Hong Kong University of Science and Technology

A Sampled-Data Switched-Current Analog FIR Filter with Digitally Programmable Coefficients in 0.8¯m CMOS

A thesis submitted to The Hong Kong University of Science and Technology in partial fulfillment of the requirements for the Degree of Master of Philosophy in Electrical and Electronic Engineering

by Cheung Yee Ling

B. Eng. (Elec) HKUST 1994

January 20, 1997

A Sampled-Data Switched-Current Analog FIR Filter with Digitally Programmable Coefficients in 0.8¯m CMOS by Cheung Yee Ling

Approved by:

Prof. K. C. Smith, Committee Chairman

Dr. Ki Wing Hung, Committee Member

Dr. Jack Lau, Co-Supervisor

Prof. Philip Chan, Acting Head of the Department

Department of Electrical and Electronic Engineering The Hong Kong University of Science and Technology Jan, 1997

Contents

List of Figures v

List of Tables v

Acknowledgments xiii

Abstract xiv

1 Introduction 1 1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1.2 Review of FIR Filters Implementations . . . . . . . . . . . . . 5 1.2.1 Digital FIR Filters . . . . . . . . . . . . . . . . . . . . 6 1.2.2 Review of Analog FIR Filters . . . . . . . . . . . . . . 7 1.2.3 Switched-Current Circuit Design . . . . . . . . . . . . 8 1.2.4 Motivation for Improved FIR Filter . . . . . . . . . . . 9 1.3 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 1.3.1 Adaptive Equalizer . . . . . . . . . . . . . . . . . . . . 10 1.3.2 Programmable Equalizer . . . . . . . . . . . . . . . . . 11 1.4 Outline of the Thesis . . . . . . . . . . . . . . . . . . . . . . . 12

2 Switched-Current FIR Filters 14

2.1 FIR Filters: Basic Theory . . . . . . . . . . . . . . . . . . . . 14 2.2 Overview of SI-FIR Filter Architecture . . . . . . . . . . . . . 16 2.3 Realization of SI-FIR Filter . . . . . . . . . . . . . . . . . . . 17 2.3.1 Illustration of Filter Operation . . . . . . . . . . . . . 19 2.3.2 Pseudo-Differential Design . . . . . . . . . . . . . . . . 23 2.4 Sample-State vs. Hold-State . . . . . . . . . . . . . . . . . . . 24

3 Analog Signal-Processing Elements 27 3.1 Voltage-to-Current Conversion . . . . . . . . . . . . . . . . . . 27 3.1.1 Harmonic Distortion . . . . . . . . . . . . . . . . . . . 33 3.1.2 AC Response . . . . . . . . . . . . . . . . . . . . . . . 37 3.2 Current Conveyor . . . . . . . . . . . . . . . . . . . . . . . . . 43 3.3 Current-Memory Cell as Track-and-Hold . . . . . . . . . . . . 47 3.4 MOS Current-Division Technique . . . . . . . . . . . . . . . . 54 3.5 Filter-Tap Coefficients Using a Current-Division Ladder . . . . 58 3.6 Transient Response of the Current-Division Ladder . . . . . . 63 3.7 Global Bias . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 4 Digital Processing Elements 69 4.1 Digitally-Programmable Coefficients . . . . . . . . . . . . . . . 70 4.2 Clock Generation . . . . . . . . . . . . . . . . . . . . . . . . . 72 4.2.1 Glitch Avoidance and Noise-Coupling Reduction . . . . 74 4.3 Summary of Digital Element Design . . . . . . . . . . . . . . . 77

5 Layout 79 5.1 Floorplan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79 5.2 Automatic Layout Generation . . . . . . . . . . . . . . . . . . 80

5.3 Digital Layout Generation Using Standard Cells . . . . . . . . 81 5.3.1 Generation Procedure . . . . . . . . . . . . . . . . . . 82 5.4 Future Layout Improvements . . . . . . . . . . . . . . . . . . . 83

6 Test Results 86 6.1 Test Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . 86 6.1.1 Interface Circuits . . . . . . . . . . . . . . . . . . . . . 89 6.2 Measurements of the Transconductor . . . . . . . . . . . . . . 90 6.2.1 Harmonic Distortion of the Transconductor . . . . . . 91 6.2.2 Frequency Response of the Transconductor . . . . . . . 92 6.3 SI-FIR Filter: Frequency Response . . . . . . . . . . . . . . . 93 6.3.1 Lowpass Filters . . . . . . . . . . . . . . . . . . . . . . 95 6.3.2 Bandpass Filters . . . . . . . . . . . . . . . . . . . . . 101 6.3.3 Allpass Filter . . . . . . . . . . . . . . . . . . . . . . . 104 6.4 Time-Domain Measurements . . . . . . . . . . . . . . . . . . . 104 6.5 Distortion of the SI-FIR Filter . . . . . . . . . . . . . . . . . . 105 6.6 Further Research . . . . . . . . . . . . . . . . . . . . . . . . . 109 6.6.1 Switched-Current Memory Cells . . . . . . . . . . . . . 109 6.6.2 Fully-Differential Design . . . . . . . . . . . . . . . . . 110 6.6.3 Optimization of Building Blocks . . . . . . . . . . . . . 110 6.6.4 Layout Improvements . . . . . . . . . . . . . . . . . . . 110 6.6.5 Noise Analysis . . . . . . . . . . . . . . . . . . . . . . . 111 6.6.6 Powers-of-Two Coefficients . . . . . . . . . . . . . . . . 111 6.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112 A Transistor Sizes and Filter Coefficients 114

Bibliography 120

List of Figures

1.1 Block diagram of sampled-data analog FIR filter. . . . . . . . 2 1.2 Block diagram of hybrid analog/digital FIR filter. . . . . . . . 5 1.3 Analog front-end ADC with digital adaptive equalizer . . . . . 10 1.4 Analog adaptive equalizer . . . . . . . . . . . . . . . . . . . . 10 1.5 Analog programmable equalizer . . . . . . . . . . . . . . . . . 12

2.1 Signal-flow graph of an FIR filter in direct-form-1 . . . . . . . 15 2.2 Standard analog tapped-delay-line FIR filter, where the signal is re-sampled N-times for an N-tap filter . . . . . . . . . . . . 16 2.3 Alternative analog FIR filter, where signal is sampled once and held for N-cycles for an N-tap filter . . . . . . . . . . . . 17 2.4 Architecture of the proposed FIR filter . . . . . . . . . . . . . 18 2.5 A diagram that illustrates the operation of the filter within the first N periods . . . . . . . . . . . . . . . . . . . . . . . . 20 2.6 A diagram that illustrates the operation of the filter within the N + 1 to 2N period . . . . . . . . . . . . . . . . . . . . . 21 2.7 One tap of the FIR filter . . . . . . . . . . . . . . . . . . . . . 24 2.8 Output signal difference between the sample state and hold state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.1 Transconductor with its transconductance controlled by an external resistor . . . . . . . . . . . . . . . . . . . . . . . . . . 28 3.2 Body effect of the input PMOS affects the transconductor output 32 3.3 Transconductance with and without body effect of PMOS transistor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 3.4 Transconductor with active current loads and bias transistors . 33 3.5 Transconductor ac half-circuit . . . . . . . . . . . . . . . . . . 38 3.6 Transconductor ac small-signal circuit . . . . . . . . . . . . . . 38 3.7 Theoretical Bode plot of the transconductance . . . . . . . . . 41 3.8 Pole-Zero plot . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 3.9 Simulated frequency and phase responses of the transconductor, with the current conveyor bias circuit as the load . . . . . 42 3.10 Theoretical Bode plot of the transconductance with 3.25-pF compensation capacitor at gate of M_2 . . . . . . . . . . . . . . 43 3.11 Pole-Zero plot . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 3.12 Class-AB current conveyor . . . . . . . . . . . . . . . . . . . . 44 3.13 Class-A current-memory cell . . . . . . . . . . . . . . . . . . . 48 3.14 Small signal equivalent circuit of Class-A regulated-cascode current-memory cell . . . . . . . . . . . . . . . . . . . . . . . . 49 3.15 Class-AB current memory cell . . . . . . . . . . . . . . . . . . 53 3.16 Simulated current-memory function of a Class-AB regulatedcascode current-memory cell . . . . . . . . . . . . . . . . . . . 55 3.17 Harmonic distortion of the Class-AB memory cell with 1MHz input signal sampled at 20MHz . . . . . . . . . . . . . . . . . 55

3.18 Simulated current-memory function of a Class-AB regulatedcascode current-memory cell with 3MHz input sampled at 20MHz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 3.19 Harmonic distortion of the Class-AB memory cell with 3MHz input signal sampled at 20MHz . . . . . . . . . . . . . . . . . 56 3.20 The basic principle of current division . . . . . . . . . . . . . . 57 3.21 Termination section and one section of the ladder . . . . . . . 58 3.22 Current-division section with current-steering control signal . . 59 3.23 Current division ladder . . . . . . . . . . . . . . . . . . . . . . 60 3.24 Current in each section in a current-division ladder. . . . . . . 64 3.25 Step responses of the current-division ladder in each section . 65 3.26 Total harmonic distortion of currents in different sections of the ladder. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 3.27 Accuracy of current-division. . . . . . . . . . . . . . . . . . . . 66 3.28 Global bias circuit. . . . . . . . . . . . . . . . . . . . . . . . . 67

4.1 Coefficients circulating to emulate the propagation of samples 70 4.2 A bit-slice of the coefficients . . . . . . . . . . . . . . . . . . . 71 4.3 Non-overlapping-clock generator and the timing diagram . . . 73 4.4 Timing simulation of non-overlapping clock circuit . . . . . . . 74 4.5 Timing diagram for the digital control circuitry . . . . . . . . 75 4.6 Sampling clock for individual taps . . . . . . . . . . . . . . . . 76 4.7 Use of falling-edge-triggered flip-flop to reduce the chance of glitch generation . . . . . . . . . . . . . . . . . . . . . . . . . 76 5.1 Floorplan of the prototype chip . . . . . . . . . . . . . . . . . 80 5.2 Layout of a 16-tap SI-FIR filter. . . . . . . . . . . . . . . . . . 83

6.1 Micrograph of SI-FIR filter prototype. . . . . . . . . . . . . . 87 6.2 Test setups for measurements: (a) Frequency response, (b) Distortion performance. . . . . . . . . . . . . . . . . . . . . . 88 6.3 Single-ended to the differential-ended input with 2.5V offset applied . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 6.4 Differential to single-ended output interface . . . . . . . . . . 90 6.5 Output harmonic distortion with a 10MHz signal input . . . . 92 6.6 Measured frequency response of the transconductor . . . . . . 94 6.7 Measurement results of lowpass-filter implementations (Set 1).

The solid lines are measured data; dashed lines are ideal responses with (i) ideal coefficients, (ii) 8-bit quantized coefficients. 96 6.8 Measurement results of lowpass-filter implementations (Set 2).

The solid lines are measured data; dashed lines are ideal responses with (i) ideal coefficients, (ii) 8-bit quantized coefficients. 97 6.9 Measurement results of lowpass-filter implementations (Set 3).

The solid lines are measured data; dashed lines are ideal responses with (i) ideal coefficients, (ii) 8-bit quantized coefficients. 98 6.10 Measurement results of lowpass-filter implementations (Set 4).

The solid lines are measured data; dashed lines are ideal responses with (i) ideal coefficients, (ii) 8-bit quantized coefficients. 99 6.11 Measurement results of lowpass-filter implementations (Set 5).

The solid lines are measured data; dashed lines are ideal responses with (i) ideal coefficients, (ii) 8-bit quantized coefficients.100

6.12 Measurement results of bandpass-filter implementations (Set 6). The solid line are measured data; dashed lines are ideal responses with (i) ideal coefficients, (ii) 8-bit quantized coeffi- cients. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102 6.13 Measurement results of bandpass-filter implementations (Set 7). The solid line are measured data; dashed lines are ideal responses with (i) ideal coefficients, (ii) 8-bit quantized coeffi- cients. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103 6.14 Measurement result of a pure delay function (Set 8). . . . . . 104 6.15 A 2MHz signal at the output of the filter . . . . . . . . . . . . 105 6.16 Input and output spectrum for the intermodulation distortion measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

List of Tables

1.1 Advantages and disadvantages of analog and digital circuits. . 4

3.1 Simulated Harmonic Distortion with full range input (1V_{pp}) . 37 3.2 Summary of the different parameters . . . . . . . . . . . . . . 40

4.1 Different modes of operation of the FIR filter . . . . . . . . . . 71 4.2 Track-and-hold states . . . . . . . . . . . . . . . . . . . . . . . 74

6.1 Harmonic distortion of the transconductor with half of the full input voltage (0.5V_{pp}) applied to the transconductor. . . . . . 92 6.2 Test sets for different sampling rates and different filtering functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94 6.3 Summary of the prototype filter . . . . . . . . . . . . . . . . . 112

A.1 Transistor sizes of the transconductor in Fig. 3.4 . . . . . . . . 114 A.2 Transistor sizes of the memory cell in Fig. 3.15 . . . . . . . . 115 A.3 8-bit quantized coefficients with 1 sign bit employed in the 8 test data sets . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

Acknowledgments

First and foremost, I would like to express my gratitude to my advisor Dr. Aaron Buchwald for his invaluable guidance and assistance. I owe him an immense debt of gratitude for having served as my advisor, both in my undergraduate and graduate study. Thanks have to be given to him for setting up a wonderful trip to the USA. It’s a memory I will always cherish. Thanks for bringing me to California and putting me in a veritable technical storehouse, where most of my MPhil research has been done. This work would have been less successful if it were not for his effort. I would also like to thank him for his patience and encouragement and for allowing me a great deal of latitude in my research.

I would like to thank Professor K.C. Smith, Dr. Jack Lau and Dr. W.H. Ki for serving on my thesis committee, and for their valuable comments on my thesis. I would also like to thank Broadcom Corporation for their sponsorship; they provided part of my research studentship, and during my stay in the USA, provided housing, computer facilities and CAD software. Without their support, I am sure my research would not be as fruitful. Many thanks to my friends at Broadcom, in particular, Dr. Loke Tan, who gave me an excellent introduction to digital circuit theory and provided examples in writing digital layout generators; Dr. Rob Hawley for his expertise in Mentor Graphics; Dr. Fang Lu, and Dr. Mark Berman for providing the generators for the digital pads and the pad-frame; and to Dr. Kevin Chan for his guidance on chip testing. I also thank the staff at Broadcom for anything and everything related to IC design and for their countless efforts in providing me with support.

Thanks go to my labmates Kenneth Choi, Darwin Cheung, Leonard Leung, Paul Chan, Jeffrey Ho and Neville Ng for their long suffering of my impatience. Special thanks for the many fruitful discussions with Kenneth, Darwin and Leonard. I owe Jack Chan, S.F. Luk, and Fred Kwok, the technical officers in the EE&E Department at HKUST, a debt of gratitude for providing me with all kinds of technical support.

Moving to the personal front, I am indebted to Sam Lui for his warm hospitality when I was in the USA. I must thank him for driving to and from work nearly every day. Dr. Robin Joshi and Aaron were good partners in our weekly basketball game. Steve Tollefsrud taught me the American culture. Thanks also to Anne Cole for making arrangements for my housing. Without them, my stay in the States would have been very boring and inconvenient.

Back to school life at HKUST, I would like to thank my colleagues in the VLSI Lab, the Sensor Lab, the Wireless Communication Lab, and the Device Characterization Laboratory for sharing their knowledge of computers, reinforcing my knowledge in device physics and for being good companions in sport. Their support and friendship during these years have strengthened me throughout my graduate study.

Cheung Yee Ling, Felix HKUST, January 22, 1997

A Sampled-Data Switched-Current Analog FIR Filter with Digitally Programmable Coefficients in 0.8¯m CMOS by Cheung Yee Ling in partial fulfillment of the requirements for the degree of Master of Philosophy in Electrical and Electronic Engineering at The Hong Kong University of Science and Technology, Jan, 1997

Abstract

A switched-current analog-FIR-filter architecture with fully-programmable digital coefficients is presented. Class-AB current-copier cells are used to track and hold the input signal. The held signals are passed through inherently linear current-division ladders at each tap of the filter. The ladders are controlled by 9-bit digital coefficients. A 16-tap prototype filter based on this architecture was designed for the target application of an adaptive equalizer for a 64-QAM communication channel, requiring 7bits of dynamicrange at 20-MS/s. The prototype filter with coefficients programmed for a lowpass configuration achieves a THD of -46dB for an input at 1-MHz and a sample-rate of 20-MS/s. Third-order intermodulation distortion (IMD) for two tones at 1.0MHz and 1.5MHz is -42dBc. The prototype was fabricated in a 0.8μm CMOS process. The die core occupies 2408μm x 1762μm and the chip dissipates 70mW from a single 5V supply.