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ABSTRACT

Abstract

Fast-emerging electronic device applications demand a variety of new mixed-
signal ICs to be developed in fast cycle and with low cost. While field-
programmable gate arrays (FPGAS) are established solutions for timely and low-cost
prototyping of digital systems, their counterpart for mixed-signal circuits is still an
active area for research. This thesis presents a design of a field-programmable IC for
analog/mixed-signal circuits, which solves many challenges with the previous works
by performing analog functions in time domain.

In order to realize the field-programmable analog functionality, time-domain
configurable analog block (TCAB) is proposed. A single TCAB can be programmed
to various analog circuits, including a time-to-digital converter, digitally-controlled
oscillator, digitally-controlled delay cell, digital pulse-width modulator, and phase
interpolator. In addition, the TCABs convey and process analog information using
the frequency, pulse width, delay, or phase of digital pulses or pulse sequences,
rather than using analog voltage or current signals for less susceptibility to
attenuation and noise. This analog information expressed in the digital pulses makes
it easy to implement scalable programmable interconnects among the TCABs. The
architecture of field-programmable IC capable of emulating today’s diverse mixed-
signal systems is also introduced. In addition to the TCABs, the proposed IC also
includes arrays of configurable logic blocks (CLBs) and programmable arithmetic
logic units (ALUs) for programmable digital functions. By programming the

functionality of the TCAB, CLB, and ALU arrays and configuring the interconnects,
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the chip can implement various mixed-signal systems.

A prototype IC fabricated with 65-nm CMOS technology demonstrates the
versatile programmability of the proposed TCAB and the IC by being successfully
operated as a 1-GHz phase-locked loop with a 12.3-psmms integrated jitter, as a 50-
MS/s analog-to-digital converter with a 32.5-dB SNDR, and as a 1.2-t0-0.7V DC-

DC converter with 95.5 % efficiency.

Keywords : field-programmable mixed-signal IC, field-programmable analog
array, reconfigurable architecture, reconfigurable analog array, mixed-signal IC.

Student Number : 2013-30264



CONTENTS

Contents

ABSTRACT
CONTENTS

LIST OF FIGURES
LIST OF TABLES

CHAPTER 1 INTRODUCTION

11 MOTIVATIONS ..eoeieiieeectiee e etee st e stre e sae et e e snae e nne e nnne e

1.2 THESIS CONTRIBUTION AND ORGANIZATION .....cooevevvvvveennn.

CHAPTER 2 TIME-DOMAIN CONFIGURABLE ANALOG BLOCK

2.1 OVERVIEWOF THE TCAB ....oiiieeieeceerre e,
2.1.1. RECONFIGURABLE FUNCTIONALITY ...ocvuririniirerainienns
2.1.2.  TIME-DOMAIN SIGNAL PROCESSING ....coevvviririrrennnenns

2.2 CIRCUIT IMPLEMENTATION OF THE TCAB ......occovviririirnene,

2.3 VERSATILE PROGRAMMABILITY OF TCAB........cccvviiiiinne.

2.3.1.  RELAXATION OSCILLATOR ...ooeiitieesieesireesiveesreeannneens

2.3.2. DIGITALLY-CONTROLLED OSCILLATOR

2.3.3.  DIGITAL PULSE-WIDTH MODULATOR ....vvvvvveeeiriinnnnee,

2.3.4.  GATED OSCILLATOR ...oeivieeitieeiieeesieeesieessiveesseeennneens

2.3.5. DIGITALLY-CONTROLLED DELAY CELL

2.3.6.  PHASE INTERPOLATOR ......oovectvtiiiiee e e e et e e e

Vi

Xl



CONTENTS v

2.3.7.  MULTIPHASE DCO ..ottt 39
2.3.8.  NON-OVERLAPPING PULSE GENERATOR......ceovireireeerereneneneneaenenes 41
24 TCAB ARRAY WITH PROGRAMMABLE INTERCONNECTS ...cocvevvirrrereennnn. 43
2.4.1.  TCAB ARRAY COMPOSITION.....cccciiriiriiiieiniiniisesie s 43
2.4.2.  PROGRAMMABLE INTERCONNECTS ...cvviviririreenseesessesesssesnsssesesesens 44

CHAPTER 3 PROPOSED ARCHITECTURE FOR FIELD-

PROGRAMMABLE MIXED-SIGNAL IC 49
CHAPTER 4 CIRCUIT IMPLEMENTATION 54
4.1 CONFIGURABLE LOGIC BLOCK ARRAY .....cocuiiriiririeninieinsissesssesnssssesesssens 55
4.1.1. CONFIGURABLE LOGIC BLOCK .....cccciiiiiiiiiiiiiiisiicsie e 55

4.1.2. CLB ARRAY ..ottt ettt 56

4.2 ARITHMETIC LOGIC UNIT ARRAY ....cooviririirieiniriesessiesesssssesesesessssssssesesens 58
4.2.1.  ARITHMETIC LOGIC UNIT ..oooiiiiiiiiiiiiiieieieesese e 58

4.2.2. ALU ARRAY ..ottt ettt et 61

4.3 INTERFACING BLOCKS ...ooviveiiiiiieieieisiissseieie sttt 63
4.3.1.  VOLTAGE-TO-TIME CONVERTER ....cccerviiiiiiiniiniinie s 64

4.3.2.  PHASE-FREQUENCY DETECTOR ...cvevviirirereieieisiisseseessstsssssssesesesnsnns 65

4.3.3.  COUNTER BLOCK ...oovviiiieiriiisiieieieisisessesesess st ssssssssssesssesnsnnns 66

4.3.4. TIME-TO-VOLTAGE CONVERTER ....ccceruiieiiriiniiniinie e 68

4.4 PROGRAM METHOD .....ccuiuiieiriirireistetssssssesesessssssesesssessssssssssesesessssssssesesnns 70

CHAPTER 5 MIXED-SIGNAL EXAMPLES AND EXPERIMENTAL
RESULTS 73



CONTENTS

5.1 MEASUREMENT RESULTSOF TCAB ......cccvvviireveesee e,

5.1.1. DIGITAL PULSE-WIDTH MODULATOR .......cceevvveennnen.

5.1.2. DIGITALLY-CONTROLLED OSCILLATOR

5.1.3.  GATED OSCILLATOR ..vvvvtieeiiiiciieiiiieeessesiiieeeeeeeesssnanns
5.2 DIGITAL PHASE-LOCKED LOOP......oeviieeoeeeeeeeeeeeeeeeeeeeeeeenn
5.3 ANALOG-TO-DIGITAL CONVERTER ......coueeeeeeeeeesseeeeeesreieeens

5.4 DC—DC CONVERTER ..ccttttttteeiiiiiiitriitseesssssiiereeseessssssrsssenes

CHAPTER 6 CONCLUSION

BIBLIOGRAPHY

=

=
=

101

108



LIST OF FIGURES

VI

List of Figures

FiG.

FiG.

FiG.

FiG.

FiG.

FiG.

FiG.

FIG.

FiG.

FiG.

FiG.

FiG.

FiG.

1.1 PROCEDURES OF IC PRODUCTION. ..iciiiiiittiiiiieieesiiibtiiee e e s s sebbsres s s e s s ssababasssesssssassbsnssees 2
1.2 PROCEDURES OF PROTOTYPING DIGITAL SYSTEMS WITH FPGAS. ..ooviiiieiiiceeceieee 2
2.1 TCAB THAT CAN CHANGE ITS FUNCTIONALITY VIA FIELD-PROGRAMMING. .............. 10

2.2 (A) THE UNIT ANALOG BLOCK (TUNABLE Gy CELL) AND (B) ARRAY COMPOSITION OF
THE UNIT BLOCK IN THE FIELD-PROGRAMMABLE ANALOG ARRAY [6].......ccoovvvvrrinne 11

2.3 (A) SCHEMATIC OF SIXTH BANDPASS FILTER AND (B) EXEMPLARY PLACEMENT-AND-
ROUTING OF THE FILTER ON FPAA IN [B]...veeeiiieiieieie et e 11

2.4 (A) IMPLEMENTATION OF THE PROGRAMMABLE ANALOG IN [10], (B) SCHEMATICS OF
LOGARITHMIC AMPLIFIER, (C) EXEMPLARY PLACEMENT-AND-ROUTING OF THE
AMPLIFIER ON THE PROGRAMMABLE IC IN [10]. ..covviiiiiiieniisiereee e 12

2.5 (A) UNIT BLOCK OF PROGRAMMABLE NMOSS AND (B) ITS ARRAY COMPOSITION [12].

2.6 THE COMPARISON AMONG THE SIGNAL REPRESENTATION WAY OF (A) CONVENTIONAL

ANALOG BLOCKS WITH CONTINUOUS VOLTAGE FORMS, (B) TCAB WITH MODULATED

PULSE FREQUENCY, AND (C) TCAB WITH MODULATED PULSE-WIDTH.....cccvvvrrrrerarenne 14
2.7 CIRCUIT IMPLEMENTATION OF TCAB CORE. ..icitviiiiieiiiiesiiee st e sies e saeesine s snneesine e 17
2.8 CIRCUIT IMPLEMENTATION OF THE CROSSING DETECTOR IN THE TCAB......ccccovenene 18
2.9 TIMING DIAGRAM FOR THE BASIC OPERATION OF THE TCAB. ....cov v 18

2.10 TIMING DIAGRAM FOR TCAB OPERATION WHEN THE SWITCH CONFIGURATION
(01 27 L] = 20

2.11 CIRCUIT IMPLEMENTATION OF NMOS LADDER BASED CURRENT STEERING DAC IN



LIST OF FIGURES VIl
L S 1O N = T PSPPI 21
FIG. 2.12 CIRCUIT IMPLEMENTATION OF DIGITALLY-CONTROLLED CAPACITOR INCLUDED IN
LI L= IO A = TSR 22
FI1G. 2.13 TCAB IMPLEMENTATION INCLUDING THE INPUT MULTIPLEXERS AND
CONFIGURATION BLOCKS. 1.veuvtteireeriesseteseessessesseaseessessessessessessessessesssessessessessessessessennes 23
FIG. 2.14 THE TCAB CONFIGURATION AS A FIXED-FREQUENCY RELAXATION OSCILLATOR. ..25
FIG. 2.15 TIMING DIAGRAM OF THE TCAB WHEN CONFIGURED AS A FIXED-FREQUENCY
RELAXATION OSCILLATOR. 11.vteteiutereesitestestessesseaseessessessessessessessessesssessessessessessessessennes 25
FIG. 2.16 THE TCAB CONFIGURATIONS AS DIFFERENT RELAXATION OSCILLATORS. .......c.c..... 26
FI1G. 2.17 THE TCAB CONFIGURATION AS ADCO. ...cviiiiiiiiii it 28
FIG. 2.18 TIMING DIAGRAM OF THE TCAB WHEN CONFIGURED AS ADCO.........ccovvviverenenn, 28
FIG. 2.19 THE TCAB CONFIGURATIONS AS DIFFERENT DCOS. .....coovivireieice e sie e e 30
FI1G. 2.20 THE TCAB CONFIGURATION AS ADPWM. ..ottt 32
FIG. 2.21 TIMING DIAGRAM OF THE TCAB WHEN CONFIGURED AS A DPWM...........ccovevennne 32
FIG. 2.22 THE TCAB CONFIGURATION AS A GATED OSCILLATOR. .1.vvevvereeriereesieseesressesenreeseens 34
FI1G. 2.23 TIMING DIAGRAM OF THE TCAB WHEN CONFIGURED AS A GATED-OSCILLATOR. .... 34
FIG. 2.24 THE TCAB CONFIGURATION AS A DIGITALLY-CONTROLLED DELAY CELL............... 35
FIG. 2.25 TIMING DIAGRAM OF THE TCAB WHEN CONFIGURED AS A DIGITALLY-CONTROLLED
0] = I\ o = N SRRSO 36
FIG. 2.26 THE TCAB CONFIGURATION AS A PHASE INTERPOLATOR. .....cverieieiereesreseesseasennenns 38
FIG. 2.27 TIMING DIAGRAM OF THE TCAB WHEN CONFIGURED AS A PHASE INTERPOLATOR. . 38
FIG. 2.28 THE TCABS CONFIGURATION AS A MULTIPHASE (4-PHASE) DCO......cccoceviierienee 39
FIG. 2.29 TIMING DIAGRAM FOR THE OPERATION OF THE TCABS AS A MULTIPHASE DCO..... 40
FIG. 2.30 THE TCABS CONFIGURATION AS A NON-OVERLAPPING PULSE GENERATOR. ........... 41
] O 1]



LIST OF FIGURES VI
FIG. 2.31 TIMING DIAGRAM FOR THE OPERATION OF THE TCABS AS A NON-OVERLAPPING
PULSE GENERATOR. .. .e.vttetesttatesseeseessetessessessesseasesssessessessessessessessesssessessessessessessessennes 42
FIG. 2.32 COMPOSITION OF THE TCAB ARRAY. ....ootiiiiiieiesiese et ste e et ste e 44
FIG. 2.33 IMPLEMENTATION OF THE PROGRAMMABLE INTERCONNECTS IN THE TCAB ARRAY.
.................................................................................................................................... 45
FIG. 2.34 EXAMPLE OF PROGRAMMABLE SIGNAL PATH IN THE TCAB ARRAY TO CONFIGURE A
SINGLE TCAB AS THE RELAXATION OSCILLATOR. . .vtiiuvieiiiesriesieesveesseesssessnsnssssessnes 47
FIG. 2.35 EXAMPLE OF PROGRAMMABLE SIGNAL PATH IN THE TCAB ARRAY TO CONFIGURE
TWO TCABS AS THE FOUR PHASE DCO.....ccoiiiiiiecieice e s 48
FIG. 3.1. ARCHITECTURE AND FLOORPLAN OF THE PROPOSED FIELD-PROGRAMMABLE MIXED-
] TN PR 50
FIG. 3.2 THREE TYPES OF PROGRAMMING OF THE MIXED-SIGNAL FEEDBACK SYSTEMS ON THE
PROPOSED I C. .ottt sttt st e et st e e e be e e be e e be e e tes 52
FIG. 3.3 PROGRAMMING OF THE DIGITALLY-ASSISTED ANALOG SYSTEMS ON THE PROPOSED IC.
.................................................................................................................................... 53
FIG. 4.1 CIRCUIT IMPLEMENTATION OF THE CLB.....cooiiiiiici e 55
FIG. 4.2 CLB ARRAY COMPOSITION WITH PROGRAMMABLE INTERCONNECTS......cccverviveienns 56
FIG. 4.3 EXEMPLARY VTR RESULTS OF VERILOG MODULE INCLUDING 4-BIT GRAY DECODER
(INPUT: LOW SIDE PORTS, OUTPUT: RIGHT SIDE PORTS). ...veiteiaiesieriaiesieiaresiesessessesennens 57
FIG. 4.4 CIRCUIT IMPLEMENTATION OF THE ALU. ..ooiiiiics e 59
FIG. 4.5 ALU CONFIGURATION AS AN ACCUMULATOR. ...cuververvirrertestessesseasaeseesseseessessessessessenns 60
FI1G. 4.6 ALU CONFIGURATION AS AN ARITHMETIC SHIFTER. .....vtiiivieiiiiesieesireesveesineesneesineens 60
FIG. 4.7 ALU ARRAY COMPOSITION. ....uviuieriinieiestessessesseaseeseesaessessessessesssessssssssessessessessessesenns 61
FIG. 4.8 ALU ARRAY COMPOSITION WITH PROGRAMMABLE INTERCONNECTS. ....ocvevvereerienns 62
SR
I = 1]



LIST OF FIGURES IX
FI1G. 4.9 CIRCUIT IMPLEMENTATION OF THE VTC. ooiiiiiiiiic e 64
FIG. 4.10 CIRCUIT IMPLEMENTATION OF THE PFD. ...cuviiiieie e 65
FIG. 4.11 CIRCUIT IMPLEMENTATION OF THE COUNTER BLOCK.......civitiereeeerierieniesiessessesnnanens 67
FI1G. 4.12 CIRCUIT IMPLEMENTATION OF THE TV C. ..iiiiiiiiiic st 68
FIG. 4.13 TIMING DIAGRAM OF THE TV C. ..oeiiiiiiiiisie ettt st 68
FIG. 4.14. (A) IMPLEMENTATION OF 2 PHASE LATCH INCLUDING BUFFERS AND LOGIC FOR
ENABLE OPTION AND (B) SCAN CHAIN BASED ON THE 2 PHASE LATCHES.......cccccvrvereane. 70
FIG. 4.15. (A) AN EXAMPLE SCAN CHAIN WITH TWO LATCHES AND (B) TIMING DIAGRAM FOR
ITS OPERATION. ...ttteteeseestetestestestessesseessessessessessessesseassessensessessessesseessnssessessessessessensens 71
FIG. 5.1 CHIP MICROGRAPH (ACTIVE LAYERS ONLY). .cttiuteiieieiniestestesiesieeseseeseeseesaeseesseseesnenns 74
FIG. 5.2 PLACEMENT AND ROUTING IN THE PROTOTYPE IC TO TEST A TCAB AS DPWM. ...... 76
FIG. 5.3 EXPERIMENT SETUP TO PROGRAM AND TEST THE IC. .c.vviviiviiieceeee e 77
FIG. 5.4 MEASURED WAVEFORMS WHEN THE |C OPERATES AS DPWM PRODUCING 1.6 MHz
AND 25.3 MHZ OUTPUT. ...viviitiiiecieeieee ettt s sreana e esne e snesneannanens 78
FIG. 5.5 MEASURED TRANSFER FUNCTION OF DIGITAL INPUT CODE TO DUTY CYCLE OF OUTPUT
o =SSOSR 78
FIG. 5.6 PLACEMENT AND ROUTING IN THE PROTOTYPE IC TO TESTATCAB As DCO. .......... 79
FIG. 5.7 MEASURED TRANSFER FUNCTION OF DIGITAL INPUT COD E TO FREQUENCY OF OUTPUT
o =SSOSR 80
FIG. 5.8 MEASURED PHASE NOISE OF THE PROGRAMMED DCO WHEN ITS OUTPUT FREQUENCY
IS 1,002 GHZ. ..ottt et sttt renre e eneas 80
FI1G. 5.9 PLACEMENT AND ROUTING IN THE PROTOTYPE IC TO TEST A TCAB AS GATED
(1S | 7.y o SR 81
FIG. 5.10 MEASURED WAVEFORM OF THE INPUT AND OUTPUT WHEN THE IC OPERATES AS



LIST OF FIGURES X
GATED OSCILLATOR. wvvttutttestteitesateesteeassessstesassessstsaasesastesassesstseasseesstssansesssssssnsensssnes 82
FIG. 5.11 THE CHIP CONFIGURATION AS A 1-GHZ DIGITAL PLL. ..occvevivciece e, 83
FIG. 5.12 EXEMPLARY PLACEMENT AND ROUTING OF THE DIGITAL PLL...c.coovvririir e, 84
FI1G. 5.13 THE MEASURED PHASE NOISE OF THE PROGRAMMED DIGITAL PLL.....c.ccccveviieeiininns 85
FIG. 5.14 THE MEASURED VOLTAGE WAVEFORMS DURING INITIAL LOCKING TRANSIENT OF THE
PROGRAMMED DIGITAL PLL. 11ttt et 86
FI1G. 5.15 THE MEASURED PHASE NOISE OF THE PROGRAMMED DIGITAL PLL WHEN THE
INCLUDED DCO IS PROGRAMMED TO COVER OPERATING FREQUENCY OF (A) 800 MHz
(=) I 22 €1 725U 87
FIG. 5.16 THE CHIP CONFIGURATION AS A50 MS/S ADC. ....cocoiiiiiie e 89
FIG. 5.17 EXEMPLARY PLACEMENT AND ROUTING OF THE ADC......ccoviiiiieiese e 90
FIG. 5.18 OPERATING PRINCIPLE OF THE PROGRAMMED ADC. .....cccvoiviieiece e, 91
FI1G. 5.19 MEASURED DYNAMIC PERFORMANCE OF THE PROGRAMMED ADC. ..........cccccvevininne 92
FIG. 5.20 MEASURED STATIC PERFORMANCE OF THE PROGRAMMED ADC. .......cccccvvviverenenn, 93
FIG. 5.21 THE CHIP CONFIGURATION AS A DC—DC CONVERTER. .....ceeveieieriesieseessessesenseeneens 95
FIG. 5.22 EXEMPLARY PLACEMENT AND ROUTING OF THE DC-DC CONVERTER. ........cccevuvnenn 96
FIG. 5.23 MEASURED OUTPUT VOLTAGE WAVEFORMS OF THE PROGRAMMED DC-DC
CONVERTER IN (A) REFERENCE TRACKING (600-T0-800 MV STEP TRANSITION WITH A
150 MA LOAD CURRENT) AND (B) LOAD TRANSIENT (100-T0-200 MA STEP TRANSITION
WITH A 700 MV OUTPUT VOLTAGE). «1vvevveveteiestestesseeseessessessessessesssessessessessessessessenses 97
FIG. 5.24 CONVERSION EFFICIENCIES FOR DIFFERENT LOAD CONDITIONS OF THE PROGRAMMED

DC—DC CONVERTER. .1tttiiiiiiiiiittiti e e e s ittt e e s e s s st bbbt e e s e st sabb b e b e e e s e s s sasbb b b e e e e e s s s s abbbaaeeaeas 98



LIST OF TABLES

Xl

List of Tables

TABLE. 5.1. CHARACTERISTIC SUMMARY OF THE PROTOTYPE IC.....cccoiviiiiiiiiiiiiiiiiee e,
TABLE. 5.2. COMPARISON OF PRIOR FIELD-PROGRAMMABLE ANALOG/MIXED- SIGNAL ICS

ARCHITECTURES ..ottt s s e
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Chapter 1

Introduction

1.1 Motivations

Today’s fast-emerging electronic device applications require a variety of new
analog/mixed-signal ICs and the ability to develop them with the least time, cost and
effort. However, in general, the whole procedure from system specification to chip-
out for application-specific ICs (ASICs) takes lengthy period of time, as shown in
Fig. 1.1. Particularly, the procedures of physical design, verification, and fabrication
are very time-consuming. The fabrication step not only takes several months but also
costs tens of thousands of dollars even if multi-project wafer (MPW) services are
available for prototyping purpose. Such design and manufacture processes become

more complicated and more expensive with modern deep sub-micron technologies.
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‘ System specification ‘
1 |
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1 |
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1 |
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] |
s o
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Fig. 1.1 Procedures of IC production.

‘ System specification ‘
1 |

‘ Architectural design ‘
1 |

‘ Functional desilgrll & logic design ‘
J L

‘ FPGA synthesis ‘
11

‘ FPGA place-and-route (P&R) ‘ =P Rapid and easy
1 processes

‘ FPGA program ‘

Fig. 1.2 Procedures of prototyping digital systems with FPGAs.

In this circumstance, field-programmable devices can help reduce the cost and
time. In case of digital systems, for instance, field-programmable gate arrays
(FPGAS) have been well developed and extensively used for those purposes, holding
large market since the first commercial FPGA of mid 1980’s [1]-[5]. As shown in
Fig. 1.2, by synthesizing and programming the designs instead of fabricating them,

the time and cost required for prototyping are significantly saved.
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On the other hand, the corresponding field-programmable devices for
analog/mixed-signal ICs are still under development [6]-[17]. Particularly, a proper
design of the configurable analog block (CAB), which is an analog-equivalent to the
configurable logic block (CLB) in FPGAS, remains unsettled.

One of the challenges in design of the CAB is to implement various
programmable analog functionality. Contrary to the FPGAs including the CLBs
whose input-to-output functionalities are reconfigurable by users via field-
programming, most previous approaches of field-programmable mixed-signal 1Cs
include fixed function blocks. For example, the works in [6], [7] provide a fixed
function block with tunable performance characteristics to program analog filters
only. Also, the field programmable I1Cs in [9], [10] contain several kinds of fixed
function blocks and passive components. Then, those ICs are programmed to
intended systems by choosing and connecting blocks among the limited blocks.
Although there have been field-programmable analog ICs including programmable
analog cells for emulation of single transistor behavior [12]-[14], they are too fine-
grained to program today’s complicated mixed-signal systems consisting of
innumerable transistors.

In addition, it is common for the previously reported ICs [6]-[17] to process and
propagate analog information with voltage or current amplitude, which limits degree
of freedom for interconnection between blocks. Such signal processing with voltage
or current form not only faces difficulties in analog circuit design coming along with
technology scaling but also has fundamental weak-point in terms of programmable
connection between blocks in the field-programmable devices. It is not easy to

propagate analog signals through arbitrary direction or arbitrary long path which is
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reconfigured each time by users’ programming. Therefore, it is required to insert
power-hungry analog buffers on the signal path. However, the noise/distortion-
sensitive and band-limited nature of the analog buffers eventually limit

programmability of signal path and even overall performance.
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1.2 Thesis Contribution and Organization

As described in Chapter 1.1, a proper design of the configurable analog block
(CAB) both realizing various analog functions and enabling versatile
interconnection remains unsettled. This thesis presents a field-programmable mixed-
signal IC for the rapid and low-cost prototyping, which solves those challenges with
the previous works by performing analog functions in time domain. As an approach
to implement the CAB with the various programmable analog functions and ability
of versatile interconnection, the time-domain CAB (TCAB) is proposed. It is
demonstrated that the proposed TCAB can emulate the functionalities of various
mixed-signal circuits used in timing generation, data conversion, and power
management ICs. Moreover, since the input and output signals of the proposed
TCABs are digital pulses with modulated pulse-width, delay, or frequency, the
signals can be easily routed to other TCABs or other part of the IC via digital
programmable interconnects. Additionally, this thesis also introduces field-

programmable IC architecture to emulate various mixed-signal feedback systems.

This thesis is organized as follows. In Chapter 2, a design of time-domain
configurable analog block (TCAB) for the programmable analog functionality is
presented. The basic concept and strategy of implementing the TCAB are described.
Then, its circuit implementation is presented. In order to show how the input-to-
output function of the TCAB can change, diverse examples of the TCABs being

programmed to different time-domain analog circuits are presented. An array
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composition of multiple TCABs is also described.

In Chapter 3, an IC architecture for the field-programmable mixed-signal IC is
introduced. It is explained that how the mixed-signal feedback systems or digitally
assisted analog systems can be programmed on the proposed IC.

In Chapter 4, building blocks to implement the proposed field-programmable IC
are introduced. In addition to the array of the TCABs for programmable analog
functionality, the IC also includes the other two arrays of configurable logic blocks
(CLBs) and arithmetic logic units (ALUSs) for programmable digital function and
interfacing blocks at the boundary of each array of the programmable blocks. Their
role and circuit implementation are presented. A method to program the whole chip
based on scan chain is also briefly described.

In Chapter 5, measurement results with a prototype IC fabricated in a 65-nm LP
CMOS technology are provided. The programmability of the TCAB is first
demonstrated by configuring the IC as a digital pulse-width modulator, digitally-
controlled oscillator, and gated oscillator and measuring their characteristics. Then,
the versatile programmability of the IC is demonstrated by configuring the IC as
three representative mixed-signal systems, a PLL, ADC, and DC-to-DC converter,
and measuring their characteristics.

Lastly, in Chapter 6, the proposed work is summarized with conclusion.
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Chapter 2

Time-Domain Configurable Analog

Block

When implementing today’s mixed-signal systems including timing generation
ICs, data converters, and power management ICs, diverse analog blocks such as a
time-to-digital converter (TDC), digitally-controlled oscillator (DCO), digitally-
controlled delay cell, digital pulse-width modulator (DPWM), and phase interpolator
are required. In common, the listed analog blocks are basically time-domain analog
circuits. That is, inputs or outputs of the blocks are binary digital pulses of which
time-domain quantity such as pulse-width, frequency, delay or phase encodes analog
information. Based on this observation, the key unit block, time-domain analog
block (TCAB) that can change its input-to-output functionality to that of the time-
domain analog blocks composing the mixed-signal feedback systems like digital
PLL, ADC, or DC-DC converter is proposed [18].

That is, as an analogous to the configurable logic blocks (CLBs) used in digital
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FPGAs, this work presents the field-programmable analog block of which input-to-
output function can be changed via programming. It is contrast to the prior works on
field-programmable analog arrays (FPAAS) where the unit blocks have fixed input-
to-output functions and only the interconnect blocks among them are programmable.
For example, the work in [6] uses an array of transconductance (Gm) cells of which
only the parametric characteristics such as gain and bandwidth are programmable.
Also, the field programmable ICs in [9], [10] contain more diverse active circuits
(e.g., OTAs, current mirrors, and Gilbert multiplier) and passive components, but
each block has fixed and unchangeable functionality.

Further, most previously reported ICs [6]-[17] suffer from the loss in signal
quality while the signals propagate through the programmable interconnects in
voltage or current forms. For instance, the analog voltages propagating via long
interconnects and switches are susceptible to attenuation due to the resistance and
capacitance of the circuit networks. Also, their signal-to-noise ratio (SNR) can be
easily degraded due to noise and interference coupled to the network. Whereas
inserting analog buffers (e.g., unity-gain amplifiers) can mitigate these issues to
some degrees, analog buffers are typically power-hungry.

In order to achieve both programmable input-to-output functionality of unit
analog blocks and solves the scalability of programmable interconnects among them,
this work establishes a strategy of conveying and processing analog information in
time domain. For instance, the proposed TCABs can be programmed to various
time-domain analog circuits including TDC, DCO, DPWM, digitally-controlled
delay cell, or phase interpolator. The TCABs receive and produce analog

information in the form of digital pulses of which frequency, delay, phase or pulse-
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width changes with the signal to be conveyed. Hence, the analog information
expressed in digital pulses can reliably propagate through more scalable digital
programmable interconnects (e.g., with tri-state buffers and digital buffers) with less
susceptibility to attenuation and noise.

The rest of this chapter is organized as follows. The detailed description on
features of the TCAB is presented in comparison with the prior works. Then,
following subchapters cover the circuit implementation of the TCABSs, and explain
how their input-to-output functions can be changed via field-programming by listing
configuration examples. Lastly, the TCAB array composition including the

implementation of programmable interconnects is also described.

2.1 Overview of the TCAB

2.1.1. Reconfigurable functionality

One of the most noteworthy difference of this work compared to the previously-
reported works is that programmable analog function is achieved solely by the
TCAB. As illustrated in Fig. 2.1, a single TCAB can be programmed to time-domain
analog blocks such as DCO, DPWM, gated oscillator, digitally-controlled delay cell
or phase interpolator. It is in contrast to the works in [6], [7], [9], [10] that include
limited kinds of analog blocks, each of which input-to-output function is fixed and
unchangeable. When programming intended mixed-signal systems on those ICs, the

only thing allowed to users is to choose the connections among the limitedly
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Gated
Oscillator :>J-I.I-|_

Digitally
Controlled :> I | I I
Oscillator
TCAB | %,
Wﬁ? Digital
”o® 7'b0000001 | Pulse-Width | = || || ||
% Modulator
&3

4

| Digitally
:> Controlled :> |

7'b0000001 Delay Cell

Fig. 2.1 TCAB that can change its functionality via field-programming.

included blocks. Therefore, the availability of the ICs is eventually limited by how
many kinds of analog blocks are included in the IC.

For example, Fig. 2.2 shows the field-programmable analog array (FPAA) in [6]
which includes 55 tunable Gy, cells. As a unit block, the tunable G, cell includes six
OTAs whose on/off is just controlled by digital program code in order to adjust the
overall G, as shown in Fig. 2.2 (a). That is, the functionality of the unit block is
fixed and only the parametric characteristics (i.e., Gm) are programmable. Therefore,
when this FPAA is programmed to different analog systems, the things allowed to
users are to decide whether to turn on or off each cell and Gn. Fig. 2.3 (a) shows an
example analog system of sixth order bandpass filter and its placement-and-routing

on the FPAA.
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(@) (b)
Fig. 2.2 (a) The unit analog block (tunable Gy, cell) and (b) array composition of the unit

block in the field-programmable analog array [6].
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Fig. 2.3 (a) Schematic of sixth bandpass filter and (b) exemplary placement-and-routing of

the filter on FPAA in [6].
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Fig. 2.4 (a) shows how the field programmable IC in [10] provides the
programmable analog. That is, it contains more diverse analog blocks like OTAs,
floating gates to construct trans-linear circuits, a voltage buffer, capacitors, a
transmission gate to configure switched-capacitor, NMOSs and pMOSs with two
common terminals for easily constructing source-follower or current-mirror, and
Gilbert multipliers. Each block still has fixed input-to-output functionality. Then,
users choose the connection among the included diverse analog blocks by
reconfiguring the programmable interconnects. For example, a logarithmic amplifier
in Fig. 2.4 (b) can be programmed as shown in Fig. 2.4 (c) by programing the
interconnects to connect the required blocks (i.e. an OTA and an nMQS).

Similarly, [9] contains OTAs, capacitors, switched capacitor, pMOSs or nMOSs,

floating gate pMOSs with multiple control gates.

> >
T R M >
- -
i -
)| IIII_d 1
11110 <G
1ol als
)00 : e i
o : Programmable interconnect !
(@) (b) (©

Fig. 2.4 (a) Implementation of the programmable analog in [10], (b) schematics of
logarithmic amplifier, (c) exemplary placement-and-routing of the amplifier on the

programmable IC in [10].
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The way of programmable analog in this thesis (i.e., each TCAB maps the
functionality of the analog circuits rather than their detailed structural topologies.) is
also distinguished from the works in [12]-[14] that provide transistor level
programmability to emulate behavior and critical analog properties (e.g., l4, gm, and
rout) OF each transistor in an intended system. Fig. 2.5 shows a unit block to emulate
single transistor (nMOS case) and its array composition. Every single transistor in a
target system are mapped to a unit cell in the array and the digital control code
words (bo, b1, b2) in MOSs of the unit cells are programmed in order to match lq, gm,
and rou to those of corresponding transistor in the system. However, due to the too
fine-grained implementation, its availability is limited only to small-scale analog
circuits (e.g., OTAs or analog filters) and difficult to be extended to today’s mixed-

signal systems consisting of innumerable transistor.

(a) (b)
Fig. 2.5 (a) Unit block of programmable nMOSs and (b) its array composition [12].
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2.1.2. Time-Domain Signal Processing

Another important point is that the TCAB processes signals in time domain,
receiving and producing digital pulses of which frequency, delay, phase or pulse-
width presents the analog information. The time-domain signal processing way of

the TCAB is illustrated in Fig. 2.6 with the comparison to the voltage-domain signal

Analog >
Block | /\

Input/Output: Analog voltage

1/frequency

[
g

Time-Domain >
Configurable
Analog Block

(TCAB)

time

>
Input/Output: Digital pulse §
with modulated frequency =1 I I I
[
I T e
time
(b)

Ton

Time-Domain
Configurable

g’
Analog Block — “ ” |_| |_||_|—||_| |
(TCAB)

time

SaniiE

time

\

Input/Output: Digital pulse
with modulated pulse-width

On-Time

©
Fig. 2.6 The comparison among the signal representation way of (a) conventional
analog blocks with continuous voltage forms, (b) TCAB with modulated pulse

frequency, and (c) TCAB with modulated pulse-width.
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processing way of the conventional analog blocks. Instead of processing analog
information and exposing it with magnitude of voltage or current, the TCAB
encodes the information to frequency, pulse-width, delay, or phase of digital pulses
and the pulse sequences. Interestingly, this time-domain signal processing is a
similar technique which time-based ADCs have adopted in order to overcome the
various challenges in design of ADC (e.g., low supply voltage) as technology scales
[19]-[22].

Since the inputs and outputs of the TCABs are digital pulses which are less
susceptible to noise or distortion than signals in voltage or current forms, this work
can achieve high programmability on signal propagation path. Actually, it is another
major challenge to provide programmable connectivity for propagation of signals in
field-programmable analog/mixed-signal 1C because it is difficult to propagate
analog signals over arbitrary path or long distance. Due to such difficulties, the work
in [6] provides permanent connection between adjacent blocks and effectively
disconnects them by programming the gain of the adjacent blocks to zero. Another
implementation in [11] employs programmable switches which are placed only
between the two adjacent blocks and lets users decide only whether to connect them.
The work in [10] limitedly inserts analog buffers (e.g., OTA based unity-gain
buffers) to convey analog signals farther, whereas most other interconnects are
floating gate based switches that have limited availability due to their finite parasitic
capacitance and resistance.

On the other hand, this work facilitates programmable connectivity comparable
to that of digital FPGASs since both input and output of the TCAB are digital binary

pulses. As can be seen in Chapter 2.4, the switch/connection blocks connecting
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among the TCABs are simply implemented with digital tri-state inverters and digital
buffers in a similar way of digital FPGAs. As a result, the time-domain
representation of analog information makes it easy to implement large-size of TCAB
array, propagating signals to everywhere in the array.

The following subchapters present circuit implementation of the TCAB and how
the TCAB can change its input-to-output functions in time-domain. Also, the TCAB
array composition is described with the implementation of programmable

interconnects included in the array in Chapter 2.4.
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2.2 Circuit Implementation of the TCAB

Fig. 2.7 shows the circuit implementation of the proposed TCAB. It consists of
four sets of switched current source whose output current level is controlled by the
preceded DAC, two digitally-controlled capacitors with reset switches, crossing
detectors and an SR-latch.

The current sources, l1a/lis and 124/128, selectively charge the digitally-controlled
capacitors, Ci and C,, depending on how the switches under each current source are
configured by the 8 input signals, IN[7:0]. Once non-zero current flows to capacitor
C: and the voltage across C; exceeds a certain threshold voltage, the following
crossing detector makes falling transition at its output (XDa). For this operation, the
crossing detector is implemented as shown in Fig. 2.8. The SR-latch then makes the

two output pulses, OUT and OUTB, logic 1 and logic 0, respectively. Simultaneously,

DACs Current sources and switches
( A \ Digitally controlled capacitors and reset switches

. l1a (_)ﬁ Crossing detectors and SR latch
Wl::::.. ) I.lf( {}) Iz ; e ( A \

Nyl s e
o rdE! | o The

IN[7] ey

Csw1[6:0] =—p
sw2[6:

Fig. 2.7 Circuit implementation of TCAB core.
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Vout

Fig. 2.8 Circuit implementation of the crossing detector in the TCAB.

C. is discharged and the voltage across Cs is reset to zero by the reset switch. Then,
the other capacitor C; takes turn being charged, whereas C; is maintained not to be
charged. In this time, if the voltage across C, exceeds the threshold, the output
pulses, OUT and OUTB, are toggled to logic 0 and logic 1, respectively. That is,
only one of the two capacitors gets charged at a time in an alternating fashion, while
generating output pulses. This basic operation is illustrated in Fig. 2.9 with timing
diagram.

The time-domain quantity of the TCAB output pulse that represents analog

information is decided by how each capacitor is charged. The voltage across each

V(Cy)

Reset

V(Cy)

Charging g
/

Rising | /

out transition

OUTB //Rising
transition

\/

Fig. 2.9 Timing diagram for the basic operation of the TCAB.
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capacitor after time t since time 0 when the corresponding capacitor starts being
charged is given by

V() = j;'%—(f)dr, V,(t) = ngcé—(r)dr, (22.1)
1 2

where Ici(7) or Ic2(7) denotes net current flowing to Cq or C; at time 7. By adjusting
the current, Ic1(7) or Ic2(7), or the capacitance of Cy or C,, the time required for each
capacitor to reach the threshold voltage changes and the time when output pulse is
asserted changes.

There are three ways to control the charging behavior, and therefore, the pulse
modulation of the TCAB output, which carries analog information. Those are to
adjust IN[7:0] for the switch configuration, W1[6:0] and W-[6:0] for the DACs, and
Csw1[6:0] and Csw[6:0] for the digitally-controlled capacitors.

First, the charging behavior can change depending on the configuration of the 8
switches which are turned on/off by input pulses, IN[7:0]. When the switches are
configured so that constant currents, Ic: and Icy, always flow to C; and C,, the time
which it takes for each output pulse to be asserted since the corresponding capacitor

starts being charged is given by

V.C

_ 'th™1 —
tOUT - +txing +tlogic’ tOUTB - |
C1 C2

VthCZ

+1,., +t

logic ? (2.2.2)

Xing

where Vi is the threshold voltage of crossing detector, tying denotes delay of crossing
detector, and tigic IS logic gates delay from the SR-latch inputs to OUT/OUTB. In

this case, output pulses oscillate and the oscillation period of the TCAB is given by
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IN[1:2][4:7]
IN[O][3] |
V(Cy) /‘ /‘ / ‘ /‘ /‘
o AN M —
o UUL_ UL

e [ UUL_

Fig. 2.10 Timing diagram for TCAB operation when the switch configuration changes.

[

+2 (txing + tIogic + treset ) ! (2-2-3)

where treset denotes the time that it takes for one of capacitor reset switches to be
released since the other reaches the threshold voltage of the crossing detector.

If the switch configuration changes in the middle of charging and no current flows
to C: or C; for a second, the voltage across each capacitor remains fixed during that
time. Then, the switch configuration changes again and Ic: and Ic, flow to C; and C,,
respectively, the output pulse is eventually asserted. When all the switches are open
so that both Ic1 and I, are always zero, then output pulses are not asserted at all. The
described behaviors are illustrated in Fig. 2.10 with timing diagram when two
switches are controlled by external signals and the others are maintained off.

Another way to control the charging behavior of the two capacitors is to change

the current levels through the DACs. Each pair of current sources in the TCAB,
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W[6:0] |> WBI[6:0]

Fig. 2.11 Circuit implementation of nMOS ladder based current steering DAC in the

TCAB.

l1a/l18 OF I24/l28, is adjusted by the preceded DAC so that their output currents in a
pair are biased to be complementary each other. That is, l1a+lig (Or loa+128) remains
constant regardless of Wi (or W.), while l1a (or lza) increases and lig (or I2g)
decreases if W1 (or W,) increases and vice versa. To bias the paired current sources
in this way, the preceded nMOS ladder based current steering DAC generates two
voltages, Va and Vs, as in Fig. 2.11. The ladder has similar architecture of R-2R

ladder, therefore, the current through each pMOS is given by Eq. (2.2.4).

I, =1, +2'W[0]x I, +22W[Lx I, +---+2"W[6]x I,

) ) ) (2.2.4)
I, =1, +2'WB[0]x I, + 2°WB[L]x I, + -+ 2"WB[6] x I,

where lg is unit current step. Since WB[6:0] is inverse of W[6:0], the sum of 1, and Is
maintains same. Owing to its low-power consumption and compact size [23], the
adopted DAC is suitable to compose the TCAB, considering that multiple TCABs

are included in the proposed IC.
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Lastly, it is also possible to adjust the charging rate by changing capacitances of
C: and C,. Each of C; and C; is basically an array of binary weighted capacitors with
switches which are turned on/off by input digital codes Csw1[6:0] and Csw2[6:0], as

shown in Fig. 2.12. Its equivalent output capacitance is given by

Cl = CO + 20 Cswl[o] X Cstep
C,=C,+2°C,,,[0]xC

+2'C,[xC,, +---+2°C_,[6]xC

step
+2'C,[1]xC,, +---+2°C

step !

2.25
[6]xC (229

sw2 step sw2 step sw2 step ?

where Cqep IS the unit capacitance and Co includes all the parasitic capacitance on
that node and input capacitance of the following crossing detector. By changing the
input digital codes Cswi[6:0] and Csw2[6:0], the capacitances of C; and C, are
adjusted.

In addition to the described TCAB core in Fig. 2.7, the overall TCAB implement
includes multiplexers for input signals (W1[6:0], W[6:0], IN[7:0], Csw1[6:0], and
Csw2[6:0]) and configuration blocks for selection signals of the multiplexers and
storing of constants, as illustrated in Fig. 2.13. That is, instead of connecting input
signals directly to the received signals, it is implemented for the signals to select
among the received ones or programmed constants. For example, W.[6:0] ,W>[6:0],

Cswi1[6:0], and Csw2[6:0] of the core can be connected to one of the signals among

Zecslep chlep Cstep
o T
CSW[G] e CSW[]‘] CSW[O]
Fig. 2.12 Circuit implementation of digitally-controlled capacitor included in the

TCAB.



Chapter 2. Time-Domain Configurable Analog Block 23

received digital codes, their inverted codes, or programmed constants. Also, IN[7:0]
can be connected to one of the signals among received digital pulse or zero. If they
connected to zero, the corresponding switches after inverters are turned off.
Configuration storages in Fig. 2.13 is where binary program codes are stored, which
will be described in Chapter 4.4, Program Method. For the sake of simplicity, the
rest figures to illustrate TCAB in this thesis can be presented, excluding the

TCAB_CONFIG part in Fig. 2.13.

TCABTCONFIG TCABA_CORE

%15'_ . OouTB
¢ Crossing femp—g- OUTB
3

detectors

& ouT
SR latch [=——p—s—p OUT

o - Configuration storages

Fig. 2.13 TCAB implementation including the input multiplexers and configuration

blocks.
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2.3 Versatile Programmability of TCAB

In order to explain how the input-to-output function of the TCAB changes, this
subchapter presents configuration examples of the TCAB when it operates as Six
different time-domain analog blocks which are required when composing timing
generation (e.g., PLLs), data conversion (e.g., ADCs), or power management ICs
(e.g, DC-DC converters). Note that its input-to-output function totally changes
depending on how the three kinds of inputs (i.e., IN[7:0] for the switch configuration,
W1[6:0] and W,[6:0] for DACs, and , Csw1[6:0] and Csw2[6:0] for digitally-controlled
capacitors) are controlled.

Further, additional two examples, multiphase DCO and non-overlapping pulse
generator, are also presented to show that multiple TCABs are combined together

and operate as a time-domain analog block.

2.3.1. Relaxation Oscillator

First, a TCAB can operate as a relaxation oscillator [24] with a fixed frequency as
shown in Fig. 2.14. The TCAB is configured so that the two output pulses, OUT and
OUTB, are connected back to two inputs, IN[1] and IN[0], respectively. Due to the
complementarity of the output pulses which consequently turn on/off the two
switches below a current source, the output current 114 is always fully steered to one
of the two capacitors. Then, C: and C; are charged alternately and output pulses are

toggled. The timing diagram of this operation is presented in Fig. 2.15. If Csw1[6:0]
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Fig. 2.14 The TCAB configuration as a fixed-frequency relaxation oscillator.
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Fig. 2.15 Timing diagram of the TCAB when configured as a fixed-frequency

relaxation oscillator.

and Csw2[6:0] are programmed same so that C; and C, have same capacitances, the
configured TCAB operates as relaxation oscillator of which output pulse period,

Tperiod, fO||0WS (231)
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period

T +2t.  +2t

xing logic

+2t

| | reset
1A 1A

V,C
= 2(% +txing +t|ogic + treset j

1A

(2.3.1)

By changing the current level of 1:a via W1[6:0] or two capacitances via Csw1[6:0]
and Csw2[6:0] via programming, the TCAB is reconfigured to different relaxation
oscillator with different period.

Fig. 2.16 also shows other four ways to configure relaxation oscillator with the
TCAB. The relaxation oscillators in Fig. 2.16 (a)-(d) have the same behavior of that
in Fig. 2.14, but with different expressions for Tperiod. Assuming C; and C; have same
capacitances for Fig. 2.16 (a)-(d) and W1[6:0] and W>[6:0] are same so that 1:a and

I, have same output currents for Fig. 2.16 (c)-(d), Tperiod fOr each is given by Eqg.

Iy

[IF
i %C]E"_ Crossing jea®
é l d detectors
. et o

(@) (b)

Iy, v
qu 2

TQE"_ ouTB . . [ H ouTB
Crossing - [ Crossing lre—s

detectors detectors
& OouT & OuUT

< SR latch SR latch

ol ﬁ T

() (d)

Crossing
detectors

& ouT
SR latch

Fig. 2.16 The TCAB configurations as different relaxation oscillators.
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(2.3.2) - Eq. (2.3.5), respectively.

T — Vthcl + Vthcz +2t

period
|1A+ IlB |1A+ IlB

Vv, C
=2 L—i_txing +t|ogic +treset .
IlA + IlB

+2t . +2t

xing logic reset

(2.3.2)

period

+2t. +2t . +2t

Xing logic

T

I reset
2A 2A

V,C
= 2(M_'_txing +t|ogic +treset j

2A

(2.3.3)

— Vthcl + VthCZ

period

+2t. +2t . +2t

xing logic

T

I reset
1A 2A

V,C
= 2( tlh : +txing +t|ogic +treset)'

1A

(2.3.4)

period

+2t. +2t . +2t

Xing logic

T

reset
I 2A IlA

V,C
= 2(%+txing +t|ogic +treset j

1A

(2.3.5)

In addition to relaxation oscillators in Fig. 2.14 and Fig. 2.16, there are 64 different

ways to configure oscillators with the TCAB.
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2.3.2. Digitally-Controlled Oscillator

Second, a TCAB can operate as a DCO when it is configured as shown in Fig.

2.17. The TCAB is configured so that the one of two output pulses, OUT, is fed to

two inputs, IN[1] and IN[5], and the other, OUTB, is connected to other two inputs

W4[6:0] Ii s ‘ i
—pacde AN our: [ LI
OUTB:
. . i E
d d TQ H ) OUTB

Crossing
IJ‘ d detectors T
Zg I'q Ci E|_ SR i\tch o
T

Fig. 2.17 The TCAB configuration as a DCO.
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ouTB
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Fig. 2.18 Timing diagram of the TCAB when configured as a DCO.
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IN[O] and IN[4], in order to conduct both ;4 and I2a. Similar to the configuration of
the TCAB as a relaxation oscillator, the current 114 and 24 are always fully steered to
one of the two capacitors and alternately charge C; and C,. The timing diagram of
this operation is presented in Fig. 2.18, where the relative magnitude of current and
oscillation frequency difference are shown. When W,[6:0] increases, l1a increases
via the DACL. Then, each capacitor gets charged faster, increasing output pulse
frequency. Assuming txing, tiogic, aNd treser are relatively small amount compared with
charging time of the capacitors and the capacitances of C; and C, have same value,
then output frequency of the TCAB, fu, is given by Eq. (2.3.6), as a linear function
of input digital code W1[6:0].

fOSC =
Vol , G, | 2(tng *+togo * trot)
Y PYNRN PN P (2.36)
5 |1A+ |2A _ kXW1+ |2A
2V’[hC1 2VthCl

where k is gain from DAC input to l1a (i.e., current change per unit change in the
input code, Alia/AW1). The minimum frequency of this DCO is mainly determined
as 1a/2VinCy and its gain (i.e., frequency change per unit change in the input code,
Afosc/ AW:) is k/2VinCr.

It is also possible to program different DCOs with different configurations of the
TCAB. Fig. 2.19 shows additional six examples that the TCAB operates as DCO.
The described basic operation is maintained same, the only difference is the
equations that present fosc. For example, the configured DCO in Fig. 2.19 (a) has the

same connection when output pulses are fed back to switch control signals. However,
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Fig. 2.19 The TCAB configurations as different DCOs.

its frequency is controlled via W-[6:0], not W1[6:0]. Therefore, fosc of the DCO in Fig.
2.19 (a) is determined as Eq. (2.3.7), a function of W;[6:0].

> V,C 2V, C,

~I1A+I2A:ka2+I1A. 237)

In Fig. 2.19 (b), OUT and OUTB are connected back to IN[3],[5] and IN[2],[4],
respectively. Then, fos is determined by Eq. (2.3.8).
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= lg + 1y, :kx(127—W1)+I2A. 238
2V, C, 2V, C,

That is, fosc increases when W1[6:0] decreases and the opposite happens when W:[6:0]
increases. The DCOs in Fig. 2.19 (c) and (d) have the very similar that of Fig. 2.17
with the only difference in the minimum frequency. fosc 0f the DCOs in Fig. 2.19 (c)
and (d) is given by Eq. (2.3.9) and Eq. (2.3.10), respectively.

§I1A+IZB:kXW1+IZB (239)
7 VG, 2,C,o "

it hat o _ KxW,+1,, + 1,5
0sc —
2V, C, 2V, C,

(2.3.10)

Also, fosc of the DCOs in Fig. 2.19 (e) and (f) is given by Eq. (2.3.11) and Eg.
(2.3.12), respectively, each as a function of W,[6:0].

g +1on _ kKxW, + 1,5
T V,C 2V, C,

1R

: (2.3.11)

Lo+ 1+, _ KXW, +1,, + 15

f
e 2V,.C, 2V,.C,

IR

(2.3.12)
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2.3.3. Digital Pulse-Width Modulator
Third, a TCAB configured similar to relaxation oscillator in Fig. 2.14 can also
operate as a DPWM [24] as shown in Fig. 2.20. The only difference is that the

Top

>

ouTB

Crossing
detectors

& ouT
SR latch |g=9—>

Fig. 2.20 The TCAB configuration as a DPWM.
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Fig. 2.21 Timing diagram of the TCAB when configured as a DPWM.
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capacitances of C; and C; are adjusted in a complementary fashion through Cswi[6:0]
and Csw[6:0] instead of adjusting charging current, respectively, maintaining the
sum of those two digital input code as 127. Then, the TCAB exhibits same behavior
as that of relaxation oscillator, as shown in timing diagram of Fig. 2.21, where the
relative capacitance and time difference are shown. Its oscillation period given by

Eqg. (2.2.3) and duty-cycle of output pulse, OUT, follows Eq. (2.3.13).

D — Ton
Tperiod
V. C
tlh 2 +txing +tlogic +tresEt
_ 1A
~V,C V,C
;h st t|h . 2(txing —I_tlogiC +treset)
1A 1A
2.3.13
Vth (CO + Cst X CSteP ) ( )
| xing + tIogic + treset
_ 1A
Vyy (2xC,y +127%Cy,))
| 2 (txing + tlogic e )
1A
N Co + Cswz x Cstep
a ZXCO +127><C5tep l

That is, its duty-cycle is adjusted as a linear function of Csw2[6:0]. If it is carefully
designed so that Co and the three kinds of delay, tying, tiogic, and treser, are relatively
small compared to 127Cse, and charging time of the capacitors, respectively, the

configured DPWM covers wide range of duty-cycle.
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2.3.4. Gated Oscillator

Fourth, the TCAB is a gated oscillator as in Fig. 2.22. In this case, an external
input is connected to the input switches so that the circuit oscillates only when the
input is high. This operation is illustrated with timing diagram in Fig. 2.23. The

number of edge transitions in the output pulses is proportional to the pulse width of

I ouT:
OUTB:

a | %cl;t'"_ ouTs

Crossing f—p

detectors
Ej - e |27
o atc

C£L ;"_

Fig. 2.22 The TCAB configuration as a gated oscillator.
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Fig. 2.23 Timing diagram of the TCAB when configured as a gated-oscillator.
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the input. Therefore, one can comprise a TDC [25], [26] with this TCAB followed
by a counter. The counter records the number of edge transitions in the output pulse
of gated oscillator, which directly relates to the on-time of the input pulse. That is,
the output of counter, which is digital in nature, provides a quantized estimate of
input pulse-width. The gated oscillator configured with the proposed TCAB can also
hold its intermediate state similar to the case of [25]. As a result, the TDC achieves

first order noise shaping.

2.3.5. Digitally-Controlled Delay Cell

Next, the TCAB can serve as a digitally-controlled delay cell as in Fig. 2.24. A
pair of complementary input signals are connected to IN[1:0] and steers the current
l1a between C; and C,. In this configuration, only C; gets charged if IN[0] is high
and the other, C,, gets charged if IN[1] is high, as shown in Fig. 2.25. Therefore, the

outputs do not oscillate but toggle only once whenever the two inputs toggle with

trlse -Pi 54-, '
1o e T
et OuUT :

OUTB:

%(':15'_ ouTB

Crossing f—»
E! detectors

& ouT
? SR latch =%
inlic T
Cswi1[6:0] =
| | | Csw2[6:0]

Fig. 2.24 The TCAB configuration as a digitally-controlled delay cell.
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Fig. 2.25 Timing diagram of the TCAB when configured as a digitally-controlled delay

cell.

rising or falling delay given by

— Vth C1

rise
|

Vth CZ

t +t +t|ogic’ tfaII = I

xing + t><ing +t
1A 1A

logic* (2-3-14)

By adjusting Cswi[6:0] and Csw[6:0], delay can be controlled linearly as a function

of the two digital input codes.
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2.3.6. Phase Interpolator

Lastly, the TCAB operates as a phase interpolator (Pl) when two pairs of
complementary input signals steer the current l14 and l1s, respectively, as shown in
Fig. 2.26.

Its operating timing diagram is given in Fig. 2.27. If the rising edge of CLK1
arrives earlier than that of CLK2, the capacitor C; is charged by the current source
l1a for the time period when only CLK1 is high. Then, voltage across C; at t, when
the rising edge of CLK2 arrives is given by

| I 1
Valty) = %(tz -t)= #(¢CLK2 ~feikr) X272'—f, (2.3.15)
1 1

where ¢@ciki and @eike denotes phase of CLK1 and CLK2, respectively, and f is
frequency of CLK1 and CLK2. Once CLK2 rises, Ci is charged with the current
amount of l1at+l1g. Then, the time it takes for C; to reach the threshold voltage of the

ensuing crossing detector, Vi, since t; is given by

| 1 C
t -t =|V, —2& — X X L 2.3.16
out 2 [ th Cl (¢CLK2 ¢CLK1) 27Z'f j IlA N IlB ( )

That is, if the phase of CLKL1 is earlier than that of CLK2 so that ¢cik1 is smaller than

dcike, the output phase, ¢our, is given by

Gour = Perkz + (o — 1) x 27 f

Ve po e
(¢CLK2 ¢CLK1) '
+1 L+ 1

g b2 (2.3.17)

1A 2B

As W,[6:0] increases, gout gets earlier since l1a increases, whereas lia+l1s maintains
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same. For the falling transition out OUT, the same behavior occurs when rising edge
of CLK1B and CLK2B arrive, charging C,. As a result, the circuit generates a delay
which is a weighted sum of the delays from the two input pairs with different arrival

time [27], [28].

Wa[6:0] | douT > 1«
: 1 |
1::: ...... iy ouT:
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o Crossing s
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? SR latch =%
L h]
cu<2-[>o— 1.

CLK2B

Fig. 2.26 The TCAB configuration as a phase interpolator.
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Fig. 2.27 Timing diagram of the TCAB when configured as a phase interpolator.
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2.3.7. Multiphase DCO

As an example to show that more than two TCABs are configured to operate as a
time-domain analog block, Fig. 2.28 presents an example that the two TCABs are
combined together in order to operate as a four phase DCO whose four output pulses
have 90 degree space. OUT and OUTB of TCAB1 are connected to IN[1][5] and
IN[O][4] of TCAB2, respectively. Likewise, OUT and OUTB of TCAB2 are
connected to IN[1][5] and IN[0][4] of TCABL, respectively. Those two TCABs have
common input digital code word W[6:0]. Once C; in TCABL1 is charged and reaches
Vin of the ensuing crossing detector, OUT[2] (i.e., OUT of TCABL) is asserted and
OUT[O0] (i.e., OUTB of TCABL1) toggles to zero. Then, C, in TCAB2 takes turn
being charged and OUT[3] is asserted and OUT[1] toggles to zero. In this way, a
total of the four capacitors in the two TCABs are alternately charged in sequence of
C. in TCABL, C; in TCAB2, C; in TCABL, C; in TCAB2, C; in TCAB], ..., and

then 4 output pulses are generated. This sequence is illustrated with timing diagram

W4[6:0] TCAB2
| r A N\
H
E! d E! Te Crossing -—4% rdl %C]E}_ c . OUTI[3]
detectors rossin

& detectors

il Ci;}_ SR lateh »-—-[>o—<1|:! rq[! ] s QT
T L @ %;}—

4 oUT[0]
k ~ J OUT[2]

TCAB1

Fig. 2.28 The TCABs configuration as a multiphase (4-phase) DCO.
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Fig. 2.29 Timing diagram for the operation of the TCABs as a multiphase DCO.

in Fig. 2.29.

Its oscillating frequency can be controlled by adjusting charging current l14 both
in TCAB1 and TCAB2 via W,[6:0]. That is, if capacitors in the two TCABs are
programmed to have equal capacitances and both I, are configured to flow same
amount of current, its oscillating frequency fos is given by
1 :I1A+I2A_kal+I2A

f .= ~ |
+4 (txing + tIogic + treset ) 4Vth Cl 4Vth Cl (2'3'18)

0sc 4Vth Cl

|1A+ I2A
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In general, 2N phase DCO can be programmed by configuring N TCABs in a similar
way of Fig. 2.28

2.3.8. Non-overlapping Pulse Generator

Another example in Fig. 2.30 shows that the two TCABSs are combined together in
order to generate non-overlapping pulses. Each TCAB receives the common pulse
input and operates as a digitally-controlled delay cell described earlier in Fig. 2.24.
In this time, Csw1[6:0] and Csw2[6:0] of each TCAB are programmed with constants
so that Cswi1[6:0] of TCABL is larger than that of TCAB2 and Csw2[6:0] of TCAB2 is

T o
¢ Crossing
detectors
INB {>o—q & ouT1
. SR latch =%

C, El_
Cowi[6:0] —>— -
Csw2[6:0] N

—DO—CI %101?-"_ | outzs s
¢ Crossing fp—s
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4[>o—q & OUT2
. SR latch =%

C,
E i
Cswi[6:0] —>— <
Csw2[6:0]

Fig. 2.30 The TCABs configuration as a non-overlapping pulse generator.
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Fig. 2.31 Timing diagram for the operation of the TCABs as a non-overlapping pulse

generator.

smaller than that of TCAB2. Then, OUT2 is always asserted earlier than OUT1 and
OUT1B is always asserted earlier than OUT1B as shown in timing diagram (Fig.

2.31). Their timing difference is expressed as:

Vth Cl,l _ VthCZ,l

1:risel—riseZ = tfaIIZ—faIIl = |

(2.3.19)

1A IlA

As a result, among the four output signals, OUT1 and OUT2B become the final

output pulses that have no time period of being turned on simultaneously.
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2.4 TCAB Array

with Programmable Interconnects

This subchapter describes how multiple TCABs are assembled in an array
together with programmable interconnects. The implementation of the
programmable interconnects (i.e., connection block and switch block) in the array is

also presented.

2.4.1. TCAB Array Composition

The TCAB array composition follows a traditional 2-D island-style FPGA
architecture which is commonly adopted among commercial FPGAs [42], as
illustrated in Fig. 2.32. The TCABsS are regularly placed on 2-D grid and each TCAB
is surrounded by wire tracks and programmable interconnect blocks of switch blocks
(SB) and connection blocks (CB). The directional 4 wires are placed in both
horizontal and vertical way around each TCAB. Input and output signals of each
TCAB are connected the surrounding wire tracks via connection blocks. The
adjacent wire tracks are interconnected via switch blocks that are placed at the

intersection of horizontal and vertical tracks.
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Switch block (SB)
Connection block (CB)

Directional 4 wires
o |

2Xx8

11
Dedicated path for digital codes

Fig. 2.32 Composition of the TCAB array.

2.4.2. Programmable interconnects

As the TCABs receive and produce digital pulses, both switch block and
connection block in the TCAB array are simply implemented based on digital tri-
state inverters, as shown in Fig. 2.33. Therefore, highly programmable connectivity
comparable to that of digital FPGAs is achieved.

Depending on which tri-state inverters are turned on, the connection block decides
which routing wires to be connected to the input and output signals of the TCABS,
Likewise, the tri-state inverters in switch blocks decide the received signals to go
forward, left or right. The architecture of switch blocks follows that of [43] in order
to provide higher flexibility in interconnect than other architectures. This

programmable routing architecture with connection blocks and switch blocks
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Fig. 2.33 Implementation of the programmable interconnects in the TCAB array.

follows that of commercial FPGAs [42] so that the TCAB array facilitates high

programmability on signal path.

Among input and output signals of TCAB, only input pulses (i.e., IN[7:0]) and

output pulses (i.e., OUT and OUTB) are conveyed through the described

programmable interconnects. In specific, a single TCAB receives 8 input pulses

from four-sided adjacent connection blocks. Two output pulses, OUT and OUTB, of

each TCAB can be connected to its all the four adjacent connection blocks.
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The other input signals (i.e., digital codes - W[6:0], W>[6:0], Cswi1[6:0], and
Csw2[6:0]) are either programmed with fixed constants or directly connected to
output of ALU array. The former case is when the TCAB is programmed to a fixed-
frequency oscillator, fixed-frequency gated oscillator, or fixed-delay cell whose
frequency or delay does not have to change during run time. On the other hand, the
latter case is when the TCAB is programmed to a DCO, DPWM, digitally-controlled
delay cell, or phase interpolator whose output frequency, duty, delay or phase is
controlled by input digital codes in real time. In most cases of mixed-signal systems,
the input digital codes of an analog block are either results of digital filters or digital
calibrators or received ones from external via I/O. In order to receive the digital
codes, three TCABs in the lower left corner of the TCAB array have dedicated
signal path as shown earlier in Fig. 2.32. As described in Chapter 3, the digital code
words are from the adjacent array of arithmetic logic units (ALUS).

To illustrate how the signals are propagated via the programmable interconnects
within the TCAB array, Fig. 2.34 (b) shows a single TCAB and its adjacent
connection box are utilized to configure the relaxation oscillator in Fig. 2.34 (a).
First, OUT and OUTB of the TCAB are connected to the right connection box. Then,
IN[2] and IN[3] can be connected to OUTB and OUT, respectively, via the right
connection box. The other input pulse signals IN[1:0], [7:4], and W4[6:0] are not
connected to any connection box, being tied to ground by the multiplexers (not
shown in the figure, refer Fig. 2.13). Likewise, W>[6:0], Csw1[6:0], and Csw2[6:0] are
connected to the proper constants, which is programmed by users, for the intended

operating frequency.
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Fig. 2.34 Example of programmable signal path in the TCAB array to configure a single

TCAB as the relaxation oscillator.

Fig. 2.35 also illustrates the case when two TCABs and their adjacent connection
boxes and switch boxes are utilized to configure a four phase DCO. First OUT and
OUTB of TCABL are connected to its upper wire tracks via connection box. Then,
the left switch box passes the signals to its left connection box which connects the

carried signals to IN[4:5] of TCAB2. The leftmost switch box passes OUT and
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Fig. 2.35 Example of programmable signal path in the TCAB array to configure two

TCAB:s as the four phase DCO.

OUTB of TCABL1 to lower connection box, which is left to TCAB2. Finally, IN[0:1]

of TCAB2 are also connected. In this manner, OUT and OUTB of TCAB2 are also

connected to IN[1][5] and IN[0][4] of TCABL, respectively.
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Chapter 3

Proposed Architecture for Field-

Programmable Mixed-Signal IC

Before introducing the proposed architecture, the architectural features of various
mixed-signal systems are briefly reviewed. Today's integrated systems consist of
tightly coupled analog circuits and digital logic blocks. In most cases, the digital
blocks are included to perform a variety of adaptation or calibration and closely
interact with analog blocks [29]-[31]. Also, as technology scales, digitally-assisted
analog design techniques [32]-[35] have been widely used to overcome the
difficulties in design of analog circuits (e.g., matching, non-linearity, gate leakage or
low supply voltage) by replacing a few analog circuits with digital ones or relaxing
non-ideality effect of analog circuits with digital calibration engine. Specifically, it
is usual in feedback systems to adopt the topology consisting of analog sensor,
digital controller, and analog actuator. For example, digital PLLs are composed of

TDC, digital loop filter, and DCO [27], [36]-[38]. This mixed-signal feedback
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structure is also utilized when implementing DC-DC converters with ADC, digital

loop filter, and DPWM [24], [39]-[41].

In order to program such mixed-signal feedback systems or digitally-assisted

analog systems, the proposed IC has the architecture as illustrated in Fig. 3.1 [18].
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— .. R
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1 L
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— 7
Switch block (SB) Connection block (CB)
Connection block (CB)

& - &

\
Switch block (SB)

Fig. 3.1. Architecture and floorplan of the proposed field-programmable mixed-signal

IC.
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The IC largely consists of three arrays of TCABS, configurable logic blocks (CLBs),
and programmable arithmetic logic units (ALUSs). In each array, the TCABs, CLBs,
or ALUs are placed regularly and surrounded by tracks of wires and programmable
interconnects (i.e., connection blocks and switch blocks). It also includes gluing
blocks such as a voltage-to-time converter block (VTC), phase-frequency detector
block (PFD), and counter block to interface among the three arrays or between an
array and 1/0.

Various analog/mixed-signal feedback systems can be programmed on the
proposed IC by mapping their analog sensors and actuators to TCABs and digital
controllers to ALUs or CLBs, as shown in Fig. 3.2. That is, users change input-to-
output function of each TCAB to perform the function of analog blocks required in
the intended system. Then, Boolean logic required in the system is programmed on
the array of the CLBs, each of which is basically a programmable look-up table
(LUT). Lastly, digital arithmetic logic is programmed on the IC by programming
each ALU to perform one of arithmetic operation among addition, subtraction,
accumulation, and arithmetic shift. For instance, one can program a digital PLL on
the 1C by configuring TCABs to operate as TDC and DCO and programming digital
loop filter to ALUs. Then, CLBs are programmed to lock detection logic which
detects whether the PLL is locked, observing the loop condition. Similarly, it is also
possible to configure DC-DC converter on the IC by programming ADC and
DPWM on TCABs and mapping digital filter on ALUs.

Likewise, Fig. 3.3 illustrates how the digitally-assisted analog systems can be
programmed on the proposed IC, configuring analog function on the TCABs and

programming digital calibration engine on the ALUs or CLBs.
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Fig. 3.2 Three types of programming of the mixed-signal feedback systems on the proposed IC.
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Fig. 3.3 Programming of the digitally-assisted analog systems on the proposed IC.
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Chapter 4

Circuit Implementation

In addition to the array of the TCABs for programmable analog function, the
proposed field-programmable IC also includes the other two arrays of configurable
logic blocks (CLBs) and arithmetic logic units (ALUs) for programmable digital
function and interfacing blocks at the boundary of each array of the programmable
blocks as described in Chapter 3. Their role and circuit implementation are presented
in following subchapters. Lastly, the method to program the whole chip based on

scan chain is also presented.
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4.1 Configurable Logic Block Array

4.1.1. Configurable Logic Block

In order to program arbitrary digital logics required in the intended mixed-signal
systems, the IC contains configurable logic blocks (CLBs) based on look-up table
(LUT). Each CLB consists of a programmable LUT whose output is connected to D
flip-flop followed by a multiplexer to select the final output of CLB between output
of LUT and output of D flip-flop, as shown in Fig. 4.1. The size of the included LUT
is determined as 4 inputs and 16 rows, considering the trade-off between area and
delay when multiple CLBs compose the array [44]. Therefore, a single CLB is
capable of implementing any Boolean logic with 4 inputs depending on how the
LUT is programmed. Then, the programmed logic becomes either combinational or

sequential according to selection of the multiplexer. For the sequential logic, the

<Programmable LUT>

IN[3:0]| Y
0000] O

0001 1 :>

<

OouUT

IN[3:0]
—t

CLK

O - Configuration storages

Fig. 4.1 Circuit implementation of the CLB.
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CLB:s also receive a common triggering clock of D flip-flop which transmitted from
GCLK block. The more complex logic with more than 4 inputs is implemented by

combining multiple CLBs.

4.1.2. CLB Array

The multiple CLBs (10 x 10) are grouped in the array together with connection
blocks and switch blocks, following 2-D island-style like the TCAB array. The
overall array composition is illustrated in Fig. 4.2. The only difference between the
ALU array and TCAB array is the number of wires in a wire track. That is, the CLB
array has 6 wires for each wire track, whereas the TCAB array has 4 for each track.
The connection blocks and switch blocks in the CLB array are implemented with

digital tri-state inverters like those in the TCAB array. Each CLB receives each digit

Directionalﬁ6 wires

global
clock
PRSI,

Switch block (SB)
Connection block (CB)

Fig. 4.2 CLB array composition with programmable interconnects.
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of 4-bit input from 4-sided adjacent connection blocks and transmits output only to
the upper side connection block.

The arbitrary digital logic written in hardware description language (e.g., Verilog)
is synthesized and P&R (Place-and-route) onto the CLB array is performed, utilizing
an open-source academic software suite, VTR [45]-[47]. Fig. 4.3 shows the
visualized results of VTR after it synthesizes and performs P&R of a logic block

including 4-bit Gray decoder which is written in Verilog.

module dut (
input clk,
input rst_n,
input [3:0] Din,
output [3:0] Dout,

ob: ol b db: gkl ighi o gkl gkl igh

)r;ag [3:0] Dprev; b h b b ek b b lell  em el
wire [3:0] Dcurrent; |y 1 oy e :
[:01 Doutl0]l] ‘e iewi ‘b Can icm e b leb em ae

3 1
assign Dout = Dcurrent — Dprev;

always @ (posedge clk or negedge rst_n) begin whi b ikl ihi ichi ichl B

clb th,s

if('rst_n) begin —
¢ Dr;re)v <g 4'b0000; Dout[_];]]! ok J;"-aa T*a b ekl ebi bl lobi bl ob
end : 4 il 3 = fanes ey , ; .
else begin Coem ,H x I;? c‘ﬂg [ T T T VR TR Y
Dprev <= Dcurrent; -t :%_2“ S . . .
end Dout(2]. gy @,”, 1 clbf b ichi b ikl ol b
end 3 4 . .
Poiem ,, :m semi ek el emi lem
gray_decoder dec(.Din(Din), .Dout(Dcurrent)); 33 g ” 4 .
DOUt[@ ey ﬁ _g; | by el g ok eml ol
endmodule S 3
Dby el ok ieb) ieb) idb ch ich b
module gray_decoder ( ‘ Ay :ﬁ& ¢ f
input [3:0] Din, i - \f,‘_, =
output [3:0] Dout gl |‘=# % %t %‘{ %
)' ...... ° Q 5 5 6 5
endmodule

Fig. 4.3 Exemplary VTR results of Verilog module including 4-bit Gray decoder (input:

low side ports, output: right side ports).
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4.2 Arithmetic Logic Unit Array

In addition to CLBs for programming Boolean logic, the proposed IC also
contains programmable arithmetic logic units (ALUs) as additional programmable
digital resource. Although the CLB array alone can afford to be programmed to any
combinational or sequential logic including arithmetic logic, ALU array is
additionally employed to reduce the overhead in area, performance degradation or
wasting of CLBs that can occur when performing digital arithmetic operation only
with LUT based CLB array. This is a similar strategy of many modern FPGAs that
contain specific purpose blocks such as memory, adders, multipliers or DSP blocks
[31, [4], [48]. In case of this work, ALU array is in charge of arithmetic such as
addition, subtraction, or arithmetic shift. Therefore, digital filters in mixed-signal
feedback systems can be programmed onto the ALU array with higher logic density

and shorter critical path delay.

4.2.1. Arithmetic Logic Unit

As illustrated in Fig. 4.4, each ALU includes an adder capable both of addition
and subtraction, shifter, flip-flop, and five multiplexers, receiving up to two 8-bit
operands and producing an 8-bit operation result and flag signals. Arithmetic flags
are produced as subsidiary results in every ALU. For instance, the flag bits indicate
which one is larger between two operands of the adder or whether those two are

same.
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Fig. 4.4 Circuit implementation of the ALU.

O - Configuration storages

It performs arithmetic operations such as addition, subtraction, accumulation, or

arithmetic shift depending on how it is programmed. For example, an ALU is

configured as an accumulator that accumulates input B[7:0] if the included adder is

programmed to perform addition and MUX1 through MUX5 are programmed to

select FF_OUT, B[7:0], 0, SUM, and the output of MUX4, respectively, as shown in

Fig. 4.5. Fig. 4.6 also shows that the ALU is programmed as a arithmetic shifter that

shifts B[7:0] to the right in amount of 2 bits, extending sign bit. For this

configuration, the shifter in the ALU is programmed to perform right-shift and

MUX4 and MUXS5 are programmed to select bsy[7:0] and the output of MUX4,

respectively.
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Fig. 4.5 ALU configuration as an accumulator.
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Flag gen. OUT[7:0]

4
4

FLAG[2:0]
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O - Configuration storages

OuUT = {B[7],B[7],B[7:2]}

Fig. 4.6 ALU configuration as an arithmetic shifter.

The ALUs are also capable of supporting wider bit-width operands. Adjacent two

or three ALUs are extended to 16-bit or 24-bit ALU, exchanging carries each other.

In order to facilitate bit-expanded configuration, a single ALU receives carry bits

from its upper, lower, or next ALU.
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4.2.2. ALU Array

The ALU array is composed of 20 (5 x 4) programmable ALUs and two different
sets of programmable interconnects, as illustrated in Fig. 4.7. Whereas the 8-bit
operands or results are conveyed through vertical wire tracks, the resulting flags are
conveyed through horizontal wire tracks and eventually transferred to CLB array, as
shown in Fig. 4.8. Like those in TCAB array or CLB array, connection blocks and
switch blocks in the ALU array are implemented with tri-state inverters. Especially,
each wire track for operands is bidirectional so that the wire tracks can convey the
signals either up or down. The ALU array can receive 8-bit input operands from
counter blocks or external and feed its final results into the TCAB array or transmit

them to the external.

Connection block (CB) Switch block (SB)

Fig. 4.7 ALU array composition.
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Connection block for operands
A

4

AlUarray =:8-bitoperands
= : Flags

N
N

Bidirectional
6 wires

Directional

Connection block for flags  switch block for flags

Switch block for operands
O - Configuration storages

Fig. 4.8 ALU array composition with programmable interconnects.
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4.3 Interfacing Blocks

The described three arrays of programmable function blocks (i.e., TCAB array,
CLB array, and ALU array) interact with external I/O or with each other at the array
boundary through not only direct connections but also gluing blocks, as illustrated
earlier in Fig. 3.1. Due to the fact that not only the digital programmable blocks,
CLBs and ALUs, but also the analog programmable blocks, TCABs, receive and
produce binary digital signals, it is possible to implement IC only with direct
connection among the three arrays. However, if the IC only includes the three arrays
of configurable units, input signal type of the IC is limited to digital pulse or binary
digits which TCABs, CLBs, and ALUs can take as input signal. By employing
interfacing blocks that convert external signals to pulse-width modulated signals, the
IC can take various external analog signals as input. For example, voltage-to-time
converter (VTC) converts voltage magnitude to time-domain pulse-widths and phase
frequency detector (PFD) converts clock phase or frequency difference between two
inputs to pulse-widths. Similarly, counter block converts time-domain pulse into 8-
bit binary digits when signals are transferred from TCAB array to ALU array. Lastly,
global clock unit (GCLK) distributes clock with optional frequency division. The
remainder of this subchapter describes circuit implementation of VTC, PFD, and
counter block. In addition, description of time-to-voltage converter (TVC) is also

introduced as an inverse of VTC.
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4.3.1. Voltage-to-Time Converter

The VTC which is adopted to take an external voltage as input of the IC is
implemented and behaves in similar way of TCAB, as shown in Fig. 4.9. The VTC
is composed of a current source, Is, whose output current is steered by a pair of
pMQOS, the other two current sources that directly charge following capacitor, reset
switches for the capacitors, two pairs of crossing detector and SR latch, and a pulse
generator that sets the SR latches. Once CLK is asserted, the pulse generator makes
short pulse, SET, to make both two SR-latch outputs, OUTe and OUTy, high and
release reset switches beside capacitors. Then, the current sources start charging the
capacitors. Particularly, Is is steered by the difference between the input voltages, Ve
and Vn. Therefore, the time which it takes for each output to make falling transition
(i.e., pulse-width of output) since the corresponding capacitor starts being charged is

given by

499

Pulse generator

CK [T~ b5 SET
# Stage = Odd

Fig. 4.9 Circuit implementation of the VTC.




Chapter 4. Circuit Implementation 65

Ton,P = CVth +txing +t|ogi0’
IO+IS+gm(\/P_VN) (431)
CV, h

+1

logic !

Ton’N - Io + Is - gm(VP _VN) +txmg
where gm is transconductance of input transistors, tng and tigic denote delay of
crossing detector and logic gates delay from the SR-latch inputs to OUTe or OUTy,
respectively. As a result, the voltage difference between Ve and Vy is converted into

digital pulses of which pulse-width is a function of Ve—Vy.

4.3.2. Phase-Frequency Detector

The other block between external I/O and TCAB array is phase-frequency
detector (PFD) that converts phase difference or frequency difference between two
clock signals to pulse-width-modulated signals. As shown in Fig. 4.10, the PFD
includes two sub-blocks and a multiplexer to select the final output between outputs
of those two blocks. The block consisting of two pulse generators and an SR-latch
can compare only phase difference between two inputs which have same frequency.

The pulse-width difference between two outputs of this block indicates phase

CLKREF ampmy
\4

gen. UP1,DNL

= — UP,DN

@ UP2,DN2

CLK ot DN2 ]
FEED | Pulse - rr
gen. R
CLKFEED—..I

Fig. 4.10 Circuit implementation of the PFD.
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difference between the two inputs. For example, if CLKgrer leads the inverse of
CLKreep more than 180 degree, pulse-width of UP; is longer than that of DN; and
vice versa. When CLKger and CLKreep have equal phase, the block generates two
output pulses, UP; and DNs, with identical pulse-width and 50% duty-cycle. The
other which is composed of two resettable flip-flops can compare both phase and
frequency difference between the two inputs. For example, if frequency of the
CLKRger is faster than that of CLKreep or CLKRger leads CLKreep, pulse-width of UP;
is longer than that of DN, and vice versa. If the two inputs have same frequency and
phase, the block generates identical output pulses on UP, and DN, with the very
short pulse corresponding the reset path delay of the flip-flops (i.e., sum of CK-q
delay of the flip-flop, and logic delay, reset-q delay of the flip-flop). In this way, the
phase or frequency difference of the two inputs is converted to two time-domain

digital pulses.

4.3.3. Counter Block

Digital counter blocks are employed to interface TCAB array and ALU array.
Although input and output of both TCAB and ALU are binary, the way they
represent the information is different. Whereas TCAB encodes information into
time-domain quantity of pulse, ALU presents it with 8-bit binary numbers. Therefore,
in order to pass the information from TCAB to ALU, translation of time-domain
information into binary number is performed by the counters. Basically, it counts the
number of edge transition in output pulse of a TCAB into an 8-bit binary digital

number and delivers the binary number to the ALU array. As shown in Fig. 4.11, the
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TCABour Gray Gray to Binary F\Coutl7:0]
FF
Counter Decoder

GCLKour

Fig. 4.11 Circuit implementation of the counter block.

counter block receives two pulse signals, TCABout and GCLKour. At every rising
edge of the received TCABour, the Gray counter [49] increases its output. Then, the
result is sampled by the following flip-flop of which triggering clock is GCLKour.
Instead of binary counter, the Gray counter is adopted to minimize the hazard of
sampling wrong bit stream that frequently occurs if GCLKour is asserted while
counter output is in transition. After being decoded into binary number, the current
counted number, Cour[7:0], is computed by subtracting the previous sampled
number from the current one (i.e., Cour = Y[n] — Y[n—1], where Y[n] denotes Y
which is sampled at n-th timestep). As a result, counter block is capable of

representing how fast pulse the TCAB generates.
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4.3.4. Time-to-Voltage Converter

Although the proposed architecture in Fig. 3.1 does not include a time-to-digital
(TVC), as an inverse of the voltage-to-time converter, which can generate analog

voltage output of the IC from pulse modulated signals of the TCAB array, one can

VOUT
e
N, = >—d
Fig. 4.12 Circuit implementation of the TVC.
INy ﬂ
IN
Vi { \ Vour
V2 / —— D S
RST,
RST,
SW;
SW,

Fig. 4.13 Timing diagram of the TVC.
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simply implement the TVC as shown in Fig. 4.12. Its operating timing diagram is
given in Fig. 4.13. Like VTC, it is also implemented and behaves in similar way of
TCAB. The notable difference is that it additionally include unit-gain amplifier and
switches to select the input signal of the amplifier.

Basically, it receives two pulse inputs, IN; and IN,, to generate a single analog
voltage output Vour. Internally, it generates RST1, RST,, SW1, and SW; in order to
control the switches inside it. It is assumed that the two input pulses are maintained
high simultaneously. The capacitors in the TVC are charged only when IN: and IN;
are high, respectively. Then, the internal nodes, V. and V-, finally reach the voltage
proportional to on-time of IN; and IN2, respectively, when IN; and IN toggle low.
By selecting between V: and V,, the TVC can produce analog voltage whose

amplitude is proportional to the input pulses.
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4.4 Program Method

In the proposed IC, scan chain is adopted in order to program the whole chip.
Specifically, the included scan chain is a series of the two phase latch as shown in
Fig. 4.14 (a) and series composition of the blocks is illustrated in Fig. 4.14 (b).
Considering that more than ten thousands of the latches are included and placed on
all over the whole chip, the two phase latch instead of D flip-flop is adopted as a

base block to always ensure the timing margin when programming. Each latch

CFG
Master latch Slave latch
CLK
DinE > —DO— 1Dout
CLK1p [So—1—0CLK1our
CLK2py >o—3CLKZOUT
CFG[0] CFG[1] CFG[2]
T D[0] T D[1] D[2]
Dn* 2 phase 2 phase 2phase [——
CLK 194 latch CK1[0] latch CK1f1) latch CKl, [2 ..
latch[0 CK2[0 latch[1 CK2[1 latch[2 CK2[2
CLK2->->( [0]) []>( (10 []>( [2)) (2]
En 1 1 l

(b)
Fig. 4.14. (a) Implementation of 2 phase latch including buffers and logic for enable

option and (b) scan chain based on the 2 phase latches.
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CFGIO] CFG[1]
CLK1x> latch[0] CK}[O] > latch[1] CK1[1]
CK2[0] CK2[1]
CLK2>p> S
EN> | |

EN I_

CFG[0]

CFG[1] l_

(b)

Fig. 4.15. (@) An example scan chain with two latches and (b) timing diagram for its

operation.

receives data input and two phase clock signals and transfers the stored data and
buffered clock signals to the next stage latch.

Once EN is asserted after the whole bit sequence of the programming code is
saved on each latch, the final stored data, CFG, is connected to the each
programmable bit of the programmable function blocks and programmable inter
connects. The programming sequence is illustrated with timing diagram in Fig. 4.15

(b), assuming the chip requires 2-bit program code. In the proposed IC, 12,626
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latches are included to program and store the configuration bits, 2,195 bits for
TCAB array, 1,150 bits for ALU array, 9,240 bits for CLB array, and the rest for the

other blocks.
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Chapter 5

Mixed-Signal Examples and

Experimental Results

The prototype IC is fabricated in a 65-nm LP CMOS technology and operates
with a 1.2-V supply. Its chip photograph is shown in Fig. 5.1 and its characteristic
summary is given in Table. 5.1. The chip occupies 2.411 mm?, including the scan-
chain flip-flops storing a total of 12,626 configuration bits. Table. 5.2 presents
comparison of prior field-programmable analog/mixed-signal ICs architectures in
[6], [8], [9], [10], [11], and [12].

The programmability of the TCAB is first demonstrated by configuring the IC as
DCO, DPWM, and gated oscillator and measuring their characteristics. Then, the
versatile programmability of the IC is demonstrated by configuring the IC as three
representative mixed-signal systems, a PLL, ADC, and DC-to-DC converter, and

measuring their characteristics. The remainder of this chapter presents more detail
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on the configuration and measurement results of TCABSs and the three mixed-signal

feedback systems.

Fig. 5.1 Chip micrograph (active layers only).

Table. 5.1. Characteristic summary of the prototype IC

Process

CMOS 65 nm LP 1P9M

Supply

12V

Area

1.41x 1.71=2.411 mm?
TCAB array (0.534 mm?)
CLB array (0.523 mm?)
ALU array (0.454 mm?)

Analog
Function Block

TCAB

Digital
Function Block

LUT based CLBs,
Programmable ALUs
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Table. 5.2. Comparison of prior field-programmable analog/mixed- signal ICs architectures

This work JSSC 03* ISSCC 08' JSSC 10° JSSC 11° TVLSI 13" TCAS-1 16
(8] [6] [0l [11] [10] [12]
Process 65 nm N/A 130 nm 350 nm 65 nm 350 nm 65 nm
Tvoe Mixed-signal Mixed-signal Analog Analog Analog Mixed-signal Analog
yp system system system system system system system
Area 2.41 mm? N/A 1 mm? 9 mm? 0.31 mm? N/A 3.46 mm?
Supply 12V 3.3V 12V 24V 1V 24V 1.2V
A part of AM receiver, Lo biasing cir-
Mwwmm:.ﬁ_wm Uo_w__mn_m_ oww,mw:ﬁ 300-baud Analog filters | analog speech _ﬂv%,w__mww___u%q_ ADCs cuits,
P modem processor P analog filters
Programmable
analog TCAB X X X X X X
function block
Selectable Multiplier, . Multiplier, Programmable
analog TCAB Mh:mﬂ_mmq .Mh:ww___m transconductor, Nmm_omm Mwmq_:@ transconductor, | transistor, R,
block P m transistor, C transistor, C C
Programmable 0 A X A X A A
routing (Limited) (Limited) (Limited) (Limited)
A2D 8 bit 1 bit . . . 1 bit .
conversion
D2A 7 bit 1 bit - - - 1 bit -
conversion
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5.1 Measurement Results of TCAB

5.1.1. Digital Pulse-Width Modulator

In order to test the proposed TCAB as a DPWM described in Chapter 2.3.3, the
prototype IC is programmed as shown in Fig. 5.2. Then, the IC can receive an
external digital input code, Dctrl[6:0], transfer it to a TCAB which is programmed
as DPWM, and transmit output of the TCAB to the external. Fig. 5.3 shows
equipment setup to program and test the IC. Users write program code of TCABS,
ALUs, CLBs, and interconnects with PC. Then, the program code is converted to
electrical signal for the IC by USB 1/O device and the IC operates according to users’

program code.

"

: o L ) 7|
) 12 I 1 Al
A e P I ol = [ =
ssssss e
d | r !
= SR latch oal [!
Detrl[6:0] —— ﬁeEF J
Detrl[6:0] g SR

p — P T 5
Dctrl[6:0]

I i it iaain i ‘Iﬂ
)

Fig. 5.2 Placement and routing in the prototype IC to test a TCAB as DPWM.
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Fig. 5.3 Experiment setup to program and test the IC.

Fig. 5.4 shows the measured waveform when the IC is programmed as 1.6 MHz
DPWM and 25.3 MHz DPWM. One can change the frequency of output pulse by
programming the DAC in the TCAB, which controls output current of lia, with
different code. As described in Eq. (2.3.13), the period of output pulse depends on
the charging current level. Fig. 5.5 shows the plot of digital input code to duty cycle
of output pulse of the two DPWMSs. They covers same range of duty cycle,

producing different frequency output.
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Fig. 5.4 Measured waveforms when the IC operates as DPWM producing 1.6 MHz and

25.3 MHz output.
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Fig. 5.5 Measured transfer function of digital input code to duty cycle of output pulse.
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5.1.2. Digitally-Controlled Oscillator

Among the program code for the DPWM in Chapter 5.1.1, the part related TCAB
function and connection block around the TCAB is modified to configure the TCAB
as DCO in Chapter 2.3.2 and the prototype IC is programmed as shown in Fig. 5.6.
Then, output pulse frequency is adjusted by the external digital input code. As
expressed in Eq. (2.3.6), the TCAB can operate as different DCO with different
frequency tuning range by programming. Fig. 5.7 shows the measured transfer
function of input digital code to output frequency of the six different DCO
configuration. Fig. 5.8 shows the measured phase noise when the programmed DCO
produces 1.002 GHz output clock. Its phase noise at 10 MHz offset is —109.8
dBc/Hz.

Dum,> e I, | L, 7]
| ﬁ » io‘gw A
g g g 1= W
& C%El_ SR latch % L
A

F“H_H'“H_H'“H_H"‘I:
Bt

Dctrl[6:0]

Fig. 5.6 Placement and routing in the prototype IC to test a TCAB as DCO.
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5.1.3. Gated Oscillator

Next, In order to test the proposed TCAB as a gated oscillator described in
Chapter 2.3.4, the prototype IC is programmed as shown in Fig. 5.9. Fig. 5.10 shows
the measured waveform when the IC is programmed as different gated oscillator
with different output frequency, receiving pulse input. One can change the
oscillating frequency by re-programming Cswi, Cswz, W1, and W- in the TCAB with

different value.

IN

T T E22 &
SE \G;‘J! \ =
(@] Oscillatdr
. I ouT: i i
oumw K I
: . N3 . ES | I n} { {
rdl c, outs En
) . o] =i
Dl B o ‘
2] |_ J >
ol g
BT~ \_/‘

P ——— - |

Fig. 5.9 Placement and routing in the prototype IC to test a TCAB as gated oscillator.
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Fig. 5.10 Measured waveform of the input and output when the IC operates as gated

oscillator.
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5.2 Digital Phase-Locked Loop

Fig. 5.11 illustrates the block diagram of a 1-GHz PLL with x 8 multiplication
and Fig. 5.12 shows how it is programmed on the proposed IC. First, one of the
gluing blocks, PFD, converts the timing error between input reference clock and
divided clock to two pulse-widths. To quantize the two pulses, two pairs of TDC
each of which consists of a TCAB programmed as gated oscillator and a counter as
described in Chapter 2.3.4 are configured. The following digital loop filter
consisting of a proportional path and integral path (i.e., PI compensator) [50] is
mapped to ALUs in order to compensate the timing error. Then, DCO is realized
with a single TCAB as described in Chapter 2.3.2 and adjusts its output frequency
according to the digital input code received from the preceded filter. GCLK block is
also used for dividing DCO clock and distributing the divided clock. Besides the
feedback loop, lock detector logic which indicates whether the PLL is in lock-
condition is programmed to ALUs and CLBs.

The measured phase noise characteristics of the IC as the described PLL are

TDC o] Digital Loop Filter DCO
TCAB CLKour
r
Gated e TCAB
CLK > >
R_E: E oscillator Q L GCLK
CLKes TCAB o Lock Detector
LOCK
™| Gated ™ CLB array =—
oscillator
A
1 | 1

Fig. 5.11 The chip configuration as a 1-GHz digital PLL.
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Fig. 5.12 Exemplary placement and routing of the digital PLL.

shown in Fig. 5.13. The TCAB programmed as DCO operates over frequency range
from 0.98 GHz to 1.08 GHz with an average resolution of 0.78 MHz/bit. The
programmed PLL successfully synthesizes a 1-GHz clock from a 125-MHz
reference clock input. Its measured integrated jitter is 12.3 psims and phase noise is

—102.91 dBc/Hz at 10 MHz offset, while dissipating 33.6 mW. Also, the measured
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Carrier Power -0.35 dBm Atten 6.06 4B fkr 1 99,9508 MHz
Ref —46.00dBc/Hz 12.3ps
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dB/ CLKRer 125 MHz
CLKout 1 GHz
Integrated 12.3 pSims
Jitter (50 kHz~100 MHz)

-102.91

-113.88
5B kHz Frequency Offset 5@ MHz

Fig. 5.13 The measured phase noise of the programmed digital PLL.

waveforms of CLKger, CLKour, and LOCK during initial locking transient are

shown in Fig. 5.14.
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Fig. 5.14 The measured voltage waveforms during initial locking transient of the

programmed digital PLL.
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It is also possible to reconfigure the IC to operate different digital PLL with
different output frequency range. In fact, the digital PLL in Fig. 5.11 is capable of
generating clock whose frequency range spans from 0.98 GHz to 1.08 GHz. If the

included DCO is re-programmed to operate to generate clock with different

‘Carrier Freq 808 MHz | Signal Track 0ff DRANL OFf Trig Fres
Marker 9.99999 MHz
Carrier Power 1.22 dBm Atten 0.00 dB Mkr 2 9,99999 MHz
Ref —40.68dBc/Hz -103.88 dBc/Hz
16.00
dB/
iR
=
7777777 |2
IUse View/Trace menu when loading or saving logarithmic traces.
(@)
‘Carrier Freq 1.2 GHz Signal Track 0ff DANL Off Trig Free
Marker 9.99999 MHz
Carrier Power 0.20 dBm Atten 0.90 dB Mkr 3 9.93999 MHz
Ref ~40.60dBo/Hz ~100.54 dc/Hz
16.06
dB/
iR
]
4
55 Kz Frequency Offset 560 HHz
Use View/Trace menu when loading or saving logarithmic traces.
(b)

Fig. 5.15 The measured phase noise of the programmed digital PLL when the included

DCO is programmed to cover operating frequency of (a) 800 MHz (b) 1.2 GHz.

s 4 2Ty 8

o
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frequency range, the PLL can receive a reference clock with different frequency and
produce output clock with different frequency. Fig. 5.15 shows the digital PLL is re-
programmed to generate output frequency of 800 MHz and 1.2GHz, receiving 100

MHz and 150 MHz reference clock, respectively.
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5.3 Analog-to-Digital Converter

Fig. 5.16 illustrates block diagram of a 7-bit, 50-MS/s ADC and Fig. 5.17 shows
how it is programmed on the proposed IC. The programmed ADC basically has
time-domain architecture. First, the VTC converts the differential voltage between
Ve and Vy to two pulses, Te and Tn. Then, pulse-widths of the two are quantized by
the following TDCs each of which consists of a TCAB programmed as gated
oscillator and a counter. Each gated oscillator oscillates only when Tp or Ty is high
and its oscillating frequency is controlled by adjusting capacitance in the TCAB
depending on the received digital code, 64+D[6:0] or 64—D[6:0]. The feedback
controller programmed on the ALU array compares the two counter outputs and
adjusts the capacitances in the gated oscillator TCABs with complementary digital
codes 64+D[6:0] and 64—D[6:0] until the counter outputs are equal. The resulting D

is then a digitized version of Ve—Vy and is determined as zero if Ve and Vy are equal.

n
I ('2 Q g)
Al Teas (=] |5 _
Vp Cl>| cated [~ e~ > e— 64+D:[6~0]
Y DCO n |
o 0 ‘n'nur
[ reas ) =[5 U= h
Vn =1 Gated = > .L” | 64-DT6:0]
DCO A ALU array
- ¢ 1 ]
]
CLK =

Fig. 5.16 The chip configuration as a 50 MS/s ADC.
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Fig. 5.17 Exemplary placement and routing of the ADC.

The detailed principle of how the output D quantizes Vp—Vy is given as follows.
As described earlier in Chapter 4.3.1, the VTC generates two pulses, Te and Ty, and
their on-time, Tonp and Tonn, are given by Eq. (4.3.1), as a function of input voltage
difference. Then, the following gated oscillators are activated with the oscillating

period of Tperiod,p and Tperiog,p, While each received pulse, Te or Ty is high. The
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number of edge transitions in each oscillator output is recorded at counters. The two
counter outputs of every sample, Coute and Courn, are Tonp/Tperiod,p 8N Ton N/ T period,,
respectively. Receiving the two digital values, the feedback controller tries to make
Courr and Courn equal by adjusting the oscillating period of gated oscillator in each
TDC. If it is assumed that tuing, tiogic and treset in TCAB and VTC are relatively small,

the condition to satisfy the described relationship is given by

COUTP = COUTN

Ton‘P — Ton,N
Tperiod P Tperiod N
Cv,, Cv,,
l,+1,—9,AV 3 l,+1,+0,AV (5.3.1)
(Co+(64+D)Cyyy Vi, (C, +(64-D)Cyyy )V,
IlA IlA
C, + (64— D)CStep C, +(64+ D)CStep
IL+1.-g. AV 1,+1 +g AV

Therefore, a solution of Eq. (5.3.1) is determined so that D is proportional to Ve—V.

I I

‘ CLK ‘

v |

™

o M
o]l \

‘ D[6:0] 63 -63 \

Fig. 5.18 Operating principle of the programmed ADC.
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The described operating principle is illustrated with the conceptual timing diagram
in Fig. 5.18 where relative pulse-width or frequency difference is shown.

The characteristics of the proposed IC as the described ADC was measured. Fig.
5.19 shows the dynamic performance of the programmed ADC at 50 MS/s with 100-
kHz sinusoidal input. The programmed ADC achieves an SNDR of 32.5 dB and
ENOB of 5.11, while dissipating 10.8 mW. Fig. 5.20 also shows the static
performance of the ADC. The measured INL and DNL are in the ranges from —2.04
to 0.84 LSB and from —0.59 to 1.03 LSB, respectively.

0
=20 |-
40 L
0
LL
o Pl
S 60 [y
5 ;
=
g PN
-80 |
Sampling Rate | 50 MS/s
00k T SNDR |325dB |
5 ENOB 5.11 _ _ |
_120 H H Ll H Lo IR H H i L H L e
104 10° 108 107

Frequency (Hz)

Fig. 5.19 Measured dynamic performance of the programmed ADC.
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Fig. 5.20 Measured static performance of the programmed ADC.



Chapter 5. Mixed-Signal System Examples and Experimental Results 94

5.4 DC-DC Converter

Fig. 5.21 illustrates the configuration of the proposed IC as a DC-DC converter
and Fig. 5.22 shows how it is programmed on the IC. The programmed DC-DC
converter consists of the described 7-bit ADC in Fig. 5.16 as well as a digital PID
compensator mapped to ALUs, DPWM and delay cells for non-overlapping pulse
generation realized with the proposed TCABs. In order to generate the non-
overlapping pulses, two TCABs are configured as delay cells whose common input
is CLKsw and outputs are Psw and Nsw, respectively, as illustrated in Fig. 2.30. Each
delay cell is configured with fixed amount of delay so that tris.p (i.€., the rising delay
between CLKsw and Psw) is shorter than trisen (i.€., the rising delay between CLKsw
and Nsw) and trup (i.€., the falling delay between CLKsw and Psw) is longer than ten
(i.e., the falling delay between CLKsw and Nsw). The buck converter stage is
composed of gate driver and on-chip power transistors included as dedicated blocks

within the fabricated IC with an off-chip 3.3-uH inductor and 0.22-pF capacitor.
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Fig. 5.21 The chip configuration as a DC-DC converter.
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Fig. 5.22 Exemplary placement and routing of the DC-DC converter.

Reference tracking/load regulation waveforms are shown in Fig. 5.23. When Vrer
has a step from 600 mV to 800 mV, Vioap successfully tracks the step input with
294-ps settling time, supplying 150 mA to the load as shown in Fig. 5.23 (a). Fig.
5.23 (b) also demonstrates that the programmed feedback controller is capable of

regulating the load transition of 100-t0-200 mA step in I oap.
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Fig. 5.23 Measured output voltage waveforms of the programmed DC-DC converter in

(a) reference tracking (600-to-800 mV step transition with a 150 mA load current) and

(b) load transient (100-t0-200 mA step transition with a 700 mV output voltage).
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Fig. 5.24 Conversion efficiencies for different load conditions of the programmed DC-

DC converter.

The conversion efficiencies for different load conditions are presented in Fig. 5.24.
While converting a 1.2-V input to a 0.7-V output and supplying 150 mA, the

programmed DC-to-DC converter switching at 2.2 MHz achieves the peak

efficiency of 95.5 %.
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Chapter 6

Conclusion

In this thesis, design of a field-programmable IC to enable the rapid and low-cost
prototyping of analog/mixed-signal systems has been presented.

To realize the field-programmable analog functionality, TCAB has been
proposed. A single TCAB can be programmed to various analog circuits, including a
time-to-digital converter, digitally-controlled oscillator, digitally-controlled delay
cell, digital pulse-width modulator, and phase interpolator. In addition, the TCABs
express analog information using the frequency, pulse width, delay, or phase of
digital pulses or pulse sequences, rather than using analog voltage or current signals
for less susceptibility to attenuation and noise. This expression of analog
information in the digital pulses also makes it easy to implement scalable
programmable interconnects among the TCABSs.

The proposed field-programmable IC also includes arrays of configurable logic

blocks (CLBs) and programmable arithmetic logic units (ALUSs) for programmable
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digital functions. Therefore, by programming the functionality of the TCAB, CLB,
and ALU arrays and configuring the interconnects, the chip can implement various
mixed-signal systems.

The versatile programmability of the TCABs and the IC has been demonstrated
by programming a prototype IC fabricated with 65-nm CMOS technology to diverse
mixed-signal systems and measuring their performances. The programmed IC
successfully operated as a 1-GHz phase-locked loop with a 12.3-psims integrated
jitter, as a 50-MS/s analog-to-digital converter with a 32.5-dB SNDR, and as a 1.2-
to-0.7 V DC-DC converter with 95.5 % efficiency.
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