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Abstract

This dissertation presents a study of reliability enhancement and power reduction solu-

tions for 60-GHz high-data-rate transceivers in CMOS technologies.

Starting from the discussion for the key requirements of wireless transceivers in fu-

ture radio access network, it shows that 60-GHz CMOS transceiver would be one of the

most promising candidates with some significant challenges ahead such as hot-carrier-

injection (HCI) reliability issues and low power consumption requirement.

To address the HCI issues for 60-GHz applications, a transistor-level study of HCI

physical mechanism and lifetime characterization methods under DC and RF stress have

been conducted. Based on the acquired knowledge, the reliability model of transistors

under AC-mode HCI stress is derived to provide a valuable solution of HCI damage alle-

viation by limiting the operation period of high output power condition.

The proposed solution, which is realized by using variable-supply-voltage, provides

a way to output superior power with high linearity and efficiency in a carefully restricted

time period while satisfying the lifetime requirement. The lifetime of the implemented

example PA can be improved to over 10 years with the careful arrangement of various

operation supply voltages. On the other hand, the power amplifier is still able to provide

13.2 dBm saturation power, 10.2 dBm power at 1-dB compression point and 15.0% peak

power-added efficiency at 60 GHz for high supply voltage (VPA = 1.0 V).

Furthermore, based on the research of HCI damage mechanism, a 60-GHz CMOS

transceiver with HCI damage healing function is realized by using charge ejection tech-

nique, which guarantees longer operation lifetime with high output power. The HCI-

healing technique introduced in this dissertation further relieves the trade-off between

the HCI reliability and the system performance. The implemented transceiver using the

proposed HCI-healing technique achieves over 81-year lifetime without sacrificing the

output power and efficiency. The transceiver demonstrates an output power of 9.3 dBm at

TX EVM = -21 dB and 3.9% TX efficiency.

For the power consumption reduction of the 60-GHz CMOS transceiver, it is known

that the wake-up receiver is one of the most applicable choices to systematically reduce

the power consumption over time. Conventional wake-up receivers using either the 60-
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GHz band or lower frequency bands share the same issue of needing bulky components,

which significantly increases the chip area and implementation cost. By reusing the 60-

GHz LNA gain stages, the proposed 60-GHz wake-up receiver in this dissertation occu-

pies an area overhead of only 0.015 mm2 and does not need extra antennas or switches to

be integrated with the 60-GHz multi-Gb/s transceiver.

Besides reducing the time-averaged power consumption of the 60-GHz transceiver by

the duty cycle control scheme, The energy efficiency potential of the 60-GHz high-data-

rate transmitter is explored in this dissertation. The 60-GHz CMOS transmitter adopting

the simple modulation schemes is designed and implemented using wideband and power-

saving techniques, which guarantees the low-power and high-data-rate characteristic (high

energy efficiency). An energy efficiency of 3.4 pJ/bit is achieved in BPSK with the 3-dB

bandwidth of 9 GHz. The data rate (5 Gb/s) is mainly limited by the maximum sampling

frequency of the AWG and the insufficient local oscillator signal power.

At last, this dissertation is concluded with the insight that the combination of the

proposed techniques and solutions in this research can help to achieve the reliable low-

power high-data-rate 60-GHz transceivers in CMOS processes. Future researches are also

discussed in the end of this dissertation.



Contents

Acknowledgment iii

Abstract v

1 Introduction 1

1.1 60-GHz Frequency Band . . . . . . . . . . . . . . . . . . . . . . . . . .3

1.1.1 Millimeter-Wave Propagation . . . . . . . . . . . . . . . . . . .3

1.1.2 Regulations and Standards for 60-GHz Wireless Communications5

1.1.3 Application Scenarios . . . . . . . . . . . . . . . . . . . . . . .8

1.2 The Effects of CMOS Process Scaling . . . . . . . . . . . . . . . . . . .8

1.3 Challenges for 60-GHz CMOS Transceiver Design . . . . . . . . . . . .11

1.4 Overview of This Thesis . . . . . . . . . . . . . . . . . . . . . . . . . .12

2 Hot-Carrier-Injection Reliability Issues in CMOS Transistors 15

2.1 Hot-Carrier-Injection Phenomenon . . . . . . . . . . . . . . . . . . . .16

2.2 The Lifetime Characterization of 65 nm NMOSFETs . . . . . . . . . . .18

2.3 Aging Model of Hot-Carrier Degradation . . . . . . . . . . . . . . . . .23

2.4 Hot-Carrier-Injection Issues at 60 GHz . . . . . . . . . . . . . . . . . .25

3 Reliability-Enhanced 60-GHz CMOS PA using Variable Supply Voltage 29

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .29

3.2 Proposed 60-GHz Variable-Supply-Voltage PA . . . . . . . . . . . . . .30

3.2.1 System Block Diagram and Dynamic Control Scheme . . . . . .30

3.2.2 Mixed Analog-Digital LDO . . . . . . . . . . . . . . . . . . . .32

3.2.3 60-GHz 3-stage Balanced PA . . . . . . . . . . . . . . . . . . .33

3.3 Experimental Results and Discussions . . . . . . . . . . . . . . . . . . .34

3.3.1 Measurement Results . . . . . . . . . . . . . . . . . . . . . . . .34

3.3.2 Application Scenario . . . . . . . . . . . . . . . . . . . . . . . .39

3.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .41



viii CONTENTS

4 HCI-Healing 60-GHz CMOS Transceiver 43

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .43

4.1.1 The Concept of HCI Healing . . . . . . . . . . . . . . . . . . . .44

4.2 Proposed HCI-Healing Mechanism and Module . . . . . . . . . . . . . .45

4.3 60-GHz CMOS PA with HCI-Healing Function . . . . . . . . . . . . . .49

4.4 60-GHz HCI-Healing Transceiver . . . . . . . . . . . . . . . . . . . . .53

4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .56

5 60-GHz Wake-Up Receiver for Power Consumption Reduction 57

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .57

5.2 Proposed 60-GHz Reconfigurable Wake-Up Receiver . . . . . . . . . . .60

5.2.1 The Reused Envelope Detector Stage . . . . . . . . . . . . . . .60

5.2.2 The 60-GHz Wake-Up Receiver System . . . . . . . . . . . . .62

5.3 Measurement Results . . . . . . . . . . . . . . . . . . . . . . . . . . . .65

5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .68

6 Ultra-Low-Power 60-GHz Transmitter with On-Chip Antenna 69

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .69

6.2 Transmitter Architecture and Link budget . . . . . . . . . . . . . . . . .70

6.3 60-GHz CMOS On-Chip Antenna . . . . . . . . . . . . . . . . . . . . .71

6.4 Transmitter Front-End Design . . . . . . . . . . . . . . . . . . . . . . .76

6.5 Measurement Results . . . . . . . . . . . . . . . . . . . . . . . . . . . .80

6.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .90

7 Conclusions and Future Work 91

7.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .91

7.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .94

A Publication List 117

A.1 Journal Papers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .117

A.2 International Conferences and Workshops . . . . . . . . . . . . . . . . .117

A.3 Domestic Conferences and Workshops . . . . . . . . . . . . . . . . . .118

A.4 Co-Author . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .119

A.4.1 Conferences . . . . . . . . . . . . . . . . . . . . . . . . . . . .119



List of Figures

1.1 The networked society. . . . . . . . . . . . . . . . . . . . . . . . . . . .1

1.2 The conceptual trend of communication data rate. . . . . . . . . . . . . .2

1.3 The wireless standards at different frequency bands. . . . . . . . . . . . . 2

1.4 The attenuation across the electromagnetic spectrum at sea level for stan-

dard atmosphere (7.5 gm/m3 water vapor) and 20◦C. . . . . . . . . . . . 3

1.5 The predicted rain attenuation based on LP distribution for different rain-

fall rates (ρ) at 20◦C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.6 The regulations of the 60-GHz band in the selected regions. . . . . . . . .6

1.7 The four channels defined by the IEEE 802.15.3c standard. . . . . . . . .7

1.8 Roadmap for CMOS transistor gate length,ft, and fmax according to ITRS

2013 and before. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9

1.9 HCI issues with the scaling of transistor gate length. . . . . . . . . . . . .10

1.10 Organization of this dissertation . . . . . . . . . . . . . . . . . . . . . .13

2.1 The downscaling of the the supply voltage and gate length for RF/AMS

CMOS processes according to ITRS2013 and before. . . . . . . . . . . .15

2.2 The hot-carrier injection mechanism. . . . . . . . . . . . . . . . . . . . .17

2.3 Summary of hot-carrier generation and degradation in MOSFETs. . . . .17

2.4 Transistor lifetime measurement setup. . . . . . . . . . . . . . . . . . . .18

2.5 Transistor lifetime measurement procedure. . . . . . . . . . . . . . . . .19

2.6 The sketch of transistor lifetime (τ) definition with measured (symbol)

and estimated (solid line) data. . . . . . . . . . . . . . . . . . . . . . . .19

2.7 Measured (diamond symbol) and estimated (solid line) lifetime of stan-

dard 65 nm NMOSFETs versus 1/VDS atVGS = 0.8 V. . . . . . . . . . . . 20

2.8 Measured (diamond symbol) and estimated (solid line) saturation drain

current degradation of standard 65 nm NMOSFETs under RF stress con-

dition of Po = 11 dBm, frequency= 100 MHz atVDS = 1.2 V,VGS = 0.8 V. 20

2.9 Measured (diamond symbol) and estimated (solid line) saturation drain

current degradation of standard 40 nm NMOSFETs under RF stress. . . .21



x LIST OF FIGURES

2.10 Measured (diamond symbol) and estimated (solid line) saturation drain

current degradation of standard 45 nm NMOSFETs under RF stress. . . .21

2.11 Measured lifetime of standard 65 nm NMOSFETs under RF stress condi-

tion of Po = 11 dBm for different frequencies atVDS = 1.2 V,VGS = 0.8 V. 22

2.12 Measured lifetime of standard 65 nm NMOSFETs under DC stress con-

dition of VDS = 1.8 V,VGS = 1.8 V for different channel width . . . . . . . 22

2.13 Diagrammatic sketch ofA
1
n (t) for fixed and dynamic operation. . . . . . .24

2.14 HCI issues for 60-GHz amplifiers. . . . . . . . . . . . . . . . . . . . . .25

2.15 Measured HCI degraded∆IDS versus circuit performance of a 60-GHz

CMOS power amplifier. . . . . . . . . . . . . . . . . . . . . . . . . . . .26

2.16 Conventional solutions of HCI issues for 60-GHz CMOS power amplifiers.26

2.17 Power combining techniques. . . . . . . . . . . . . . . . . . . . . . . . .27

3.1 System block diagram of the proposed 60-GHz digitally-assisted variable-

supply-voltage PA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .31

3.2 The flow chart of the dynamic control scheme for TDD operation. . . . .31

3.3 The conceptual transient operation of the mixed analog-digital LDO. . . .32

3.4 The simulation result of the wake-up time for the mixed analog-digital

LDO. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .33

3.5 The 60-GHz 3-stage balanced PA core. . . . . . . . . . . . . . . . . . . .34

3.6 Die micro-photograph. Chip size: 0.70×0.80 mm2 including pads. . . . . 34

3.7 Measured Sdd21 for various values ofVPA. . . . . . . . . . . . . . . . . . 35

3.8 MeasuredPsat, P1dB and PAEmax versusVPA at 60 GHz. . . . . . . . . . . 35

3.9 (a) MeasuredPin versusPout and Gain; (b) MeasuredPin versus PAE and

IDD at 60 GHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .36

3.10 Measured (symbol) and estimated (solid line)∆ IDSat of the NMOSFETs

operating at 60 GHz for different values ofVPA and output powerPout. . . 37

3.11 Measured output spectrum of the proposed PA centered at 62.64 GHz for

QPSK modulation (a)VPA = 1.0 V, Pout = 4 dBm; (b) VPA = 0.7 V,

Pout = 3 dBm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .37

3.12 Measured EVM versusVPA for QPSK modulation at different output power

level. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .38

3.13 (a) One application scenario of the dynamically operated PA; (b) estima-

tion of∆ IDSatof the NMOSFETs for the application versus the percentage

of the operation time of Mod 2. . . . . . . . . . . . . . . . . . . . . . . .40

4.1 The conceptual illustration of HCI healing idea. . . . . . . . . . . . . . .44

4.2 HCI damage mechanism. . . . . . . . . . . . . . . . . . . . . . . . . . .45



LIST OF FIGURES xi

4.3 Possible solution for HCI damage healing. . . . . . . . . . . . . . . . . .45

4.4 The relation between previous researches and the proposed healing tech-

nique. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .46

4.5 Transistor level HCI healing mechanism. . . . . . . . . . . . . . . . . . .46

4.6 Proposed HCI-healing transistor module. . . . . . . . . . . . . . . . . . .47

4.7 The measured I-V Curve of the stand-alone transistor TEGs. . . . . . . .47

4.8 The setup and procedure for DC stress-DC measurement of the stand-

alone transistor TEGs. . . . . . . . . . . . . . . . . . . . . . . . . . . .48

4.9 The measured lifetime of stand-alone transistor TEG. . . . . . . . . . . .49

4.10 The topology of the 60-GHz CMOS PA with the proposed HCI-healing

function. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .50

4.11 The measurement results and setup ofPin-Pout performance of the stand-

alone PA TEG at 60 GHz . . . . . . . . . . . . . . . . . . . . . . . . . .51

4.12 The measuredP1dB of the PA (with and without HCI-healing) versus stress

time at 60 GHz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .51

4.13 The measuredID6 degradation of the PA (before and after HCI-healing)

versus stress time at 60 GHz . . . . . . . . . . . . . . . . . . . . . . . .52

4.14 Block diagram of 60-GHz HCI-healing transceiver . . . . . . . . . . . .53

4.15 Measured TX EVM performance at different TXPout . . . . . . . . . . . 54

4.16 The measured constellation and spectrum of the TX. . . . . . . . . . . .54

4.17 Die micrograph of the HCI-healing TRX. . . . . . . . . . . . . . . . . .55

5.1 Power consumption breakdown of a a typical 60-GHz CMOS transceiver

with baseband circuitry from literature. . . . . . . . . . . . . . . . . . . .58

5.2 Conceptual illustration of the power consumption reduction by duty cycle

control. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .58

5.3 (a) Rendezvous scheme and (b) wake-up receiver for duty cycle control. .58

5.4 System block diagram of WuRxs for 60-GHz receivers (a) the general

2.4-GHz/5-GHz WuRx; (b) the general 60-GHz WuRx; (c) the proposed

WuRx. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .59

5.5 Schematic of the stage reused as the envelope detector . . . . . . . . . .60

5.6 Illustration of the detector gain optimization . . . . . . . . . . . . . . . .61

5.7 The detailed system block diagram of the proposed WuRx. . . . . . . . .62

5.8 The detailed schematic of the 4-stage single-ended LNA. . . . . . . . . .62

5.9 The equivalent circuit schematic of the 4-stage LNA in (a) normal op-

eration mode; (b) low-power WuRx mode; (c) sensitivity-boosted WuRx

mode. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .63



xii LIST OF FIGURES

5.10 The conceptual transient voltage waveform of the WuRx. . . . . . . . . .64

5.11 The simplified duty cycle scheme of the dual-mode WuRx. . . . . . . . .64

5.12 Die micro-photograph. WuRx: 0.015 mm2 (excluding the LNA). . . . . . 65

5.13 The measured input reflection coefficient of the WuRx at two different

operation modes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .66

5.14 The measured S parameters of the 4-stage LNA. . . . . . . . . . . . . . .66

5.15 The measured spectrum of the received signal for Pin=−46 dBm (WuRx:

low-power mode). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .67

5.16 The measured spectrum of the received signal for Pin=−60 dBm (WuRx:

sensitivity-boosted mode). . . . . . . . . . . . . . . . . . . . . . . . . .67

6.1 Millimeter-wave intra-connect using antennas. . . . . . . . . . . . . . . .70

6.2 System block diagram of the proposed 60-GHz fully-integrated transmitter.70

6.3 The analysis model of an on-chip dipole antenna (a) top view with antenna

configuration; (b) A-A’ cross-section view. . . . . . . . . . . . . . . . . .72

6.4 The simulated 3-D gain pattern of the on-chip antenna (a) with lossy sub-

strate (10Ω·cm); (b) with high resistivity substrate (1000Ω·cm). . . . . . 73

6.5 The measured resistivity of the n-type substrate versus the dose amount

for helium-3 ion implantation and proton bombardment. . . . . . . . . .73

6.6 The measured resistivity of the CZ-P wafer substrate at different depth

with and without helium-3 ion irradiation. . . . . . . . . . . . . . . . . .74

6.7 The calculated irradiation depth versus ion energy for helium-3 ion. . . .74

6.8 The measured resistivity of the CZ-P wafer substrate at different depth

with and without annealing. . . . . . . . . . . . . . . . . . . . . . . . . .75

6.9 The proposed gain-enhanced on-chip dipole antenna (a) top view; (b) A–

A’ cross-section view. . . . . . . . . . . . . . . . . . . . . . . . . . . . .75

6.10 The topology of the double-balanced passive mixer and resistive-feedback

RF amplifier. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .77

6.11 The simulated magnitude of the baseband input impedance (|Zin|) versus

frequency. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .77

6.12 The simulated conversion gain of the mixer withfLO=61.56 GHz and

fBB=0.1 GHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .78

6.13 The simulated conversion gain of the passive mixer with RF amplifier at

fLO=61.56 GHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .78

6.14 60-GHz injection-locked oscillator topology. . . . . . . . . . . . . . . . .79

6.15 Die micro-photograph. Antenna area: 0.46 mm2, TX core area: 0.18 mm2. 80



LIST OF FIGURES xiii

6.16 The illustration of the on-wafer measurement setup for the power gain of

the on-chip antenna. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .81

6.17 The measured antenna power gain with and without helium-3 ion irradiation.81

6.18 The measured S11 of the on-chip antenna with and without ion irradiation.82

6.19 The measured differential mode (a) magnitude and (b) phase of the on-

chip antenna input impedance. . . . . . . . . . . . . . . . . . . . . . . .83

6.20 The illustration of the on-wafer measurement setup for (a) the conversion

gain and output power of the transmitter; (b) digital modulation wireless

transmission test. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .84

6.21 The measuredPin-Pout and CG curve of the transmitter (excluding the

on-chip antenna) withfLO=63.48 GHz andfBB=1 GHz. . . . . . . . . . . 85

6.22 The measured transmitter conversion gain (excluding the on-chip antenna)

versus frequency with different LO frequencies. . . . . . . . . . . . . . .85

6.23 The measured transmitter conversion gain (including on-chip antenna)

versus frequency withfLO=63.48 GHz. . . . . . . . . . . . . . . . . . . . 86

6.24 The measured NF of the external receiver versus frequency. . . . . . . . .86

6.25 The measured connection loss from the RX antenna to the LNA versus

frequency. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .87

6.26 The measured eye diagram and constellation at 5-Gb/s data rate for BPSK

modulation and 1-mm distance. . . . . . . . . . . . . . . . . . . . . . . .87

6.27 The measured EVM for BPSK modulation versus distance. . . . . . . . .88

7.1 The conceptual illustration of the high-data-rate coverage radius for dif-

ferent HCI-issue solutions of the 60-GHz CMOS PA. . . . . . . . . . . .91

7.2 Core area versus sensitivity for the state-of-the-art low-power WuRxs and

the work presented in this dissertation. . . . . . . . . . . . . . . . . . . .92

7.3 NMOS structure with (a)SiO2/poly-Si; (b) high-k/metal gate. . . . . . . . 94

7.4 MeasuredVmax and EOT for SiO2/poly-Si transistor and high-k/metal gate

transistor with same gate lengthLg = 70nm. . . . . . . . . . . . . . . . . 94

7.5 The channel lateral electric field trend in CMOS processes according to

ITRS2013 and before. . . . . . . . . . . . . . . . . . . . . . . . . . . . .95

7.6 Hot carrier mechanism in (a) planar MOSFET; (b) tri-gate FinFET. . . . .95

7.7 Directions of evolution for future radio access (5G). . . . . . . . . . . . .97

7.8 Calculated data rate versus carrier frequency atPeff = 20 dBm andα = 0.2. 97

7.9 Calculated data rate versus carrier frequency atPeff = 12 dBm andα = 0.2. 98

7.10 Calculated data rate versus carrier frequency atPeff = 12 dBm and differ-

entα. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .98



xiv LIST OF FIGURES

7.11 The concept of HetNet for future radio access (5G). . . . . . . . . . . . .101

7.12 The examples of massive MIMO. . . . . . . . . . . . . . . . . . . . . . .101

7.13 The orthogonal and non-orthogonal multiple access scheme. . . . . . . .102



List of Tables

1.1 Partition Losses (Loss in Excess of Free Space) at 60 GHz in a Building

of Virginia Tech . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2 Channel definitions in IEEE 802.15.3c standard . . . . . . . . . . . . . .7

2.1 Description of Lifetime Measurement Conditions. . . . . . . . . . . . . .19

3.1 60-GHz CMOS PA Performance Comparison. . . . . . . . . . . . . . . .38

3.2 Single Carrier Mode of IEEE 802.15.3c Std. . . . . . . . . . . . . . . . .40

4.1 Bias Conditions of the HCI-Healing Transistor Module . . . . . . . . . .45

4.2 Status of the sub-blocks/switches at different operation modes . . . . . .50

4.3 Performance Comparison of 60-GHz CMOS transceivers. . . . . . . . . .55

5.1 Performance Comparison of the State-of-the-Art WuRxs in CMOS Pro-

cesses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .68

6.1 Link Budget for Short-Range High-Speed Communication . . . . . . . .71

6.2 Comparison with Previously Reported 60-GHz Band On-Chip Antennas. .82

6.3 60-GHz Low-Power High-Data-Rate TX Performance Comparison. . . .88





Chapter 1

Introduction

In the not far future, we will enter a society, in which anything that benefits from a con-

nection will be connected. It is so called the networked society. This society will has

two prominent characteristics: the exponential growth in the traffic volume and massive

growth in connected devices, as shown in Fig. 1.1. Those characteristics raise the re-

quirements for future radio access network, which include a) the capability of supporting

data traffic explosion (e.g.1000× capacity/km2); b) the increase of quality of experience

(QoE) for various applications (e.g. 10-100× data rates, reduced latency, and terminal

battery saving); c) massive device connectivity (e.g. 100× connected devices); d) intelli-

gent network with low cost and high robustness (e.g. suitable for diverse environment).

Therefore the key requirements for wireless transceivers in the future will be high data

rate, low cost, high robustness, and low power consumption.

So what are the solutions for those requirements? With the evolution of communi-

cation technologies, wireline communications can achieve hundreds of gigabits per sec-

ond (Gb/s) data rate nowadays [1–4]. While the data rate of wireless communications

Exponential growth in

Traffic Volume

“1000x and beyond”

Massive growth in

Connected Devices

“50 billion devices”
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Figure 1.1: The networked society.
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using low frequency bands, such as 2.4-GHz band and 5-GHz band, seems to be sat-

urated around hundreds of megabits per second (Mb/s) [5–7], as depicted in Fig. 1.2.

One of the most important reasons is due to the crowded frequency band at low frequen-

cies (frequencies below 10 GHz), which limits the possible bandwidth for the multi-Gb/s

wireless communication, as illustrated in Fig. 1.3. Fortunately, millimeter-wave (mmW)

band, which has much less standards and wider available frequency bands, is one of the

most promising candidates for high-data-rate (multi-Gb/s) wireless communications. Es-

pecially, it is predicted that 60-GHz band as the beginning of a trend of escalating carrier

frequencies has the potential of delivering unprecedented data rates [8–11], which al-

lows uncompressed high-definition media transfers, sensing and radar applications, and

virtually instantaneous access to massive libraries of information. Moreover, advances
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in complementary metal-oxide-semiconductor (CMOS) processes allow for the low-cost

low-power implementation of the 60-GHz transceiver system on a chip (SoC) [12–15]. In

addition, antenna size scales with frequency and becomes much smaller at 60-GHz band

enabling full on-chip integration, which can improve the design flexibility and reduce the

parasitic components and cost. Today, we are at the dawn of a new age of massively

broadband devices fabricated in CMOS processes, which operate at carrier frequencies

around 60 GHz.

1.1 60-GHz Frequency Band

1.1.1 Millimeter-Wave Propagation

The radio propagation channel must be understood for proper design and deployment

of wireless communication devices at 60 GHz. The laws of physics say that the higher

the frequency, the shorter the transmission range for a given power. It is known that

the free space path loss (FSPL) is more severe at 60-GHz band than at lower frequency

band according to the equation shown below (e.g. 20 dB larger loss due to the order of

magnitude increase in carrier frequency).

FSPL (dB)= 20 log10(d) + 20 log10( f ) + 20 log10(
4π
c

) (1.1)
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Table 1.1: Partition Losses (Loss in Excess of Free Space) at 60 GHz in a Building of
Virginia Tech

Material Drywall Office Clear Mesh Clutter
Whiteboard Glass Glass

Average Measured Attenuation (dB) 6.0 9.6 3.6 10.2 1.2

Measurement Standard Deviation (dB) 3.4 1.3 2.2 2.1 1.8

Normalized Average Attenuation (dB/cm) 2.4 5.0 11.3 31.9 –

whered is the propagation distance in meters.f is the signal frequency in hertz.c ≈
3 × 108 is the speed of the electromagnetic wave in air. For example, the loss with 10-

meter distance at 60 GHz is 88 dB, while it is 68 dB at 6 GHz.

Furthermore, the atmosphere absorbs millimeter waves, restricting their range. Oxy-

gen (O2) absorption is especially large at 60 GHz as shown in Fig. 1.4 [16]. The oxygen in

the air attenuates the 60-GHz electromagnetic wave at a rate close to 20 dB/km. By com-

parison, the atmospheric absorption in sub-6GHz bands encounters less than 0.01-dB/km

attenuation. Rain, fog, and any moisture in the air make millimeter-wave signal attenua-

tion very high. The interaction between water drops and radio waves cause an attenuation

which depends on the size and shape of the water drops. Fig. 1.5 shows the predicted

values of rain attenuation based on Laws and Parsons (LP) distribution at 20◦C [17]. The

specific rain attenuation at 60 GHz for a rainfall rate of 25 mm/h (heavy rain) is about

10 dB/km.
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In addition, common building materials have even higher loss at 60 GHz according

to C. Andersonet al. [18]. Table 1.1 from literature [18] shows the measured partition

losses (loss in excess of free space) at 60 GHz for different building materials.

Although high attenuation is undesirable in communication systems seeking for long

range, communications over short distances can benefit from it. For example, the high at-

tenuation cuts down on interference from other nearby radios. Therefore, a more efficient

way of using the allocated spectrum (space division multiplexing) can be achieved. More-

over, the high-gain antennas, which are normally used to compensate the path loss, are

highly directional. Those antennas can mitigate the interference and provide security that

prevents signals from being intercepted. Another consequence is a less harsh multi-path

environment compared to lower frequencies because of the high attenuation.

1.1.2 Regulations and Standards for 60-GHz Wireless Communica-

tions

Knowing the attractive features of the 60-GHz band, the governments across the world

have been making efforts to facilitate the commercialization of the 60-GHz spectrum. In

2001, the Federal Communications Commission (FCC) allocated 7 GHz of a continuous

spectrum (from 57 GHz to 64 GHz) for unlicensed wireless communications in USA [19].

Canada regulations, enforced by Industry Canada Spectrum Management and Telecom-

munications (IC-SMT), are harmonized with those of the USA [20].

In 2000, the Ministry of Public Management, Home Affairs, Posts and Telecommuni-

cations of Japan issued 60 GHz radio regulations for unlicensed uses in 59 GHz–66 GHz.

The available 60-GHz bandwidth is extended to 9 GHz (57 GHz–66 GHz) later [21].

Australia followed the international trend and regulated 60-GHz band (59.4 GHz–

62.9 GHz) in 2005.

In 2009, the European Commission (EC) amended a prior decision on the harmo-

nization of the radio spectrum for use by short range devices [22]. It puts into force the

harmonized European standard ESTI EN 302 567 which allocates the 9 GHz frequency

band from 57 GHz to 66 GHz for unlicensed use all over the European Union.

Fig. 1.6 summarizes the regulations of the 60-GHz band in the regions mentioned

above. It can be observed that a maximum of 9-GHz unlicensed bandwidth is available

around 60 GHz for short-range high-data-rate wireless communications.

Besides the efforts from the governments, there are many standardization and com-

mercialization efforts underway by the engineering community for 60-GHz wireless per-

sonal/local area network (WPAN and WLAN). Several 60 GHz standards, including IEEE

802.15.3c [23], IEEE 802.11ad [24], WiGig [25], WirelessHD [26,27], and ECMA 387 [28],
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are all targeting short-range 60-GHz networks.

The IEEE 802.15.3c mmW standard is an amendment to the IEEE 802.15.3 standard.

The IEEE 802.15.3c standard supports data rates in excess of 5 Gb/s, beamforming to

improve range, data aggregation schemes to improve medium-access layer (MAC) effi-

ciency, and subpacket acknowledgement to reduce retransmission overhead. Three physi-

cal layer (PHY) modes are used in the IEEE 802.15.3c standard: single-carrier (SC) mode

for low power and complexity, high-speed interface mode using OFDM for low-latency

bidirectional data transfer, and an audio/video mode for uncompressed HD audio and

video streaming. As spectrum allocation is inconsistent internationally, a very important

point within the PHY layer description is the definition of communication channels that

represent a good compromise between the different regional regulations. The channels

defined in the IEEE 802.15.3c standard is given in Fig. 1.7 and Table 1.2. It can be seen

that the 60-GH band is divided into four channels with the Nyquist bandwidth (BW) of

1.76 GHz for each channel. The carrier frequencies of neighboring channels are sepa-

rated by 2.16 GHz. Depending on the regional frequency allocation, only a part of these

channels can be used. It is also worthy of knowing that the other standards introduced

in the following are either inspired by IEEE 802.15.3c, or exhibit similar properties. In

particular, the channel frequencies are the same for all published specifications and all

MAC layers implement beam steering.

In order to provide the industry support and an easy marketing name, the wireless

gigabit (WiGig) alliance has worked closely with the IEEE 802.11ad technical group

on developing the standards. Therefore, the WiGig MAC/PHY specification aligns with

the 802.11ad standard. It supplements the IEEE 802.11 MAC layer and is backward

compatible to the IEEE 802.11 standard. The PHY layer is supporting both low power
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Table 1.2: Channel definitions in IEEE 802.15.3c standard

Channel Low Freq. Center Freq. High Freq. Nyquist BW Roll-Off

Number (GHz) (GHz) (GHz) (GHz) Factor

1 57.24 58.32 59.40 1.76 0.25

2 59.40 60.48 61.56 1.76 0.25

3 61.56 62.64 63.72 1.76 0.25

4 63.72 64.80 65.88 1.76 0.25

and high performance devices, while data transmission modes is up to 7 Gb/s. Distance in

excess of 10 m are expected due to the use of highly directive antennas and beam forming.

The WirelessHD standard is focused on the delivery of high quality, uncompressed

audio/video content with data rates up to 28 Gb/s. A range of at least 10 m is achieved

by employing highly directive smart antenna technology and exploiting Non Line of

Sight (NLOS) communication.

The ECMA-387 standard is intended to facilitate bulk and streaming data transfer

for three device types: (a) high-end video/audio streaming devices for operation over a

distance up to 10 m with LOS or NLOS links; (b) economical data/video devices for LOS

operation up to 3 m; (c) very inexpensive data-only devices for LOS operation over a 1-

m range. The single channel data rate is up to 10 Gb/s. If higher data rate is required,

the standard supports channel bonding, which permits the usage of multiple channels in

parallel. The standard also provides the framework for high definition media interface

protocol adaptation layer (HDMI PAL) in which a 60-GHz wireless device may operate

as an intermediate network node between source and sink.
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1.1.3 Application Scenarios

The government agreement on spectrum allocation and standardization efforts of the engi-

neering community illuminate a future where today’s books and paper media, along with

computer hard drives and magnetic media are replaced by the cloud or other large data

repositories. Those data sources will be wirelessly accessed by silicon-based electronic

devices which are extremely inexpensive to fabricate. Literature [29] shows the antici-

pated future offices in the next decade, where massively broadband wireless connectivity

replaces and transforms traditional paper media and magnetic data storage devices. For

example, today’s wired Internet port will likely become a tether-less wireless-to-fiber con-

nection. Book and content publishers may become web providers and purchasers of sili-

con chips or low-cost radio frequency (RF) tags that contain various media content. The

carbon footprint and power consumption of Internet data centers will be reduced as low-

power wireless chip-to-chip communications replace cables, and permit novel cooling

architectures and new flexibility in equipment configuration. Future researchers will have

to develop entirely new strategies for circuit implementation, channel coding, data com-

pression, interference mitigation, antenna beamforming, network addressing, and spectral

usage to take advantage of massive available bandwidths, lower power requirements of

devices, and the ever-present Internet.

1.2 The Effects of CMOS Process Scaling

The mm-Wave front-end shall be integrated together with digital circuitry on the same

chip to minimize size and reduce packaging effort and cost. This mandates the use of a

CMOS-based technology, which is the only means of efficiently implementing very com-

plex digital circuits. Thus, either CMOS or BiCMOS are potential technologies for the

realization of the 60GHz radio interface. Other reasons to favor (Bi)CMOS over com-

petitors like the compound semiconductor technologies such as gallium arsenide (GaAs)

and Indium Phosphide (InP) include the potential for low power consumption, small cir-

cuit size, low cost in mass production and the transit frequency (ft)/maximum oscillation

frequency (fmax) that can be achieved with recent (Bi)CMOS technologies. According to

Axiom Microdevices, the cost per unit area of a GaAs process is about 5 times higher that

that of a corresponding 0.13µm CMOS process. Driven by the mass market of digital

consumer electronics, the CMOS process keeps scaling down to deep sub-micron. The

transit frequency and maximum oscillation frequency of CMOS transistors reach hun-

dreds of gigahertz, which allows the low-cost monolithic-integration of 60-GHz circuitry

in the CMOS process, as depicted in Fig. 1.8. Moreover, the supply voltage is scaled
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down with the shrinking of transistor gate length due to reliability considerations, which

could lead to order of magnitude of reduction in total power consumption of the system.

When it comes to the choice between CMOS and BiCMOS technology, it has to be

noted that both recent CMOS and SiGe BiCMOS technologies exhibit the necessary per-

formance for RFIC design at 60GHz. In the latter case this becomes possible due to the

use of powerful bipolar transistors that exhibit much higher unity gain frequencies as the

field-effect transistors of the CMOS technology they are implemented in. However, there

are different arguments that support the use of standard CMOS instead of BiCMOS tech-

nology. First of all, nano-scale CMOS RFICs usually dissipate less power with respect to

RFICs of same performance employing bipolar transistors. Secondly, the performance of

the CMOS transistors in a BiCMOS process is clearly inferior to the performance of the

available bipolar transistors. Thus, while for example a 130nm SiGe BiCMOS process

exhibits mm-wave performance comparable to a 65nm CMOS technology, the digital cir-

cuitry on the same chip will suffer from lower performance, higher power consumption

and larger circuit size. These reasons, and a potential cost advantage if the number of

fabricated circuits is very large as in the case of consumer applications, makes CMOS

technology the first choice for the 60GHz radio interface.

To allow the design of high performance, low power circuits at 60 GHz, the advanced

CMOS technology with smaller gate length is desirable. Because its transistor’s cutoff

frequencies and maximum oscillation frequency are higher than the desired operating fre-

quency, which offers higher power gain for a single stage. Consequently, the power con-

sumption and circuit size can be reduced because of the decreasing of gain stage numbers.

Although many advantages are expected and observed with the CMOS process scaling,
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there are new challenges arisen with scaling which need to be addressed and taken into

consideration for 60-GHz design.

Firstly, hot-carrier-injection (HCI) reliability issues in the CMOS process become

more severe with the downscaling of the transistor gate length. It is because the main

source of the HCI damage is the strong lateral electric field built in the transistor chan-

nel. With the shrinking of the channel length, the electric field in the channel becomes

stronger under a certain bias condition, as demonstrated in Fig. 1.9. The nominal supply

voltage is from ITRS 2013 and before. The HCI limited peak drain voltage (Vds,peak) for a

45nm CMOS process is the measured maximum drain voltage for 10-year lifetime when

RF stress signal is applied to the drain terminal of the transistor and DC signal is at gate

terminal [30]. The DC bias for the drain and source of the transistor are 1.0 V for the mea-

surement. The red dashed line indicates the estimated drain voltage values for same peak

electric field at different process node. Although the estimation is under extreme condi-

tions and the electric field also depends on other parameters such as doping levels and

junction profiles. This figure shows the trend that HCI issues become more sever with the

rapid scaling of the gate length and the slow decreasing of the supply voltage due to the

non-scalability of the sub-threshold slope. It is also give us a insight that the process node

smaller than 30 nm may not be suitable for RF applications due to the strongly increased

lateral electric field. Furthermore, the reduction of the supply voltage and output voltage

swing due to reliability issues will cause the degradation of output power or efficiency.

The degradation of output power (P = V × I ) is straight-forward. With the decreasing of

the output voltage swing, the output power is decreased with the same current value. If the

current value is increased to maintain the output power, the optimum load impedance for
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maximum output power (Z = V/I ) is decreased accordingly. This will raise the impedance

transformation ratio in the output matching network, which causes large loss in the match-

ing network. Therefore, the system output power and efficiency are degraded. The HCI

effects are dominant for the reliability of the standard CMOS transistors in large-signal

operation mode, which are generally used to realize power amplifiers (PAs). The detailed

researches and solutions for HCI issues in the design of 60-GHz transceivers is elaborated

in the following chapters of this dissertation.

Secondly, the low-gain and low-efficiency issues of CMOS on-chip antennas are ex-

acerbated in the advanced CMOS process. The low gain and low efficiency of the CMOS

on-chip antenna is mainly originated from the high doping concentration (low resistiv-

ity) of the substrate which is used to avoid latch-up of digital components. The doping

concentration is getting higher in the advanced CMOS process, which is generally used

to implement 60-GHz transceivers. However, if high gain antennas can be fabricated on

chip in 60-GHz band, the benefits of cost reduction and improved design flexibility will

be extremely attractive. The researches with regard to gain enhancement of the CMOS

on-chip antenna is discussed in detail in the following chapters.

Last but not least, the supply voltage scaling reduces the signal swing and degrades

signal to noise ratio (SNR) of analog circuits. Moreover, the phase noise of oscillators is

degraded by supply voltage reduction which negatively affect system performance.

1.3 Challenges for 60-GHz CMOS Transceiver Design

Considering the implementation of the 60-GHz CMOS transceivers for the short-range

wireless communication, high-data-rate capability, low cost (and hence small circuit size),

high reliability, very low power consumption, and high integrability are the key require-

ments. To achieve those requirements, new challenges are introduced consequently.

It is well-known that the parasitics have large effect on the device performance at 60-

GHz frequencies. Unfortunately, foundries do not yet provide process design kits (PDKs)

supporting 60-GHz frequencies. Therefore, device modeling for 60-GHz circuit design is

indispensable. To accurately model the devices, test elementary group (TEG) of passive

and active devices including pads and interconnects have to be implemented before circuit

design [31,32]. De-embedding is needed to correctly obtain the performance of the device

removing the effects of extra text fixtures [33].

The maximum available gain (MAG) of the transistor is inversely proportional to the

operation frequency. More stages and power consumption are demanded to reach a certain

gain value at 60 GHz than at low frequencies. Customized transistor layout and new

circuit design techniques are necessary to improve the gain of the 60-GHz amplifier with



12 Introduction

low power consumption [34].

Low complexity of the transceiver topology is desired to decrease the circuit size and

power consumption, which normally means low spectrum usage efficiency. However, to

achieve very high data-rates (severl tens of Gb/s or even higher), the spectrum needs to

be used efficiently even though ultra-wide bandwidth is available in the 60-GHz band.

Trade-offs between the system complexity and achievable data rate are required to be

examined carefully for specific applications.

Besides high-gain antennas/antenna arrays and power combining technique, high out-

put power for a single power amplifier is desired to overcome the considerably high path

loss at 60-GHz band. However, the deteriorated HCI reliability performance of the ad-

vanced CMOS transistor degrades the output power of the 60-GHz power amplifier, and

therefore the operation lifetime. New techniques and solutions are required to achieve

longer operation lifetime of the 60-GHz transmitter with high output power.

The ultra-wideband (around 9 GHz) requirement of 60-GHz transceivers makes the

low-power implementation of the wideband wireless system challenging. It is difficult to

maintain the gain flatness over a wide bandwidth across the front-end, which is important

for the error vector magnitude (EVM) performance. The wideband RF/analog wireless

signals generally need to be converted to the digital domain by high-speed analog-to-

digital converter (ADC), which is not easy to be achieved with low power consumption

for moderate-resolution ADCs (6–10 bit).

The quality factor of circuit components (especially varactors) drops enormously at

60-GHz band, which leads to the difficulties of direct generation of low phase noise 60-

GHz local oscillator (LO) signal. Therefore, traditional design techniques becomes diffi-

cult to implement the required low phase noise LO with low power consumption. Differ-

ent approaches are needed to overcome this issue.

1.4 Overview of This Thesis

This thesis focuses on the research of HCI reliability enhancement and power reduction

solutions for 60-GHz multi-Gb/s short-range transceivers in CMOS processes, which are

key challenges/requirements for wireless transceivers in future radio access network. It

is also worthy of noting that the solutions and techniques developed in this research can

be easily merged with each others. Therefore, high reliability and low power consump-

tion characteristics can be achieved simultaneously for the 60-GHz high-data-rate CMOS

transceiver.

The thesis is organized as shown in Fig. 1.10. In the beginning, the HCI phenom-

ena and issues in the CMOS process are briefly reviewed in Chapter 2. Then, the aging



1.4 Overview of This Thesis 13

Chapter 7

Conclusions & Future work 

Chapter 6

Ultra-Low Power 60-GHz 

TX with On-Chip Antenna 
Chapter 4

HCI-healing 60-GHz CMOS TRX

Chapter 3

60-GHz PA using Variable VDD

Chapter 2

HCI Reliability Issues and Prior Arts Chapter 5

60-GHz WuRx 

HCI Reliability Enhancement Low Power 

Consumption Solution

Chapter 1

Introduction to 60-GHz 

Wireless Communication

Figure 1.10: Organization of this dissertation

model for AC stress on the transistor is detailed and extended to the dynamic operation

situation. Chapter 3 explains the proposed variable-supply-voltage PA for the 60-GHz

application, which alleviates the HCI damage and therefore improves the reliability. To

further enhance the HCI reliability, a HCI-healing 60-GHz CMOS transceiver is designed

and implemented, which is described in Chapter 4. Chapter 5 introduces a systematic

and area-efficient power reduction solution using 60-GHz wake-up receiver (WuRx) for

the 60-GHz multi-Gb/s transceiver. The design of a ultra-low power 60-GHz transmitter

with a gain-enhanced on-chip antenna is elaborated in Chapter 6. Finally, the conclu-

sions are drawn for this thesis in Chapter 7. Future works are also discussed for possible

improvements to the research.





Chapter 2

Hot-Carrier-Injection Reliability Issues

in CMOS Transistors

It is known that the physical phenomena mostly responsible for the advanced CMOS

transistor degradation are hot carrier injection (HCI), negative bias temperature instabil-

ity (NBTI), and gate oxide breakdown [35]. NBTI, which is prominent in PMOS devices,

occurs due to the generation of the interface traps at the Si/SiO2 interface when a negative

gate bias is applied to the PMOS [36]. It manifests itself as a degradation in the thresh-

old voltage (Vth) of the PMOS transistor. Because of the low gain property of the PMOS

transistor at the 60-GHz frequencies, the NMOS transistor is widely used for the circuit

design and implementation. Therefore, the degradation caused by NBTI is not investi-

gated thoroughly in this thesis. The gate oxide breakdown is the sudden formation of a
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Figure 2.1: The downscaling of the the supply voltage and gate length for RF/AMS
CMOS processes according to ITRS2013 and before.
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conductive path in the gate-oxide of a MOS device as result of a high gate voltage. The

typical electric field value for gate oxide breakdown due to Fowler-Nordheim tunneling

is around 10 MV/cm [37]. This corresponds to approximately 2.5-V gate voltage for the

gate oxide thickness of 2.5 nm used in a normal 65-nm CMOS process, which is far larger

than the normal operation voltage for the 60-GHz circuits. Hence, this research does

not focus on the reliability issue induced by gate oxide breakdown. However, the HCI

issues, which are induced by the high electric field across the channel of the MOSFET,

are becoming a major concern for the high-frequency applications with the MOS channel

length downscaling. It can be observed through the trend of the downscaling of the supply

voltage (VDD) and gate length (L) as depicted in Fig. 2.1. The downscaling of the supply

voltage is not as fast as the shrinking of the gate length. The ratio ofVDD/L is actually

increasing with the process downscaling, which indicates a stronger lateral electric field

in the channel and degrades the HCI reliability performance.

2.1 Hot-Carrier-Injection Phenomenon

The hot-carrier phenomenon appears when a large voltage drop across the pinch-off region

of the MOSFET results in a high lateral electric field close to the drain terminal. The

carriers which traverse this high electric field and gain considerably higher energies than

the equilibrium thermal energy in the semiconductor lattice are so-called hot carriers.

Under the influence of the lateral field effect, a fraction of those hot carriers interacts with

the interfacial layer enabling a transfer of energy. Several mechanisms [38] can explain

such interactions. Some of the most important mechanisms are listed here and illustrated

in Fig. 2.2.

(a) channel hot-electron (CHE) injection, which is composed of ”lucky electrons” and

occurs mainly atVD = VG conditions. Lucky electrons are those which gain sufficient

energy to surmount the barrier between Si and SiO2 without suffering an energy-losing

collision in the channel. Those hot electrons are injected into the gate oxide, producing a

small gate current (IG)

(b) drain avalanche hot-carrier (DAHC) injection, which is due to impact ionization of

channel current near the drain. In this mode, some hot carriers in the channel cause impact

ionization, thereby generating a new electron hole pair. As a consequence some holes

may flow towards the substrate contact, thereby contributing to a measurable substrate

current (Isub). The maximumIsub normally occurs aroundVG = VD/2 condition. Both of

the hot electrons and hot holes can be injected into gate oxide causing small gate current

and generating defects. The carriers injected in the gate oxide can either contribute to

the gate leakage current or generate defects by Si-H bond dissociation in a region closed
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Figure 2.3: Summary of hot-carrier generation and degradation in MOSFETs.

to the gate/oxide interfacial layer. Several types of bonds excitations can occur depending

on the energy (voltage) and the flow (current) of carriers. Three main bonds excitations

are highlighted in [39].

(a) Single Vibrational Excitation (SVE) is related to higher energetic carrier that has
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Figure 2.4: Transistor lifetime measurement setup.

enough energy to break Si-H bond. (high energy)

(b) Electron Electron Scattering (EES) is due to energy exchange between two carri-

ers. One carrier promotes the other into higher energy and allows Si-H breaking. (medium

energy)

(c) Multiple Vibrational Excitation (MVE) is due to a series of low energetic carriers

that accumulate enough energy to break Si-H bond. (low energy)

The trapped charges and generated defects will modify the electric field at the Si-

SiO2 interface and hence the electrical characteristics of the MOSFET, such as threshold

voltage (Vth), channel carrier mobility (µ), unit-area gate oxide capacitance (Cox), and

therefore drain current (ID).

Fig. 2.3 summaries the hot-carrier generation and degradation in MOSFETs.

2.2 The Lifetime Characterization of 65 nm NMOSFETs

To gain quantity insights of the hot-carrier-induced effects on MOSFETs, DC and RF

stress lifetime measurements have been conducted using the setup shown in Fig. 2.4. The

DC parameter analyzer is used to provide stress voltages for the DC lifetime measurement

and bias voltages for the RF lifetime measurement. The RF signal generator is utilized to

apply RF stress signal on the Device Under Test (DUT). The power meter and the DC pa-

rameter analyzer are used to monitor the RF stress levels and DC parameters, respectively.

The lifetime measurement conditions are summarized in Table 2.1.

The DC stress lifetime measurement is performed by the following method [30, 40],

as depicted in Fig. 2.5.
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Table 2.1: Description of Lifetime Measure-
ment Conditions.
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Figure 2.5: Transistor lifetime measurement procedure.
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τ

Figure 2.6: The sketch of transistor lifetime (τ) definition with measured (symbol) and
estimated (solid line) data.

a) At the beginning of the measurement, the unstressed saturation drain current (IDSat)

of the DUT is record under a certain gate and drain bias voltage.

b) Then the drain bias voltage of the DUT is increased to accelerate the occurrence of
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11 dBm, frequency= 100 MHz atVDS = 1.2 V,VGS = 0.8 V.

HCI effects, which is called stress period.

c) After the stress period, the drain bias voltage of the DUT is decreased to the original

value. The degradedIDSat is record accordingly, which is called recording period.

d) The alteration of the stress and recording period is repeated until the lifetime of

the DUT is observed or can be predicted by the record data. The lifetime (τ) is generally

defined as the time when the recordIDSat decreases by 10% from the unstressed value, as

illustrated in Fig. 2.6.
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Figure 2.10: Measured (diamond symbol) and estimated (solid line) saturation drain cur-
rent degradation of standard 45 nm NMOSFETs under RF stress.

The procedure of the RF stress lifetime measurement is similar to the DC one except

that the RF signal generator provides a stress signal at the gate of the DUT resulting

the stress signal at drain terminal during stress period. In addition, the DC parameter

analyzer supplies the same bias voltages for both recording and stress period of the RF

lifetime measurement. The waveforms of the RF stress signals are extracted by carefully

modeling the transistors and de-embedding the influence of the pads and connection metal

lines [33, 41, 42]. Therefore, the relationship between the RF stress lifetime and stress

waveforms can be investigated.
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Figure 2.12: Measured lifetime of standard 65 nm NMOSFETs under DC stress condition
of VDS = 1.8 V,VGS = 1.8 V for different channel width .

Fig. 2.7 shows the measured (diamond symbol) lifetime of standard 65 nm NMOS-

FETs under three different DC stress conditions. The recording bias voltages for the gate

and drain terminal of the DUT are 0.8 V and 1.2 V , respectively. As shown in Fig. 2.7,

the lifetime is only about 700 s for the stress condition ofVDS = 2.0 V, VGS = 0.8 V.

While the estimated lifetime (solid line) can be as long as 2×109 s for the stress condition

of VDS = 1.2 V, VGS = 0.8 V. The lifetime estimation result is obtained by finding the

best-fitting line for the measurement data using the equation in [43] (τ = K · eb/VDS). It

seems that the HCI effects have a small influence on the lifetime of the transistors with
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ordinary biases.

Nevertheless, the situation is changed when the RF signals are applied to the transis-

tors. Fig. 2.8 shows the measurement result (diamond symbol) ofIDSat degradation when

a 100-MHz RF signal is added to the gate of the NMOSFET. The output power at the

drain terminal of the NMOSFET (Po) is 11 dBm with the bias condition ofVDS = 1.2 V,

VGS = 0.8 V. The corresponding peak drain voltage (Vds,peak) is around 2.2V. The time for

IDSatdegrading by 10% is vastly decreased to around 8×103 s (2.2 hours). The best-fitting

line for the measurement data is also constructed to predict the degradation ofIDSat in

accordance with the equation in [44] (∆IDS at= A · tn).
The very short lifetime of the transistor operated with large RF voltage swing at drain

terminal is also reported in other literatures [40,45]. Fig. 2.9 shows the measured satura-

tion drain current degradation of a 40-nm NMOSFET when a RF stress signal is applied

to the drain terminal [45]. The stress condition is DC stress at the gate terminal (VGS =

1.8 V) and RF stress at the drain terminal (VDS = 1 V, Vds,peak= 1.8V, frequency=1 GHz).

It is shown that the lifetime for 10%IDSat degradation is about 50.9 hours. When the

Vds,peak value is increased a much worse lifetime performance is observed [40], as shown

in Fig. 2.10. The measured transistor is fabricated in a 45-nm CMOS process. A RF stress

signal is applied to the drain terminal withVDS = 1 V, Vds,peak = 2V. The frequency is

2.4 GHz. The gate terminal is connected to a DC bias voltage of 0.7 V. TheIDSat is mea-

sured under the condition ofVGS = VGS = 1.2 V. The lifetime of the NMOSFET is only

1.4 hour under the stress condition described before. Even with a smallerVds,peak stress

value, the 45-nm CMOS process shows worse lifetime performance as compared to the

65-nm counterpart, which indicates worse HCI performance for the scaled devices.

The low-frequency lifetime measurement results can be directly applied to the tran-

sistor with the stress signal having higher frequency and same amplitude [46], as demon-

strated in Fig. 2.11. The lifetime of the transistors is about 103 s for different stress fre-

quencies shown in Fig. 2.11. The extracted peak-to-peak drain voltage is around 2.2 V for

all the measured frequencies.

Measurement results also show that the HCI issues are independent of the channel

width as demonstrated in Fig. 2.12. The NMOSFETs with six different channel width are

measured under DC stress condition ofVDS = 1.8 V, VGS = 1.8 V. The measured lifetime

are all around 103 s showing the independence of the channel width.

2.3 Aging Model of Hot-Carrier Degradation

According to recently published papers [39, 44], depending on the energy (voltage) and

the flow of carriers (current), there are three main mechanisms which are responsible for
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the HCI damage: a) Single Vibrational Excitation (SVE) leads the high energetic carriers

to break Si-H bond; b) For the mechanism of Electron Electron Scattering (EES), one

carrier is promoted into higher energy by the other one and causes Si-H bond breaking;

c) The mechanism of low energetic carriers accumulating enough energy to break Si-H

bond is called Multiple Vibration Excitation (MVE).

Based on the three mechanisms described above (SVE, EES, and MVE), the quasi-

static hot-carrier model for RF operation is well developed and verified in [44].

∆ IDSat(t) = A(t) · tn =


∫ t

0
A

1
n (τ) dτ︸         ︷︷         ︸

Age
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where IDS(t) and IBS(t) are the time-varying drain and substrate current, respectively,

which are functions of the time-varying drain-source voltageVDS(t) and gate-source volt-

ageVGS(t). K andα are damage-mechanism-related constants.mandnare process-related

constants.Eemi is the thermal activation barrier of hydrogen (H) emission. The parame-

ters mentioned above can be extracted from DC stress measurements which covers a wide

range ofVDS andVGS combinations.
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Figure 2.14: HCI issues for 60-GHz amplifiers.

The quasi-static model is demonstrated originally for the transistors operating at fixed

biases and input/output power levels. However, it can be extended to dynamic operation

situations under which the biases and input/output power change frequently. The basic

idea is to reconstruct the age function introduced in Eq. (2.1) as the sum of various age

functions corresponding to the dynamic operation conditions, as derived in Eq. (2.3).

∆ IDSat(t) =

[∫ t

0
A

1
n (τ) dτ

]n

=

[∫ t1

0
A

1
n
1 (τ) dτ +

∫ t2

t1

A
1
n
2 (τ) dτ

+

∫ t3

t2

A
1
n
3 (τ) dτ + · · · +

∫ td

td−1

A
1
n
d (τ) dτ + · · ·

]n

(2.3)

whereA
1
n
d (t) is the degradation rate betweentd−1 and td (d = 1,2,3, · · ·), which is de-

termined by the specific bias conditions and input/output power levels during that time

period. It is worthy of noticing that the integration of the degradation rate (age function)

is proportional to the total degradation drift. Consequently, if the area below the time-

domain waveform of the dynamic degradation rate is smaller than that of the fixed rate,

the dynamic operation will result in a better lifetime, as illustrated in Fig. 2.13.

2.4 Hot-Carrier-Injection Issues at 60 GHz

As indicated in [44], hot-carrier-induced (HCI) effects are dominant for the reliability of

the standard CMOS transistors in large-signal operation mode, which are generally used

to realize the 60-GHz PAs. It is because the inherently large voltage swing at the output

of the PA is the main source of the HCI damage. Unfortunately, a thick-oxide transistor, a
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common solution for reliability issues at lower frequencies, can not be utilized for 60-GHz

CMOS PA design due to its limited maximum oscillation frequency (fmax) as illustrated

in Fig. 2.14. Fig. 2.15 demonstrates the performance degradation of the 60-GHz CMOS

power amplifier with the HCI induced drain current decreasing. It can be observed that

theP1dB degradation is more than 2 dB when the drain current (measured withVD=1.2V,

VG=0.7V) is decreased by 36%.

Much effort has been carried out to solve the HCI issues for the 60-GHz CMOS PAs.

As shown in Fig. 2.16, reducing the operation supply voltage [47] and using cascode

topology [48] for the PAs can greatly alleviate the HCI effects on the PAs but at the cost
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of the degraded output power, linearity, and efficiency.

Power combining techniques using on-chip combiner [49] and antenna array [15] de-

picted in Fig. 2.17 can be used to compensate the degraded output power and linearity.

However, the deteriorated efficiency remains to be unimproved.





Chapter 3

Reliability-Enhanced 60-GHz CMOS

PA using Variable Supply Voltage

3.1 Introduction

Wireless transceivers operating in the unlicensed 9-GHz band around 60 GHz in CMOS

processes have been investigated and reported intensively in the past several years, due to

their capability of achieving low-cost multi-gigabit-per-second short-range wireless com-

munications [12,13,50]. It is known that a power amplifier (PA) is one of the key blocks of

wireless transceivers, the properties of which are crucial for the system performance, such

as linearity, efficiency, communication distance,etc. For practical uses of 60-GHz CMOS

PAs, reliability, suffering from hot carrier, bias temperature instability, time dependent

dielectric breakdown and so on, is one of the most significant issues [47]. Furthermore, as

indicated in [44], hot-carrier-induced (HCI) effects are dominant for the reliability of the

advanced CMOS transistors in large-signal operation mode, which are generally used to

realize the 60-GHz PAs. It is because the main source of the HCI damage is the inherently

large voltage swing at the output of the PA. However, a common solution for reliability

issues at lower frequencies, thick-oxide transistors, can not be used for 60-GHz CMOS

PA design due to the limited maximum oscillation frequency (fmax).

Much work has been done to solve the HCI issues for the 60-GHz CMOS PAs. Re-

ducing the operation supply voltage [47] and using cascode topology [48] for the PAs can

greatly alleviate the HCI effects on the PAs but at the cost of the degraded output power,

linearity, and efficiency. Power combining [49] and beamforming [15] techniques can be

used to compensate the degraded output power and linearity. However, the deteriorated

efficiency remains to be unimproved.

Meanwhile, compared with the counterpart of frequency division duplex (FDD), time
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division duplex (TDD) is preferred for high-data-rate short-range communication sys-

tems, because the TDD operation can eliminate the stringent requirements of filtering and

extend the available bandwidth for the transceivers. As for TDD operation of the 60-GHz

transceivers, fast-recovery ability from sleep mode to awaking mode of the transmitters,

especially the PAs, is necessary for multi-gigabit-per-second (multi-Gb/s) throughput (e.g.

less than 3µs for over 2 Gb/s throughput) [13, 51]. Unfortunately, not many papers have

discussed this feature for the 60-GHz CMOS PAs before.

In this chapter, a 60-GHz digitally-assisted variable-supply-voltage PA is proposed

and implemented to relieve the HCI influences on the circuit [52]. A fully-integrated

mixed analog-digital low drop-out voltage regulator (LDO) is designed to dynamically

adjust the supply voltage of the last stage of the PA (VPA) between 0.7 V and 1.0 V. The ad-

justment ofVPA offers a possibility to meet different linearity, efficiency, output power, and

lifetime requirements for the PA in actual applications. The PA is capable of outputting

13.2 dBm saturation power (Psat), 10.2 dBm power at 1-dB compression point (P1dB) and

achieving 15.0% peak power-added efficiency (PAE). The PA fabricated in a standard 65-

nm CMOS process is insensitive to the process variations thanks to the tunable supply

voltage.

3.2 Proposed 60-GHz Variable-Supply-Voltage PA

3.2.1 System Block Diagram and Dynamic Control Scheme

Fig. 3.1 shows the entire block diagram of the proposed 60-GHz digitally-assisted variable-

supply-voltage CMOS PA. The whole system is composed of a mixed analog-digital

LDO, a 3-stage balanced PA and a digital control block with reference voltage genera-

tor. The mixed analog-digital LDO co-operating with the digital control block is used

to dynamically tune the supply voltageVPA for the last stage of the PA, which normally

suffers the most from the HCI effects and dominates the lifetime of the PA. The dynamic

control scheme under TDD operation depicted in Fig. 3.2 is described as follows:

a) When a wake-up signal is sent to the digital control block of the proposed PA, the

mixed analog-digital LDO will turn on the supply voltageVPA promptly.

b) After the PA is woken up, the digital control block will monitor the setting of the

supply voltage and output power. If a control frame is received indicating the new supply

voltage and output power settings, the LDO altersVPA accordingly. OtherwiseVPA will be

maintained in the same level. The key point of dynamic operation is when the transmitter

does not require high output power and/or linearity,VPA can be decreased to relieve the

HCI stress. On the other hand, once the superior performance of the PA is demanded by
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Figure 3.3: The conceptual transient operation of the mixed analog-digital LDO.

the transmitter,VPA can be elevated to meet the requirements.

The digital control and reference voltage generator block is used to provide enable

signals for the digital/analog switching logic and the n-bit up/down counter while gener-

ating reference voltages for the digital and analog tuning blocks. The control bits for M1

to Mn can also be memorized in the digital control block.

3.2.2 Mixed Analog-Digital LDO

The mixed analog-digital LDO consists of a digital-tuning block, an analog-tuning block

and an array of PMOSFETs, as can be seen in Fig. 3.1. The digital-tuning block [53,54],

including a dynamic comparator, ann-bit up/down counter and a digital/analog switch-

ing logic, is adopted and optimized in this work, because it consumes ultra-low power,

can fully turn on the PMOSFETs which achieves low voltage drop-out, and easily ac-

complish fast recovery and tuning of the supply voltageVPA. Where the fast recovery

feature is necessary for multi-Gb/s wireless transmitters operating in time division duplex

mode (e.g. less than 3µs for over 2 Gb/s throughput) [13]. The analog-tuning block is

utilized to avoid the inherently large ripple of the digital-tuning block when the 3-stage

PA is working.

Fig. 3.3 illustrates the transient operation of the mixed analog-digital LDO with the

assistance of the digital control block for fast tuning and recovery of the supply voltage

VPA. At the beginning of the LDO operation, the digital-tuning block goes through a

training period while analog-tuning block is turned off by the switching logic.VPA is swept

from minimum to maximum value by adjusting the reference voltage of the digital-tuning

block (VrefD). The digital control bits of the PMOSFETs (M1 to Mn) for different values
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of VrefD are recorded to the digital control block. Once the training period is finished,

when the value ofVPA is larger than the setting value ofVrefD, the LDO is switched from

digital to analog mode by the switching logic. After a period of charging (or discharging),

the LDO outputs a constantVPA at the value ofβVref, whereβ = (R1 + R2)/R2 andVref

is the reference voltage of the analog-tuning block, as depicted in Fig. 3.3. When the

desired value ofVPA is changed or/and the circuit is awakened from sleep mode, the digital

control block restores the control bits for M1 to Mn to the up/down counter and generates

reference voltages correspondingly.VPA will be instantly charged (or discharged) to the

value corresponding to the restored digital control bits, then tuned by the analog block

of the LDO to the desired value in a short time. The simulation result shows that the

recovery time ofVPA from sleep mode with a de-coupling capacitanceCL of 86 pF is less

than 0.1µs in this work, as demonstrated in Fig. 3.4.

3.2.3 60-GHz 3-stage Balanced PA

The schematic of the 3-stage balanced CMOS PA is shown in Fig. 3.5. The HCI effects

on the PA are further alleviated owing to the adoption of the balanced topology. A trans-

mission line (TL) with 1.4 dB/mm loss around 60 GHz is used for matching network, and

an MIM transmission line (MIM TL) is realized for the de-coupling of the power sup-

plies. The channel widths of the transistors used for the 3-stage balanced PA from input

to output terminal are 2×20µm, 2×30µm, and 2×40µm, respectively. The cross-coupled

capacitors (Cc1 andCc2) connected between the gate and the drain of the opposite-side

transistors are incorporated for the first and second stage of the PA to neutralize the para-
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sitic gate-to-drain capacitances. The reverse isolation, stability, and power gain of the PA

are improved by utilizing the capacitive cross-coupling technique [55, 56]. This 60-GHz

PA can be connected directly to a differential antenna, and can also be connected to a

single-ended antenna through an on-chip balun [57].

3.3 Experimental Results and Discussions

3.3.1 Measurement Results

To verify our design, the core blocks of the proposed 60-GHz PA including the mixed

analog-digital LDO and the 3-stage balanced PA are fabricated in a standard 65 nm CMOS

technology. The digital control and reference voltage generator block is not implemented

in this work. The enable signals and reference voltages are provided by measurement

Vdd VPAVddVg1 Vg2 Vg3

M1
M2

M3

M4 M5 M6

RFin+

RFin-

RFout-

RFout+

Cc1 Cc2

Cc1 Cc2

MIM TL TL

Figure 3.5: The 60-GHz 3-stage balanced PA core.

PA

LDOCL

Figure 3.6: Die micro-photograph. Chip size: 0.70×0.80 mm2 including pads.
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equipments. The fast tuning of theVPA shown in Fig. 3.4 is not realized in this prototype.

Fig. 3.6 shows the die micro-photograph of the circuit. The areas of the 3-stage balanced

PA and the mixed analog-digital LDO are 0.132 mm2 and 0.025 mm2, respectively. The

on-chip de-coupling capacitor (CL) is 86 pF with a size of 0.051 mm2. The supply voltage

of the first and second stage of the PA (not tuned by the LDO) and the external input

voltage of the LDO (Vddin) are set to be 1.2 V for demonstration simplicity. The balun

probes (GSSG) are used to measure the large-signal characteristics. The insertion loss of

balun probes is de-embedded from the measurement results afterwards. Due to the limited
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number of pads,VPA cannot be measured directly, soVPA is calculated byβVref.

As depicted in Fig. 3.7, the small-signal S-parameter of the PA is measured for dif-

ferent values ofVPA. The 3-dB bandwidth is about 13 GHz (from 53 GHz to 66 GHz)

for all the measurement values ofVPA. The peak gain is 19.7 dB and 17.0 dB at 59 GHz

for VPA = 1.0 V andVPA = 0.7 V, respectively. The measuredPsat, P1dB and maximum

PAE (PAEmax) are plotted versusVPA at 60 GHz in Fig. 3.8. TheP1dB is reduced from

10.2 dBm to 5.8 dBm whenVPA is tuned from 1.0 V to 0.7 V as can be observed in Fig. 3.8.

The HCI stress on the circuit is therefore lightened by decreasing the supply voltage and

output power simultaneously, which leads to a better lifetime for the proposed PA. More

detailed large-signal measurement results such as the input power (Pin) versus the output
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power (Pout), gain, PAE, and the total DC current of all the on-chip building blocks (IDD)

are shown in Fig. 3.9. The power consumption of the PA is calculated fromIDD and the 1.2

V supply voltage, which is used for the PAE characterization. The static power consump-

tion of the proposed PA varies from 145 mW (LDO: 26 mW including PMOS switches)

to 157 mW (LDO: 12 mW including PMOS switches) whenVPA is changed from 0.7 V to

1.0 V.

In Fig. 3.10, the measured (symbol) and estimated (solid line) saturation drain current

degradation of the NMOSFETs used in the last stage of the PA is illustrated under different
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Table 3.1: 60-GHz CMOS PA Performance Comparison.

Ref CMOS Freq. Supply Psat P1dB PAEmax Lifetime Area

Process (GHz) (V) (dBm) (dBm) (%) (year) (mm2)

[47] 90 nm 60
0.7 8.5 5.2 7.0 > 104*

0.18
1.0 11.5 8.0 15.2 > 10* (core)

[48] 65 nm SOI 60

1.2 10.5 7.1 22.3

N/A 0.5731.8 14.5 12.7 25.7

2.6 16.5 15.2 18.2

[49] 65 nm 60 1.0 18.6 15.0 15.1 N/A 0.28

[56] 65 nm 60 1.0 11.5 8.0 15.2 > 10* 0.696

This 65 nm 60
0.7† 10.1 5.8 8.1 > 3× 104

0.56
work 1.0† 13.2 10.2 15.0 > 0.2

* Non-measured results † Only for the last stageVPA

RF (60-GHz) stress conditions. When the output power of the PA (Pout) is 10 dBm and

VPA = 1.00 V, the lifetime of the NMOSFETs is only 0.2 year. While ifPout = 5 dBm

andVPA = 0.75 V, the lifetime is improved to far more than 10 years. It is worthy of

knowing that the stress condition ofPout = 5 dBm andVPA = 0.75 V induces very small
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degradation in the saturation drain current at the beginning of the lifetime measurement.

The time exponent of the recorded data fitting line is very different from other stress

conditions, which theoretically should be same. Therefore, the average value of the time

exponent for other stress conditions are used for the plotting of the estimated line.

Table 3.1 summarizes and compares the performance of the proposed power amplifier

with that of the state-of-the-art PAs at 60 GHz in CMOS processes. It is shown in Table 3.1

that the proposed PA exhibits comparable output power and efficiency at high supply

voltage (VPA = 1.0 V) to the recently published PAs in the 60-GHz band for CMOS

technologies. Meanwhile, at low supply voltage (VPA = 0.7 V), the proposed PA with

reasonable output power, efficiency and linearity still can be used for shorter distance

communications or/and low-level modulation schemes (e.g.BPSK and QPSK).

As demonstrated in Fig. 3.11, the measured output spectrum of the proposed PA barely

degrades whenVPA is reduced from 1.0 V to 0.7 V and output power is comparably small.

The measurement is performed by applying a QPSK modulation signal to the input of the

PA at channel 3 of IEEE 802.15.3c standard (61.56 GHz to 63.72 GHz ) with a symbol

rate of 1.76 Gs/s. The center frequency of this channel is 62.64 GHz. Both of the spec-

trums meet the IEEE 802.15.3c standard. Fig. 3.12 shows the measured EVM at various

values ofVPA andPout. The channel 3 of IEEE 802.15.3c standard and 3.52-Gb/s QPSK

modulation signal are chosen again to evaluate the EVM performance of the proposed

PA. All the measured EVM is lower than -17 dB and satisfies IEEE 802.15.3c standard.

It can be observed that the measured EVM is changed from 11.7% (-18.6 dB) to 12.9% (-

17.8 dB) for low output power (Pout = 5 dBm) if VPA is tuned from 1.0 V to 0.7 V. The

degradation of the EVM is less than 1 dB, which implies that the low supply voltageVPA

is preferred for low output power situation considering the HCI issues. While at high

output power (Pout = 10 dBm), the measurement values of the EVM are 13.1% (-17.7 dB)

and 13.6% (-17.3 dB) forVPA = 1.0 V andVPA = 0.9 V, respectively.

3.3.2 Application Scenario

It is known that for a fixed high communication data rate at 60-GHz band, large supply

voltage and output power are needed for the PA to reach long communication distance.

However, keeping the supply voltage and output power at high level will degrade the

lifetime of the PA quickly. One solution is to sacrifice the communication distance or

data rate for better lifetime, which causes bad user experiences. Therefore, the dynamic

operation schemes [58], which are normally used for improving power efficiency and

overcoming interference, can be adopted and extended to elevate the lifetime of the PA

while providing high-data-rate and relatively long-range communication.
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Table 3.2: Single Carrier Mode of IEEE 802.15.3c
Std.

MCS identifier 8 1

Data rate 2640 Mb/s 412 Mb/s

Receiver sensitivity −56 dBm −61 dBm

NF 8 dB

Thermal noise −73.5 dBm

Required CNR 17.5 dB 12.5 dB

Tx antenna gain 2 dBi

Distance 0.56 m 1 m 1 m

Frequency 60 GHz

LOS loss −63 dB −68 dB −68 dB

Rx antenna gain 2 dBi

Implementation loss −2 dB

RequiredPout,min 5 dBm 10 dBm 5 dBm
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The operation scheme is simply explained in this subsection by taking the single car-

rier mode of IEEE 802.15.3c standard as an example. As shown in Fig. 3.13 and Ta-

ble 3.2, when the communication distance is more than 0.56 m and data rate is as high as

2640 Mb/s, the low output power mode (Mod1:VPA = 0.75 V andPout = 5 dBm) can not

satisfy the communication requirements.

The high output power mode (Mod2:VPA = 1.00 V andPout = 10 dBm) is needed.

In order to guarantee 10-year lifetime of the PA, the operation time period of high output

power mode should be carefully arranged. Fig. 3.13 (b) shows the estimation results of

∆ IDSat of the NMOSFETs used in the last stage of the PA for the application mentioned in

this subsection. WhereTMod2 andTtot are the operation time of Mod2 and all of the modes,

respectively. The results are calculated using Eq. (2.3) and the parameters extracted from

the stress measurements. The lifetime of the PA is over 10 years, as long as the operation

time of Mod2 is less than 2% ofTtot, as can be observed in Fig. 3.13 (b).

3.4 Conclusions

This chapter presents a 60-GHz variable-supply-voltage power amplifier using the digitally-

assisted LDO, in a 65-nm CMOS process. The severe HCI issues for 60-GHz CMOS

power amplifiers have been greatly alleviated through the dynamic operation. The life-

time of the proposed PA can be improved to over 10 years with the careful arrangement

of various operation modes. On the other hand, the power amplifier is still able to pro-

vide 13.2 dBm saturation power, 10.2 dBm power at 1-dB compression point and 15.0%

peak power-added efficiency at 60 GHz for high supply voltage (VPA = 1.0 V). The perfor-

mance of the proposed PA at variousVPA conditions meets the requirements of short-range

multi-gigabit-per-second communication standards (e.g. IEEE 802.15.3c).





Chapter 4

HCI-Healing 60-GHz CMOS

Transceiver

4.1 Introduction

The research of 60-GHz CMOS transceivers has bloomed due to their capability of achiev-

ing low-cost multi-Gb/s short-range wireless communications [11]. Considering practical

use of the 60-GHz CMOS transceivers, longer operation lifetime with high output power

is preferred to provide reliable products. Unfortunately, as discussed before, the output

power capability of the transmitter will gradually degrade due to the hot-carrier-injection

(HCI) effects in the standard CMOS transistors at large-signal operation (e.g.power am-

plifiers). It is because the inherently large voltage swing at the output of the power ampli-

fiers (PAs) is the main source of the HCI damage. Unfortunately, a thick-oxide transistor,

a common solution for reliability issues at lower frequencies, cannot be utilized for 60-

GHz CMOS PA design due to its limited maximum oscillation frequency (fmax).

Conventional solutions are demonstrated to be very effective to solve the HCI issues

for the 60-GHz CMOS PAs but at the cost of low output power, linearity, and efficiency.

The proposed variable-supply-voltage PA can greatly alleviate the HCI issues while main-

taining the capability of outputting large power and high linearity. However, in order to

achieve normally required 10-year lifetime, the operation time of the high output power

mode is limited to a short period. The solution for longer operation lifetime with high

output power is still desired for providing reliable products.

This chapter presents a 60-GHz CMOS transceiver with HCI damage healing func-

tion, which can detect the HCI damage to the transistor used in the PA and heal it af-

terwards [59]. The proposed HCI-healing technique relieves the trade-off between the

HCI reliability and the system performance, which guarantees longer operation lifetime
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with high output power. The proposed transceiver demonstrates an EVM of -27.9 dB in

16 QAM and can transmit 7 Gb/s within 2.16-GHz bandwidth. The transmitter, receiver,

and PLL consume 174 mW, 144 mW, and 44 mW from a 1.2-V supply, respectively. The

core area of the TRX is 2.3 mm2.

4.1.1 The Concept of HCI Healing

It is known that the HCI damage can severely deteriorate the current capability of the

transistor and therefore the output power, linearity, and efficiency of the CMOS power

amplifiers. The conventional solutions for the HCI issues mainly focus on the allevia-

tion of the HCI damage on the CMOS transistors, which is accomplished by reducing the

supply voltage and output power of the PAs. However, these solutions degrade the initial

linearity and efficiency of the power amplifier with low output power capability and still

can not prevent the damage to the transistor. Simply increasing the gate voltage of the

transistor can temporarily compensate the degraded performance. Nevertheless, the in-

creased gate voltage can accelerate the HCI damage causing a even worse lifetime of the

transistor. Ultimately, the physical healing of the HCI damage is desired to maintain the

initial system performance. With the proposed HCI healing technique, the HCI-damage

induced current degradation is recovered once the degradation reaches a certain criteria,

as illustrated in Fig. 4.1. Therefore, longer operation time with better system performance

can be achieved.
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Table 4.1: Bias Conditions of the HCI-Healing Transistor
Module

Status 60-GHz HCI HCI
operation damaging healing

VGT 1.2 V 1.2V̇ 0 V

VS 0 V 0 V High Z

VG Bias (e.g.0.7 V) Bias (e.g.0.7 V) 0 V

VH 0 V 0 V High voltage

VD
1.2 V 1.2 V 0 V

(SmallVod swing) (LargeVod swing)

4.2 Proposed HCI-Healing Mechanism and Module

It is know that random telegraph noise (RTN) and flicker noise share the the same mecha-

nism of randomly trapping and ejection of electrons in gate oxide [60]. The HCI damage
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is also due to the trapped electrons in the gate oxide as depicted in Fig. 4.2. If we can find

a solution to strengthen the ejection phenomenon of the trapped electrons in the damaged
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gate oxide, the HCI damage can be physically healed. As shown in Fig. 4.3, it can be

achieved by applying a short pulse of high voltage at the bulk terminal and low voltage at

the gate terminal simultaneously. A non-volatile memory using a standard CMOS tran-

sistor has been reported with 100-times program/erase endurance [61], where the drain-

side-assisted charge ejection technique in gate oxide is applied to control the threshold

voltage (not for HCI healing). In this research, a charge ejection technique is applied to a
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millimeter-wave power amplifier as shown in Fig. 4.5, which is the world’s first reported

HCI healing technique for the power amplifiers. The relationship between the researches

of RTN, flicker noise, memory cell, and this work can be illustrated in Fig. 4.4. The

corresponding proposed HCI-healing transistor module is depicted Fig. 4.6

The proposed HCI-healing transistor module is composed of a core NMOSFET with

deep n-well, a tail switching transistor, a MIM transmission line (MIM TL) with a MIM

capacitor array attached alongside, and a high-density decoupling capacitor. The body

terminal of the core NMOSFET (VB) is connected to the HCI-healing bias (VH) through a

current-limiting resistor. When the module is in HCI-healing status, the tail transistor is

switched off, which creates a high impedance (high Z) terminal for the source of the core

NMOSFET. The drain and gate terminals of the core NMOSFET are biased to ground. A

high voltage is applied toVH generating a strong vertical electric field between substrate

and gate to eject and neutralize the trapped electron [61]. Meanwhile, the drain side is

forward biased for assisting the HCI-healing procedure. In this work, an external 10-V

voltage source is used forVH. The measured peak current is 3.9 mA corresponding to a

VB of 2.2 V. On the other hand, in order to maintain the transistor performance for the

60-GHz operation, the MIM TL and high-density capacitor, together with the tail switch,

are connected to the source of the core NMOSFET forming an RF ground. Table 4.1

summarizes the bias condition of each nodes for different operation statuses.

Fig. 4.7 demonstrates the HCI-healing capability of the proposed technique when ap-
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plied to a transistor. TheID-VG curves of the stand-alone HCI-healing transistor TEG are

measured atVD =1.2 V. An accelerated DC stress ofVD=2.4 V is applied arising the HCI

damage. Then the proposed HCI-healing technique is used to recover the drain current

(ID) as illustrated in Fig. 4.8. The HCI damage is mainly observed asVth shift. Although

adaptively increasing gate bias voltage (VG) also can compensateID [62], the HCI effects

are strengthen by the increasedVG shortening the lifetime of the transistor, as shown in

Fig. 4.9.

4.3 60-GHz CMOS PA with HCI-Healing Function

Fig. 4.10 shows the 60-GHz CMOS PA with the proposed HCI-healing function. The

PA has 6 stages with a common-source topology for the first 5 stages. The HCI-healing
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Table 4.2: Status of the sub-blocks/switches at different operation
modes

Status S6a S6b S6c ENCMP ENC ENDAC VG6

60 GHz On On Off Disable Disable Enable DACout
operation

HCI damage Off On Off Enable Disable Enable DACout
detection

HCI Off Off On Disable Disable Disable GND
healing

technique is utilized for the last stage which suffers the most from the HCI effects. At the

very beginning, the PA goes through an initial gate bias setting phase. The supply switches

Mp and Mn are turned off, Mc is on. The feedback loop (including the comparator, counter,

and DAC) tunes the gate bias of the last stage (VG6) to makeVref equal toVPA. When the

PA is configured for the 60-GHz operation, all the PMOS supply switches (Mp and Mc)

are turned on, and Mn is off. The gate-bias-adjusting feedback loop is disabled. The DAC

is enabled to provide bias voltage. Due to the HCI effects, the drain current of the last

stage of the PA is gradually decreased. If the PA is set to HCI damage detection mode

when the PA is not amplifying RF signals. Part of the PMOS supply switches (Mp) is

off. VPA will be larger thanVref. The comparator outputs“ 1” indicating that the core
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transistor is damaged. When the PA is in HCI-healing status,VG6 andVPA are connected

to ground through SG6 and Mn, respectively.VGT is off, andVH is biased at a high voltage

as introduced before. Table 4.2 summaries the statuses of the sub-blocks and switches at

different operation modes of the PA.

The measuredPin-Pout performance of the stand-alone PA TEG at 60 GHz is shown

in Fig. 4.11. The solid gray line is for undamaged fresh PA showing a 1-dB compression
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power (P1dB) of 7 dBm. The accelerated DC stress (VDD6=2.4 V) is applied to the last

stage, which causes more than 1 dB degradation ofP1dB. After the HCI-healing function

is enabled, a full recovery of theP1dB can be observed. It also can be seen that the small-

signal gain of the PA is not fully recovered because of small degradation inµCox.

The measuredP1dB of the PA (with and without HCI-healing) versus stress time is also

depicted in Fig. 4.12. The accelerated DC stress (VDD6) is used in the measurement. The

measurement setup and procedure are illustrated in Fig. 4.11. It is shown that theP1dB

of the PA can be maintained near the undamaged value (7 dBm) when the HCI-healing

technique is utilized.

The lifetime measurement results of the power amplifier are depicted in Fig. 4.13 with

the drain current of the last stage (ID6) measured underVG6=0.7 V andVD6=1.2 V. Two un-

stressed PA TEGs are used for the measurement. One is directly stressed using RF signal

for lifetime measurement. The other one is firstly stressed using DC signal (VG6=0.7 V

andVD6=2.4 V), which causes 20% reduction of saturation drain current. The RF stress

lifetime measurement is conducted after the HCI healing is applied once. It can be ob-

served that a lifetime of 81.2 years is achieved for the PA after the HCI-healing function



4.4 60-GHz HCI-Healing Transceiver 53

T
X

 o
u

tp
u

t

PA

LNA
R

X
 in

p
u

t

RF Amp.

RF Amp. Q Mixer

I Mixer

BB Amp.

BB Amp.

Control

signals

I+

I-

Q+

Q-
Logic

Gain control
Power mgmt.
HCI healing

VH

Ref.

40MHz
20GHz
 PLL

HCI-healing
 block

60GHz QILO

60GHz QILO

I+

I-

Q+

Q-

RF Amp.

RF Amp.

I Mixer

Q Mixer

Figure 4.14: Block diagram of 60-GHz HCI-healing transceiver

is activated, which keeps outputting a 7-dBm continuous-wave signal. In a practical use,

due to the large peak-to-average power ratio of the modulation signal, the HCI damage is

smaller than that of the continuous-wave signal at 1-dB compression [48]. Therefore, one

healing event is adequate during the lifetime of the device.

4.4 60-GHz HCI-Healing Transceiver

Fig. 4.14 shows the 60-GHz HCI-healing transceiver design using direct-conversion topol-

ogy. The transmitter consists of the HCI-healing PA, RF amplifiers, I/Q passive mixers

and a quadrature injection-locked oscillator (QILO). The receiver is composed of a 4-

stage LNA, RF amplifiers, I/Q double-balanced mixers, baseband amplifiers, and a QILO.

The carrier signal is generated through a 20-GHz PLL with a 40-MHz reference and the

QILOs. The on-chip logic is integrated to achieve the gain control, power management,

and HCI-healing function. The measured saturated output power (Psat) of the transmitter

is 11.3 dBm at the center frequency of 63.72 GHz excluding the PCB loss, and theP1dB is

6.3 dBm. The output power is measured by both a stand-alone PA and a transceiver chip

integrated on a PCB. The PCB loss is estimated by calculating the difference between

those saturated output powers.

Fig. 4.15 shows the measured EVM performance of the transmitter at different output
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Figure 4.16: The measured constellation and spectrum of the TX.

power. The carrier frequency of the modulated signal is 63.72 GHz. The symbol rate is

1.76 GS/s in 16QAM with a roll-off factor of 25%. The same PCB configured for TX

mode is used in three different TX damaging statuses. The HCI damage is induced by

using increased supply voltage of the boardVDD = 1.5V and saturated output power of

Pout=12.5 dBm for 40 hours. It is shown that for the undamaged TX, the output power is

9.3 dBm when an TX EVM of -21 dB is achieved. After the HCI damage occurred, the
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Table 4.3: Performance Comparison of 60-GHz CMOS transceivers.

Ref Data rate Pout (dBm) TX efficiency CMOS HCI Core Power
(Modulation) /each PA Pout/PDC (%) (nm) healing (mm2) consumption

[11] 28.16 Gb/s 8.5∗ @TX 2.8 65 NO 3.9 TX:251mW
(16QAM) EVM=-21dB RX:220mW

[47] 2.6 Gb/s 6 3.0 90 NO 3.4 TX:133mW
(QPSK) w/o PLL RX:206mW

[10] 2.5 Gb/s 1.9 @TX 0.4 90 NO 5.7 TX:361mW
(QPSK) EVM=-20dB RX:260mW

[15] 4.6 Gb/s -4∗ @TX 0.5 40 NO 26.3†
TX:1190mW

(16QAM) EVM=-23dB
RX:960mW

16× 16 array

[13] 2.6 Gb/s N/A N/A 65 NO 2.9 TX:160mW
(QPSK) RX:233mW

[14] 2.5 Gb/s 2 @TX 0.5 90 NO 13.5† TX:347mW
(QPSK) EVM=-22dB RX:274mW

This 7 Gb/s 9.3 @TX 3.9 65 YES 2.3 TX:218mW

work (16QAM) EVM=-21dB RX:188mW

* Estimated from literature † Chip area
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output power of TX is reduced to 5.3 dBm for the same value of TX EVM. Finally the

output power of TX are recovered to 7.8 dBm at TX EVM=-21 dB by activating the HCI-
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healing function. The measured constellation and spectrum are also shown in Fig. 4.16.

Table 4.3 shows a comparison table for 60-GHz CMOS transceivers. This paper

presents the first 60GHz transceiver with HCI-healing function, which guarantees over

81-year lifetime without sacrificing the output power and efficiency.

The proposed transceiver is fabricated in a 65 nm CMOS technology. The die micro-

graph is shown in Fig. 4.17. The core areas of the transmitter, receiver, PLL and control

logic are 0.79 mm2, 1.01 mm2, 0.27 mm2, and 0.21 mm2, respectively.

4.5 Conclusions

This chapter presents a 60-GHz CMOS transceiver with hot-carrier-injection damage

healing function by using charge ejection technique. The proposed transceiver achieves

over 81-year lifetime without sacrificing the output power and efficiency. The transceiver

demonstrates an EVM of -27.9 dB and can transmit 7 Gb/s in 16QAM within 2.16-GHz

bandwidth. The front-end, fabricated in a 65 nm CMOS technology with a core area of

2.3 mm2, consumes 214 mW and 184 mW from a 1.2-V supply in transmitting and receiv-

ing mode, respectively.



Chapter 5

60-GHz Wake-Up Receiver for Power

Consumption Reduction

5.1 Introduction

60-GHz transceivers have been demonstrated to be one of the most promising candi-

dates for short-range multi-gigabit-per-second wireless communications [12, 15]. How-

ever, even implemented in the low-power CMOS process, the power consumption of the

60-GHz transceiver front-end will be considerably large in order to overcome the large

path loss at the 60-GHz band [63]. The power consumption of the baseband and digital-

processing circuitry are not negligible due to the multi-Gb/s data rate and complex com-

munication schemes such as orthogonal frequency division multiplexing (OFDM) and

single-carrier frequency domain equalization (SC-FDE) [64]. Fig. 5.1 shows the power

consumption breakdown for a typical 60-GHz CMOS transceiver with baseband circuitry

from literature [65]. It can be observed that the total power consumption of the transceiver

is over 900 mW, which means only this transceiver alone can drain a normal battery of a

cell phone in several tens of hours, deteriorating the battery life and therefore user expe-

rience.

Obviously, for practical uses of the 60-GHz transceivers, a duty cycle control scheme

as illustrated in Fig. 5.2 is necessary for systematic reduction of the power consumption

over time. There are basically two types of schemes which can be used for the duty cycle

control of the 60-GHz high-data-rate transceiver, as shown in Fig. 5.3.

One is called rendezvous scheme. The basic idea is to use a protocol-based built-in

timer to turn on and off the 60-GHz high-data-rate transceiver periodically. Consequently,

minimum extra components are required for the system, which also leads to low stand-

by power consumption. Nevertheless, the rendezvous scheme generally has large latency
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because of the protocol-based nature, which is not suitable for high-date-rate applications.

Since the communication protocol can not guarantee the data transmitting and receiving
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every time when the data transceiver is turned on, there is a large amount of waste power

through unnecessary wake-ups. In addition, network synchronization is necessary for

avoiding interference with other transceivers, which further increase the latency for data

communication.

On the other hand, a wake-up receiver (WuRx), another solution for duty cycle control,

has very small latency because of the radio-on-demand property. The wake-up receiver

instead of the high-power transceiver is kept on monitoring the ”on” demand. Once the

”on” signal is received, the high-power transceiver will be turned on immediately, which

is very suitable for high-data-rate applications. However, most of the reported WuRxs

operate at low frequencies such as 2.4 GHz and 5 GHz [66–68]. Extra antennas and

matching networks are required for adopting those WuRxs into the 60-GHz transceivers,

which causes large area overhead, as shown in Fig. 5.4 (a). In addition, the low frequency

bands (e.g.2.4 GHz and 5 GHz) are becoming crowded as the use of various commercial

wireless communication devices increases [67, 69]. It may need more power and area

to overcome the interference in those frequency bands. Literature [70] indicates that

the WuRx operating in 60-GHz band suffers less from the interference in the networks.
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Figure 5.5: Schematic of the stage reused as the envelope detector

Unfortunately, the stand-alone envelop detector requires an extra input matching network

if the WuRx is used for the 60-GHz high-speed transceivers. A bulky switch or matching

network between the 60-GHz low-noise amplifier (LNA) and the WuRx is also required

for achieving isolation of the two blocks shown in Fig. 5.4 (b).

In this chapter, a 60-GHz wake-up receiver with a reconfigurable 60-GHz LNA is

presented as depicted in Fig. 5.4 (c) [71]. Because the gain stages of the 60-GHz LNA

are reused as envelope detectors and pre-amplifiers, the bulky components mentioned

above are eliminated in the circuit. Moreover, the sensitivity of the 60-GHz WuRx can

be enhanced when several gain stages of the LNA are reconfigured as the pre-amplifier.

The proposed WuRx fabricated in a 65-nm CMOS process occupies only 0.015 mm2 (ex-

cluding the LNA). The WuRx consumes 64µW power from a 1-V supply achieving the

sensitivity of−46 dBm. The sensitivity of the WuRx can be improved to−60 dBm with

the power consumption of 12.7 mW if several gain stages of the LNA are operated as the

pre-amplifier.

5.2 Proposed 60-GHz Reconfigurable Wake-Up Receiver

5.2.1 The Reused Envelope Detector Stage

As mentioned above, the reusing of the LNA gain stages as the envelope detectors can

greatly reduce the bulky components when the WuRx is integrated with the 60-GHz

transceivers. However, the required circuit topology and bias of the envelope detector
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are different from those of the 60-GHz LNA. Therefore, some components are imple-

mented to reconfigure the 60-GHz LNA stages. As shown in Fig. 5.5, a PMOS switch

with a shunt resistor is inserted between the MIM transmission line and power supply

port of the reused stage. When the reused stage is configured as a normal stage of the

LNA, the switch is turned on. The switch with the shunt resistor exhibits low resistance,

and will not affect the LNA performance. When the reused stage is reconfigured as the en-

velope detector, the switch is off showing a required high resistance for the sub-threshold

envelope detector.

The gain of the sub-threshold amplitude detector is crucial to the sensitivity of the

wake-up receiver. The optimization of the bias voltages and load resistance under a certain

power budget is desired to achieve maximum gain. It is known that the voltage gain of

detector (Gdet) is proportional to the product of the load resistance (Rdet) and the second-

order nonlinearity coefficient of the transconductance (gm2), as shown in Eq. 5.1.

Gdet ∝ gm2 · Rdet = gm2 · VR/IDS

∝ gm2 · VR = gm2 · (VDD − VDS) (5.1)

whereVR = VDD − VDS is the voltage drop across the load resistor.IDS is the bias current

of the detector. It is shown that under a certain power budget (fixedIDS), Gdet is propor-

tional to gm2 · VR. Therefore, the optimum values of bias voltages and load resistor for
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maximization ofGdet can be found out by plotting theIDS–VGS andgm2 ·VR–VGS curves at

different values ofVDS, as depicted in Fig. 5.6.

5.2.2 The 60-GHz Wake-Up Receiver System

The system block diagram of the 60-GHz wake-up receiver with the reconfigurable 4-

stage LNA is shown in Fig. 5.7. The whole system is composed of a 4-stage 60-GHz

LNA (shown in Fig. 5.8), a gate bias tuning block, a baseband amplifier, an ID recognition

block and a control logic block. The first and fourth stage of the 60-GHz LNA are reused
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Figure 5.9: The equivalent circuit schematic of the 4-stage LNA in (a) normal operation
mode; (b) low-power WuRx mode; (c) sensitivity-boosted WuRx mode.

as the envelope detectors for the WuRx. The gate bias tuning block is cooperating with the

baseband amplifier to adjust the initial gate biases of the envelope detectors and provide

proper gate bias voltages for other gain stages of the LNA. The ID recognition block is

utilized to avoid false wake up. The control logic block is designed to switch on/off the

circuit components according to the mode selection word.

When the reused stages are configured as a normal stage of the LNA, the switches

are turned on. The equivalent circuit schematic of the 4-stage LNA in normal operation

mode is shown in Fig. 5.9 (a). When the reused stages are reconfigured as the envelope

detector, the switches are off showing a required high resistance for the envelope detector

as depicted in Fig. 5.9 (b) and (c). Then the gate bias tuning block cooperating with

baseband amplifier is turned on to automatically set the sub-threshold operation point for

the envelope detector. Once the sub-threshold bias of the envelope detector is fixed, the
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baseband amplifier will be disconnected from the gate bias tuning loop by the demux.

The WuRx is detecting the wake-up signal afterwards. The conceptual transient voltage

waveform of the WuRx operation is illustrated in Fig. 5.10. To avoid false wake up, the ID

recognition block.is implemented and connected to the output of the baseband amplifier

during the detection period. If the received digital sequence is the same as the pre-stored

ID code, the decision units will output ”1” configuring the LNA back to normal operation

mode.

It is worthy of noticing that the WuRx has two operation modes. In the low-power

mode, only the first stage of the LNA is reused as the sub-threshold envelop detector,

other 3 stages are turned off as illustrated in Fig. 5.9 (b). In the sensitivity-boosted mode,

the first 3 stages of the LNA are used as a pre-amplifier. The fourth stage is the envelope

detector shown in Fig. 5.9 (c). It may be doubted that the improvement of the sensitivity

is achieved at the cost of large power consumption. Fortunately, the power consumption

of the WuRx can be easily controlled by arranging the duty cycle of the two operation
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Figure 5.12: Die micro-photograph. WuRx: 0.015 mm2 (excluding the LNA).

modes. Fig. 5.11 shows a simplified duty cycle scheme for the dual-mode operation. The

average power consumption can be calculated by the following equation.

Average Power=
T1× P1+ T2× P2

T1+ T2
(5.2)

For the 60-GHz LNA design, a transmission line (TL) with 1 dB/mm loss around 60

GHz is used for matching networks. An MIM transmission line (MIM TL) is employed

for the de-coupling of the power supplies [57]. The schematic of the 4-stage single-ended

LNA is shown in Fig. 5.9 (a). The channel widths of the transistors from input to output

terminal are 1.5×24µm, 1.5×24µm, 2×20µm, and 2×20µm, respectively. The multi-

stage gain peaking technique [57] is adopted for realizing wide and flat gain characteristics

which is desired for 60-GHz high-speed wireless communications. The input and inter-

stage matching networks are carefully designed for achieving reasonable reflection at the

RFin terminal for both LNA and WuRx operation modes.

5.3 Measurement Results

To verify our design, the proposed WuRx with the reconfigurable 4-stage LNA is fabri-

cated in a 65 nm CMOS technology. Fig. 5.12 shows the die micro-photograph of the

whole system. The area overhead of the proposed WuRx is only 0.015 mm2 thanks to

the reconfigurability of the LNA. The chip is measured on wafer using probe station. The

measured input reflection coefficient (S11) of the WuRx at the terminal RFin is depicted in

Fig. 5.13. The S11 is around -10 dB at the frequency band of interest for both low-power

mode and sensitivity-boosted mode.

Fig. 5.14 shows the measurement results of the S parameters when the system is op-
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erated as a 4-stage 60-GHz LNA. The peak gain is 20.7 dB at 59 GHz with a power

consumption of 17.5 mW from 1-V supply. The -3 dB-bandwidth is from 50.5 GHz to

66 GHz.

The sensitivity of the WuRx is characterized using a signal generator and an oscil-

loscope. The amplitude modulated 57-GHz signal is produced by the signal generator,

which is fed to the input terminal of the WuRx (RFin). A 2-kHz envelope signal is used

in the measurement. The output terminal of the WuRx (VDATA ) is connected to the os-
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Figure 5.16: The measured spectrum of the received signal for Pin=−60 dBm (WuRx:
sensitivity-boosted mode).

cilloscope through an external first-order band-pass filter (1 kHz-10 kHz). The received

signal-to-noise ratio (SNR) is obtained from the data stored in the oscilloscope after Fast-

Fourier Transform. The sensitivity of the WuRx is defined as the input power result-

ing a received SNR of 12 dB, which corresponds to the bit-error rate (BER) of 10−3 for

amplitude-shift keying (ASK). The measured sensitivity of the WuRx is−46 dBm and

−60 dBm with a power consumption of 64µW and 12.7 mW, respectively. Fig. 5.15 and

Fig. 5.16 demonstrate the measured spectrum of the received signal when the input power

of the WuRx (Pin) is equal to−46 dBm and−60 dBm, respectively. As described in Sec-

tion II-A, the average power consumption of the WuRx can be reduced to 77µW if the
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Table 5.1: Performance Comparison of the State-of-the-Art WuRxs in CMOS Processes.

Ref. Frequency Area Extra Antenna/ False Sensitivity Power
Overhead Switch Required Detection

[66] 0.9 GHz 2.886 mm2 Yes Yes −73 dBm 9µW

[67] 5.8 GHz 0.114 mm2* Yes Yes −45 dBm 54µW

[68]
0.915 GHz

0.36 mm2 Yes No
−80 dBm

51µW
2.4 GHz −69 dBm

[70] 60 GHz 1.09 mm2 Yes No —† 9µW

This work 60 GHz 0.015 mm2 No Yes
−46 dBm 64µW

−60 dBm 12.7 mW

* Estimated from literature † Only noise floor is shown

sensitivity-boosted mode is activated for 0.1% duty cycle.

Table 5.1 summarizes and compares the performance of the proposed WuRx with

that of the state-of-the-art WuRxs in CMOS processes. The proposed WuRx shows the

smallest area overhead and least requirement of extra bulky components with reasonable

sensitivity and power consumption.

5.4 Conclusions

This chapter presents an area-efficient WuRx for 60-GHz high-speed wireless commu-

nication systems by reconfiguring the multi-stage LNA as envelope detectors. Due to

the proposed reconfiguration technique, the WuRx requires an area overhead of only

0.015 mm2 and does not need extra bulky components to be integrated with the 60-GHz

transceivers. The WuRx also achieves the sensitivity of−46 dBm and−60 dBm with a

power consumption of 64µW and 12.7 mW, respectively. The average power consump-

tion of the WuRx can be easily regulated by the duty cycle control technique.



Chapter 6

Ultra-Low-Power 60-GHz Transmitter

with On-Chip Antenna

6.1 Introduction

With the continuous increase of the required number and bandwidth of internal I/Os

in today’s portable electronic systems, conventional electrical wireline interconnections

among SoCs are limiting the design flexibility, integration level, system performance and

reliability [72, 73]. Optical interconnections have been introduced to solve the issues

of the electrical wireline interconnections, such as wideband matching, signal integrity,

electro-magnetic interference, and frequency-dependent losses [74]. Nevertheless, it is

difficult to realize the necessary optical-electrical and electrical-optical conversion de-

vices in silicon processes, which degrades the connection flexibility and integration level,

and increases implementation cost. Capacitive [75, 76] and inductive [77, 78] coupling

interconnections have been reported to achieve high data rate, small chip size, and low

power consumption. However, those techniques have very limited communication dis-

tance (less than 100µm) with stringent requirement for the positioning of the couplers.

A millimeter-wave intra-connect using antennas as illustrated in Fig. 6.1 is one of

the most promising candidates for the short-range internal communication (e.g. chip-to-

chip) due to the potentials for flexible connection, high data rate, low power consumption,

and integrated on-chip antennas. The possible electro-magnetic interference is also small

because the propagation loss of the millimeter wave is inherently large. The transmitter in

[73] shows a 10.7-Gb/s 60-GHz data link in CMOS technology, but this solution is power

hungry due to the existence of the active modulator and buffers. Furthermore, an off-chip

antenna is adopted for the system because of the intrinsic low gain of the CMOS on-chip

antenna, which dramatically increases circuit size and introduces parasitic components.
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Figure 6.2: System block diagram of the proposed 60-GHz fully-integrated transmitter.

Literature [79] demonstrates a fully integrated 60-GHz transmitter with 2.2-Gb/s data rate.

However the use of switched pulse-injected oscillator limits the communication data rate.

A phased-array 60-GHz transmitter [80] is realized to overcome the intrinsic low gain of

the CMOS on-chip antenna achieving over 10-Gb/s data rate.

This chapter presents a 60-GHz low power multi-Gb/s transmitter with a gain-enhanced

on-chip antenna fabricated in a 65-nm CMOS technology [81]. An average radiation gain

of −3 dBi for the on-chip antenna is achieved by using the helium-3 ion irradiation tech-

nique. The wideband and power-saving design of the transmitter core implements the

high-data-rate communication with low power consumption. The proposed transmitter

demonstrates a short-range communication (<2 mm) at a data rate of 5 Gb/s with a core

area of 0.64 mm2 (including the on-chip antenna) while consuming only 17 mW of power.

6.2 Transmitter Architecture and Link budget

The system block diagram of the proposed fully integrated 60-GHz transmitter is shown

in Fig. 6.2. The whole transmitter is composed of an on-chip dipole antenna, a resistive-

feedback RF amplifier, a double-balanced passive mixer, and an injection-locked oscil-

lator (ILO). The ILO generates a 60-GHz local oscillator (LO) signal from a 20-GHz
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Table 6.1: Link Budget for Short-Range High-
Speed Communication

Carrier frequency 60 GHz 60 GHz

Distance 5 mm 2 mm

LOS loss −22 dB −14 dB

TX/RX antenna gain −5 dBi −5 dBi

Bandwidth 10 GHz 5 GHz

Thermal noise −74 dBm −77 dBm

NF 10 dB 10 dB

Required SNR 6.8 dB 6.8 dB

Implementation loss −2 dB −2 dB

RequiredPout,min −23.2 dBm −34.2 dBm

reference. The LO signal is modulated by the baseband (BB) signal in the passive mixer.

The modulated signal is amplified by the RF amplifier and radiated through the on-chip

antenna. Because the topology of the resistive-feedback RF amplifier combined with the

passive mixer is chosen for the transmitter, the wideband matching for both the base-

band and RF port can be easily achieved with low power consumption. The gain of the

CMOS on-chip antenna, which is inherently poor due to the low resistivity of the CMOS

substrate, is improved by using the helium-3 ion implantation technique [81–83].

Table 6.1 shows an example link budget of the proposed transmitter with different

communication distance and bandwidth. The line-of-sight (LOS) loss at 60-GHz is about

−22 dB and−14 dB for 5-mm range and 2-mm range, respectively. The channel ther-

mal noise is−74 dBm and−77 dBm with a signal bandwidth of 10 GHz and 5 GHz, re-

spectively. The gain of the on-chip antenna is assumed to be−5 dBi for both the trans-

mitter and receiver. A noise figure of 10 dB is also presumed for the receiver. The re-

quired signal-to-noise ration (SNR) is 6.8 dB for BPSK modulation achieving a bit error

rate (BER) of 10−3. An implementation loss of−2 dB is used to estimate the loss between

the receiving on-chip antenna and the external receiver. Therefore, the required minimum

output power of the transmitter is−23.2 dBm and−34.2 dBm, respectively.

6.3 60-GHz CMOS On-Chip Antenna

In 60-GHz band, the connections between RF circuits and off-chip antennas introduce

parasitic components and radiation loss, which deteriorates the circuit performance and
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Figure 6.3: The analysis model of an on-chip dipole antenna (a) top view with antenna
configuration; (b) A-A’ cross-section view.

design flexibility [84]. Moreover, the off-chip antennas largely increase the device size

and degrade monolithic integrity. Fortunately, on-chip antennas do not suffer from the is-

sues mentioned above. However, the CMOS on-chip antenna normally has poor radiation

gain and efficiency due to the low resistivity of the lossy silicon substrate used in CMOS

technologies [85].

In order to gain a quantitative insight for the loss contribution, an analysis model of

an on-chip dipole antenna is constructed in Ansys HFSS Ver.11 as depicted in Fig. 6.3.

The dipole antenna instead of an end-fire type antenna is chosen in this work. Because

the dipole antenna normally requires less chip area. Moreover, the dipole antenna has

broader beamwidth, which is suitable for the communication with different chips (e.g.

with the chips in vertical direction and in horizontal direction). The top metal layer (Al)

with 1 µm thickness is used for the dipole elements which are fed by two micro-strip lines

(MSLs). The silicon substrate (εr = 12) is modeled by a lossy layer with resistivity of

10Ω·cm and 320-µm thickness. The detailed dimensions of the antenna are illustrated in

Fig. 6.3. Fig. 6.4(a) shows the HFSS simulated radiation gain pattern of the dipole antenna

at 60 GHz using the model described in Fig. 6.3. The radiation gain at X direction with

φ = 0◦ is−8.2 dBi which corresponds to an efficiency of 26%. It is interesting to note that

the silicon substrate contributes around 70% of losses. Therefore, reducing the substrate

loss is an effective solution to improve on-chip antenna efficiency and power gain.
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Much research has been conducted to improve the radiation gain and efficiency of the

CMOS on-chip antennas. Literature [86] and [87] successfully reduce the substrate loss
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Figure 6.7: The calculated irradiation depth versus ion energy for helium-3 ion.

by using artificial magnetic conductor (AMC) at the cost of excessive chip area. Proton

implantation techniques [88,89] are very effective to increase the resistivity of the silicon

substrate. Nevertheless, a high dose amount (>1015 cm−2) is usually required for the

proton implantation, which results in less reliability and high process cost [90,91].

In this chapter, a helium-3 ion implantation technique is used to enhance the on-chip

antenna efficiency and power gain by effectively increasing the substrate resistivity. The

helium-3 ions are implanted to the antenna chip using a cyclotron after the chip is fabri-

cated. An aluminum mask plate with 0.5 mm thickness is used to protect the chip area

outside of the ion-irradiated region. Due to charge trappings created by the irradiation

and Coulomb scattering of the charged traps, the substrate resistivity increases with the
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increasing of the dose amount. Typically, the substrate resistivity at certain depth can

be effectively increased from 4Ω·cm to over 1000Ω·cm with a small dose amount of

1 × 1013 cm−2 by utilizing the helium-3 ion implantation technique as demonstrated in

Fig. 6.5 [83,91].

To increase the resistivity of the whole substrate, the multiple-irradiation process is
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normally required as illustrated in Fig. 6.6. A CZ-P bare wafer is used for the measure-

ment. The helium-3 ions are bombarded to the depth of 13µm, 160µm, and 310µm,

respectively. The dose amount is 1× 1013 cm−2 for each bombardment. It can be ob-

served that an average resistivity of over 1000Ω·cm is achieved within the 320-µm-depth

substrate. The relationship between irradiation depth and ion energy for helium-3 ion cal-

culated using ion-implantation simulator (SRIM) is also shown in Fig. 6.7 [92]. The influ-

ence of the annealing process on the resistivity of the ion irradiated substrate is shown in

Fig. 6.8 [92]. The annealing condition is under the temperature of 200◦C in 1 hour. There

is no significant degradation of the substrate resistivity observed for the target depth.

Moreover, helium-3 ion has less lateral scattering compared with proton. The cal-

culated beam spread range for helium-3 ion is about half of that for proton at 300-µm

stopping range [83]. For the metal reliability with the helium-3 ion implantation tech-

nique, measurement results show that the resistance of the top metal in a 180 nm CMOS

process only varies 0.5% after the implantation of the helium-3 ions, which is less than

the process variation.

Therefore, a high-reliability low-process-cost ion implantation technique can be uti-

lized to increase the substrate resistivity. Fig. 6.9 shows the proposed CMOS on-chip

dipole antenna with helium-3 ion implantation technique. The antenna configuration is

the same as in Fig. 6.3 except the 500µm×1200µm white area around the antenna indi-

cates the ion irradiated region.

To further investigate the ion implantation technique, three different target depths of

resistivity improvement (40µm, 160µm, and 320µm) are applied to the on-chip antenna.

HFSS simulation results demonstrate that the radiation efficiency is increased to 59%

(gain=−4.5 dBi) when the target depth of 320µm and the substrate resistivity of 1000

Ω·cm are applied as shown in Fig. 6.4(b).

6.4 Transmitter Front-End Design

The wideband characteristic and low power consumption are important for the design

of 60-GHz wireless interconnect transmitter. However, a baseband input buffer, which

achieves 50-Ω impedance matching, generally has a narrow-band characteristic with low

power consumption.

In this work, the wideband input impedance matching is realized by using the double-

balanced passive mixer and resistive-feedback RF amplifier as illustrated in Fig. 6.10.

The wideband input impedance flatness of the RF amplifier is implemented by a resistive-

feedback matching technique [50]. The input impedance of the RF amplifier (ZRF) is

down-converted to the baseband. The baseband input impedance (Zin) is determined by
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ZRF and the on-resistance (RSW) of the switches used for the passive mixer, which main-

tains the wideband matching for the baseband input.

Zin(ω) ≈ RSW+
4
π2

[
ZRF(ωLO + ω) + Z∗RF(ωLO − ω)

]
(6.1)

Fig. 6.11 shows the simulated magnitude of the baseband input impedance (|Zin|) at dif-

ferent frequencies. It is demonstrated that|Zin| remains around 50Ω for about 5-GHz
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bandwidth.

The finger widths of the passive mixer switches are also optimized for reducing the

required input power at the LO port of the mixer. It is known that the conversion gain of

the passive mixer is proportional to the voltage amplitude at the gate terminal of the mixer

switches [93]. Considering a sinusoidal waveform of the LO, the voltage amplitude (VLO)
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can be expressed as

|VLO|2 = PLO,mixer×
2|ZLO|2

Re[ZLO]
= PLO,mixer× 2(R+

X2

R
) (6.2)

wherePLO,mixer is the input power at the LO port of the mixer.ZLO = R + jX is the

input impedance of the LO port.R is mainly contributed by the gate parasitic resistance

of the switching transistor. WhileX is contributed by the gate parasitic capacitance of

the transistor. AssumeR << |X|, the second term of equation (6.2) increases with the

decreasing ofR. Therefore, the requiredPLO,mixer for a certain conversion gain is reduced.

Fortunately, the assumption ofR << |X| is normally satisfied with the typical transistor

width of several tens of micrometers in the 60-GHz passive mixer. For example, the

simulated result of the passive mixer with the transistor size of 4µm×5 shows aZLO =

16− j120Ω at 61.56 GHz. Moreover,R is reduced with the decreasing of the finger width

when the total transistor width is fixed. Theoretically, the smaller finger width is preferred

with respect to reducing the requiredPLO,mixer.

Fig. 6.12 shows the simulated conversion gain (CG) of the passive mixer for different

finger widths versusPLO,mixer. The LO frequency (fLO) is 61.56 GHz, which is the center

frequency of the 60-GHz band defined in IEEE 802.11ad standard. The baseband input

frequency (fBB) is 0.1 GHz. The total channel width is fixed to be 20µm while the finger

width is changed from 0.5µm to 4µm. It can be observed that the requiredPLO,mixer for

W=4µm×5 is about 7 dB higher that for W=0.5µm×40 at the conversion gain of−15 dB.

In this design, a minimum finger width of 0.5µm is chosen due to the transistor size
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Figure 6.15: Die micro-photograph. Antenna area: 0.46 mm2, TX core area: 0.18 mm2.

limitation of the process design kit (PDK).

The simulated conversion gain of the passive mixer with the RF amplifier for both

upper and lower sideband is shown in Fig. 6.13 withfLO=61.56 GHz. The LO power is

set to be−20 dBm. A conjugate matching is assumed between the LO and the passive

mixer. The−3-dB bandwidth of the passive mixer with the RF amplifier is over 9 GHz

as depicted in Fig. 6.13. The simulated power consumption of the resistive-feedback RF

amplifier and the passive mixer are 8 mW and 0 mW, respectively. The local oscillator is

realized by an injection-locked solution [12].

Fig. 6.14 shows the schematic of the 60-GHz injection-locked oscillator (ILO). A 2-bit

capacitor array for coarse tuning and varactors for fine tuning are used to cover 58 GHz–

65 GHz frequency range with a simulated power consumption of 10-mW.

6.5 Measurement Results

To verify our design, the proposed low power high speed 60-GHz transmitter with on-

chip antenna is fabricated in a 65 nm CMOS technology. The stand-alone test chip for

on-chip antenna characterization is also fabricated in the same die. Fig. 6.15 shows the

die micro-photograph of the whole transmitter and the stand-alone antenna. The areas of

the transmitter core and the on-chip antenna are 0.18 mm2 and 0.46 mm2, respectively.

There are two types of test chips. One type is post-processed by the helium-3 ion bom-

bardment technique introduced in Section 3 over the region indicated in Fig. 6.15, while

the other type has no ion-irradiated area. To investigate the influence of the resistivity-
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Figure 6.17: The measured antenna power gain with and without helium-3 ion irradiation.

improved substrate on the performance of the antenna, three different target depths (40

µm, 160µm, and 320µm) are applied to the on-chip antenna with helium-3 ion bombard-

ment as illustrated in Fig. 6.9. The same dose amount of 3×1013 cm−2 is used in the three

samples for fair comparison. As shown in Section 6.3, the substrate resistivity increases

with the increasing of the dose amount. However, the process cost is also proportional

to the dose amount. The dose amount used in this research is decided by considering the

trade-off between the target substrate resistivity and process cost.

The power gain of the on-chip antenna is measured using the setup shown in Fig. 6.16.

Two identical antennas located on the probe station are placed face-to-face with a distance

R=2.5 cm. An air-filled plastic box (chip tray) with 4-mm height is used to lift the test
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Table 6.2: Comparison with Previously Reported 60-GHz Band On-Chip Antennas.

Ref. Process Type of antenna Frequency Antenna gain Core area

This 65 nm CMOS Dipole with helium-3 60 GHz −2.0 dBi 0.48 mm2

work ion implantation

[80] 65 nm CMOS Slot loop 60 GHz −5.0 dBi† 0.64 mm2*

[85] 180 nm CMOS Yagi 60 GHz −10.0 dBi 0.74 mm2*

[86] 180 nm CMOS Circularly polarized 65 GHz −4.4 dBi 3.24 mm2

with AMC

[87] 90 nm CMOS Yagi with AMC 60 GHz −7.2 dBi 1.04 mm2

* Estimated from literature † Not measured results

chip away from the metal plate, which alleviates the effects of the metal plate on the

power gain of the on-chip antenna at X direction. The 4-mm height of the chip tray is

determined by the spatial limitation of the probe positioner. The influence of the chip tray

itself on the power gain of the on-chip antenna at X direction is negligible. The losses

of the measurement equipments and cables are calibrated to the probe tips using standard

impedance substrates. The power gain of one single antenna (Gante) can be expressed

as [85]

Gante(dB) =
1
2

[IL (dB) − PL (dB)] (6.3)
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4πR
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IL (dB) = 10 log

(
|S21|2

1− |S11|2
)

(6.5)

where PL is the path loss considering the effect of the metal plate on the probe station.k0

is equal to 2π/λ0. λ0 is the wavelength in air. IL is the measured insertion loss between

the two antennas from the vector network analyzer (VNA). The IL instead ofS21 is used
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gain and output power of the transmitter; (b) digital modulation wireless transmission
test.

for the characterization of the antenna gain. Because it is to de-embed the loss caused by

the reflection at the input port of the antenna for the comparison of the antenna gain. In

addition, the reflection loss can be improved by adjusting the input matching network.

Fig. 6.17 shows the measured power gain of the on-chip antenna with and without

the ion implantation. When the ion irradiation is not applied, the radiation gain of over

−7 dBi is achieved from 57 GHz to 67 GHz with the gain variation of less than 3 dB. It

can be observed that with the increasing of the target depth, the antenna gain is gradually

enhanced, which implies that the radiation efficiency of the on-chip antenna is also im-

proved. When the target depth of 320µm is applied, the radiation gain is improved to be
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higher than−4 dBi. The average gain improvement is about 3 dB over the 10-GHz band

of interest. The wide-and-flat gain characteristic of the on-chip antenna is maintained

after the ion-irradiated process.

The S-parameter of the on-chip antennas is also measured for comparison of the on-

chip antenna gain as illustrated in Fig. 6.18. Because the input impedance of the antenna

is optimized in design under the condition of without ion implantation. The degradation of

the input reflection coefficient (S11) for the ion-irradiated antennas is caused by the change



86 Ultra-Low-Power 60-GHz Transmitter with On-Chip Antenna

-15

-10

-5

0

5

56 58 60 62 64 66 68

N
o

rm
a

li
z
e

d
 C

G
 (

d
B

)

Frequency (GHz)

Figure 6.23: The measured transmitter conversion gain (including on-chip antenna) versus
frequency withfLO=63.48 GHz.

2

6

10

14

18

59 61 63 65 67
Frequency (GHz)

N
F

 (
d

B
)

Figure 6.24: The measured NF of the external receiver versus frequency.

of the dipole antenna input impedance after ion implantation as depicted in Fig. 6.19. The

loss due to the reflection is de-embedded for the gain measurement results.

Table 6.2 shows a performance comparison of the proposed CMOS on-chip dipole

antenna and other state-of-the-art CMOS on-chip antennas at 60-GHz band. The proposed

antenna achieves relatively high power gain (−2.0 dBi @ 60 GHz) with reasonable area

occupation (0.48 mm2). Therefore, the chips with the target ion-implantation depth of

320µm are utilized in the following measurements of this section.

The measured baseband input power (Pin) versus output power (Pout) and CG of the

transmitter excluding the on-chip antenna are shown in Fig. 6.21. The LO frequency (fLO)

is 63.48 GHz. The frequency of baseband signal is 1 GHz. The measurement setup is
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Figure 6.26: The measured eye diagram and constellation at 5-Gb/s data rate for BPSK
modulation and 1-mm distance.

illustrated in Fig. 6.20(a). The transmitter chip is located on the left side of the probe sta-

tion. The receiver chip is placed at the right side of the probe station with the stand-alone

on-chip antenna facing the transmitter. The received signal is amplified by an external

low noise amplifier (LNA) and down-converted afterwards. It can be observed that the

saturated output power is -30 dBm. The small-signal conversion gain is -27 dB at an input

power of -25 dBm. The relatively low CG and output power of the transmitter compared
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Table 6.3: 60-GHz Low-Power High-Data-Rate TX Performance Comparison.

Ref. CMOS Mod. Data Power Antenna Integration Level Core Area
Process Rate

This 65 nm BPSK 5.0 Gb/s† 17 mW On-chip 60-GHz ILO, 0.64 mm2*

work mixer, PA

[72] 40 nm ASK 11.0 Gb/s 29 mW Off-chip 60-GHz VCO, 0.06 mm2

mixer, PA

[73] 90 nm OOK 10.7 Gb/s 31 mW Off-chip 30-GHz VCO, 0.15 mm2

doubler, modulator

[79] 65 nm OOK 2.2 Gb/s 28 mW On-chip 60-GHz VCO, 0.82 mm2*

SOI duty cycle ctrl., PA

[80] 65 nm QPSK 10.4 Gb/s 50 mW On-chip 60-GHz VCO×4, 2.15 mm2*

PA×4, baseband

[50] 40 nm LP 16QAM 7.0 Gb/s 167 mW Off-chip 60-GHz QILO, 0.54 mm2*

mixer×2, PA

[13] 65 nm QPSK 2.6 Gb/s 160 mW Off-chip 20-GHz PLL, PA 0.95 mm2*

doubler, mixer×3

* Including on-chip antenna † Limited by the maximum sampling frequency of the AWG

with the simulation results shown in Section 6.4 are caused by the degraded input power

at the LO port of the mixer (PLO,mixer), which is due to the unoptimized matching network

between the 60GHz ILO and the passive mixer. The simulation, which uses the same

matching network, shows thatPLO,mixer is dropped to -42 dBm from a typical ILO output
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power of -22 dBm at 63.48 GHz. To demonstrate the transmitter performance, an LO fre-

quency of 63.48 GHz is chosen for the transmitter measurement in this section. Because

the measured CG atfLO=63.48 GHz is higher than that atfLO=61.56 GHz as depicted in

Fig. 6.22.

The conversion gain of the transmitter with the gain-enhanced antenna is also mea-

sured when the LO is operating at 63.48 GHz. The measurement setup illustrated in

Fig. 6.20(a) is used. Fig. 6.23 shows the measured conversion gain versus frequency.

The conversion gain is normalized to the measured peak gain at 66.48 GHz. The−3 dB

bandwidth is around 9 GHz (58 GHz–67 GHz). The gain variation of less than 4 dB is also

achieved over the 9-GHz band of interest (57 GHz–66 GHz).

The data communication performance of the proposed transmitter is evaluated by ap-

plying a BPSK modulation signal to the baseband input. The measurement setup for the

data communication shown in Fig. 6.20(b) is similar to that for the CG characterization

except that the baseband signal is generated by the arbitrary waveform generator (AWG).

The received signal is characterized by the oscilloscope. The LO frequency of the re-

ceiver mixer is set to 59.48 GHz. Fig. 6.24 shows the measured single-sideband noise

figure (NF) of the external receiver, which includes the LNA, mixer, and oscilloscope.

The measured connection loss from the output of the receiving antenna to the input of the

LNA is illustrated in Fig. 6.25.

The frequency of the TX ILO is 63.48 GHz, which consumes 10 mW power from a

1.2-V supply. The eye diagram and constellation for 5 Gb/s data rate are demonstrated

in Fig. 6.26 showing an EVM performance of−12 dB at 1-mm distance. The equivalent

isotropically radiated power (EIRP) of the transmitter is−36 dBm for a−3-dBi gain of

the on-chip antenna. The maximum data rate for 1-mm distance is mainly limited by

the maximum sampling frequency of the AWG (e.g. 10-Gb/s data rate in BPSK requires

20 GS/s for AWG).

Fig. 6.27 shows the measured EVM at different distances between the transmitter chip

and the receiving chip. A 5-Gb/s 60-GHz data link is achieved over a distance up to around

2 mm for BER≤10−3 (EVM≤ −6.8 dB) in BPSK modulation with the gain-enhanced on-

chip antenna. The transmitter is operated at the output power of−33 dBm, which is the

maximum achievable output power of the transmitter driven by the AWG. It is worthy of

noticing that due to the low output power of the transmitter and high connection loss at

the input side of the receiver, the implemented transmitter can barely meet the link budget

for 2-mm distance and 5-Gb/s data rate elaborated in Section 6.2.

Table 6.3 summarizes and compares the performance of the proposed transmitter with

that of the state-of-the-art low-power high-data-rate TXs at 60 GHz in CMOS processes.

The proposed transmitter shows low power consumption, comparable data rate, and small
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area with respect to the full on-chip solution. The power consumption reduction of this

work is>40% lower than that of previously reported work in table 6.3. The lower data rate

of 5 Gb/s is mainly because of the insufficient LO power and the measurement equipment,

which is not limited by the potential of this topology. The relatively large TX core area

of this work compared to that of the literature [72] is because of the not compact layout

style.

6.6 Conclusion

This chapter presents a 60-GHz low-power high-data-rate transmitter with an gain-enhanced

on-chip antenna in a 65-nm CMOS process. The radiation gain of the on-chip antenna is

improved 3 dB by using the ion-irradiation techniques. The transmitter achieves 5-Gb/s

data rate while consuming only 17 mW power with the area occupation of 0.64 mm2,

which is well-suited for the short-range wireless interconnection applications.



Chapter 7

Conclusions and Future Work

7.1 Conclusions

The 60-GHz CMOS transceivers are demonstrated to be one of the most promising low-

power low-cost candidates for short-range multi-Gb/s wireless communications. To fa-

cilitate the commercialization of the 60-GHz CMOS transceivers, the techniques and so-

lutions of the HCI-reliability enhancement and power consumption reduction are investi-

gated in this dissertation.

For the HCI-reliability issues at 60-GHz band, it is shown that to meet the opera-

tion lifetime requirement of the transmitter, conventional solutions need to reduce the

output power and supply voltage, which degrades the communication distance, linearity,

efficiency, and therefore the user experiences. Although power combining and beam-

forming techniques can be used to compensate the degraded output power and linear-
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VDD/Pout

Pout

@ same 
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Figure 7.1: The conceptual illustration of the high-data-rate coverage radius for different
HCI-issue solutions of the 60-GHz CMOS PA.
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ity, the deteriorated efficiency remains to be unimproved. To address the HCI issues for

60-GHz applications, a transistor-level study of HCI physical mechanism and lifetime

characterization methods under DC and RF stress have been conducted. Based on the

acquired knowledge, the reliability model of transistors under AC-mode HCI stress is de-

rived to provide a valuable solution of HCI damage alleviation by limiting the operation

period of high output power condition. The proposed solution, which is realized by us-

ing variable-supply-voltage, provides a way to output superior power with high linearity

and efficiency in a carefully restricted time period while satisfying the lifetime require-

ment. The lifetime of the implemented example PA can be improved to over 10 years

with the careful arrangement of various operation supply voltages. On the other hand,

the power amplifier is still able to provide 13.2 dBm saturation power, 10.2 dBm power

at 1-dB compression point and 15.0% peak power-added efficiency at 60 GHz for high

supply voltage (VPA = 1.0 V). This solution is especially suitable for the applications with

the burst requirement of high data rate at high output power. The HCI-healing technique

introduced in this dissertation further relieves the trade-off between the HCI reliability

and the system performance, which guarantees longer operation lifetime with high output

power. The implemented transceiver using the proposed HCI-healing technique achieves

over 81-year lifetime without sacrificing the output power and efficiency. The transceiver

demonstrates an output power of 9.3 dBm at TX EVM= -21 dB and 3.9% TX efficiency.

While for comparison, the conventional solutions normally have less than 1% TX effi-
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ciency and 2 dBm output power with comparable TX EVM performance considering the

HCI reliability. The comparison of the different solutions for HCI issues of single-path

60-GHz PAs in standard CMOS processes is illustrated in Fig. 7.1.

For the power consumption reduction of the 60-GHz CMOS transceiver, it is known

that the wake-up receiver is one of the most applicable choices to systematically reduce

the power consumption over time. Conventional wake-up receivers using either the 60-

GHz band or lower frequency bands share the same issue of needing bulky components,

which increases the chip area and implementation cost. By reusing the 60-GHz LNA

gain stages, the proposed 60-GHz wake-up receiver occupies an area overhead of only

0.015 mm2 and does not need extra antennas or switches to be integrated with the 60-

GHz multi-Gb/s transceiver. The WuRx achieves the sensitivity of−46 dBm (low-power

mode) and−60 dBm (sensitivity-boosted mode) with a power consumption of 64µW

and 12.7 mW, respectively. The average power consumption of the WuRx in sensitivity-

boosted mode can be reduced by the duty cycle control technique. To highlight the com-

pactness of the proposed WuRx, a summarization of core area versus sensitivity for the

state-of-the-art low-power WuRxs (3µW-65µW) [66–68,94–98] and the work presented

in this dissertation is shown in Fig. 7.2.

Besides reducing the time-averaged power consumption of the 60-GHz transceiver

by the duty cycle control scheme, the downscale of the operation power consumption

of the transceiver can directly help to decrease the consumed power over time. Simple

modulation schemes (such as BPSK and OOK) and low complexity of the transceiver

topology are preferred in the context of energy efficiency (the ratio of power consumption

to data rate). The energy efficiency potential of the 60-GHz high-data-rate transmitter is

explored in this dissertation. The 60-GHz CMOS transmitter adopting the simple mod-

ulation schemes is designed and implemented using wideband and power-saving tech-

niques, which guarantees the low-power and high-data-rate characteristic (high energy ef-

ficiency). An energy efficiency of 3.4 pJ/bit is achieved in BPSK with the 3-dB bandwidth

of 9 GHz. The limited data rate (5 Gb/s) is mainly due to the limitation of the maximum

sampling frequency of the AWG. The state-of-the-art researches [9–11,13,15,72,79,80]

and the works presented in this dissertation demonstrate that for ultra-short-range (sev-

eral tens of centimeters) several-Gb/s wireless communications (e.g. chip-to-chip), the

simple modulation schemes and low complexity system topologies have superior energy

efficiency performance. Furthermore, the on-chip antenna with peak gain of -2 dBi at

60 GHz is integrated with the ultra-low-power transmitter core in a standard 65 nm CMOS

process. The gain-enhanced antenna together with the wideband and power-saving design

of the transmitter provides a low-power low-cost full on-chip solution for the short-range

multi-Gb/s wireless communication.
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7.2 Future Work

In terms of the future prospects for the proposed solutions of the HCI reliability issues, the

variable-supply-voltage technique has the potential of achieving robustness system per-

formance (not only HCI reliability) against process, voltage and temperature (PVT) vari-

ations with the help of other techniques such as auto-power-control (APC) feedback loop

with integrated power detector, process and temperature self-sensing LDO, and variable-

gain amplifiers (VGA) [10]. In addition, for the same low output power, lowVDD has

the benefit of reducing the power consumption of the power amplifier. The effects of this

phenomenon on the time-averaged power consumption of the 60-GHz transceiver need

to be quantized according to the comprehensive study of output power distribution and

propagation environment in certain applications. Moreover, the combination of the HCI-
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healing and variable-supply-voltage solutions, which is not difficult to realize because

of the digital intensive nature of these techniques, may help to further narrow the gap

between the optimum system performance and the device lifetime requirements.

SiO2 has been the ”classical” dielectric material in CMOS devices due to its excellent

insulating properties, low defect density, good mobility of carriers in the channel, and

thermal stability. However, following the reduction of device dimensions fore-casted by

Moore’s law, intolerable leakage currents appear when the SiO2 thickness is scaled down.

In order to reduce the leakage currents, the replacement of the SiO2/poly-Si system by

high-k/metal gates is introduced. The higher k-value allows for physically thicker di-

electrics, with significant reduction of the gate leakage current, while the gate capacitance
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is increased. In this regard, Hf-based high-k materials are considered good candidates to

substitute SiO2 in future CMOS generation. However, a thin SiO2 or SiON interface layer

has been maintained as shown in Fig. 7.3 Consequently, the substrate/dielectric interface

does not change and HCI remains a issue in high-k technologies. Fig. 7.4 shows the mea-

surement results from literature [99], which demonstrates the HCI performance of the

high-k transistor is comparable or slightly better than that of the traditional SiO2/SiON

transistor with same gate lengthLg=70 nm. Vmax is the extrapolated operation voltage

for ten-year lifetime after DC HCI stress atVG=VD=Vmax. EOT is the effective oxide

thickness. It is also worthy of noting that even with the high-k dielectric the HCI issues

become more severe with the scaling down of the transistor size. Since the supply voltage

scaling slow down because of the non-scalability of the sub-threshold slope, as depicted

in Fig. 7.5. The issues also have been demonstrated in literature [100] with much worse

measured HCI degradation of high-k metal-gate 28nm NMOSFET compared to reference

transistor in 40nm CMOS node with SiON gate dielectric. The HCI reliability enhance-

ment technique is necessary for the high-k metal-gate CMOS processes.

FinFETs with the excellent short channel control and switching characteristics are

proved to be one of candidates to further extend the device scaling to the nano-scale

regime. However, researches show that HCI degradation in FinFET is worse than planar

devices because the confined geometry greatly raise the possibility of the HCI damge

[101, 102], which can be explained in Fig. 7.6. The energetic carriers scattered in the

channel of FinFET can intersect the gate walls all around the channel. A narrower fin is

more likely to capture these scattered carriers. While the hot carriers in planar MOSFET

only can intersect the gate in the vertical direction. It is interesting to know that for the

FinFET, the hot carriers injected into the oxide bulk defects are the main degradation

mechanism overwhelming the interface degradation by hot carriers and the cold carrier

injection [103]. Therefore, the HCI-healing technique proposed in this thesis can be a

valuable solution for reliability enhancement of the advanced CMOS processes such as

FinFET.

For the proposed power-consumption-reduction techniques, new circuit technologies

and operation schemes are desired to improve the sensitivity of the proposed 60-GHz

WuRx without significantly increasing the consumed power of itself. Because the tradi-

tional ways of improving sensitivity at lower frequencies, such as amplifying the signal

before the detector [98], double-sampling technique [68], and uncertain-IF structure [94],

are not feasible for the low-power 60-GHz operation. Furthermore, as discussed in the

previous section, the simple modulation schemes and low-complexity system topologies

can be chosen for the purpose of reducing operation power consumption in the specific

applications. Nevertheless, if more complexed modulation schemes and topologies are
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required, how to reduce the operation power consumption will be a challenging topic.

In the end, I would like to emphasize the potential of the mmW techniques to enhance

the mobile communications nowadays and in the future.

Firstly, for the currently used 3G/4G mobile communication, the exponentially in-

creasing number of base stations in urban area causes deployment difficulties. Because

the volume of the base station raises rapidly with the increasing number of neighborhood

base stations when traditional backhaul connections using optical fibers are adopted. For-
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tunately, wireless backhaul equipments using mmW bands can be very compact (exhibit-

ing a typical size of 40-80 mm2) and easy to embed in urban appliances. Meanwhile,

mmW backhaul solutions can provide superior data rate because of the ultra-wide avail-

able bandwidth (e.g. 9 GHz bandwidth around 60 GHz). Therefore, the mmW solution

will be an attracting evolution of the backhaul connections among the base stations for

3G/4G and beyond.

Considering the evolution of the cellular networks for future radio access (5G), there is

a prominent characteristic predicted by many network service providers, hardware manu-

facturers, and research institutes, which is the mobile communication capacity per square
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kilometer (capacity/km2) will become extremely high in 2020 and beyond (for instance,

1000 times higher than that of today’s 3G networks). A set of radio access technologies is

needed to satisfy the unprecedented capacity requirement as shown in Fig. 7.7. Basically,

these technologies can be divided into three main directions which should be forwarded

simultaneously. The discussion of the three directions and the role of mmW techniques

in them are elaborated below.

Starting from the spectrum extension, the very crowded current cellular band needs

to be extended for much higher data rate (for example, 10 times to 100 times). It would

benefit from the utilization of mmW frequency band since the available bandwidth is

ultra-wide as mentioned before (up to 9 GHz unlicensed bandwidth at 60-GHz band).

According to the Shannon-Hartley theorem, the channel capacityC (maximum achiev-

able data rate) is the function of communication bandwidth (B) and signal to noise ratio

(S NR), as shown in eq. (7.1).

C = B · log2 (1+ S NR) (7.1)

This equation can be approximated to the following form according to [104]

Ceff ≈ B ·
(
10
3

log10(S NR) − 1

)
(7.2)

Considering the receiver noise figure (NF) and implementation loss (IL), from Friis

equation

Ceff ≈ B ·
[
1
3

(
Pt|dBm+Gt|dBi +Gr|dBi − IL|dB+ 20 log10(

c
4πd fc

)

+ 174 −10 log10 B− NF|dB
) − 1

]
(7.3)

wherePt is the transmitting power.Gr andGt are the antenna gain for receiver and trans-

mitter, respectively.c is the speed of light (3×108 m/s). d is distance between the antennas

in meter. fc is the carrier frequency. The received signal powerPr can be written as.

Pr|dBm= Pt|dBm+Gt|dBi +Gr|dBi − IL|dB+ 20 log10(
c

4πd fc
) (7.4)

and the receiver noise floor is

Noise Floor= −174+ 10 log10 B+ NF|dB (7.5)
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For simplification, define the effective received signal powerPeff

Peff |dBm= Pt|dBm+Gt|dBi +Gr|dBi − IL|dB− NF|dB− 20 log10(
d

1m
) (7.6)

Solve the following differential equation

dCeff

d fc
= 0 (7.7)

AssumeB = α fc, the maximum data rateCeff,max and corresponding carrier frequency

fc,max can be expressed as [104]

Ceff,max = C0

[
α2 Peff

1mW

] 1
3

(7.8)

fc,max =
C0

10 log10 e

[
1
α

Peff

1mW

] 1
3

(7.9)

where

C0 =
10 log10 e

e
10

106.19
10 = 66.45 Gbit/s (7.10)

The maximum data rate and the corresponding carrier frequency are the function ofPeff

and communication bandwidth ratioα. Fig. 7.8 shows the example of communication

data rate versus carrier frequency under the condition ofPeff = 20 dBm (e.g. Pt = 20 dBm,

Gt = Gr = 10 dBi, NF = IL = 0 dB, d = 10 m) andα = 0.2. The black dash line is

the estimated data rate through Shannon theorem. The blue dash line is the estimated

maximum data rate for modulation scheme at BER<10−3. The maximum data rate of

94 Gb/s for BER<10−3 is achieved with carrier frequency of 117 GHz in 16QAM. From

the above equations, it also can be seen that for certain values ofPeff andα, the carrier

frequency for maximum data rate will fall into the 60-GHz band, as demonstrated in

Fig. 7.9. Where the black lines are results from Fig. 7.8. The red lines are calculated

results forPeff = 12 dBm (e.g. Pt = 20 dBm,Gt = Gr = 10 dBi, NF = 8 dB,IL = 0 dB,

d = 10 m) andα = 0.2. The carrier frequency for maximum data rate of 50 Gb/s in

16QAM is 63 GHz. The influence of bandwidth ratioα onCeff,max and fc,max is also shown

in Fig. 7.10. It is interesting to know thatCeff,max can be simplified to

Ceff,max = 10 log10(e)α fc,max = 10 log10(e)B ≈ 4.3B (7.11)

The result is very close to the situation of 16QAM modulation, in which theC/B = 4.

In other words, ifPeff andα are fixed for all the carrier frequencies, the communication

using 16QAM modulation can achieve the maximum data rate, as depicted in Fig. 7.8.
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Therefore, some useful insights can be gained from the above equations: a) optimum

carrier frequencies exist for maximum data rate; b) under certainPeff constrain, for a

fixed carrier frequency, bandwidth is not always the wider the better; c) increase ofPeff

is welcome for all the carrier frequencies; d) 60-GHz band with medium transmitting

power level (20dBm+) and wide bandwidth (α = 0.14) are well suited for high-data-rate

communication.

The exploitation of multiple bands can also greatly help to densifty the network by

constructing a new type of network called ”multi-band heterogeneous network (Het-

Net)” [105]. The concept of the HetNet is illustrated in Fig. 7.11. The basic idea is

to split control plane (C-plane) and user plane (U-plane) between macro and small (pico)

cells in different frequency bands. Macro cells maintain good connectivity and mobility

using existing cellular bands (C-plane). Small cells provides higher throughput and more
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flexible/cost-energy efficient operations using higher/wider frequency bands (U-plane).

Therefore, more small cells can be added flexibly. To realize the multi-band HetNet, dy-

namic optimization of small cell parameters (TX output power, beam angle, cell range,

etc.) is the challenging issue to maximize system rate. The interference from adjacent

channels or even co-channels of the marco and small cells can severely degrade the com-

munication quality [106]. Interference coordination and management techniques are de-

sired to solve this issue.

Massive MIMO (multiple-input and multiple-output), beamforming using massive an-

tenna elements, can improve spectrum efficiency with spatial multiplexing as illustrated

in Fig. 7.12. This technique is especially attractive for the pico-cells using mmW fre-

quencies because of the very small antenna size. The relatively large path loss at mmW

bands can also be compensated by the massive MIMO technique extending the cell range.

Non-orthogonal multiple access (NOMA) scheme [107] can further enhance the spec-

trum efficiency by using the path loss difference among users (power-domain) as shown

in Fig. 7.13. The performance gain of the NOMA scheme increases when the path loss

difference between user equipments are large. Interestingly, it is the nature of mmW fre-

quency bands, especially of the 60-GHz band due to strong oxygen absorption, which

motivates the utilization of the 60-GHz band for small-cell access and backhauling.

In the near future, a large number of wireless communication devices operating at

60-GHz band will appear in out daily life. The interference from adjacent channels or

even co-channels can severely degrade the communication quality [106]. Regulations

and techniques are desired to solve this issue.

With the increasing demand on wireless communication data rate, there may come a

day that a very high spectrum usage efficiency (e.g.256QAM) is required for the 60-GHz

wireless systems as it is required in the lower frequencies nowadays. How to realize the
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transceiver with very small I/Q mismatch and low phase noise local oscillators to meet

the requirements remains to be a question. Especially, recent research [108] shows that

off-state drain stress, which is normally happened in the voltage controlled oscillator, has

significant effect on transistor flicker noise performance and degradesgrmm. This degrada-

tion can cause prominent phase noise increase and start-up issue, which deteriorated the

60-GHz system performance. The effect of the HCI healing technique on the phase noise

performance of the VCO would be a interesting topic.

In summary, the future mobile communication will have massive connected devices

with diverse applications and unprecedented traffic volume. The requirements and chal-

lenges of the future radio access are widely spread, which includes support for data traffic

explosion, massive device connectivity, quality of experience (QoE) for various applica-

tions, intelligent network with low power, low cost and high robustness,etc. The 60-GHz

solution will have a important role in the future ”networked society”, hence facing the

same chances and challenges associated with it. Researches all over the world including

the works presented in this dissertation are paving the way for the evolution.
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