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Abstract

This dissertation is focused on system-level and building-block-level solutions
in realization of mobile TV tuners. Detailed design procedures starting from standard
specifications to receiver specifications to building block requirements is presented,
with an emphasis on the DVB-T/H standard. To demonstrate the design aspects,
three fully integrated RF tuner prototypes were realized in advanced CMOS
technologies. Direct-conversion architecture was used to achieve maximum-level of

integration and block sharing.

The first prototype was designed and implemented in 0.13um CMOS
technology to meet the specifications of DVB-T/H standard. The tuner supports
dual-band operation and includes RF front-end, analog baseband, and frequency
synthesizer. The front-end comprises a novel single-to-differential low noise
amplifier (LNA) and a novel variable-gain technique to maintain the maximum
signal-to-noise-and-interference ratio (SNIR). Techniques to enable low-voltage,
low-power, and high-integration tuners are discussed in more details. The receiver

achieves a sensitivity level of -96.7dBm and dissipates 114mW from a 1.2 V supply.



The second prototype was designed and implemented in 65nm CMOS
technology, based on the same architecture. A wideband LNA compatible for
differential and single-ended inputs was integrated to meet the requirements either on
RF-alone or system-on-a-chip (SoC) developments and to reduce the risks of design
re-spin. The description in the second implementation is mainly focused on the
specific challenges related to the 65nm CMOS technology. Detailed chip verification
is presented, including system-level using a digital demodulator. The receiver

achieves a sensitivity level of -97.3dBm and dissipates 88mA from a 1.2 V supply.



Acknowledgement

EroEfl e S o g AR REHN gy R R T gL XfF S
EhoEoh A 0% BRI HARNF S Bt Re b RAEE
L o RHELERE - FFLAE T AR RHAERE S EIARE

FURMH 2 e (0 i 2 SR 2 s
Hhe v AR SHARCRAFIFTEOLL A HFRL

R ) el = SR e S

¢

“@\“'{\:ﬁgixfi%\%#o‘;;’ﬁ

%

by R AR A SRS B B JR R L SRR
ZERHMERE > » 27w 013 Mk BEELEESHED R OEMFT L & % |
SR E R OB - oA GO A A RH BT RE 2 T
PR BRI EH LR R YA R EE R FL L A AR

PN PR iR b2 b R BRI L ol R T R L

et

AEBEBSL R AR g AP B F Y SIS RF DL R 2

CEORBY I REL I E RO FETFORENPF AL DT I PR P

~

o
%
¥
%

RAR AL FEFE I ETEr ¥ b RRALHFTHRE 65 3 A
1EL’I§J_{E HILEF 7 65 % 7}: * F?%’»T zgﬂ,‘ﬁg

BT HRZOREL  F o4 pulp e 2f #- fTbAmsl
TR EA

Bofs o BEFURBADFA > FE @ Phrd A BAT L oK
W p AN B

’E_Il"l‘ Q)ﬁ)cd‘.q--—ll}ﬁﬁg:u \"é}\'.é‘f’]/(o
o
2010/09



Acknowledgement

Vi



Contents

Contents

ADSEACE (IN CHINESE) ..vviiiiecie ettt re e i
ADSEract (IN ENGHISN) ..o e i
ACKNOWIEAGEMENT ... sre e re e ae e %
(000 01 1=] 01 1< PO PSPR PP vii
LISt OF TADIES ... et Xi
LISt OF FIQUIES ...t bt ettt bbb Xiii
PN o] o] 23V T 1A o] S S e e S S RSP P TR XiX
Chapter 1 INTrOQUCTION ..ot et iih et ek ks ettt 1
1.1 BacKground.........ooeo i it e s 1
1.2 Overview of Mobile TV Standards. ..o v 1
1.3 Dissertation Organization ...........ccoeeeiieierienienie e 4
Chapter 2 Receiver Architectures and SpecifiCations............ccccevererencieniencnieieen, 7
2.1  ReCeIVEr AIChItECIUIE .....oiviiiiciicieee e 7
2.1.1 Classical Receiver ArChiteCIUIES. ......cccveverierreie e ee e 7

2.1.2 Direct-Conversion Receiver ArchiteCtures .........coccovvvevcvevesieesvereene 10

2.2 RF SPECITICALIONS ...ttt 12
2.2.1 Frequencies and Channel Bandwidths.............cccoocevviiviiiciic e, 12

2.2.2 C/N REQUIFEMENT ....oeeiiiiii ettt 13

2.2.3  Minimum INPUE LEVEIS .....ooviiiiiiee e 14

2.2.4 Dynamic GaiNn RANGE .......ccceviriiiiii et 15

2.2.5 Interference Test PatterNS.........ccccveeiiieieeiie e eee e 15

Vii



Contents

2.2.6  Phase NOiSe and LO SPUIS........cccoririiiriiieieie e 16

2.2.7  FIlter RESPONSE. .....uiiiieiiiiieiee e 18

2.2.8  1IP2 reqQUITEMENT ..ot 20

2.2.9 TIP3 rEQUITEMENT ....eecvieieeie et 21
2.2.10 IMage REJECHION ...c.vvivieieeie ettt 22

2 B O] o 11 ] o] o TP OP PSP 24
Chapter 3 Receiver System Analysis and DeSign ...........cooveeeiereienineniseseeeeeens 25
3.1 Distributing Building Block Specifications...........ccccccvvviveiieeiivcie s 25
3. L1 RFEFON-EN ..ot 26

3.1.2 Analog Baseband ... 28
3121 PGA s 28

3.1.2.2  FHEI i 29

3.1.2.3  DCOC itoiivriiiis i iiiasiadiin e esesestesieesessessssessessesessesseseesesns 29

3.1.2.4 Noise/Linearity Trade-off . ..........ccccooveviiieiiiecee, 31

3.1.3  Frequency SYNTNESIZET ...ttt 33

3.2 LINK BUAQEt ANAIYSIS . ... ie it ctiiniiaiaie e ekt 35
3.2.1 Cascaded NOISE ANAIYSIS ... i 35

3.2.2 Cascaded intermodulation=distortion analysis ............c.cc.ccoevvivrirrnenn. 36

3.3 System Design VerifiCation ............cccovveviiiiiieie e 38
3.3.1 Sensitivity and Dynamic RaNge........c.ccccvevieiieiieie e 39

3.3.2  SElECHVILY TESt....iiiiiicciece e 43

3.3.3  LINEANEY TEST ..ot 47

K20 ©0] o] 11 [ o SR 48
Chapter 4 LNA Compatible for Differential and Single-Ended Inputs ..................... 49
o R Y/ [ (Y7 L1 o] PSSP PRPRPRRRN 49
4.2 Review of EXisting CG-Based LNAS .........cccovevieieiiere e 51
421 CCC-CG LNA e e 51

422 CG-CSBalun LNA ..ot 52

4.3 Design of Reconfigurable LNA..........oooi i 54

viii



Contents

4.3.1 Proposed CMR BUFFEN ........ocoveiiiiiiiiiiiieieeee e, 55

4.3.2 Noise Reduction in Single-Ended Configuration ...........c.ccccceevenennen. 57

4.4 Circuit Implementation ...........cocooiiiiiiieie e 60
4.4.1 Differential Receiving MOde .........cccoceiieiiiiniiececc e 60
4.4.2 Single-ended receiving MOGE.........cccveveieeieiiieiiere e 61

4.5  Measurement RESUILS........cooiiiiiiiiie e e 64
I O] (o] [V [ o SRR 69
4.7  Appendix | — Circuit ANalYSIS .......ccooiiiiiiiieeee e 70
4.7.1 CG-CS Amplifier in Cascode with a CMR Buffer ...........ccccccevennenee. 72
4.7.1.1 Differential BalanCing...........cccccoevveveiieiiene e 72

4.7.1.2 NOISe CancCeling .......cccovveeiieiiiie e 74

4.7.1.3 Distortion CancCeling ........ccccevvriririnieieic e 77

4.7.1.4 Bandwidth LIMitation .........cccccevvevieniiiiiiiese e 80

4.7.2 Extended Measurement ReSUIS e .vvovviveiiiieiiee e 85

4.8 Appendix I — Asymmetric LNADESIGN.....ocieeviiieiierieieeeeee e 87
Chapter 5 Dual-Band RF Tuner in 0.13um CMOS V..l 91
T8 A 101 {0 [FTox oo O e SRS 91
5.2 Architecture and FrequencCy Plam. i i, 93
5.3 RF Front-end DESIGN .......ccviiiiiieie e 94
5.3. 1 RFEVGA ettt e 95

5.3.2  Current Driven PassSive MIXEr ..........ccoouiiieiieienene e 99

5.3.3 LO Generation/CMR BUFTEr .........ccccevviiiiiee e 101

5.3.4 Received Signal Strength Indicator (RSSI) .......cccoovviniiiiiiiien, 102

5.4  Analog Baseband DeSigN........cccoiiiiiiiiiiiseseeee s 103
5.4.1 Auto-Bandwidth Calibration............cccoceieieiiieninieeeee, 104

5.4.2 DC Offset Cancellation.........ccccovviiiiiiniiniieieie s 106

5.5 Frequency SYyntheSizer DESION ......cccoeiiiiiiiiiiiieiee e 107
5.6 RF Integration DeSIN........cccouiiiiiiiiiieie e 108
5.6.1 NO0iSe CoUPIING ISSUBS......cooriiriiiiriiriiiisieeie e 108

5.6.2 Programmable Bias CUIMeNt........ccccecvveiiieiiie e 109



Contents

5.6.3 Serial Control INterface........cccocvviviieiiieieee e 110

5.6.4 Package ConSIderations ..........cccocvereerieieeneesiesiesieeie e sie e see e 111

5.6.5 Testability...c.ccveiiiieiee e 112

5.7  Measurement RESUILS ... 113
5.8 CONCIUSION ...ttt bbbt 119
Chapter 6 65nm Tuner Implementation and Verification..............c.ccocovniiiviicienn, 121
6.1 Effects of Technology Scaling ........ccccoevieiiiiiiiecccceee e, 121
6.2 65nm Tuner with Reconfigurable INPULS .........ccccovieiecce i, 126
6.3 Flowchart of Chip Verification ...........ccccoevviiiiieicc e, 127
6.4 Noise Immunity in a Differential or a Single-ended Configuration............ 130
6.5 Considerations on PCB LaYOUL ..........cccoviiiiiiiiiiiecee e 133
6.6  Measurement RESUILS........cccov i 136

G A ©70 [0 1] o] [ R USRS 150
6.8  Appendix 1 —65nm TUNEr (H) i i e 151
Chapter 7 Conclusion & FUture WOrkS .o 155
% S O o 11 ] o o I SR 155
7.2 FULUIE WOTKS....coiieeeeee i e ekttt 156
BIDHOGIAPNY ..o e 159
RV VSRS 167
PUBTICALION LEST ...ttt 169



TABLE 1.1

TABLE 2.1

TABLE 2.2

TABLE 2.3

TABLE 2.4

TABLE 3.1

TABLE 3.2

TABLE 3.3

TABLE 3.4

TABLE 3.5

TABLE 3.6

TABLE 4.1

TABLE 4.2

TABLES.1

TABLE 5.2

TABLE 5.3

TABLE 6.1

TABLE 6.2

TABLE 6.3

List of Tables

List of Tables

Overview of several mobile TV standards...........ccoovvvvenencneniencnieseeen, 3
Channel bandwidth and centre frequencies in MBRAI ............cccceoeiene. 13
C/N requirements versus modulation SChemeS..........cccccveveveeveccieseennnn, 14
SeleCtiVity teSt PALIEINS .......cveieeiieie e 15
Linearity teSt PALtEINS ........ccveiveieiieie e 16
RF front-end gain distribution-and-their corresponding NF/IIP3 ............. 27
Recommended RF front-end specifications:...............cccceeevveveiicvnenee 28
Recommended analog baseband Specifications..............ccocvvvvviinneiiennen, 32
Recommended frequency synthesizer specifications ..............ccccccevennne. 34
NF and [1P3 distribution’in the-maximum gain mode ...........c.ccccveveeennen. 35
Gain settings versus input level in dynamic range test............ccccccovenen. 42
Performance COMPAIiSON .........coviieierieriesie it 68
Performance SUMMANY .......c.oouioiieiiieie e 85
Performance summary Of RF tUNer..........c.cooiiiiiiiiiii e, 117
Selectivity/Linearity and Sensitivity measurement results..................... 118
Benchmark of RF tuners for DVB-H applications ............ccccooveviienne. 118
Device sizes in the designed LNAS ..o 122
Operation parameters of M1/M in the designed LNAS...........ccccccvenenne. 124
Performance summary of RF tUNEr..........cccooviiiiiiiccc e 148

Xi



List of Tables

TABLE 6.4 Selectivity/Linearity and Sensitivity Measurement Results.................... 149

xii



Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

2.10

3.1

3.2

3.3

3.4

3.5

3.6

3.7

List of Figures

List of Figures

Deterioration mechanisms due to: (a) harmonics and (b) image mixing ....8
Classical receiver architectures for DVB-T: (a) superheterodyne; (b) up-
down dual conversion; (c) single down-conversion low-IF....................... 9

Block diagram of dierect conversion receiver with: (a) dedicated LNAS

for each band, and (b) a broadband LNA............cccoi i 11
Block diagram of a DVB=T/H SYStEM L ii...ccvevveiviiiiiiicee e 12
Noise model for calculating C/N performance.............cccocceevveveiiiervennenne. 14
Impact of phase naise on reciprocal MIXING........cccooererereneninineeeens 17
Design trade-offs between the ABB filtering and ADC SNR.................... 19
Impact of second-order intermodulation distortion..............cc.ccoevvveiienne. 21
Impact of third-order intermodulation distortion...............ccccceevvveiiinenen, 22
Impact of quadrature imbalance in a direct-conversion receiver .............. 23
RF front-end gain settings versus input power levels............c.cccccoeveenen. 27
LO/RF leakage and generation of DC OffSets..........ccccoocvrververnsinsveinne 30
Servo loop for DC offset cancellations.............ccccoeveiieiieie e, 31
NF versus gain settings in the analog baseband .............ccccocociiniiieinnn, 32
Recommended LO/PLL phase N0ise MasK...........ccccvevieiiiieriesiieesie e, 34

Noise contributions from different blocks in the maximum gain mode....36

Pre-filtering effect at the mixXer QULPUL ..........cccoevveiiieiic i, 37

Xiii



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

3.8

3.10

3.11

3.12

3.13

3.14

3.15

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

List of Figures

I1P3 contributions from different blocks in the maximum gain mode ......38

SNR versus RF Input power level in sensitivity test...........ccccovveriiinnen, 40
Signal and noise levels along the receiver chain in DR test...................... 41
SNR degradation along the receiver chain in DR test..........ccccvvvvvvenenne. 41
Signal and noise levels along the receiver chain in S2 test ............c.cc....... 45

Margined signal and noise levels along the receiver chain in S2 test ....... 45
Signal and noise levels along the receiver chain in L3 test............c..c....... 46
Margined signal and noise levels along the receiver chain in L3 test ....... 46

Illustration of substrate noise coupling from a digital back-end to an LNA

................................................................................................................... 50
Capacitor Cross-Coupled CG-LNA configuration .............cccoecevveieinenenn 52
Noise-canceling Balun LNA cOnfiguration :.........cccoeveniiencnennnieienns 53
LNA configured as either (a) differential input CCC-CG LNA, or (b)
single-ended input Balun ENA ... ... i 54
Cascode current buffer (a) conventional CG buffer, (b) Gm-boosting
technique with a feed-forward gain of +1 or -1, (c) the proposed CMR
DUTTEE . 55
Simplified schematic for the analysis of M2 channel noise....................... 57

The proposed LNA configurations: (a) in the differential receiving mode;
(b) in the single-ended receiving MOde. ...........ccveieiiiene i, 59
Simulated noise transfer gain and overall NF in (a) the proposed LNA, (b)
the conventional Balun LNA ... 62
The conventional LNA configurations: (a) in the differential receiving

mode; (b) in the single-ended receiving mode. ...........ccccoevevveieieeseeriene 63

Xiv



Fig. 4.10

Fig. 4.11

Fig. 4.12

Fig. 4.13

Fig. 4.14

Fig. 4.15

Fig. 4.16

Fig. 4.17

Fig. 4.18

Fig. 4.19
Fig. 4.20

Fig. 4.21

List of Figures

Die micrograph of the fabricated LNA..........cccoce i 64
The measured S-parameters in the differential and signle-ended
CONTIGUIALIONS. ...t 65
The measured NF of the proposed LNA and of the conventional LNA in (a)
the single-ended (SE) configuration, and (b) the differential (DE)
CONFIQUIALION ... 66
The measured 11P2 and 11P3 of the proposed LNA and of the conventional
LNA in (a) the single-ended (SE) configuration, and (b) the differential
(DE) configuIation ...........ccecviiieiieireic st 67

Simplified equivalent circuit for the analysis of the proposed CMR buffer

The equivalent circuit for the analysis of the.CG-CS amplifier in cascode
with the CMR buffer, including the noise sources from each device ....... 71
Contour plots of normalized (a) 1,1 and.(k) 1o, as the functions of r,; and
S S 1 . 1 . e 73
Contour plot of differential output mismatch by sweeping ro; and ry,; with
input mismatch of €=0.2 and 6=20°: (a) amplitude mismatch, and (b)
Phase MISMALCN. .........oiiiiiie s 73
A1/A2 and transfer gains of M;—M, channel noise and Rs hoise currents
by sweeping gm: for two cases with the CMR or the conventional CG
DUFFE. e 76
The calculated NF, voltage gain, and Si; VEISUS Omi.eeeeeereereeereeseeresreesenns 76
The equivalent circuit for the analysis of the M;/M, distortion currents.. 78

The transfer gains of harmonic distortion currents with the CMR buffer or

XV



Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

4.22

4.23

4.24

4.25

4.26

4.27

4.28

4.29

4.30

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

List of Figures

the conventional CG DUFFEr. ........ccoviiiiii 79
Simplified schematic for the analysis of bandwidth limitation.. ............... 80

Simplified schematic for exploring noise-canceling mechanism at high

TrEQUENCIES.. .ot 82
Magnitude response of M1 N0ISE CUITENL.. ......ccccvevveiieiiriie e, 83
Phase response of M1 N0ISE CUIMENT .......ccooiririiinieieee e, 84

Measured amplitude imbalance: a) the proposed LNA, and b) the LNA
using the conventional CG buffer.. ..., 86

Measured phase imbalance: a) the proposed LNA, and b) the LNA using

the conventional CG DUFFEr. ..o 86
Caculated NF versus gmg with different ratio K. .......ccooceveveieivniinnniennn, 88
Die micrograph of the fabricated LNA.....cti i 89
Measured NF versus frequency with different ratio k... ..........cccocoevennen, 89
Block diagram of the‘designed RF tUNer . i......ccccooeiiiiniienineee 92
Simplified schematic of RF front-end at UHF band...............c.ccccevennen. 94
The designed RFVGA tOPOI0gY .......cooviiiiiiiiiiiiieieeee e, 95

Front-end configuration: (a) at high-gain mode, and (b) at low-gain mode

................................................................................................................... 98
Simplified schematic for noise analysis of the TIA............ccccovieiienen, 100
Architecture of the divide-by-four divider, and the designed D-latch

CITCUITS ..t bttt 101
Simplified diagram of successive-detection logarithmic amplifiers ....... 102
Architecture of Analog Baseband............ccccoooveiiiiii 103

(a) Architecture of the RC calibration loop. (b) Timing diagram of the RC

XVi



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

List of Figures

CAlIBration [00P .....cveiieii e 105
SChEMALIC OF VCOS ... 107
Programmable bias current (3-bit is ShOWN).........cccvvevviiiiiiiicc e, 110
Equivalent circuit of interconnection between the pad and the lead ....... 111
Schematic of a bidirectional LO testing buffer...........ccccooovvveivieiiennnn, 112
Die Photograph .......cvovie s 113
Measured overall NF versus the RFE and ABB gain settings................. 114
Measured NF at different IF freqUENCIES.........cceveiiieieiiiirecceeeeee, 115
Phase noise profile measured at synthesizer output ...........cccccoeevevvvenenne. 116
Measured locking process of frequency synthesizer ...........ccccocvvveiennee. 116

Measured C/(N+1) vs. input power for the test chip comprising digital

L0 LLT=] T P e e e O SRR PO P UTPRPRPRPPRIOR 117
Simplified schematic of the designed LNAS...........cccovvvevieveececeene, 122
Simulated S11 of the:designed LNAS...ccitii i 124
Simulated NF of the designed LNAS...........cccevvive i, 125
Simulated voltage gain of the designed LNAS .........ccccceveviierverieseennnn, 125
The die micrograph of the Chip.........ccceeiiiiiici e, 126
Simplified block diagram of testing Chip .......ccccceveiiiiiiiicn, 128
Flowchart of chip verification ...........c.cccooveiiiiiie i 128
The photograph of the actual PCB for COB tesSt........ccccooevverveierieennenn, 129
Bonding diagram in a 40-pin QFN package.........cccccccevvevviiieieene e 129
The photograph of the actual PCB for package test............ccccovevvivennnn. 130
Output SNR in a single-ended mode as the digital part is on/off ............ 132
Output SNR in a differential mode as the digital part is on/off............... 132

XVii



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

6.13

6.14

6.15

6.16

6.17

6.18

6.19

6.20

6.21

6.22

6.23

6.24

6.25

6.26

6.27

6.28

6.29

6.30

List of Figures

A star configuration of VDD PiNS........cccccveveiiiiiieie e 133
Clock leakage to the RF input with shared power/ground planes........... 135

Clock leakage to the RF input with separate power/ground planes ........ 135

Measurement setup with an external LDO ..........cccccoociiiiiiiiniinineee, 139
Photograph of actual PCB in the differential receiving mode.................. 139
Measured input return loss in both two receiving modes.............c......... 140

Measured gain flatness across the band (RFE=max, ABB=50dB).......... 140
Measured NF in the high-gain mode (RFE=max, ABB=50dB).............. 141
Measured NF in the low-gain mode (RFE=max, ABB=50dB)............... 141

Measured I1P3 and I1P2 in the high-gain mode (RFE=max, ABB=50dB)

Measured spectrum-at the baseband output with the RF port terminated to

a 50ohm terminatar; clock leakage component at 2MHz is measured at

the gain setting 0f 93dB ... 1 ....ooiie et 142
Signal quality deterioration dueto the clock leakage, measured with the
RF port having an input of -96.6dBm QPSK signal .............cc.ccecvvvennne. 143
Measured clock leakage level referred to the RF input across the band of
TNEEIEST ...ttt bbbt 143
Measured phase noise spectrum at the VCO output (2.844GHz)............ 144
Measured phase noise spectrum at the baseband output at the 474MHz
channel (LO=2.844GHZ/6) .........cccecveieiieie e 144
Measured constellation diagram of DVB-H signal (64-QAM 3/4)......... 145
Measured MER (EVM) per subcarrier for DVB-H signal (8k mode).....145

Measured performance overview for DVB-H signal (8k mode)............. 146

Xviii



Fig. 6.31
Fig. 6.32
Fig. 6.33

Fig. 6.34

List of Figures

Measured MER versus the input power level (64-QAM 3/4) ................. 146
Measured MER versus the input power level (QPSK 1/2)........cccccceee.e. 147
Simplified schematic of the UHF front-end with an auxiliary LNA........ 152

The die micrograph of the high sensitivity tuner chip...........c.ccoceoeenn, 153

XixX



List of Figures

XX



Abbreviations

Abbreviations
4G 4th Generation
ABB Analog Baseband
ADC Analog-to-Digital Converter
AFC Adaptive Frequency Calibration
AGC Automatic Gain Control
ATT Attenuation
AWGN Additive White Gaussian Noise
BBP Baseband Processor
BCC Bulk Cross-Coupling
BER Bit Error Rate
BOM Bills of Material
BW Bandwidth
C/N Carrier-to-Noise
CCC Capacitor Cross-Coupling
CD Common Drain
CG Common Gate
CML Current-Mode Logic
CMMB China Mobile Multimedia Broadcasting
CMOS Complementary Metal-Oxide Semiconductor
CMR Common-Mode Rejecting
CMRR Common-Mode Rejection Ratio
COB Chip on a Board
CR Coding Rate
CS Common Source
Cw Continuous Wave
dB Decibel
dBv Decibel Volt (peak)
DC Direct Current
DCC Dual Cross-Coupling
DCOC DC Offset Cancellation
DR Dynamic Range

DSB Double Side Band

XXi



DSP
DVB-H
DVB-T
ESD
ETSI
EVM
F

ft
GSM
1IQ
12C

IF

11P2
11P3
IM2
IM3
IMD
IMRR
ISDB-T
k

LDO
LG
LNA
LO
LPF
LTE
MBRAI
MediaFLO
MER
MIM
MMIC
NF
NMOS
OFDM
PAL
PAPR
PCB
PGA
PLL
PMOS

Abbreviations

Digital Signal Processing

Digital Video Broadcasting—Handheld
Digital Video Broadcasting—Terrestrial
Electrostatic Discharge

European Telecommunications Standards Institute
Error Vector Magnitude

Noise Factor

Transit frequency

Global System for Mobile communications
In-phase/quadrature

Inter-Integrated Circuit

Intermediate Frequency

2nd-order Input Referred Intercept Point
3rd-order Input Referred Intercept Point
2nd-order Intermodulation

3rd-order Intermodulation

Intermodulation Distortion

Image Rejection Ratio

Integrated Services Digital Broadcasting — Terrestrial
Boltzmann constant

Low-Dropout Regulator

Low-Gain

Low Noise Amplifier

Local Oscillator

Low Pass Filter

Long Time Evolution

Mobile and portable DVB-T/H Radio Access Interface
Media Forward Link Only

Modulation Error Ratio
Metal-Insulator-Metal Capacitor

Monolithic Microwave Integrated Circuit
Noise Figure

N-Channel Metal-Oxide Semiconductor
Orthogonal Frequency-Division Multiplexing
Phase Alternate Line

Peak to Average Power Ratio

Printed Circuit Board

Programmable Gain Amplifier

Phase-Locked Loop

P-Channel Metal-Oxide Semiconductor

XXii



Abbreviations

PVT Process, Voltage, Temperature

QAM Quadrature Amplitude Modulation
QFN Quad Flat Non-leaded package

QPSK Quadrature Phase Shift Keying

RF Radio Frequency

RFC RF Chock

RFE RF Front-End

RFIC Radio Frequency Integrated Circuit
RSSI Received Signal Strength Indicator

Rx Receiver

SAW Surface Acoustic Wave

SMA SubMiniature version A

SNIR Signal-to-Noise- and-Interference Ratio
SNR Signal-to-Noise Ratio

SoC System-on-a-Chip

T Absolute temperature

T-DMB Terrestrial Digital Multimedia Broadcasting
TIA Transimpedance Amplifier

u/D Unwanted-to-Desired power ratio
UHF Ultra-High Frequency

VCO Voltage Control Oscillator

VDD Power Supply Voltage

VGA Variable Gain Amplifier

VGCF Variable-Gain low-pass Channel Filter
VGLNA Variable-Gain LNA

VHF Very High Frequency

VSA Vector Signal Analyzer

WIMAX Worldwide Interoperability for Microwave Access
WLAN Wireless Local Area Network

xXXiii



Abbreviations

XXiV



Chapter 1

Introduction

1.1 Background

In recent years, television.broadcasting. systems all over the world have been
gradually switching over from analog to  digital. These digital broadcasting
technologies bring several advantages in bandwidth efficiency, robustness, and signal
quality. Currently, technological developments have introduced mobile TV, making it
possible to efficiently receive TV..channels.and other high bit-rate services in
handheld devices. In order to support these new applications, the existing broadcast
TV standards are augmented to meet the more demanding requirements on mobile

receptions. This chapter provides an overview of mobile TV standards.

1.2 Overview of Mobile TV Standards

There exist several mobile TV standards being developed and emerging around
the world. Each of them dominates the mobile TV technology in different parts of the
world and till date there is no single globally accepted standard. Below listed are main
dominant mobile TV standards along with their brief profiles.

Digital Video Broadcasting—Handheld (DVB-H) [1] is a standard proposed by
the DVB Group for the delivery of digital multimedia content to mobile, handheld
devices. The physical layer of DVB-H systems essentially conforms to the DVB-T

specification, with a limited number of extensions. The new features make it possible

1
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to efficiently receive high data-rate services in battery-powered devices. To increase
power saving, each service is transmitted in bursts with a typical 1:10 on/off ratio
using the whole available bandwidth. As claimed in the DVB-H standard, this time
slicing technique can reduce the power consumption up 90 percent with respect to a
non-time-sliced transmission. On the other hand, the Multi-Protocol
Encapsulation—Forward Error Correction (MPE-FEC) technique is introduced to
increase the carrier-to-noise (C/N) and Doppler performance in mobile channels.

The DVB-H system is fully compatible with the DVB-T network and system,
allowing for the use of the existing DVB-T equipments. It utilizes a part of the
frequency range for DVB-T, including VHF Ill and UHF bands with a channel
bandwidth of 6/7/8MHz. In addition, a 5SMHz channel in L-band (1670-1675MHz)
has been allocated for the DVB-H operation in the United States. In Europe, the
additional usage of 1450-1490MHz L-band is also discussed.

Terrestrial Digital Multimedia: Broadcasting (T-DMB) [2] was developed in
South Korea, and its physical parameters are identical to the European DAB (Digital
Audio Broadcasting) standard. T-DMB uses OFDM technology and operates with a
1.536MHz bandwidth. For the mobile reception, its frequency band is allocated at
VHF 111 and 1450-1492MHz bands. It offers-1.06 Mbits/s — 2.3 Mbits/s data rate.

Integrated Services Digital ‘Broadcasting — Terrestrial (ISDB-T) [3] was
developed in Japan since 1999, and also adopted as Brazil’s standard in 2006. ISDB-T
uses a COFDM multicarrier system as in DVB-T, but is more complex and robust.
The 6 MHz-wide channel can be subdivided into 13 segments. One segment has a
width of 430 kHz with a guard band of about 200 kHz each for the upper and lower
adjacent channels. The allocated spectrum is VHF and L-band.

MediaFLO (Media Forward Link Only) [4] was developed by Qualcomm to
effectively address key challenges involved in the wireless delivery of multimedia
content to mass consumers. It utilizes OFDM modulation schemes and supports
frequency bandwidths of 5/6/7/8 MHz. In a 6 MHz channel, the FLO physical layer
can achieve up to 11.2 Mbps at this bandwidth. In USA, the FCC assigned licenses for
698-746 MHz in 6 MHz blocks for advanced mobile services.

China Mobile Multimedia Broadcasting (CMMB) [5] is a mobile TV and
multimedia standard developed and specified in China since 2006. The CMMB

system is a mixed satellite and terrestrial wireless broadcasting system, which utilizes
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two S-band satellites to cover the digital video broadcasting (DVB) over a wide area,
while the cellular base stations in the populated metropolitan areas. The service
operates in both S-band (2635-2660MHz) and U-band (470-860MHz). The channel
bandwidth can be either 2 or 8 MHz, depending on the data rate.

Summarized in Table 1.1, these standards have some common characteristics
such as OFDM modulation and frequency allocations among VHF I1ll, UHF, and
L-band. The global fragmentation of mobile TV standards will ultimately lead to
strong demands for multi-standard mobile TV solutions. It is also a fact that two or
more standards begin to coexist within one country.

In general, mobile TV subsystems are divided into two main parts: RF tuner and
digital demodulator. The tuner receives the desired TV channel and converts it to the
baseband for further signal processing in the demodulator. The demodulated signal is
then decoded and displayed on the LCD panel. To achieve high-performance
high-quality signal receiving, the tuner is-a critical part. This dissertation attempts to
address the tuner design for such ‘mobile devices in.advanced CMQOS technologies.
Although this research mainly-targets for the DVB-H standard that appears to be the

most popular in more countries, many design aspects could be generalized to most

other standards.
Table 1.1 Overview of several mobile TV standards
Standard DVB-T/H T-DMB ISDB-T MediaFLO CMMB
Area EU Korea Japan USA China
RF Spectrum 470-862 - 470-770 696-746 470-798
(MHz) 174-240 174-240 90-222 - -
1670-1675 - - 2605-2655 | 2635-2660
1452-1492 | 1452-1492 - - -
Channel
Bandwidth 5/6/7/8 1.536 0.43-1.29 6 8
Modulation COFDM COFDM COFDM COFDM COFDM
4-64 QAM DQPSK 4-16 QAM | 4-16 QAM
Datarate |4.98—21.11| 1.06—2.3 | 0.28—1.79 | 2.8—11.2 —16.24
(Mbps) (per seg.)
Required C/N ~25 ~7 ~12 ~12 ~25
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1.3 Dissertation Organization

Chapter 2 discusses how to obtain RF specifications from the system
specifications. Based on the DVB-T/H standard, RF specifications such as voltage
gain, noise figure (NF), input third-order intercept point (11P3), and phase noise can
be calculated from the system standard that specifies sensitivity, selectivity, and
linearity test patterns.

Chapter 3 deals with distributing the building block specifications from the
derived RF specifications. Based on analytical expressions, spread-sheet tables are
constructed to distribute the requirements among the receiver blocks. Link budget
analysis and system design verification are also discussed for a complete design
procedure.

Chapter 4 presents a single-stage wideband low-noise amplifier (LNA) with a
differential output, but a reconfigurable single-ended or differential input. The
proposed common-mode rejecting (CMR)-buffer significantly improves noise figure
(NF) and linearity, making it-possible to support a dual-mode operation. The LNA
realized in 0.13pum CMOS technology achieves 23dB-voltage gain, 0dBm IIP3, and
2.5dB NF in either differential or single-ended-receiving mode, while consuming only
3mW.

Chapter 5 presents a fully integrated dual-band DVB-H tuner implemented in
0.13um CMOS technology. The subsystem design includes the RF front-end, the
analog baseband, and the frequency synthesizer. Considerations on RF integration
design are also illustrated. With a single-ended input configuration, the tuner achieves
a sensitivity level of -96.6dBm and dissipates 114mW from a 1.2 V supply.

Chapter 6 illustrates design considerations as the technology scales from 0.13um
to 65nm. The LNA is used as an example to evaluate the performance at the sub-GHz
band in 65nm design compared to 0.13um case. Two integrated receiver prototypes
were realized in 65nm CMOS. The first receiver was implemented to demonstrate
even higher levels of noise immunity. The proposed LNA compatible for differential
and single-ended inputs was integrated for system-level evaluations. The second
receiver was implemented to demonstrate even better sensitivity performance with an
asymmetric LNA, achieving an NF less than 3.5dB across the band of interest. The

performance verification of the tuner is described in detail.
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Chapter 7 concludes this dissertation and discusses the future research directions
for mobile TV technologies.
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Chapter 2

Receiver Architectures and

Specifications

The specifications for the  DVB-T/H/ tuner ‘are contained in the mobile and
portable DVB-T/H radio access interface (MBRAI) document [6], [7]. MBRAI details
radio specifications in terms of modulation formats, bit error rates (BER),
carrier-to-noise (C/N) requirements, sensitivity, and. selectivity/ linearity patterns.
Although these parameters are ‘commonly.-seen in wireless standards, it is not
straightforward to be used for RF/analog design. In this chapter, we will describe how
to translate these system specifications into the RF specifications such as noise figure
(NF), third-order intercept point (IP3), second-order intercept point (IP2), and phase

noise [8].

2.1 Receiver Architecture

2.1.1 Classical Receiver Architectures

Traditional analog and digital TV tuners have a wide bandwidth from 48 to
864MHz, imposing stringent requirements on the tuner performance characteristics
such as harmonics and image rejections [9]. Fig. 2.1(a) and (b) illustrate the problems

of harmonics and image mixing. Due to the wide bandwidth spanning several octaves,
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unwanted signals located around the harmonics of LO must be supressed to avoid
down-conversion into the band of interest, otherwise it would deteriorate signal
quality. Similarly, the unwanted image signal which is twice the IF away from the

desired channel must be attenuated sufficiently to mitigate SNR degradation.

. 48-862MHz )
S \ ® ® ®
*‘l
' &
. ® [ Desired signal
Hg'/ ‘rl T T IE] Blockers
I o |
0 fir flo 2fio 3fio 4o 5fLo
(a)
e 48-862MHz )
*’/ _____________ - B |:| Desired signal
H“/"/ = ] image
| s
0 f||: (f|_0'f||:) f|_o (f|_0+f||:)
(b)

Fig. 2.1  Deterioration mechanisms due to: (a) harmonics and (b) image mixing.

In order to solve these problems, several different techniques have been proposed
[10]-[14]. Conventional superheterodyne tuners are classical architectures, shown in
Fig. 2.2 (a), which utilizes a bulky tunable tracking filter to filter out the higher band
channels as well as the image channel. However, this architecture is not easy to
implent monolithically because the RF tracking filter must have a high-Q factor and

need external high control voltages to tune its selection frequency.
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Fig. 2.2  Classical receiver architectures for DVB-T: (a) superheterodyne; (b)

up-down dual conversion; (c) single down-conversion low-IF.

To eliminate the tunable high-Q tracking filter, an up/down dual-conversion

architecture as shown in Fig. 2.2 (b) was proposed [11], [12]. A higher first

intermediate frequency (IF) around 1.2GHz is chose to alleviate the problem of

harmonics/image mixing by pulling the harmonics of the LO and image channels out

of the TV band. However, an external surface acoustic wave (SAW) filter is still

needed to select the desired channel at the fixed first IF. Prior to the second

down-conversion to a lower second IF at 36/44MHz for standard TV demodulation,
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the first-IF SAW filter msut provide an image rejection of 30-40dB. To achieve a
required image rejection up to 60dB totally in system considerations, therefore, the
remaining 30dB of image rejection can be done by using an image rejection mixer
(IRM) in the second down-conversion. The drawback of this architecture is the need
for an external SAW filter, which limits the level of integration and raises the power
dissipation.

Compared with the dual-conversion architectures, [13], [14] employs a single
down-conversion low-1F architecture to increase the level of integration, shown in Fig.
2-2 (c). This topology relaxes the requirements of RF filters. Unwanted signals at and
above 5 times the wanted signal frequency should be supressed; as a result, RF filters
can be integrated on chip. In addition, a double quadrature mixer [15] is implemented
to obtain an image suppression better than 60dB at the cost of higher system

complexity.

2.1.2 Direct-Conversion Receiver Architectures

As mentioned earlier, classical TV tuners consume much power of 0.5-1W to
overcome the technical bottlenecks and generally need external tracking and SAW
filters which are expensive and bulky for channel selection as well as image rejection.
Obviously, such solutions are not appropriate in mobile TV applications. In the
battery-powered handheld devices, the constraints of low power consumption and
small form factor demand a simplified tuner architecture that differ from classical
architectures.

Since only a part of classical TV broadcast band (48-864MHz) has been
allocated to mobile TV spectrum, the problem of hamonics and image mixings is
much relaxed. More specifically, most mobile TV standards target on the use of VHF
Il (174-230MHz), UHF- (470-862MHz), and L-bands (1452-1492MHz and
1670-1675MHz). For battery-powered handheld devices, thus, a direct conversion
receiver (DCR) architecture seems to be a promising architecture in realizing a low
cost, small form factor, low power consumption highly integrated DVB-T/H receiver..

As shown in Fig. 2.3, two configurations can be selected to implement the tuner
architecture. In [16]-[18], state-of-the-art solutions generally utilize dedicated LNA or

front-end circuits for each band as shown in Fig. 2.3 (a), where seperate LNAS is

10
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shown as the example. Such solutions eliminate the need for an external switch and

facilitates the connections to seperate RF band-selection filters. Most of all, seperate

RF circuits can be optimized for each band with reduced power consumption.
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Fig. 2.3  Block diagram of dierect conversion receiver with: (a) dedicated

LNAs for each band, and (b) a broadband LNA.

Another technique is utilizing wideband techniques to cover multi-band

operations as shown in Fig. 2.3 (b). This architecture requires a wideband front-end
to support full band of mobile-TV services from 170 to 1700 MHz [19]. Wideband

11
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reception can minimize the hardware requirement on front-ends, but an external RF
switch is needed to enable band selection in conjunction with seperate RF filters and
antennas. Requirements on such external components typically limit the use of this
architecture in manufactures, especially the need for external wideband balun if
differential LNAs are adopted.

2.2 RF Specifications

Fig. 2.4 depicts the block partition of a DVB-T/H system. The defined
requirements are referred to the RF reference point at the input of the tuner. All the RF
specifications in this thesis are derived based on an 8MHz channel bandwidth for the
portable or hand-held convergence terminals (terminal category b2 or c), unless
otherwise stated.

Z
j Optional
—
RF DVB-T/H
L A R

Tuner Demod

4 ——> TS
| *
l |
Reference Required
Point C/N

Fig. 2.4  Block diagram of a DVB-T/H system.

2.2.1 Frequencies and Channel Bandwidths

The European Telecommunications Standards Institute (ETSI) initially allocates
the frequency bands covering UHF 1V and V for the terminal category b2 or c. The
receiver should be able to support 6/7/8MHz channel bandwidths, depending on the
region. Table 2.1 illustrates the centre frequencies for various channel bandwidths, in

which flexible offset frequencies of +nx1/6 MHz and ned{l,2,..} should be

12
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guaranteed. The frequency range is 470-862MHz for category b2, while limited to
754MHz in a TV-GSM co-integrated terminal (category c).

Since GSM uplink at 880MHz is close to the TV spectrum, a GSM rejection filter
is needed at the receiver input to avoid nonlinear distortions and reciprocal mixing
issues due to strong GSM interferers. Together with the coupling losses between
antennas (~10dB) [20], the filter must provide high attenuation (~50dB) to suppress
the GSM transmitted power from +33dBm to -28dBm, which is the maximum allowed
signal level at the receiver input for DVB-H. Under the case with a GSM rejection filter,

the overall noise figure can be up to 6 dB [6].

Table 2.1 Channel bandwidth and centre frequencies in MBRAI

Channel System Noise Channel Centre Frequencies [MHz]
BW [MHz] BW [MHz]
8 7.61 474+ (N~21)x8+ f .., N=1{21,...,69}
7 6.65 4744 (N ~21)x8+ f .., N=1{4,...83}
6 5.71 473 +(N ~14)x6+ f .., N=1{4,...83}

2.2.2 C/N Requirement

In MBRAI, the C/N performance is calculated based on the noise model as
illustrated in Fig. 2.5. Assume that the incoming signal is amplified and
down-converted by a front-end stage which has an overall noise factor Frx and perfect
automatic gain control (AGC). The relative excess noise Py denotes several
impairments such as phase noise, quantization noise, etc. For giving the reference

BER (2x10°%), the carrier-to-noise ratio (C/N ratio) at the demodulator input can be

derived for a particular modulation scheme. The main C/N requirements for different

modulation schemes are listed in Table 2.2.

13
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Tuner with ideal AGC

Practical but
O— @— unimpaired >
T demodulator

Excess 'backstop' noise
Py (relative to C)

Noise figure F Gain G=1/C

Fig. 2.5  Noise model for calculating C/N performance.

Table 2.2 C/N requirements versus modulation schemes

Modulation Scheme C/N Requirement in C/N Requirement in
Gaussian Channel Portable outdoor channel
QPSK 1/2 code rate 4.6 10.5
16-QAM 2/3 code rate 12.7 19.5
64-QAM 3/4 code rate 19.9 27.5

2.2.3 Minimum Input Levels

The receiver sensitivity, defined as the minimum signal input level that a

receiver can detect and maintain a target BER, is given by

S,.in (dBm)=10-log, (kT )+10-log,,(BW )+ NF,, +% (2.1)

where k=1.38x10"%® J/'K is Boltzmann constant, T=290 ° K is ambient temperature,
BW is signal bandwidth, NFgrx is overall receiver noise figure, and C/N is the
minimum required signal-to-noise ratio. Since MBRAI 2.0 requires a NF below 4dB
at the sensitivity level, the sensitivity target for 8MHz channel bandwidth shall be
lower than -96.6dBm for QPSK 1/2 modulation scheme, where 7.61 MHz of
effective bandwidth and 4.6dB of SNR requirement are specified.

14
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2.2.4 Dynamic Gain Range

In the absence of any interference, the maximum desired signal level at the tuner
input is specified to be -28dBm. Since the minimum sensitivity level is -96.6dBm,
the tuner has to provide at least 68.6dB gain range. Assume that the maximum
rail-to-rail voltage swing at the tuner output from a supply of 1.2V is 2V,

differentially, i.e., 10dBm referred to 502 resistance. As a peak-to-average power

ratio (PAPR) of 15dB is taken into account, a reasonable power level at the tuner
output would be maintained at -5dBm for all input power levels and gain settings. As

a result, the tuner should provide a gain range from 22.6 to 91.6dB at least.

2.2.5 Interference Test Patterns

The wide frequency spectrum of DVB-T/H. causes the issue that the desired signal
usually comes with multiple in-band interferers. This issue becomes important when
the desired signal is weak and-adjacent-channel interferers are strong at the receiver
input. Several types of interference tests are specified in the MBRAI document to
characterize reception conditions, in the presence of other interfering TV channels.
They can be divided into two categories: 1) receiver selectivity testing with a single
analog or digital interferer, and 2) receiver linearity testing with two analog and/or
digital TV interferers. Table 2.3 and Table 2.4 respectively illustrate these test patterns,

where D represents desired channel signal power and U is unwanted interferer signal

power.
Table 2.3 Selectivity test patterns
Selectivity Modulation of Interferer U/D Ratio U [dBm]
Pattern interferer location [dBc]
Nt1 38 -35
S1 analog
Ntk (k>1) 48 -28
Nt1 29 -35
S2 digital
Ntk (k>1) 40 -28
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Table 2.4 Linearity test patterns

Linearity Modulation of Interferer U/D Ratio U [dBm]
Pattern interferer location [dBc]
igi N+2 (digital) 40
L1 Digital and g 35
analog N+4 (analog) 45
L2 analog N+2, N+4 45 -35
L3 digital N+2, N+4 40 -35

The selectivity patterns measure a receiver's ability to receive a desired signal in
the presence of an unwanted interferer at an adjacent/alternate channel close to or
away from the desired channel. In general, this test item is mainly concerned with
three performance parameters: 1) the attenuation ratio of the channel selection filter to
the adjacent/alternate interferers, 2) the phase noise and spurs of the synthesized LOs.

The linearity patterns are mainly utilized to evaluate the corruption of the desired
signal due to the third-order intermodulation (1Mg) of two nearby interferers. If a weak
desired signal along with two strong interferers enter a nonlinear circuit and experience
the third-order nonlinearity in that circuit, then one of the IM3 might fall in the band of
interest and corrupts the desired signal.. Third-order distortion is specified in terms of

an input referred third-order intercept point 11P3.

2.2.6 Phase Noise and LO Spurs

Ideally the synthesizer’s output spectrum should be a Dirac impulse at the desired
frequency. But practical signal sources usually have sidelobes in the frequency
spectrum due to the disturbance of several kinds of noise sources. To this nonideal
effect, there are two main mechanisms that create distortion and noise components on
the desired channel.

First, the close-in phase noise of the LO causes the loss of orthogonality on the
subcarriers due to the inter-subcarrier interference [21]. This mechanism degrades the
modulation accuracy of desired signal, i.e., EVM, and is reflected in the requirement

of integrated phase noise within the signal bandwidth or maximum tolerable rms
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phase error. To minimize this influence, MBRAI specifies the excess noise to be 33 dB
lower than the LO signal level. In fact, 37dB at least should be guaranteed to allow for
the presence of other impairments such as quadrature mismatch.

Second, the reciprocal mixing of the LO phase noise with the adjacent/alternate
channel interferers may also result in in-band interference [22]. This mechanism is
depicted in Fig. 2.6. In order not to deteriorate the signal quality much, the phase

noise requirements at different offset frequencies from carrier can be determined by
U C
L(Af )= {B){W}m log(BW )—101log(%) (2.2)

where U/D represents unwanted/desired power ratio in test scenario, C/N is the
minimum required signal-to-noise ratio, BW is signal bandwidth, and the last term (%)

denotes the contribution ratio to the overall impairments.

fLo
Analog TV
/ carrier
Desired After Desired
Channel u/D mixing Channel Unvyanted Sigpal
l (Reciprocal mixing)
N N+1 T 0

Fig. 2.6  Impact of phase noise on reciprocal mixing.

According to S1 pattern in MBRAI2.0, analog TV (PAL/SECAM) interference at
N+1 adjacent channel is up to 35 dB stronger than the wanted 64-QAM signal. From
PAL signal definitions, its signal power is concentrated at the picture carrier, which is
1.25 MHz away from the boundary as shown in Fig. 2.6. This implies that the picture
carrier is only 5.25 MHz away from the center of the wanted channel. For this
demodulation, the minimum required SNR is 20dB and the signal bandwidth is
7.61MHz. Thus, the integrated phase noise from 1.45 to 9.05 MHz offset from the LO
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can be calculated.

J.LO+9.05MHZ L(Af ) < _(UBJ _ [%) —10log(%) (2.3)

LO+1.45MHz

LO+9.056MHz
j L(Af )< —35—20—5=—60dBc (2.4)

LO+1.45MHz

The calculation shows that integrated phase noise from 1.45 to 9.05MHz offset
should be less than —60dBc with a 5dB margin. Assume a rectangular phase-noise
distribution within the channel. This translates to a phase-noise requirement of
-129dBc/Hz at 1.45MHz away from the center. Actually, this assumption
overestimates the requirement at 1.45MHz, which ensures that the phase noise profile
can meet all the requirements with sufficient margins.

With respect to the (N+2) adjacent interferer, two channels away from the
desired signal in S1 pattern, analog TV.interference may be 43dB higher than the
wanted 64-QAM signal. This requires that the-integrated phase noise from 9.45 to
17.05 MHz offset from the LO-should be:less than —68dBc. Similarly, this translates
to a phase-noise requirement of -137dBc/Hz at 9.45MHz offset from the LO.

The influence of frequency spurs acts. very similarly to phase noise. They
reciprocal-mix the adjacent/alternate _channel interferers down into signal bands and
contribute distinct terms in integrated phase noise. To evaluate this impact, the
integrated phase noise across the frequencies of interest should include the power of
LO spurs within this bandwidth.

2.2.7 Filter Response

Another IC specification relative to the selectivity patterns is concerned with the
rejection ratio of the channel selection filter to the adjacent/alternate interferers. Since
the received signal contains not only the desired channel but some neighboring
interference channels, baseband filters are needed to separate the desired channel from
unwanted interference channels. In general, the filtering can be done either in the
analog or digital domain. Theoretically it is preferable to realize as much filtering as
possible in the digital domain because digital filters has high accuracy against process,
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voltage, temperature (PVT) variations and do not require tuning circuitry. However,
pushing more filtering into the digital domain increases the required dynamic range
and resolution in the ADC. Unfortunately, this significantly increases power
consumption since the power of Nyquist rate ADC is proportional 2" where N is
number of bits [23]. From a power dissipation and area perspective, as a result, some
combination of analog and digital filtering will be an optimal choice.

There is a tradeoff among the filter’s out-of-band attenuation, the maximum
VGA gain and the dynamic range of the ADC. The residual adjacent channel power
after the analog channel-select filter increases the required dynamic range in the
ADC. In order not to saturate the ADC, the maximum signal magnitude at the
receiver output should not exceed the allowable full swing of the ADC. Fig. 2.7
shows the SNR and SNDR requirement of the ADC, which is constrained mainly by
the required adjacent channel immunity.

SNR =(U/D)+(C/N)+PAPR—ATT+Margin (in dB) (2.5)

where U/D represents the unwanted-to-desired signal ratio, C/N is the minimum
required carrier-to-noise ratio for a specific modulation scheme; PAPR is the
peak-to-average power ratio of the unwanted -OFDM signal; ATT represents the

out-of-band attenuation of the filter.

( LPF VGA \ ADC
=
= |
filtering Analog TV carrier

Desired
Channel

N\

Fig. 2.7  Design trade-offs between the ABB filtering and ADC SNR.
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According to S2 pattern in MBRAI 2.0, digital TV (DVB-T) interference at N+1
adjacent channel is up to 29 dB stronger than the wanted 64-QAM signal. To maintain
a minimum 20dB C/N requirement, 15 dB PAPR, 14dB margin, the SNR requirement
of the ADC is calculated as (79-ATT) in dB. In order to conform to most of
commercial demodulator 1Cs which own different ADC specifications, the target
SNDR of the ADC is expected to be as low as 48dB (~8bits). This implies that the
analog filter must provide at least 30dB of attenuation at 5.25MHz offset from the
center frequency. Here, 5.25MHz refers to the carrier frequency of analog TV
interference at the adjacent channel (N+1).

2.2.8 11P2 requirement

In a direct conversion receiver, two nearby interferers can directly mix with
each other and produce the IIM2 component (f; — f,). It is important to note that
digital interferers can create broadband baseband interference due to the interactions
among sub-carriers of the OFDM. blocker- in “frequency domain. The interfering
product would fall in the band of interest.and degrade the performance of the receiver
as shown in Fig. 2.8. In order to maintain the minimum SNR requirement, such a
product must be suppressed, which could be approximated by an IM2 analysis using
two-tone power series expansions. Calculation of the in-band interference can be

expressed as

Puos =2 (Py., —3)— 1IP2< P, —(%)—mlog(%) (2.6)

where Pn+m represents the total power of the digital interferers which is m channels
away from the desired channel. Since the interferer is approximated by two tones
with the same power, half the total power each, i.e., 3dB lower, should be considered
for calculations. Moreover, total noise and interference power Py should be
distributed (%) since several different interfering products, such as IM3, phase noise,
etc., are created simultaneously.

Thus, the minimum 1IP2 is given by
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1IP2> 2P, — Py, +(%j+10|og(%) -6 2.7)

Since the standard defines the digital TV interference 2 channels away at —28
dBm and the wanted 64-QAM signal at —68 dBm, assuming 10% noise power
contribution and 20 dB SNRp,, it can be easily found that the required II1P2 at the
input is higher than +36 dBm under the S2 pattern test.

Normally the 11P2 of a receiver is dominated by the mixer due to the high gain
of the LNA and AC coupling between LNA output and mixer output. Thus, much
attention on the input transconductance stage of the mixer for a symmetric design
and layout should be paid to ensure a high 11P2.

DVB-T
flo Interferer
/! 2nd order
Desired i i i Desired
Channel T ’f/ W |near|ty Channel
\ u/D /
¢ / IMD2
/ "
) (777777 A
N N+2 0

Fig. 2.8  Impact of second-order intermodulation distortion.

2.2.9 11P3 requirement

As shown in Fig. 2.9, two unwanted interferers may create intermodulation
products which fall in the desired channel due to the third-order nonlinearity of the
receiver. To achieve enough SNR, the IM3 product should be limited, which can be
approximated corresponding to the traditional formula based on two-tone analysis [8].

The required input referred IM3 product is derived as

sig

Poos = 2Py, + Py,s —21IP3< P —(%)—mlog(%) (2.8)

where Pn+2 and Pn+4 respectively represents interferer signal power at N+2 and N+4
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channel.

According to L3 test pattern, two digital TV interferers located at two and four
channels away from the deisred channel will produce an IM3 product which falls into
the desired channel. Since the power level of both two interferers is -35dBm with a
requirement of unwanted-to-desired power ratio (U/D) higher than 40dB, the
maximum allowable noise plus interference power level must be —87.7dBm to ensure
a minimum SNR of 12.7dB for 16-QAM 2/3 modulation. Assume that the IMD3
interference contributes 50% of the total noise plus interference power,
I.e., —87.7dBm-3dB =-90.7dBm. Hence, the 1IP3 must be better than —7.15dBm

1(U C
IP3> PR, +=| —+—+10log(% 2.9
et B +1010006) | 29

IIP3>—35+%(40+12.7+3) (2.10)

Along with an 11P3 requirement of -7dBm, an NF less than 9.5dB is required to
meet L1 and L2 tests simultaneausly.
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Fig. 2.9  Impact of third-order intermodulation distortion.

2.2.10 Image Rejection

In a direct-conversion receiver, the LO frequency is equal to the center frequency
of the desired channel. Since the desired signal spectrum is spanned on both sides of
the LO, the image of the desired channel is the desired channel itself. In order to

maximize spectral efficiency, OFDM techniques are quickly becoming a popular

22



Chapter 2 Receiver Architectures and Specifications

method for advanced communications networks, including DVB-H. Since OFDM
signals have asymmetrical spectrum, i.e., the upper sideband are uncorrelated to its
lower sideband, the problem of image mixing should be concerned. In general, the
quadrature down-conversion can be utilized to achieve a basic requirement on image
rejection. As shown in Fig. 2.10, the overall quadrature imbalance can be referred to
the LO path and modeled as a leakage component in the negative LO frequency.
Similar to the low-IF architecture, the —f o mixes with the positive component of the
desired signal and generates unwanted image component, which distorts the OFDM
constellation. In general, the requirement of image rejection depends on the specific
modulation scheme. According to MBRAI 2.0, the most stringent requirement on
image rejection refers to the use of 64-QAM. To maintain a reasonable EVM, an
image rejection of better than -37dBc would be desirable, referring to an amplitude
mismatch of 1.5% and phase error of 1.5 degree [24].

Note that the constant 1/Q mismatch errors.may be corrected by DSP in the
demodulator [25], but frequency-dependent errors-have to be minimised by careful

circuit design and layout.

fLo
A Desired
After signal V\
IMRR mixing = 020202 1 T""
-fo
A Undesired IMRR
[ :7 signal \ i
J ’// P /}“‘/ 2l
fp 0

R

Fig. 2.10  Impact of quadrature imbalance in a direct-conversion receiver.
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2.3 Conclusion

In this chapter, the RF specifications for DVB-T/H tuners have been calculated,
which are based on MBRAI system specifications. The RF specifications consist of
noise figure, voltage gain, phase noise, filtering, 11P2, IIP3, and image rejection
specifications. As mentioned earlier, they are calculated based on the system
specifications which are expressed as test scenarios for which the receiver system
should pass with a specific minimum performance. This chapter gives an overview of
the most important test patterns and where possible these test patterns are translated to
receiver RF specifications. The overall NF is directly related to the sensitivity
requirement of a receiver. The channel filtering characteristics, the LO phase noise and
IIP2 are determined by selectivity test patterns. The linearity requirement of 1IP3 is
mainly dominated by linearity test patterns. Duo to the use of 64-QAM modulation
scheme, the requirement of high SNR over 20dB-poses stringent requirements on close-in
phase noise and image rejection. The derived RF specifications will be further distributed

into the building blocks specifications across the receiver-chain in the next chapter.
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Receiver System Analysis and Design

In the previous chapter, we have translated the DVB-T/H radio standard,
MBRAI2.0, into receiver system specifications. In this chapter, we will discuss the
receiver system design and verification by distributing the system specifications into
individual building blocks specifications. One ‘major task of the receiver system
design is to properly select building block topologies and to define their specifications.
To achieve this, we must be familiar with the basic specifications of various building
blocks as well as their possible performance-based on the present technology. Once
building block specifications have been defined, system performance should be
verified by cascading the receiver blocks and evaluating the cascaded SNR. It is noted
that all impairments should be taken into account to evaluate the SNR degradation as

real as possible. Typically, the receiver system design is a rather iterative procedure.

3.1 Distributing Building Block Specifications

This section details the building block specifications, derived from analytical
expressions spread-sheet tables. Design requirements and considerations on each
circuit block are also described. Recommended specifications on each block are
illustrated as the basis for the selection of building block topologies and to evaluate

the feasibility in the early stage of the receiver design.
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3.1.1 RF Font-end

RF front-end composed of LNA and mixer is the most critical block in the
receiver chain. Its performance typically dominates the overall NF and linearity of the
system. To achieve an overall NF below 4dB in the sensitivity level, the LNA gain is
expected as high as possible. However, this trades off with the overall linearity which
is typically dominated by the mixer input stage. To alleviate linearity contraints and to
reduce intermodulation distortions (IMD), programmable gain switching should be
implemented in the front-end of the receiver. As the desired signal has a power level
much higher than the sensitivity level, a lower gain can be set in the front-end to avoid
saturation and generation of interfering IMDs in the receiver chain.

In the case of our particular receiver, a received signal strength indicator (RSSI)
circuit is utilized to sense the input signal power which includes all the desired and
unwanted signals within the band of .interest: When the total received power is in
excess of a certain threshold, the RF AGC loop will back off the RF gain to avoid
SNR degradation due to nonlinearity distortions. It is-noted that the received power
may be significantly dominated by strong interferers in conjuction with a weak
desired signal. Thus, it is important to define the NF specifications at different input
conditions. To conform to all reception conditions, the RF gain back-off and its
corresponding NF and 11P3 is illustrated in Fig. 3.1 and also listed in Table 3.1. The
front-end block provides ten steps of gain back-off with a gain range from 0 to 36dB.
In the sensitivity level, the RF front-end provides a maximum gain of 36dB, an NF of
3.5dB, and an IIP3 of -13dBm. As the signal power reaches -40dBm, the front-end
starts to back-off its gain setting in 2dB/step until -29dBm. Then, a low-gain (LG)
mode is dedicated to support the range from -28dBm to -21dBm. After that, an extra
low-gain (ELG) mode is allocated to the range from -20dBm to -15dBm. As the signal
power is larger than -14dBm, the RF front-end is switched to the minimum gain (MIN)
mode.

In addition to the gain, NF and IIP3, other performance such as input return loss
and IMRR should be highly concerned in the front-end design. Detailed specifications
of the RF front-end is given in Table 3.2.
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Table 3.1 RF front-end gain distribution and their corresponding NF/11P3

Pin Max | -98 | -40 | -38 | -36 | -34 | -32 | -30 | -28 | -20 | -14
(dBm) | Min | -41 | -39 | -37 | -35 | -33 | -31 | -29 | -21 | -15 0

Gain Mode | Max - - - Mid - - LG | ELG | Min
GainBack-off | o | 5 | 4 1 6 | g | 10|12 15| 20| 36
(dB)
Vo't?gg)Ga'” 36 | 34 | 3230 | 28| 26|24 21]16] 0
NF (dB) 3.5 4.3 4.8 5.5 6.5 7.5 9 10 14 36
[IP3 (dBm) -13 -11 -10 -8 -6 -4 -2 +5 +6 +10
40 | | | | | | L] | 1 | ] L] | | | | | | 12
35 - 49
30 o — GainI . 16
—~ 254 NE 43
2 £
= 20+ {0 5
< 15 3 =
b &
= 10 - 4-6 —
O]
54 {-9
o4 A e 12
> (o
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Pin (dBmM)

Fig. 3.1  RF front-end gain settings versus input power levels.
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Table 3.2 Recommended RF front-end specifications

vdd (V) 1.2
Input Return Loss (dB) -10
Gain Range (dB) 36—0
NF (dB) 35
Max Gain | 1IP3 (dBm) @N+2, N+4 -13
[IP2 (dBm) @N+2 +30
NF (dB) 10
Low Gain | 1IP3 (dBm) @N+2, N+4 +5
[1P2 (dBm) @N+2 +50
Gain mismatch (dB) 0.1
Phase imbalance ( ©) 1.3
IMRR (dB) -37
Range (dBm) -40—-10
RSSI
Accuracy.(dB) +2
DC offset (mV) <5
Output DC (V) 0.6

3.1.2 Analog Baseband

The analog baseband performs three kinds of analog signal processing functions:

1) low-pass filtering (LPF); 2) programmable-gain amplification (PGA), and 3) DC

offset cancellation (DCOC).

3.1.2.1 PGA

In order to achieve the overall dynamic range specifications, two AGC loops
controlled by the digital demodulator are utilized in the RF and analog baseband,
respectively. The analog baseband provides programmable-gain ability to keep almost
constant signal level at the ADC input. As derived in Ch 2.2.4, the overall receiver

gain of 92—23dB is required. Since the RF front-end provides a gain range of 36 —

0dB, the analog baseband should achieve a gain range of 56 —23dB at least. To ensure
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a reliable operation with a maximum SNR, however, a wider gain range from 60 to
-6dB would be preferred. The extended gain range towards 0dB retains a potential to
switch RF gain back-off later, alleviating a sudden SNR degradation when RF gain is
changed from 15dB to 0dB. In addition, an accuracy of 0.5dB steps is specified to
minimize the SNR degradation from gain changes during data reception under fading
conditions [26].

3.1.2.2 Filter

To implement an analog filter for channel selection filtering, there are three
important parameters that should be determined first: 1) filter prototype function; 2)
3-dB corner frequency; and 3) filter order. From DVB-T/H standard, the analog
baseband must deal with 5/6/7/8 MHz channel bandwidth, i.e., 2.5/3/3.5/4 MHz
cut-off frequency low-pass filtering..In addition, the selectivity pattern requires an
attenuation of 30dB at 1.25MHz offset as derivedin Ch 2.2.7. As a result, in this
design a seventh order Chebyshev | filter is selected in-a leap-frog configuration. This
filter topology results in the sharpest stop-band attenuation, but contains the largest
group delay. In order to compensate the group delay of the overall system, a first order
all-pass filter is utilized in the analog-baseband.-Since the analog filter is sensitive to
the process, voltage, and temperature variations, an auto-calibration circuit is needed

to guarantee cut-off frequency accuracy within £3%.

3.1.2.3 DCOC

Since direct conversion receivers down-convert the desired channel to the zero
frequency, offset voltages at DC can corrupt the signal and saturate the following
stages after the mixer [23]. As a result, in the analog baseband one important task to
deal with is to eliminate or minimize the DC offset.

In genreal, there are two mechanisms to generate the offset voltages. The first one
involves the finite matching performance of the devices in the mixer and the
following stages. The mismatches of transistors and passive components will result in
DC offset, which is almost constant. In order to minimize this source of DC offset,

increasing the matching performance by using larger transistor size and symmetric
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layout would be helpful.

The second one involves the finite isolation between the LO and RF port of the
mixer, which causes the self-mixing effect to create the DC offset as shown in Fig. 3.2
(@) and (b). The leakage of LO signal to the input of the mixers may mix with itself to
generate a constant DC offset. On the other hand, the strong interferers from the input
may also leak to the LO port, but this self-mixing effect will generate a time-varying
DC offset. In order to minimize this source of DC offset, improving the port isolation
is helpful, which can be achieved by incorporating some shielding techniques and

reducing the undesired coupling in circuit layout.

Lo LEb-©

______________ | ~

————— e —

RF leakage LO

LO leakage LO
(a) (b)

Fig. 3.2  LO/RF leakage and generation of DC offsets.

In addition to minimizing the sources of DC offset, an offset canceling technique
is required to remove the DC offset. In general, high-pass filtering by means of AC
blocking capacitors is the simplest method to remove the DC components. In order
not to destroy the signal around DC, however, the cutoff frequency of the high-pass
filter must be very low. This means that the required blocking capacitors will be very
large and diffcult to implement on chip. On the contrary, DC servo loop is a good
candidate for the purpose of high integration. As shown in Fig. 3.3, a low-pass
filtering circuit which is placed between the input and output of the baseband
amplifier can feedback the output DC components to the input. By subtracting these
components from the input signal, a high-pass filtering can be realized. Compared
with the method using the blocking capacitors, the required capacitors used in the DC
servo loop is much reduced at the cost of extra power consumption. In this work, the

DC servo loop has a cutoff frequency less than 1 kHz to ensure sub-carriers around DC

30



Chapter 3  Receiver System Analysis and Design

are not affected too much.
Detailed analog baseband specification is given in Table 3.3.

&
A}

-—T@_—'J} H(s)
L

_ kay, : :
M) = 0, (Ak+Da

Fig. 3.3  Servo loop for DC offset cancellations.

3.1.2.4 Noise/Linearity Trade-off

One of the main issues to-address when designing-the analog baseband is how to
arrange the distribution of " filtering “attenuations ~and amplifications. If the
amplifications are performed “prior to the attenuations, the analog baseband can
achieve the best noise performance but-have the most stringent linearity requirement.
If the attenuations are performed prior to the amplifications, on the contrary, the
linearity requirement is much relaxed at the expense of poor noise performance. To
comprise the noise and linearity trade-off, the amplification and filtering procedures
are repeated through the combined filter/PGA topology in the case of our particular
receiver. A programmable gain of 48dB in 6dB steps is merged into the seventh-order
Chebyshev filter, which is arranged as the preceding block of the ABB. The remaining
variable gain range including a stage of 6dB fine gain tuning in 0.5dB steps is
implemented in the latter stage of the ABB. Such arrangement ensures that the gain
switching can be done from the last stage towards the front stage. Therefore, the noise
figure in higher gain settings can be maintained almost in the minimum value since
the gain of the preceding stages is not changed. Fig. 3.4 shows the recommended
noise performance at different gain settings. The noise figure is almost constant, as
pointed out earlier, less than 22dB as the gain is higher than 30dB. Then, the noise

grows rapidly because the gain in the preceding stages is switched down.
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Table 3.3 Recommended analog baseband specifications

Supply voltage (V) 1.2
Channel Bandwidth (MHz) 2—5
Passband ripple (dB) 0.5
5.25MHz -30
Attenuation (dB) | 13.25MHz -90
29.25MHz -130
Gain range (dB) 60—-6
Gain step (dB) 0.5
Gain accuracy (dB) 10.25
Output Swing (Vp-p) @ single-ended 1
Noise Figure (dB) @max. gain 25
[IP3 (dBm) @(N+2, N+4), max. gain +18
DC offset (mV) <10
Common-mode DC 0.6
Group delay (us) 150
60 e O Gain(dB)| NF(dB)
] m -6 56
\ 0 50
50 -\ . 6 44
12 38
1 1 ] 18 32
40- \. ] 24 28
354 . 30 25
20 l—l\' ] 36 25
"—n 42 25
25 \l—l—l—l—l—l - 48 25
6 0 6 12 18 24 30 36 42 48 54 6 54 25

Gain (dB)

NF versus gain settings in the analog baseband.
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3.1.3  Frequency Synthesizer

As derived in Ch 2.2, the design of LO generation is much challenging due to the
stringent requirements on large frequency range (470-862MHz at least), low phase
noise (-37dBc rms), low spur level (-60dBc), as well as fast settling time and low
power consumption. Since DVB-T/H standard requires a step size as low as 166.67
kHz, a AX fractional-N synthesizer is used for LO generation. In an integer-N
frequency synthesizer design, it is supposed to lower the reference frequency to have
fine step size, leading to high division ratio and high in-band phase noise. Moreover,
it also causes small loop bandwidth which is usually limited to less than one tenth of
the reference frequency for stability, resulting in long settling time. On the contrary, a
fractional-N frequency synthesizer can operate with a high reference frequency since
its division ratio could be noninteger. This is helpful in reducing the division ratio and
widening the loop bandwidth. A low_division rratio reduces the noise contribution of
reference crystal, dividers and charge pump. Moreover, a large loop bandwidth can
help supress the contribution of VCO-phase noise. Thus, the in-band phase noise can
be supressed and fast settling.can be achieved simultaneously. In addition, fractional
synthesis also allows sharing the same crystal-with the existing platform applications
such as cellular phone RF transceivers. Even.though the fractional-N synthesizers
have so many advantages, the noise disturbance from the digital circuits such as the
delta-sigma modulator is much severe.

Since the LO signal is generated using a divide-by-N divider from the PLL
output, the phase noise mask of the LO would be 20xlog(N) dB lower than that of the
PLL output. Fig. 3.5 illustrates the recommended mask requirements of phase noise at
the PLL and LO output, respectively. This recommended phase noise profile refers to
an integrated phase noise of -37dBc from 1kHz to 3.8MHz at the LO output.

Recommended circuit specifications are given in Table 3.4.
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Table 3.4 Recommended frequency synthesizer specifications

Supply voltage (V) 1.2
VCO tuning range (GHz) 24—3.6
PLL resolution (Hz) 100

| 10kHz -70
(Pdlél_c;?hase Noise 100kHz 78

1MHz -118

RMS phase noise ( °) @ 400 —4MHz 2
Spurious tones <-53
Settling time (us) 300
Reference Clock (MHz) 10—40

LO Output ( through Divide_by_N)
LO range (MHz) 470—862
RMS phase noise ( °) @.400 —4MHz 0.5
LO Spurs (dBc) <-65

< >—> PLL Output

LO Output
-129 dBc/Hz 3
[ T .
1kHz ~ 100kHz 1.45MHz 3.8MHz 9.45MHz 17MHz
Fig. 3.5 Recommended LO/PLL phase noise mask.
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3.2 Link Budget Analysis

The purpose of link budget analysis is to verify whether the distributed noise and
distortion performance of the system meets the design specifications. By cascading
the specifications of building blocks in the receiver chain, link budget analysis can
provide an insight into the system performance. It would be very helpful to
understand when and where each building block dominates the others and limits the
system performance. The key performance factors such as noise figure and IP3 are
described in this section.

3.2.1 Cascaded Noise Analysis

For a chain of circuit blocks, the overall NF of a cascaded system can be

calculated using the Friis equation [28]:

Yt F, -1

F et —
A AA AR AL

tot

=1+(F -1)+ (3.2)
where F; and A; are the noise factor and gain of the i stage. In the case of our
particular receiver, the LNA is the. first stage, followed by the mixer and the analog
baseband. Table 3.5 lists the NF of‘the building blocks in the sensitivity level. This
leads to an overall NF of 3.65dB by (3.1). Percentage contribution of the three blocks
to the overall system NF is shown in the pie diagrams in Fig. 3.6. As can be found, the

LNA contributes a significant part.

Table 3.5 NF and IIP3 distribution in the maximum gain mode

Block LNA Mixer ABB System
Gain (dB) 21 15 55 91
NF (dB) 3 15 25 3.65
[IP3 (dBm) 0 9 33* -12.7
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Fig. 3.6  Noise contributions from different blocks in the maximum gain mode.

3.2.2 Cascaded intermodulation-distortion analysis

When cascading several nonlinear stages, the overall system I[IP; can be

calculated using the following formula,

1 1A AR AKAL
Ars, My Ay, A, Alps,

where Ayps and A; are the input referred 11P3 (in volts) and the voltage gain of the i

: (3.2)

stage, respectively.

From the formula above, it can be found that the overall linearity can be
significantly dominated by one limiting block. In the receiver chain, the mixer
typically is the bottleneck of linearity. Under this condition, there is no improvement
achievable if attention is paid on improving the linearity of the other components such
as the LNA. In fact, to make this true, the contribution of IMD3 from the analog

baseband should be suppressed sufficiently. This can be done by placing a real pole at
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the output of the mixer to pre-filter the out-of-channel interference. As the
nonlinearity of the mixer is limited by its input transconductance stage, which is
typical in most design cases, this added pole cannot improve the IIP3 of the mixer
itself. From the view of overall system, however, this added pole indeed relaxes the
I1P3 requirements of the following stages. In other words, for the link budget
calculation, some revisions should be made to reflect this effect, which is explained as

follows.
@ 0dB
w, = 6MHz
A4
P P
N+2 N+4 Puis-8.5
Pn+sa-14.5
i f+16 f++32 fis f+16 f++32

Fig. 3.7  Pre-filtering effect at the mixer output.

As shown in Fig. 3.7, the desired signal along with two interferers which are two
and four channels (16MHz and 32MHz) away from the desired channel is amplified
and down-converted to the baseband at the mixer output. If no pole is placed at the
mixer output, the level of the interferers would be Pn+, and Pyass, respectively. As a
pole at 6MHz is added at the mixer output, two interferers would have extra
attenuation of 8.5dB and 14.5dB, respectively. Here, one real-pole system is assumed
for the calculation. Assume the analog baseband has an IIP3 denoted as Pyp3 ass.
From (2.8), the contribution of third-order intermodulation distortion (IMD3) which is

referred to the ABB input would be suppressed due to this extra pole and expressed as

PIMD3 = Z(PN+2 _8-5) + (PN+4 _14-5) - 2PIIP3,ABB '
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PIMD3 = 2PN+2 + PN+4 - 2(P||P3,ABB +15-75) : (3-3)

The derivation shows that an equivalent improvement of 15.75dB can be added
into the 1IP3 performance of ABB for the link budget analysis to reflect the benefit
from the extra pole at the mixer output. As the analog baseband achieves an 11P3 of
+18dBm, an 11P3 of +33.75dBm can be taken for the link analysis.

According to Table 3.5, where the IIP3 of the building blocks in the maximum
gain mode are listed, contribution of the three blocks to the system 11P3 is depicted in
Fig. 3.8. As can be found, the mixer significantly dominates the overall 11P3.

Fig. 3.8  1IP3 contributions from different blocks in the maximum gain mode.

3.3 System Design Verification

In real radio systems there are various analog/RF impairments which contribute
to the impact on the system performance. These impairments such as nonlinearity, 1/Q
mismatch, phase noise can be viewed as additive noise sources, which contribute to
the noise floor and degrade the signal-to-noise ratio (SNR). It is noted that SNR is
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sometimes modified to include the interference and described as the signal-to-noise-
and-interference ratio (SNIR). Whether SNR or SNIR, they can be used to predict bit
error rate (BER) performance of a receiver. In this section, we will explore the impact

of various noise-like impairments in different reception scenarios.

3.3.1 Sensitivity and Dynamic Range

Sensitivity and dynamic range are two main performance parameters in a
receiver system. Sensitivity defines the minimum input signal level that must be
detected and demodulated by the receiver with acceptable quality, and the dynamic
range defines the entire range of input signal level from the sensitivity threshold up to
the maximum tolerable strength.

In addition to the thermal neise most concerned in the conventional formula,
various noise-like impairments are taken- into. account to observe the system
performance across the dynamic range. To evaluate the level of noise floor, several

dominant noise-like components are summed. and.given by

P

N, tot

= PN,thermaI + (PN,IMD + I:)N,PN + I:)N,IMRR) ' (34)

where Py wermar represents the thermal noise of the circuit blocks, Py vp represents the
intermodulation distortion components due to the circuit nonlinearity, and Py pn
denotes the contribution from LO phase noise, and Py vrr COuUNts the impairment of
quadrature inaccuracy. As normalized to the signal power, the formula can be

rewritten as

= + + +
SNRtota\I SNRthermaI SNRIMD SNRPN SNRIMRR

1 1 1 1 1

] (3.5)
In the case of dynamic range evaluation, only the desired signal is taken into account,
i.e., no other interferers are received. For a given receiver system, therefore, SNRpy
and SNRywrr are almost constant across the dynamic range, while SNRermar and

SNRmp are highly dependent on the strength of input signal.

SNRthermaI = I::’sig _(kTB+ NF): P

sig

(—105.2 + NF). (3.6)
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SNRIMD = Ps

19

~Pywo =2x(1IP3-P, ). (3.7)

Here, the effect of intermodulation distortion considers only the third-order
nonlinear component, which dominates the others in the evaluation of dynamic range.

Table 3.6 shows the spreadsheets containing the gain settings for different input
level. The corresponding NF and I1P3 are also listed for the dynamic range evaluation.
By substituting the data in this table into (3.6) and (3.7), SNRiermar and SNRyvp at
various input power level can be calculated. Assume that the system has a 41dB of
SNRpy and a 37dB of SNRwrr, i.€., the in-band phase noise should be less than 0.5
degree rms and the 1/Q accuracy should be better than -37dBc. Based on these
performance parameters, the overall SNR across the dynamic range can be calculated
from (3.5) and plotted in Fig. 3.9. As can be seen, the thermal noise dominates the
noise floor when the signal level is at the threshould of sensitivity. As soon as the
signal level becomes larger, the noise ;contribution from phase noise and 1/Q
impairments can dominate the thermal noise and limit the maximum achievable SNR.
As the signal level exceeds -10dBm,-the contribution from IMD3 significantly affects

the received signal quality.
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Fig. 3.9  SNR versus RF Input power level in sensitivity test.
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Fig. 3.10  Signal and noise levels along the receiver chain in DR test.
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Fig. 3.11  SNR degradation along the receiver chain in DR test.
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Table 3.6 Gain settings versus input level in dynamic range test

Front-end ABB Cascaded | Cascaded

Pin(dBm) Gain NF Gain NF NF (dB) | IIP3 (dBm)
-97 to -95 36 3.5 56 to 54 25 3.65 -13
-94 to -89 36 3.5 53t0 48 25 3.65 -13
-88t0 -83 36 3.5 47 to 42 25 3.65 -13
-82to -77 36 3.5 41 to 36 25 3.65 -13
-76 to-71 36 3.5 35to0 30 25 3.80 -13
-70 to -65 36 3.5 29to 24 28 4.21 -13
-64 to -59 36 3.5 23t0 18 32 5.82 -13
-58 to -53 36 3.5 17 to 12 38 9.32 -13
-52 to -47 36 3.5 11to 6 44 14.4 -13
-46 to -41 36 3.5 5to0 50 14.4 -13
-40 to -39 34 4.3 1to0 50 16.3 -11.5
-38 to -37 32 4.8 1to0 50 18.2 -10
-36to-35 30 5.5 1to 0 50 20.2 -8
-34to0-33 28 6.4 1to0 50 22.1 -6
-32to-31 26 7:5 1to0 50 24.1 -4
-30to-29 24 9.0 1to0 50 26.1 -2
-28 to -27 21 10 2tol 50 29.1 5
-26to -21 21 10 0to-5 50 35.0 5
-20to -15 15 14 Oto-5 50 35.0 7
-14to -11 0 36 9to 6 44 44.6 10
-10to -5 0 36 5t00 50 50.2 10

-4t00 0 36 -1to-5 56 56.0 10

Fig. 3.10 illustrates the signal and noise levels along the receiver chain in the
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dynamic range (DR) test, where four levels of input power are shown as the examples.
Here, only the thermal noise component is shown. By taking the other impairments
into account, their corresponding SNR plots are also in Fig. 3.11. As the input signal
level is at -96.6dBm, a target sensitivity level, the receiver chain provides 91.5dB of
gain and amplifies the signal level to -5.1dBm along with a noise level of -10.04dBm.
The output SNR is 4.94dB, well above the required minimum SNR of 4.6dB for

QPSK demodulation. This result conforms to a cascaded NF of 3.65dB as pointed out
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earlier. As the input level is up to -32dBm or -28dBm, the output SNR is bounded at
35dB due to the constraints of phase noise and IMRR.

It is noted that in the case of our targeted receiver the LNA stage is assumed to
be bypassed and combined into the mixer, implying that the LNA contributes no
Impact to the system in this performance evaluation. As the input signal has a level up
to 0dBm, the RF front-end is set at a minimum gain of 0dB and the analog baseband
has a gain attenuation of -5dB. The output signal level is -5dBm with a SNR of
19.8dB, while over 50dB if only AWGN is considered as shown in Fig. 3.10. As
mentioned earlier, the SNR degrades much in the mixer stage due to the effect of
third-order nonlinearity.

3.3.2  Selectivity Test

According to S2 test pattern, one digital-interferer at two channels away from the
desired channel have -28dBm of power level and an U/D ratio of 40dB. To ensure a
minimum SNR requirement of 20dB.for 64-QAM 3/4-CR scheme, the input referred

maximum acceptable noise plus interference power within the desired signal channel is

Pt (acceptanig. = —28dBm —40dB —20dB = —88dBm . (3.13)

Because in this test scenario there are several interfering products created, the
allowable interference power (referred to the input of the receiver) must be distributed.

The assumed power distribution is as follows,

Thermal noise power 30% (-5.2dB) = -93.2dBm
Second-order intermodulation products: 20% (-7dB) = -95dBm
LO spurs @ 16MHz 50% (-3dB) = -91dBm
LO integrated phase noise: 5% (-13dB) = -101dBm
I/Q mismatch: 5% (-13dB) = -101dBm

The thermal noise power corresponds to an NF of 12dB from (2.1). The IMD2
product determines the required 11P2 of +33Bm from (2.7). The interfering product

due to the reciprocal mixing effect requires LO spurs less than -63dBc from (2.3). The
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other two impairment contributions imply that both LO integrated phase noise and 1/Q
mismatch should be less than -33dBc. It should be noted that this assumption is used
to determine the specifications of the receiver, which can provide information about
feasibility evaluation in the early stage of the front-end design. The distribution can be
made arbitrary as long as the sum of the distributions is equal to 100%. For example,
if we distribute more power to LO spurs and less power to IMD, products, the LO
spurs requirement will be relaxed but the receiver 11P2 requirement becomes more
stringent.

Above-mentioned performance parameters are derived based on the minimum
performance requirements. In fact, system design should retain certain margins for
high yield. There is no unique way to define the value of design margins since they
always compromise with other targets such as power consumption, cost, and size.
With the performance parameters listed in Table 3.1 to 3.6, the signal, interference,
and noise levels along the receiver chain can be calculated to evaluate the
performance margins. It should.be noted that in this test scenario the interference level
dominates the input signal power, which is around -28dBm. Thus, the RF front-end is
switched into LG mode with a gain back-off of 15dB according to Table 3.1.

Fig. 3.12 illustrates all signal levels-including the desired signal (Psig), the
adjacent channel interference (Pinterference)s-the thermal noise contribution (PN thermar),
and the overall noise plus interference power (Pnt). The evaluation shows that the
recommended specifications can achieve an output SNR of 22.3dB, which is 2.3dB
well above the minimum requirement. As depicted in Fig. 3.13, an alternate
evaluation shows that the recommended specifications can tolerate the desired signal
level as low as -70.4dBm while maintaining an output SNR of 20dB in the presence
of -28dBm interference. The result means that the recommended specifications can
retain a margin of 2.4dB in the S2 (N+2) test.
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Fig. 3.12  Signal and noiselevels along the receiver chain in S2 test.
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Fig. 3.13  Margined signal and noise levels along the receiver chain in S2 test.
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Fig. 3.14  Signal and noiselevels along the receiver chain in L3 test.
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Fig. 3.15  Margined signal and noise levels along the receiver chain in L3 test.
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3.3.3  Linearity Test

According to L3 test pattern, two digital interferers at two and four channels
away from the desired channel have a power level of -35dBm and U/D ratio of 40dB.
To ensure a minimum SNR requirement of 12.7dB for 16-QAM 2/3 CR scheme, the
input referred maximum acceptable noise plus interference power in the desired signal

channel is

P

N+1 (acceptable

=—35dBm —40dB —12.7dB = -87.7dBm . (3.13)

Similarly, the noise and interference power must be distributed and is assumed as

follows,
Thermal noise power 14% (-8.5dB) = -96.2dBm
Third-order intermodulation products: 60% (-2.3dB) = -90dBm
Second-order intermodulation products: 6% (-12.3dB) = -100dBm
LO spurs @ 16MHz&32MHz: 18% (-7.5dB) = -95.2dBm
LO integrated phase noise: 1% (-20dB) = -107.7dBm
I/Q mismatch: 1% (-20dB) = -107.7dBm

From (2.1), the thermal noise power-corresponds to an NF of 9dB. From (2.9),
the IMD3 product determines an 11P3 requirement of -7.5dBm. Moreover, the IMD2
product determines the required 11P2 of +27dBm from (2.7). The interfering product
due to the reciprocal mixing effect requires LO spurs less than -59.7dBc from (2.3).
The other two impairment contributions also imply that both LO integrated phase
noise and 1/Q mismatch should be less than -32.7dBc.

As the receiver has the same performance parameters as the recommended
specifications, the signal levels along the receiver chain is evaluated. Fig. 3.14 shows
the signal levels including the desired signal (Psig), the adjacent channel interference at
N+2 channel (Pn+2) and N+4 channel (Pn+4), the thermal noise contribution (Pn thermal),
and the overall noise plus interference power (Pniwt). Since the two interferers
respectively has a power level of -35dBm and the desired signal has a power level of
-75dBm, the total input power level will be around -32dBm. Thus, the RF front-end
should have a gain back-off of 10dB according to Table 3.1 to tolerate this input

signal level. The evaluation shows that the recommended specifications can achieve
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an output SNR of 17dB, which is 4.3dB well above the minimum requirement. As
depicted in Fig. 3.15, an alternate evaluation shows that the recommended
specifications can tolerate the desired signal level as low as -79.3dBm while
maintaining an output SNR of 12.7dB in L3 test scenario. The result shows that the

recommended specifications can retain a margin of 4.3dB in the L3 (N+2, N+4) test.

3.4 Conclusion

In this chapter, we focus on the design considerations in distributing the overall
receiver specifications into individual building block specifications. Furthermore, link
budget analysis and system design verification are also discussed for a complete
design procedure. Initially, a reasonable distribution of specifications across the
building blocks must be set, either.based on previous experience or some intuition. An
excessive requirement on a specific block should be avoided, which would raise the
risks to fail. Then, the overall-system specifications should be verified by cascading
the building blocks and calculating overall performance. By applying all kinds of
standard tests to the receiver, from time to time, the overall system can be verified to
check if it operates properly to meet all requirements. It is noted that this conversion
is a rather iterative procedure since the distributions can be made arbitrary as long as
the sum of the distributions equals to 100%.

The building block specifications obtained in this way could be used as starting
point for the circuit level design, but still should be optimized by iterations. The main
goal is to find the distribution that guarantees minimal power consumption as well as
cost-effective chip area, in addition to compliance with the standard. This chapter
provides recommended specifications of each circuit block, which are used as the
initial reference specifications in realization of a direct-conversion receiver in CMOS

technology as shown in the next chapter.
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LNA Compatible for Differential and
Single-Ended Inputs

A single-stage noise-canceling  LNA <with ~a differential output, but a
reconfigurable single-ended or-differential input has been realized in 0.13um CMOS
technology. The LNA can flexibly operate as either differential or single-ended by
adjusting external components- without any change. inside the chip. Moreover, it
achieves good performance in noise figure,~gain, input matching and differential
balance, irrespective of the differential or single-ended configuration. The LNA is
designed for sub 1-GHz applications. It provides 22.5dB voltage gain, +1dBm 1IP3,
and 2.5dB NF in the differential configuration, while achieving 23dB voltage gain,
-0.5dBm 1IP3, and 2.65dB NF in the single-ended mode. The LNA core circuit draws

2.5mA from a 1.2V supply voltage, and occupies a small chip area of 0.06mm?.

4.1 Motivation

A low noise amplifier (LNA) is a sensitive block in an RF chip, and the LNA
architecture involves the system plan. The determination of LNA input configuration
depends not only on the level of system integration but on the operating environments.
In a highly integrated system-on-a-chip (SoC) or a noisy environment, one more robust

LNA design is necessary. More specifically, in a SoC solution, a sensitive RF front-end
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. ‘““DU Digital part

RF part

Fig. 4.1  lllustration of substrate noise coupling from a digital back-end to an
LNA.

Is integrated with a noisy digital back-end on the same die such that it inevitably suffers
from the troublesome substrate noise and spurs-leakage [28]. Take 802.11g WLAN SoC
for an example. The 61st harmonic of the 40-MHz reference clock, which falls into the
desired RF channel at 2440 MHz, would desensitize the receiver [29]. Thus, the use of a
differential LNA is needed to alleviate this problem. As shown in Fig. 4.1, any noise
coupled from the digital back-end arrives at not only the positive but the negative input
nodes of a differential LNA and eventually appears as a common-mode signal, which
can be cancelled by taking the output differentially [30]. Unfortunately, this mechanism
does not exist in a single-ended input LNA. A single-ended LNA is prone to
performance degradation due to the coupling noise/interference. Nevertheless, a
single-ended LNA presents its superiority in a lower level of integration or a
price-orientation solution. Although a differential LNA is popular due to its high
immunity to noise, it generally requires an external balance-to-unbalance (balun)
converter, which produces loss, degrades gain flatness, and raises cost. On the contrary,
a single-ended input LNA presents lower noise figure and reduced bill-of-material
(BOM) due to no need for an off-chip balun.

Differential and single-ended LNAs have their respective advantages in specific
applications or operating environments. Accordingly, there exists the need for a
reconfigurable LNA to flexibly operate as either a differential or single-ended
configuration. Supporting both differential and single-ended configurations in LNAS is

not common in literature. The difficulty lies in the constraint that the LNA must
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simultaneously meet the specification requirements based on the link budget analysis,
regardless of the differential or single-ended operation. One possible scheme was
demonstrated in a 65nm CMOS tuner [[31], Fig. 4(a)]. It achieves similar gain, matched
input impedance, sufficient linearity, and low NF in both configurations. However, an
on-chip transformer is needed to perform single-to-differential transformation in the
single-ended operation, which consumes a large chip area as well as production cost.
This chapter presents a reconfigurable LNA capable of receiving either a
differential or a single-ended input, while providing a differential output. The LNA
changes its input configurations simply by adjusting external components. No change
inside the chip is needed. The LNA also achieves comparable performance between the
two configurations. In particular, the LNA carries out the balun function under the
single-ended configuration so that it needs no bulky transformer and only occupies a

small chip area, well suitable for highly integrated receiver implementations.

4.2 Review of Existing CG-Based LNAs

4.2.1 CCC-CGLNA

Common-Gate (CG) LNA is attractive for its superior broadband input match, but
suffers from a high noise factor of 1+y/a [32]. By inserting an inverting amplifier
between the source and gate terminals of the CG amplifier, the transconductance of the
CG transistor increases by a factor of (1+A). Thus, the noise contribution from the CG
transistor decreases by the factor (1+A). This is known as the gn-boosting technique
[33]. As the inserted amplifier is noiseless, the noise factor is reduced to 1+(y/a)/(1+A).
Based on this principle of operation, the capacitor cross-coupled (CCC) CG-LNA
shown in Fig. 4.2 was proposed [34]-[36]. The cross-coupled capacitors realize the
feed-forward amplification in a fully differential configuration. From the view of an
equivalent half-circuit, it achieves an inserted amplification of -1 assuming C¢>>Cygs.
As aresult, the input transconductance is doubled without consuming extra DC current.
The noise factor is hence reduced to /+(y/a)/2 since the capacitors contribute no
additional noise. If an ideal wideband balun of 1:1 is applied, the differential input

impedance is transform into single-ended one approximately as
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Z ~(—+ )= (4.2)

Here, a symmetric design is applied, i.e., Gni=Gmn2=20mi- The differential output
voltage gain can be derived as

A=x-2-9,R. (4.2)

where the factor x equals to 2Z;/(Rs+Zin), Which is unity under a perfect input match

condition.

In,m1 In,m2

W ® g s Mg i ®

Fig. 4.2  Capacitor Cross-Coupled CG-LNA configuration.

4.2.2 CG-CS Balun LNA

Balun LNA is an attractive circuit topology with a noise-canceling technique
[37]-[40]. As shown in Fig. 4.3, it utilizes a common-gate and a common-source
amplifier as the input stage to realize single-to-differential conversion. The CG
amplifier can provide a broadband impedance match with Zj;=1/gm;. On the other
hand, the CS amplifier makes the noise/distortion from the CG transistor appear as a
common-mode source, which can be canceled at a differential output. As the CG and

CS amplifiers provide the same gain, i.e., gmiRL1=0m2RL2, @ balanced voltage output is
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obtained. As 1/gmi=Rs, moreover, broadband impedance match can be achieved.
Accordingly, this balun LNA provides a voltage gain of 2R 1/Rs. This implies that a
resistor load of only 250Q leads to a voltage gain of 20dB. Even though the noise
from the CG amplifier can be canceled due to the parallel CS amplifier, the overall NF
may be too high due to the significant contribution from the CS amplifier. Assume
only the thermal noise of transistors and resistors are taken into account. If the effect
of transistors’ finite conductance is neglected, the noise factor of the entire LNA can

be approximated by

Fofs 1 Z+£[1+ L ) (4.3)
OnRs@ AL R

where y/a represents the transistor’s excess noise factor and A, represents the voltage

gain. In (4.3), the second term is contributed by CS transistor thermal noise, and the

last term denotes the contribution due toithe load resistors Ry ; and Ry». It indicates that

a significant improvement to the noise factor can be obtained by increasing gmz. In

[38]-[40], a gm2 larger than four times-of g1 1S chosen to achieve a better NF, while at

the expense of more current consumption.

Hothovw  vohf

Noise

||j§m2
o Mes

Fig. 4.3  Noise-canceling Balun LNA configuration.

53



Chapter 4  LNA Compatible for Differential and Single-Ended Inputs

gnd!

Fig. 4.4  LNA configured as either (a) differential input CCC-CG LNA, or (b)
single-ended input Balun LNA.

4.3 Design of Reconfigurable LNA

The previous section reviewed-two existing CG-based LNAs. Interestingly,
re-configuring these two circuit topologies is feasible if properly arranged. As found
in Fig. 4.4, the CCC-CG LNA can be re-configured-as the balun LNA by merely
coupling its negative input to-the ‘ground.-Comparing Fig. 4.4 (a) and (b), My is
always constructed as a CG amplifier, but-Ms-is changed from a CG amplifier to a CS
amplifier. Recalling the discussions in the previous section, the CCC-CG LNA and the
balun LNA can achieve the same performance in terms of input impedance match and
voltage gain. This greatly enhances attraction to realize a reconfigurable-input LNA
based on this characteristic. Before that, however, the noise issue must be addressed
first. To be compatible with the differential operation mode, a symmetric design with
equally sized devices and bias is required. Unfortunately, such a design will result in a
poor NF in the single-ended mode of operation. From (4.3), the noise figure is as high
as 3.8dB, assuming (y/a)=1, R_ =250Q, and 1/gm1=Rs.

To alleviate this noise issue, this work proposes a common-mode rejecting (CMR)
buffer to improve the NF performance, especially under the single-ended operation.
As will be shown later, the cascode CMR buffer results in a feed-forward path to
reduce the noise contribution of the CS transistor without need to increase gmcs as
commonly used in literature. Circuit balance is therefore sustained, making the design

of reconfigurable operations more reliable.
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Fig. 4.5 Cascode current buffer (a) conventional CG buffer, (b) Gm-boosting
technique with a feed-forward gain of +1 or -1, (c) the proposed CMR
buffer.

4.3.1 Proposed CMR Buffer

In general, a CG transistor is in cascode as a current buffer to increase
input/output isolation and to alleviate the Miller’s effect. The CG current buffer
provides a current gain approximate to unity for any input current. In contrast to this,

a CMR buffer is proposed in this paper, which presents a higher current gain, but a
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lower gain corresponding to a differential or a common-mode signal, respectively.
This mechanism can be explained and illustrated in Fig. 4.5.

Fig. 4.5(a) depicts a cascode amplifier, where the finite transistor output
conductances gq and gqc are taken into account. In order to steer the input signal
current as much as possible to the output, this cascode CG buffer must present a low
input impedance, Zin = (1+94cZ1)/(gmc+04c). By the principle of current division, this
buffer provides a current gain of 1/(1+gqi|Zin|). The lower gqi|Zin| is, the higher the
gain is. Utilizing the principle of gn-boosting technique, Z;, can be effectively scaled
down or up corresponding to the feed-forward gain response. As shown in Fig. 4.5(b),
if the gate to source terminal exhibits a gain response of -1, Zj, will decrease nearly
by a half as (1+gqcZ1)/(20mc+04c). Accordingly the current gain becomes higher. If the
gain response is +1, on the other hand, Z;, will boost to (1+g4cZ1)/gq4c. This causes
much current to leak through ggqi, leading to a lower current gain of gqc/(Qdc+0di)-

From the above discussions, it will-be highly attractive to take advantage of
these two impedance transfer characteristics to simultaneously process desired and
undesired signals. Fortunately, this mechanism can be reflected in a differential
configuration by a pair of capacitors which cross-couple the gate-source terminals of
the cascode CG buffers as shown.in Fig. 4.5(c). For-the desired differential signal,
there exists a gain response of -1 between.the gate and source terminals, increasing
the desired signal gain. For the undesired common-mode signal, however, the
featured gain response is +1. Thus, the boosted impedance strengths the leakage

effect for the undesired signal. The respective current gain can be derived as

29, + 94 Qai
A= me S ~1-2d (4.4)
‘ ngc+gdc+gdi+gdigchL ngc

gdc
A= ) (4.5)
Jac T 9ai + 95i94cZL

Therefore, the CMRR is enhanced by a ratio of about (1+g4i/gqgc) in contrast to a

conventional CG buffer that features a constant current gain of about (1—ggi/Qmc)

irrespective of differential or common-mode signal.

Although this proposed CMR buffer appears to be similar to the input stage of
the CCC CG-LNA in [34]-[36], the characteristic of CMRR enhancement was not
mentioned. When used as a cascode current buffer, the enhanced CMRR can
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compensate for the mismatch prior to this buffer. It exhibits great advantages as
combined into a pseudo-differential amplifier which eliminates the constant current
source for higher linearity, but at the expense of poor CMRR [41]. It could help

suppress even-order harmonic distortions, improving the 11P2.

Fig. 4.6  Simplified schematic for the analysis of M2 channel noise.

4.3.2 Noise Reduction in Single-Ended Configuration

As the CMR buffer is in cascode of the CG-CS input stage, the coupling
configuration results in a feed-forward path to suppress the dominant noise
contributor innm2, iIMmproving the overall NF. This effect can be analyzed from the
simplified schematic as shown in Fig. 4.6.

By using the impedance ratio based upon the current division principle at node
X, the output noise current iyoz,m2 due to inm2 can be determined. On the other hand,
the output noise current i1 m2 Can be calculated by treating M3 as a CS amplifier
with a degenerative resistance Ziyi. M3 senses the noise voltage at node X, and

generates the output noise current ino1m2. Therefore, the two output noise current
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Inoz,m2 @nd no1 M2, CaN be expressed, respectively, as

H Zinl2

hhoomve =5 5 v (4-6)
" ZinIZ + Zinu2 "
inol,MZ ~ _L'(Zinwnzinlz)' in,MZ' 4.7)
1+ Ons - Zinll
And the differential output noise current is approximate as
. ] ] 1+ ZinIZZ‘ .
hom2 = hamz “lhomz & _ﬁ nM2 - (4.8)

As aforementioned, Zj,, i boosted due to the gm-boosting technique with an
inserted amplifier having a positive gain of K. Here, K denotes the conversion gain
from node Y to X, which is close to unity. As a result, Zi,,, has an order of magnitude
close to 1/gqs. On the other hand, Zin, is reduced by a factor smaller than 1/gq, due to
the shunt feedback through the path from:Ms; then My, to the gate of M. AS t0 Zjns,
it is enlarged by a factor larger than two due to the series feedback by the source
resistance Rs. Performing Kirchhoffs Current Low at nodes X and Y, we obtain the

three terminal impedances as,

1+0,4R0

7. : (4.9)
i (1_ K)' OnatYdsa
K = 1 . (4.10)
1+ gdsS + gdsl( 1+ gdsSRLl ]
gm3 gm3 1+(gm1+gdsl)Rs
Lo = : L : (4.11)
Q4s2 1+gdsl( gmle ]
gdsz 1+ gmle
1
ZinIl :_'[1+(gm1+gdsl)'Rs]' (412)

dsl
By hand calculations, we get that Zjn is close to Ziyz, and Ziyy is about four
times of Zj,, in this design. This leads to the noise current gain, inom2/inm2, about
0.63 from (4.8). As a result, the noise factor contributed by M is reduced by a factor
of 0.4 as compared to the conventional balun LNA without the CMR buffer.
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Fig. 4.7 The proposed LNA configurations: (a) in the differential receiving

mode; (b) in the single-ended receiving mode.
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4.4  Circuit Implementation

The schematic of the proposed LNA core is shown within the dashed box in Fig.
4.7. It is realized with a symmetric structure, using identical device dimensions as
well as bias conditions between the two branches. Different from the conventional
topology, an extra bulk cross-coupling (BCC) technique is applied to the input stage,
in addition to the cascode CMR buffer. The body source cross-coupled configuration
successfully incorporates an extra bulk-driven transconductor [42] into the
conventional gate-driven one. The input transconductance thus boosts from gy to
gm1+0mb1 Without consuming extra dc current. An extra 20% increase is thus obtained
due to the BCC in this design. Actually, the increase of voltage gain without relying
on more current dissipation or larger load resistors helps mitigate the problem of
insufficient voltage headroom. Most of all, the boosted input transconductance can

increase voltage gain and reduce noise figure.

4.4.1 Differential Receiving Mode

As the LNA selectively operates in the-differential receiving mode, both the
source nodes of M; and M, are connected to the ground through external RF chock
(RFC) inductors for DC current sink as shown in Fig. 4.7(a). Also, the source nodes
of M; and M; as the input ports receive a differential signal from an off-chip balun.
This circuit has a basic operation similar to the CCC CG-LNA. The voltage gain and
input impedance are the same as respectively given in (4.1) and (4.2), in which gm;
should be replaced with gmi+gmp1 due to the BCC technique. Similarly, the overall
noise factor can be derived as

2
Fe1r2 O 7z (1 1} 2R (4.13)
G.R, 2) R

where gn represents the transconductance of Mi/M,, and G is equal to
2(Om1tgmb1)- In (4.13), the second term denotes the contribution from M1/M,, and the
final term represents the contribution of the load resistors. Beneficial from the BCC,
the noise factor contributed by M1/M is reduced by a factor of gm/(gm+gmn), or 18%
in this design if compared to that of the existing CCC CG-LNA. As can be found in
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(4.13), the higher the G, is, the lower the NF is. However, this might cause
significant input impedance mismatch if the G, is too high. In this work G, of 50mS,
I.e., gm=20mS and gmp=5mS, is chosen to trade-off the NF and the input return loss.
This achieves an NF of 1.9dB while maintaining an S1; under -19dB, assuming y/a=1
and R =400Q. As to the CMRR in this configuration, it can be expressed by
A gm/Ascm from (4.4) and (4.5), in which gg; should be replaced with gq1/(1+gm1RS)

due to the effect of Rs degeneration at M1 source node.

4.4.2 Single-ended receiving mode

As the LNA selectively operates in the single-ended receiving mode, the
complete circuit configuration is shown in Fig. 4.7(b). As can be seen, M; constructs
a CG amplifier by connecting its source node to ground through an external RFC
inductor. On the other hand, M; Constructs a common-source (CS) amplifier by
shortening its source node to the ground. The LLNA has a basic operation similar to
the conventional Balun LNA.-It also features a voltage-gain and input impedance as
respectively given in (4.1) and (4.2), in which .gmi should be substituted with
gm1+t0mb1 due to the BCC as well. Nevertheless; the cascode CMR buffer increases
common-mode signal rejection and strengths the reverse isolation. It not only
reserves primary advantages but also further improves performance in terms of NF,
linearity, and differential balance.

NF derivation of the complete circuit is much complicated than that of the
conventional Balun LNA due to the cross-coupling configuration of the CMR buffer.
Assume only the thermal noise of transistors and resistors are taken into account and

denote >~ and iz with 4kT(y/o)gm and 4KT/R. The overall noise factor can be

calculated by the ratio of the total output noise power referring to the source noise

power, and given by

F=1+ %{[gj'{(nmr +‘Ti,M2‘2)+g_::(‘Ti,M3‘2 +‘Ti'“"4‘2)}+ gmfRL} |

(4.14)
where T; m1—Tiwmas denote the current transfer gain in the differential output due to
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M;—My transistor noise current, respectively, and T rs represents the transfer gain of

Rs noise current.
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Fig. 4.8  Simulated noise transfer gain and overall NF in (a) the proposed LNA,
(b) the conventional Balun LNA.
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Fig. 4.8 illustrates the simulated transfer gain of main noise sources as well as
the overall noise figure in our designed LNA with no simplification. The
conventional balun LNA without the BCC and CMR s also explored for comparison.
As can be seen, the proposed LNA has a higher gain with a higher |Tigs|? , while a
much lower noise contribution from M,. This leads to a better NF, 1dB lower than
the conventional LNA.

-

RV R
| |
MS : | M4
|
|
Va1 = _
O
I
L T
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®DH *+ V-
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= (b)

Fig. 4.9 The conventional LNA configurations: (a) in the differential receiving

o))

oy

mode; (b) in the single-ended receiving mode
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4.5 Measurement Results

The proposed reconfigurable LNA topology was implemented in a 0.13um
CMOS technology for sub 1-GHz applications such as DVB-T/H. To validate the
effect of the proposed CMR buffer and BCC technique, five test-kits were
implemented for comparison. As shown in Fig. 4.9, the conventional LNA utilizes a
CG current buffer and has no bulk cross-coupling configuration. All test-kits
duplicate identical device sizes and bias conditions for a fairly comparable basis. The

die microphotograph is shown in Fig. 4.10. Each test-kit occupies an area of 300 x
700 um? but the LNA core excluding the test buffer is only 200 x 300 pm?

including the MIM capacitors.

The measurement of the LNA chip is performed by bonding the chip on a board.
External RFC inductors of 100nH are used for DC bias in both configurations as
shown in Fig. 4.11. Since the test buffer-is-difficult to de-embed accurately, all the
measurement results include the effect-of the test buffer except the item of voltage

gain.

Fig. 4.10 Die micrograph of the fabricated LNA.
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Fig. 411  The measured S-parameters in the differential and signle-ended

configurations.

The S-parameters are measured using a 4-port network analyzer. In the
differential configuration, an external balun with-a turn ratio of 1:1 is required to
match the input port to 50Q. In other'words, the same test setup with a single-ended
input to a differential output is performed for the S-parameters measurement,
regardless of differential or single-ended configuration. As shown in Fig. 10, the S;;
is below -16 dB from 100 MHz to 1 GHz in single-ended mode, while -8 dB in
differential mode due to the effect of the non-ideal external balun. The measured
single-ended input to differential output S-parameter gain Sgsp; IS 14.3-12.3 dB in
single-ended mode, while 14.5-11.5 dB after subtracting the balun loss in differential
mode. These results respectively refer to voltage gain of 23+1 dB and 22.5+1.5 dB
after de-embedding the effect of the test buffers based on the simulation results. The
gain roll-off at lower frequencies is caused by the load effect of the input source
inductance, while at higher frequencies due to the capacitive parasitics at the output
loads of the LNA core.

The measured NF is illustrated in Fig. 4.12. Across the band of interests, the

proposed LNA achieves an average NF of 2.65dB in single-ended mode, while 2.5dB
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in differential mode. Without the CMR buffer and the BCC technique, the
conventional LNA has an average NF of 3.9dB in single-ended mode, while 3.1dB in
differential mode. The measurement results show that the proposed techniques
improve the overall NF by 1.2dB and 0.6dB in the single-ended and differential
configuration, respectively.
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Fig. 4.12 The measured NF of the proposed LNA and of the conventional LNA
in (a) the single-ended (SE) configuration, and (b) the differential
(DE) configuration.
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Fig. 4.13  The measured 1IP2-and lIP3 of the proposed LNA and of the

conventional LNA in (a) the single-ended (SE) configuration, and (b)
the differential (DE) configuration.

Fig. 4.13 shows the measured 1IP2 and IIP3. The 1IP2 was measured by
applying two tones with 210 MHz spacing and measuring the spur at their difference
frequency. The measurement results show that the proposed LNA achieves an 11P2 of
+10dBm and +20dBm,
configuration. On the other hand, the LNA using a conventional CG buffer rather
than the CMR buffer has an 11P2 of +1dBm/+5dBm in the single-ended/differential

respectively, in the single-ended and differential

configuration, respectively. As expected, the proposed CMR buffer benefits the
second-order harmonic rejection and improves 11P2 over 9dB. As to the 1IP3, it was
measured by applying two tones with 2-MHz spacing. As can be seen, the proposed

IIP3 of -0.5dBm/+1dBm

LNA achieves an in the single-ended/differential
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configuration. Without the proposed CMR buffer, nevertheless, the respectively
measured 1IP3 is -2dBm/-0.5dBm. The measurement shows that an extra
improvement of 1.5dB I1P3 is achieved due to the CMR buffer.

Table 4.1 summarizes the measured performance of the proposed LNA. The
summary table also presents the comparisons with the recently reported wideband
noise-canceling LNAs [43], [44]. It is shown that the implemented LNA has the
features: low power consumption, high voltage gain, low noise figure, moderate
linearity, and small chip area, irrespective of single-ended or differential

configuration.

Table 4.1 PERFORMANCE COMPARISON

Ref. This Work [14] [12] [18] [19]
JSSC ‘08 JSSC ‘04 ISSCC ‘09 JSSC ‘09
Architecture Balun Differential Balun SE Differential SE
Freq. [GHz] 0.1—1 0.1=1 0.2-=5.2 0.2—2 0.3—0.92 0.05—1
A, Gain [dB] 22—24 22—235 13—15.6 10—14 18—21 N/A
521 [dB] 14.3 145 6.6 10-14 N/A 14
NF [dB] 2.5—2.9 2.2—29 2.8—3.5 1.9—-2.4 37 3.0—3.3
IIP3 [dBm] -0.5 +1 0 0 -3.2 +3
511 [dB] <-10 <-8 <-10 -8 -10 <9
Supply [V] 1.2 1.2 1.2 2.5 1.8 2.2
Power [mW] 3 3 14 35 3.6 35
Technology 0.13um 0.13um 65nm 0.25um 0.18um 0.18um
Area [mm’] 0.06 0.06 0.009 0.075 0.33 " 0.16
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4.6 Conclusion

A wideband LNA which can operate as either a differential or single-ended
configuration is introduced. The input re-configurability provides high flexibility in
developing different positioning products, possibly sensitive to low cost/area or high
performance. The applied BCC technique enhances the effective transconductance
without consuming extra current consumption, achieving higher gain and lower NF.
In addition, the proposed CMR buffer effectively improves circuit’s CMRR,
suppressing the second-order harmonic distortion. A better 11P2, 1IP3, and NF are
thus obtained. Overall, the LNA achieves wideband impedance match, high voltage
gain, and low NF with low power consumption, regardless whether the input stage is

selected to operate in the differential or single-ended configuration.
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4.7 Appendix | — Circuit Analysis

The proposed CMR buffer in Fig. 4.5(c) can be analyzed from its simplified
equivalent schematic as shown in Fig. 4.14. By modeling each input transconductor
as a current source in parallel to its equivalent output impedance, the input and

output currents can be related by a transfer matrix:

o1 _ Tu Tof| |k _1 Ly Do | [ 415
|:i02}_|:T21 T22:|'|:i2:|_|_-|:|21 Izj.{ij' (4.19)

where Tj; denotes the current transfer function from the j-th input (ij) to the i-th
output (io;), and is derived as

I, =@+ 94.RL + Gualoo Xuahoy + Gaahoy )+ U Ogslolis - (4.16)
I, =—0,ah, 1+ 9..R,)- (4.17)
Iy = — sl @+ gusRy)- (4.18)
l, = (L+ 945R0s + Gasliy XGralos F0gal0) 00500400k, - (4.19)

I = (1"' JasRi2 + gd4r02)(l+ OusRisH04al + gmsro1)

) (4.20)
+ Omaloz (1"'9 daRi; +9 d3r01)

In this case, ro1and ry, are equal to 1/gq4; and-1/gq, respectively. As can be seen,
the cascode CMR buffer transfers each input current to both of the output branches
with opposite signs. Consider the case of a symmetric structure, €.9., gm1=Om2=09mi,
ro1=ro2=1/0di, 9m3=0m4=Ome, Ud3=9dsa=Qdc, and Ri1=R»=Z,. The CMR buffer then
carries out a symmetric transfer function, i.e., T11=T2, and T12=T»;.

As a differential signal is applied, iy; and i, can be obtained from (4.15) by

replacing i; and i, with gmivin and -gmivin, respectively, leading to

i —I 29+ :
ol _ 02 _ Tll +|T12| — gmc gdc ~1— gdl . (421)
gmivin gmivin ngc + gdc + gdi + gdigchL ngc

The current gain is balanced and close to unity, similar to that using a
conventional CG current buffer but with double transconductance.
If the input signal is in the common-mode, on the other hand, the current in the

two output branches is largely decreased, both expressed as

ol i02 gdc
= =T.-T,.|= ) (4.22)
0miVin  9miVin . | 12| Ogc + 9ai T 94i90cZL
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The CMR buffer achieves a smaller current gain than the conventional CG
buffer. According to (4.21) and (4.22), the CMRR is enhanced by a factor of
(9dctai)/9ac I gacZL<<l1. This characteristic benefits in differential balancing and

common-mode signal rejection such as the second-order harmonic distortion due to

g R

} i01 ioz!

E?]m % Jaa
J il ig \ / % lo2

input transistor nonlinearity.

Jas

o1

IN IR
Ple s

Fig. 4.14 Simplified equivalent circuit for.the analysis of the proposed CMR
buffer.
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Fig. 4.15 The equivalent circuit for the analysis of the CG-CS amplifier in

cascode with the CMR buffer, including the noise sources from each

device.
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4.7.1 CG-CS Amplifier in Cascode with a CMR Buffer

As mentioned earlier, the CMR buffer achieves an enhanced CMRR in the
differential topology utilizing two CS amplifiers as the input stage. This buffer also
appears to be effective to the hybrid CG-CS input stage that presents non-equal output

impedance, i.e., ro1# o, as shown in Fig. 4.15. In this section, it will be shown that

the CMR buffer benefits differential balancing, noise canceling, and distortions
canceling in a CG-CS amplifier. The derivation assumes that the CG and CS branches
have symmetric devices and bias, €.0., Omi=gm2 and gm3=0ms. FOr the purpose of
numerical analysis, the design parameters listed as follows are used. The transistors in
use have an intrinsic gain around 22.5, i.e., Omi/0q1=9m3/0¢s3=22.5. The other
parameters are gmz=0.8Xgm1, and RL1=R>=400€2.

4.7.1.1 Differential Balancing

The significance of the CMR buffer ‘is-examined.numerically. First we inspect
signal balance by (4.15) in the case of the same input-currents (i;=iy) but non-equal
transconductor output impedances (FgiZrs2)- With aforementioned design parameters
and making gms=0ms =20mS, the two output currents i,; and iy, are calculated and
normalized, and plotted as the functions of ry; and ro, in the contour plots shown in
Fig. 4.16. As can be seen, the normalized output currents in the two branches are still
almost balanced and close to unity even though r; is significantly different from ro,.
Also, the differential current gain in this case is similar to that in a conventional case
using a conventional CG current buffer with a double transconductance.

Next we examine the case with additional imbalance from the drain currents i;

and i,. By replacing iy and i, with 120" and (1+£)£(180+6), where ¢ and &

represent the input differential amplitude and phase mismatch, respectively, we can
verify differential balance improvement in this asymmetric configuration by (4.15).
Fig. 4.17 plots the current mismatch between i,; and iy, by sweeping ro; and rqp. Fig.
4.17(a) and Fig. 4.17(b) respectively depicts the contour plot of output amplitude and
phase mismatch by introducing an input mismatch of £€=0.2 and 6=20°. The results
show that the CMR buffer still benefits the differential balance even though the circuit

topology is not fully symmetric. The smaller the r,; and ro, are, the better the
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differential balancing is. However, this benefit comes from the tradeoff to the gain

loss.
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Fig. 4.16 Contour plots of normalized. (a) sz :and (b) iy as the functions of ry;
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Fig. 4.17 Contour plot of differential output mismatch by sweeping ro; and ry
with input mismatch of £=0.2 and 6=20° (a) amplitude mismatch,

and (b) phase mismatch.
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4.7.1.2 Noise Canceling

As the CMR hbuffer is in cascode of the CG-CS input stage, the coupling
configuration results in a negative feed-forward path to improve NF performance.
This advantage can be analyzed form the simplified schematic as shown in Fig. 4.15.
All transistor noise sources such as the channel thermal noise and the gate induced
noise are modeled as a noise current source across the drain-source terminals of the
transistor.

The overall noise factor can be calculated by the ratio of the total output noise

power referring to the source noise power, and given by

2 2 2 2 2 2 -2 2
F:l+'n,M1‘Ti,M1 +|n,M2‘Ti,M2 +|n,M3‘Ti,M3‘ +|n,M4‘Ti,M4‘ Fhera thee . (4.23)

2
£2
I Ti,Rs

] ]

n,Rs

In (4.23), Tim1— Tima denote the current transfer gain in the differential output
due to M;— M, transistor noise current, respectively, and T;rs represents the transfer
gain of Rs noise current. To simplify the calculation, only the thermal noise of the
transistors and of the resistors is taken into account assuming that M; — M, have an
identical excess noise factor, (y/a). ‘Substituting = and iz with 4k7(y/a)gm and
4KT/R into (4.23), the overall noise factor isrewritten as

) bar

T

2R,
RL

F=1+

Ti,Ml‘z +‘Ti,M2‘2) + OnsRs (Tim 3‘2 +‘Ti,M4‘2)]+

} . (4.24)

For the derivation of Tigs, it is obvious that the noise current inrs generates
differential output at X and Y nodes. The impedance looking into the CMR buffer
therefore responds to this differential noise current to be low, and the effect of gq; is
negligible. The transfer function of i, gs is thus derived as

gmle +A|2' ngRs . (425)
1+9,R, 1+9,4R,

Ti,Rs = All :

where Aj;; and A, represent the contributions from each input current to the

differential output current, equal to (T —T21) and (T22—T12), respectively, referring
to (4.15).

As to Tim1— Tiwmg, the derivation is more complicated because all noise sources
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Inm1-4 effectively generate noise currents containing the common-mode significantly
driving into the CMR buffer. In general, Kirchhoff’s Law can be performed to obtain
all four transfer gains, but the derived expressions are too complex to give direct
insights for LNA design. Instead, the output impedance r,; and r,, are pursued.
Theoretically the values of ro; and ry; are not all the same in each noise source
analysis due to the coupling between M; and M,. Fortunately, in response to these

four noise sources, ro; and ro, can be approximately expressed, respectively, as

o1 zi'[:I-"'gmle]- (4.26)
d1
r, = L . L ) (4.27)
942 l+gdl[ Om2Rs j
gdz 1+gmle

Note that the ratio of ry;t0 ro, IS approximate to 1+2gmiRs if the two branches
have symmetric devices and bias.

The transfer gains for iyw; and-i,we Ccan be derived by the transfer matrix
function in (4.15) with effective input current as follows. The noise current inm2 Of
M results in effective current of the same amount as i>-driving to the buffer, referring
to Fig. 4.14. The transfer gain Tz is thus obtained from (4.15) by replacing i; and i,
with 0 and in m2, respectively, leading to

Ty =lo2 o A =T, T, (4.28)
In,M2
Differently, M; channel noise iy u; results in the noise currents ing and ing2 at the

drain ports of My and M, respectively, derived as

. 1 .
= 4.29
ndl 1+ gmle n,M1 ( )
. . R
Ind2 = ng ' Inles = &;R ’ In,Ml . (430)
ml''s

Note that these two currents are of the same sign. Thus, the transfer function of
inm1 can be derived from (4.15) by replacing i; and i, with iyq; and ing2, respectively,
as (4.31)

C R
Ti,Ml = I°} lo2 =A, .#_ A, M (4.31)
In,Ml 1+ gmle 1+ gmle
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Similarly, the transfer gains of iy m3 and i, ms can be derived as

1+9,40, + 944l + 944R,) — 91al
Tid,Msz( gm4 02 gd4 02I gd4 L2) gm4 ol . (432)

1+0,56; + 043l + 942R1) — 9,51
Tid,M4=( gm3 ol gdB 01I gd3 Ll) ng 02' (433)

where | is a shorthand notation as in (4.20).

All AIZ |Ti‘R5| |Ti‘M1| |Ti‘M2| |-I-i,M3| |Ti,M4|‘
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Fig. 4.18 Aji/A;; and transfer gains of ‘M;—M, channel noise and R; noise
currents by sweeping gmi-for two cases with the CMR or the

conventional CG buffer.
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Fig. 4.19 The calculated NF, voltage gain, and Si; Versus gms.
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Fig. 4.18 illustrates all the noise transfer gains and Aji/Ajz versus gmi. Two
circuits with the same design parameters but respectively using the CMR or the
conventional CG buffer are explored for comparison. The design parameters in use
are the same as that listed in the beginning of Section Ill. In the case using the CMR
buffer, the higher the gmi is, the higher the ratio of ry; to rop is. Then A;; becomes
much larger than Aj;. Also both Tiu: and Tiue decrease, while both T;us and T;wma
increase. However, in the case using the conventional CG buffer, T; w1, approaches to
a minimum of zero at gm; of 20mS, while Tiu, keeps approximately at unity.
Moreover, A;; and Aj; are almost identical and close to unity, irrespective of gmi.
Comparing these two cases, we can find that at gm; of 30mS the CMR case has Tiw. of
0.6, decreased by a ratio of 0.6 opposite to the conventional CG case. This indicates a
considerable decrease of My noise contribution by a ratio of 0.36. Fig. 4.19 illustrates
the NF, voltage gain, and Si; sweep versus gmi for the CMR case. The NF is calculated

by (4.24) with (y/a)=1. At the same time,the NF for the conventional CG case is also

plotted for comparison. As can be seen, thec.CMR case achieves a lower NF with a
larger gm1. However, this might degrade input impedance matching if the effective gm:
is too high. It is well known that the common-gate input amplifier constitute an input
impedance of 1/gm;. If gm1 of 30mS is-chosen,-the LNA can achieve an NF of 2.4dB
and a voltage gain of 25dB, while maintaining a safe margin on Sy; below -13dB. The
NF is reduced by 1dB due to the CMR buffer, in large part due to a considerable
decrease of T; v2.

4.7.1.3 Distortion Canceling

Typically the linearity performance of a single-stage amplifier is limited by the
input transconductor nonlinearity. For small signal operation, the drain-source
currents of the CG and CS transconductors can be expressed as a power series in
terms of the gate-source voltage. Since the LNA uses symmetric devices and bias in
the two branches, both the CG and CS transconductors have almost the same

transconductance coefficients. Thus, we can get
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eo(t)= 8w )+ 0+ S o Y. (430
cs(0.)= 9,00+ S+ S, ). (4.35)

where the weakly nonlinear behavior is assumed such that the nonlinearities of
the order higher than three are negligible. Therefore, the small-signal nonlinear
equivalent circuit of the input stage for distortion analysis is illustrated in Fig. 4.20,
where ing2 and ingz denote the second- and third-order distortion terms, respectively.

0 0
Y inas [P |
V) -z (¥) ihaz 9m I—
M —
| . .
Vs o, 9. The2 ¥ sy
Rs M

Fig. 4.20 The equivalent circuit for the analysis of the Mi/M, distortion
currents.

Since the second-order distortion current generated by the CG and CS
amplifiers are of the same sign, according to (4.29) — (4.31), its transfer function can
be given by

A 1 A g 2
m 1 . 4-36
v 1 gml 2 (1 gml ) ( )

|hd2

Nevertheless, the third-order distortion currents generated by the CG and CS

amplifiers have opposite signs. The transfer function thus is given by

1 g
T =Ay ——— mes 1) 4.37
i,hd3 11 1+gm1 (1+gm1 ) ( )
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Fig. 4.21 illustrates the transfer gains of the second- and the third-order
distortion currents versus gmi. As compared with the case using the conventional CG
buffer, the CMR buffer greatly improves the second-order linearity performance but
shows no effect on the third-order. As gm: is 30mS, the transfer gain Ting2 iS
suppressed from 1.2 to 0.42. This translates to an 11P2 improvement of 9dB based on
the two-tone analysis.

It is worth mentioning that the second-order nonlinearity in a wideband
amplifier is an important issue. The issue can be addressed in twofold. The
second-order nonlinearity may directly cause any two interferers intermodulating and
creating spurs at their sum and difference frequencies [45]. Once falling into the
desired channel, the spurs will degrade the signal-to-noise level. Furthermore, in a
two-stage cascaded amplifier the incoming fundamental and second-order harmonic
tones which are generated by the first stage might be mixed via the second-order
nonlinearity of the second stage, producing-an extra third-order nonlinear product to
the output [46], [47]. This. cascade interaction. may raise the third-order

intermodulation distortion (IMD3), and deteriorate the overall 11P3.
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Fig. 4.21 The transfer gains of harmonic distortion currents with the CMR

buffer or the conventional CG huffer.

79



Chapter 4  LNA Compatible for Differential and Single-Ended Inputs

g Ri1 Ri2 g

C Y IdlI__l_ o2 ¢ Il Ca

- T*-

Fig. 4.22 Simplified schematic for the analysis of bandwidth limitation.

4.7.1.4 Bandwidth Limitation

Fig. 4.22 shows a simplified-schematic of the proposed LNA for the analysis of
bandwidth limitation. In the proposed version of Fig. 4.22 where a large bias inductor

(Ls) is used, the transfer function of the LNA can be written as

Ve (5) = et () ot ) Vo (5 (4.38)

Isig sig dl ol

where the amplifier function is decomposed into three parts, the input transconductor,
the cascode current buffer, and the output load. To simplify the analysis, the
transistors’ output resistance (rgs) is ignored. Thus, the transfer function of the input

stage can be derived as

i oy SL(gmR)-5*(CoulR))

L TR sL+ g R )+ S C,LR) (4.39)
Id_Z(S)z _SLs(ng ) (ngZLsRs)
i R, +sL,(1+g,4R,)+5%(C,LiR,)

(4.40)
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As can be seen, the input stage features a band-pass response and the two
branches have a similar response except the non-dominant zero slightly different at
relatively high frequency. The high-pass and low-pass corner frequency respectively

is dominated by two poles derived as:

R
NS 4.41
a)pL Ls(l+ gmle) ( )
~(1+gm1Rs)+ Rs ~(1+gm1Rs)' (442)

= TRC, L@+g.R.) RC,

where C, represents the total parasitic capacitance at the input port, including the

parasitic capacitance of the ESD pad and external components, Cys1, Csp1, Cgs2, Cyaa,

and etc. It is indicated that a large inductor allows for good performance in the lower

frequency range. In the higher frequency range, the parasitic capacitance at the input
port dominates.

On the other hand, both the cascode current buffer and the output load feature a

low-pass response and can be expressed as:

!Ll(s) ~ 1 ) I —2gm4 (4.43)
s e
Idl 1+-— a
@
Yo (5) LT g, (4.44)
i s P RC
ol 1+~ L™~
w

p2
where C, represents the total parasitic capacitance at the drain terminal of M, ( or
M3 ), approximated to the sum of Cys3, Cyssa, Co2, and Csa.

Assume two branches have symmetric device sizes. With gmi=gm2=20mS and
R =400Q, the balun LNA can achieve a voltage gain of 16, i.e., 24dB. However, the
bandwidth associated with this high gain may be limited due to the dominant pole
op2 at the LNA output. From (4.44), 0.1pF loading capacitance results in the 3 dB
bandwidth limitation to 4GHz. On the other hand, another pole wpH at the input stage
may also cause a significant effect on the bandwidth limitation. Since the parasitic
capacitance C, at the input port includes several components, such as the parasitic of
the ESD pad (~250fF), Cgs1/Cqs2 (~150fF), Cqa1/Cqa2 (~100fF), and the parasitic
capacitance of the external inductor (~300fF), this large C, of 800fF may limit the
bandwidth to 8GHz by (4.42).
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Fig. 4.23 Simplified schematic for exploring noise-canceling mechanism at high
frequencies.

In addition to the effects ‘on bandwidth limitation as well as impedance
matching, the large parasitic capacitance C, at the input port may also deteriorate the
noise canceling mechanism at high. frequencies. As aforementioned, the principle of
noise-canceling LNA relies on phase and gain matching between the two branch
outputs. Unfortunately, the parasitic C, may cause significant gain and phase
discrepancy at high frequencies. This effect can be observed from the simplified
schematic shown in Fig. 4.23. As mentioned earlier and shown in Fig. 4.22, the
cascode current buffer and the load feature the same response for the two branches.
Thus, the input stage is mainly considered since it is the source which contributes to
significant gain and phase discrepancy.

To explore the noise canceling mechanism of My, the transfer function is
derived and expressed as

oo g« R, +sL, +5%(C,LR,)

P2 . 4.45
In.Ml Rs+SLS(1+ gmle)+Sz(CpLsRs) ( )
.indz (S) ~ _SLS(gm2R5)+SZ(ng2LSRS) (446)

™ R, +sL,(1+g,,R. )+5%(C,LR.)

pstts
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It is noted that (4.46) is the same as (4.40), and the poles in (4.45) and (4.46) are
the same as that in (4.41) and (4.42). From (4.45), we can get two dominant zeroes at

frequencies:

(4.47)

As can be found from (4.41), (4.42) and (4.47), w,_ is double of wp and w,+ is
half of wpn. With design parameters: gmi=gm=20mS, Ls=100nH, C,=800fF,
Cqa2=75fF, and Rs=50Q, Fig. 4.24 and Fig. 4.25 show the frequency response of inm1
based on (4.45) an (4.46). A significant magnitude and phase discrepancy, which
deteriorate the noise canceling mechanism, is observed at frequencies far away from
the resonant frequency. To increase bandwidth and to maintain good noise
performance in the high frequency range, a small parasitic capacitance C, at the input

port is critical.
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Fig. 4.24 Magnitude response of M noise current.
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Fig. 4.25 Phase response of Mgnoise current.
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4.7.2 Extended Measurement Results

Fig. 4.26 and Fig. 4.27 respectively illustrate the measured amplitude and phase
imbalance between two output ports. The balun performance was characterized on 15
samples at a nominal DC current of 3.5mA. A gain imbalance within -0.1 to 0.3dB
from 100MHz to 1GHz was measured in the proposed LNA, while within 0.2 to
0.6dB for the LNA using the conventional CG buffer. As to the phase imbalance, the
proposed LNA remains within £1 degrees from 100MHz to 1GHz, while the LNA
using the CG buffer spreads from -2 to 4 degrees. The measurements show that the
CMR buffer can compensate the gain mismatch and phase error by 0.3dB and 2
degrees, respectively.

Table 4.2 gives extra measurement results. Two additional bias conditions
respectively based on the simulated Gn,; of 25mS and 20mS are measured and listed.

Table 4.2 Performance Summary

Topology Unit Balun
Technology - 0.13um CMOS
Frequency GHz 0.1-11
Supply Vv 1.5 1.2 1.0
Gm1 mS 30 25 20
Power (core) mwW 5.3 3 1.8
Voltage Gain dB 23.5-255 22-24 21-23
Noise Figure dB 2.3-2.7 2.5-2.9 2.9-3.3
P2 dBm +18 +10 +8
[IP3 dBm -2 -0.5 -1.7
Differential dB <04
Imbalance deg. <1
LNA area mm? 0.06
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Fig. 4.26 Measured amplitude imbalance: a) the proposed LNA, and b) the LNA
using the conventional CG buffer.
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Fig. 4.27 Measured phase imbalance: a) the proposed LNA, and b) the LNA

using the conventional CG buffer.
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4.8 Appendix Il — Asymmetric LNA Design

As discussed earlier, (4.3) indicates that a significant improvement to the noise
factor can be obtained by increasing gm2 in the conventional CG-CS balun LNA. This
appears to be effective in our proposed balun LNA which incorporates the CMR
buffer and the bulk cross-coupling technique.

Assume the CS branch is k times bigger in the input transconductance compared
with the CG branch, but k times smaller in the load resistor. It means that gm>=K * gm1
and Ry1=k « Ry, as referred to Fig. 4.14. Since the two branches are not identical yet,
some derivations in Appendix | should be revised accordingly. The derivations in
noise factor could not be normalized to the load resistors as derived in Appendix I.

Calculations based on the output voltage rather than the output current should be

done, so (4.15) should be revised as

|:Vol:|=|:Tll T12:|.|:i1:|=1'|:RL1 O :|‘|:Ill |12:|.|:i1:| (4 48)
VOZ T21 T22 i2 I 0 RLZ I21 |22 i2

Here, Tj; denotes the transimpedance transfer function from the j-th input (i;) to
the i-th output (voi). Thus, the overall noise factor (calculated in the voltage domain,

rather the current domain) can be given.by

F=1+ ‘TRS 2 {(éj'(gml "Ti,Ml‘z T Om2 "Ti,Mz‘z T Oms "Ti,Ms‘z * Oma "Ti,M4‘2)+ Ry, + RLz}
iR,

. (4.49)

Here, Timi—Tima and Tigs denotes transimpedance transfer gain and can be
obtained from (4.25) —(4.33) and (4.48).

Fig. 4.28 illustrates the NF versus gm: with different ratio k between two
branches. Here, gm4 is also assumed to be k times bigger than gms. Different from Fig
4.19 which only takes the CMR effect into account, the improvement due to the BCC
technique is considered in this calculation. It shows that if gmy of 30mS is chosen, the
LNA can achieve an NF of 2.05dB with k=1. The result shows that an extra NF
improvement of 0.35dB benefits from the BCC technique as compared to Fig. 4.19.
The NF can be decreased to 1.75dB with k=2, and 1.65dB with k=3.
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To evaluate the effect of NF versus the ratio k, five test-kits were implemented
for comparison. Fig. 4.29 shows the die microphotograph. The measured NF is
illustrated in Fig. 4.30. As can be seen, the conventional LNA combining neither the
CMR buffer nor the BCC technique has an NF of 3.6-4.1dB over 0.2-1.1GHz with
k=1, and decreased to 2.45-2.9dB with k=2. As to our proposed LNA, it achieves an
NF of 2.3-2.8dB with k=1, and decreased to 1.85-2.5dB with k=2. As a higher ratio
k=3 is used, the NF is further decreased to 1.7dB, while rapidly increasing to 2.7dB
at frequencies above 900MHz. This may result from the impact of larger parasitic at
both input port and output load, which raises the noise contribution from M;. It is
noted that the measured NF results exclude the effect of the test buffer, which

contributes an extra NF about 0.2dB based on the simulation results.

NF (dB)

1.0 bronm——ov—m——--mr———m——

Fig. 4.28 Caculated NF versus gm with different ratio k.
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Fig. 4.30 Measured NF versus frequency with different ratio k.
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Chapter 5

Dual-Band RF Tuner in 0.13um CMOS

A fully integrated direct-conversion tuner is implemented in 0.13um CMOS
technology. The tuner achieves an_overall noise figure from 3.7 to 4.3dB across the
band of interest. The proposed  current<mode switching scheme improves the
achievable SNIR with a gain step.of 15dB, while providing an 1IP3 improvement of
18dB and an NF degradation of only 6dB. Design trade-offs are carefully considered
in designing the baseband circuit, which provides wide gain tuning and accurate
bandwidth against PVT variations with.a DC 0ffset residual less than 6mV. The
measured maximum SNR values are better than 30dB over wide input power levels,
ensuring robust receptions in a mobile environment. All circuit blocks are operated at
1.2V, and thus the tuner consumes low power of 114mW in the continuous mode. This

compact tuner supports both UHF and L- bands, and occupies only 7.2 mm? die area.

5.1 Introduction

To be successfully integrated into a crowded handheld device, a DVB-H solution
must meet the requirements of a small form factor and low power consumption.
Several direct-conversion tuners have been reported in attempts to address these needs
in recent years. Implemented in SiGe BiCMOS [18], [48], [49] or in 0.18-um CMOS
[16][17] technologies, these tuners consume 200-300 mW in the continuous receiving
mode from the supply voltage around 2.7V. In order to further reduce the power
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consumption and to provide a high level of integration, a mobile TV system-on-a-chip
(SoC) is a good candidate by integrating a radio tuner, a baseband demodulator, and
even a decoder into a single die. Towards this evolution, the first step is to develop a
tuner in a finer deep-submicron or even nanometer CMOS technology [31].

The trend of technology scaling in advanced CMOS technologies benefits digital
demodulators in both speed and power dissipation. The corresponding supply voltage
reduction, which could be as low as 1.2V, however, causes issues to RF tuner design.
In practice, a low supply voltage constrains stacking of several devices, and limits
applications of many conventional circuit topologies. The reduced voltage headroom
further degrades circuit linearity and an achievable signal-to-noise-and-interference
ratio (SNIR). Therefore, the tuner architecture and each circuit block must be
carefully designed to overcome the limitations of a low supply voltage and to comply
with system requirements.

In this chapter, we focus on_the implementation of circuit blocks, which can
permit the maximum level of integration, minimize power dissipation, and reduce cost

as well as physical size.

AGC_RF AGC_ABB

X L == A POEWEI'
TIA s .
’—_® 1A\ BB_Lout
RFin ! L Replica
uHF 5 LNE> a 6
X BB_Quu

RSSI O
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__.l Dual Modulus Programmable
L__Pr | Divider

integer — t—fraclinnal

Fig. 5.1  Block diagram of the designed RF tuner.
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5.2 Architecture and Frequency Plan

The block diagram of the tuner is shown in Fig. 5.1. The direct-conversion
architecture is adopted to fulfill small physical size and low power consumption. All
circuit blocks except for the front-end are shared for the dual-band operation to save
chip area. The signal received from the UHF- or L-band antenna is amplified and
down-converted to the baseband through two separate signal paths, which facilitates
the connection to different external RF filters for each band. Moreover, two sets of 1/Q
mixers avoid complicated combinations required in both RF signal and LO paths.
After down-conversion, both UHF and L-band signal chains are combined in the
current mode at the input of the transimpedance amplifier (T1A). Subsequently, the
analog baseband circuitry removes the out-of-channel interferers and amplifies the
signal to the desired amplitude. Finally, the tuner produces I/Q balanced outputs for
further signal processing at the baseband demodulator.

The single-ended-input differential-output-low=-noise amplifier (LNA), or balun
LNA, facilitates the connection to the front antenna and to the following mixer of
double balanced topology. It eliminates the need of an-off-chip balun in front of the
LNA for low noise figure and low external BOM. Also; it needs no on-chip balun after
LNA, effective for low distortion‘as well as low power consumption. In this design,
digitally controlled variable-gain function is included in both the front-end and the
analog baseband to achieve the optimal SNIR. A wideband detector senses the total
received RF power and then delivers an RSSI signal to the baseband demodulator to
assist rapid front-end gain adjustment. Gain control can be done via a serial control
bus or via an on-chip 7-bit SAR ADC by interfacing an analog signal from the
baseband demodulator. To facilitate time slicing operation in the DVB-H system, one
independent pin is ready for the baseband demodulator to switch the receiver on and
off.

Frequency downconversion is essential in an RF tuner. A small LO frequency
tuning range permits a small chip area and high performance. More specifically, a
large LO tuning range generally leads to high VCO gain and/or a large number of
capacitor banks, which trade off with good phase noise performance. In previous work,
frequency downconversion required an LO source with dividers of divide-by-2 and/or
divide-by-4 to cover the UHF and the L bands [17], [18], [47], [48]. Such schemes
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call for very wide LO frequency tuning up to 62%, from 1.88 to 3.56GHz or from
0.94 to 1.78GHz. To reduce the required VCO tuning range, the LO chain was
designed using divide-by-2 and divide-by-3 dividers for UHF quadrature LO
generation, and using a first-order polyphase filter for the L-band in [16], [31]. The
required VCO range is thus reduced to 40%, from 1.2GHz to 1.8GHz. This work
utilizes a similar frequency plan while multiplying the frequency by two, requiring the
VCO range from 2.56 to 3.84GHz. The quadrature LO signals are generated using
divide-by-4 and divide-by-6 dividers in the UHF band, and using a divide-by-2 circuit
in the L-band. Such a plan avoids using a polyphase filter and a divide-by-3 circuit,
which potentially produces high 1/Q mismatch. Furthermore, operating at higher
frequencies enables the use of on-chip inductors with smaller area and higher

Q-factors

5.3 RF Front-end Design

The front-end consists of two sets of LNAs and 1/Q mixers for the UHF and
L-band, respectively. Fig. 5.2 shows the simplified schematic for the UHF operation.
An identical topology is used for the L-band.implementation except replacing the

LNA resistor load with an on-chip inductor load.
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Fig. 5.2  Simplified schematic of RF front-end at UHF band.
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Fig. 5.3  The designed RFVGA topology.

5.3.1 RFVGA

As discussed in the previous chapter, the weak desired signal usually comes with
strong interferers, which may-degrade the signal quality without careful processing.
There are two ways to alleviate-this problem. The simplest way is utilizing a tracking
filter prior to the LNA to filter out the interferers. However, the interferers may be only
one or two channels away from the desired channel. This requires the filter to have an
ultra-high quality factor, which is difficult to be integrated on chip. The other way
feasible for on-chip integration is incorporating variable-gain functions into the RF
front-end, called as RF Variable-Gain Amplifiers (RFVGA). Since the noise floor is
mainly dominated by the added circuit noise and distortions, the role of the RFVGA is
to trade-off the contributions between the added circuit noise and distortions by
adjusting its gain settings. In theory, the RFVGA is expected to provide a constant
output third-order intercept point (OIP3) across the gain range. When gain is reduced,
input IP3 (11P3) of the RFVGA should increase, but NF would degrade inevitably. As a
result, the linearity of the RFVGA can be improved significantly at lower gains while
preserving the noise performance at higher gain settings. It is noted that at a given gain
setting the added circuit noise level is fixed, but the added distortions level increases
rapidly with the input interference strength. For a given input interference to signal ratio,

to sum up, the RFVGA would change its gain settings to maintain a maximum signal to
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noise plus interference ratio (SNIR).

Typically, RFVGASs change their gain settings by varying either the input V-I
converter or the load [50]. The adjustment of the V-I converter, furthermore, can vary
either its received voltage input by tapped attenuator architectures [51] or its output
current component by current steering methods [52]-[54]. Digital/discrete gain control
is much flexible and easy to implement using any one of these methods.
Analog/continuous gain control, on the other hand, is generally implemented only
with the current steering method, which biases the current steering transistor pair in
weak inversion region to realize an exponential transfer function.

In this design, the RFVGA has a digitally programmable gain with multi-step
resolutions. The overall architecture is illustrated in Fig. 5.3, composed of two
separate signal path. The upper path can provide a fine gain step as low as 2dB, while
the lower path achieves a coarse gain step of 41dB further to extend the overall
dynamic range. As illustrated in. Fig. 5.2, the. upper path is composed of two
amplification stages, which provides a high voltage gain to compensate for the loss of
the subsequent passive mixer. The first stage isimplemented using our proposed LNA
architecture as aforementioned in chapter 4. It provides wideband low noise
amplification and an input impedance match-to 50 Q, while the second stage, i.e., the
transconductance stage of the mixer, 1s.cascaded to the proposed balun LNA to obtain
maximum front-end gain. Variable gain control is implemented by three methods in
combination of these two cascode amplifiers. Fine gain tuning is realized by a bank of
digitally controlled resistor load, R.; and R. In actuality, it would be more desirable
to realize all the gain reduction at LNA output, since this would achieve the best SNR
over the other VGLNA architectures [50]. However, the parasitic of the switch
transistors may load the output, degrading the bandwidth. Moreover, as the gain
back-off becomes much larger, the small output resistor and the subsequent stages will
dominates the noise performance. In this design, the variable load provides 12dB gain
range in 2dB steps. Another gain control with coarse gain stepping is carried out by
two different ways. One of them applies the current steering technique by switching
M1 and Mcs; with a gain step of 6dB. The other one utilizes a novel current-mode
scheme of switching the signal path and is explained as follows.

As shown in Fig. 5.2, a pair of switch transistors Mgy1/Msy, IS inserted between

the low impedance terminals of the two cascode amplifiers, providing an alternative
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path of gain attenuation. Fig. 5.4 illustrates how to achieve high-gain and low-gain by
switching this alternative path. When the switch transistors are turned off, the
front-end is configured as cascaded two-stage amplifiers, providing a
transconductance of gmiR.10ms to the input voltage Vi,. When the switch transistors are
turned on and transistors Mz are all off, the front-end is configured as one
single-stage cascode amplifier, giving a transconductance of gmi. As a result, one-step
gain attenuation of gmsRy1 is achieved. This current-mode scheme effectively reduces
the distortions caused by voltage modulation. It avoids large voltage swings across the
switch transistors as compared to the conventional voltage switching method.
Moreover, it also substantially helps achieve high linearity by avoiding inter-stage
intermodulation since the two cascaded amplifiers are reduced to a single-stage
amplifier. In addition to better linearity, this scheme enables negligible loading effect
on switch transistor parasitic due to its low-impedance terminations, which alleviates
the degradation of operation bandwidth.-Another important advantage comes from the
fact that no input and output interface is affected after gain switching, so the input
matching condition can be maintained well. Furthermore, this scheme also features
much better noise performance if compared with the conventional variable load or
current steering methods when the -gain attenuation becomes much larger. The
measured results show that this switched.path offers a stepped attenuation of 15dB
with a high I1P3 level of +5dBm, improved by 18dB from that at the maximum gain
configuration while noise figure degrades only by 6dB in overall receive chain, 9dB
better than the conventional pre-attenuation method [51].

As the gain continues to decrease, the input transconductance stage would limit
the linearity performance. As this condition occurs, the VGLNA will turn-on the
lower path and turn-off the upper path (Fig. 5.3) to extend the dynamic range. It is
implemented using the one-step resistor taped attenuator method [55]. Single-ended
input is applied to the transconductor of the second-stage amplifier. It provides a -5dB

gain attenuation and +15dBm I1P3 to further extend the input dynamic range.
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Fig. 5.4  Front-end configuration: (a) at high-gain mode, and (b) at low-gain
mode.
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5.3.2 Current Driven Passive Mixer

This design utilizes a current-mode passive mixer rather than a Gilbert mixer to
achieve high linearity along with a flexible output DC level. Since the mixer output is
directly coupled to the analog baseband in a direct-conversion receiver, its DC level
should be compatible to the common-mode voltage of the analog baseband. To avoid
dynamic range limitations at op-amp level, a rail-to-rail amplifier with a
common-mode level of half supply voltage would be preferred. This means a
common-mode level of 0.6V is used with a supply of 1.2V. Such a low common-mode
level would pose a difficult challenge for a Gilbert mixer because it requires stacking
of multiple devices. Instead, a current-mode passive mixer has no dc current
dissipation, providing flexibility to set the DC level. In addition, the current-driven
passive mixer can achieve relatively high linearity. By driving a very low impedance
load, it avoids large voltage swing across the.switching transistors, alleviating the
distortions resulting from the switching behaviors. It.should be noted that employing
passive mixers may impose the linearity burden.on the preceding blocks mostly the
RF amplifier, which usually needs a high gain to suppress the noise contribution of
the passive mixer.

As shown in Fig. 5.2, the mixer_consists-of double-balanced switching quads
followed by a transimpedance amplifier (TIA). The I/Q mixers sink the RF current
from the second-stage output of the VGLNA. Sharing one common input
transconductor between | and Q paths benefits to minimize quadrature inaccuracy.
After down-conversion through the switching quads, the baseband current driven into
the TIA is converted to voltage output. Because the transconductor is ac coupled to
the switching quad, no dc current flows through the switching transistors. Thus, the
commutating switches operate from OFF to triode state and vice versa. This implies
that any voltage source placed at the gate, representing flicker noise or switch pair
offset, would not be transferred to the mixer output. In other word, this configuration
is insensitive to the offset and switch flicker noise, which improves 11P2 and reduces

flicker noise.
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Fig. 5.5  Simplified schematic for noise analysis of the TIA.

As the TIA is implemented by a fully differential op-amp connected in RC shunt
feedback, extreme care should be taken to limit the noise contribution from the
op-amp. As shown in Fig. 5.5; the parasitic capacitance at the output of the
transconductance stage is charged and discharged at the rate of the LO, causing that
the resistance seen at the op-amp Input terminals is actually a switched capacitor
resistor [56]. Since there are two differential pairs connected to the op-amp terminals

in parallel, the effective resistance is.therefore given by

NS
4f .,C

par

(5.1)

The op-amp input referred noise is thus transferred to the output with transfer

function given by

— 2
Vo _ (1+ 2R J (5.2)
Viiop par

To minimize this noise contribution, we have to minimize the parasitic
capacitance Cyar and the op-amp noise.

The simulated gain for the transconductance stage, mixing quads and the TIA in
cascade was 15 dB and its simulated Noise Figure was 12 dB in double-side band
(DSB) calculations. The transconductance stage consumes 3mA and each TIA
consumes 7mA. This large current dissipation ensures the TIA to achieve a maximum

output swing of over 2V peak-to-peak differentially. The feedback RC across the
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op-amp realizes one tracked pole at 1.5 times of cut-off frequency, i.e., 6MHz for
8MHz channel bandwidth. This real pole can pre-filter the adjacent interference which

may saturate the first stage of the subsequent filter due to its full swing limited by the
low 1.2V supply.
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Fig. 5.6  Architecture of the divide-by-four divider, and the designed D-latch
circuits.

5.3.3 Quadrature LO Generation

Accurate guadrature LO signals with 50% duty cycle is critical for high image
rejection ratio. This design generates the quadrature LO signals through divide-by-N
circuits, which are comprised of N D-latches in cascade and in a negative feedback
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configuration. To cover a wide frequency range from 2GHz to 4GHz, these
high-speed flip-flop based frequency dividers are implemented using
current-mode-logic (CML) latches. Fig. 5.6 shows the architecture of divide-by-N
dividers and designed D-latch circuits. In order to achieve higher operation speed at
lower current consumption, the sampling stage uses larger device size than latching
stage. The ratio between these two stages is four in the implemented design. It is
noted that special attention should be paid to layout balance of the quadrature

generators to avoid impairing the quadrature accuracy.
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Fig. 5.7  Simplified diagram of successive-detection logarithmic amplifiers.

5.3.4 Received Signal Strength Indicator (RSSI)

A received signal strength indicator (RSSI) is extensively employed to provide
the information necessary to adjust the receiver gain. For high frequency, wideband
applications, the successive-detection architecture is widely used to realize a
logarithmic amplifier. Fig. 5.7 shows the simplified diagram of a successive-detection
logarithmic amplifier. The pseudo-logarithmic, piecewise linear function is realized as
a cascade of limiters with their outputs rectified, summed, and filtered to produce a
DC output signal. Moreover, the number of limiters is associated with the desired gain,
bandwidth, and power consumption of the wideband power detector. Thus, choice of
the number of stages is a compromise between a high gain-bandwidth product, a high

input sensitivity, and low power consumption. In this work, four stages are cascaded
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to achieve a dynamic range of 20 dB. The input is terminated at the low-impedance
nodes, the source terminals of M7/Mg, as shown in Fig. 5.2. Unlike the conventional
termination at the LNA output, this termination is advantageous to avoid bandwidth

degradation due to the parasitic capacitance.

5.4 Analog Baseband Design

The analog baseband functions as channel selection and programmable
amplification for both In-phase and Quadrature signal processing. Programmable gain
function provides the flexibility to optimize noise, linearity and power consumption. To
optimize noise, power consumption and silicon area, it is necessary to make trade-offs
in the Op-amp together with the input/feedback resistor pair. In this design, the analog
baseband provides total gain control. from 0 to 63.5dB in 0.5dB steps. It includes
several circuit blocks as shown.in Fig. 5.8: a- variable-gain low-pass channel filter
(VGCF) with cutoff frequency —calibration, a' first-order all-pass filter, a
programmable-gain amplifier,“four independent dc-offset cancellation (DCOC) loops

with on-chip capacitors, and a unit-gain buffer.
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Fig. 5.8  Architecture of Analog Baseband.

The channel filter is a seventh-order Chebyshev type-1 implemented using the

leap-frog topology. Embedded into the filter blocks, gain control provides a range from
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0 to 48dB with a tunable cutoff frequency from 2 to 5 MHz depending on the channel
bandwidth in use. In the VGCF, the first two Op-amps consume high current for low
noise and large signal-handling capability. Also small input/feedback resistor pairs are
applied to reach better noise performance at the expense of large capacitor area. The
remaining five Op-amps consume less current since the noise contributions are less
critical. In addition, the input/feedback resistor pairs have high resistances to reduce
the capacitor area. Following the VGCF, the first-order all-pass filter is added to
improve the group delay. Then two PGA stages provide an extra gain of 15.5dB.

5.4.1 Auto-Bandwidth Calibration

On-chip RC auto-calibration activated at power up accurately sets up the channel
bandwidth from 2.5 to 4 MHz against PV/T variations. The architecture and the timing
diagram are depicted in Fig. 5.9. A duplicate RC integrator compares the RC time
constant with a reference clock generated from the crystal output through a
programmable divider. The detailed procedure is described as follows.

Two successive states are utilized to complete the auto-calibration process in an
iterative process. In the first phase, the clock - CLKB is set to high. The integrator is
configured as a resistive feedback amplifier with gain attenuation. As a result, both
integrator outputs, Vo, and Vo, are reset to the Op-amp’s common-mode voltage. In
the second phase, CLKB is low. The integrator is configured as a lossless integrator,
which forces its positive output Vo, to charge toward VDD and its negative output Vo,
to discharge to ground. Once V,, voltage becomes smaller than the reference voltage,
the comparator will deliver a control signal to stop counting. The 6-bit counter’s code
is subsequently subtracted from the Bandwidth Code, a default value of RC time
constant corresponding to the channel bandwidth. After that, the subtracted output
code is sent to update the Capacitor Code used to control the capacitor banks. The
calibration will continue until the capacitor code remains constant for several
consecutive iterations. As soon as the calibration is finished, another control signal
will be sent to power off the calibration circuits and stop the input clock. Finally, a
5-bit control word is provided to adjust the capacitors in the TIA and filter stages

within 3% bandwidth accuracy.
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Fig. 5.9  (a) Architecture of the RC calibration loop. (b) Timing diagram of the
RC calibration loop.
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5.4.2 DC Offset Cancellation

DC-offset cancellation is indispensable in a direct conversion receiver because DC
offset may saturate the baseband output and degrade the dynamic range. Featuring a
high-pass response in the signal chain, the DCOC has a cutoff frequency less than 1
kHz to ensure sub-carriers around DC are not affected too much. However, if a single
loop cancellation is utilized, such a low cutoff frequency will demand for large loop
capacitors, inevitably implemented in off-chip components at the expense of four extra
package pins [18], [49]. Since the high-pass corner frequency is proportional to the
signal processing gain, but inverse to the loop capacitance, multi-loop cancellation can
effectively reduce the required loop capacitances. For example, as the signal chain is
uniformly divided into M segments in cascade and each segment has an independent
servo-loop for DCOC, the processing gain and the used capacitance in each loop can
be expressed by AM™ and C./M, respectively, where A is the total gain of the signal
chain and Cp, is the total capacitance required in"M loops. To maintain the same
high-pass corner frequency in-the single-loop and multi-loop implementations, the
ratio of the total required loop capacitance in single-loop calibration to that in

multi-loop can be approximated as

c A(lﬁ)

ml

where Cq is the total capacitance required in single-loop cancellation. In this design,
four independent servo-loops are utilized to reject DC offset, in total using 16pF
capacitance which is much easier to integrate on chip since 60 times less total
capacitance is required compared with a single loop implementation.

The final high-pass cutoff frequency is set constant at 1 kHz for all gain settings
by keeping the gain of feedback loop inversely proportional to that of the signal path.
Furthermore, the remaining DC offset resulting from the last stage of the servo loop
chain is carefully minimized by enhancing transistor symmetry and by using larger
dimensions. The measured DC offset is less than 6mV with an average of 4mV
characterized over 50 samples at the maximum gain setting. The analog baseband

totally dissipates 22mA current, where 8.3mA is dissipated by the first two stages. The

simulated input-referred noise level is about 6nV/~+/Hz .
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Fig. 5.10  Schematic of VCOs.

5.5 Frequency Synthesizer Design

A fractional-N PLL synthesizer using a -3rd-order delta-sigma modulator with
24-bit accumulators is employed-to achieve a high resolution and fast switching time
as well as good phase noise. The frequency step of this synthesizer is less than 10Hz
to meet the requirement of multi-standard operation where different channel spacing
is specified. In addition, fractional synthesis provides the flexibility to share the same
crystal with the existing cellular platform to reduce the BOM cost and PCB area.

The synthesizer generates a wide frequency output from 2.56 to 3.84 GHz by
using two VCOs with overlapped tuning characteristics. As shown in Fig. 5.10, each
VCO consists of two PMOS cross-coupled transistors with an internal regulator and
one LC tank. The on-chip voltage regulator reduces the impact of power supply noise
[57]. Moreover, the tank which is terminated into DC ground enables a wide range of
analog control almost from rail to rail, which is crucial for low-voltage VCO design.

As far as phase noise is concerned, the entire tuning range is divided into 64
sub-bands by a 6-bit capacitor bank to decrease the voltage-to-frequency gain.
Consequently, adaptive frequency calibration (AFC) is needed to select a specific

sub-band prior to starting the process of phase locking. The AFC procedure is
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described as follows. In the beginning, the PLL loop is open and the analog control
terminal of the VCO is biased at half supply voltage. Subsequently, AFC is activated,
trying to select an appropriate sub-band using the binary search method by comparing
the divided VCO frequency with the reference one. Instead of using counters [58], the
frequency detector is implemented using a quadri-correlator to shorten the comparison
time [59]. After one suitable sub-band has been chosen, the PLL loop is closed

achieving phase locked, and AFC is turned off.

5.6 RF Integration Design

When many circuit blocks such as the front-end, analog baseband, and frequency
synthesizer are integrated into a receiver system, some design considerations should
be concerned. As the level of integration lincreases, there are many new challenges to
be overcome, such as noise coupling issues among.different blocks, programmable
flexibility for high performance, and constraints of limited 1/O pins. This section will
describe the major issues concerning the integration and present the methods used in

this implementation.

5.6.1 Noise Coupling Issues

One of the most critical issues to deal with in a highly integrated system is noise
coupling among different blocks [60]. Noise coupling may result from cross-talk via
silicon substrate, supply/ground traces either on the chip or board, and bonding wires.
Several methods discussed as follows are utilized in this integration to mitigate noise
coupling.

First, having separate power domains for different blocks with specific
characteristics is important since noise can propagate via the low-impedance power
and ground traces without much attenuation. This implementation categorizes
different supply domains as LNA, Mixer/LO Quadrature Generator, analog baseband,
VCO, PLL analog part, and PLL digital part/crystal oscillator. In fact, much more

on-chip pads still can be utilized to mitigate the supply noise coupling. However, it
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might inevitably need to bond several on-chip pads to the same package pin due to
limited number of 1/0O leads. Nevertheless, this method can effectively trade off the
supply coupling noise and occupied package pins.

Second, bypass capacitors are widely used in each bias network. The added RC
network produces one extra pole to block the noise propagation through the
current-mirroring paths. It should be noted that this filtering ability is a trade-off with
the time to startup and shutdown. Generally, a dual time constant loop can be utilized
to mitigate the trade-off if necessary.

As different blocks with specific characteristics are integrated on a common
substrate, substrate isolation is very important for a successful integration. For
example, with a AX fractional- N synthesizer, the use of large digital blocks such as
N-bit (N>20) accumulators and adders can generate substantial digital switching
noise to the sensitive RF [61]. To increase the level of isolation between the noisy
digital part and the sensitive RF, careful floor plan with increased separation distance
and extra layout techniques with P-.and/or 'N<rings having a wide width larger than

10um are helpful and utilized in this implementation. [62].

5.6.2 Programmable Bias Current

To maintain stable bias current for all circuit blocks in the receiver, a bandgap
reference circuit with an accurate off-chip resistor is used to generate a reference bias
current, which is insensitive to PVT variations. Then, several branches of bias current
required for each circuit block can be generated by mirroring from this stable
reference current. Along with N-bit current banks as shown in Fig. 5.11, each bias
current for a specific circuit block can be programmed to optimize the system
performance. It is worth saying that programmable bias may further reduce power
consumption without sacrificing too much performance. This mainly results from the
fact that over-design which increases power consumption is usually taken in the stage

of circuit design to avoid re-spins of the chip.
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Fig. 5.11  Programmable bias current (3-bit is shown).

5.6.3 Serial Control Interface

As the level of integration increases; the amount of control information to set
the gain, bandwidth, and frequency channel becomes much significant. For a wireless
system, RF chip is typically controlled by the-BBP/MAC IC via a serial bus. The
serial bus can also facilitate testing, debugging, and optimization. To achieve this, RF
systems usually contain registers that ‘store part of the received control signals and
can be programmed sequentially, either using a 3-wire serial bus or the 12C
(Inter-Integrated Circuit) bus. The 3-wire serial interface is easier to implement, but
difficult to control timing critical signals due to its low speed. On the contrary, the
I12C bus developed by Philips Electronics in the early 1980°s is a good compromise
between speed and complexity. The 12C interface is widely used in modern
communication ICs since the issued patent was expired. In this tuner prototype in
0.13um CMOS technology, a 3-wire serial interface is adopted. In the other two
prototypes in 65nm CMOQOS technology as will be described in the next chapter,

however, the 12C bus is adopted.
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5.6.4 Package Considerations

Packaging is very important in realizing an end-product and should be taken
into account in the early stage of circuit design. To be concerned with both RF
performance and board area, the use of leadless packages will be preferred. Leadless
packages can reduce the inductance significantly by eliminating the part associated
with the lead. Moreover, the applicability of paddle ground can allow for as many
grounds as can be fit in the pad ring of the chip, effectively reducing the occupation
requirement of package leads. Through down-bonds to the package paddle ground
which is soldered onto the board assembly ground, the ground inductance can be
reduced significantly. Typically, ground inductance lower than 0.5nH is possible in
commercial QFN packages.

A simplified schematic as shown in Fig. 5.12 can be used to model the
connection between the die and the plastic package [63]. Here, CP represents the
capacitance between the bond pad and ground metal, LB models the inductance
introduced by the bond wire, and CL represents the capacitance between the package
leads and ground. In the stage of circuit design, CP and CL are modeled as 0.25pF
and LB is modeled as 1nH for'ground pads and 2nH for the other bonding pads, such
as VDDs.

—0 Package

_I_ Lead
1™

Bond Pad ©

______________________________

Fig. 5.12  Equivalent circuit of interconnection between the pad and the lead.

111



Chapter 5  Dual-Band RF Tuner in 0.13um CMOS

VCO Buffer LO Testing Buffer

j ]I- LO Testing

ﬁx A e = Pa'd_sO
— 0

SWy Cu Co SWp
X H—Xo—

e

<

\AAJ | |

—
Q
2
®

ngc 7 \
T

T _4 T
i

AA
vy
vy

Vg1 O
<

oty 5

A

Vg O

Fig. 5.13  Schematic of a bidirectional LO testing buffer.

5.6.5 Testability

To prevent errors in block design having a large impact on the testability, special
test modes should be implemented to allow for testing of circuit blocks in-situ. As
mentioned above, the receiver system-typically can be divided into three main blocks,
PLL, RF front-end, and analog baseband, from the view of functionality and division
of labour. Therefore, there exist two interfaces needed to be reserved for testability.
One of them is the interface between the front-end and the analog baseband. Since
the signal passing though this interface is at the baseband in a voltage output, four
pads can be reserved for connections to the signal traces at the TIA output. This
facilitates a bidirectional 1/0 testing, either to observe the output of RF front-end or
to be used as the signal input to allow observation of analog baseband if the front-end
does not work. The other interface for testability exists between the front-end and the
PLL. This interface is very important to verify the impacts of completely integrated
LO chain on the overall receiver performance. At least, it can ensure that the receiver
chain performance can be measured if the PLL does not work. As shown in Fig. 5.13,
a bidirectional LO testing buffer is implemented to allow observation of the PLL
output or the input of an external LO. If the PLL is to be measured, the testing buffer

is activated and SWu/SW, are turned off, driving a 502 load of the measurement

112



Chapter 5  Dual-Band RF Tuner in 0.13um CMOS

instrument. Alternately, the LO pads can be used as inputs by turning on the VCO
buffer and LO testing buffer, while activating SWu/SWs,. Such a capability makes it
possible to characterize performance using external LO compared with on-chip LO.
In a normal operation mode, rather than a testing mode, both the LO testing buffer
and SWy/SWy, are turned off, and the on-chip LO source passes through the VCO
buffer which drives the quadrature generator, i.e., dividers of divide-by-2/4/6.
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Fig. 5.14  Die photograph.

5.7 Measurement Results

The tuner chip was fabricated in 0.13-um 1P8M CMOS process. It occupies a
total silicon area of 7.2 mm? including all ESD pads. The chip is housed in a 5x5
mm? 40-pin QFN package. The micrograph of the die is shown in Fig. 5.14, where
the analog baseband occupies a significant portion of the chip area due to using
low-density MIM capacitors of 1fF/um?. A single 1.2 V supply is applied for the
measurement. The measured performance referred to the SMA connector input is
summarized in Table 5.1.
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The measured NF ranges from 3.7dB to 4.3dB in the UHF band. The stated I1P3
values are measured, applying two-tone frequencies at 13.25MHz and 29.25MHz
away from the desired frequency, whereas, for the 11P2, a two-tone test with blockers
at 13.25MHz and 16MHz offset was performed. At 11dB back-off from maximum
RF gain, which is convergent by the RSSI-AGC loop for L3 blocking test, 11P3 is
-4.3dBm while NF is 8.7dB. The current switch path provides a 15dB RF gain
backoff, achieving a baseband I1P2 of 50dBm in the UHF band.

The overall NF versus the RFE and ABB gain settings are measured and shown
in Fig. 5.15. It is noted that as the ABB gain is towards 0dB, the contribution of the
measurement instruments such as the differential probe and spectrum analyzer
becomes much dominant. This means that the measured NF is much larger than the
real case. Fig. 5.16 illustrates the measured NF at different IF frequency. As can be
seen, the flicker noise corner is around 200 kHz.

The measured phase noise spectrum-at the Synthesizer output is as shown in Fig.
5.17. The noise profile will be lowered by 15dB after a /6 divider for 626MHz
channel, resulting in an integrated.noise from 400Hz to 4MHz better than 0.3 degrees.
The measured transient frequency response during the locking process is depicted in
Fig. 5.18, showing a locking time of 78pusec including coarse and fine tuning. The
locking time is still less than 100usec:in-the-worst case of the power-up sequence.
The C/N plot at the baseband output, evaluated in terms of EVM, is exhibited in Fig.
5.19 by applying an input signal of the 16-QAM 1/2 modulation scheme. The SNR
shown is better than 30dB from -70dBm to -7dBm, allowing for robust operation in a
mobile environment. Because the BER test (System performance) depends on not
only the radio chip but also the baseband demodulator, the estimates in sensitivity,
selectivity, and linearity tests are given according to the measured MER not
exceeding one specific value based on the modulation scheme defined in the MBRAI
specification. In Table 5.2 summarized are these measurement results.

Compared with the previously reported work related to DVB-H tuner, shown in
Table 5.3, this chip achieves the lowest power consumption from a single 1.2V
supply while maintaining comparable performance. The maximum power
consumption is 114mW in the UHF band as all circuits are activated in the
continuous mode. However, the power consumption reduces to 103mW in the

L-band. The reduced power mainly results from the operation with divide-by-2
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instead of divide-by-6 as well as no usage of RF power detector.
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Fig. 5.15  Measured overall NF versus the RFE and ABB gain settings.
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Fig. 5.16  Measured NF at different IF frequencies.
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dB/
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Fig. 5.17  Phase noise profile measured at synthesizer output.
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Fig. 5.18  Measured locking process of frequency synthesizer.
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Fig. 5.19  Measured C/(N+I) ws. input power for the test chip comprising
digital front-end.

Table 5.1
PERFORMANCE SUMMARY OF'RF TUNER
Frequency Band UHF-band L-band
(MHz) (470-862MHz) (1670-1675MHz)

Input Return Loss (dB) <-12 <-12
Gain Max/Min/Step (dB) 95/-50.5 100/10/0.5
RF range/BB range (dB) 40/63.5 30/63.5
NF @ Max Gain (dB) 3.774.3 4.3
NF @ (Max RF -15dB) (dB) 9~10.5 130
[IP2 (N+2) @ Max Gain/ (Max RF (a)
15dB) (dBm) +35/+50 +27/+46
IIP3 (N+2,N+4) @ Max Gain/ (Max RF 1345 1348

-15dB) (dBm)
Integrated phase noise (100-4MHz) 0.5° rms 1" rms
Filter rejection with 4MHz BW

setting @ 5.25/13.25MHz 32/102 (dB)
DC offset 6mV
I/Q matching <-35dBc

Power consumption
in continuous RX
Die size 7.2 mm?%in 0.13 um CMOS
 Measured at (Max RF -19dB).

114mW @ 1.2V 103mwW @ 1.2V
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Table 5.2
SELECTIVITY/LINEARITY AND SENSITIVITY MEASUREMENT RESULTS
Pattern Modulation Interft_erer U/D (dB) U/D (dB)
location Spec. Measured
N+1 35 42
S1 N-1 35 43
k 64-QAM 3/4
(PAL-G) 8k 64-QAM 34 N+2 43 46.5
N-2 43 46.5
N+1 27 35
S2 N-1 27 35
8k 64-QAM 3/4
(PAL-G) Q ¥ N+2 40 45
N-2 40 45
L1 8k 16-QAM 2/3 N+2, N+4 40/45 42.8/47.8
L2 8k 16-QAM 2/3 N+2, N+4 45 46.7
L3 8k 16-QAM 2/3 N+2, N+4 40 41.8
] C/N Measured
Modulation (dB) Spec. (dBm) (dBm)
8k 64-QAM 3/4 .60 -81.3 -80.9
Sensitivity | 8k 16-QAM 2/3 12.7 -88.5 -88.4
8k QPSK 12 4.6 -96.6 -96.7
Table 5.3
BENCHMARK OF RF TUNERS FOR.DVB-H APPLICATIONS
Ref—Year | Process Power| Vdd | Aerea Band NF 11P3 1IP2 |Phase
) (mw) | (V) |(mm?) (dB) | (dBm) | (dBm) |Noise
[1] 0.35um +12 +45 .
1ssc ‘05 | sige:c | 230 [ 2775 115 | UHF 8.5 (Max RF-20d5) 0.8
2] 0.35um UHF +4 | 427 .
. . . 0.3
Isscc06 | sige | o290 | 27 | 123 1 | gang 3.6 (Max RF-20dB)
3] 0.5um -6.8 | N/A
15sc 07 | sice 184 | 2.8 16 UHF [3.1-4.6 (Max RF-80B) N/A
(5] 0.18um UHF @ | 05 | +34 .
2 2.7 Vi . 0.3
ISSCC ‘06 | CMOS 9 9 L-Band 35 (Max RF-10dB)
[4] 0.18um UHF 5 | +40 .
1 2. 7. 4, 1.0
ISSCC ‘06 | CMOS 85 8 8 L-Band > (Max RF-0dB)
6] 65nm UHF/VHF 3 [+40®] |
22 2-3. 0.5
JSSC ‘08 CMOS 138 11225 / L-Band 2:2-3.2 (Max RF-5dB)
. 0.13um UHF +5 | +50 .
. . .7-4. 0.5
This work CMOS 114 1.2 7.2 L-Band 3.7-4.3 (Max RF-150B)

45dB Noise Figure is measured at the channel above 800MHz.
® Measured at (Max RF -10dB).
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5.8 Conclusion

A 1.2V highly integrated RF tuner for DVB-T/H applications in 0.13-pum CMOS
technology is demonstrated. Utilizing a direct-conversion structure and a smart
frequency plan, the tuner consumes only 114mW in the continuous mode and
occupies a silicon area of 7.2 mm? Together with system and circuit design
techniques, this tuner complies with the MBRAI 1.0 requirement, while slightly
insufficient to meet the stringent MBRAI 2.0 specifications. However, low BOM as
well as small PCB size are achieved, requiring a minimum number of external
components: an inductor and a coupling capacitor for each LNA input, a crystal, and
RC components for the loop filter. Since the supply voltage is as low as 1.2V, it is
straightforward to convert to advanced technologies of 65nm and beyond towards a

more competitive SoC solution.
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Chapter 6

65nm Tuner Implementation and

Verification

Current and future trends call for the highest levels of integration to achieve low
cost and low power for handheld wireless devices. Such demands drive nanometer
digital CMOS as the process of choice to integrate digital, mixed-signal, and RF
components on a chip. For system-on-a-chip (SoC) solutions, the digital part usually
occupies a significant part of chip-area-and-consumes much power compared to the
mixed-signal and RF parts [64], [65], [66], [67]. New CMOS technology nodes can
bring great strides within the digital part in reduced cost, higher speed, and lower
power consumption. These benefits also push more and more RF and mixed-signal
components to be developed in nanometer CMOS technologies, towards a SoC
evolution. This chapter introduces the impacts of technology scaling on
RF/mixed-signal design. The previous 0.13-um CMOS tuner has been migrated to
65nm for SoC integration. New features in this 65nm CMOS tuner will be highlighted
in this chapter. In addition, chip verification will be also described in more details.

6.1 Effects of Technology Scaling

For RF and mixed-signal components, technology scaling is a mixed blessing

[68]. High-frequency operation typically benefits from the scaling as the transit

121



Chapter 6 65nm Tuner Implementation and Verification

frequency fr continues to scale up with the reduced feature size. However, this comes
along with worse performance parameters, including high leakage current, reduced
intrinsic gain, large 1/f noise, reduced headroom, and severe substrate coupling. Such

issues still need to be addressed in RF and mixed-signal design [69], [70].

Table 6.1 Device sizes in the designed LNAs

65nm
0-13pm (feature size) 65nm

My, My (inum) | (2.50.13)x13x4 (2/0.065)x15x4 (2.500.13)x21x4
Ms, Mg (inum) | (2.50.13)x13x2 (2/0.065)x15x2 (2.500.13)x21x2

Cy1, C2 (pF) 10 10 10
Ce1, Ce (pF) 1.5 1.5 1.5
R1, R (kQ) 20 20 20
Rs, R4 (kQ) 10 10 10
Riy, Ri2(Q) 275 275 275

Fig. 6.1  Simplified schematic of the designed LNAs.
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To evaluate the impacts of technology scaling on the RF/mixed-signal circuits,
the design of our proposed LNA in chapter 4 is used as an example. Fig. 6.1 shows the
circuit schematic. Three cases are studied to verify the effects of technology scaling.
As shown in Table 6.1, the LNA is designed with different device dimensions in both
0.13um and 65nm CMOS technologies. Two cases are implemented in 65nm CMOS,
in which one is with the minimum feature size, and the other utilizes transistors with
0.13um length.

As discussed in chapter 4, the LNA performance, such as voltage gain, input
return loss and NF, directly depends on the choice of Mi/M, parameters. Table 6.2
shows this information of the designed LNAs. For these three cases, M1/M transistors
have the same input transconductance of 25mS. They are biased in the moderate

inversion region with 10mV —20mV overdrive voltage (Vgss-VT). As can be found,

the transistor’s intrinsic gain decreases-with-the technology scaling. The case with
65nm feature size shows 0.36 times of-intrinsic gain as compared with the 130nm case.
Low intrinsic gain degrades analog performance. To increases transistor’s intrinsic
gain in nanometer technology;-the use of a larger transistor length is favorable. Here,
the third case realizes the LNA"with 130nm channel length, rather than 65nm feature
size. Another dominant factor to ‘our proposed LNA is the benefit from the body
transconductance. As can be seen, gmp in 65nm technology is only one half of that in
130nm technology. This means a smaller effective transconductance (gm+gmp) in 65nm
technology, leading to smaller voltage gain, poor NF, but better input matching. Fig.
6.1 shows the simulated S;;. The poor performance at lower frequencies results from
small source inductance Ls of 22nH. The simulated voltage gain and NF are
illustrated in Fig. 6.3 and Fig. 6.4, respectively. As can be seen, the design in 0.13um
CMOS has the best performance over the other two. As to 65nm cases, the design in
use of 130nm length is better than that with 65nm feature size. As a result, devices

with minimum feature sizes are barely used in realization of 65nm tuner design.
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Table 6.2 Operation parameters of M1/M in the designed LNAS

Technology 65nm
Nodes 0.13pm (feature size) 65nm
W/L (My, M) | 130/0.13 x1 128 /0.065 | x1.97 | 210/0.13 | x1.62
Ip(mA) 1.57 x1 1.67 x1.06 1.51 x0.94
gm (MS) 25.2 x1 25.2 x1 25.4 x1
Emb (MS) 5.46 x1 2.24 x0.41 2.71 x0.49
84s (mS) 1.12 x1 3.11 x2.78 1.31 x1.17
Cq (fF) 142 x1 106.3 x0.75 253 x1.78
gm/8ds 22.5 x1 8.1 x0.36 19.4 x0.86
fr (GHz) 28.2 x1 37.7 x1.34 23.4 x0.83
Vt (mV) 419 x1 414 x0.99 373 x0.89
vdd (V) 1.2 x1 1.2 x1 1.2 x1
-9 1 s I ! I
—&— 130nm
—O— 65nm (L=130nm)
—2— 65nm (L=65nm
-12
o
=)
wri
-15
5000000000000
0 200 400 600 800 1000 1200
Frequency (Hz)
Fig. 6.2  Simulated S11 of the designed LNAs.
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Fig. 6.3  Simulated NF of the designed LNAs.
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Fig. 6.4  Simulated voltage gain of the designed LNAs.
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6.2 65nm Tuner with Reconfigurable Inputs

Towards a SoC evolution, the previous 0.13-um CMOS tuner has been migrated
to a 65nm CMOS technology. Based on the same architecture, the first tuner
integrates the proposed LNA (in chapter 4) with reconfigurable inputs to adapt to the
possibly noisy SoC environment. Fully differential topologies from the LNA input to
the baseband output can be configured to have high immunity to digital switching
noise. If the noise disturbance is not as severe as predicted, however, the LNA can be
configured as a single-ended input receiving. As such, the external balun can be
eliminated to reduce the BOM. The single-ended configuration is also highly
preferred if some performance degradation could be acceptable in applications
sensitive to cost and area [31]. The tuner chip is fabricated in 65nm 1P6M LP CMOS
process. It occupies a total silicon area of 7.8 mm? including all ESD pads. Fig. 6.5

shows the die micrograph of the chip.

Fig. 6.5  The die micrograph of the chip.
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6.3 Flowchart of Chip Verification

The simplified block diagram of testing chip is shown in Fig. 6.6, where a
differential configuration is shown at the UHF-band input and a single-ended
configuration is shown at the L-band input. The flowchart of chip verification is
shown in Fig. 6.7. First, the chip is bonded on a FR-4 PCB (COB) for performance
verification. The photograph of the actual PCB for the COB test is shown in Fig. 6.8.
Initially, DC conditions are measured to verify the difference from the simulation
values. After the DC conditions and 12C programming have passed the verifications,
performance parameters of either the receiver chain with external LO or the PLL
block should be measured. Then, the integrated receiver tests with the internal LO
should be done. Until now, continuous-wave (CW) signals are applied to the
measurements. Once we have finished the CW tests, system performance such as
sensitivity, linearity, and selectivity, should be verified by applying a modulated signal.
One major task to deal with during the COB-.verification is to determine the bonding
diagram for the chip package. Several on-chip supply pads would be bonded on the
same package pin to reduce pin counts. This Is an-iterative procedure. As a specific
bonding diagram is wired, and-again, CW and-system performance should be verified
completely. Finally, the chip die is-housed in.a-commercial package. Fig. 6.9 depicts
the bonding diagram in a 6x6 mm? 40-pin QFN package. As can be seen, many
package pins contain more than one wiring. The photograph of the actual PCB for
final package test is depicted in Fig. 6.10. In addition to the above-mentioned items,
more complete test should be performed, including the reliability test against

temperature variations.
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Fig. 6.9  Bonding diagram in a 40-pin QFN package.
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Fig. 6.10  The photograph.of the actual PCB for package test.

6.4 Noise Immunity in a Differential or a
Single-ended Configuration

To evaluate the impact of digital switching noise on the sensitive RF input, a
poor PCB layout is especially developed, where the RF and digital circuits directly
share common power/ground planes. More specifically, all power/ground pads from
the RF, mixed-signal, and the digital parts are directly connected together without any
separation and de-coupling. Such PCB layout features the noise coupling effect
between the RF and digital part and can be applied to verify the ability of noise
immunity in a single-ended and a differential mode. Fig. 6.11 and Fig. 6.12 depict the
output SNR as the RF input is configured as a single-ended mode and a differential

mode, respectively. The results are obtained by measuring the baseband output of the
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receiver with the integrated PLL in an integer-N mode. The digital part such as the
sigma-delta modulator is used as the switching noise source to observe its impact on
the SNR degradation. As can be seen in Fig. 6.11, as the digital switching circuit is
turned on, the output noise floor is raised by 10.2dB in a single-ended mode. As
shown in Fig. 6.12, on the other hand, the output noise floor is raised by 1.75dB in a
differential mode. Eq. (6.1) can be used to calculate the injected noise components

and then evaluate the rejection ratio of the differential over the single-ended mode.

N NO Sw
NF = —° = ' (6.1)
GN, G(N, +N,))

where Ni=kTB is the thermal noise power, N, is output noise as the digital switching
circuits is disabled, and Nj,; denotes the injected noise component referred to the RF
input, Ny sy IS OUtput Noise as the digital switching circuits is activated. Eq. (6.1) can

be written as

(Ni = Nin') Nosw
JEE NS (6.2)

1 o

From (6.2), we can get that the injected noise power 15°9.5 times of the thermal noise
power in a single-ended mode, while only one half of the thermal noise power in a
differential mode. This means that the differential mode has higher noise immunity,

which is 13dB better than the single-ended mode.
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Fig. 6.11  Output SNR in a single-ended mode as the digital part is on/off.
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Fig. 6.12  Output SNR in a differential mode as the digital part is on/off.
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6.5 Considerations on PCB Layout

As mentioned in the section 5.6.1, noise coupling via the path either on the chip
or the board may significantly degrade the signal quality. For this chip, the tuner
needs to receive a -96.6dBm signal at its RF input port in the presence of 1.2V digital
switching noise. Since the magnitude difference between the digital and RF signal can
be as large as 0.1 million (100 dB), the sensitive RF signal may be corrupted by the
large digital noise without proper separations and shielding. Special attentions on the
reduction of on-chip noise coupling [71] is applied by use of the additional deep
N-well shielding [72] and block separation as distant as possible. In addition to the
on-chip issue, the printed circuit board (PCB) design is also important to an RF

integrated system.

Power
SuB\pIy
RF part : RF Circuit
(LNA) Center:of star (VCO)
|
RF Circuit Analog Circuit
(Mixer) (PLL)
Analog Circuit Digital Circuit
(ABB) 10pF  finF 1uF (DSM, crystal)

- I

Fig. 6.13  Astar configuration of VDD pins.

The PCB layout significantly affects the performance, stability and reliability of
the wireless system. One critical issue to be concerned with is the power supply
routing on PCBs. Noise propagation via the low-impedance power and ground traces
needs more attentions to alleviate. To minimize coupling between different domains

of the IC, a star configuration is widely adopted for the power-supply layout [73], [74].
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As shown in Fig. 6.13, decoupling capacitors are placed at the central Vpp node, and
the power traces branch out from this node, with each trace going to separate supply
pins. Typically, each supply pin must have a bypass capacitor placed as close as
possible to the pin with low impedance to ground at the frequency of interest. To
reduce the BOM, some experiments can be applied to determine the essentially
required bypass capacitors. To our experiences, the bypass capacitor at the supply pin
of the digital switching circuit should not be eliminated, which shows significant
benefits on suppressing the noise source.

To evaluate the issues of PCB layout, two types of PCB are implemented. One
directly shares common power/ground planes among the RF and digital circuits. The
other one has separate power/ground planes among the RF and digital circuits as
shown in Fig. 6.8. It follows the star routing rule in the supply connections of the RF
and digital domains to sink the supply source. Fig. 6.14 and Fig. 6.15 depict the
measured spectrum at the RF input.port of these two boards, respectively. In this test,
the tuner is configured in a single-ended mode and all circuit blocks are activated in
the normal operation mode. High-order harmonics leakages from the clock switching
to the RF input port are then measured. From the measurement results, it can be found
that an extra isolation of 16dB can be achieved using separate power planes in
contract to the common planes for the-dominant components below 600MHz. It
should be noted that the coupling mechanism is dominated by the board level, rather
than the chip level from our experiments. Almost the same spectrum is observed as we
remove the bonding wire of the RF input pad or disable the LNA bias current.

A star configuration has been demonstrated an efficient way of isolating power
noise propagation from the digital part to the RF part. If the board contains an
extremely noisy part, inductors or resistors can be placed in series with the power

supply trace of these noisy parts to provide a higher level of isolation.
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6.6 Measurement Results

The measurement setup is shown in Fig. 6.16. An external LDO chip is applied
to provide a single 1.2V supply to the tuner core, and a 2.5V to the 1/0 supply. The
measured performance is referred to the SMA connector input for either the
single-ended or differential receiving mode. In other words, the balun effect is
included in the measured performance of the differential mode. The external balun
components used for the measurement are TDK TCM12B51-900-2P-T [75] and TDK
HHM1525 [76] for the UHF and L-band, respectively. Fig. 6.17 depicts the
photograph of the actual PCB for the differential mode test.

Fig. 6.18 shows the measured S11 of the receiver in the single-ended and
differential mode, respectively. The broadband characteristic can be observed in the
single-ended mode, while a slightly band-selecting characteristic is shown in the
differential mode due to the external balun.-At'the band of interest, however, the S11
is below -10dB for both two modes. The-measured-S11 is more reliable across the
band of interest compared to that of the previous work which use inductively source
degeneration LNAs and feature S11 worse than -6.5dB [64]. Fig. 6.19 depicts the
measured gain flatness of the receiver across-the band of interest. As can be seen, the
receiver has a gain flatness of +1.5dB;-much better than the previous work which use
inductively source degeneration LNAs and feature gain flatness larger than +4dB
[16], [31], [18]. As shown in Fig. 6.20, the UHF receiver features an NF of 3.3—
3.8dB in the single-ended mode and 3.0—3.8dB (including the balun loss) in the
differential mode. As the RF front-end has a gain back-off of 16dB, i.e., in the
low-gain mode, the measured NF is shown in Fig. 6.21. The receiver features an NF
of 8.8—9.6dB in the single-ended mode and 8.9—10.1dB in the differential mode.

Fig. 6.22 shows the measured I1P3 and 11P2 of the receiver in the single-ended
mode. The receiver is set at the gain mode of RFE=max and ABB=50dB. The IIP3
values are measured by applying two-tone frequencies at 13.25MHz and 29.25MHz
away from the desired frequency, which models from the test scenario of the L3
pattern. For the IIP2, whereas, a two-tone test with blockers at 13.25MHz and
16MHz offset is performed. This condition models from the test scenario of the S2

pattern. At the high-gain mode (RFE=max and ABB=50dB), the receiver achieves an
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[1P3 of -11dBm and an IIP2 of +29dBm.

To observe the clock leakage within the band of each desired channel, some
experiments are made. First, the tuner is activated in the normal operation mode, but
the input is terminated to a 50-ohm termination load. Fig. 6.23 shows the measured
spectrum at the baseband output under a tuner setting of 666MHz channel and a
93dB gain. As can be seen, one -15dBm tone is measured at 2MHz. This corresponds
to a leakage component of -108dBm at 664MHz or 668MHz as referred to the RF
port. Next, we apply a QPSK signal of -96.6dBm to the RF input, and measure the
EVM per subcarrier of the signals as shown in Fig. 6.24. As can be seen, the MER at
subcarriers around 2MHz is significantly deteriorated due to this leakage noise. It
should be noted that the measured MER is validated using Rohde & Schwarz SFU
broadcast test system (modulation signal source) together with ETL TV analyzer
(VSA). Fig. 6.25 depicts the measured leakage components across the desired 49
channels as the RF input is configured-as-a: single-ended mode and a differential
mode, respectively. The measurement result shows that the leakage component to the
RF port is less than -98 and--112dBm in the single-ended and differential mode,
respectively. Such components.show minorimpacts on the signal quality.

Fig. 6.26 and Fig. 6.27 respectively show:the phase noise spectrum measured at
the synthesizer and the receiverbaseband-output at the 474MHz channel. The
synthesizer output centered at 2844MHz achieves an integrated phase noise less than
1.06° (or -34.6dBc) from 400Hz to 4MHz. When a sinusoidal signal with a -40dBm
power level at 473MHz frequency was applied to the RF input, the IF signal at IMHz
can be measured at the receiver baseband output. The receiver now has a gain setting:
the maximum gain in the front-end and 0dB in the baseband. The integrated phase
noise measured at 1MHz at the baseband output is 0.316° (or -45.2dBc) from 400Hz
to 4MHz, which is about 10.6dB lower than the synthesizer output. In theory, the LO
signal (after the /6 divider) should have a noise profile which is 15dB lower than that
of the VCO signal. This can be found by comparing Fig. 6.26 with Fig. 6.27 at the
in-band frequencies. At 400Hz, for example, the synthesizer output has a level of
-76.9dBc/Hz, while the baseband output has a level of -91.9dBc/Hz. Indeed, the
difference is 15dB. However, at the frequencies far away from the central frequency,
which have noise level much lower than the central tone, the noise contribution from

the receiver chain will dominate the overall noise level and raise the noise floor. This

137



Chapter 6 65nm Tuner Implementation and Verification

can explain the significant difference from the theoretical value of 15dB at
frequencies beyond the loop bandwidth.

System performance has been measured on the tuner IC along with a
measurement demodulator (VSA). To verify the impact of RF impairments on the
signal quality, the MER or EVM is measured as the figures of merit (FOM). EVM is
the root mean square of the sum of error vector magnitudes (across all data carriers).
In the case of additive white Gaussian (AWG) noise, MER and SNR are equal [48].
Because the BER test (system performance) depends not only on the radio chip but
the baseband demodulator as well, the estimate is given according to the measured
C/N of the radio chip not exceeding one specific value based on the modulation
schemes in the MBRAI specification. In general, the validation with a companion
demodulator chip achieves the reference BER equal to 2E-4 with a lower C/N
requirement in the Gaussian channel. Thus, the listed performance related to
sensitivity, linearity, and selectivity test would be better when the chip is validated
with a companion demodulator.

Fig. 6.28 illustrates the measured constellation diagram as a modulated signal
(64QAM, CR=3/4, GI=1/8, 8k-mode, BW=8MHz) is applied. The MER (EVM) per
subcarrier is measured as shown in Fig. 6.29..The slight roll-off around the edges
may result from the impairment of the analog-baseband, such as frequency-dependent
I/Q imbalance. The measured performance overview after the digital demodulation is
shown in Fig. 6.30. The standard defines a minimum requirement on the BER before
RS not exceeding 2E-4. The receiver MER (EVM) as a function of the input power
level is shown in Fig. 6.31, where a 64-QAM 3/4 OFDM signal was applied. The
measurement shows that —81.4dBm/-81.5dBm sensitivity for the single-ended and
differential mode is achieved. Similarly, the measurement result with a QPSK 1/2
modulation signal is shown in Fig. 6.32. The measurement shows that
-97.5dBm/-97.7dBm sensitivity in the single-ended and differential mode is achieved.
As can be seen, the MER better than 30dB ranges from -70dBm to -8dBm, allowing
for robust operation in a mobile environment. Moreover, the differential mode shows
a wider dynamic range due to its better linearity as the RF front-end is set at the
minimum gain mode.

The measured performance is summarized in Table 6.3, including the single-end

and differential modes. Table 6.4 presents the measurement results related to the
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selectivity and linearity patterns based on the MBRAI 2.0 specification. The result
shows that this tuner chip complies with the requirement.

Fig. 6.16  Measurement setup with an external LDO.
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Fig. 6.17  Photograph of actual PCB in the differential receiving mode.
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TABLE 6.3
PERFORMANCE SUMMARY OF RF TUNER
Mode/Band Single-ended Differential
[Parameter UHF L-band UHF L-band
[Input Return Loss (dB) <-12 <-12 <-11 <-11
Gain Max/Min (dB) 107 /-8 105/8 | 106.5/-8.5 105/8
Gain Step (dB) 0.5 0.5 0.5 0.5
IRF range/BB range (dB) 37/78 19/78 37/78 19/78
NF @*Max Gain (dB) 33-38 4.2 3.0-3.8 3.9
NF @ ®'Low Gain (dB) 8.7—9.7 11 8.8—10.2 12.2
[1P2 (N+2) @ P'Max Gain/
) ow Gain (dBm) 29 /50 34 /55 35/54 40 /58
[lIP3 (N+2,N+4) @ PMax
Gain/ ®'Low Gain (dBm) 1176 -10/15 9.5/8 8/16
|IPhase noise @
10k/100k/1M (dBc/Hz) 105/104/127 | 99/98/121 | 105/104/127 | 99/98/121
lintegrated phase noise
(400-4MHz2) <04 <4 <04 <1
[Filter rejection @
5.25/13.25MHz 32 /46 32 /46 32 /46 32 /46
[DC offset <6 <6 <6 <6
[l/Q matching <-37 <-37 <-37 <-37
|Leakage to RF (dBm) <-98 <-115 -112 <-118
Supply Voltage (V) 12 1.2 1.2 1.2
Current Consumption (mA) 88 90 90 90
[Die size (mm?) 7.8 7.8 7.8 7.8

@ Low Gain = Max RF -16dB, ® Low Gain = Max RF -16dB, © at 4MHz BW

setting.
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TABLE 6.4
SELECTIVITY/LINEARITY AND SENSITIVITY MEASUREMENT RESULTS
Mode Single-ended| Differential
Pattern Modulation Interft'-:rer U/D (dB) U/D (dB) U/D (dB)
location Spec. Measured | Measured
N+1 35 38.4 38.8
S1 N-1 35 38.2 39
k 64-QAM 3/4
(PAL-G) 8k 64-Q ¥ N+2 43 45.6 46.2
N-2 43 45.6 46.2
N+1 27 34.7 354
S2 N-1 27 34.7 354
8k 64-QAM 3/4
(PAL-G) QAM ¥ N+2 40 43.8 44
N-2 40 43.8 44 4
L1 8k 16-QAM 2/3 | N+2, N+4 40/45 41.8/46.8 41.4/46.4
L2 8k 16-QAM 2/3 | N+2, N+4 45 46.9 46.4
L3 8k 16-QAM 2/3 | N+2, N+4 40 44.8 43
. C/N Measured | Measured
Modulation (dB) Spec: (dBm) (dBm) (dBm)
8k 64-QAM 3/4 19.9 -81.3 -81.4 -81.5
Sensitivity | 8k 16-QAM 2/3 127 -88.5 -88.8 -89
8k QPSK 1/2 4.6 -96.6 -97.3 -97.5
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6.7 Conclusion

A 1.2V highly integrated RF tuner for DVB-T/H applications in 65nm CMOS
technology is demonstrated. Based on the same architecture in the 0.13um
implementation, the tuner further integrates a wideband LNA compatible for
differential and single-ended inputs to meet the requirements either on RF-alone or
system-on-a-chip (SoC) developments. The impacts of technology scaling on
RF/mixed-signal design have been explored by the study of the proposed LNA design.
In addition, the critical issues of the board-level design are discussed. The tuner
consumes only 88mA from a single 1.2V supply in the continuous mode and occupies
a silicon area of 7.8 mm?. The measurement results show that this tuner complies
with the MBRAI 2.0 requirement.
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6.8 Appendix | —65nm Tuner (I1)

Since MBRAI 2.0 releases a stringent sensitivity specification, NF less than 4dB
in RF tuners is required to meet the specification. Further to improve the overall NF,
an auxiliary LNA with a lower NF is added in parallel with an established LNA. The
auxiliary LNA has an imbalanced size ratio between the CG and CS branches as
described in Section 4.8. Fig. 6.33 shows the simplified schematic of the UHF
front-end. As can be seen, the auxiliary path contains an asymmetric CG-CS balun
LNA along with a duplicated input transconductor of the mixer. The input port of each
LNA is connected to one common ESD pad and the differential outputs of two
transconductors are summed together in a current mode. The summation in a current
mode can alleviate the impacts of the layout routing and the RC parasitic on circuit
performance. The tuner chip is fabricated in 65nm 1P6M LP CMOS process. It
occupies a total silicon area of 7.8 mm?.including all ESD pads. Fig. 6.34 shows the
die micrograph of the chip. The-measurement result-shows that this tuner achieves a

NF of 3—3.5dB across 474 —858MHz channels. It means that an improvement of
0.3dB, i.e., -97.6dBm sensitivity, can be achieved due to this auxiliary LNA. In

addition, the performance of this tuner is similar to that of the single-ended mode in
Table 6.3 and Table 6.4.
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The die micrag

Fig. 6.34
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Chapter 7

Conclusion and Future Works

7.1 Conclusion

This dissertation concentrates on the design-and implementation of CMOS RF
tuners for mobile TV applications. In-this dissertation, considerations on system-level
and circuit-level design have been presented, mainly focused on the DVB-T/H
standard, MBRAI 2.0.

The design aspects of DVB-T/H.system have been described in chapter 2 and
chapter 3. The design procedure starting from standard specifications, receiver
specifications to building block requirements is presented. What we have illustrated is
expected to bridge the gap between the circuit design and radio standards in
realization of wireless communication system.

A CMR current buffer is proposed and analyzed in chapter 4. By incorporating
an extra capacitor pair into the CG current buffer, the CMRR characteristic at RF
frequencies can be enhanced by 10dB. In cascode of the CMR buffer, the CG-CS
amplifier has a significantly reduced NF and improved linearity. With symmetric
branch sizes, the LNA can be configured as a differential or single-ended receiving
mode, both featuring a NF of 2.3dB. With asymmetric branch sizes, the LNA is
approved to have a NF as low as 1.7dB.

To develop low-voltage, low-power, and high-integration tuners, direct-
conversion architecture is adopted and a novel frequency plan is proposed. In use of

divide-by-2/4/6 dividers, the frequency plan effectively reduces the required VCO
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tuning range to 40%. Divide-by-N circuits with even number of N ensures high
quadrature accuracy. Furthermore, operating at higher frequencies enables the use of
on-chip inductors with smaller area and higher Q-factors.

Based on the proposed architecture and frequency plan, three fully integrated
CMOS tuners compliant with DVB-T/H system are presented. Techniques in
current-mode operation are widely used in the design, such as the high SNIR
gain-switching method and the RSSI detection. The first tuner is implemented in
0.13um CMOS technology. With the proposed balun LNA, the tuner achieves a
sensitivity level of -96.6dBm and dissipates 114mW from a 1.2 V supply. The second
tuner is implemented in 65nm CMOS technology. Incorporating the reconfigurable
LNA, the tuner highly adapts to various market requirements, either RF stand-alone or
SoC solutions. This tuner achieves a sensitivity level of -97.3dBm and dissipates
88mA from a 1.2 V supply. The third tuner is also implemented in 65nm CMOS
technology. It is implemented to demonstrate even. better sensitivity performance with
an asymmetric balun LNA. The tuner achieves a sensitivity level of -97.6dBm and

dissipates 88mW from a 1.2 V-supply.

7.2 Future Works

In this dissertation, a wideband LNA is adopted and demonstrated in a tuner
compliant with the DVB-T/H standard. Compared to narrow-band LNAs used in
previous work [16], [17], [18], [31], [64], wideband LNAs achieve better performance
and reliability. However, wideband receptions possibly suffer from the problem of
GSM interference much more. To provide a more competitive solution, a
GSM-rejecting notch function could be incorporated into the proposed LNA topology.

As can be found in the chip micrographs, the analog baseband occupies a
significant part of the total die area. To minimize the area and power consumption of
the RF tuner, more system budgeting can be left for the digital part in 65nm CMOS.
Significant reduction in area/power can be achieved by removing most of the analog
baseband function, while replaced with high performance ADC and digital filters [77]

[78], [79], [80]. To meet the market requirements, more integration of system blocks
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and functionality is a trend. To achieve multi-standard operation and to cover most
popular mobile TV bands, the VHF 11l band (174-240 MHz) should be added. This
new chain can be realized by duplicating the UHF-band RF front-end, but still need to
extend the channel bandwidths from 0.3 to 8MHz in the baseband filters [31], [64].
With the transition from analog to digital TV, much more TV spectrum is
released. More and more wireless standards target at TV-band operations, such as
802.11af, 4G LTE/WIMAX [81], 802.22 cognitive radio [82], etc. The proposed

techniques could be generalized to the implementation of these new standards.
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