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Abstract

Power and area optimizationtechniques for
ultra-wideband millimeter-wave CMOS transceivers

Venumadhav Bhagavatula

Chair of the Supervisory Committee:
Professor Jacques C. Rudell
Department of Electrical Engineering

Over the past decadepmortunities for utilizing the broadbargpectrum available at
millimeter-wave (mmwave) frequencies has motivated research on both short andaloge,
highly-integrated complementary metal oxide semiconductor (CM@®)sdeiversPrototype
mmwave CMOS transceivershave been demonstratetbr application in high-speed data
transfer (5764 GHz), wireless baekaul (7276 GHz), automotive radar (77GHz) and medical
imaging (90 GHz) systemslowever, in spite of promising results, large scale deployment of
mmwave CMOS transceivelin portable anchandheld electronicds currently hindered by
front-end powerconsumptios on the order ofseveral watts. Moreover, as a first order
approximation, power consumption is directly proportional to system bandwidth. Therefore, as
the bandwidth requirements systems increase, the challenge withcbrp power consumption

will become increasingly difficult to solve.



In this dissertation techniques for optimizing the power and area of witideband
millimeter-wave transceivers are describdthis work resultd in the fabrication offireemm-
wave integrated circuitg¢lC), all of which wererealized in a @énetal layer 46nm CMOS
processThe first IC is a multistage transformefieedback based itb-13 GHz direciconversion
receiver. The device achieves a 16%cftronatbandwidth, a peak powgain of 27.6dB, and
noisefigure of 5.3dB while consuming 28.8mW from a 0.9V sup@gcond, ecompact 24
54GHz 2stage bandpass distributed amplifighich utilizes dual mirrorsymmetric Norton
transfornationsto reduce inductor component values allayviefficient layout to occupy an
active area of 0.15mmThe device has a 77% fractiofmndwidth, an overall gain of 6.3dB, a
minimum inband [IP3 of 11dBm, while consumirdgmA from a 1V supplyThe third, andhe
IC which includes the most integrati@mong the three, isnaultrabroadband singtelement
heterodyne receiver intended for use inJpower phasedrray systems. The receiver maintains
17GHz of bandwidth from the mmwave front end, through a higk stage, and to the baseband
output. The dewdie occupies 1.2mfand exploits properties of gaggualized transformers
throughout the signal path to achieve an overallHZ Gandwidth 20dB gaiwith aflat in-band

responsey7.8dB DSB NFanda Pigg of -24dBm,while consuning 104mW off a 11V supply.



Table of Contents

R 111 (0 To [ Tox i o] o IR PP PPPPPPPPPPPPP 1
1.1 ReSearch ODJECHIVES......coooiiiiiieeee e ereea e e e e e e e enernneneeee e B
1.2 Overview and organization of the thesSiS..........ccccceeiiiiiieeei e

2 Millimet Er-Wave SYSIEMIS..........ooviiiiiiiiii et e e e emrnr e e e e e e e e e e e e e eeaneen s 8
2.1 PRASE@UTAY FECEIVELS.....uuuuuuiiiieie e e e e et e ieeeieat e e e e e e e e eeeeeeeetetasenaeeeeeeeeeeeeesssssssnnn s smmmeessnne 8
2.2 Operating PriNCiPle.... ... e i eeee e ————— 10
2.3 Phase@irray reCeiver allteCtUIE...........cccuuuiiiiiiiiiiieeeiiibt e e e e e e e e e e 12
2.4 Element scalability and impact on total POWEL..............uuuiiiiiieeeiiiiiiiiiiiiieeeeeeee e 18
2.5 Ultrawideband receiver arChiteCtUIE. ............ovviiiiiiieeeiiieieee e rmeee s 23

3 Transformer FEEADACK...........cuuiiiiii e eee e rmmee e 28
3.1 CUITENE FEEADACK. .....eiii ittt e eeer e e e e 30
3.2 Sourcedo-Gate Transformer Feedback Based Matching Netwarks...............ccc........ 34
3.3 Matching NetwWOrk DESIGML.........ooiiiiiiiiiitieeer st eeeeas s e e e e e e e eeeaeeeean 37
3.4 TransconductanCe and NOISE........cccciuuuiiiiiiieeriiiie b ereer e e e e e e aaaeaaead 41
GRS O | (o 11 0 T= 1] o[ o PSR SSRRRPPP 47
3.5 Measurement Results and COMGIAMI...............cceuuuuiiierieeeeeee e e e e e e eeeereeeeeeane 54
3.6 CONCIUSION. ...ttt ettt e e e e e e e e e e e s ammme e e e e e e e e e e e e e e e 56
Y o] o =T a0 1 Tt TP PP PPPPPPPPPPPPP 87



Y o] L= T D F PRSP 38

Y o] 01T 06 [ TR TP PPPPPPPPPPPR a8
4  Band-Pass Distributed AMPLIfIEr ........oooriiii e 65
4.1 Canonical form of @ BPDA...........oiiiiiiiiiiee e eee e n 66
4.3 NOrton TranSfOrMALIQN. ........coeiiiiiiiiii e e e enenre s 70
N CF- | c Tot =1 | o (=1 [ [ PPN 73
4.5 IMPIEMENTALION. ...ttt ieee e e e e eeeer et e e e e e e e e e e e e e e e e e s s ammme e e e e e e e e e e aaas 73
4.5 MeasuremMeNnt RESUILS.........uuuiiiiiiiiiii ettt e 76
4.6 CONCIUSIONS. ...ttt e ettt e e e e e e e ena et e e e e e e e e s b b e e e e e e e e s ammna s nbeeeeeeeeaannnes 81
5 Ultra-Wideband Millimeter -wave RECEIVEL............cccoiiiiiiiiiiieane e 83
5.1 Secondrder resSoNaNt taNKS............cooiiiiiiiiiieer e e 84
5.2Coupled RESONANT TANKS.........ooiiiiieiieee e eeeees 89
5.3 Receiver architecture, modeling and design............ooooiiiiiiicce e 104
5.4 MEASUIEd rESUILS ... e et e e e e e s e e 110
5.5 CONCIUSIONS. ...ttt e et e e e e e e e e e e e s e e nm bt n e e e e e e e annnes 116
APPENAIX 5.0ttt ——————————————————— 118
B CONCIUSION. ...ttt et e e eeee ettt et e e e e e e e e e e e e e e e s s ammme e e e e e e e e e e e e nanan 122
6.1 TNEES SUMIMAIY. ..ottt ieees bbbttt e e e e e e eeet e s et e et et e e e e e e e e e e e e e s s it e e aeeeeeeas 122
6.2 FULUIE DIFECHIONS......uuiiiieiiiiiiii ettt nnee e 123



List of Figures

Fig. 2.1 Planavave incident on a twelement phasedrray reCEIVEL............ccccccurivvriimeerissicenerrrreeeeeeeeeeeeneens 10

Fig. 2.2 (a) Signal path and (b) kath of a directonversion phasedrray receiver with signadath phaseshifting

Fig. 2.3 (a) Signapath and (b) L@ath of a heterodyne phasaday receiver with signal path phasfting......14
Fig. 2.4 (a) Signapath and (b) L@ath of a directonversion phasedrray receiver with L@ath phasehifting 15
Fig. 2.5 (a) Signapath and (b) L@ath of a heterodyne phasarday receiver with L&ath phasehifting......... 17
Fig. 26. LO distribution network for a phasegray with one and two elements............ccccooiiiiiiiceeiiieeeeees 19

Fig. 2.7 (a) Total power consumption of igedt-conversion (blue) and heterodyne (red) pheaedy receiver (b)

Power saving in a heterodyne receiver as a function of a number of array elements..............cccce..... 22
Fig. 2.8. Millimeterwave spectrum targeted in thisS rECEIVEL...........oi i 23
Fig. 2.9. Frequencplan for wideband heterodyne arChiteCtUIe.............cooiiiiiiieeiiiiii e 24
Fig. 2.10. Block diagram of the ultssideband mmwave receiver implemeéed in a 40nm CMOS..................... 24

Fig. 3.1. Heterodyne phasedray receiver: lownoise amplifier (LNA), powecombiner (PC) followd by 11to-13
GHz IF stage comprised of an IF amplifier, quadrature doanversion mixer, and lumpegement Lange
(oo ]0 o] =T g (o] @ VL@ Mo [T g =T =1 o VO PR PP P PPPRPO 29

Fig. 3.2. (a) Generic feedback circuits (b) transforfeedback CIrCUIt.............coooiiiiiiiiiieese e 29

Fig. 3.3. (a)Commonsource (CS) amplifier with inductor degeneration (b) Inductively degenerated amplifier with

current feedback (c) Input impedande with "Q "Q (d)&d with™Q Q P e, 31
Fig. 3.4. Schematic and smaillgnal model of an SGTXFB amplifier............ooovviiiiiiccccc e, 33
Fig. 3.5 Real and imaginary admittance: model versus circuit sSimulation..............cccuveeeeiieinni e 36

Fig. 3.6. Design space for matching TCltoas0 s our ce r &s i gtGao o & wi t h

VT WK G WP ¢ YandT® QT (a) transformer turngatio (b) matching network Q factar....... 40

Fig. 3.7 Smalsignal model for noise calculation..............c...uuuuiiiieeeiiiiiiiieiieeeecececeeiierieeeeeeee e AL
Fig. 3.8 (a) Effective transonductance (b) Thermal noise contribution in TCL........cccceveeiiiiiieeniiieee e, 42
Fig. 3.9. Twestage staggeuned IFamplifier with SGTXFB driving the mixer transconductance..................: a7
Fig. 3.10. Simulated frequency r@sgise Of IFAL and IFAZ.......coooiiiiiii et 48


file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848511
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848512
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848512
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848513
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848514
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848515
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848516
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848517
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848517
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848518
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848519
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848520
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848521
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848521
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848521
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848522
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848523
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848523
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848524
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848525
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848526
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848526
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848527
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848528
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848529
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848530

Fig. 3.11 Compact floeplan for multiple transformer design (a) transforroneupled circuit §) layout of multiple
transformercoupled stages (c) transforrrfeedback circuit (d) layout of multiple transforrrfeedback stages
........................................................................................................................................................... 49

Fig. 3.12 Quadrature doWEDNVETSION TFMIXEE ... ...uiiiiiiiiiiieii e ieeei et e e et e e e st e e e s s aneeenns 50

Fig. 3.13 Layout of the thresinding transformer wich couples the mixer transconductance to the switching

] 210 S PO P P UPPPPTRRPP 51
Fig. 3.14. Transformebased lumpe@lement Lange GPIer............ccvuiiiiiiiiiiieei e eeeeeene e 52
[T G 700 ST @1 a1 o 0 41 T] {0 | = o 1 o PSSR 53
Fig. 3.16. (a) Input matching §dB) (b) IFsection dOWFCONVErSION QaIN...........ceveiiiiiiiiiiceaee e 54
Fig. 3.17 (a) noise figure measurementige{(b) NF VErsus freQUENCY........c.oiuriiiiiiiiiiieniiiieee et iieeend 55
Fig. 3.18 Comparison With SEROf-thE-AIT...........ooiiiiiii et 56
Fig. 4.1. (a) Canonical form of the LPDA and BPDA (b) L-pass to bangass filter transformation................ 66
Fig. 4.2. Canonical form of the BPDIA.........ii it errer e e e e e e e et et n e e e aaeas Qa7
Fig. 4.3. Norton transformation of a series floating INAUCAL.............cuuiiiiiieece e 70

Fig. 4.4. Derivation of the compaatea bandpass filter from the canonical bandpass filter through the application of

mirror-symmetric dual NOrtOranSfOrMS..........cooiiiiiiiiiieiiieeriieeee e sseeesireee e e e sirneee e e s seees s d L
Fig. 4.5. Input and output impedances of the @&IS..................ooiiiiicc e e 12
Fig. 4.6. Cicuit diagram Of the BPDA.........uiiiii et erree s e e e e e e ettt e e e e e e e 74
Fig. 4.7. Chip Micrograph for the BPDA..........uii i e e e et et e s 5
Fig. 4.8. Setup for BPDA-Barameter MEaSUIEMEINT...........ueiieiiiiiiieeeiie e e e ettt ereete e e e e e ibbe e e e e e e saeeeeas 76
Fig. 4.9. MeaSUred-BarameterS. .. ...uueeiiie ittt ettt e e s s bbb eeeet e e e e s e bbb e e e e e e e abbeean 77
Fig. 4.10. Setup for BPDA noise characterization using the Bi8®ibisefigure analyzer............ccccooovviierieees. 78
Fig. 4.11. Compressiepoint, groupdelay, and 1IP3 characterization versus frequency............ccccceeevveeeeenn... 79
Fig. 5.1. Ideal amplifier with secormrder RL-C tankK..........cooiiiiiiiiiieeee e e 84
Fig. 5.2. Cascaded amplifier WithHIRC [08Q............ccouuuiiiiiiiiie et e e e et e e e e e e e s eeeeeeeeens 86

Fig. 5.3. (a) Gaind ) of transistor amplifier with transconductangg gnd RL-C load (b) Gaing ) of transistor
amplifier with ,tValueofsndustor dcaledtdawn  eainthm a fixed resonance frequency.

(c) Plotofd 6 asafunctin of scalingf a ¢ t.0.le.... i 88

Vi


file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848531
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848531
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848531
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848532
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848533
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848533
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848534
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848535
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848536
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848537
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848538
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848539
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848540
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848541
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848542
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848542
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848543
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848544
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848545
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848546
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848547
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848548
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848549
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848550
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848551
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848552
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848552
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848552

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

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

Fig.

Fig.

Fig.

5.4Dr i Driver Amplifier, Ld - Load Amplifier. (a) Single inductor to resonant capaaito ¢ or, and load
capacito® 0 (b) Load resonant tanks separated by a largeBDCk capacito® (c) coupled by series

resonant tank and® (d) coupled by seriesapacitord (e) coupled by mutuahductor O (f) coupled

by 0 andd dgainequalized tranSFOMMEL).............coviueeieeieeeeeeeee e e e ee e seeene e e st e st ensrenseaeas 89
5.5 Magnetically coupled reSONANE tANKS...........uuiiiiiiiii et e s e e e e e seree e e e e 91
5.6 Electricallycoupled reSONant taNKS. ...........oiiiiiiiiiiiee ettt 95
5.7 Trangesistance of a magneticaltpupled (MC), and electricalgoupled (CC) resonant tanks.......... 98
5.8 Electric and magnetically coupled reSonant tank.............cueeiieierce i 929
5.9.Trangesisance of a gaiequalized tranSfOrMeL..............eiiiii e e 101

5.10. (a) Schematic of magneticatlyupled (MC) transformer (b) Schenwatif gainequalized (MCGCC)

transformer (¢) Comparison of the traresistance of circuif and Circutb.............cveevvviiiiiiiiccciiiiiennn, 102
5.11HFSS model of the gaiaqualized tranSfOrMEr...........cooiiiiiiiiii e 103
5.12 Block diagram of the wideband, heterodyne millira@tEre BCEIVEL..........ooovviiiiiiiiiiieeeie e 105
5.13. HFSS model of the-&G pad and the input balun...........cccoooe i 106
5.14. Schematic of the thretage lownoise amplifier..............cieiiiiiiiicceei e 106
5.15 Schematic of Riixer, two-stage IFamplifier and IFMIXer..........cccooiiiiiiiiiiiiiieee e 108
5.16. Schematic of the LO distribution NEtWALK.............oooiiiiiiieeiiei e 108
5.17 Power brealp for the different Circuit DIOCKS..........cuuviiiiiiiiiee e 109
5.18. Die micrograph of the millimet@rave CMOS FECEIVEL..........ooouuiiiieiiieeeiiee e 109
5.19 Test setup for conversigain and linearity MeasUremMENLS............cceiiieeeeeieeeiiie e e eeeee e 111

5.20 Receiver frequency response measured at the baseband output. Referred to the reeendrdrgain of

20 £ 1.5dB is maintained across atb168 GHz bandwidth...............cooiiiii e 112
5.21 Measured input matching, nefegure, input COMPression POINL..........ccooviiiiiiiirene e 113
5.22 Test setup for NOMIGUIE MEASUIEMENL........coviiiiiiee et rmnr e e e e e s s eneeaeees 114

Vii


file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848553
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848553
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848553
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848553
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848554
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848555
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848556
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848557
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848558
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848559
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848559
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848560
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848561
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848562
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848563
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848564
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848565
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848566
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848567
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848568
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848569
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848569
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848570
file:///C:/Users/bvenu/Desktop/VenuBhagavatula_Dissertation_v9.docx%23_Toc373848571

Acknowledgements

This work is a culmination of collaborations with many wonderful and talented people
and would not havbeen possible without their contributions. First and foremost, | would like to
thank my advisoDr. Rudell working with himhas been a pleasure and a privildgeish him
the very best, as headsthe lab towards greatdreights Over the years he hagven me the
freedom to grow as @esearcherand the flexibility toexplore areas that | foundteresting He

has been, and will remain, a constant source of motivation for my career.

| would like to thank Dr. Allstofor serving on my PhD supervisory camitee. While |
have not had the chance to work in close quarters with Dr. Allstot, | have benefited immensely
by studying the work done by him and his students. The depth and breadth of his contributions
has set a high standard for all of us at the usityerThanks are also due fBy. Shekhar and Dr.

Wangfor reviewingmy thesis and serving on my committee

Life in graduate school, especially in an IC design grasigound to bestressfulat
times However, even when completely submergedwork, spenthg time in the lab was
enjoyable thanks to my friends and Jaates.| would like to thankWill, Tong, Apsara,Eric,
Samrat Soonkyun,Jasonfor all the good timesThey all have played a significant role in my
academic progression through graduate schidylfirst projectwas done ircollaboration with
Will, while Tong and | spent countless hours in the lab designing and measuring the milimeter
wave testhips. | wish the very best to the younger lab members Daniel, Chenxhi and

Yongdong.

As | took intial steps in the millimetewave IC desigrspacel have had the luxury of

being mentored by several exceptional circuit desighen® very grateful taviichael Boers for

viii



hosting me during my stmonthinternship at BroadconMike took a personal intere® ensue

| wasprovided opportunities to learhwould like to thank M. Nariman, S. Sarkar, B. Perumana,
P. Sen, B. Afhsar and E.Adabi for patiently answering all my questibasn very grateful to
my friends K. Agarwal (Stanford) and A. Chakraiti (ColumbiaUniversity) for their guidance
and support when | was designing my millimeteve testchips at schooll have also gained a
lot from my discussions wittv. Taghivand M. Wiklund and R. Brockenborougiduring my

visits toQualcomm

Success in gduate school is not merely an academic endeavor, but a personal journey as
well. Here too | have been extremely fortunait®é have many of O6.nlyd peop
friends Ullas and Sulbh&ave beeriamily to mein this foreign land.l have had the luxury of
having great housemates over the yéakéanohar,Nihar, Virag, Jaymin, Kiran, Ullas, Roshan
and Deepakl would like to thank Prasad Bhosaled Srikar Bhagavatular being aroundor a

chatat all times.

| am grateful to myn-laws, Ravish and Suvarna, for the immense amount of faith they
placed in me. With the PhD out of the way, my next big project is to learn to speak fluent

Kannada.

Without the support and encouragementgfelderbrothers Rama and Vamsand their
beter halves| would never have come back to graduate schoain Just a couple ofmonths
away from joining them on the wrgrside of 30, but I remainthek i d 6 whamadheywatch
out for. | look forward to spenithg more time withmy wonderful nephews?ranav and Dhrwey

and niece, Tanvi



Special thanks go out to my wife, Apsara, for all her patience, love and encouragement.
None of this work would have been possible withieeitsupport.She deserves a giant share of
the credit for anguccess that | mig achievel coul dndét have asked for

my life with.

Although | mention them last, myAmma and Nannagaruhave made the greatest
contribution to this workOver the past forty yearmy parentshave provided limitleskelp and
oppotunitiesto whonmsceverthey have met, not jugheir own children Ma, Nanna There are
so many people in this world who owe everything to your guidance; | lgyoib at the end of
the line.Although | will never be able to repaywu for all that you hae given to me over the
years, this dissertation is but a small token of appreciation. For that, | dedicate this work to you

with all my love.



To,

Nannagaruand Amma

and the idealsthey stand for

To,

My family - The Bhagavatulds)

xi



1INTRODUCTI ON

The agplications for singlechip CMOS electronics in the millimetewave and terahertz
spectrum promiseto provide antenna, circuitleviceand system engineers with somfethe
most exciting opportunities fomnovation over the next decadeNot long agq the radio
frequency(RF) band betwee®00MHz and 10GHz was considerechigh frequency. However,
the astonishingly rapid developmentghie science and technology of device fabrication, and the
resultant scaling of minimum device dimensions, has extemg&ximum device operating
frequencyin excess ofseveral hundreds of gigartz. While siliconrgermanium and indium
phosphide devices have superior Rfggguency electrical characteristics compared to CMOS,
for low-cost integratedsystems where analog andyital circuitry must coexistCMOS has
emerged as the technology of choitde millimeterwave (30GHz to 300GHzand teraertz
(300GHz to 3000GHZz¥pectrum hitherto unexploreih CMOS provides researchemwith the

luxury of virtually limitless bandwidh.

Systems designed for the BBnd enablethe semiconductor industtg power a global
boom in lowcost wireless communicatiandrevolutionizel the way individuad and machines
communicate with one anotheks recently asl990, cellulaiphones were &uxury-item and a
very basicform of wireless connectivity was observed in consuatectronics. Now, twenty
years on,tiis common for an individual to carry a lapiaellularphone, tableall of which are
wirelessly connected to the wondde web In short, improvemest in semiconductor

technologymanufacturingand innovations in circuit desigmave played a role in making life



simplerby providing increased mobile connectivity and ushering in a new generation of mobile

applications

The next major thust for the semiconductor industrgould possiblycome from the
growing bicinstrumentation industryCurrently, instruments used in medical clinics and
hospitals across the world, tend to be expensiVés in turn makes the cost of heaftare
prohibitively high a problem more prevalent in unddeveloped, and developing countries.
Moreover, the lack of mobility in bulky equipment limits the ability of the doctor operating in
remote and inaccessible locatio@MOS based integrated circuitsuld potentally bring the

benefis of small formform factor andow-costto the biginstrumentation domain

The ultrawide bandwidth available at millimetgrave frequencies brings significant
advantages for botbonsumeielectronicsand biomedical applicationgn high-speed wireless
communicationmarket, datarate is the golden performance metfdatarate, in turn, can be
increaseddy (a) higher channdlandwidthand (b) high-order complex modulation techniques.
At RF, the spectrum has to be shared between nheibandards such &uetooth Wi-Fi, GSM
and Zigbee. As a result, complex timand frequencynultiplexed schemes are required to
maximize the bandwidth utilization efficiencydowever, highorder modulation techniques
increase the complexity of tHeF frontend andoasebandligital circuitry. At millimeter-wave
even with a simple modulation technique such as FSK and QPSK, highatiataan be

achieved due to the ultt@ide bandwidth available.

Ultra-wideband circuits will also play a pivotal role intégrated imagingystemsfor
medical and security applicatianEhe operation of active imaging systems is very similar to the

operation of pulsdased radar systems. A narrpwise is shot at the object, and the information



in the pulse reflected by thebject is used to create the image. A narmuse results in
improved timing resolution, which is reflected in improved spag&ablution in the reconstructed
image. A narrowpulse in timedomain translates to a higher bandwidth in the frequeooyain.

Thus, highresolution imaging systems will also benefit from wideband millimetgre circuits.

The large number of applications for millimetgave integrateaircuits has made this
topic avery activeareaof researchThe seminal papeby Emamiet.d [1] is among the earliest
reports of CMOS device modeling and circuit design aG6é{x. Initial researchocused on the
implementation of singkblocks such as mixerg2] and low-noise amplifiers [3].
Implementation of direetonversion4][5] and heterodyne receive§] followed. The growing
confidence in mrwave CMOS is reflecteth the increasing levels of integration, for example,
receivers withon-chip mmwave frequencgynthesis[7] and phaséocked loops operating at
frequenciesevenbeyond the 60GHz standaji@]. Another confirmation on the feasibility &0
GHz CMOShas been interest not only fromaalemia, but also from indust®][10]. While the
60-GHz standard provided the impetussearch efforts occurrinig parallel have pushed the
operating frequencies of mmave integrated transceiverseyond 100-GHz [11], [12].
Integrated millimetexvave imaging has been shown to be useful for detecting mioatert
tissues in the body during cancer therapy and detecting small concealed weapons at security
screening checekoint. The recent demonstration af90GHz imagingradar[13], designed for
breast cancediagnosis is one suchexample ofa millimeter-wave IC solving important and

sociallyrelevant problems.

In summary, movindgorward the biggest challenge in CMQ$cuits- RF, mmwave or
terahertz- is how to design circustcapable of handling signals with ukwade bandwidh. As

described earlier, the demands for wireless data transfer and the need -tmsiomedical



electronics is only going to increase with tinter example, to achiev@00 Gbps wireless
communicatiorusing simple QPSK modulation, transceiver bandwidtkseeding 50 GHz are
necessary. Similarlyjt can be proven thato reliably resolve moving objects (such as a
malignant tumors) with a resolution 4fmm requires a input pulse generation circuitry with a
bandwidth of40 GHz [13] or higher Therefore,circuit and systenlevel techniques which
address the issuef achieving extremely high bandwidthnd nore importantly,address the

issue in a manner thatasea and power efficienwill be veryimportant

1.1 Researchobjectives

This thesis exploressues with respect to realizing ulradeband circuits operating at
millimeter-wave frequenciesTraditionally, wideband circustutilize either multiple inductors
(resulting in large area), or low qualfgctor load structuregresulting in large power).
Therefore circuit and systerfevel optimization techniques to minimize area and pewer
consumption ofwidebandintegratedcircuit receivers are described. While the prototype chips
reported in this thesis have been fabricatredCMOS technology, the techniques reported are

equally valid in bipolar technologies such as SiGe and GaAs.

1.2 Overview andorganization of the thesis

Thethesis has the following organization:

Chapter 2: A brief overview ofphaseearray based millimetewave receiver architectures is
provided Different techniques fontroducingphaseshift on the signal/LO path and tihelated
tradeoffs involved are described\ receiver architecture and frequency plan with the goal of

reducing LO power igletailed,along with the challenges introduced by this architecture



Chapter 3:Feedback is a popular technique to design wideband circuits at drexjagncies.
Extending feedbackechniques for radio frequencies usinansformetbasedreactivefeedback
was firstproposedn [14]. In Chapter 3the design andnalysis of a complete direconversion
receiver which uses mulsitage sourcéo-gate transformefeedback to receive signals in the 11
to-13 GHz band is describe@ihe measureent results from a prototype IC desgghin a 40nm

CMOSprocessre described.

Chapter 4: The design paradigm of distributednplifiers (DA) is extended taobtain high
fractionatbandwidth bandpass signal amplificationA well-known drawback of the DA
topology has been the required silicarea.Chapter 4 proposes@A which employs multiple
Nortontransformations to reduce the area of the KC.24-54GHz wideband banpass
distributed amplifier (BPDA) was designed in a CMOSM0 process using this priné& The

design ananeasurements results from the prototgpg are described in detail.

Chapter 5:This chapter explores the use of coupled resonant circoitggnetic couplingnly,
electrical coupling onlycombination ofmagnetic and electric coupliri@ainequalized load)
for wideband signal amplificatiorlJsing the gairequalized transformer as the core building
block, the design of a 5@-70 GHz heterodynemillimeter-wave receiveiis described The

measurement results from the prototypeat€ aescribed in this section.
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2MI LLI ME-WBREYSTEMS

At millimeter-wave (mmwave) frequenciespectrum is in abundance whillee utilization is
still relatively scarceThelimited usage oinm-wave as opposed tBF, can be attributed tawo
main reasons First, before CMOS fabrication technolags reached the 130nm process node,
very limited powergain could be obtained from the CMQ@I®&vice at mm-wave frequencies
Second stringentrules fromregulatoryauthorities such as the FCC (in the USA) govern the
spectrum usage, and restricted millimete&ve operationHowever, with CMOS minimum
device lenth scaling down to 40nm and beyond, and governments worldwide releasing an
unlicensed 6d5Hz band for commercial applications, millimeteave CMOS is now firmly

placed on the technology roadmap.

2.1 Phasedarray receivers

One of the biggest challengesnmmwave system design is the high pidksassociated
with these frequenciesThe pathloss increases in proportion to the square of the carrier
frequency therefore loss observed in miwave signal transmissiocan be significantly higher
than at RF. Orthe receiver side, a high path loss translates to reduced sensitivity and on the
transmitterside a redudion in the transmissiomangerelative to RF bands As a result, to
improve the signalransmissiorefficiency at mmwave frequenciesnarrow directd beamsre
preferable over isotropic radiatioFor mobile applications, in which the relative position
between the transmitter and receiver could possibly vary with time, it is important for this beam
to beelectronicallysteerablePhaseehrrays a clas of multipleantenna, multelement systems,
wereintroducedby the Bell Labs in th&930sfor receiwers cajpable of being steered to meet the

varying angle at which short radio waves arrive at the receiving loca{ibh The firstphased



arrays with fully electronic beam steering were developedhemilitary during the second
world-war. Over the course of theext eight decadegphaseearrays have been employed for
airborne, space, surface, and grotwade applicationg2]. However, the high cost associated

with discrete microwave components precluded their widespread use in consumer applications.
To drive down the costintegration of the entir@phaseehrray tansceiver antenna and signal

path,onto a singlesilicon chip wasthe next important step

The large areeequired bypassivecomponentsuch as inductors, transmissilimes, and
antennass the biggest drawback of phasaaay systemdn advance proas nodesfabrication
cost are evolving as a major barrier to future consumer electronics, thus realizing minimum size
solutions is imperativeHowever, the size of the passivas inversely proportional to the
operating frequencyThus, from an area pemsgtive, tansceivers operating atnmwave or
terahertz carrier frequeies are more amenable @ integrated implementatiodhe shrinking
size of passives and antennas as the carrier frequency increases opens theidgledaip
multiple-element, mulple-antenna systems&sor d o n Mmophece[d dhat fisuccessful
realization of such items as phasaday antennas, for example, using a multiplicity of
integrated microwave power sources, could complemiglutionize radaw finally came truan
2004, when Guaf] reported the first fully integrated eigatement phasedrray receiverfor
automotiveradar applicationsn a SiGeBiCMOS processMore recently,SiGe and CMOS
realizations of24-GHz automotiveradar[4][5], 77-GHz automotive radaj5], 60-GHz short
range datawommunic#éon [7], and E-band longrange data communicatid®] phaseehrray

systemdave been reported



Fig. 2.1 Planewave incident on a twelement phasedrray receier

2.2 Operating Principle

The block diagram of &awo-element phasedrray with an antennrapacing ) is shown
in Fig. 2.1. For a planavavethatis incident onto the phade&a r r ay r ecei ver, t he
between tharrivalsat the adjacent antennas is a functiord,ofhe speed of lightto and the

angle of incidenced),
t QOEJ® (2-1)

Assuminga carrierfrequencyy , andthatinformationin the received signal isncoded
onto both the amplitude and phase, the signal received at the first aiteanand the (k+1"

antenndY O can be expressed as,
YO O0O0AT®O 0 (2-2)
YO 60 QtAI ®o 0 Qt - 0 Qf (2-3)
In order to ensure constructiigerference between the signafso and’Y 0, a time

delay of Q1has to be introduced aftéf o . From(2-1), it can be observed that the tirdelay is
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a function of— Thus, ideally, electronic beasteering requires an arhip tunable ine-delay
element.However, nordeal effects such as noise, loss, and-imegarity make tunable time
delay elements difficult to implement at RF frequen{dsWhile tapped LGadder basettue-

time delaycircuits have beemproposed if10] and[11], the large silicon area (16mjrequired

makes them less favorable for large array implementations.

For narrowband systemi is possible to approximate the tirdelay element by a phase
shift. To illustrate the validity of this approximatiocpnsider an Nelement phasedrray with
maximum expected antent@antenna time delay, Mreceiving modulated data with a symbol

rate Rymoot If, 0 TL pj & , then
060 Qt 00 (2-9)
0 Qf 0 (2-5)
Applying (2-4) and(2-5), (2-3) can be simplified to
YO O00AT®o - 0 0Qf (2-6)
Thus,to ensureconstructive interference betwegh 6 and™Y 0, a phaseshifte 0
0 "Qtfradianshas to be introducedfter"Y o . It is important to note that the phashkifte 0

introduces a correct time delay only at the earfiequency) . Moreover, the error in the time

delay is frequency dependent.

Thetechnique to apply a narrebandphaseshift approximatiorinstead of a true time
delay has beenniversallyapplied intransceivers dealing with modulated signalshwsmall
fractional bandwidth (fBW).A study of the impact of this approximation on the EVM

degradation of wideband signals has been preseniél in

11



2.3 Phasedarray receiver architecture

One major classification of phasaday architectures is based on whether the phase
delay element is introduced in the sigpath or the locabscillator (LO) pathThe two phase
shift techniques, coupled with choice of heterodyne and e@otersion architectures yields a
total of fourpossiblecombinationgor phaseearray systemdn this section, we will explore the

merits and demerits difie followingarchitectures.

1 Direct conversion with signgdath phase shifting7], [9]
1 Heterodyne with signgbath phase shiftind7], [12]
1 Direct conversion with L&ath phase shifting

1 Heterodyne with LGpath phase shiftg - [5], [5]

The block diagram for a fotglement directonversion phasedrray receiver with signal
path phasehifting is shown inFig. 2.2. The frontend comprises of four lowwoise amplifiers
which drive four phasshifters. Ideallyeach phasshifter provide a programmable phashift

over the range of O tot2radians. Thesignal from each phasshifter is combined using a

passivecombiner such as a Wilkinson hyhrifihe output of the combiner drivesquadrature

RF-mixer to generate the basebaf@ signals BB, and BE,.

One of thekey advantageof RFpowercombiring approach is thdhe signal path comprises
of only a singleset I/Q RFmixers independent of the number of elements in the arfais
architecture ielementscalablebecausd.O distributionpower does not increase as the number
of the elementsn the array increases. However, the architecture isfregiuencyscalable
because the L@requency (RA.O, and RFLOg) is equal to the carrier frequency. Thus, for

systems that desire to exploit the abundant bandwidth available at haiofited GHz, al00+
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Fig. 2.2 (a) Signalpathand (b) LOpath of adirectconversiorphaseearray receiver with signglath
phaseshifting

GHz LO has to be generated. Moreover, for quadrature demoduyldi®meceiver architecture

requires quadrature oscillator signals, a huge challangenwavefrequencies.

The heterodynephaseearray receiver, shown ikig. 2.3, addresss someof the concerns
with LO generation and distribution. Similar to the direchversion phasedrray, the frontend
comprises of four lowioise amplifiers and phasifters. However, in the heterodyne recejiver
the R—-mixer is notin quadraturgohase and thereforel/Q generation of the higfrequency LO
is not required. The mixer dowaonverts theeceivedsignal toanintermediate frequenciiF).
After amplificationin the IFstage, the signas finally downconveted to baseband through a
quadrature IFmixer to generate BBand BE,. The heterodyne architecture is mdrequency
scalablethan directconversion, because RIO, IF-LO, and IFLOg can be selecteit minimize

receiver power.
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Fig. 2.3 (a) Signalpath and (bLO-path of aheterodyneohaseehrray receiver with signal path
phaseshifting

Both the direct and hetergpae receivers, described fig. 2.2 andFig. 2.3, suffer from one
big disadvantagethe phaseshifter is in the signgbath For wideband systemssignalpath
phaseshifters must exhibit low amplitude and phase imbalaneeross a wide range of
frequenciesAs anexample, a phadearray receiver operating over a bandwidth of 50 t&GHx
would require a signgbath ghaseshifter with a fixed phaseshift over a bandwidth of®GHz,
or a fBW of 30%. To t he afolyistegrated progranematdepthabeo r 6 s

shifter operating over such a wittequency banthas not been reported in prianrt.

Moreover, ntuitively, sharp phase transitions are associated watir@ circuits,while aflat
phase responsis indicative ofa low-Q circuit. In addition, lowQ circuits result in higher
insertion loss as compared to hi@nhcircuits. Thus, it is foreseeable that an integrated phase
shifter with a flat phasshift overa wide frequency range would introduce large insertion loss in
the signalpath.
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Fig. 2.4 (a) Signalpathand (b) LOpath of adirectconversiorphaseehrray receiver withh.O-path
phaseshifting

An alternate solution is to introduce a phabkét onto the locabscillator (LO) signal. The
output phase of a mixer is a linear combination of the phase of thepeFandLO, thus,any

phaseshift introduced onto the L{ath is transferred on to the signal path during down



conversion. Aphaseshift on the locabscillator signal instead of the signal path circumvents the
bandwidth issue described aboyen ideal LO is a mgle-tone and thereforendependent of the
bandwidth of the signal being processdtk phaseccuracy has to be maintained only at a
singlefrequency.The blockdiagram of a fouelement directonversion receiver with L{phase
shifting is shown irFig. 2.4. Each LNA drives a quadrature RF mix&he relative phasshift is
introduced between the oscillator signals driving thenfitker. At the output of the RF mixer,

the baseband signal can be combined in cudentain to obtain BBand BE,.

In the LOphase shift approach, thesertionloss due to thephaseshifter results in a
reduction in the L@voltage swing appearing at the mixer switches. Howef/&iQibuffers are
used to drive the mixewitchesthen thesensitivity of mixergain to variation in LO amplitude
will be low. Thus, the LOphase shift approach is less sensitive to insertion loss than-paghal
approaches. Howevean N-element phasedrray requires 2N mixers, as compared to a single
mixer of the signalpath phasehifting approach. Thus, the increasémmunity to signalpath

phase imbalance comes at the expense of increasgdWwér consumption.

Similar to thesignatpath phase shifting receivetsO-phase shifting can be implemented
in both directconversion and heterodyrachitecture. The block diagram of a fotelement
heterodyne receiver with L-Qath phase shifting is shown kig. 2.5. Theearlierdiscussioron
frequencyscalability and elemem-scalability is equally applicabléo direct and heterodyne 1-O

phase shifting based phasaday receivers

In summary, the optimal architecture for integrated phasexd/ receivers is highly
application dependent. For lgpower RF systems direct conviers has evolved as the

architecture of choice. However, for millimeteave Nelement phasedrray receivers, which
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Fig. 2.5 (a) Signalpathand (b) LOpath of a heterodyne phasaday receiver witlhO-path phase
shifting

comprise of N parallel signal paths (in addition to sigzmahbiners and phasshifters), the

choice is not so obvious.

In narrowband sygems the directconversion signagbath phasehifting approach is

most useful Whereas inultrawideband systemsn which the in-band phase and amplitude

17



imbalanceintroduced bythe signatpath phase shifter is unacceptable, tl@-phase shift

architectue is preferable

Even anongst LO-phase shift based phasadays, the choice afirectconversion and
heterodynedepends on the applicatiom systemsrequiringa high beanrsteeringgranularity
(for example centimeteror meterrangechip-to-chip commungatior) the number of elements in
the phasedrray is low. In such cases, the direonversion approach might be more power
optimal. However, systems targeting high beam resolution require a large number of array
elements; therefore, thieeterodyne appreoh could be more optimalSimilarly, for systems

targeting a high carrier frequency, the heterodyne appiadd bemore power optimal.

2.4 Element scalabilityand impact on total power

In orderto select thetptimab phaseearray architecture for a gt applicationit is
important to develop a&trong analyticaimodel andunderstandthe tradeoffs between the
different architecturaltechniques.Section 2.3providesa qualitative comparison between the
direct/heterodyneeceivers withsignatpath/LO-path phaseshifter. For ultrawideband receivers
it was concludedhat LO-path phase shiftings preferable becauseptecludes the need for an
ultraswidebandphaseshifter. Next, © study the impact of LO distribution powen element
scalability, in more giantitative termsan analytiemodel for the receiver powdaudget as a

function of the number of phasadray elements (N) is described next.

In the transmit/receive signal path, the nodes LO and LOB would need to drive the
switching quad of a mixer irhe signal path. The conversigain of the mixer is function of the
LO voltage swing. Therefore, to make a fair comparison, it is assumed that the LO-goliage

required in circuits (a) and (b) is identical. In addition, the buffers are assumed tede li
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Fig. 2.6. LO distribution network for a phasedray withone and two elements.

amplifiers operating in the nesaturated state (the buffer is operating at power levels below the

Psa

As a first step, consider the tvi® distribution networks shown ifig 2.6. The circuits
in fig 2.6 (a) and (b) correspond to one possible enmentation of a LO distribution network in
which Ni=1 and N=2. As the number of elements scal®s(N./N;), the total LO distribution
powerscales up by a factor of §iN;)>. Two factors contribte to thedsquaré i rscaling e
factor. First, thenumberof buffers increases by a factor @4./N;). Secondsince the LO is
distributed equally among the multiple pathii® input power to each buffer scales down by a
factor of (N/N,); therefore, to achieve the desired voltage swing at the buffer output, the
voltagegain has to be increased by.(N;). As a first order approximation, to increase the

voltagegain, the DGcurrent of the buffer has to be increased by/NN.

In fig 2.6, thetwo-element receiver requires two buffensplace of one (in the N=1
case) resultingin an increase in a DC power by a factor ofAAsumingan ideal powesplitter
(with an insertiodoss of 0dB), the input power to the buffer in (b) is 3dB lower than the input
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power in (a).Therefore,to double the powegain the LQObuffers in (b) need to burn twice the

DC-power in comparison to (a).

It is theN? scalingfactor that causesO distribution powetto dominate théotal power
consumption in phaseatrays with high element count (NJjo illustrate this, considehe block-
diagrams ofdirectconversion and heterodynghaseearray receives in Fig. 2.4(a) and Fig.

2.5(a), respectively.

In a direct conversion receiver, the signal path compo$aés low-noise amplifiers, N

I/Q mixers (a total of 2N mixers). To drive the
0 0V cb L R 2-7
0 b U (2-8)
In an Nrelementheterogne phaseearrayreceiver the mmwave frontendcomprises of
N low-noise amplifiersand N singlephase RF mixers. The outputs of tReparallelmm-wave
front-end paths are combined using an adpassive signatcombiner. The single power
combined outputrives a singleintermediatefrequency (IF) amplifier. The output of tHE-
amplifier drives aset of 1/Q IF mixerswhich downconvers the signal to baseband. In

comparison with the signglath power of a direatonversion receive(2-7), the heterodyne

architecturancurs the additional power consumption of theatfplifier in the signal path.

0 00 00 0 cL (2-9)
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Table2.1 Estimated power consumption of individual block blocks

Power Comments
0 8mA Singlestage of a commasource amplifier
0 § 0.6mA Cascode anijfier
0 § 1.8mA Cascode amplifier
0 R 1mA Singlebalanced active mixer with a baseband log
0 3mA Singlebalanced active mixer with tuned load
0 R 1mA Singlebalanced activenixer with a baseband load
0 10mA Cascode amplifier

However, it is important to note that the powpenalty of the IFstage is a fixed quantity
and independent of the number of elements in the array. In other vesrdhe number of

elements in the array increases, sigvath power per uhelement 0 70

Next, consider the LO distribution path comprising of a total of (N+2 buffers to
drive the N singlgphase mrwave mixersand 2 buffers to drive the I/Q IF mixer and 2. In
contrast to the direatonversion receivethe onlyN (rather than 2N) bufferare required at the
mmwave frontend Moreover, the N bufferof the heterodyne will operate at lowfeequency

than the 2N buffers of the direconversion receiver.

5 ~ ~

0 0O v cL (2-10)

Finally, from (2-7)-(2-10), it can be shown that the total power consumption of the direct

conversiond  and heterodyned s given by,
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Fig. 2.7 (a) Total power consumption of a direxnversion (blue) and heterodyne (red) phaseay
receiver (b) Power saving in a heterndyeceiver as a function of a number of array elements
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In summary,(2-7) and(2-9) suggestshe signatpath d a heterodyneeceiverconsumes
more power thathe equivalentirectconversion receivein contrastfrom (2-8) and(2-9), the
LO-path of the direetonversionsystemis higher than the heterodyrteor low-elementphased
array systemghe signalpath power dominates, however, as the number of elements increase the
LO-path begingo dominateThe point of inflectionfor the number of elements in an array where
a heterodge receiverbecomesmore power efficient than a directonversionreceiver is the
point wherethe power consumptiorof the LObuffersin a directconversion receiver becomes
significantly larger than the power consumes by Iframplifier in the equivalenheterodyne
As an example, consider sonypical powernumbersfor the circuit blocksin the receivechain
shown inTable 2.1 Using the values in Table 2.4, and0 are plotted aplot as a function of

N in Fig. 27. For N < 15, the direatonversion is more optimal. However, for N > 15, the
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Fig. 2.8. Millimeter-wave spectrum targeted in this receiver

powersaving achieved by selecting a heterodyne architecture essafes for the additional

power of the IFamplifier.

2.5 UIltra -wideband receiver architecture

This dissertation is part of a research effort to deaifyly -integrated wideband phased
array receiver with very fine beasteering resolutionkFine bearrsteering resolution, in turn,

necessitates a high element cotinom the preceding analysis it can be concluded that

1 For ultrawideband receiverghe phaseshifter is easier to implement ihg LO-phase
shifting approaclas compared tsignatpath phasehifters.
1 The heterodyne architecture is more elensm@iable than the direcbnversion

approach for systems in which the LO distribution power ismegligible.

Therefore, thevideband mmwave receiver architecture proposed in this work will be a part

of a heterodyne receiver with ghase shifting. The receiver has been designed for a channel
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50-70 GHz 30-50 GHz DC-10 GHz
fBW =33% fBW = 50%

20 GHz 40 GHz

Fig. 2.9. Frequency plan for widebameterodyne architecture

(50-70GHz) (30-50GHz) (DC-10GHz)
Neutralized Double-Balanced IF IF 50Q
CS-LNA Active Mixer Amp Mixer  Buffer

-Chi
On-Chip Injection-Locked U Matching

= 2 Divider Network

Fig. 2.10. Block diagram of the ultravideband mrawave receiver implemented in a 40nm CMOS

bandwidth of 20 GHz (padsand) or 10 GHz (baseband)his bandwidth is almost 10 times
larger than the channblandwidth of transceivers designed for @eGHzstandards. The target
millimeter-wave bandwidth was selected to bet&60 GHz shown inFig. 2.8. An upper
frequency limitof 70GHz was selected to ensure the receiver IC could be fully characterized

using the masurement facilities available at the University of Washington.

While the heterodyne architecture allows the designer to scale down theosodkitor
frequency for the Rimixer, for an ultraawideband systenit introduces new challenges in the

signal @th designTo illustrate this, consider thieequencyplan shownin Fig. 2.9. The input
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signal has a bandwidth of 20 GHz asdnodulated onto a carrier frequency of 60 GHrthe
front-end, therequiredfractiornal-bandwidth of the circuit i83%. Assume that the first down
converter mixes the input with a 20 GHz oscillator signal. The input is brought down to
intermediatefrequency (IF) of 40 GHz and signal amplification at IF requires circuits with a
fractional bandwidth of50%! As asignal progresesfrom the mmwave frontend towards the
basebandfractional bandwidth becomes largeven though the absolute bandwidth remains

constant

The focus of this dissertation is to propose area and power optimal ssldtiorigh
fractionatbandwidth receiver designThe techniques proposed in this work have been used to
design the ultravidebandmm-wave receivershown inFig. 2.10 (realizedin a 40nm CMOS
proces} based on thdrequency plan described iRig. 2.9. To achieve high fractional
bandwidths, three wideband circuittechniques: transformdéeedback, bandpass distributed
amplifiers, and gakequalized transformerbave beemxgdored andare discussed isubsequent

chapters
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3TRANSFORMEEDBACK

Feedback isone of the mostcommonly employedtechniques for designing wideband
circuits. Inlow-frequency or baseband analdgeuits it is relatively easy to design circuits with
a highopenloop gain Feedback provides a mechanism to trafie high operoop gain which
is processdependentnarrowbandwith a low closedoop gain which is procesavariant and
widebandIn older tehnology nodes, the low power gain associated with CMOS devices at radio
frequencies, precluded the use of feedback. However, scaling of the minimum device dimensions
in advanced technology nodes has resulted in the dewitg powergain frequency (Fay) to
exceed several hundred gigaherihis allows the possibility of exploiting resistive or reactive
feedback to trade off the extra oplewp gain for a wider bandwidth. While resistive feedback
can provided a small forfactor solution, the noise intlaced by the feedback resistor can be
prohibitively largefor applications which requirdigh noise sensitivity In this chapter we
analyze reactive feedback techniques, usintgggrated transformers, for high fractional

bandwidth circuit design.

Feedback using fully-integrated transformers, in which the magnetically coupled
windings provide a path for curresénse curredeedback, has received considerable interest
[8]-[9]. For the thregerminal MOS devicethereare three fundamental transforrieedback
topologies[11]: drainto-source, drairto-gate, and sourem-gate. The first two, draito-source
and drainto-gate, have been applied in singemded amplifiers to neutralize thesgdevice
capacitance and improve reveiselation over a wide bandwidth. The soutoggate

transformer feedback (SGTxFB) topology is more suited for wideband matching network design
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Fig. 3.1. Heterodyne phasealray receiver: lownoise amplifier (LNA), powecombiner (PC)
followed by 1*to-13 GHz IF stage comprised of an IF amplifier, quadrature emmwersion mixer,
and lumpeeklement Lange coupler for l/@neration.
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Fig. 3.2. (a) Generic feedback circuits (b) transforAeedback circuit.

and ha been applied over a wide range of operating frequencies, ranging from[&WBW-

Band[9].

However, currently available analytic models for SGTxfd3ed matchingetwork
design provide little intuition for optimizatiomn this chaptera generic and systematic approach

to the design of SGTxFB amplifiers presentedThe input admittance is modeled as a function
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of transformer and transistor parameters. The nsoded then used to assess the impact of the
circuit parameters on the bandwidth, noise figure, and galre design and measured results
from a prototype testhip employingmultiple stage of SGTxFBs described. The teship was
designed to operate abet intermediatedrequency stage of the heterody8-GHz receiver
shown inFig. 3.1. The challenges involved in designing a matage SGTxFB downonverter

are described.

This chapteris organized as follows.ifst, an ideal currentfeedback amplifier model is
introduced, and related to a simplified fistder SGTxFB stage. Next, guidelines for matching
network design and accurate input admittance models for SGTxFB amplifiers are discussed in
Section3.2 Thisis followed with a derivation of analytic expressions for the noise and gain of
SGTxFB amplifiers in SectioB.3. The design of an Hstage, operating over a frequency range
of 11-to-13 GHz, is described in SectioB.4 Measured results from a prototypéip

implemented in a 40nm CMOS process are presented in S8diion

3.1 Current Feedback

The generic model of a feedback system is showkign3.2(a). The forward path consists of a
high-gain amplifier, Ay.. A fraction of the output voltage (or current) ofAls sampled by the
feedback circuit b and fed back to the input.
b is a transf or mansformerfeedbackeThetsbcendary avindings of the
transformer samples the output current gf Andthe current induced in the primary is fed back
to the input. In the specific case of soutogyate transformefeedback, the output current is

sampled at the source and induced current is fed back to the gate of the MOSFET.
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(d) = .

Fig. 3.3. (a) Commonrsource (CS) amplifier with inductor degenerat{b) Inductively degenerated
amplifier with current feedback (c) Input impedande with "Q "Q (do withQ
Q p .

As a first order approximain, a SGTxFB amplifier can bmodeled as the curreféedback
amplifier (CFA) shown irFig. 3.2 (b). In this ideal curreAteedback model, the feedback current
induced in the primaryd0 is included; however, the feddrward current induced in
secondary( is ignored. To study the impact of currdaedback on bandwidth, consider the
inductordegenerated commesource amplifier without and with currefegedback shown ifig.

3.3 (a) andFig. 3.3 (b), respectivly. Starting with thecircuit in Fig. 3.3(a), it is straightforward

to prove that the inpuinpedanced is described by,

o 22 qny P 31
8 0 o 1)
Accordingly, the circuit appears to be a seRsC network withY ‘o Q0 jo,

resonant frequenty pj 0 6 and a quality factob , where
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(3-2)

C:l (ef |

p
Y'Qo Q

Next, consider the CFAiFig. 3.3 (b), where%odescribes the ratio of the source curf@to the
current fed back to the gate. The CFA and indudemenerated amplifier have identiba) 0
andb , however, the evices are biased differently and hence have diffigransconductance.

The input impedanc&® is given by,

Q 0 Q 0
> — 0/
L —-— (0 L 9 s (3-3)

Ati Q,Qji 6 pj 0. Accordingly, for circuits with quality factor Q > 4, the complex

term in the denominat@ 'Q'Qj] 6 sis appraimately equal to 1; reducin@-3) to,

P P Q0 0o
TQ(!Z')p%o 6p%o p %o

(3-4)

Thus, similar ¢ (3-1), the input impedance of the CFA appears as a seriesréddDantircuit

with a resonane frequencyof] . In addition, it can be observed that the CFA has a input

impedanceY ‘o Q0 6 p % and quality factod , where
. p O
—_ 35
O 5 5 (3-5)

Several important observations can be made based on the above result. Assume the
circuit in Fig. 3.3 (a) is designed to match with an antenna with resistance.’yY Y 'Qo

The first case to consider is wherein the transconductan@e df identical in both
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Fig. 3.4. Schematic and smaflignal model oan SGTxFB amplifier
circuits "Q "Q . The resulting input impedance as a function of frequency is plotted in
Fig. 3.3 (c). From(3-2) and(3-5), one can observénat with equal transconductance both the
amplifiers display an identical qualifactor 0 0 . HoweverY Qb Y] p %, asa

result the CFA is not poweanatched to the antenna

To correct the antenna mismatch, without alteting value of passive componerits
ando , transistoi in the currenffeedback amplifier is biased such tfat "Q p %eo.
From (3-4) one observes that the new b@mdition ensure¥Q & Y'Qb . Furthermore,
since the quality factor of the matching network is inversely proportional to the
transconductance, th& -boost results in @0 %o reduction in the quality factor. Therefore, as
shown inFig. 3.3 (d), compared to the inductategenerated commesource amplifier, the
currentfeedback amplifier effectively achieves p %o higher matching bandwidth at the

expense ofp %o higher current (assuming squdasv devices).
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The desire to exploit curreféedback to achieve a wide input matching bandwidth
motivates application of sourgmte transformer feedback (SGTxFB). The SGTxFB amplifier in
Fig. 3.4 contains two feedbadkops. In the first feedbaekop, at frequency , 0 senses the
(output) current flowing through and converts it to a voltage which controls the (input)of
the device. In the second loop, current throtighis fed back to the input via the apiiase
mutual magnetic cquling betweend and0 . In effect, the transformer formed ldy and O

provides currensense currerfeedback.

To design a matching network using SGTxXFB, an accurate model of the input impedance
of the amplifier as a function of traformer and transistor parameters is derived in the next

section.

3.2 Sourceto-Gate Transformer Feedback Based Matching Networks

Although receiver fronend circuitry realized with SGTxFB amplifiers has been reported
in recent literaturd8]-[9], insightful and compact analytic expressions that assist matching
network design and model the noise performance are yet to be presented. This is primarily due to
relatively @en design space, comprising multiple variables such as device

qqqqq

transconductancéQ , selfinductance 0 ) and mutual inductance® . To simplify the
calculations, it is common to assume perfect magnetic coupling; a coepkfiicient 'Q
0j L UL ofone. However, for a large turnatio € 0 j 0 ) a couplingcoefficient close

to unity is difficult to achieve. To investigate the traués involved in the design of a SGTxFB,

an input admittance modél Q] REAMQ M is computed next.
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Input Admittance

The smaksignal model of the SGTxFB amplifier is presentedFig. 3.4. Transistord
is assumed to have zero outgonhductance. Irthe smalsignal modeld is the parallel
combination of the gato-source capacitanc® of 0 and an extra capacitange. For the
input admittance analysis, capacitadcewhich appears in parallel with the ideal voltage
saurce,V , is ignored. The transformer model[@2] is adopted and the body effect is neglected
Initially, to simplify the mathematical analysis, inductorsandd are assumed to be ideal.
However, after deriving the model, a technique to include inductorisemalities will also be

described. Applying KCL to the circuit Fig. 3.4 yields,

b Qb WD (3-6)
b QD Ao (3-7)
9 ' o (6 (3-8)
Q 0 U Q {56 (3-9)
o P (8
i0 p Q
0 (3-10)
T o @
T
T~ T~ l
v p Q p o "
0 p Q Q 1o

Solving (3-6)-(3-9), the input admittancé® "0 U can be shown to be given (3-10).

To verify (3-10) a test circuit (TC1) withh FEAMQ A = {12GHz, 1.16, 0.5, 50mS, 800pH}
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Fig. 3.5 Real and imaginary admittance: model versus circuit simulation

was designed. A comparison Qb andOad obtained from circuit simulation and from

(3-10) are plotted as a function of frequencyFig. 3.5.

However, while(3-10) is an accurate and exact solution to the KCL equations, it fails to

provide insight on how to s&tt the component values to achieve the target admittance.

To simplify (3-10), the design space must be constrained as to reflect normal operating
conditions. Towards this goal rasonanceconditionis enforced: At frequency , 0 resonates
with leakage inductanc®, p 'Q . As mentioned earlied) includes a shunt capacitanée
which can be appropriately selected to ensure satisfies the resonance condition
mathematically described {i3-11). Using (3-11), the simplifications given i(3-12)-(3-14) can
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be made. Finally, usin(3-12)-(3-14), a simpler expression for is derivedin (3-15). Equation
(3-15) has aclear physical interpretation: the input impedance of a SGTxFB amplifier appears as

a parallel RL circuit, where R and L are functions of FER®Q R

i0p QO 1 0p Q6 P (3-12)
¢ Q e¢ Q 212
i0 p Q ‘0 MO p Q (312
'F‘Q p ’?Q
£ . 3 .
= o~ = 3-13
i0o p Q @ 1o NOp Q « 13
P __ o is 0 (3-14)
iv p Q
51 o p £¢&¢ 0 0 8 O] ¢ QO »p
@t MO p O © 1 0p Q1 0p Q0
. 0
p £Q 6 P ¥ (3-15)
MO p O Qb p Q

3.3Matching Network Design

Since input impedance of the SGTxFB amplifier is a function of the transformer
parameters, applying traiosmerfeedback to match the amplifier with its preceding drstage
is possible. The drivestage could be an erhip preamplifier, mixer, offchip transmission line
driver, or antenna. To maximize the power gain of the dst@ge with an output
conductanceO, a matching network is designed to ensdr@y  "O. In order to match the
SGTxFB amplifier to a driver with purelgeal admittance, all imaginary terms in (9b) must be

eliminated.
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Manipulating the design variablés andd to achieve cancellation of imaginary terms is
not possible due to the already established resonance cor@#ldh Therefore, an additional
capacitanc® must be added in parallel @o to achievéOdw 1. From (9b) it can be shown
that,

Q

6 e

P
= (3-16)

After the addition of) , the input admittance of the circuit is purely real and given by,

€ Q € Q

YA 1 0p Q71 0p 0

P
O (3-17)

Further intuition regarding the impact of feedback for bandwidth extension can be obtained by

using(3-11) to reformulatg3-17), resulting in(3-18) (derivation in Appendix. I1),

Q0
0

Y (e

P P 0
D) 0 (3-18)
Pz

In (3-18), one should notice the expression derived is similar to the input impedance of a
commonsource amplifier with inductor degeneratidfor the circuit inFig. 3.3(a), from(3-1),
the real component of the input impedance is given"®y j 0 Y Q m. Thus,
verifying that the naow-band inductor degeneration is a speceade of transformer feedback.

In the SGTxFB amplifier, the magnettioupling between the windings of the transformer

reduces the shunt input impedafteand provides a wideband match.
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While the aforementiorteresults have been derived using an ideal model indiictor
ando , the results can be extended to include the effects of a fidiéet@r and selfesonance
frequency. The loss i can be modeled by a shunt resistace 0 1 0 , which appears in
parallel with input resistanc&' derived in(3-18). The loss i) can be modeled as a series
resistanc& 1 0 j 0 . As a first order approximatiorly can be absorbed into the amplifier
transconductance by defining an effect@® ™Qj p "Q'Y . Finally, the parasitic
capacitance associated with and the windings betweén and0d can also be absorbed in

capacitance® ando , respectively.
Quiality Factor

A key metric for wideband matching networks is théa@or. For a parallel RLC circuit,
the quality factor is'Yj] 0 or1 6 Y. From(3-15), the Q & the matching network can be
proven to be,

p € Q

i 0 Q U p Qjoé—TQ (3-19

As described earlier, the -factor andY Q® are functions off FREAM®Q M)
However, in order to design fd® @& Q , only three among&hHQ F) can be uniquely
specified. ThéQ is primarily limited by the current budget of the target application and an
upper limitond i s pl aced by -resormance freguencyt Asra desult, soebtdin an
optimal powefmatch, the transformer parametei§iQ cannot be selected independently. Using

(3-17) as a starting pointhe following interdependence betwaeandQcan be shown,
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Def i ni ng -stphaec eddd ecsfi gtnh e €hih &u which sasfy(&20)) set s
the design space for the test circuit TC1, with= 800pH at =12GHz, is plotted irFig. 3.6.
For values of Q ranging from25mS to 125mSFig. 3.6(a) plots¢ as a function ofQfor a
SGTxFB <circuit designed to match a 50q dri vi

made from this graph. First, for a fixed twmadio € , an anplifier with higher current
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Fig. 3.7 Smaltsignal model for noise calculation

(higher"Q ) requires largefQto achieve a powematch. This is important because obtaining a
high "Qusing spiralinductor based transformers for a namty turns ratio is quite challenging.
Second, for a fixed couplingpefficient, the powematch achieved by increasing values aé

accompanied by a reduction™@ , thereby reducing the gain of the amplifier.

Using the values oft hQ obtained from(3-20) to solve forthe Qfactor of the matching
network(3-19), a plot of the Gfactor as a function ofs plotted in theFig. 3.6(b). As expected
from the result given ir(3-18), increasingQof the transformer, while maintaining a power
match, results in a lower Q. In addition, it is interesting to note th& &screases, so too does

the matching network Q, thereby requiring a highransformer for a wideband match.

3.4 Transconductance and Noise

Effective Transconductance

The bandwidth extension provided by transforfeedback, described in the previous
section, i s accompani ed Hy opo s-#rgnfcendctasce e n of
'O QU of the SGTxFB amplifierO can be derived using the smsigjnal model

described inFig. 3.4. Assuming a transistor with infinite output impedance, the stiait
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Fig. 3.8 (a) Effective tranconductance (b) Thermal noise contribution in TC1
output current”Q of theamplifier is a product 6X2 and gateto-source voltageb 0 . The
relationship between the voltage at the primary and secondaryv of the transformer is
derived in Appendix.1. Using (A.3) an@-11), it can be proven thadb 0 is inversely

proportional t0Q . As aresult, @t Q

Y

Q
_ " &
1 0 p Q

<O's (3-21)

With ' Q T the effectivetransconductance reducespjo 0 . This is similar to the inductively

degenerated matching network, fig.3(a), where,
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‘ wn % e PIT O p
— = 3-22
0s Qv 0 "QLJO 1 0 ( )

It is important to note, thoudl is not an explicit function of "Q in (3-21),
specifying] FERMD  implicitly constrainsQ . For the testiccuit TC1, the’O obtained from

circuit simulation is compared with the analytic mogeR1) in Fig. 3.8(a).

Further insight regarding the relationship betwe€h and "Q can be obtained by
considering the expression 80 S, as given in(3-23). If the SGTxFB amplifier is perfectly
matched toO, using(3-15) and (3-23), it is straightforward to prove th& is the geometric

mean ofQ and™O.

€ Q

T 0p Q1 0 p Q (323

SO

$0s WO (3-24)

Equation(3-24) offers intuition on the impact of SGTxFB loading on the gain of & two
stage amplifier. Consider a tvatage amplifier, the first beindQ p  stage followed by a
'Q stage. The input admittance AR stage "O; is designed to be wideband using
transformer feedback in order to provide a wideband loadQtop  stage. The gairof
the 'Q p  stage, {transconductance * load impedance}, is inversely proportiori@k to

However, from(3-24), "O or the gain ofQ stage is directly proportional to'O;, . As aresult,

the cascadedain of theQ and Q p stage is only proportional t@j "Oj .
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Noise Contributions

To employ SGTxFB at the frornd of the receiver, the impact of transforsfedback on the

noiseperformance must be ceidered. Two important noise contributors, thermal noise from the

source resistance[ ; and transistod [ ; , are considered in this section.

Assuming a drivingsource with an input resistaride, noise powerd ; hand a
SGTxFB perfectly matched to the source resistance, it is straightforward to prove that the
available noise power density i8 ; j T [13]. Using the effective transconductance dedin
previously, the souremduced currenhoise power density [ j at the output of the

SGTxFB amplifier is given by,

(3-29)

=

To anayze the currenhoise contributed by [ , consider the sma#flignal model in fig. 7.
The source impedance of the drhgtage is modeled by the resistor Due to transformer
feedback, the thermal noise in the drainrent "Q, is coupled to the gate of the transistor. The
resulting gate voltageoise is amplified, inverted, and fed back to the drain. The -drament
noise and the curremoise fed back via SGTxFB are fully correlated. As a result the inverted

phase ofthe two noise components suppresses the output noise contribution Applying

KCL and KVL,
v i6 0 0 (3-26)
s 60 0 (3-27)
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s Q0 0 O (3-29)

With the help of (A.1), (A.2) an(B-26), it can be proven that (derived in the Appendix.lil),

' Q. £ 0o (329

To validate (3-29), the output thermaboise power density for test circuit TC1 is
calculated and compared with the nessmulation result. The results are showrFig. 3.8(b).

At 12GHz, the output noise is modeled withaccuracy of 5% of the simulation result.
Noise Figure

The noise figure (NF) of the SGTxFB amplifier is given by,

-1
5¢

00 p (3-30)
[ A
Substituting(3-25) and(3-29) in (3-30),
- [S P
O - =
TP Uy o @ :ap (3-31)
T ¢€¢ Q

For a circuit that is perfectly matched to the source resistdn@nductanceO), O is

governed by(3-24). Thus, with a source noise powery, 1Q"Y wQand drain thermal

noise currentG; TQAYRwQ

QY & Qp (3-32)
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The noise figure of the SGTxFB is a function &2 and the transformer
parameters¢ Q. As a point of reference, consider a comrgate (CGA) and a resistor
terminated commosource amplifier (CSA) with "O p [ andb O p
[J°Q°Y |, respectively. To highlight the noise contribution of the MOSFET, a noiseless resistor

termination has been assumed in the CSA.

In a CGA, the trasistor "Q is uniquely specified by the admittance of the driving
source, i.e.’"Q  pj Y. For a powematched circuit the minimum "O is independent of2

and only a function df. From(3-32) one observes thét"™O 0 "O for all values of £¢RQ.

For a resistiveterminated CSAD "O is inversely proportional t&Q and therefore
suffers from a noisgersuspower tradeoff. In order to minimize the noise figey the current
must be maximized while maintaining power and linearity requirements. The SGTxFB relaxes
this tradeoff by introducing additional design variableshQ via the feedback transformer.
However, a qualitative comparison between the relatoiseperformance of the CSA and the

SGTxFB amplifier is difficult becaus® is also dependent on the choice O Q.

In summary, analytic closefdrm expressions for the input admittance, quality factor,
effective transconductance and noise fighaee been derived in this section. As a-tegticle to
validate the results, the design of a thstage SGTxFB based IF dowonverter operating over
a frequency range of 11 to GHz is described next. The challenges involved in the design and

physicalimplementation of a mukstage SGTxFB is presented in the following section.
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Fig. 3.9. Two-stage staggeuned IFamplifier with SGTxFB dwing the mixertransconductance.

3.5Circuit Design

IF-Amplifier

The IFamplifier (IFA) consists of two staggéuned SGTxFB amplifiers, IFA1 and
IFA2. The circuit diagram of the IFA and mixer transconduatastage is shown ifig. 3.9. In
this circuit three transformers are included for bandwidth extension. The transffeeirack
network in I FAl1 is designed to mat ch-chip he
measurement circuitry. The overtansformer in the inpumnatching network (TR has a
coupling coefficient of 0.7 and is formed using spiral inductors of 780pH (Q=14) and 2nH
(Q=10). At the interface between IFAL1 and IFA2,;TiRdesigned to provida wide bandwidth,
high gain load for IFAL. Fron3-20), it can be observed that to increase the input impedance of
IFA2, the transformer turns ratio should be increased. Thusad@RTR are *to-4 transformers
to maximize the gain of IFA1 and IFA2. The simulated frequeresponse of IFAL1 and IFA2
are shown irFig. 3.10. The centefrequencies of IFA1 and IFA2 are tuned to 11 and 12GHz,
respectively, to reduce the-bandgain variation. Furthermore, to mitigate the impact of the
cascodepole on the frequency response, transisior and0 are sized equally to allow a
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Fig. 3.10. Simulated frequency response of IFA1 and IFA2

sharedunction layout. The gain of each stage of the amplifier varies by less than 1dB over the
2GHz of signal bandwidth. The twsiage IFA achieves a peak gain of 19.2dB while consuming

20mA of current froma 0.9V supply.

Theoretically, the gain of a genericdftage amplifier can be increased by increasing the
number of stages cascaded. However, in the case of the SGTxFB based IFA, cascading stages
becomes challenging from the perspective of unwanted paraséments due to the rather
complicated routing between transistors and transformers from stage to stage. This problem is
better illustrated by drawing a parallel between transfowoapled and transforméeedback
amplifiers. In the threstage transfanercoupled amplifier shown in fig. 11(a), the output of
stage 1 (drain of the amplifier) and the input of stage 2 (gate of the amplifier) are completely
isolated by transformer TR1. A popuachnique to efficiently layout the cascaded
configuration raks on using the transformer to route the output of one stage to the input of the

next stage, hence the natmensformercoupledamplifiers[14][15]; this is shown irfig. 11(b),
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Fig. 3.11 Compact flootplan for multiple transformer design (a) transforroeupled circuit (b)
layout of multiple transformecoupled stages (c) transforrrfeedback circuit (d) layout of multiple
transformesfeedback stages

with the transformers between the active devices. The parasitic routing from the amplifier and
transformer can be tightly controlled and minimized. Conversely, in the SGTxFB amplifier, fig.
11(c), both the primary and secondary of a givangformer must be routed to both the gate and
source of one set of devices associated with a single stage. As a result, the standard layout from
fig. 11(b) applied to SGTxFB results in a significant amount of extra routing and a high

corresponding paragiticapacitance. An alternate approach, presented in this work, minimizes
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Fig. 3.12 Quadrature dowsgonversion IFmixer

the routing between the active devices and the transformers by placing the MOSFET devices of
each cascaded stage in a centralized cluster, fig. 11(d). All of the transformers aveatipsad
around the clump of active devices, with the primary and secondary of each transformer oriented
to facilitate transistor access. This compact layout for a cascaded SGTxFB optimizes the layout
for minimal routing between stages; for example betw#eAl, IFA2, and the mixer

transconductance stage.

IF-Mixer

The output of the IFA is mixed with a 12 GHz I/Q LO signal and doamverted to
baseband. The schematic of thentixer is shown in fig. 12. Two transformers, J&d TR,
are included within th mixer for wideband dowoonversion. The SGTxFB network using

transformer TR at the interface, between the mixer transconductatage and IFA2 has been
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Fig. 3.13 Layout of the threavinding transformewhich couples the mixer transondwctanceto the
switching stages

described earlier. The threending transformer (TR couples the output of the

transconductanestage into the switching stag6]. TR, performs two important functions.

First, inductance {.resonates with the draio-bulk capacitance od ; and L, resonates with
the device capacitance of the switahtransistor® . Secondly, the isolation provided by
TR4 prevents the flow of DC current fraimj, into the switching transistors, thereby reducing
the flickernoise contribution of the switch at the baseband output. In addition, isala¢iigG

current from the switching stage allows for a higher {pzgistance Rand gain.

The layout of the TRis shown inFig. 3.13. An overlay transformer structure was used to

increase the coupling between theuctor pairs k, L, and L, Ls. Compared to the switching
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Fig. 3.14. Transformetbased lumpe@lement_ange coupler
stage, higher current flows through the transconductance stage, thas heen implemented in
an ultrathick metal layer. b and Ls carry significantly lower switching current and haween

implemented in the Alumumm passivation (AP) layer.

Quadrature LO -Generation

To simplify the measurement sgb, quadrature L&ignals for the mixer are generated
onchip using a single external 12GHz sinusoidal signal source. Several [A6j\snd passive
[18]-[20] techniques for generating quadrature signals have been proposed in literature. Passive
I/Q generation circuitdncluding RC polyphase filters and transmissitine (T-line) based
branchline and Lange couplers are more favorable. However, bditeTand RCbased filters
are associated with significant design challenges. In cases where the C values are mare than a
order of magnitude higher than the layout parasitics, RC-piudge filters are suitable for 1/Q
generation. In contrast,-lihne based structures are better suited for frequencies above 60GHz;

frequencies at which the physical dimensions of thEnd is sufficiently small to allow
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Fig. 3.15. Chip micrograph
implementation orchip. At 12GHz, the RC poiphase implementation is highly sensitive to
parasitic routing capacitances, and théin€ based quadrature generation technique is- area
intensive. At the intersection of these tapproaches, the lump&ement implementation of a

T-line based I/Q generator is found to be the most optimal.

Two important lumpegtlement coupler topologies are the brahich and Lange coupler
[20]. Branchline couplers use only capacitive coupling, have narrower bandwidth, and require
large area to ensure zero magnetic coupling between the inductors in the circuit. With the goal of
optimizing area, a Langeoupler has been implemented in this design. Laxogglers use both
capacitive and inductive coupling for the I/Q generation. However, to ensure the amplitude of the
I and Q outputs are perfectly matchedyell-controlled magnetic couplingoefficient (k) is
required between the inductors. Values gf deviating from 0.707 increase the amplitude

mismatch. The schematic for the Largmupler and balun is shown Fig. 3.14. From EM
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simulations, LO signals have quadrature accuracy withi#0.5-/degree and an ampiite

mismatch of less than 0.8dB.

3.5Measurement Resultsand Comparison

The chip[21] was fabricated in a simetal layer 40nm CMOS process with a top level
ultrarthick metal (UTM) layer. The die photo is show Fig. 3.15and occupies an area of 1mm
x 0.6mm (pads included). The three transformers used for SGTxFB, thewihdieg
transformer in the mixer, and the Langasupler based quadrature generator circuit are

highlighted on the chip micrograph. @hip wafer probing was done to measure the
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Fig. 3.17 (a) noise figure measurement-ggt(b) NF versus frequency

performance. A baluprobe providesa differential input signal; and a singd@ded offchip

12GHz LO signal drives the 1/Q generation circuitry.

The chip consumes 30mA of rcant from a 0.9V supply. The input matching (S11) of
the SGTxFB amplifier is shown ifig. 3.16(a). The matching bandwidth (S11-20dB) is
1GHz. The conversiegain of the IFsection is plotted as a function a&fjuency inFig. 3.16
(b). The measured peak conversion gain is 27.6dB and the 3dB bandwidth is 2.1GHz. The center
frequency of the Ifsection is at 11.6GHz; a 400MHz offset from the desired frequency. The
noise fgure (NF) is measured using the testugetshown inFig. 3.17(a). Over the baseband
signal bandwidth of 1.08GHz, the total NF variation is less than 0.8dB with a peak NF of 6.1dB
and a minimum of 5.3dB. The linatyr of the receiver is characterized by a tteoe test. The

measured IIP3, with two tones at 10MHz offset from 12GHZ2sIBm.
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CMOS Pye RF Freq fBW . 11P3
Reference Tech Vpp V) (mW) (GHz) (%) S,;(dB) | Gain (dB) (dBm) NF (dB)
[22] 180nm 1.8 512 21.3-29 30.6 <-14.5 38.1 -9 5.5-7.4
[23] 65nm N/A 40.8 23-25 8.3 N/A 31.5 -13 6.7
35.5 (high) -390
- - < - -
[24] 65nm 1-1.2 40 54-67 21 14 14 (low) YD 5.6-6.5
[25] 180nm 1.2 52 20-30 40 <-17.6 18.7 -7.6 7.1-14.2
This Work 40nm 0.9 28.8 10.6-12.7 18 <-9 27.6 =22 5.3-6.2

Fig. 3.18 Comparison with statef-the-art

The performance of the transforrfeedback based wideband receiver has been
compared with high fBW K, K5 band and 6d5Hz directconversion receivers in Table I. The
30% fBW UWB pulsedradar proposed if22] employs highorder LC bandpass filters for input
and interstage matching. As a result, the tatage LNA occupies an echip area of 0.93mf
(estimated from die micrograph), approximately 8x larger than the area consumed by the 3
transformers TR TR, and TR in Fig. 3.15. The twastage, singkended LNA presented i22]
uses shunpeaking to achieve a fBW of 8%. In addition, the inductegenerated input
matchingnetwork results in narrolwand input powematch.[24] and [25] propose wideband
amplifiers using capactivelgoupled and magnetically coupled resonant tanks, respectively.
While [24] achieves a gain, fBW and noise figure similar to this w%] achieves double the
fBW. However, it is important to note thEg5] only includes a singlstage LNA and has 9dB
lower gain. Cascading multiple stages to enhancegéie would result in a reduction of the

bandwidth.

3.6Conclusion

Analytic expressions for the inpatimittance, qualitfactor and noise figure of SGTxFB

amplifiers are derived as a function of design variable$t RGHQ R . The impact of high and
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low Qon the quality factor of the matching network is described. Using transtdesdiback
based bandwidth extension techniques, a 16% fB\&ktifion consisting of a twstage stagger
tuned IFamplifier, a transformecoupled quadrature mixer and a Lafugeipler is presented.
The challenges associated with the layout in rat#ge SGTXFB are highlighted and a strategy

for compact layout has been proposed.

Appendix-3.1
The primary and secondary trémsner currents can be expressed as a functioin @nd 0

using(3-6)-(3-9) to obtain(3-33) and(3-34),

02y o
3 _ (3-33
i 00 p Q
O 0&QD 3.34
00 p 0 (3-39
From(3-33) and(3-6), the relation betweein and0 can be expressed as,
Db
[ "
— Q 10
iouv p Q
3-3
b b - (3-39
iouv p Q Q@ 1o
Substituting(3-34) in (3-8),
Q i0 . i0eQ 3.36
50 p @ '° " 50 p @ ° (3-36)
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Finally, substituting3-35) in (3-36) to obtain(3-10)

Appendix-3.2

From(3-15), inputadmittance of the SGTxFB amplifier at the resonant frequencig,

€ Q e Q

A p
Y Qo ] D D 'rQ 1 0 D 'rQ 0 (3'37)
Rearranging the terms (8-37) and with¢ 0j0,
Ep ke € p Q
D _ £ i, _ € i (3-39
T v p Q71 vp QQ
From(3-38),and pj71 60 p Q p, it can be shown that,
p 2 4
o § 0 p (339
vt P Q 00

Appendix-3.3
The output noise analysis is performed using the ssigtlal model kown in Fig. 3.7. The

transformer current equatio(®-33) and(3-34) are valid even for this model. Substitutif8y33)

in (3-26),

(3-40)

0
: (0O U U :
[ h 5 R

‘TQD
3
tu p

Ati Q , with the help of3-11) in (3-40) can besimplified to,

58



@) (3-41)
3

Next, from(3-26) and(3-34),

o L. .. 0 VE&ETQ

R " T o 542

Using & 0 j 0, the terms in(3-42) can be rearranged to express as a function o .

Again, using(3-11), it can be shown that

P an
€ ~ Q0 Q
5 5 P y*oF° (3-43)
¢ Qg
o a7 p &1 0
~HhQop Q EHP yRLP
rh Q o) z ?’Qé ||_ (3-45)
Pz
) M) O0p Q tQp
[ [h —
(3-46)
pQ1 0 p Q1T O p 0 )
V é T’Q Il_h

Now, with the help 0{3-29), (3-41), and(3-43), [ j is expressed as a function ofj
only in (3-46). Since the SGTxFB amplifier is perfectly matched to the source re¥istosing

Y from (3-15), it can be shown that,
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r L
" ™ 0 p Q £Qp (3-47)
£ 0

Finally, to compute the noig@ower

§o3
[
W 10p Q@ tWQp (3-48)
ToQ (0 Tt Q
Pz
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4 BANBPAS®I STRI BBLAMPOLI| FI ER

Practical anplifying devices are fundamentally bound by a finite gabandwidth
product.Using the MOS transistor as an examjpleublingthe width of the device to increase
the transconductance iavariably accompanied with a proportional increase in the -tate
sourceand the draifio-bulk capacitanceThe increase irtapacitanceat the input and output
nodesresults ina bandwidthreduction The distributed amplifier (DA) topology, originally
de<ribed in a british patent disclosure by Perciddlin 1938, is a technique to relax this gain
bandwidth constrainin a DA topology the gain stages are connected such that the capacitances
are isolatedwhile the output currents ada-phase.Over the decades, thischnique hadeen
applied for wideband amplifier design wacuumtube[2], bipolar and CMO$3] technologes
Not surprisingly,one of the earliest millimetavave CMOS circuits, reported at the ISSCC 2004

[4], was a DA.

The distributeeamplifier (DA) topology has been extensively applied in systems that require
signal amplification starting from DC to several tens of digatz. For wireline and optical
applications, foexampleto compensate for signal loss duriogg-distance transmission using
opticaHibers transmission, high bandwidilAs have been demonsteal in[4][6]. However, in
wireless transceivers, whesgynal amplification beyond the desired channel is detrimental rather
than beneficigl DA based circuits havaot been appliedFrontend circuits for narroviband
cellular and wireless standardiscuits are narrowband and require cffhip filters with a high
quality factor to reject owvf-band blockers and image signals. contrast, thereceiver
architectureproposed in Chaptek is uniquein thatit requiresan intermediate frequendyF)

amplifier with an fBW in excess of 50%In this chapter we explore techniques to extend the
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Fig. 4.1. (a)Carpnical form of thd.PDA and BPDA (b) Lowpass to bangass filter transformation

principles of LPDAs for bangass signal amplification over a wide frequenagge in

integrated radio transceivers.

The biggestbarrier to the practical implementation a integrated [ is thelarge area
associated with multiple echip spiratinductors or transmissieimes The limitations of a
canonical bangbass distributed antifjer (BPDA) structure derived using standard filter
transformations will described in section 4r2section 4.3a methodology to appual mirror
symmetricNorton transformations on the canonical BPDA to derive a more congiioA
while preserving tk frequency responseharacteristicss presentedA detailed description of a
prototype BPDA testhip implemented in a 40nm CMOS process is presented in Section 4.4.

Finally, the measured results and a comparison with-pricare presented in Sectiorb4

4.1 Canonical form of aBPDA

The LPDA is comprisedf two low-pass filters (LPFs)}he firstat the inpuinodeand the

second at the outputode A simplified schematic of an LPDA with two thiatder LPFs is
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Fig. 4.2. Canonical form of th&PDA

shown inFig. 4.1(a). The gaincells have been approximated by ideal voltagetrolled current
source or transonductance Gand G. In a BPDA eachlow-pass filterof the LPDA is replaced

by abandpass filter

A BPF can be derivefftom an LPFusing thefilter transformation shown ifkig. 4.1(b).
Each seriesnductor Lis replaced by a&eries -C and eachshunt capacito€ by a shunt EC.
Theresultingcanonical implementation of tH&PDA is shown inFig. 4.2. The biggest drawback
in this particular implementation of BPDA is the increase in the number of the inductdrael
start with anLPDA with N inductors, thenumber of inductors in theanonicalBPDA is 2N+1;
therdoy exacerbang the areachallenges which plaguall LPDA desigrs. However, amore
subtle, but equally importandyawbackin canonical BPDA is related tihe scaling ofnductive
componerg (L;, L, and L) as a function obandvidth (BW) and center freguncy( ). To

illustrate these drawbackitie procedure to dagn anLPDA and BPDAIs described next.

For the sake of simplicity, we again return to the turder LPDA ofFig. 4.1(a). The
circuit comprises ofwo ideal transconductanceells G and G. Gain-cell G, has (equal)nput

andoutput capacitancef C,. Similarly, the gaircell G, has an input and output capacitance of
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Table4.1. Element values for maxiraflatlow-pass f il t er prbKoltyd) e

K 01 92 03 04 05 Oe g7 Os Qo

1 2.0000 | 1.0000

2 1.4142|1.4142| 1.0000

3 1.0000 | 2.0000 | 1.0000 | 1.0000

4 0.7654 | 1.8478| 1.8478 | 0.7654 | 1.0000

5 0.6180| 1.6180| 2.0000 | 1.6180 | 0.6180 | 1.0000

6 0.5176| 1.4142| 1.9318 | 1.9318| 1.4142| 0.5176 | 1.0000

7 0.4450| 1.2470| 1.8019| 2.0000| 1.8019 | 1.2470| 0.4450 | 1.0000

8 0.3902| 1.1111| 1.6629 | 1.9615| 1.9615| 1.6629 | 1.1111 | 0.3902 | 1.0000

C,. A seriesinducbr L, separates th@aincells (and by extension, the input andtput
capacitancedp form two lowpass CL-C filters, one at that input and other at the output of the
LPDA. The bandwidth of the DA is aetermined bythe bandwidth of the C-C filter.
Fortunately, there existsveell-documented7] algorithmic approach to selesbmponent values
for the desired bandwidth and transfer function.aAsexample,a filter-coefficiens table for
obtaining a Butterworth filter respon&gp to the eighbrder)is shown inTable4.1. In this table,

K corresponds to the order of the filter andhge normalized filtercomponent valueslsingFig.
4.1(a) as a reference, for N=3 the filter coefficientslg =2 and g=1 map to G, L, and G,
respectively. The coefficient values are normalized toittermination impedance and a unit
bandwidth.To design a filter witha termination impedarec of 56ohms anda bandwidthd w,

the component values are
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Y Q7o (4-)

5 > (4-2)
8 07 &
, Q0 (4-3)
0w
5 L (4-4)
8 07 @
Yo Q7o (4-5)

From (4-3) it can be observed that as tliewspecification of the filter increasgthe
value ofinductord decreasesTherefore, fom an area perspectivas thed w of the LPDA

increases, the area of the circuit reduces

Also, from (4-2) and(4-4), it is interesting to note théie 6 wincrease is accompizal
by a reduction in the value of capacitrando . As described previously, the basic idea of a
60di st-amputftdcationd is to absorb the input
low-pass GL-C filter. Assuming a ga#tell implemented using MOS or BJT, the input/output
capacitance is directly proportional to the tranaductance of the devic&hus, an increase

in 0 wtranslates into a smaller transistor and a legan from the DA.

The BPDA inFig. 4.2 consists of capacitors {CC,, C3) and inductors (L, Lo, Ls). For,
three among these six components, (G, G;) the equationg4-1) to (4-5) are applicable.
Therefore, the aforeemtioned BW scalability of the L and C values is equally applicable in the
case of a BPDA design. In additioit, is important to note thak, is independent af .

Therefore,asthe centeffrequency of the BPDAncreaseshe inductorL, operates closer to its
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Fig. 4.3. Norton transformation of a series floating inductor
selfresonance frequency (SRPhe three additional components of the BPDA (@, Ls) can

be shown to be,

5 "Qz 6 wz ® (4-6)
1
5 0 w (4-7)
Qz1 z®
5 "Qz 0 Wz ® (4-8)
1
From (4-7) the shunt inductance iLis inversely proportional tpj] , but directly

proportional to the target BW. Thus, for a givaanterfrequency, the shunabhductorL; operates

closer to its SRF as the BW increases.

In summary, & millimeter-wave frequencies, the SRF of the inductors Wltimately
limits] and the BW achievable for a BPDA implementatiom.the next section, we will
describe howNorton transforrations can be applietb substantiallyreducethe value of the

saiesinductances required.

4.3 Norton Transformation

The basic idea of a Norton transform (N$)illustrated inFig. 4.3. The series floating

inductance 0 is replaced with an electrical equivalent circuit usinghe inductors
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Fig. 4.4. Derivation of the compa@trea bandpass filter from the canonical bandpass fil
through theapplication of mirrorsymmetricdual Nortontransforms.

labeleddj p 0 ,0j0,0) 6 0 p ,andasingled) transformerAlthough at first glance
the NT appears to increase the number of inductors in the circuit, a compahustiore may be
found by settind\ equal to2. The presece of a effectivenegative inductancej p 0 can
be exploited to further reduce the number of inductors in the BFIdting with theBPF
canonical form shown inFig. 4.4, component reduction may be fouhy setting N equal to 2.
Inductor® s first split into two equal valued series inductors and plagedmetrically about
capacitanc® . Next, the left mosb j ¢ inductor is futher split into two inductances, and

0 0jg 0. Applying an NT on the series inductor 0 ¢, results in a effective
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Fig. 4.5. Input and output impedances of the gedtls

negative inductance, 0 hin parallel with a shunt inductdd, ; note O ¥ 0 is an open

circuit, effectively eliminating both inductors. The NBalintroduces a 1:2 transforniaf.

The same process is repeated by replacing the seconihdwatfanced j ¢ with 0
and 0 . The synthesis continues by reflecting the two residual series inductanbesd
capacitance) , across the windings of tranforméY . This scales the required value of inductor
0 by pj 0 . Finally, the residual transformeiy’ and "Yproduced by the mirresymmetric
NTs, now appear in cascade, and have equal tatitss ofpd) and 0 dp respectively, which
effectively neutralize (eliminates) one another. In summary, indlictiorthe canonical form of
the bandpass filter is reduced to two series inductancesiof ¢ 0 j U after recursive
transformations are applied; a minimum reductio@®% 0 ¢ in the value of0 . Theshunt

inductorinductor O is split into two equal halves along the series and shunt signal paths.

72



4.4 Gain-cell design

The preceding discussion assumes thag#incells only present a capacitive load on the
LC bandpass filter. However, the input impedance of gaeils implemented using MOS or
BJT transconductors has a significant resistive component as Rigll4.5 shows a simplified
model of a BPDA in which the input and output resistances of thecg#ishare highlighted.
Gain-cell A has an input impedanceaR| Ga, and an output impedanceR| Ga. Similarly,
gain-cell B has an input impedancesH Gg, and an output impedancedl| Gs. The following

constraints can be placed on the gzefis.

1 The input capacitoréCia, Cg) and output capacitors {; Cg) load the input and output
bandpass filters, respectively. Therefore, these capacitance J‘auedo be lower than
the uppetlimit specified by(4-2) and(4-4).

1 The input resistance of céll (Rig) is in shunt with the termination resistance on the input
BPF. Therefore, the designer has the Bdity to choose large size devices to achieve a
high-gain at the expense of a reducegl Rhe value of the termination resistance can be
chosernin conjuction with Rs to ensure a good 58hm termination.

1 Similar to Rs, the output resistance of the eal(R,4) can be low if necessary because it
appears in parallel with the output termination resistance

1 Cell-A (Ria) is directly driven by the external &hm source. Therefore, the input
resistance of cel\ (Rig) must be high.

1 Similar to Ra, the outpuimpedance of CelB must be high.

4.5 Implementation

The circuit diagram of the BPDA is shown kig. 4.6. For the sake of clarity only the
input (gate) BPF is shown explicitly #g. 4.6; the output (drain) BPF is identical in structure.
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Fig. 4.6. Circuit diagram of the BPDA

The BPDA reported in this work consists of two doutagminated bangassfilters; each filter

hasa Butterwortkfilter response. Through the application of Norton transforms, the imccest
values of ,=180pH and kL=800pH in the canonical structure are reduced to 90pH, 90pH, and
55pH, respectively. The 800pH series inductor has been reduced to two inductances of 55pH
each. The bangass section is now realized as two symmetrsedtions highlighted inFig. 4.4.

Thus, although the Norton transform (NT) appears to increase the number of indudtors
circuit, the value of these inducs are at least an order of magnitude lower. In additiothéo

size advantage, it is noteworthy to mention the 55pH inductor will have a significantly higher
SRF as compared to an 800pH inductor, further ensuring proper operation -atavem

frequencies.
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Fig. 4.7. Chip Micrograph for the BPDA
Although reducing the BPDA inductance values to as lod5géd provides a significant
area advantage, it makes the transfer function more sensitive to rdapipgdent parasitic
inductance and capacitance. To alleviate this concern, the scaled indlyatds realized as a
coplanar waveguide (CPW) and used as routing between two symmesdctidons in the

simplified BPDA structureFig. 4.6. The series and shunt inductarg ¢ are implemented as
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Fig. 4.8. Setup for BPDA SParameter measurement

DC Power

[ Isupply
Q000

half-turn spiral inductors to eliminate additional routing to the supply and biaskigd4.,6. To

account for stray parasitic capacitance and mutual magrmigling, the three inductors in each

T-section were magled and simulated as a single, thpeet passive structure.

The design of the gaicell is based on the criteria specified in section 4.4. For gain cell
A, the output impedance can be low but the input impedance has to be high; therefore, a
commonsour®@ transconductancestage with length of 40um and width of 64um was selected.

celFAhasan R=350q a nu b.6a gaRcell B, the input impedance can be low but

the output impedance has to be high; therefore a cascade device was Sebtectestode gain

cellBhasanR=140q andw8&800BgghBRth

supply.

4.5Measurement Results

cel

S

consume

Thedie photograph of the prototype mmave receivechip fabricated in ZSMC 40nm

CMOS processs shown inFig. 4.7. The BEOL consists of a 6 metal stack with 1 uttregk
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Fig. 4.9. Measured $arameters
metal (UTM) and 1 aluminum passivation layer (AP). The 3.5um thick UTM is thentsp
copper layer 2.3775um above the surface of the substiadecdmpact @e DA occupies an

area of less than 0.5mm x 0.3mm.

The chip was <characteri zedomwaférprghe Sadianc a d e 0 s
The DGsupplyis brought on chip using&pin Z-probe on the nortend. Thegate bias voltages
are brought onchip through a Z-probe from the soutkide. The millimetewave inputand

outputarebrought orchip using GSGrobeson the wesand easside respectively

Measurements were perfor me dX. Hos iaccugate Agi | ent
parameter measurements, a {past SOLT calibration was done on the Impedance Standard
Substrate (ISS). For linearity metrics, such as IIP3 and P1dB, which require accurate power

measurement, powealibration was performedp tothe end of the cable$he millimeterwave
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Fig. 4.10. Setup for BPDA noise characterization using the N8975A fiigjaee analyzer

input and outpt were provided through 6&Hz GSG Cascade infinity probeand all the

instruments were interconnected using 1.85mm-figdjuency ceaxial cables

The test setup for-Barameter and linearity measurements is showfign4.8. Only a
singleprobe has been shown in the diagram for the sake of clahigym€&asured $arameters
of the BPDA are plotted ifig. 4.9. The §; and $; are less than 10dB across a frequency range
of 26.8GHzto-54GHz, and 24.8GH-55GHz, respectively. The peghin of the amplifier is
7dB with a 3dB passbhand from 24GHz to 54GHz; a BW of 30GHz, or an fBW of 771%e

total inband gainvariation is 2dB.

The noisefigure is measured using Agilero3d6CK0O1 noises our c e and
N8975A 26.5 GHz noiségure analyzer (NFA). The NC5115 is1laB5mm ceaxial calibrated
noisesource operating over a bandwidthl®VHz-50GHz. The output frequenof the BPDA

26-t0-56 GHz, lies outsidehe measuresnt range of the NFA. Thus, an external dewn
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Fig. 4.11. Compressioipoint, groupdelay, and 1IP3 characterization versus frequency

conversion is requiretb bring the output noise of the NFA within the measurement band of the

NFA.

The NF of the receiver is measured using thiadtor method. The block diagram of the
test setup is shown iRig. 4.10. A 0/28V pulsesource inside the NFA drives the millimeter
noisesource into cold/hot state. The output of B ® DA dr i ves Mar k-0950Mi cr ow
wideband passive mixer. To compensate for the 10eiamd conversion loss of the mixer, the
signal IS provided 20dB of a mpl8GHz iloevanbiseo n u s
amplifier. Theoutputof the amplifieris measured by the NFA. Using two measured-gatats,
power in the hot state and power in thedestate, and the effective noisatio (ENR) of the
noisesource, the NF is calculated. This process is repeated at each frequenthiestapiation
in NF as a function of frequency is plotted Fig. 4.11. The minimum NF is 3.9dB. The NF

remains less thai2dB over the frequency range of 24 to 54 GHz
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Table4.2 Comparison and performance summary for the BPDA

Parameter [8] [9] [10] This
arameters IMS'10 JSSc 10 | Jssc13 Work
_ High-pass Coupled T-type
Technique DA resonator | matching BPDA
Bandwidth (GHz) 21-42.5 23-32 47-77 24-54
w¢ (GHz) 31.75 9 30 39
fBW 67.7% 32% 48% 77%
. 8.3 12 22.5 7dB
Gain (dB) Power gain | Voltage gain | Power gain | Power gain
Power (mW) 28 13 52 34
[IP3 (dBm) -X- -6.3t0-4.5 -X- 10 to 13
OP_,(dBm) 0 X- . fu'.ged, 0.5t02
Area(mm?
Pads nog includgd 0.28 0.25 0.55 0. 1 5
120nm 180nm 250nm 40nm
Technology | siGe-BicMOS| BiCMOS BiCMOS CMOs

To characterize the wideband linearity of the BPDA, the compregsim and intercept
point were measured across frequentiile N5247A contains two internalignalsources,
thereby simplifying twetone testing The linearity measuremergetup is identical tahe one
used for Sparametemeasurement-ig. 4.8. The minimum and maximurm-bandoutput 1dB
compression poist are-0.5dBm and 2dBm, respectivelfhe minimum inband [IP3 for a
100MHz tonespacing is 11dBmAs shown inFig. 4.11, the inband grougdelay varies between

20ps and 55ps over the frequenrange of interest.
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The performance of the BPDA is summarizedrable4.2. The CMOS BPDA reported
in this work achieves highe fBW, while corsuming the lowest silicon area, in comparison to

prior implementation in both bipolar and@JOS technologies.

4.6 Conclusions

Design paradigms for LPDA were extended for bandpass signal amplification. The
limitations of the canonical BPDA were discuss@dtechnique to design small forfactor
bandpass distributed amplifiers using dual migpnmetric Norton transformations was
described in this chaptetn a 58ohm input/output environmenthé prototype test chip
demonstratead peakgain of 7dB an inband ripple of 2dB, and finally3aB bandwidth greater

than77%, while consuming a core aref0.15mnf only.

Ultra-wideband communication systems provide a steady streappoirtunities for singkehip
mmwave electronicsPotential applications for the BPDA described in this chapter include automotive
radar systems (229 GHz), phasarray ystems for satellite communication in thg (R6.5 GHz) and

band (3650 GHz). The 77% fBW CMOS BPDA covers both thehiénd and the @and.
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The highfrequency performance afitegratedcircuits is primarily limited by he intrinsic
and extrinsic parasitic capacitancet the amplifying device.As the frequency of interest
increass, the impedanceresented by thearasitic capacitance reduces and eventually short
circuits the entire signal current to groutbwever,conpletely eliminating these capacitances
is not feasible because theyre inherent to the device operatigim CMOS and bipolar
transistors Therefore, to extend the frequea@nge of integratedircuitsit is common to usa
single shunt 6i nduec tdonopdraiefathé@ dasiredcenterfrequency An
amplifier, with a parasitic capacitor €Can bdoaded with an inductdr such that L||Gppears as
a perfect open circuit atuned frequencyThe resultingseconeorder L-C based loadas ben
extensively usedor narrow-band tuned amplifier desigat both RF and mrawvave frequency
bands In this chapterthe propertiesof seconebrdernetworkswhich restrict efficienwideband
circuit designare exploredIt will be shown that higér-order laad networks, formed using
multiple reactive elements, can overcome the limitations of secaet load networks.To
avoid the aregenalty of additional inductors, techniques to synthesize higter load by
coupling tworesonantanksare analyzed. i s anal y s i sequaleeadtansfotmer a
load, in which electricaland magnetic coupling is introduced betwesvo resonant tanks to
achieve wideband operation. Chaptetlescribes the design of7d@% fBW singleendedBPDA
for wideband signalraplification usingathird-orderLC load.In contrast, irthis chapter we will

use coupled resonalttadsto design a complete ultssideband differential heterodyne receiver.
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Fig.5.1. Ideal amplifier with secondrder RL-C tank

5.1 Seconebrder resonant tanks

First, a brief review of the important desigonstraints in an ideal amplifiemadedwith a
parallel RL-C loadarepresented. An ideal amplifier is defined as a ttanductomwith infinite
outputimpedance and zero output capacitance. Next, the impact of@niteluctor, driver
amplifier outputcapacitanceand loadamplifier amplifier input capacitancare included into the

model.
Casel: Amplifier with no output capacitance and inductor with infinite quality -factor

With anideal transconductor drivingan R-L-C tank, shown inFig. 5.1, the input-output

transferfunction’O i has the canonicdbrm of a seconébrder bandpass filtés,

’ ’ ¢ P -|—'r—i (5-1)
—_ W L 'Yy .
Oi - Qwi QY 0
w 1 i |£., P, i L'—i ]
YO voO v
In this dimensionless transfer functipn and Q arecalledt h e natur al or e
frequency and qualitfactor, respectively.
T pj D 6 (5-2)
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0 YUjé (5-3)
From(5-1) it can beshown thatload impedancé i is a function of the frequency, and

. Y P (5-4)
wl — 3l ] -
V¢ ¢Yo

Thus, fo an RL-C load driven by an ideal voltag®ntrolledcurrentsource ycc9 with
a transconductance,gthe two key amplifier specificationghe peakvoltagegain at] and 3

dB bandwidth are,
I QY (5-5)

7 (5-6)

~

p
cYO ¢cYO YO O

Two important results emerge fro(®-5) and (5-6). First, fom (5-5), for a fixed'Q the
only way to increase the peak gain is by increasing RHowever, thencrease in R results in

anincrease in the @nd therefore, fronb-6), areduction in théQ

Secondfor the ideal circuit considered in Casethe gainbandwidth product is equal
to "Q j O . Thus, br afixed] andL, the gainbandwidth productan be increasdddefinitely
by increasing’Q of the amplifying deviceUnfortunately this result does not hold true real
tuned amplifiersThe seconarder effects that must be considered to understand the limitation

of the L-C loadaredescribed next.

Case2: Amplifier with output capacitance Cp, load capacitanceC,, and inductor with

quality -factor Q.
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Fig. 5.2. Cascaded amplifier with-R-C load

In theabove analysis the capacitar@end the resistand® areconsidered independent
parametersdowever,in integrateduned amplifies () Ris a function of thdinite quality-factor
of the inductor (b)C depends on thoutput capacitancg andinput capacitancé of the driver

and load amplifiers

6 0 O (5-7)
Y 0 'Y 1 00 (5-8)
For the circuit inFig. 5.2,
| L— &9
b6 O
0 0 (5-10)
6 Q1 00 (5-11)

Now, to study the impact of increasing the amplifier tremisductance on the gain of the

amplifying device, consider the two circuits showrfFig. 5.3. In Fig. 5.3(a), the amplifier has a
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transconductanc& , gain® and a fractional bandwidth of O . In Fig. 5.3(b), the trans
conductance of theriver amplifieris scaledup by a factotl. In a commorsource amplifier this
could be imptmented by ncreasing the (W/Laspectratio of the transistor while keeping the
bias conditions fixedThe key point here is that the increase is the amplifier-tcanductance is
accompanied by a proportional incsean the output capacitance t@. In lieu of the increased

output capacitancép maintain the resonant frequentye inductot has to scale dowo L 0

O (5-12)

whergg 0 0 O s the ratioof theloadcgpacitance to the total capacitan€ae gain of

the amplifier inFig. 5.3(b) can be shown to be,
5 — o1 0 —1 5 (513

Thus,for a circuitdesignedo operate at a fixed and0 , the benefit of increasing the
transconductance of the amplifier isffset by a reduction irL. In other terms, the gain

bandwidth productannotbe indefinitely increaseldy burning more current (highegl

From(5-11) and(5-13), therelative increase in the voltaggin,

(5-14)

The varigion ino j 0 as a function df is plotted inFig. 5.3. It can be seen that as
reduces, or the driving capacitance becomes a bigger factor of the total load capabiaace,
are diminishing returns in terms ofincreasing theotal gain byburning morepower in the

amplifier.

87



(b) I L
Q€ "a(t-p)p
T T® CT TG [

Ay = gmwLQy, Ayy = mgmwcLQL

€) A ]

Avl

2 B =1/2

IR C,

1=5) : g ﬂ reduces

R S e =0

1
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In summary, a secororder LC load constrains the amplifier to have singlepeak
frequency responseesuling in the bandwidthwhich is tightly coupled to the Q of the dal
network Higher-order resonant tanks break the strong dependence of bandwidth lpn Q
introducing multiple resonant peaks in the frequency respohse&ontrastto a secongbrder
tank, a higheorder tank camontrol thelocation of theresonant peakshus enablingpandwidth
extension. Howevemhigherorder loads requiradditional inductors, which nainly will incur
additional losses, but also increase the @nga Techniques to generate hagrorder resonant

loads, without incurring the cost ofditlonal inductors, will be described in the next section.
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(c) coupled by series resonant tankandd (d) coupled by seriesapacitor g (e) coupledby

mutuatinductord (f) coupled byd andd (gainequalized transformer)

5.2 Coupled Resonant tanks

Consider the driver amplifieDf) with output capacitanae ¢ and loadamplifier (Ld)

with input capacitancé 6, shownin Fig. 5.4. In Fig. 5.4(a), the total capacitance on the
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outputnodecO is resonated at the emting frequency by a single inductobj ¢. The
inductor 0j ¢ and capacitogd0 form a secondorder network; theefore the only way to
increase the bandwidth is by reducing the Q of the induatwther drawback of this topology
is the dsence of a D®lock in series with the signglath. As a result, the DC voltage at the

output ofDr (nominally the supphwoltage) has to be equal to the biedtage of the_d stage.

To block the DGsignal alarge DGblock capacitob , shown inFig. 5.4(b). could be used.
However,6 also results in unwanted signal attenuation in the sigathl. To minimize the
signal attenuation must be at least ten times larger than the-lgwhdiance.This, in turn,
compromises the miwave circuit performance because the Q andrsstinance frequency of

large capacitors.

Fig. 5.4(c) describes an amplifier configuration in which the two resetsanits ae coupled
with a seriesresonant circuicomprisedof 0 andd . The resulting load network bears a striking
resemblance to the canonical bgrabs filter discussed i€hapterd. Thus, the algorithmic
design approach (using the fikeoefficient table such as the one describedahle4.1) can be
applied to synthesize the desired frequency response and select appropriate Lahre$.CThe
major drawback of this circuit ithe need for thedditional inductob and theresultingarea

penalty.

It is possble to generate a higherder frequency response without adding an explicit
inductor. Three techniques are describe#ig 5.4 (d), (e) and (f). The goaln these structures
is to approximate the higherdersystemof Fig. 5.4 (c) by introducing a coupling mechanism
between the resonant tanks. In magnetieadlypled tankgFig. 5.4 (d)) the interaction between

the magnetidlux of two closely placed inductors results in a mutiraductance) . In
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Fig. 5.5 Magnetically coupled resonant tanks

capacitivecoupling, two magneticallisolated tanks are electricalbpupled with an explicit
capacitanc® . Finally, in Fig. 5.4(f), the load network utilize®oth magnetic, and electrical

coupling for synthesizing a higherder response.

In this section, we will describe higherder loads generated by coupling two seeorder

systems. We discuss three coupled structures

1 Magnetialy-coupled resonant tanks
1 Capacitivéy-coupled resonant tanks

1 Magnetially and capacitivéy coupled resonant tanks (gagqualized)

For each structure, the parameter of interest is the-tesistanceZ, whereZ is the ratio of

the outputvoltage to thenput-current.

Magnetically-coupled resonant tanks

The circuitdiagram of two magneticalgoupled resonant tanks is shownHig. 5.5. Each
resonant tank comprises of énductor) and capacitod. The finte quality-factord of the
inductor is modeled by a series resistaiMcdhe resonantrequency of the L@ank ig
pj MO 6 From a nodenalysis perspectivethis circuit can be modeled using?

variablesh b b ) AQAQand’Q andthereforerequiresé equations to solve far  7Q.
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By applying KVL and KCL to the circuit inFig. 5.5, equations(5-15) to (5-20) can be

derived,

0 Qi 0 QiQd (5-15)
0 QIQO Qi 0 (5-16)
)] 0 3 (5-17)

| O
0 0 QY (5-18)
MM M 0iod (5-19)
0O 0 QY (5-20)

The detailed description of the steps to derive the 4msistance is provided in
Appendix5.1 While the sequence of steps to solve the series of Jawations is cumbersome,
the final solution is remarkably singl

0 QO (5-21)
Q P i 6Yi0D6p Q@ p i 6YiODop 1

Equation(5-21) can also be expressiedthe canoital form,

o o (5-22)
QO i ®
] | N | ] | N |
Where
1 pj D 6 (5-23
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1 i Tp @B (5-24)

: o 5p @6 (5-25)
N (5-26)
s 2 3Y
Y O
P (5-27)
5 Ppbe D
Y 0
M (5-29)
5 QM
Y 0

Thus, magneticallycouping two secod-order tank with a selresonant frequency ,
and quality-factor0, results in a higheorder load whichexhibits a transesistance with two
natural resonant frequencies, and . From (5-22) and(5-24), the transresistanceof the

circuitaf can be expressed as,

v 0 Qo
(L) g}' 7, o e T 7 , T N 7
p Q 0Y] vbop Q p Q 0Y] Dbop Q
Q0
6Yy © 6Y71 06p Q
Q0
. wy  VBY p 0
oY Qe .
P 0p @ P 0
foR)
v cQ
0 Y§g p Q
Under the assumption that Q > & Q) can be further simplified to,
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@ £ 5y cQ
0 p !Q
. pb p Q (5-29)
boeg C 0'Y

Similarly, it can be shown that,

o 0 Q 5-30
&0 g % (5-30)
While it has been mathematically proven that tin@nsresistanceof magnetically
coupled tanksat the natural resonance frequencae given by (5-29) and (5-30), a more
intuitive interpretation followsby considering théermsd and0 defined in(5-26) and (5-27).
Due tothe mutuatinductance) (=Q 0 induced by magneticoupling, theeffectiveinductance
of the loadincreases from to0 O 0 p Q . Therefore, assuming a fixed series {oss
resistancey, the qualityfactor of the loadhas increased. At , it is straightforward to prove

the effective qualityfactor is given by,

~ N A (5-31)

L.,
an

The effective parallel load resistance due to a single LC tank at the freguencsn be

computed using the standard seti@parallel impedance transformatjon
Y p 0 Y OV (5-32
Finally, since there are two Lfesonant tanks, the effective traresistance is the

parallekcombination of two resistance of valiYe to obtain,
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(5-33)

~

Nl
C
<

~

0Q (5-39)

NI
C
<

The results obtained by this more intuitive appro#6+83) and (5-34), agree well with

the more rigorous mathematical results derive(@i@9) and(5-30).

Peak splitting in magneticalyoupled resonasttnks is achieved by ingasng the

mutuatinductance or magnetimoupling coefficient’Q between the resonatdanks.However,
from (5-29) and(5-30), & Q| and & Q) are equal if and only 2 1t Thus,

peakspitting based solely on magnettoupling exhibits an inherent amplitude mismatch.

Electrically -coupled resonant tanks

In the previous section, the traresistance of magnetically coupled resonant tanks was
computed by solving KVL and KCL equation&/hile the nodaknalysisapproachcan also be
applied onthe electricallycoupled tanks(shown inFig. 5.6) for this circuit the analysis can be
simplified by using tweport parameters insteaffor a tweport networkcharacterized bgo

W W M w ,thetrangesistance is given by,
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w -
wl T G (5-39)
w w W w

The Y-parameters of a netwoshiown inFig. 5.6, two parallelLC resonantankscoupled

with a capacitanceé , can be shown to be,

(O] 0 -
6 = i P (5-39)
w i oY
(O] 0 -
S s 2 (5317
w I Y
(O] 0 -
W -— [ — (5-38)
w C
(O] 0 -
W - | — (5-39)
w C

Using, equationg5-35) to (5-39), the trangesistance of the electricalboupled resonant

tanks can be shwn to be,

8
O i - S .
6 p (8
i c 0 Y IC
8
C
o P P
Lo 0 i 0OY 1o i 0OY
P (0 i 0Y (5-40)
¢civoo 6 i o0 pi0dOIiYop

Equation(5-40) can also be expressed in the canonical form,
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P 0 i 0Y (5-41)

q I . (N SV
Thus, the electricalbgoupled tankexhibits a transesistance with two natural resonant

frequencies, and , and associated qualifgctorsd and0 , where

1 pj MO 6 (5-42
1 pi 06 6 (5-43)
=~ (5-44)
5 P2
Y O
. p 0 (5-49)
Y Y § &

The spacing between the two resoraedaks can be increased by increasing the value of
the coupling capacitan€e. In contrast to the magnetically qded tank which changes the
location of both the poles and , electriccoupling only moves the location Jof ,

while] remains fixed.

Starting from(5-40), and using(5-42) and (5-45), the trangesistance at can be

shown to be,
. N 6 0 Y
60 P 20 0 I
¢ ] DO O NN YO O p 1 DO Q Yo p
B—2—Y p Qe
p 06 0 0 O
C,..0 O o} 0 0 o
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p Yp @

CW

~

PooT (5-46)

0 'Y

Yol ko)

It is interesting to note that in terms of the parameterthe trangesistance of the
electricallycoupled tank in(5-46) is identical to the magnetically coupled tank. Substituting

(5-45) in (5-46) the transresistance at the natural resonant frequencycan be expessed as,

v pp_0U (5-47)
® 0 CYE B
Similarly it can be shown that,
v P. ., PPU (5-49)
w Q] c v Y cYa

From, (5-42) and (5-43) it can be seen that the spacing between the resonant peak
frequency is a function of the coupling capacitanceAsd increases, the frequency
remains fixed; however reduces.However, (5-47) and (5-48) indicate that equatrans
resistanceat] and| can be acl@ved only whe® 1 Thus,similar to magngcally-
coupled resonartanks, peaksplitting based solely orelectriccoupling exhibits an inherent

amplitude mismatch.
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Fig. 5.8 Electric and magneticalicoupled resonant tank
The fundamental limitation of magneticalbpupled and electricalgoupled is thatn
both cases the tramssistance and the resongatak frequencies are controlled by a single
design variableTo obtain equathe transresistance at the two resongaaks frequencies a

gain-equalizedransformer is described in the next section.
Electrically and magnetically coupled resonant tanks

As described previously, the root cause for the inherent amplitude mismatch in
magneticallyelectricallycoupled resonant tanks the dependencen@ single coupling variable;

"Q (magneticallycoupling coefficient) oiQ (electricatcoupling coefficientwhere

- 0 -
T Q = = (5-49)
0O O

To overcome this limitationthe authors off5] explored ways tao introduce both
electrical and magnetic coupling between the resonant tarite resulting 6 g aequalized
t r a n s fhasrtwomdependent design parametéds, andQ. A formal analysis of how to

selecfQ and™Q to equalize thdransresistance at the resondrequencies will be described
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next. Similar to the E@esonant tanky -parametersvill be used to compute the trarssistance

of thegainequalized transformemhe Y-parameters for the circuihewn inFig. 5.8 are,

o o : o 5 i 0°Y (5-50)
C idp Q Yidp Q Y
) , 0 i @ (5-51)
(.1) (L) l_ 7 ™ ~ . I3 ~ ~, ]
C I up Q Y1 up Q Y

From (5-35), (5-50) and(5-51) the transresistance of the gaiqualized transformes,

(5-52)

5 . 0
"T % T @ Yip @ v !

i%il’)p 0 Yidp Q@ Y i®
i06 6 p Q 16 O6Y pidép Q i0d6'Yp

It is clear that the due to the increase in the design variablesxphestons for trans
resistance ar@ncreasinglycomplicated A good method to verify the validity db-52) is to

analyze the expressi@t thetwo boundary conditions,

o | () (5-53
i 06p Q@ 1 6YpiODop Q i06'Yp
iZip Q Yip Q Y (5-54)
@ [ —
Il VO O IO OY plLULO Il OYp

Thus, in the limiting cas€5-53) and (5-54) simplify to the expression fot i
andw i given by(5-40) and (5-21), respectivelyEquation(5-52) can ale® be expressed in

the canonical form,
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iS9ip Q Yip Q@ Y i® (5-59)
ar ’ C
w . 1 - T
{ 5= | I [ =— ]
where,
: p p (5-56)
m 6 p Q
- 5-5
1 P P p Q (5-57)
Dp Q 6 &6 WMWo6p Q
N . 5-58
= P LUp Q (59
Y T 3
i o 0p © (5-59
" Y T8 6

Finally, using an analysis similar to electrically, magndieaoupled tanks, th&ans

resistance at the natural resonant frequenhciesand| can be shown to be,

p. ., PpOpPp Q (5-60)
® £ qU Y cY 0 O
p, .. pplp 1Q (5-61)
w Q qu Y Y 5
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Fig.5.10. (a) Schematic of magneticaitpupled (MC) transformer (b) Bematic of gairequalized
(MC-CC) transformer (cComparison of the trasgsistanc®f circuit-a and circuib

From, (5-65) and(5-72), it can be shown th&br againequalized transformer the upper

and lower resonant peaksll be equalif 'Q CQjp 1

0 Q 0 Q

* bp 0 bp 1 (5-62)
06 0°Y 0'Y

+ 0 P ko) 0 p" o) (5-63)
5 0 - v 0'Y
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Fig.5.11 HFSS modebf the gairequalized transforer

7 P Q (5_64)
t p Q )
¥, CTQ (5'65)
t Q )

An important point to note is thainge'Q is bound between 0 and équation(5-65) can
only besatisfiedwhen'Q is negative. In other termdgsignes must be awaref the magnetic

flux polaritywhen deciding how to connect the crasgipling capacitor.

To illustrate the advantages of the gagualized transformer over a standard
magnetically couplettansformer, consider the circuits showrFig. 5.9(a) and (b) In both the

circuits, the value and qualifactor of the inductor is the same. Moreover, the value®of
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and’Q in each circuit(for circuit-a Q m™@ and'Q 1, and for circuitb Q & and
Q pJo) are selected to ensure the resommak frequencies are equal. Cirdoitichieves a

transresistance bandwidth of the 33GHz due to equalization of thergaistancefig. 5.9(c).
Physical Implementation

The gainequalized transformemerecharacterized using a HFSS, a 3D electromagnetic
(EM) simulator. The EM model used for the simulation is showfign5.11. The primary and
secondary windings of the transformer are designed in the two top metal layers. The mutual
magnetic coupling between the windings of the lateral transformer is controlled by varying the
degree of overlap. The creseupling capacitorsaare implementedusing metaboxide-metal
(MOM) capacitors. To minimizéheimpact of processariation minimum sized capacitors have
not been used. In addition each capacitor is surrounded by floating dummy capacitances to
minimize abmupt metal densityariationin the vicinity of the desired crog®upling capacitors.
The crosscoupling capacitors have been included within the EM model to improve the modeling
accuracy. Howeveithe dummycapacitos have not been included to minimize thimulation

time.

5.3 Receiverarchitecture, modelingand design

The ultrawideband receiver proposed in this work utilizes multiple instances of the gain
equalized transformer to achieve a broadband frequency respbmeselockdiagram of the 50
67GHz eceiver implemented in a 40nm CMOS process is showgirb.12. Thefront-endis
comprisedf a three stage lowoise amplifieand amm-wave mixer to dowstonvert the signal
to a30-to-47 GHzIF frequency. At IEthe signal is amplified by a twstage IFamplifier. The

IF-amplifier drives an IF mixer which doweonverts the signal to baseband. The-p#dh
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Fig. 5.12 Block diagram of the wideband, heterodyne millimetewe receiver

comprises 0R0GHz and 40GHLO-buffers to drive the mawvave and IFmixers respectively.
An important pointto note is that the L@requency to the first mixer (6rge) is lower than the
LO-frequency to the second mixer {fr). As discussed ihapter2, if the receiveiarchitecture
proposed in this work is used as the core element of a phasgdreceiver wh a large number
of elements, thdow F orr can potentially reduce the total LO distribution power. In the
prototype testhip, asingleended external 40GHz LO is routed-cmp via a transformelbased
balun/matching network and the 20GHz LO is gemetabrchip using an injectiotocked

divider.

The entire receiver signal and Ljgatrs are fully-differential. A differential receiveris
more robust tocommonmode on the supply and grousndils. In addition, theevenorder
harmonic are inherentlysuppes®d in a wellkmatched differential circuit Another big

advantage of differential miwave circuits is related titM modeling In symmetricdifferential
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Fig. 5.14. Schematic of the threstage lownoise amplifier

inductors and transformeitsis much easier to model the curr@aturn in comparison tsingle
endel inductors Incorrect ground loop modeling can easily introduce errors of 50 to 160pH
the simulated inductance value. At radliequenciest is common to use inductors of value
exceeding 1 to 2nHso a50-100 pH error does not result severeperformance degradation.
However, at mnrwave frequenciedor whichdesired inductacould be on the order of 1D0

pH, it iscritically important to minimize modeling inaccuracies.

While the entire circuit is differential, the mwave input is singkendedto model the
reatscenario in which the LNA must interface with a sirglgled antennaAn on-chip
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transformetbased balun has been designed for sieglged to differential conversion. The-
chip balunhas a turnsatio of 1:2 andorovides a wideband ipedance match with 6dB passive
voltagegain It is interesting to note thatt anm-wave frequencigshaving the balun on-chip
rather than ofchip, simplifies the test setup as welln off-chip balun would require differential
mmwave cables to bring thegsal onchip. Maintaininga phase and gain balaneerosstwo
differentcables is extremely difficylif not impossibleWideband differentiabalun-probes in
which the balun is built within the waf@robe tip, isstill a topic of active research anadtn

commercially available.

The GSG pads and the balame modeled as a single passive structure in the EM
simulator.The HFSS model for the pdzhlun combination is shown Fig. 5.13. This method of
modeling esures that albf the parasitic effectécapacitance between the large prplael and
the substrate, parasitic inductance within the pymdg are captured within the simulation

framework.

The schematic for the threstage lownoise amplifier is shown ifrig. 5.14. The first
stage of the LNA is realized as a comrsmurce topology instead of a cascode topology to
mitigate the effects of noise figure degradaiimmoduced by theascode transistor.o improve
reveseisolation, the second and third stages of the LNA employ @oggled transistorfor
Cop neutralization The LNA is loaded with a gain equalized transformer, where 40.16 and

k.= 0.28,while achiewng a gain of 18dB with 35mAurrent consumptian

As the signal progresses down the recepagh from the mnawave frontend to the IF,
the fBW increases from 29% to 43%he schematic of the Rfixer, IFamplifier and IFmixer

is shown inFig. 5.15. Assuming tle intrinsic parasitic effects of the device are relatively constant
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Fig. 5.15 Schematic of Rimixer, twostage IFamplifier and IFmixer

Fig. 5.16. Schematic of the LO diribution network

in the mmwave and IF frequency bands, it becomes more challenging to genergteviawr
gain blocks when low) components are required to achieve a high fBW. Thus, the burden of the

gainis placed at the LNA rather than at IF.
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Fig. 5.18. Die micrograph of the millimetavave CMOS receiver

The LNA drives adouble balanced active mixewhich converts thes0-68 GHz mm-
wave signal to an lef 30-to-47GHz. The locabscillator signal to the mrwave signal is 40
GHz. The mixer has aonversion loss of 3l while consuming 12mA of currenf higher

degree of peakplitting is required to maintain a high fBW through thestkge. As a result, the
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gainequalized transformers the IF stagehave coupling coefficients of k= -0.24, and k=
0.38.The IFA consits of a twestage cascode amplifier and provides 5dB of gain to compensate

for the loss of the Rimixer.

The schematic of the LO distribution network is showrFig. 5.16. A breakdown of
power consumption for ghvarious receiver blocks is shownhig. 5.17; note, the percentage
power consumption of the LO driver for a singlement receiver is comparable to the power of
the IFA.If the receiver is utilized ian N-elemrentphaseeharray receiver with LQphaseshifting/

IF signatcombining,the IFA power is fixed while the LO-power scales up by N The equal
power consumption of the {&mp and the L0n the singleelement receivegives a indication

that as the numbelf @lements increases the LO power will dominate the total receiver power.
Architectureswhich focus on minimizing L&@listribution power are crucial for future phased

array mmwave transceivers.

5.4 Measured results

Thedie photograph of the prototype mwave receiverchip fabricated in #SMC 40nm
CMOS processs shown inFig. 5.18 The BEOL consists of a 6 metal stack with 1 uthrigk
metal (UTM) and 1 aluminum passivation layer (APhe 3.5um thickUTM is the top-most
copper layer2.3775um above the surface of the substrBite entirechip, including the mm
wave wafemprobe pads, ESD protected DC pads, bypass capacitance, andsappiyuting
occupies an area of 0.8mm x 1.5mbhe core of the receivecpompiisedof the signal and LO

path occupies an area of 1.2 mm x 0.35mm.

The chip is characteri zedonwaerprofpe s@Gidod-ig.a d e 0 s

5.18 shows the chip with all four probes landed. The-lR&s is brought on chip using a custom
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Fig.5.19 Test setup for conversiagain and linearity measurement

designed 14$in DC probe on the norténd. The LO signal is brought-@hip via a 67GHz GSG
probe from the soutkide. The millimetewave input is brought enhip using a GSG on the
westside. The baseband output dev&SGSG probes on the east side. The GSGSG pad
configuration allows the flexibility of making singended measurements using GSG, as well as
differential measurements using GSGSG. For umpatching, conversiegain and linearity
measurements, which regeistandard twort calibration and scalamixer calibration on the
VNA, the baseband output is measured shaglded. For noiségure, the output is probed

differentially.

The measurement setup is showrrig. 5.19. The electrical performance of the receiver
was characterized using an Agilent N5247A 67GHz PNAetwork analyzer. The N5183A

signalsource was used to generate the 40GHz local oscillator signal. Other equipment required
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Fig. 5.20 Receiver frequency response measured at the baseband output. Referred to the r
frontend, a gain of 20 + 1.5dB is maintained across-&0%B GHz bandwidth.

to complete the testetup(not included in the figure for simplicity) include a N8488A-GHz

average thermocouple power sensor and N1913A power meter. All the equipment was interfaced

using 1.85mm c@xial cables. Twegport calibration was performed using an impedance standard

subgrate (ISS) to shift the-Barameter measurement plane to the ptgize

The measured channel frequency response of the entire receiver at the baseband output is

shown inFig. 5.20. For conversiofgain a scalamixer calibration was performed to-denbed

the loss of the cables and accurately measure thavewa inputpower and baseband output

power of the receiver. The mwave input comprises of two components, an wgpband

(USB) extending from 60 to 70 GHand the lowesideband (LSB) from 60 to 50 GHz. At the

output of the receiver, both sidebands are doamverted to the same baseband frequency (0 to
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Fig. 5.21 Measured input matching, noifigure, input compression point

10 GHz). In the USB, the receiver achieves a nominal power gain of 20dB over a frequency
range of 60 to & GHz.In the LSB, the receivaachieves a nominal power gain of 20dB with +/
1.5dB of gain variationover frequencyange of 51 to 60 GHz. The effective nwave
bandwidth of the receiver is from 51 to 68 GHz. It is noteworthyfteguencyresponse of
multi-stage receiver has been synthesized with low-pasd gaiavariation andno prominent

signs of resonance peaking.

Another important performance metric of a receiver is the input power matching
bandwidth. As described in section 5.3, transforbeeed balun has been implementeetioip

to match the differential LNA input impedance to the sirgglded antennait the mmwave
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Analyzer 0] 0}

Fig. 5.22 Test setup for noisgure measurement

front-end, theS;; is less thar10dB over a frequency range of &166 GHz, corresponding to a
matching bandwidth o15GHz. While the matching bandwidth does not cover the entire-pass
band of interest, the bandwidth could Imereasd by addingde-Q resistors at the mwave

front-endat the expense of noifigure degradation

The receiver noiséigure is characterized usirtbe Y-factor method. The block diagram
of the test setup is shown kig. 5.22. Noi s e ¢ld madveguiddRased mmwave noise
source (NC5115) functions as a calibrated nemérce operating over a bandwidth d¥- 5
75GHz. However, the probes, wavegutdecoaxial adapters, and 1.85mm coaxial cables limit
the measurement bandwidth to 68 GHz. The np@eger at the output of the receiver (in the DC
to 10GHz frequency band) i S me asHz nasdfigues i ng
analyzer (NFA). Agilentds N9002A, a 26. 5GHz
the internal lownoise receiver of the NFA.
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For a twopoint Y-factor noisefigure measurement, the noiseurce must be toggled
between two stateserimed hot and cold, using a 0/28V pulsedirce inside the NFA. The
singleended noisénput is brought orchip using the GSG probe. After dowonversion, the
output of the receiver is probed differentially using a GSGSG probe, and converted to-a single
ended signal using an ethip wideband balun. The power at the output balun is measured by the
NFA. Using two measured dapmints, power in the hot state and power in the -stdtie, and
the effective noiseatio (ENR) of the noissource, the NF is caltated. This process is repeated

at each frequency step.

The noisepower is measured at the output of the receiver, i.e. after -domwersion.
Thus, the noise from the frequerognd 56to-60GHz and 6@0-70GHz folds back into the
same baseband frequendyterefore, the measured doukideband (DSB) noiskgure is
reported as a function of frequency is plottedrig. 5.21. The minimumDSB noisefigure of the
entire receivechain is 7.8dBThe DSBNF remains lesthan 9.3dB up to a frequency of 8GHz.
The noisefigure degradation at frequencies greater than 8GHz is attributed to the upper

frequency limit of the measurement equipment (68GHz).

For a twepoint Y-factor noisefigure measurement, the noiseurce must é toggled
between two states, termed hot and cold, using a 0/28V psitesde inside the NFA.The
singleended noisénput is brought orchip using the GSG probe. After downonversion, the
output of the receiver is probetifferentially using a GSGSG pbe andconverted taa single
endedsignalusing an offchip wideband balun. The power at the output balun is measured by the
NFA. Using measured power in tit/cold-state, and the effective noisatio (ENR) of the

noisesource, the NF is calculatechi$ process is repeated at each frequency step.
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The N5247A contains two internal sigrsdurces, thereby simplifying the measurement
setup for a wide range of receiver ttiame characterization. The test setup for linearity
measurements is identical to ns@rsiongain measurement setufri§. 5.19). The receiver
achieves an inptreferred 1dB compressiguoint of -24dBm and is plotted vs. frequencyHig.

5.21

The entirechip consumes 104mW from a 1.1V suppie reported power consumption
includes the power of the sigradith and the LO distribution patfhe power per uninm-wave

bandwidth is (104mW/18GHz) or 6.1pW/Hz.

55 Conclusions

The mmwave receiver presented this work utilizes multiple instances of gaqualized
transformefloads where the resonameaks of the mmvave frontend and IFstage are
staggered and tuned to achieve a flat frequency response across the entire channel, from the LNA
input to the baseind outputWhile application of capacitive crogs®upling in a transformer has
previously beempplied for a resonamhode switching based oscillator design [5], this is the first

use of this technique for bandwidth extension in the signal path.

The reeiver IC has been implemented in a@ CMOS process with aetal stack
and the entire chip (including the pads and bypass capacitance) occupies an area ofTh@mm

core signal and L@ath of the receivasccupieD.42mn? only.

Innovative circuitsand architectures aimed at capturing wide absolute bandwidths in the
millimeter-wave spectrum have received considerable interest over the past d€&bade.
performance of tis prototype receiver is compared with other staft¢he-art implementations in

technologies such as SiGe, BICMOS, SOI, and standard ChiOEable 5.1 As described
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Table5.1 Comparison with statef-the-art wideband receivers

[1] 2] 3 [4] This
13l Work
130um B65nm 180nm 45nm 40nm
Tech SiGe-BICMOS CMOS BICMOS SOI-CMOS cMos
7-metal 6-metal
6-metal ' 6-metal )
BEOL ’ 2 UTM, - -NA- 1 UTM,
2UT™ 1 Aluminum Aluminum 1 Aluminum
) Direct Sliding IF Direct Direct Heterodvne
Architecture Conversion Heterodyne | Conversion | Conversion y
FLorr FLoar (GHZ) 76, -x- ‘:1387(533:221% -NA- -NA- 20, 40
RF-BW (GHz) 70-80 53-66 75-95 46 - 64 51-68
IF-BW (GHz) X- 45" - X- 31-48
+ 8(UsB)*
- ~8 18 ool
BB-BW (GHz) 6 1.2 8(LSB)
Power (mW) \ 18.4
(5002 output buffer 180 ™ 6122 2502 (LO power not 104
power not included) included)
: 355
Gain (dB) 50 (Voliagegain) 37 24 20
NF (dB) <7 5.6-6.5 <7 <7.1 <9.3
iP. 4 (dBm) 51 39 35 22 -24
Voo (V) 1.5,2.5,3.3 1-1.2 25 1.1 1.1
Area 3b ) )
(including pads) 2.1mm? 2.6mm? 3.4mm?2 0.8mm 1.2mm
Power 5.1pW/Hz
FoM = 15pW/Hz | 25.4pW/H 15.6pW/Hz | (LOpower not | 8-1PW/HzZ
2 x BB-BW pyviniz Aapyvinz P included)

* Target IF-BW listed in [2], BB-BW estimate based on the 60GHz standard specifications
* Limited by 1.85mm coax based measurement setup

12 Estimated power of LNA, IQ-Mixer, Baseband, ¥: clock-tree based on Table-Il [1]
2a Estimated power of RX-front end, VCO, VCO buffers based on Table-ll [2]
32 Estimated per channel power based on Table-I[4] 3 Area of the entire 4-element phase-array chip

previously, direcitonversion as well as heterodyne have been explored. The-@raeatrsion
receivers reported ifi], [3], [4] havefront-end circuits which achievdractional bandwidth of
20%, 20% and 40% respectively. Timn-wave heterodyneeceiverreported in[2], supports a

baseband channel bandwidth of 1.2GHz only. Among all the resgitte prototype IC
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described in this chapter has the highest baseband bandwidth, 8 GHz in the USB and 9 GHz in

the LSB.

The figureof-merit used to compa the different receivers is power consumption per
unit hertz. Power efficiency is a strong function of the metal stack available in the process;
therefore the BEOL available in each process has been included Talthe5.1. The receiver
reported in this work has the highest baseband bandwidth in comparison with mitivagter

receivers reported in priart.

This receiver consumes 104mW of power from a 1.1V supply, while providing a flat
conversiorgain over a effective baseband bandwidth of (8+9)/2 or 8.5 GH® receiver FoM
of 6.1pW/Hz is lower thail], [2], [3]. The diret-conversion receiver if4] has an FoM of
5.1pW, however, the IQdacks any onchip LO distribution chain(the LO was driven directly
from an offchip source)ln contrast tg4], the power reported in this work includes the power of
the localoscillator buffers (20 and 40 GHz), and 20 GHz injectaoked divider.For high
element phasedrray receivers the LO power consumption will be a major component of the

total ppwer budget.

Appendix 5.1

There are a total of seven variablesy b, 0 HQ,"Q "Q; therefore, six equations are

required to solve fob  7Q.
0 Qi 0 QIQO (5-66)

0 QIO Qi D (5-67)
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P (5-68)

) 0 —.
i O
0 v qQy (5-69)
M Q vi 6 (5-70)
O 0 qQy (5-71)
Using(5-68) in (5-69)
0 0 p i0Y (5-72)
Using(5-72) and(5-68) in (5-67),
b p P 6Y QQO O P40 (5-73
b p T O6YI D6 "QQD (5-74)
. U p i OYi 00 (5-75)
Q r %, "
1'QU
Using(5-71) in (5-70),
MM MQ 0 Qyi o (5-76)
N Q0 QYO UQ0 qQvi 6 (5-77)
Q Qp 106 iY6 O idQ06 (5-78)

Finally substituting(5-78) in (5-75)

. b p P 0Yi 06 e w
Q —— O i d Q0O
iQu
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O p [ O0YI 0O

Q —— O I 4 Q06Q1
{Qu
0 p I O0Yi 0O i Q06
0 Q0
0 Q0
Q p i6YIi D6 i1Q 06
0 Q0
0 p I OYIi 0O i Q06

Simplifying the above

0 Q0
Q P i 6YiDop Q p i6YIi 0Do6p Q
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6 CONCLUSI ON

Over the past decade, research efforts in the millinved®e space have progressed in
two directionsi increasing the highest frequency of operation and reducing the system power
consumption.Increasing demands for lewost and highbandwidth wireless connectivity is
compelling electronic manufactures to seriously consider soigie millimeterwave
transceivers in the negeneration of cellulaphones and tablet®Vith advanced CMOS process
nodes (such 40 and 28nm) the xinaum operating frequency of integrated transistors now
exceed 200GHz. It is feseeable that technology scaling and reduction in the transistor feature

size will push the operati frequency closer to the teertz domain in the near future.

6.1 Thesis 8mmary

The goal of theresearch described in this thesis tis explore power and area
minimization techniques fomulti-element phasedrray receiverdesign The mmwave
heterodyne receiver with a 17GHz IF bandwidéscribed irChaptes2 and 5 would servas the
signatpath for a singlelement in an Melement phasedrray. To handle the resulting high
fractionatbandwidth signals, this dissertation proposieete different wideband circuit design
technques 1 transformetffeedbackbased design, banghss @tributed amplification, and gain

equalized transformdoading.

The directconversion receiver described in chagBeutilizes multistage transformer
feedback for achieving a 3dB conversigain bandwidth of 2GHz (11 to 13GHZn in-depth
analysis otthe design of the matchingetwork is provided. In addition, analytic expressions for
the inputresistance, qualitfactor, and noiséigure as a function of the transformer tunasio

and the magneticoupling coefficient are derived.
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The transformedeedbackbased receiver achieved a fBW of approximately 15%, which
falls short of the requirements of the 20GHz receiver originally targeted. Therefohapier4,
we explore the possibility to extend tdesignprinciplesof distributedamplificationpopular in
low-pass amplifier design tbigh fractionalbandwidth bangassamplifiers A prototype chip
with a 77% fBW bandpass distributed amplifier (BPDA@mploying dual mirrossymmetric

Norton transforms for area reduction was demonstratadinm CMOS process.

The BPDA, while demonstrating high fBW, is essentially a shegided amplifier
optimized for systems requiring a-6@ms input and output impedance. Therefore, application
of the BPDA as the differential {emplifier of a heterodyne receives neither area nor power
optimal. To capture wideband signatbapters proposes the application of mudtiagecoupled
resonantircuits. The limitations of using onlynagnetic couplingr only electrical couplingare
mathematically derivedThis analyss leads to a discussion omigequalizd transformersa
technique to introduce parasitic crassupling between magnetically couplegsonant tanks.
Finally, using the gairequalized transformer as the core building block, the design ot@BD

GHz heerodyne millimetemave receiver is described.

6.2 Future Directions

Research in the area of integrated circuits is entering an exciting new phaseglih
chip mmwavetransceives, slowly but steadilyentering the consumer electronics markebm
the perspective of a circuits and system engineer, future research effontsadiicfocusin two
directions: increasing the carriefrequency and reducing thepower consumption per unit

bandwidth
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Increasing carrier frequency

Currentresearch effds have primarily focused on the-tb-7 Gbps ofwirelessdatarate
supportedby 60-GHz standards such as the IEEE802.11ad and WiBavever,it has been
reported in1] thatthe increase in speed of wireless communicatiorbbas approximately ten
fold every four yearsa trend which leads us to 100Gbps by 202 ultrawideband receiver
presented in this dissertation applies high fractiwaaldwidth design techniques to capture a
channel bandwidth ten times larger thanestd-the-art 60GHzstandardsTo support two orders
of magnitude increase in the wireless daii@, extending these high fBW techniquesstty
terahertz(100 to 300 GHz) and terahertz (300 GHz to 3GHz) frequeruids significant
promise While the feaibility of subterahertz CMOSand bipolartransceivershas been
demonstrated ifl]-[4], challenges such designing phdseked loops with ultravide tuning
range, generating echip oscillators wth high output powers, higéfficiency onrchip antennas

are few of the many issues yet to be fully resolved.

Reducing power consumption

For applications such as lewost, portable medical imagirgystems, higtspeed wieless
datatransfer, or any battery operated mobile device, power consumption is big concern. One of
the major issuewith mmwave phase@rrays reported in priesrt has been the totpbwer
consumption. For examptee millimeterwave frontend reporteadn [6],[7] is a sixteerelement
phaseearray 60GHz transceiver and consumes approximately 5.6W of gom&ilGbps of RF
datarate A more complete recent singddement transceiver (with a freand, PHY, and MAC
layer) reported i{8] consumes 1.7W of power and data date of 1.5Gbps over one meter. In

short, the highdata rate is coming with a huge power penalty. Wéag| power consumption
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might be permissible longange infrastructure applications (such as cellular bastations,
wireless backhaul networks) but would preclude usage in battegn mobile transceiver@nd
mobile-devices.To minimize the total power consumption optimizations are necessary at both
the circuit andthe systemlevel. The highIF heterodyne architecture proposed in this work was
motivated by the need to reduce the lemstillator distribution power. Another possible
approachworth considerings to eliminate highpower LO distribution by sing an injection
locked self-oscillating mixer topology9]. Understanding, signal and oscillator distribution, not
merely onchip, but also ofchip (for example to the package and the antenna) willrbe a

important researchirction in the future.

While the primary focus of this dissertation has been on thewawe frontend, it is
importantto note thata complete transceiver design includes several other important building
blocks. For example, sampling andgitization of 10GHz of data dowaconvertedto the
basebands verychallengng. A thorough poweibudget which includes the poweonsumption
of the high samplingate analogo-digital and digitato-analog converters is important for
justifying ultrawideband systemdn addition, moving forward, the ability to extend techniques
from discrete component microwave design for-cbip passives (phasshifters, signal

combiners) will be important.
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