suzaku I]
Low Power Design: Process Puzzle or Design Dilemma? 150
S. Borkar
R-2 Memory Rump Session [Suzaku II]
The Roadblock to the TeraBit (10" bits) Memory Era: Is it Technology or Design? 150
A. Fazio
R-3 Analog Rump Session [Suzaku Il]
Digitizing the Radio to the Antenna - Will Radios Still Need Analog in 2010? 151
P. Kinget

Joint Rump Session with Technology [Suzaku]
J-R Variability Has Stopped Scaling: Who Will Conquer the Issues of Variability? 151
-Will Technology People Be Able to Keep the Device Variability?
-Will Design Technology Take the Further Device Variability into Account?
H.-S.P. Wong
*This session will be held at 20:00-22:00 on Wednesday, June 15.

viii

ADVANCED MICRO DEVICES, INC. IPR2023-00788 Ex. 1036, p. 212 of 645



Friday, June 17

Session 10: Plenary Session Il [Shunju]
Chairpersons: T. Kuroda, Keio University
S. Kosonocky, IBM

8:30 10-1 Design Challenges and Methodology for Developing New Integrated Circuits for the 154
Robotics Exploration of the Solar System (Invited)
M.M. Mojarradi, B.J. Blalock, E. Kolawa and R.W. Johnson
9:15 10-2 Non-volatile Memory Technologies for Beyond 2010 (Invited) 156
Y. Shin

Session 11: SRAM and NV-memory [Shuniju I]
Chairpersons: T. Kawahara, Hitachi Ltd.
S. Natarajan, ATMOS

10:30 11-1 Experimental Verification of Row-by-Row Variable Voo Scheme Reducing 95% 162
Active Leakage Power of SRAM’s
F.R. Saliba, H. Kawaguchi and T. Sakurai
10:55 11-2 A Low Leakage SRAM Macro with Replica Cell Biasing Scheme 166
Y. Takeyama, H. Otake, O. Hirabayashi, K. Kushida and N. Otsuka
11:20 11-3 Selective-Capacitance Constant-Charge-Injection Programming Scheme for High- 168
Speed Multilevel AG-AND Flash Memories
K. Otsuga, H. Kurata, K. Kozakai, S. Noda, Y. Sasago, T. Arigane, T. Kawamura and T. Kobayashi
11:45 11-4 A Novel Voltage Sensing 1T/2MTJ Cell with Resistance Ratio for Highly Stable and 170
Scalable MRAM
M. Aoki, H. lwasa and Y. Sato

Session 12: High Quality Audio Chips [Shunju Il]
Chairpersons: M. Song, Dongguk University
P. Kinget, Columbia University

10:30 12-1 A 106dB Audio Digital-to-Analog Converter Employing Segment Flipping Technology 174
Combined with Cascaded Dynamic Element Matching
T. Ido, S. Ishizuka and T. Hamasaki
10:55 12-2 An Energy-Efficient Analog Front-End Circuit for a Sub-1V Digital Hearing Aid 176
Chip
S. Kim, J.-Y. Lee, S.-J. Song, N. Cho and H.-J. Yoo
11:20 12-3 A 1-V, 1-MS/s, 88-dB SigﬁK-Delta Modulator in 0.13-pm Digital CMOS Technology 180
L. Yao, M. Steyaert and W. Sansen
11:45 12-4 On-line Calibration and Digital Correction of Multi-bit Sigma-delta Modulators 184
A. Fornasari, F. Borghetti, P. Malcovati and F. Maloberti

Session 13: High Speed 1/0’s [Shunju lli]
Chairpersons: K. Kobayashi, Kyoto University
W. Lee, Texas Instruments

10:30 13-1 A 3-Tap Digitally Programmable Transversal Filter in 90 nm CMOS for Equalization 190
up to 30 Gb/s
J. Sewter and A.C. Carusone

10:55 13-2 Gain-Phase Co-Equalization for Widely-Used High-Speed Cables 194
Y. Hidaka, W. Gai, H. Osone, Y. Koyanagi, J.H. Jiang and T. Horie
11:20 13-3 A 3.125-Gb/s Sub-Milliwatt CMOS Signal Detector Circuit 198

J. Savoj and P. Roo
11:45 13-4 A Multi-Rate 9.953-12.5GHz 0.2um SiGe BICMOS LC Oscillator with -120dBc/Hz Phase 202
Noise at 1MHz Offset Using a Variable Resistor Based Varactor
A. Maxim
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Session 14: Signal Processors [Shunju I]
Chairpersons: H. Kabuo, Matsushita Electric Industrial Co., Ltd.
B. Nikolic, University of California, Berkeley

13:50 14-1 Galois Field Computation LSI: A Reconfigurable Chip for High-Speed Communication 208
N. Endou, Y. Kasai, M. lwata, E. Takahashi and T. Higuchi
14:15 14-2 A 95mW MPEG2 MP@HL Motion Estimation Processor Core for Portable High 212
Resolution Video Application
Y. Murachi, T. Matsuno, K. Hamano, J. Miyakoshi, M. Miyama and M. Yoshimoto
14:40 14-3 AES-Based Cryptographic and Biometric Security Coprocessor IC in 0.18-ym 216
CMOS Resistant to Side-Channel Power Analysis Attacks
K. Tiri, D.D. Hwang, A. Hodjat, B.-C. Lai, S. Yang, P. Schaumont and |. Verbauwhede
15:05 14-4 An Image Filtering Processor for Face/Object Recognition Using Merged/Mixed 220
Analog-Digital Architecture
K. Korekado, T. Morie, O. Nomura, T. Nakano, M. Matsugu, and A. Iwata

Session 15: Drivers and Sensors [Shunju ll]
Chairpersons: S. Sugawa, Tohoku University
H. Pon, Intel Corp.

13:50 15-1 A Low-Power Write Driver for Hard Disk Drive%»m.I
T. Kawashimo, H. Yamashita, M. Yagyu and F. Yuki
14:15 15-2 A Pseudo-differential Current-mode Interface with Point-to-point Cascade Bus 230
Architecture (WiseBus™) for Large Panel LCD Systems
I.K. Chang, Y.W. Jeon, J.S. Lee, J.H. Hong, J.T. Kim, C.S. Choi and S. Kim
14:40 15-3 An Autonomous SRAM with On-Chip Sensors in an 80nm Double Stacked Cell 232
Technology

226

K. Sohn, N. Cho, H. Kim, K. Kim, H.-S. Mo, Y.-H. Suh, H.-G. Byun and H.-J. Yoo
15:05 15-4 A 12-bits Resolver-to-Digital Converter Using Complex Twin PLL for Accurate 236
Mechanical Angle Measurement
M. Katakura, A. Toda, Y. Takagi, N. Suzuki, T. Kadoyama and H. Kushihara

Session 16: Oscillators and PLLs [Shunju I}
Chairpersons: T. Kamei, Oki Electric Industry Co., Ltd.
B. Zhao, Skyworks Solutions

13:50 16-1 A 90-GHz Voltage-Controlled Oscillator with a 2.2-GHz Tuning Range in a 130-nm 242
CMOS Technology
C.Caoand KK. O
14:15 16-2 Fully Integrated 1.7GHz, 188dBc/Hz FoM, 0.8V, 320uW LC-tank VCO and 244
Frequency Divider
J. Midtgaard, T. Jeppesen, K.T. Christensen, E. Bruun and P. Andreani
14:40 16-3 A-86dBc Reference Spurs 1-5GHz 0.13uym CMOS PLL Using a Dual-Path Sampled 248
Loop Filter Architecture
A. Maxim
15:05 16-4 A 1-V, 9.7mW CMOS Frequency Synthesizer for WLAN 802.11a Transceivers 252
L.L.K. Leung and H.C. Luong

Session 17: Digital Blocks [Shunju I]
Chairpersons: K. Kobayashi, Kyoto University
G. Taylor, Intel Corp.

15:50 17-1 A Self-Tuning DVS Processor Using Delay-Error Detection and Correction 258
S. Das, S. Pant, D. Roberts, S. Lee, D. Blaauw, T. Austin, T. Mudge and K. Flautner
16:15 17-2 Bitline Leakage Compensation (BLC) and Leakage Reduction (BLR) Techniques 262
for 2-3GHz On-Chip Cache Arrays in Microprocessors on 90nm Logic Technology
M. Khellah, Y. Ye, D. Somasekhar, D. Casper, B. Bloechel,
T. Nguyen, G. Dermer, K. Zhang, G. Pandya, A. Farhang and V. De
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16:40 17-3 A 1.88ns 54x54-bit Multiplier in 0.18um CMOS Based on Multiple-Valued Differential- 264
Pair Circuitry
A. Mochizuki and T. Hanyu
17:05 17-4 A Six-Port 57GB/s Double-Pumped Nonblocking Router Core 268
S. Vangal, N. Borkar and A. Alvandpour

Session 18: Substrate Analysis and Devices [Shunju II]
Chairpersons: M. lkeda, University of Tokyo
K. Roy, Purdue University

15:50 18-1 Weak Inversion MOS Varactors for 0.5 V Analog Integrated Filters 272
S. Chatterjee, T. Musah, Y. Tsividis and P. Kinget
16:15 18-2 Isolation Strategy against Substrate Coupling in CMOS Mixed-Signal/RF Circuits 276
D. Kosaka, M. Nagata, Y. Hiraoka, |. Imanishi, M. Maeda, Y. Murasaka, A. lwata
16:40 18-3 Modeling and Experimental Verification of Substrate Coupling and Isolation 280
Techniques in Mixed-Signal ICs on a Lightly-Doped Substrate
G.Van der Plas, C. Soens, M. Badaroglu, P. Wambacq and S. Donnay
17:05 18-4 Feedforward Active Substrate Noise Cancelling Technique Using Power Supply 284
di/dt Detector
T. Nakura, M. lkeda and K. Asada

Session 19: WLAN RF ICs [Shunju lll]
Chairpersons: M. Ugajin, NTT Microsystem Integration Labs.
M. Huang, Freescale Semiconductor

15:50 19-1 A Fully Integrated Multi-Band MIMO WLAN Transceiver RFIC 290
J.W.M. Rogers, D.G. Rahn, M.S. Cavin, F.F. Dai, N. Fong, R. Griffith, J. Macedo, D. Moore and
M. Toner
16:15 19-2 A 1.4V, 2.4/5 GHz, 90nm CMOS System in a Package Transceiver for Next Generation 294
WLAN

A. Ravi, B.R. Carlton, Y. Palaskas, G. Banerjee, R.E. Bishop, M.A. Eimala, R.B. Nicholls,
I.A. Rippke, H. Lakdawala, L.M. Franca-Neto, S.S. Taylor and K. Soumyanath
16:40 19-3 A Low-IF CMOS Single-Chip Bluetooth EDR Transmitter with Digital /Q Mismatch 298
Trimming Circuit
D. Miyashita, H. Ishikuro, T. Shimada, T. Tanzawa, S. Kousai,
H. Kobayashi, H. Majima, K. Agawa, M. Hamada and F. Hatori
17:05 19-4 A Highly Linear Filter and VGA Chain with Novel DC-Offset Correction in 90nm Digital 302
CMOS Process
\ M. Elmala, B. Carlton, R. Bishop and K. Soumyanath

Xi
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Saturday, June 18

Session 20: Low Power Design [Shunju I]
Chairpersons: K. Seno, Sony Corp.
J. Farrell, AMD

8:30 20-1 The Cross Charge-Control Flip-Flop: a Low-Power and High-Speed Flip-Flop 306
Suitable for Mobile Application SoCs
A. Hirata, K. Nakanishi, M. Nozoe and A. Miyoshi
8:55 20-2 Monitoring Scheme for Minimizing Power Consumption by Means of Supply and 308
Threshold Voltage Control in Active and Standby Modes
M. Nomura, Y. Ikenaga, K. Takeda, Y. Nakazawa, Y. Aimoto and Y. Hagihara
9:20 20-3 Optimal Zigzag (OZ): An Effective yet Feasible Power-Gating Scheme Achieving 312
Two Orders of Magnitude Lower Standby Leakage
K.-W. Choi, Y. Xu and T. Sakurai
9:45 20-4 Ultra-Low Voltage Power Management and Computation Methodology for Energy 316
Harvesting Applications
C.-Y. Tsui, H. Shao, W.-H. Ki and F. Su

Session 21: Data Converters [Shuniju ]
Chairpersons: Y. Takano, Sanyo Electric Co., Ltd. \
K. Nakamura, Analog Devices

8:30 21-1 A 6GS/s, 4-bit Receiver Analog-to-Digital Converter with Embedded DFE 322
A. Varzaghani and C.-K.K. Yang
8:55 21-2 A Reconfigurable Pipelined ADC in 0.18um CMOS 326
M. Anderson, K. Norling, A. Dreyfert and J. Yuan
9:20 21-3 A 14bit Digitally Self-Calibrated Pipelined ADC with Adaptive Bias Optimization for 330
Arbitrary Speeds up to 40MS/s
H. Matsui, M. Ueda, M. Daito and K. lizuka
9:45 21-4 A Low-Power, Low-Voltage (11mW/8.4mW, 1.2V) DAC+Filter for Multistandard 334
(WLAN/UMTS) Transmitters
N. Ghittori, A. Vigna, P. Malcovati, S. D’Amico and A. Baschirotto

Session 22: DTV Tuner and Wireless Interconnect Techniques [Shunju Il
Chairpersons: H. Yamazaki, Fujitsu Laboratories Ltd.
B. Zhao, Skyworks Solutions

8:30 22-1 A Dual-Conversion Tuner for Multi-Standard Terrestrial and Cable Reception 340
I. Mehr, S. Rose, S. Nesterenko, D. Paterson, R. Schreier,
H. L'Bahy, S. Kidambi, M. Elliott and S. Puckett
8:55 22-2 A 13 dB IIP3 Improved Low-Power CMOS RF Programmable Gain Amplifier Using 344
Differential Circuit Transconductance Linearization for Various Terrestrial Mobile
D-TV Applications
T.W. Kim, B. Kim, Y. Cho, B. Kim and K. Lee
9:20 22-3 A 0.95mW/1.0Gbps Spiral-Inductor Based Wireless Chip-Interconnect with 348
Asynchronous Communication Scheme
M. Sasaki and A. Iwata
9:45 22-4 2.8Gbl/s Inductively Coupled Interconnect for 3-D ICs 352
J. Xu, J. Wilson, S. Mick, L. Luo and P. Franzon

Session 23: Emerging DRAMSs [Shunju I]
Chairpersons: T. Kawahara, Hitachi Ltd.
S. Natarajan, ATMOS

10:30 23-1 An 8Mbit DRAM Design Using a 1TBulk Cell 358
P. Malinge, P. Candelier, F. Jacquet, S. Martin, R. Ranica,
A. Villaret, P. Mazoyer, R. Fournel and B. Allard

10:55 23-2 A 0.4-V High-Speed, Long-Retention-Time DRAM Array with 12-F2 Twin Cell 362
R. Takemura, K. Itoh, T. Sekiguchi, S. Akiyama, S. Hanzawa, K. Kajigaya and T. Kawahara

Xii
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11:20 23-3 0.5V Asymmetric Three-Tr. Cell (ATC) DRAM Using 90nm Generic CMOS Logic 366
Process
M. Ichihashi, H. Toda, Y. Itoh and K. Ishibashi
11:45 23-4 A 512Mbit, 1.6Gbps/pin DDR3 SDRAM Prototype with C Minimization and Self- 370
Calibration Techniques
C. Park, H. Chung, Y.-S. Lee, J.-K. Kim, J.-J. Lee, M.-S. Chae, D.-H. Jung, S.-H. Choi, S.-Y. Seo,
T.-S. Park, J.-H. Shin, J.-H. Cho, S. Lee, K.-H. Kim, J.-B. Lee, C. Kim and S.-I. Cho

Session 24: Wireline Receivers and Transmitters [Shunju I]
Chairpersons: M. Mizuno, NEC Corp.
A. Amerasekera, Texas Instruments

10:30 24-1 A 1-10Gbps PAM2, PAM4, PAM2 Partial Response Receiver Analog Front End with 376
Dynamic Sampler Swapping Capability for Backplane Serial Communications
B. Garlepp, A. Ho, V. Stojanovic, F. Chen, C. Werner,
G. Tsang, T. Thrush, A. Agarwal and J. Zerbe

10:55 24-2 A 22 Gbit/s PAM-4 Receiver in 90nm CMOS-SOI Technology 380
T. Toifl, C. Menolfi, M. Ruegg, R. Reutemann, P. Buchmann, M. Kossel, T. Morf and M. Schmatz
11:20 24-3 A Quad 3.125Gbps Transceiver Cell with All-Digital Data Recovery Circuits 384

B.-J. Lee, M.-S. Hwang, J. Kim, D.-K. Jeong and W. Kim
11:45 24-4 CMOS Transmitter Using Pulse-Width Modulation Pre-Emphasis Achieving 33dB 388
Loss Compensation at 5-Gb/s
J.H.R. Schrader, E.A.M. Klumperink, J.L. Visschers and B. Nauta

Session 25: Cellular RF ICs [Shunju IlI]
Chairpersons: M. Ugajin, NTT Microsystem Integration Labs.
T. Blalock, University of Virginia

10:30 25-1 A Dual Band 1.8GHz/900MHz, 750kb/s GMSK Transmitter Utilizing a Hybrid PFD/DAC 394
Structure for Reduced Broadband Phase Noise
S.E. Meninger and M.H. Perrott

10:55 25-2 A Temperature Stabilized CMOS VCO for Zero-IF Cellular CDMA Receivers 398
Y. Wu and V. Aparin
11:20 25-3 A First RF Digitally-Controlled Oscillator for SAW-less TX in Cellular Systems 402

C.-M. Hung, N. Barton, R.B. Staszewski, M.-C. Lee and D. Leipold
11:45 25-4 A 0.13 um CMOS Front-End for DCS1800/UMTS/ 802.11b-g with Multi-band Positive 406
Feedback Low Noise Amplifier

b

A. Liscidini, M. Brandolini, D. Sanzogni and R. Castello

Xiii
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2005 VLSI Circuits Short Course Program
"Multi-GHz Clocking Technologies for Microprocessors"
Wednesday, June 15, 2005 (Suzaku)

Organizers/Chairs: Makoto Nagata, Kobe University
Vivek De, Intel Corp.
8:30 Opening

8:40 Basics of High Performance Clock Delivery
Keng Wong, Intel Corp.

9:50 Break

10:10 High Frequency Clock Distribution and Resonant Clocking
Phillip Restle, IBM

11:10 PLL’s, VCO’s, DLL’s & Delay Elements
\\ Greg Taylor, Intel Corp.

12:20 Lunch

14:00 Clock Timing Adjustment With Genetic Algorithms
Tetsuya Higuchi, AIST, Japan

14:50 Techniques for Synchronizing Multiple Clock Domains
Masayuki Mizuno, NEC

15:40 Break

16:00 Clock Methodology for Low Power Design
Michio Komoda, Renesas Technology Corp.

16:50 Closing

Xiv

ADVANCED MICRO DEVICES, INC. IPR2023-00788 Ex. 1036, p. 218 of 645



ADVANCED MICRO DEVICES, INC.

25-2

‘ This material may be protected by Copyright law (Title 17 U.S. Code)

A Temperature Stabilized CMOS VCO for Zero-IF Cellular CDMA Receivers
Yue Wu and Vladimir Aparin

Qualcomm Inc. San Diego, California, USA
Tel: 858-845-8010, Fax: 858-845-8740, Email: ywu@qualcomm.com

Abstract

A fully integrated CMOS VCO which has low
temperature and power supply sensitivity has been
implemented in a 0.25 zm 4-metal 1-poly process. The causes
of oscillation frequency drift over temperature have been
investigated. By adjusting the reverse biasing voltage of
junction diodes and the back-side voltage of linearized MOS
varactors, less than 10 ppm/°C frequency drift has been
achieved at 1.7GHz. Phase noise at 900kHz offset is less than
-134dBc/Hz and varies less than 1dBc over -30°C ~+90°C .
Key Words: VCO, frequency stability, linearized MOS varactor

Introduction

Frequency stability is an important issue in VCO design,
this is especially true for full duplex system like CDMA
receiver which receives signal continuously and can not be
interrupted to re-calibrate the VCO discrete frequency control
[1]. The minimum VCO continuous tuning range is set by the
maximum frequency drift of the VCO, which has a trade-off
for phase noise. Inside a cellular phone, the VCO frequency
drift is most likely to be caused by the temperature or power
supply variations. A VCO topology with low supply
sensitivity has been presented before [2]. In this paper we
present a fully integrated CMOS VCO with very low
sensitivity to both temperature and supply variations, meeting
the stringent phase noise requirement for Zero-IF CDMA
receivers.

Causes of Oscillation Frequency Temperature Drift

In an LC tank oscillator, the oscillation frequency is
determined by the inductance and the effective capacitance.
Small variation of capacitance or inductance will change the

frequency as f= fo[ _‘Z_Cu%] with 5C=A% g
0

o, :A%O and f, the center frequency. With a center

frequency to be around 1.7GHz, a small percentage variation
over temperature could result in large frequency drift. For a
fully integrated VCO, the inductance of the on-chip inductor
is mainly determined by the physical dimensions. Even
though the inductor loss will increase at high temperature,
inductance temperature variation is neglectible[3]. On the
other hand, the effective capacitance in an integrated VCO
can vary a lot over temperature, several contributors are
identified in a typical cross-coupled CMOS VCO with
discrete tuning. As shown in the shaded area of Fig 1, the
drain-bulk junction diodes of transistors M1~M4 are in shunt
connection with tank inductor. When a coarse tuning
capacitor is turned off, the drain and source bulk diodes of the
switch transistors( Md ) are also in shunt with the inductor

398
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through the MIM capacitors. Those reverse biased diodes
present strong temperature dependency as

{ i
CAT=""4 , Where ¥, the reverse biasin Itage,
(1) /{—VDH/’(T) D g voltag
y around 0.3~0.5 and ¢(7) the junction potential which

drops 2mV/°C. The temperature coefficient (7C) of the

¥

-TC,, which is about 250~350 ppm/°C
+Vyle

diode is TC/, = g
depending on the reverse biasing voltage. Temperature
variation may also cause minor change of the relative
permittivity of the dielectric, thus the MIM capacitor may
show son¥¢ temperature dependency. For the process we used,
MIM capacitor has a TC,,,, of 20 ppm/°C. The combined
temperature coefficient for the tank capacitors will be

C [
TCIa/aI == L TCD ik e

CrikG o Cp+C,
different coarse tuning codes. Besides the variation caused by
the components’ temperature dependency, the non-linear
behavior of the varactor may also generate temperature
variation. As shown in Fig.2, the large signal swing across
the varactor will generate an effective capacitance which is a
function of the oscillation amplitude 4, [4]. If 4, is not well

-TC,,., » Which varies for

mim

controlled over temperature, the effective capacitance will
vary over temperature according to the following equation:
0C, C B ; :
6—7"” = ——“‘4"‘14—""“ AV -TC 4, with AV the DC bias voltage

0

across the varactor and 7C,, the amplitude temperature
coefficient. Thus the C,; variation has different polarity for

positive and negative AVand making the compensation
difficult.

Compensating Frequency Drift

With all the above effects combined, a 1.7GHz CMOS
VCO can easily drift tens of MHz from -30°Cto 90°C,
which may cause the PLL out of lock if the continuous tuning
range of the VCO is not wide enough. Circuit techniques
should be employed to minimize that frequency drift without
modifying the tuning voltage. To compensate the junction
capacitance variation of the switching transistors Md, a
voltage source with +2mV/°C increase can be used to reverse
bias those diodes compensating the junction voltage drop.
Fig.3 shows that the capacitance variation is one order lower
by using this technique. To further compensate the junction
diodes of M1~M4 of Fig.1 and MIM capacitor variations, the
back-side bias voltage of the NMOS varactor can be varied
over temperature to generate an offset capacitance canceling
the drift. This is shown conceptually in Fig.4 that by
increasing the back-side bias voltage V,, over temperature,
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the varactor capacitance is decreased by AC without changing
the tuning voltage ¥,. Note the varactor is coupled through

MIM capacitor to the VCO tank so that the voltage swing
across the varactor is small enough to neglect the non-linear
averaging effect. For a varactor that has steep variation, the
offset capacitance for temperature compensation AC, varies

with different tuning voltage as shown in Fig.5. This is
undesirable because the compensation would then highly
dependent on the tuning voltage. As such, one more pair of
varactors is added in parallel and the back-side is biased at
shifted voltage V.. The offset capacitance AC,is now

averaged over the ranged from Vi, ~Vey,, a relative

constant compensation can thus be achieved over wider
tuning voltage range.

Circuit Implementation

The above compensation approaches have been
explored in a fully integrated CMOS VCO for CDMA
receiver as shown in Fig.6. The oscillator topology is stacked
diff-pairs with regulator explained in [2]. The regulating
amplifier is a telescopic OTA for its high GBW and low
noise. Note the regulator reference voltage is generated from
a replica NFET M6 and its noise is attenuated by a first-order
RC filter( R1 & C2). Similarly, to reduce the noise at the
varactor back-side biasing node, RC filter is employed which
has low pole around several kHz. To avoid this low pole
frequency interfering with the PLL loop filter, low-noise
voltage followers are employed to present low impedance at
the common nodes of the varactor pairs. The bias voltages are
set at 0.9V and 1.9V at room temperature with their
TC adjustable. This adjustment is done by changing the
temperature coefficient of resistor R2 in the PTAT circuit,
where R2 is made of an array of composite resistors. Inside
each composite resistor, it is a series connection of two
resistors which have positive and negative 7C . Changing the
percentage of the two resistors can generate different 7C.
The inverter supply voltage for coarse tuning tr{n\sistor is set

vdd \

M5
Vgate

M3 M4

NIV
A
=

Fig. 1 Contributors of VCO frequency temperature drift
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to 2V and has a TC =1000ppmy/ °C which can compensate the
junction voltage drop.

Measurements

The VCO is implemented in a 0.25 zm 4-metal 1-poly
CMOS process and packaged in a 32-pin QFN. As shown in
Fig.7, without any temperature compensation, the frequency
drops more than 16MHz( @ 1.7GHz ) when temperature
varies from -30°C to +90°C . By turning on the positive 7C
biasing voltages, the frequency drift is lower than 2MHz over
0.6~1.8V fine tune range which corresponding to an

equivalent 7C of less than 10ppm/°C. Phase noise
measurement in Fig.8 shows the phase noise decreases at a
rate of 1/ £ below 4.5kHz and continues at a rate of 1/ * till
200kHz where back to 1/f?again. This is caused by the

dominating noise up-conversion of the first-order filter shaped
noise. Phase noise variation over temperature is less than 1dB
due to the PTAT nature of the VCO biasing current. The
VCO can be tuned to cover 1.55GHz~1.95GHz through 6
discrete tuning branches with less than 100kHz/V power
supply sensitivity. The die microphotograph is shown in
Fig.10, the power consumption is 6.5mA from 2.5V including
biasing circuit.

Reference
[1] Kral,A., Behbahani, F. and Abidi, A. “ RF-CMOS oscillator with
switched tuning”, Digest of CICC pp555—558, May 1998
[2] Wu, Y., and Aparin, A. “A Monolithic Low Phase Noise 1.7GHz
CMOS VCO for Zero-IF Cellular CDMA Receivers”, ISSCC Dig.
Tech. Papers, pp.396—397, Vol. 47, Feb. 2004
[3] Groves, R., Harame, D. and Jadus, D. “ Temperature Dependance
of Q and Inductance in Spiral Inductors Fabricated in a SiGe
BiCMOS Technology”, JSSC  ppl455--1459, Vol32,
No.9,September,1997
[4] Levantino, S. etc “ Frequency Dependence on Bias Current in 5-
GHz CMOS VCOs; Impact on Tuning Range and Flicker Noise
Upconversion”, JSSC pp1003--1011, Vol37, No.8,August,2002

——LSSP @ -30C

——LSSP @ 30C

——LSSP @90C
—e—SSSP @ -30~90C

Normalized Capacitance

0.5 1 1.5 2
Tuning Voltage(V)

Fig.2 MOS varactors over temperature, note the Large-
Signal-S-Parameter( LSSP ) effective capacitance varies with
temperature while Small-Signal-S-Parameter( SSSP ) shows
invisible temperature dependency
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Fig.4 Linearized MOS varactor temperature compensation using
back-side bias
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Fig. 6 Circuit implementation (a) VCO core with regulated power

Fig.5 Compensating capacitance w/o linearization ( AC, ) and with supply (b) MOS varactor back-side bias compensation (c) Bias

! oL circuit for different temperature coefficeints
linearization ( AC, ) P
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il Fig. 10 Microphotograph of temperature stabilized CMOS VCO
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Fig. 8 VCO Phase noise at 1.7GHz. Note the slope of the PN curve
caused by the RC filter
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670  |a Random House Kernerman Webster’s college dictionary, ©2010, via
TheFreeDictionary.com, Aug. 29, 2013 |b (colloquium n., pl. -quiums, -quia a
conference at which scholars or other experts present papers on and discuss a specific
topic)

670 _ |a The American heritage dictionary of the English language, ©2000, via
TheFreeDictionary.com, Aug. 29, 2013 |b (colloquium n. pl. colloquiums or colloquia 1.
An informal meeting for the exchange of views. 2. An academic seminar on a broad
field of study, usually led by a different lecturer at each meeting.)

670 _ |a Merriam-Webster online, Aug. 29, 2013 |b (collogium plural colloquiums or -quia:
a usually academic meeting at which specialists deliver addresses on a topic or on
related topics and then answer questions relating to them)

906 [t 9921 |u te04 |v 0
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RSUS5A : RFIC Plenary

Chair: Yann Deval, University of Bordeaux, IMS Lab
Co-Chairs: David Ngo, REMD and Jacques C. Rudell, University of Washington
Venue 210ABCD, Time 17:30-18:40, Sunday May 23rd 2010

17:30 Welcome message from General and TPC Chairs, Announcement of Student Paper
Awards

B RF Power Amplification: Can CMOS Deliver?

17:45 (David J. Allstot)

ﬁgﬁg :_2 The Universal Connector: RF Application Trends Over the Next Decade
18:15 (Gregory L. Waters)

[Search]

ADVANCED MICRO DEVICES, INC. IPR2023-00788 Ex. 1036, p. 239 of 645



RFIC 2010 Table of Contents page2 /261 &) ©

RMO1A: Cellular Transceivers

Chair: Fazal Ali, Qualcomm — Co-Chair: Didier Belot, ST Microelectronics
Venue 208AB, Time 08:00 - 09:40, Monday May 24th 2010

gﬁg&_l '@ A 28mW WCDMA /GSM/GPRS/EDGE Transformer-Based Receiver in 45nm CMOS
08:00 (Danielle Griffith, Venkatesh Srinivasan, Salvatore Pennisi, Vijay Rentala, Yu Su,
Swaminathan Sankaran, Imtinan Elahi, Sreekiran Samala, Halil Kiper, Bijit Patel,

Siraj Akhtar, Dan Edmondson)

An EDGE Transmitter with Mitigation of Oscillator Pulling
(Imran Bashir, Robert Bogdan Staszewski, Oren Eliezer, Khurram Waheed, Vasile Zoicas,
Nir Tal, Jaimin Mehta, Meng-Chang Lee, Poras T. Balsara, Bhaskar Banerjee)

PAGE 13
RMO1A-2
08:20

pael7 ] An All-Digital Offset PLL Architecture

08:40 (Robert Bogdan Staszewski, Sudheer Vemulapalli, Khurram Waheed)

5?%1%;1— 4 '@ An Interstage Filter-Free Mobile Radio Receiver with Integrated TX Leakage Filtering
09:00 (Rastislav Vazny, Werner Schelmbauer, Harald Pretl, Stefan Herzinger, Robert Weigel)
PaGE 2 T A SAW-Less CMOS TX for EGPRS and WCDMA

09:20 (Kurt Hausmann, Jeff Ganger, Mark Kirschenmann, George B. Norris, Wayne Shepherd,
Vivek Bhan, Daniel B. Schwartz)

[Search]
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RMO1B: RF CMOS Modulators & Receivers

Chair: Sayfe Kiaei, Arizona State University — Co-Chair: Noriharu Suematsu, Tohoku University
Venue 209AB, Time 08:00 - 09:40, Monday May 24th 2010

Pacp 3l A Quadrature Charge-Domain Filter with an Extra In-Band Filtering for RF Receivers

08:00 (Ming-Feng Huang)

E’Kf’&?ﬁz A Low-Power Receiver Down-Converter with High Dynamic Range Performance

08:20 (Diptendu Ghosh, Ranjit Gharpurey)

Pace 39, A Multiphase PWM RF Modulator Using a VCO-Based Opamp in 45nm CMOS
08:40 (Min Park, Michael H. Perrott)
ﬁ?\%&? 4 Spurious Noise Reduction by Modulating Switching Frequency in DC-to-DC Converter
09:00 for RF Power Amplifier
(Eung Jung Kim, Chang-Hyuk Cho, Woonyun Kim, Chang-Ho Lee, Joy Laskar)
g%%lgs A Rail-to-Rail Input Receiver Employing Successive Regeneration and Adaptive

09:20 Cancellation of Intermodulation Products
(Edward A. Keehr, Ali Hajimiri)

[Search]
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RMO1C: Frequency Generation and Synthesis
Chair: Lawrence Kushner, Intersil Co. — Co-Chair: Bertan Bakkaloglu, Arizona State University
Venue 211AB, Time 08:00 - 09:40, Monday May 24th 2010

PAGE 53
RMO1C-1
08:00

PAGE 57
RMO1C-2
08:20

PAGE 61
RMO1C-3
08:40

PAGE 65
RMO1C-4
09:00

PAGE 69

RMO1C-5
09:20

[Search]

B

B

B

g
g

A D-Band PLL Covering the 81-82GHz, 86-92GHz and 162-164GHz Bands
(Shahriar Shahramian, Adam Hart, Anthony Chan Carusone, Patrice Garcia,
Pascal Chevalier, Sorin P. Voinigescu)

An Integrated Frequency Synthesizer for 81-86GHz Satellite Communications in 65nm
CMOS

(Zhiwei Xu, Qun Jane Gu, Yi-Cheng Wu, Heng-Yu Jian, Frank Wang,

Mau-Chung Frank Chang)

Low-Noise Fractional-N PLL Design with Mixed-Mode Triple-Input LC VCO in 65nm
CMOS

(Yuanfeng Sun, Xueyi Yu, Woogeun Rhee, Sangsoo Ko, Wooseung Choo, Byeong-ha Park,
Zhihua Wang)

A Wideband Millimeter-Wave Frequency Doubler-Tripler in 0.13um CMOS
(Shadi Saberi Ghouchani, Jeyanandh Paramesh)

200GHz CMOS Prescalers with Extended Dividing Range via Time-Interleaved Dual
Injection Locking

(Qun Jane Gu, Heng-Yu Jian, Zhiwei Xu, Yi-Cheng Wu, Mau-Chung Frank Chang,

Yves Baeyens, Young-Kai Chen)
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RMO1D: W-band and Above

Chair: Jenshan Lin, University of Florida — Co-Chair: Georg Boeck, Berlin Institute of Technology
Venue 212AB, Time 08:00 - 09:40, Monday May 24th 2010

PAGE 75
RMO1D-1
08:00

PAGE 79
RMO1D-2
08:20

PAGE 83
RMO1D-3
08:40

PAGE 87
RMO1D-4
09:00

PAGE 91
RMO1D-5
09:20

[Search]

gid|
g

g
g
g

Transmitter Chipset for 24/77GHz Automotive Radar Sensors
(Vittorio Giammello, Egidio Ragonese, Giuseppe Palmisano)

A 94GHz Passive Imaging Receiver Using a Balanced LNA with Embedded Dicke Switch
(Leland Gilreath, Vipul Jain, Hsin-Cheng Yao, Le Zheng, Payam Heydari)

94GHz Silicon Co-Integrated LNA and Antenna in a mm-Wave Dedicated BiCMOS
Technology

(R. Pilard, D. Gloria, F. Gianesello, F. Le Pennec, C. Person)

A 3G-Bit/s W-Band SiGe ASK Receiver with a High-Efficiency On-Chip
Electromagnetically-Coupled Antenna

(Jason W. May, Ramadan A. Alhalabi, Gabriel M. Rebeiz)

A 325GHz Frequency Multiplier Chain in a SiGe HBT Technology

(Erik Ojefors, Bernd Heinemann, Ullrich R. Pfeiffer)
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RMO2A : RFID Circuits

Chair: Glenn Chang, MaxLinear — Co-Chair: Natalino Camilleri, Alien Technology
Venue 208AB, Time 10:10-11:50, Monday May 24th 2010

PAGE 97
RMO2A-1
10:10

PAGE 101
RMO2A-2
10:30

PAGE 105
RMO2A-3
10:50

PAGE 109
RMO2A-4
11:10

PAGE 113
RMO2A-5
11:30

[Search]

gid|
g

g
g
7

Semi-Active High-Efficient CMOS Rectifier for Wireless Power Transmission

(Stephen T. Kim, Taejoong Song, Jaehyouk Choi, Franklin Bien, Kyutae Lim, Joy Laskar)
A Single-Chip CMOS UHF RFID Reader Transceiver

(Runxi Zhang, Chungi Shi, Yihao Chen, Wei He, Ping Xu, Shuai Xu, Zongsheng Lai)

Near Zero Turn-On Voltage High-Efficiency UHF RFID Rectifier in Silicon-on-Sapphire
CMOS

(Paul T. Theilmann, Calogero D. Presti, Dylan Kelly, Peter M. Asbeck)

A Low Power Low Cost Fully Integrated UHF RFID Reader with 17.6dBm Output P1dB in
0.18um CMOS Process

(Jingchao Wang, Chun Zhang, Zhihua Wang)

Far-Field RF Powering System for RFID and Implantable Devices with Monolithically
Integrated On-Chip Antenna

(Soheil Radiom, Majid Baghaei-Nejad, Guy Vandenbosch, Li-Rong Zheng, Georges Gielen)

ADVANCED MICRO DEVICES, INC. IPR2023-00788 Ex. 1036, p. 244 of 645



RFIC 2010 Table of Contents page7 /261 &) ©

RMO2B : Wideband LNAs

Chair: Jean-Baptiste Begueret, IMS Lab, University of Bordeaux — Co-Chair: Danilo Manstretta, University of Pavia
Venue 209AB, Time 10:10-11:50, Monday May 24th 2010

E%Ez};hg '@ A 2-1100MHz Wideband Low Noise Amplifier with 1.43dB Minimum Noise Figure

10:10 (Mohamed EI-Nozahi, Ahmed A. Helmy, Edgar Sdanchez-Sinencio, Kamran Entesari)

pace123 ] A 0.045mm? 0.1-6GHz Reconfigurable Multi-Band, Multi-Gain LNA for SDR

10:30 (Arnd Geis, Yves Rolain, Gerd Vandersteen, Jan Craninckx)
ﬁﬁgﬁ?; '@ A Linearity-Enhanced Wideband Low-Noise Amplifier
10:50 (Kihwa Choi, Tamal Mukherjee, Jeyanandh Paramesh)

Paep 131 T Power Efficient Distributed Low-Noise Amplifier in 90nm CMOS

11:10 (Brecht Machiels, Patrick Reynaert, Michiel Steyaert)

ﬁﬁ%ﬁfé '@ A Wide-Band RF Front-End with Linear Active Notch Filter for Mobile TV Applications

11:30 (Seung Hwan Jung, Kang Hyuk Lee, Young Jae Lee, Hyun Kyu Yu, Yun Seong Eo)

[Search]
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RMO2C: Millimeter-Wave VCOs
Chair: Jing-Hong Chen, Analog Devices — Co-Chair: Tian-Wei Huang, National Taiwan University
Venue 211AB, Time 10:10-11:50, Monday May 24th 2010

Eﬁﬁ)Ez]cﬂ '@ A mm-Wave Arbitrary 2N Band Oscillator Based on Even-Odd Mode Technique

10:10 (Alvin Hsing-Ting Yu, Sai-Wang Tam, David Murphy, Tatsuo Itoh, Mau-Chung Frank Chang)

gﬁf&lég '@ A 24GHz and 60GHz Dual-Band Standing-Wave VCO in 0.13um CMOS Process

10:30 (Liang Wu, Alan W.L. Ng, Lincoln L.K. Leung, Howard C. Luong)

Pacy 149 ) Multi-Band Multi-Standard Local Oscillator Generation for Direct Up/Down Conversion
10:50 Transceiver Architectures Supporting WiFi and WiMax Bands in Standard 45nm CMOS
Process

(Ram Sadhwani, Assaf Ben Bassat, Adil A. Kidwai, Shahar Rivel)

ﬁ?/%zléi '@ A 0.13um CMOS Local Oscillator for 60GHz Applications Based on Push-Push
11:10 Characteristic of Capacitive Degeneration

(Tino Copani, Hyungseok Kim, Bertan Bakkaloglu, Sayfe Kiaei)

PacE 157 ) A Switched-Capacitor mm-Wave VCO in 65nm Digital CMOS

11:30 (Mohammad Nariman, Reza Rofougaran, Franco De Flaviis)

[Search]
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RMO2D: Reconfigurable PA Concepts

Chair: Joseph Staudinger, Freescale — Co-Chair: Jyoti P. Mondal, Northrop Grumman
Venue 212AB, Time 10:10-11:50, Monday May 24th 2010

paco 163 T Multi-Mode WCDMA Power Amplifier Module with Improved Low-Power Efficiency
10:10 Using Stage-Bypass

(Gary Hau, Mahendra Singh)
%1?4(652}36,; @ A 3.4GHz to 4.3GHz Frequency-Reconfigurable Class E Power Amplifier with an
10:30 Integrated CMOS-MEMS LC Balun
(Leon Wang, Tamal Mukherjee)
T A Q-Band 6W MMIC Power Amplifier with 3-Way Power Combination Circuit
(Hiroshi Otsuka, Kazuhisa Yamauchi, Koji Yamanaka, Shin Chaki, Kazuhiko Nakahara,
Kunihiro Endo, Akira Inoue, Yoshihito Hirano)
Pace L7 T A Multi-Band Reconfigurable Power Amplifier for UMTS Handset Applications
11:10 (Unha Kim, Kyutae Kim, Junghyun Kim, Youngwoo Kwon)
ﬁﬁ%ﬁig '@ High-Efficiency Reconfigurable RF Transmitter for Wireless Sensor Network
11:30 Applications

(Francesco Carrara, Giuseppe Palmisano)

PAGE 171
RMO2D-3
10:50

[Search]
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RMO3A : CMOS Wideband Transceiver ICs

Chair: Domine Leenaerts, NXP Semiconductor — Co-Chair: Haolu Xie, Fujitsu Microelectronics
Venue 208AB, Time 13:20-15:00, Monday May 24th 2010

pacel8s G A Triband 65nm CMOS Tuner for ATSC Mobile DTV SoC
13:20 (Sanghoon Kang, Huijung Kim, Jeong-Hyun Choi, Jae-Hong Chang, Jong-Dae Bae,

Wooseung Choo, Byeong-ha Park)
ﬁ&f&f_g '@ A Multi-Standard Multi-Band Tuner for Mobile TV SoC with GSM Interoperability

13:40 (Huijung Kim, Sanghoon Kang, Jae-Hong Chang, Jeong-Hyun Choi, Hangun Chung,
Jungwook Heo, Jong-Dae Bae, Wooseung Choo, Byeong-ha Park)

pacelos  F) A 2.2mW Regenerative FM-UWB Receiver in 65nm CMOS

14:00 (Nitz Saputra, John R. Long, John J. Pekarik)

iﬁf&ﬁ '@ A 75pJ/Bit All-Digital Quadrature Coherent IR-UWB Transceiver in 0.18um CMOS
14:20 (Enrique Barajas, Didac Gomez, Diego Mateo, José Luis Gonzdlez)

iﬁ%ﬁfé '@ A 90nm-CMOS, 500Mbps, Fully-Integrated IR-UWB Transceiver Using Pulse

14:40 Injection-Locking for Receiver Phase Synchronization
(Changhui Hu, Patrick Y. Chiang, Kangmin Hu, Huaping Liu, Rahul Khanna, Jay Nejedlo)

[Search]
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RMO3B: Advanced Characterization of mm-Wave Components
Chair: Kevin McCarthy, University College Cork — Co-Chair: Herbert Zirath, Chalmers University of Technology
Venue 209AB, Time 13:20-15:00, Monday May 24th 2010

PaGE 207 The “Load-Thru” (LT) De-Embedding Technique for the Measurements of mm-Wave

13:20 Balanced 4-Port Devices
(Zhiming Deng, Ali M. Niknejad)

ﬁ%‘)ﬁé}g RF-Pad, Transmission Lines and Balun Optimization for 60GHz 65nm CMOS Power
13:40 Amplifier

(Sofiane Aloui, Eric Kerherve, Robert Plana, Didier Belot)

ﬁ‘ﬁf&%f 200GHz fr SiGe HBT Load Pull Characterization at mm-Wave Frequencies
14:00 (Luciano Boglione, Richard T. Webster)
ﬁ%ﬁé}i’ A Miniature 26/77GHz Dual-Band Branch-Line Coupler Using Standard 0.18um CMOS
14:20 Technology
(Yu-Sheng Lin, Cheng-Ying Hsu, Huey-Ru Chuang, Chu-Yu Chen)
Pacp 203 Compact Transformer Power Combiners for Millimeter-Wave Wireless Applications
14:40 (Yi Zhao, John R. Long, Marco Spirito)
[Search]
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RMO3C: Advanced Device Technologies & Design Techniques
Chair: Aditya Gupta, Northrup Grumman — Co-Chair: Eli Reese, TriQuint Semiconductor
Venue 211AB, Time 13:20-15:20, Monday May 24th 2010

Pacp 229 ) Integration of Multi-Standard Front End Modules SOCs on High Resistivity SOI RF CMOS
13:20 Technology

(F. Gianesello, S. Boret, B. Martineau, C. Durand, R. Pilard, D. Gloria, B. Rauber, C. Raynaud)

PAGE 233 T Vast-Fast Low-Triggering LTdSCR ESD Protection Structure for RF ICs in CMOS
13:40 (Jian Liu, Lin Lin, Xin Wang, Hui Zhao, He Tang, Qiang Fang, Albert Wang, Hongyi Chen,
Haolu Xie, Sigiang Fan, Bin Zhao, Gary Zhang)

Pacy 237 ) A Cost-Competitive High Performance Junction-FET (JFET) in CMOS Process for RF &
14:00 Analog Applications
(Yun Shi, Robert M. Rassel, Richard A. Phelps, Panglijen Candra, Douglas B. Hershberger,

Xiaowei Tian, Susan L. Sweeney, Jay Rascoe, BethAnn Rainey, Jim Dunn, David Harame)

Pacr 241 7] Tunability of Bulk Acoustic Wave Filters Using CMOS Transistors: Concept, Design and
14:20 Implementation

(M. El Hassan, Eric Kerherve, Yann Deval, J.B. David, Didier Belot)

m;oﬁgzcg '@ A Layout Efficient, Vertically Stacked, Resonator-Coupled Bandpass Filter in LTCC for
14:40 60GHz SOP Transceivers

(Rony E. Amaya)

Eﬁf&f{fg '@ Co-Design Considerations for Frequency Drift Compensation in BAW-Based Time
15:00 Reference Application
(S. Razafimandimby, D. Petit, P. Bar, S. Joblot, J.-F. Carpentier, J. Morelle, C. Arnaud,

G. Parat, Patrice Garcia, C. Garnier)

[Search]

ADVANCED MICRO DEVICES, INC. IPR2023-00788 Ex. 1036, p. 250 of 645



RFIC 2010 Table of Contents page13 /261 &) ©

RMO3D: Switch & Switch-mode Technologies

Chair: Nick Cheng, Skyworks Solutions — Co-Chair: Youngwoo Kwon, Seoul National University
Venue 212AB, Time 13:20-15:00, Monday May 24th 2010

PAGE 255
RMO3D-1
13:20

PAGE 259
RMO3D-2
13:40

PAGE 263
RMO3D-3
14:00

PAGE 267
RMO3D-4
14:20

PAGE 271

RMO3D-5
14:40

[Search]

B

B

2 =& =

High Efficiency and Wideband Envelope Tracking Power Amplifier with Sweet Spot
Tracking
(Dongsu Kim, Jinsung Choi, Daehyun Kang, Bumman Kim)

A 150MHz, 84% Efficiency, Two Phase Interleaved DC-DC Converter in AlGaAs/GaAs
P-HEMT Technology for Integrated Power Amplifier Modules
(Han Peng, V. Pala, T.P. Chow, Mona Hella)

A 0dBm 10Mbps 2.4GHz Ultra-Low Power ASK/OOK Transmitter with Digital
Pulse-Shaping

(Xiongchuan Huang, Pieter Harpe, Xiaoyan Wang, Guido Dolmans, Harmke de Groot)
A Linear-in-dB SiGe HBT Wideband High Dynamic Range RF Envelope Detector
(Hsuan-yu Marcus Pan, Lawrence E. Larson)

Cellular Antenna Switches for Multimode Applications Based on a Silicon-on-Insulator
Technology

(Ali Tombak, Christian Iversen, Jean-Blaise Pierres, Dan Kerr, Mike Carroll, Phil Mason,
Eddie Spears, Todd Gillenwater)
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RMOA4A : Ultra Low Power Receivers and Transmitters
Chair: Julian Tham, Arda Technologies — Co-Chair: Bill Redman-White, NXP
Venue 208AB, Time 15:30-17:10, Monday May 24th 2010

PAGE 277
RMO4A-1
15:30

PAGE 281
RMO4A-2
15:50

PAGE 285
RMO4A-3
16:10

PAGE 289
RMO4A-4
16:30

PAGE 293
RMO4A-5
16:50

[Search]
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B
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A 120uW Fully-Integrated BPSK Receiver in 90nm CMOS
(Han Yan, Jose Gabriel Macias-Montero, Atef Akhnoukh, Leo C.N. de Vreede, John R. Long,
John J. Pekarik, Joachim N. Burghartz)

A Fully Integrated 2.4GHz CMOS Diversity Receiver with a Novel Antenna Selection
(Yong-IL Kwon, Sang-Ku Park, T.J. Park, Hai-Young Lee)

A 90uW MICS/ISM Band Transmitter with 22% Global Efficiency
(Jagdish Pandey, Brian Otis)

A 2mW CMOS MICS-Band BFSK Transceiver with Reconfigurable Antenna Interface
(Seungkee Min, S. Shashidharan, Mark Stevens, Tino Copani, Sayfe Kiaei, Bertan Bakkaloglu,
Sudipto Chakraborty)

A 1.8 to 2.4GHz 20mW Digital-Intensive RF Sampling Receiver with a Noise-Canceling
Bandpass Low-Noise Amplifier in 90nm CMOS
(Joonhee Lee, Jaewook Kim, SeongHwan Cho)
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RMO4B : Optimized Design Techniques for RF Front-end Building Blocks
Chair: Osama Shana’a, Mediatek Corp. — Co-Chair: Ali Afsahi, Broadcom
Venue 209AB, Time 15:30-17:10, Monday May 24th 2010

Eﬁfg 4%3?19 '@ A Differential 4-Path Highly Linear Widely Tunable On-Chip Band-Pass Filter

15:30 (Amir Ghaffari, Eric A.M. Klumperink, Bram Nauta)

Paep 303 T A CMOS Wide-Bandwidth High-Power Linear-in-dB Variable Attenuator Using Body
15:50 Voltage Distribution Method

(Yan-Yu Huang, Wangmyong Woo, Chang-Ho Lee, Joy Laskar)

E?foﬁ 433(_’37 '@ A 17GHz Transformer-Neutralized Current Re-Use LNA and Its Application to a
16:10 Low-Power RF Front-End

(Sandipan Kundu, Jeyanandh Paramesh)

E%ﬁ&}i '@ A Self-Healing 2.4GHz LNA with On-Chip S;,/S»; Measurement/Calibration for in-situ
16:30 PVT Compensation
(Karthik Jayaraman, Qadeer Khan, Baoyong Chi, William Beattie, Zhihua Wang,

Patrick Y. Chiang)

Paer a1 T A Low Power LNA Using Miniature 3D Inductor Without Area Penalty of Passive

16:50 Components
(Akira Tanabe, Ken’ichiro Hijioka, Hirokazu Nagase, Yoshihiro Hayashi)

[Search]
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RMO4C: Temperature Compensated Oscillators
Chair: Timothy Hancock, MIT Lincoln Laboratory — Co-Chair: Donald Y.C. Lie, Texas Tech. University
Venue 211AB, Time 15:30-17:10, Monday May 24th 2010

PAGE 321
RMOA4C-1
15:30

PAGE 325
RMO4C-2
15:50

PAGE 329
RMO4C-3
16:10

PAGE 333
RMO4C-4
16:30

PAGE 337
RMO4C-5
16:50

[Search]
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A 65nm CMOS DCXO System for Generating 38.4MHz and a Real Time Clock from a
Single Crystal in 0.09mm?
(Danielle Griffith, Fikret Diilger, Gennady Feygin, Ahmed Nader Mohieldin, Prasanth Vallur)

A 50ppm 600MHz Frequency Reference Utilizing the Series Resonance of an FBAR
(Julie Hu, Lori Callaghan, Richard Ruby, Brian Otis)

An Electronically Temperature-Compensated 427MHz Low Phase-Noise AIN-on-Si
Micromechanical Reference Oscillator
(Hossein Miri Lavasani, Wanling Pan, Farrokh Ayazi)
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A Switched-Capacitor mm-Wave VCO in 65 nm Digital CMOS

. 12 2 12
Mohammad Nariman ~, Reza Rofougaran®, and Franco De Flaviis™

! University of California at Irvine, 2 Broadcom Corporation, Irvine, CA 92617

Abstract — A 34-40 GHz VCO fabricated in 65 nm digital
CMOS technology is demonstrated in this paper. The VCO
uses a combination of switched capacitors and varactors for
tuning and has a maximum Kvco of 240 MHz/V. It exhibits a
phase noise of better than -98 dBc/Hz @ 1-MHz offset across
the band while consuming 12 mA from a 1.2-V supply, an
FOMj7 of -182.1 dBc¢/Hz. A cascode buffer following the VCO
consumes 11 mA to deliver 0 dBm LO signal to a 50Q load.

Index Terms — CMOS LC-VCO, figure of merit, FOMr,
mm-wave, phase noise, switched capacitor, tuning range.

I. INTRODUCTION

In recent years, the large amount of unlicensed spectrum
at the millimeter-wave frequency range has attracted
attention for wireless uncompressed video streaming and
high performance personal area network applications.
Realization of mm-wave radios in digital CMOS makes it
possible for the high performance applications to benefit
from high integration capacity offered by this technology.
Further integration can be achieved by using monolithic
mm-wave antennas as they require small footprints.

The high level of integration creates the possibility of
realizing “DC-Boards” on which interconnections are
limited to pure DC routings and their high speed data
buses are replaced by chip to chip wireless links, resulting
in significant cost and power savings. This work is part of
a project with an aim of evaluating the feasibility of small,
low power, and high performance mm-wave transceivers
in pure digital CMOS technology. As one of the most
challenging parts of a mm-wave radio, the VCO often has
to meet stringent specifications. This paper demonstrates
the design and implementation of a VCO in 65 nm digital
CMOS process with f,,,. of 200 GHz and f7 of 140 GHz.

As indicated in (1), phase noise of the VCO degrades 6
dB/octave as the oscillation frequency increases [1]-[2].
At frequencies > 20 GHz non-quasi-static effects for the
capacitors and the skin and the proximity effects for the
inductors severely degrade their quality factors and pose
significant challenges to the design of the VCO [3].
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Where L{Af} is the single sideband power spectral density of the
phase noise in dBc/Hz at the offset frequency of Af from the
oscillation frequency of fj. f. is the flicker noise corner. Qr is the
loaded quality factor of the tank. P is the VCO signal power in
Watt. F is the effective noise factor of the oscillator. T is the
temperature in °K and £ is the Boltzmann’s constant.
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Section II covers the architecture design and describes
the topology. In section III detailed description of each
component of the design is provided, with emphasis on the
innovative parts. Section IV discusses the experimental
results and summarizes the performance characteristics in
comparison with the results of other recently published
CMOS VCOs. Probing unlocked mm-wave VCOs is
extremely challenging and section V is dedicated to
discuss that. Section VI concludes this paper by presenting
a quick summary of what has been achieved.

II. ARCHITECTURE AND TOPOLOGY

Several architectures have been evaluated including
Colpitts in terms of their achievable FOM. As shown in
Fig. 1 a cross-coupled VCO architecture with doughnut-
shaped grounded-gate NMOS pair has been chosen due to
its superior power and area efficiency. A combination of
switched capacitors and accumulation-mode varactors
comprise the variable capacitance of the tank. A shared-
diffusion cascode buffer with a balanced transformer load
delivers the LO signal to the probe pads.

Vp

v17
Val [
7 I B Lo ‘]‘zf‘l‘tif‘]‘x("l‘lﬂ(l_' '
Lot
T

Fig. 1. Simplified schematic of the VCO and its buffer.

Using only varactors to achieve a large tuning range for
the VCO results in a high Kyco which as (2) indicates
increases the AM to PM conversion gain which in turn
causes high phase noise and spurious signal levels. In this
work using the switched-capacitors has helped in reducing
the Kyco and increasing the tuning range significantly.

O, (fo +f;1.w):|:ffmi| . VAM(fAM)

Where ®p), is the level of the PM signal at the output of the
VCO oscillating at the frequency of f; in response to an AM
disturbance voltage with amplitude of 7, and frequency of ;.

@

The reliability concerns of deep sub-micron processes
make the VCO operate in the current-limited mode. Using
a PMOS current source is optimum for biasing the VCO in
this mode. This is also to provide the VCO buffer with a
proper DC bias needed for an efficient LO power delivery.
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III. CIRCUIT DESIGN AND IMPLEMENTATION

Detailed descriptions of the VCO components and
explanations of the design are presented in this section.

A. VCO Core

Doughnut transistors comprised of square-shaped poly-
silicon gates are used for the VCO cross-coupled pair.
This reduces the contribution of the drain junction
capacitors to less than 5% of the overall tank capacitance.
Size selection for the core devices has been done based on
four different factors: gain, Noise Figure (NF), current
switching capability, and efficient power delivery by
providing a proper bias to the VCO buffer. The optimum
current density for the lowest NF depends on the lateral
electric field in the channel [4]. For the process of this
VCO, a current density of 0.35 mA/pm results in a
suitable performance from all of the mentioned aspects.

Fig. 2 shows the unit cell of the VCO core with an
optimal layout. The layout of the transistors should be
optimized in order to achieve an optimal performance in
terms of f,,.,,, maximum stable gain, and the noise figure.
Wider routings cause larger parasitic capacitances and
couplings, while narrower interconnections create larger
series resistances and inductances

Fig. 2. Layout of the unit cell of the VCO core containing ten
doughnut-shaped transistors with optimized routings.

B. Resonant Tank

The resonant tank is composed of a 135 pH differential
octagonal-shaped inductor, accumulation-mode varactors
and 5-bit binary-weighted switched finger-capacitors. The
inductor uses a wall of well-grounded metals to provide a
good current return-path and help confinement of the field,
at the price of more parasitic capacitance and a little lower
overall inductance. To reduce the losses due to the eddy
currents, any substrate doping under the inductor and any
metal loops in the guard rings and the routings have been
avoided. The differential inductor has a quality factor of
24 at 34 GHz and a self resonance frequency of 200 GHz.

The switched capacitor uses doughnut-shaped NMOS
switches to achieve a high ON to OFF capacitance ratio.
As Fig. 3 demonstrates the capacitor array benefits from
an innovative design in which a large finger capacitor
splits to five binary-weighted capacitors to be used for the
digital frequency tuning. The LSB units are positioned in
between the MSB units in order to achieve a better
accuracy. Conventional unit-cell based arrays suffer from
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significant relative accuracy when used for small capacitor
sizes. The proposed compact layout results in a better
accuracy, a lower parasitic capacitance, and shorter
connections to the switches. Effective parallel resistance
of the tank is dominated by the capacitive branches,
resulting in an overall tank quality factor of 10 at 40 GHz.

Fig. 3. Layout of the proposed capacitor array consisting of five
binary-weighted capacitors in the optimum order.

C. Current Source

The current source is programmable to work in either
the linear mode or the saturation mode in order to be able
to optimize the overall phase noise. When the current
source is in the saturation mode its noise contribution
increases, but the contribution of the supply and the cross-
coupled pair decrease. In this design, should the current
source be set to supply the same amount of current in both
modes the linear mode shows a slightly better phase noise.

D. VCO Buffer

A differential cascode buffer has been designed to
deliver a 0 dBm LO power to a 50Q load while isolating
the VCO from the load. The VCO buffer also reduces the
load pull for the VCO significantly. The operating points
are set for an efficient LO power delivery. As shown in
Fig. 4 the diffusion regions of the input and the cascode
devices have been shared to minimize the parasitic
capacitances of the junctions and the routings which create
significant loss and current leakage at this common node.

Fig. 4. The unit cell of the differential VCO buffer with five
differential pairs of the cascode devices.

A transformer has been used to convert the buffer
output impedance of 125Q, which is optimum for an
efficient power delivery, to a 50Q level at the input of the
following stages which can be a mixer and a divider. This
feature together with the possibility of having shorter
signal feeds to the following stages make the transformer
superior to a differential inductor as the VCO buffer load.
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E. Common-Mode Nodes

A ground grid covers all the layers of the layout, with
the exceptions of the parts which introduce excessive eddy
currents or couplings to the sensitive nodes. All Common-
Mode (CM) nodes of the circuit have their unnecessary
bandwidths suppressed by maintaining low impedance
levels to the ground in all frequencies. This requires
different sizes of decoupling capacitors to be used at all of
the CM nodes and to be repeated in short intervals. This
also improves CM noise rejection and CM stability.

There are two CM nodes which do not need extra
capacitors: The center tab of the inductor and the voltage
control node. At the center tab of the inductor higher
impedance levels can suppress the noise of the cross-
coupled pair. And the voltage control node has to connect
to the loop filter when the VCO is employed by a PLL.

IV. EXPERIMENTAL RESULTS

The measurement results of the switched-capacitor
VCO prove that it can satisfy stringent specifications for
phase noise, tuning range, and LO power. It covers from
34.29 to 39.88 GHz., a tuning range of 15.1% and has a
maximum Kyco of 240 MHz/V. It exhibits a worst case
phase noise of -98.1 dBc/Hz at 1-MHz offset from the
highest oscillation frequency, as shown in Fig. 5.

/E R&S FSUP Signal Source Analyzer

Settings Residual Noise [T1] SpotNoise [T1]

Signal Frequency: 39.381483 GHz Int PHN (300.0 k . 30.0 M) -22.4 dBc 300,000 kHz -71.35 dBc/He

Signal Level: -4.42 dém [Residual PM 6.151° 1,000 MHz -98.12 dBc/Hz

Analyzer Mode Residual FM 82,225 kHz 3.000 MHz -112.04 dBc/Hz

[RMS Jitter 0.4284 ps 10,000 MHz -121.45 dBc/Hz

Phase Noise [dBc/Hz]
RF Atten ode
Top -60 dBc/Hz 10 of 10

2406
SMTH 1%

W“‘J\E 1

i HE
b
P \\""”\‘u

[ -110-

—-120

i A
N\’W\W‘ by,

300 kHz 1 MHz 10 MHz 30 MHz
Frequency Offset

Fig. 5. Phase noise measurement result at 1-MHz offset from
39.88 GHz with 4.5 dB loss in the test equipments.

The VCO consumes 12 mA from a 1.2-V supply and the
differential VCO buffer uses 11 mA to deliver a Single-
Ended (SE) LO power of 0 dBm to the 50Q2 probe. FOM
and FOMr, as defined in (3) and (4), are better than -178.5
dBc/Hz and -182.1 dBc/Hz respectively at 1-MHz offset
across the band. Since the VCO operates in the current-
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limited mode, using a 0.9-V supply to lower the power
consumption improves the FOMr to -183.4 dBc/Hz. In
this case the Single-Ended LO power reduces by 2.5 dB.

_ _ Jo Py 3)
FOM(Af)=L{Af} —20log (Af]+1010g [lmWJ

B TR 4

FOM ,(Af) = FOM (Af)—201log o “4)

Where the quantities share the descriptions with (1). Ppc is the
VCO power dissipation in mW, and 7R is the tuning range in
percentage.

Across the band, the varactor comprises a small portion
of the overall capacitance of the tank. Thus, its undesired
effects on the delivered power and the phase noise are
minimal. However the digital tuning with 15.1% change in
the frequency causes 3 dB change in the phase noise. Fig.
6 summarizes the results of the simulations and the
measurements of the VCO versus the digital tuning code
when the control voltage is set to the mid-rail.

Digital Tuning Code
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< 97
% 98 44 A Ph.N.Meas. |
g 4 .
L:: 99 A ===Ph.N. Sim.
S 100 .
= .100
- A A
&-101 N
2 ——
;3 -102
- ——
2-103 —
A 104
~ 41
-.E
g 40.“\AA\
z 394 AT 'Yy
g hA\
S 38 r
g ‘7“\\
@
s 37 A
g 36 Iy
- T A Freq. Meas. e
',-i ok B ===TFreq. Sim.
© 34 " ;

0 4 8 12 16 20 24 28

Digital Tuning Code

Fig. 6. Summary of the measured and simulated characteristics
of the VCO vs. the digital tuning code.

The results of the VCO show significant improvements
compared to an earlier version of the design which used
only varactors. The varactor-only version measured a
tuning range of 5.8% and a Kyco of 2.1 GHz/V.

Table I presents a summary of the characteristics of this
switched-capacitor VCO in comparison with other
recently published mm-wave CMOS VCOs [5]-[9]. The
table reports the worst case results of each work.
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TABLE I
SUMMARY OF THE SPECIFICATIONS OF THIS DESIGN IN COMPARISON WITH RECENTLY PUBLISHED MM-WAVE CMOS VCOSs

Reference | Year | Publ. Process Freq. | Ph.N.@1MHz | Tuning PDC | FOMy | Pout
Technology (GHz2) (dBc/Hz) Range% | (mW) (dB) (dBm)
[3] 2006 | RFIC CMOS 0.18 um | 21.6 -101.7 6.25 45 -171.9 -4.2
[5] 2009 | VLSI CMOS 0.13 um | 479 -102.5 1.59 5.6 -172.7 -19
[6] 2009 | JSSC CMOS 90 nm 58.4 -91.0 9.32 8.1 -176.7 -14
[7] 2008 | ISSCC | CMOS 90 nm 49.9 -87.0 12 10.4 -172.4 -
[8] 2009 | CICC | CMOS 65 nm 60 -97.1 16.7 30 -182.3 -
[9] 2009 | IMS CMOS 90 nm 61 -90.1 9.27 10.6 -174.9 -5
This Work 2010 | RFIC CMOS 65 nm 39.9 -98.1 15.1 14.4 -182.1 0

Fig. 8 shows the micrograph of the 0.15 mm* VCO,
including the differential inductor and the transformer
along with their guard rings. The DC pads on the top are
to supply ground, supply, and the control signals.

Fig. 8. Micrograph of the 300 pm * 500 um VCO.

V. MEASUREMENT CHALLENGES

Probing unlocked high performance mm-wave VCOs
for the purpose of phase noise measurements is extremely
sensitive to their natural frequency drifts. The range of the
frequency drift can exceed the offset frequency range of
interest which makes it hard to have reliable low-offset
phase noise measurements. Elements like the illuminator’s
light and mechanical stress or strain are destructive to
these measurements. Vibration isolation table, wide probe
tips, and wafer probing, as opposed to single die probing,
significantly improve the reliability of the measurements.

Phase noise analysis mode of Rohde Schwartz FSUP50
has been used to measure this design. There are some
settings which are vitally important. In the measurement
setup, manual setting with a RBW of 0.1% increases the
chance of success. Tracking and verifying the level and
the frequency as well as the AFC should be turned off as
they are not designed for unlocked VCOs. A combination
of mechanical stability of the setup, quiet environment,
and proper instrument settings can make low-offset phase
noise measurements of the mm-wave VCOs reliable.
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VI. CONCLUSION

The design and implementation of a switched-capacitor
VCO in 65nm digital CMOS to cover 34 to 40 GHz has
been presented. The measurement results demonstrate a
tuning range of 15.1%, a phase noise of better than -98.1
dBc/Hz at 1-MHz offset across the band, a maximum
Kvco of 240 MHz/V, and a minimum SE LO power of 0
dBm. The 0.15 mm’ VCO can support a mm-wave
transceiver with stringent phase noise, tuning range, and
LO power delivery specifications.
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Abstract — A 34-40 GHz VCO fabricated in 65 nm digital
CMOS technology is demonstrated in this paper. The VCO
uses a combination of switched capacitors and varactors for
tuning and has a maximum Kvco of 240 MHz/V. It exhibits a
phase noise of better than -98 dBc/Hz @ 1-MHz offset across
the band while consuming 12 mA from a 1.2-V supply, an
FOMy of -182.1 dBc/Hz. A cascode buffer following the VCO
consumes 11 mA to deliver 0 dBm LO signal to a 50Q2 load.

Index Terms — CMOS LC-VCO, figure of merit, FOMr,
mm-wave, phase noise, switched capacitor, tuning range.

1. INTRODUCTION

In recent years, the large amount of unlicensed spectrum
at the millimeter-wave frequency range has attracted
attention for wireless uncompressed video streaming and
high performance personal area network applications.
Realization of mm-wave radios in digital CMOS makes it
possible for the high performance applications to benefit
from high integration capacity offered by this technology.
Further integration can be achieved by using monolithic
mm-wave antennas as they require small footprints.

The high level of integration creates the possibility of
realizing “DC-Boards” on which interconnections are

Section II covers the architecture design and describes
the topology. In section III detailed description of each
component of the design is provided, with emphasis on the
innovative parts. Section IV discusses the experimental
results and summarizes the performance characteristics in
comparison with the results of other recently published
CMOS VCOs. Probing unlocked mm-wave VCOs is
extremely challenging and section V is dedicated to
discuss that. Section VI concludes this paper by presenting
a quick summary of what has been achieved.

II. ARCHITECTURE AND TOPOLOGY

Several architectures have been evaluated including
Colpitts in terms of their achievable FOM. As shown in
Fig. 1 a cross-coupled VCO architecture with doughnut-
shaped grounded-gate NMOS pair has been chosen due to
its superior power and area efficiency. A combination of
switched capacitors and accumulation-mode varactors
comprise the variable capacitance of the tank. A shared-
diffusion cascode buffer with a balanced transformer load
delivers the LO signal to the probe pads.

Oen|

limited to pure DC routings and their high speed data Vp B[]
buses are replaced by chip to chip wireless links, resulting . v * v
in significant cost and power savings. This work is part of v ‘;"”1 v, on P

a project with an aim of evaluating the feasibility of small,
low power, and high performance mm-wave transceivers
in pure digital CMOS technology. As one of the most
challenging parts of a mm-wave radio, the VCO often has
to meet stringent specifications. This paper demonstrates
the design and implementation of a VCO in 65 nm digital
CMOS process with f,,,, of 200 GHz and f7 of 140 GHz.
As indicated in (1), phase noise of the VCO degrades 6
dB/octave as the oscillation frequency increases [1]-[2].
At frequencies > 20 GHz non-quasi-static effects for the
capacitors and the skin and the proximity effects for the
inductors severely degrade their quality factors and pose
significant challenges to the design of the VCO [3].

n
16(‘J'6’(“L4(J'_7(“L L“L
chrkeh e

W
At

P ndaags

Fig. 1. Simplified schematic of the VCO and its buffer.

Using only varactors to achieve a large tuning range for
the VCO results in a high Kyco which as (2) indicates
increases the AM to PM conversion gain which in turn
causes high phase noise and spurious signal levels. In this
work using the switched-capacitors has helped in reducing
the Kyco and increasing the tuning range significantly.

KVCO

2f

q)PM(f;)+fA,M):|: :| . VAM(fAM) 2

FkT 2 2 f Where ®py, is the level of the PM signal at the output of the
L{Af}=10log | —— . 0 = () VCO oscillating at the frequency of f; in response to an AM
2P, 20, .5 Af disturbance voltage with amplitude of ¥, and frequency of £

Where L{Af} is the single sideband power spectral density of the
phase noise in dBc/Hz at the offset frequency of Af from the
oscillation frequency of fj. f. is the flicker noise corner. Qr is the
loaded quality factor of the tank. P; is the VCO signal power in
Watt. F' is the effective noise factor of the oscillator. T is the
temperature in °K and £ is the Boltzmann’s constant.

The reliability concerns of deep sub-micron processes
make the VCO operate in the current-limited mode. Using
a PMOS current source is optimum for biasing the VCO in
this mode. This is also to provide the VCO buffer with a
proper DC bias needed for an efficient LO power delivery.

978-1-4244-6241-4/978-1-4244-6242-1/

978-1-4244-6243-8/10/$26.00 © 2010 IEEE 157
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III. CIRCUIT DESIGN AND IMPLEMENTATION

Detailed descriptions of the VCO components and
explanations of the design are presented in this section.

A. VCO Core

Doughnut transistors comprised of square-shaped poly-
silicon gates are used for the VCO cross-coupled pair.
This reduces the contribution of the drain junction
capacitors to less than 5% of the overall tank capacitance.
Size selection for the core devices has been done based on
four different factors: gain, Noise Figure (NF), current
switching capability, and efficient power delivery by
providing a proper bias to the VCO buffer. The optimum
current density for the lowest NF depends on the lateral
electric field in the channel [4]. For the process of this
VCO, a current density of 0.35 mA/um results in a
suitable performance from all of the mentioned aspects.

Fig. 2 shows the unit cell of the VCO core with an
optimal layout. The layout of the transistors should be
optimized in order to achieve an optimal performance in
terms of f,,,,, maximum stable gain, and the noise figure.
Wider routings cause larger parasitic capacitances and
couplings, while narrower interconnections create larger
series resistances and inductances

S
Fig. 2. Layout of the unit cell of the VCO core containing ten
doughnut-shaped transistors with optimized routings.

B. Resonant Tank

The resonant tank is composed of a 135 pH differential
octagonal-shaped inductor, accumulation-mode varactors
and 5-bit binary-weighted switched finger-capacitors. The
inductor uses a wall of well-grounded metals to provide a
good current return-path and help confinement of the field,
at the price of more parasitic capacitance and a little lower
overall inductance. To reduce the losses due to the eddy
currents, any substrate doping under the inductor and any
metal loops in the guard rings and the routings have been
avoided. The differential inductor has a quality factor of
24 at 34 GHz and a self resonance frequency of 200 GHz.

The switched capacitor uses doughnut-shaped NMOS
switches to achieve a high ON to OFF capacitance ratio.
As Fig. 3 demonstrates the capacitor array benefits from
an innovative design in which a large finger capacitor
splits to five binary-weighted capacitors to be used for the
digital frequency tuning. The LSB units are positioned in
between the MSB units in order to achieve a better
accuracy. Conventional unit-cell based arrays suffer from
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significant relative accuracy when used for small capacitor
sizes. The proposed compact layout results in a better
accuracy, a lower parasitic capacitance, and shorter
connections to the switches. Effective parallel resistance
of the tank is dominated by the capacitive branches,
resulting in an overall tank quality factor of 10 at 40 GHz.

Fig. 3. Layout of the proposed capacitor array consisting of five
binary-weighted capacitors in the optimum order.

C. Current Source

The current source is programmable to work in either
the linear mode or the saturation mode in order to be able
to optimize the overall phase noise. When the current
source is in the saturation mode its noise contribution
increases, but the contribution of the supply and the cross-
coupled pair decrease. In this design, should the current
source be set to supply the same amount of current in both
modes the linear mode shows a slightly better phase noise.

D. VCO Buffer

A differential cascode buffer has been designed to
deliver a 0 dBm LO power to a 50Q2 load while isolating
the VCO from the load. The VCO buffer also reduces the
load pull for the VCO significantly. The operating points
are set for an efficient LO power delivery. As shown in
Fig. 4 the diffusion regions of the input and the cascode
devices have been shared to minimize the parasitic
capacitances of the junctions and the routings which create
significant loss and current leakage at this common node.

Fig. 4. The unit cell of the differential VCO buffer with five
differential pairs of the cascode devices.

A transformer has been used to convert the buffer
output impedance of 125Q, which is optimum for an
efficient power delivery, to a 50Q level at the input of the
following stages which can be a mixer and a divider. This
feature together with the possibility of having shorter
signal feeds to the following stages make the transformer
superior to a differential inductor as the VCO buffer load.
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E. Common-Mode Nodes

A ground grid covers all the layers of the layout, with
the exceptions of the parts which introduce excessive eddy
currents or couplings to the sensitive nodes. All Common-
Mode (CM) nodes of the circuit have their unnecessary
bandwidths suppressed by maintaining low impedance
levels to the ground in all frequencies. This requires
different sizes of decoupling capacitors to be used at all of
the CM nodes and to be repeated in short intervals. This
also improves CM noise rejection and CM stability.

There are two CM nodes which do not need extra
capacitors: The center tab of the inductor and the voltage
control node. At the center tab of the inductor higher
impedance levels can suppress the noise of the cross-
coupled pair. And the voltage control node has to connect
to the loop filter when the VCO is employed by a PLL.

IV. EXPERIMENTAL RESULTS

The measurement results of the switched-capacitor
VCO prove that it can satisfy stringent specifications for
phase noise, tuning range, and LO power. It covers from
34.29 to 39.88 GHz., a tuning range of 15.1% and has a
maximum Kyco of 240 MHz/V. It exhibits a worst case
phase noise of -98.1 dBc/Hz at 1-MHz offset from the
highest oscillation frequency, as shown in Fig. 5.

R&S FSUP Signal Source Analyzer

&

Settings Residual Noise [T1] SpotNoise [T1]

Signal Frequency: 39.881483 GHz [Int PHN (300.0 k .. 30,0 M) -22.4 dBc 300,000 kHz -71.35 dBc/He

Signal Level: -4.42 dBm Residual PM 6.151 ¢ 1,000 MHz -98.12 dBc/Hz

Analyzer Mode Residual FM 82,225 kHz 3.000 MHz -112.04 dBc/Hz

RMS Jitter 0.4284 ps 10,000 MHz -121.45 dBc/He
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Fig. 5. Phase noise measurement result at 1-MHz offset from
39.88 GHz with 4.5 dB loss in the test equipments.

The VCO consumes 12 mA from a 1.2-V supply and the
differential VCO buffer uses 11 mA to deliver a Single-
Ended (SE) LO power of 0 dBm to the 50Q2 probe. FOM
and FOMy, as defined in (3) and (4), are better than -178.5
dBc/Hz and -182.1 dBc/Hz respectively at 1-MHz offset
across the band. Since the VCO operates in the current-
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limited mode, using a 0.9-V supply to lower the power
consumption improves the FOMr to -183.4 dBc/Hz. In
this case the Single-Ended LO power reduces by 2.5 dB.

FOM(Af)=L{Af} —20log (A}J +10log [lmpf);/] 3)

FOM ,.(Af) = FOM (Af) - 20 log (m “)

Where the quantities share the descriptions with (1). Ppc is the
VCO power dissipation in mW, and 7R is the tuning range in
percentage.

Across the band, the varactor comprises a small portion
of the overall capacitance of the tank. Thus, its undesired
effects on the delivered power and the phase noise are
minimal. However the digital tuning with 15.1% change in
the frequency causes 3 dB change in the phase noise. Fig.
6 summarizes the results of the simulations and the
measurements of the VCO versus the digital tuning code
when the control voltage is set to the mid-rail.
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Fig. 6. Summary of the measured and simulated characteristics
of the VCO vs. the digital tuning code.

The results of the VCO show significant improvements
compared to an earlier version of the design which used
only varactors. The varactor-only version measured a
tuning range of 5.8% and a Kyco of 2.1 GHz/V.

Table I presents a summary of the characteristics of this
switched-capacitor VCO in comparison with other
recently published mm-wave CMOS VCOs [5]-[9]. The
table reports the worst case results of each work.
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TABLE 1
SUMMARY OF THE SPECIFICATIONS OF THIS DESIGN IN COMPARISON WITH RECENTLY PUBLISHED MM-WAVE CMOS VCOs

Reference | Year | Publ Process Freq. | Phh.N@1MHz | Tuning PDC | FOMy | Pout
Technology (GHz) (dBc/Hz) Range% | (mW) (dB) (dBm)
[3] 2006 | RFIC CMOS 0.18 um 21.6 -101.7 6.25 45 -171.9 -4.2
[5] 2009 | VLSI CMOS 0.13 pm 47.9 -102.5 1.59 5.6 -172.7 -19
[6] 2009 | JSSC CMOS 90 nm 584 -91.0 9.32 8.1 -176.7 -14
[7] 2008 | ISSCC | CMOS 90 nm 49.9 -87.0 12 10.4 -172.4 -
[8] 2009 | CICC | CMOS 65 nm 60 -97.1 16.7 30 -182.3 -
[9] 2009 | IMS CMOS 90 nm 61 -90.1 9.27 10.6 -174.9 -5
This Work 2010 | RFIC CMOS 65 nm 39.9 -98.1 15.1 14.4 -182.1 0
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Fig. 8 shows the micrograph of the 0.15 mm® VCO,
including the differential inductor and the transformer
along with their guard rings. The DC pads on the top are
to supply ground, supply, and the control signals.

Fig. 8. Micrograph of the 300 um * 500 pm VCO.

V. MEASUREMENT CHALLENGES

Probing unlocked high performance mm-wave VCOs
for the purpose of phase noise measurements is extremely
sensitive to their natural frequency drifts. The range of the
frequency drift can exceed the offset frequency range of
interest which makes it hard to have reliable low-offset
phase noise measurements. Elements like the illuminator’s
light and mechanical stress or strain are destructive to
these measurements. Vibration isolation table, wide probe
tips, and wafer probing, as opposed to single die probing,
significantly improve the reliability of the measurements.

Phase noise analysis mode of Rohde Schwartz FSUP50
has been used to measure this design. There are some
settings which are vitally important. In the measurement
setup, manual setting with a RBW of 0.1% increases the
chance of success. Tracking and verifying the level and
the frequency as well as the AFC should be turned off as
they are not designed for unlocked VCOs. A combination
of mechanical stability of the setup, quiet environment,
and proper instrument settings can make low-offset phase
noise measurements of the mm-wave VCOs reliable.
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VI. CONCLUSION

The design and implementation of a switched-capacitor
VCO in 65nm digital CMOS to cover 34 to 40 GHz has
been presented. The measurement results demonstrate a
tuning range of 15.1%, a phase noise of better than -98.1
dBc/Hz at 1-MHz offset across the band, a maximum
Kvco of 240 MHz/V, and a minimum SE LO power of 0
dBm. The 0.15 mm’ VCO can support a mm-wave
transceiver with stringent phase noise, tuning range, and
LO power delivery specifications.
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Abstract

This thesis examines the advantages of silicon-on-insulator (SOI) CMOS for low-voltage
radio-frequency (RF) application. It explores the unique properties of SOI transistors, exploiting
these properties to construct RF circuits with better performance (such as higher speed lower
noise) compared to bulk CMOS. The cross-coupled complementary voltage-controlled oscillator

(VCO) was chosen as the baseline circuit for the comparison.

First, a wideband VCO using AMOS varactors with more than 50% tuning range was
implemented, demonstrating the low-voltage frequency tuning capability in CMOS. Next, a 40
GHz VCO using both PMOS and NMOS was constructed to illustrate the high speed performance
of SOI CMOS transistors. High-speed design issues, especially regarding frequency tuning
capability, have been studied and analyzed. While AMOS varactors make low-voltage tuning in
-CMOS possible, the high varactor sensivity introduces excessive phase noise into the system.
This thesis explores and analyzes this noise problem. Two design methodologies, namely band-
switching and differential tuning, were employed to reduce such noise. Furthermore, a general
phase noise improvement technique, which can be applied to both SOI and bulk CMOS VCOs,
was also developed and demonstrated. This technique utilizes the complementary topology to
reduce upconversion flicker noise, while using the non-minimum gate length NMOS devices to
maximize signal swing and reduce transistor noise. All the VCOs described above are
implemented in a 0.13 um SOI CMOS technology, and the theories developed were verified

experimentally by these RF circuits.

Finally, several high-speed low-voltage circuits are either simulated or implemented to
demonstrate the improved circuit performance available with SOI: (a) a bias-T source follower for
accurate high-speed VCO measurement; (b) a 5.4 GHz low-noise amplifier with image reject
using high-Q passives, giving zero dc power dissipation for the image reject circuit; (c)a 1V, 40
LW, 50 MHz, 6-bit, AX analog-to-digital converter (ADC) to demonstrate low-voltage switched-C
performance; and (d) a 1 V, 5 GHz, 3-bit pipeline ADC used as a multi-bit quantizer for future AZ

bandpass ADC implementation.
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