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ABSTRACT

Owing to the rapid development of wireless communication and sensing
technology, it is necessary to design a transceiver which is compatible with existing
system as well as new system standards in a single chip with various functions. The
design of transceivers with the state-of-the-arts performance in communication and
sensing applications should satisfy numerous types of the required specifications
such as broadband operation, high linearity, miniaturization, low power consumption,
and low cost. Recently, due to the aggressive development of silicon (i.e., CMOS
and SiGe BiCMOS) process technology, it is possible to design silicon-based RF-
front-end transceivers with comparable performances with those in III-V compound
semiconductor technologies. In addition, the device models in silicon-based process
are more accurate and stable compared with those used for the III-V devices.
Therefore, the silicon-based integrated circuits are more advantageous for low cost
and mass production. This thesis deals with various design approaches of the silicon-
based RF transceivers for high-performance wireless communication and sensing
applications. This thesis consists with six chapters, each of which deals independent

topics as below:

Chapter 1: A brief introduction to the advantage of silicon based process
technology to support both micro- and millimeter-wave designs is discussed. And
then, several examples of emerging micro- and millimeter-wave applications in

sensing and communications are demonstrated.

Chapter 2: An ultra-wideband low noise amplifier (LNA) is implemented in 65
nm CMOS. A compact inter-stage network utilizing one transformer and a de-Q-ing
resistor for achievement of ultra-wide bandwidth is presented. The designed LNA
achieves an input 1-dB compression point (IP;ss) of -21.43 dBm, maximum power
gain of 18.21 dB over an ultra-wideband of 1 - 13 GHz, the measured minimum noise
figure (NF) of 5.28 dB and. The realized LNA occupies 0.52 mm? of the active area
excluding pads, and it consumes 14.92 mW from 1.2 V power supply.



Chapter 3: A compact in-phase/quadrature (I/Q) up-conversion chain with high
linearity is implemented in 65nm CMOS for an integrated transceiver for 5G mobile
communications. The upconverter consists of 10 ~ 11.5 GHz up-conversion chains,
a quadrature signal generator (QSG) based on the two coupled current-mode logic
latches, and inverting amplifiers to provide the rail-to-rail local oscillator (LO) swing
with a 25% duty cycle for I/Q mixers which has 46.9dB of image rejection ratio. In
order to improve the output third-order intercept point (OIP3), a cross-coupled pair
operating at weak inversion was used at the output of the upconverter. The
upconverter achieved an OIP3 of 14.45dBm and a transmitter gain of 9.12dB. The
realized I/Q upconverter with the QSG draws 48.7mW under a 1V supply, and chip

area is only 0.57mm? including pads.

Chapter 4: An integrated 2—18 GHz four-channel compressed sensing receiver
(CSRX), which performs a 128.5 X sub-Nyquist acquisition with 36-Gb/s pseudo-
random bit sequence (PRBS) generators is implemented in 0.13-um BiCMOS. The
integrated four-channel CSRX includes broadband receiver chains, each of which
includes a distributed RF buffer that operates as an active balun at 2—-18 GHz,
followed by a double-balanced passive mixer for high local-oscillator (LO)-to-
intermediate frequency (IF) isolation at the IF band, and a 700-MHz variable gain
amplifier. In order to perform the compressed sensing by mixing the PRBS signal as
the random modulator, four independent 36-Gb/s PRBS generators are integrated.
So as to sufficiently deliver the generated wideband PRBS signal to the mixer, a
shunt-shunt feedback amplifier is used by the LO driver to compensate for the high-
frequency loss of the PRBS LO tones during the LO generation stage. The chip draws
195 mA per channel with a 2.5-V supply.

Chapter 5: a phased-array transceiver chip operating in full X-band (8-12 GHz)
is realized in 65-nm CMOS technology. The implemented transceiver for the
transmit/receive module (TRM) includes a single pole double throw (SPDT) switch
connected to the internal power amplifier (PA) and the low-noise amplifier (LNA)
to serve as a duplexer, a 6-bit passive phase shifter, a 6-bit attenuator, and a bi-
directional gain amplifier (BDGA). For digital TRM control, a 64-bit SPI scan-chain
is integrated. At the output 1-dB compression point (OPiss) of 11.84 dBm, the

i



transmitter reaches power gain of more than of 15 dB. In order to achieve a wideband
operation of the passive phase shifter, two different resonant frequencies for the
phase leading and lagging networks are assigned, and are aligned the slopes of their
phase responses to have the desired phase shifts at the center frequency. The RMS
amplitude error is less than 0.45 dB, and the RMS phase error is less than 5° for all
attenuation and phase states between 8-12 GHz while dissipating 216 mW dc power
from a 1 V power supply. The receiver achieves noise figure (NF) of less than 8.4
dB and greater than 15 dB of power gain for the entire X-band. The RMS amplitude
error and the RMS phase error are less than 0.45 dB and 5°, respectively, for all
control states between 8-12 GHz. The receiver draws 110 mW with a 1 V power

supply. The chip area of transceiver is 4 x 1.88 mm”.

Chapter 6: A compact W-band divide-by-three injection locked frequency
divider (ILFD) is realized in 65-nm CMOS technology. In order to provide a wide
locking range, inductive feedback is used to boost the injection current. Under the
suggested method, the ILFD's the locking range can be wider than 10% without
additional power dissipation and any varactor which is more than three times the
locking range compared with the reference ILFD without boosting of the current
injection. With the W-band input signal power of 0dBm, the measured locking range
of the proposed ILFD was from 73.9GHz to 82.5GHz. At the input frequency of
78GHz, the measured phase noise at IMHz was -117.13dBc/Hz. The realized ILFD
with the inductive feedback draws 7.88mW under a 1V supply. The core size of the
ILFD is 0.22mm’.

il



MHr
K
i[d

LS|

Fote AlAg

g5
Ol

=

=]

RFE-front-end 2|

A7t 2751 QULE O]2{gh X
|22A 7t 7HSotH, S BHEX| A% 2

M
=
MBS TMHZEE2 27A
[}

il

ol
!

ojn

4

=0t A H]|

A

Z M

1L

F

2[2 7|

=

27| front-end 2 A 0f| LSt i &S CHEL.
A

:Ofo| 2 2af & Ee0|HI @A 7 HE&=

3

X
o

1

, Ofo[3= Sl 2e[0|E ot

Of TIC}. EEot

Kk

=
1

21.43dBm 2| €& |-

=
— -

=HA57] 28l SHLEO| transformer 2t De-Q-ing M2 2
v

65nm CMOS
&= ZOIE (IPig), 1-13GHz 2| & YO A 18.21dB 2| X|CH M= O]

=]

2
T3 =l inter-stage network & A A CEH A = LNA
B (]

d



528dB 2| ZFE |2 HEF X+ WNHE ZIoIRALE AHE LNAE ES

2|3t 0.52mm?2 2| & HA

ru|0

KEX|SHH 1.2V M 0|A 14.92mW & AH|BHCE

38 :560|sSUE SUIIE ?lol =

r|o

MAEZ 2HE= A2 1/Q (in-phase
/ quadrature) Up-conversion chain O 65nm CMOS SEL=2 T E|QUCE

Upconverter = 10 ~ 11.5GHz up-conversion chain 1t rail-to-rail LO 2&&

Haste2 719 M3 2E ZE/(CML) 2iX|E 7|82 235H= QSG (Quadrature
Signal Generator) H inverting S&7|2 T/dE| ULt Image-rejection ratio 7}
46.9dB Q! 1/ Q mixer 2| & 3 X} QI E ZQIE (OIP3)E 7H415t7| 2IdH,
weak-inversion O] A| &%&fSH= cross-coupled pair 7} upconverter 2| = & tHOf|
AEE[ALCH T3 & upconverter = 14.45dBm 2| OIP3 21 9.12dB 2| S4l 0|52
SHASIRICE QSG & E&TH I/ Q upconverter = 1V MR A 48.7mW

2HISHH & HA2 I E8 Z5H 0.57mm’ O L.

474 : 36Gb / s PRBS (pseudo-random bit sequence) H’ 7|2 128.5 x A E
LIO|FAE 2 S $8li5t= 58 2-18GHz4 A D = MA =2 7| (CSRX)7H
0.13um BiCMOS 2 THE|QULCE STHE 4 A'E CSRX Ol = Y =417
A elo] =[O LM, ZH2H0f= 2 ~ 18GHz M| M active balun 2 2 &Ztdt=

EMPRFHIHIFESE| O Q10 =2 LO-to-IF 42| = £ 2|8t double-balanced



27| Ol 65nm

I

FZ7]1 {8 LO driver 7} shunt-shunt feedback S=7| 2

_
[e]

Pl

—
EIoH, Lo dd THA A PRBS LO

5% ™A X-CH Y (8-12GHz) 0l A

{

—

-

mixer 0 S&79|
(e}

__I_I.

4

duplexer &

|
Pyl
s

e

7| (LNA)

Hr
Klo

I

pall

ANINERS

q

=
=

=

2 749
=

3

H oot

-
(o)

o
o=
1712 1v M0 216mW

7| (BDGAYE ETSICL CIX|EE TRM 7|

=
=

s
Ct. fE9H 8-12GHz AO[S| RE &4 & ?|& SEHOf CHol 0.45dB

=
=

0

k

=l
ot7] 2l8l, Zl&t (Leading) ! X&) (Lagging) HIE R0 CH

o

=13
o

SPDT (Single Pole Double Throw) 22| X|, 6-bit ][4 #HL7|, 6-bit Z2[7] H
M

AH|SIH, 11.84dBm 2| =3 1dB 2= X|& (OP1dB)O|A| 15dB O|&2| A

I8 64-bit SPI 270 Q10| SetE|0] ALY,

&
Ct
=

4

Ct. =217

E -
= dot%

0|2t RMS XIZE 232 5°0|0I9| RMS Q& 2 FE

YEHOl CHOSH RMS

vi

OZ 110mW & AH|5lH, 8.4dB D|2to| &S X4 A 15dB O]
4 x 1.88 mm’O|LC}.

|

NG

.|

o
=

X
—
O|5€ Zt=C} B 8-12GHz AHO|Q =

_I



6 & : W-Cil & injection-locked 7| 22| 3 &F FIk== 28 7|7} 65nm CMOS
SHLE FAHE|RULE FIt EH7|2| locking range & wide SHH| 2547
?lo = 8 FE =0|7| {2t inductive feedback 2 AFHESIALCE X HEl B
SHO| A =Ib== 28 7] 2] locking range = F=7HH Q1 M8 &M Gl It HAZ

@[t varactor 10| 7| & FIt= I 7|0f H|SH 3 B O]} S = ACH W-CHS

Q2 Az HO| 0dBm O AP

— 1

A

ro
ra

, Fut= 28712l 5™ = locking
range = 73.9GHz 0| A| 82.5GHz O|Ct. 78GHz 2| Y& FLt0A SHEl 4
L O|=+& IMHz offset 8| Al -117.13dBc / Hz O|C}. Inductive feedback & At 23t

Fhb U719l 20 27| 0.22mm? 0| 1V H 0| A 7.88mW S A H|SHCE

Vil



TABLE OF CONTENTS

ABSTRACT i
e iv
LIST OF FIGURES X
LIST OF TABLES XV
I. Introduction 1
1.1. Motivation and Background .............cccceeevriiiriiniiiieeniiie e 1
1.2, APPLCALIONS .....uviiiiiiiiieeiiiie e et e eritee e ettee e et ee e e sraeeeensaeeessenaeesenenns 5
1.2.1.  5G Wireless COMMUNICATION ....uvveeruvireriiieiiieeniiieeniieesiieenieeeieee s 5
1.2.2. Compressed SENSINE ........eeeeriureeeeriiiieerriiieeeniireeesirreeeessreeessssneessnnnns 6
1.2.3.  Phased-array SYStEIM ........cceeriuriieeriuiiieeiniiieeenirreeesenreeessnreeessnsnneesnnnnns 8
1.2.4. FMOW TadAT ..coiiiiiiiiiiiiieeecieee et 10
1.3, Thesis OrganizZation..........ccc.eeererreeeeriurreerssrieeensnreeeessseeesssseeessssseessnns 12

II. 1-13 GHz CMOS low-noise amplifier using compact transformer-based

inter-stage networks 14
2,10 INTOAUCLION ..eeniiiiiiiiieiiie ettt et 14
2.2, Transformer-based UWB LNA........ccoooiiiiiiiiiiiiee e, 15
2.3, Measurement TESUILS. .......coiuieiriiiiriie ittt ettt ettt 18

III. Compact I/Q Up-Conversion Chain for a 5G Wireless Transmitter ...22

3.1, IIETOAUCTION ..ot e e e et eeeeeaees 22
3.2. Design of the I/Q UpPCONVEITEr........ccccvvvreeriiieeeiiiieeeeriieeeesiieeeenreee e 23
3.3, Measurement TESUILS ... oviiiiiiiiiiiieee ettt e e et e e eeeeees 27

IV. 2-18 GHz Compressed Sensing Receiver with Broadband LO Chain.. 32
4.1, INtrOAUCHION .oeoveeiiieeiiiiie e et ettt e ette e e e eee e e re e e saraeeesnsreeeenns 32

4.2. The compressed sensing reCeiver deSiZN..........cevevrreerrvreeersirveeenrinreeennns 33

viil



4.3, Measurement TESULLS.......cooviiiieiieeieiiiiiieeee ettt e e e e v e eeeeeaes

V. Full X-band phased-array transmit/receive module chip..........ccc.ueeeee.

5.1. Introduction

5.2, X-band transceiver deSIZN ........cccuveerriuiereeriiiieeeriieeeeriieeeeerreeeeereee e

5.2.1.  6-bit broadband passive phase shifter...........c.cccccvevveivreerciiieinriieneens

5.2.2.  6-bit StEP ALLENUALOL ...ecvvvvereeriiieeeiiiiieeeriieeeeeirreeeesareeeesarneesenanreeeenns

5.2.3. Cascaded distributed amplifiers............ccccveeereiiireiniiiee e eeiieee s

5.2.4.  Wideband power amplifier...........ccccvveiriiiieeriiiieeeriiieeeeiieeeeiree e

5.3, Measurement TESUILS.....coieiiiiiiiiieeee ettt e e et eeeeeaees

VI. W-Band Divide-by-Three Injection-Locked Frequency Divider With

Injection Current Boosting Utilizing Inductive Feedback
6.1, INtrOAUCTION ..ouetiiiiiiiiiii ettt et et
6.2. Design of the ILFD with inductive feedback..............ccoooiiiniernninniennn.
6.3, Measurement TESUILS.......cc.eeiiiiiriieiriie ettt et
VII. Conclusions and Future Work
T L. CONCIUSIONS ettt ettt ettt ettt et e et esbeeeeeeeens
7.2.  Suggestions for FUture Work...........cccccvvveeriiiieeiniiie e eeiee e
REFERENCES

X

72

72

74

78

83

&3

&5

87



LIST OF FIGURES

Figure I-1. Friis transmission equation [1]. A = Wave-length(m), » = Distance (m),

Pt = Transmitted power (W), Gr = Antenna gain for transmitter, Pr = Received

power (W), Gr = Antenna gain fOr TECEIVET. ......cvuvrerrciiererririreeriiieeeesireeessnreeennns 1
Figure I-2. Signal attenuation at sea level versus frequency. ........ccccoecevrniienennne 2
Figure I-3. The generic system overview of a point-to-point radio. ............ccccuee..e. 2
Figure I-4. Data-rate versus process node and year [5].......cccccveveeiireiniiiieeenncineennns 3
Figure I-5. Maturation of f7 in CMOS technology [6]........ccceovueeniiiiniiiiniienieenne 4

Figure I-6. Main process features of SiGe BiCMOS technology industrial
MANUTACTUTETS [7]. cevvvriiiiieiieeiiiie et e e et e e e e e e e e etaaraeeaaeeas 4
Figure I-7. The current wireless standards spectrum allocation in North America...5
Figure I-8. Block diagram of the broadband measurement system with Nyquist
sampling used for broadband signal measurement..............cccoceeerviieenieenniienieeenne 6

Figure I-9. The spectrum slices from x(t) are overlayed in the spectrum of the output

SEQUETICES Y[ T1].uuuvvvtieeeeeeeeiiiiieteeeeeeeeeetitt e e e eeeeeseatttteeeeeeeeaannaeeteaeeasesaannssanaeaeesaannnes 7
Figure I-10. Examples for multiple antenna system............ccceeueerieiiniieennieeniieennne 8
Figure I-11. A generic phased-array architecture............coocveerveeeriiienieennieenieeenn 9

Figure I-12. Chirp Signal in the amplitude and frequency domains depending on time.

........................................................................................................................... 10
Figure I-13. The workflow diagram for the FMCW radar. ........ccccccoooiiniiinnnenn. 11
Figure II-1. Schematic diagram of the proposed wideband LNA[30].................... 15

Figure II-2. The small-signal equivalent circuit models for a conventional cascaded

CS amplifier with a n-type inductor peaking technique [31] and the proposed inter-

stage network based on a single transformer. ............cccceeeeeviereeniiireeriiiee e 16
Figure II-3. Chip photograph of the LNA (Size : 0.43 x 1.20 mm? including pads).
........................................................................................................................... 18
Figure II-4. Measured and simulated results of S-parameters for the LNA. .......... 18
Figure II-5. Measured and simulated results of P1dB for the LNA at 6 GHz. ....... 19
Figure II-6. Measured and simulated results of NF for the LNA...........cc.ccccocuee. 19
Figure I1-7. Measured and simulated results of group delay for the LNA. ............ 20



Figure III-1. A block diagram and the specifications of the proposed up-conversion
mixer for a 5G wireless transmitter [37]. The mixer consists of a quadrature signal
generator and a Tx up-conversion chain [42]. .......ccceviiiiniieiniieniie e 23
Figure III-2. Schematics of the (a) active balun, (b) unit-cells for the LO driver and
buffer, (c) CML latch, (d) IF amplifier, and (e) double-balanced passive mixer.... 24
Figure III-3. Schematic of the GM and NGM stages. It is noteworthy that the IM3 of

the up-converted signal can be improved through the NGM stage. ....................... 25
Figure 11I-4. A photograph of the chip with the proposed up-conversion mixer with
the QSG (chip size: 0.58 X 0.98MM?). ........ocooviivevereeeeeeeeeeeeeeeeeee e 27
Figure III-5. Measured and simulated S1; for LOm...ccocveeniiiiiiiiniiiiieiiceee 27
Figure III-6. Measured and simulated Sz for RFout. ..vevevveeiiiiiniiii, 28

Figure III-7. Measured up-converted RF output results with and without the NGM
SEAGE. uvvrrere sl LRI vt eses s e i ces B eeeeeenee Mhreeeneeseansnnen 28
Figure III-8. Measured RF output, LO leakage, and image with a single-tone input
signal. ..o Y N 29
Figure I1I-9. Measured up-converted RF output results for the I/Q channels with less
than 0.2dB of gain mismatCh. ..........cceeiiiiiiiiiiiiiiii e 29
Figure III-10. Phase mismatch based on the measured gain mismatch and IRR
contour. The phase mismatch was expected to be lower than 0.5degrees. ............. 30
Figure III-11. Measured and simulated results of gain and RF power for the

implemented upconverter depending on IF power with fir = 300Mz and fio =

22A4GHz. ....... M. ool g W e 30
Figure IV-1. A block diagram of the integrated 4-channel compressed sensing
receiver in a 0.13-pm BICMOS [54]...uuiiiiiiiiiee ettt 33
Figure IV-2. Schematics of (a) the distributed RF buffer and (b) the variable gain
AMPLTIET [54]. 1eeeeiiiiee ettt e e sttt e e e sttt e e e e tbaeeeenbaeeeesnssaeennns 33
Figure IV-3. Block diagram of PRBS generator...........ccccecvvveeveiieeiiniiiee e 34

Figure IV-4. (a) A block diagram and the frequency response of the band-equalized
LO generator and simulated PRBS pattern and (b) a schematic of the LO driver. .36
Figure IV-5. A microphotograph of the implemented 4-channel CSRX chip (chip
S1Z€ = 2.9 X 445 M?) ..o 37
Figure IV-6. The PCB of the packaged CSRX chip for the measurement. ............ 37

X1



Figure IV-7. Measured and simulated S;; results for the CLK and RF inputs in the

CORX . ettt et et 38
Figure IV-8. Measured LO-to-IF leakage at 18 GHz CLK input............ccceevveennee 38
Figure IV-9. Measured IF output at 40 MHz, 240 MHz, and 320 MHz with a single
tone input at frr =2 GHz for four independent CSRX channels. .............ccoceeenee. 39

Figure IV-10. Spectra of the 18 GHz RF input signal (FM with a pulse signal). ... 39
Figure IV-11. One of the sensed repetitive IF signal of the FM input at 18 GHz with
a pulse signal in the CSRX . .......cooiiiiiiiiiiiiie et e e rree e 40
Figure IV-12. . Spectra of the 18 GHz RF input signal (FM with a ramp signal)... 40
Figure IV-13. One of the sensed repetitive IF signal of the FM input at 18 GHz with
a ramp signal in the CSRX. ...coouiiiiiiii e 41
Figure V-1. Block diagrams of the active phased-array system and proposed
tranSCeIVer CONTIGUIALION. .....vveveeviieeeriiieeeeiiieeeiieeeeereeeeeerbeeessntneeesetneeeeenneeeas 44

Figure V-2. Schematic and all device parameters of the proposed X-band 6-bit

passive phase shifter using HP/BP/LP networks. ..........cccoooviiiiiiiniiiiniiiiieeen. 46
Figure V-3. The demonstration of bandwidth improvement of the proposed method.
........................................................................................................................... 48
Figure V-4. The simulated relative phase shift levels in all phase states. .............. 54

Figure V-5. The simulated RMS phase error of the proposed method and the

conventional Method. ..o 54
Figure V-6. Schematic [72] and all device parameters of the SPDT (left) and DPDT
(TIZhE) SWILCHES. ..neviiieiiiiie et e e e et e e et ee e e eareeeeennsseeeenns 55

Figure V-7. Schematic and all device parameters of the designed X-band 6-bit step
ALEEIUATOL. ....veiiiiiiiiit ettt ettt ettt e st e esaneeeas 56

Figure V-8. Schematic and all device parameters of the transformer-based BDGA.

Figure V-9. Schematic and all device parameters of the transformer-based LNA.. 59
Figure V-10. Schematic and all device parameter of the full X-band PA. ............. 60
Figure V-11. Chip-photograph of the fabricated X-band phased-array transceiver in
65-NM CMOS tEChNOIOZY....c..eviieeiiiieeeiiiee ettt e e etee e et ee e e s e e e e serraeeeans 62
Figure V-12. The measurement setup for the S-parameters, phase shift, attenuation,

and output power of the chip in RX/TxX operation. .........cc.ccceevveeenieriniiennieenieenn. 62

Xi1



Figure V-13. Simulated and measured results for the Si; and Sx of the transceiver in
Tx operation depending on 64 different phase-shift states. ............ccceeeeeriienneenn. 63
Figure V-14. Simulated and measured results for the Tx gain of the transceiver in Tx
operation depending on 64 different phase-shift states. ...........cccooceeiviienniiinieen. 63
Figure V-15. Measured relative phase shift of the transceiver in Tx operation...... 64
Figure V-16. Simulated and measured results for the RMS phase error of the
tranSCeiVer iN TX OPETAtION. ....cccuvvireeriiieeeirieeeeriieeeeerreeeeirreeessntreeeseereeeeennaeeas 64

Figure V-17. Measured relative attenuation level of the transceiver in Tx operation.

Figure V-18. Simulated and measured results for the RMS amplitude error of the
transceiver iN TX OPETALION. .....eevuuiiiriiieiiieeiiie et eite ettt e seee et e et eebeeenaeees 65
Figure V-19. Simulated and measured results for the output power of the transceiver
in Tx operation at 10 GHzZ. .........oooiiiiiiiiii e 66
Figure V-20. Simulated and measured results for the Si; and Sx of the transceiver in
Rx operation depending on 64 different phase-shift states............ccccooeeeriiieninenn. 67
Figure V-21. Simulated and measured results for the Rx gain of the transceiver in Rx
operation depending on 64 different phase-shift states. ...........cccooceeiiiienniieninenn. 67
Figure V-22. Measured relative phase shift of the transceiver in Rx operation...... 68
Figure V-23. Simulated and measured results for the RMS phase error of the
tranSCeiver in RX OPEration. ...........ceeveviiiiiriiieeeiiiieeeeiieeeerieeeeeereeeeiraeeeeenaee s 68

Figure V-24. Measured relative attenuation level of the transceiver in Rx operation.

........................................................................................................................... 69
Figure V-25. Simulated and measured results for the RMS amplitude error of the
tranSCeiver in RX OPEration. ...........ceevriiieeiiiiiieeeriiieeeeieeeeeiieeeeieee e e eraeeeeenaee s 69
Figure V-26. Simulated and measured NF of the transceiver in Rx operation. ...... 70

Figure VI-1. A block diagram of the function of divide-by-three injection locked

frequency divider (ILFD). ...cccvviiiiiiiiie ettt e e isree e 73
Figure VI-2. Schematic of the proposed ILFD with inductive feedback for Iiy
DOOSEING [T02]. ..vtiieeeiiiieeieiiie e ettt ettt e e etree e ettt eeetbaeeeetbaeeesnnseeessssneesensneens 74
Figure VI-3. Locking range versus RL; and RL, with given L,;=70pH and L,=60pH.
........................................................................................................................... 75
Figure VI-4. Locking range versus Li and Lo. .......cooocviviinciiieiniiiieciiiie e 75

xiii



Figure VI-5. Injection current at 2, versus Ly and Lo. ...occoooiiiiiiiniiniie, 76
Figure VI-6. Injection current at 3w, versus Ly and Lo. ...o.coooiiiiniiiiiinien, 76
Figure VI-7. Total (l200+1300) injection current versus Ly and La. ......cccceoiiiniea. 76
Figure VI-8. Simulated injection current with and without feedback inductor for the
PTOPOSEA ILEFD. ...iiiiiiiiieiiiiie ettt et e e st e e s traaesennaee s 77
Figure VI-9. Simulated locking range with and without feedback inductor for the
PTOPOSEA ILEFD. ...oiiiiiiiieiiiiiee ettt ree e et e e st eaesennnee s 77
Figure VI-10. A microphotograph of the proposed ILFD chip with the inductive
feedback (core size: 0.68 X 0.33 MM?). ......coooovivivivieiieeeeeeeeeeee e 78
Figure VI-11. Measurement set-up for the proposed ILFD test-block with driving
buffer. ....oovvnvvnvneegd®ennnii o oo B B M 78
Figure VI-12. Measured spectra in free-running and locking state for the proposed
ILFD with input frequency of 78GHZ. ..........coooiiiiiiiiiiiiiiiee e, 79
Figure VI-13. Measured sensitivity curve and locking range for the proposed ILFD.

Figure VI-14. Simulated and measured output power for the proposed ILFD with
input power of 0dBm. The measured output power is considered the loss caused by
probe-tip and Cable. .........cccviiiiiiiiie e 80
Figure VI-15. Measured phase noise for the proposed ILFD in locking condition.
The phase noise of the input frequency was measured using by harmonic mixer

(AGILENE TTOTOW). ..o ees e eeseeeee s ees e s s ees e s ees e esenee 80

X1v



LIST OF TABLES

Table II-1. Summary of the proposed LNA and comparison with previously
PUDliShed CIMOS LINAS. ...oviiiiiiiiieeeiite ettt e rte e s tae e e s tree e s traeesennaee s 21
Table I1I-1. Comparison with previously reported up-conversion mixers. ............ 31
Table IV-1. Comparison with previously reported state-of-art CSRXs in integrated
SPECIIUINL SETISOTS. ..eveeeeeeruuerrireeeeeeesaanneaereeeeesssaanneneneeeessessansssneeaesssssanssssneeeesesnanns 41
Table V-1. Comparison with previously reported state-of-the-art X-band phased-
AITAY TTATISCEIVETS. .uvvteutieeitieetteerteeenuteeensteesbeeeanteeenaeeesbeeesateeenneeesbeeesseeennneeens 71
Table VI-1. Comparison with previously reported mm-wave CMOS divide-by-three

injection locked frequency dividers. .........ccceeviiiiiiiiiiniiiiiiieec e 81

XV



1. Introduction

1.1. Motivation and Background

Transmitter Receiver

GT r GR
PT ‘ PR

Figure I-1. Friis transmission equation [1]. A = Wave-length(m), » = Distance (m),

Pt = Transmitted power (W), Gr = Antenna gain for transmitter,

Pr = Received power (W), Gr = Antenna gain for receiver.

In the past decades, wireless communication and sensing systems have been
made rapid progress with the steadily increasing the use of frequency bands for much
faster and larger data transfers. Especially, the demand for extremely high-frequency
(micro-wave and mm-wave) transceivers in the systems is exploding. Here, micro-
wave and mm-wave spectrums classified as extremely high-frequency are defined as
1-30 GHz and 30-300 GHz, respectively. However, the system with high-frequency
propagation cannot avoid high path-loss in a transmit/receive channel path. To be
more specific, the Friis transmission equation [1] used to relate the received power
(Pr) and transmitted power (Pr) in the channel should be considered to successfully

implement the systems, as shown in Figure I-1.

In addition, the absorb by rain, fog, and moisture for micro- and mm-waves in
the air can reduce the data transmission distance resulting in signal attenuation. For

example, the signal attenuation by Oxygen (O2) absorption is extremely high at 60



-
o
N

T |
X | \ N\
~ 10 :
2. A
E. F ,-/ ]
10°k ]
o | / N :
g
g i
o 107
=
< 10° ; ; :
0 100 200 300 400
Frequency [GHZz]
Figure I-2. Signal attenuation at sea level versus frequency.
Digital Analog RF
back-end front-end front-end
User Antenna
. Modem DAC Tx
- ()
FPGA ADC Rx

Figure I-3. The generic system overview of a point-to-point radio.

GHz as depicted in Figure I-2. Therefore, the frequency within the curve valleys in
Figure 1-2 should be carefully selected so as to minimize the attenuation.
Additionally, a design of high-gain antenna can help with the boosted effective
isotropic radiated power (EIRP) to improve the data transmission range in the

systems.

Wireless products in micro-/mm-wave applications require demanding

properties such as low cost, low power, high performance and large capacity. In order
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to implement the wireless communication and sensing systems, the RF-front-end is
one of the key blocks in the systems as shown in Figure I-3. Historically, the systems
in mm-wave applications have been dominated by III-V compound semiconductor
technologies (mainly Gallium Arsenide (GaAs) and Indium Phosphide (InP)) [2-3].
However, passive elements such as inductor, capacitor, and transmission line for
impedance matching and tuning are essential for the design of RF-front-end in the
systems, and these elements occupy most of the chip area. Since the process cost of
II-V compound semiconductor technology is quite expensive, there are limitations
in implementing a fully integrated on-chip system. Therefore, the challenges are to
build the RF transceiver front-end on a single chip, and to minimize the area and cost

of the chip.

Recently, since the size of silicon-based transistors have steadily decreased
based on Moore's law [4], improvements in integrated circuit (IC) technology with
high data rate have also been made at the same time as shown in Figure 1-4 [5]. With
the reduced channel length, the RF characteristics of silicon-based processes (i.e.,

SiGe BiCMOS and CMOS) such as the cut-off frequency (f)) and maximum
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Figure I-6. Main process features of SiGe BiCMOS technology industrial

manufacturers [7].

frequency of oscillation (fy.x) was significantly improved as illustrated in Figures I-
5 and 6 [6-7]. As can be seen from the Figures, the Silicon-based RF transceiver
front-end can be fully integrated with the analog front-end and digital back-end on a
single chip.



1.2. Applications

The following sections will illustrate some of wireless communication and

sensing applications in micro- and mm-wave bands.

1.2.1. 5G Wireless communication

2G, 3G, and 4G
Wireless standards in NA

1T

Wireless standard in NA

| -+ + “-
| #
25 27.5 28.35 37 38.6 40
Frequency [GHZz]

Figure I-7. The current wireless standards spectrum allocation in North America.

We are now living in a 5G era that supports massive MIMO (Multiple-Input-
Multiple-Output) communication, Device-to-Device (D2D) communication, and
Machine-to-Machine (M2M) communication [8-9]. Figure [-7 shows North
America's current cellular wireless standard spectrum allocation for the International
Telecommunications Union (ITU) radio bands scale. The limited bandwidth of the f
spectrum below 6 GHz cannot meet the mobile traffic explosion in the current era.
Therefore, for higher data rate and wider bandwidth, a spectrum is used in the mm-
wave band for the 5G standard [10-11]. This is made possible by the advance in
semiconductor technology that can build silicon-based integrated circuits (ICs) and
systems-on-chips (SoCs) in mm-wave band [12]. 5G is in place in the mm-wave
frequency range, and the Federal Communications Commission (FCC) recently
allocated a total of 3.85 GHz bandwidth for use in the 5G standard in the 28 GHz,
38 GHz and 39 GHz bands as shown in Figure I-7 [13].



1.2.2. Compressed Sensing
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Figure I-8. Block diagram of the broadband measurement system with Nyquist

sampling used for broadband signal measurement.

Figure I-8 shows the general configuration of a broadband RF signal acquisition
system based on the Nyquist sampling theory [14]. The broadband signal acquisition
system consists of a front-end block that receives a wideband high-frequency signal
through an antenna which generates an analog signal suitable for the input of the
ADC by performing amplification, filtering. The output signal of the front-end is
processed for real-time digital acquisition at a high-speed back-end block. The back-
end block consists of a high-speed FPGA, an ultra-high speed ADC of several tens
of Gb/s, a high-speed memory, a high-speed data transmission device, and a digital
signal processing (DSP) with a high computation power for processing massive

digital data sets.

Nowadays with the advancement of silicon technology, 20 Gb/s or even faster
interleaved ADCs with have been reported as an integrated circuit (IC) [15].
However, to process broadband signals in real-time, a multiple-interleaved
architecture consisting of high-speed ADCs has to be implemented as an expensive
module which consumes tens of watts of power, and its size is also considerably
bulky [16]. Therefore, it is challenging to implement a receiver that collects
unidentified signals at micro-wave range with Nyquist theory, especially when we
want to implement a miniaturized micro-wave receiver for real-time signal

acquisition with relatively low power consumption.

Recently, a compressed sensing receiver that can perform a real-time signal

reconstruction has been presented as an excellent alternative to avoid aforementioned
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issues. As depicted in Figure I-9, when the input signal is sparse, it has been shown
that the signal reconstruction is possible even with sub-Nyquist sampling frequency
by utilizing a random sensing matrix that meets the restricted isometry property (RIP)
condition. This compressed sensing theory is being actively researched to speed up,
optimize, and simplify signal processing systems in various fields such as wireless
channel estimation in the wireless communication field, high-resolution radar signal

surveillance for broadband signals, and medical image signal processing.



1.2.3. Phased-array system

) )Y

Tx simo V) Y | Rx

\V% )))

)
™ [ V) miso Y— Rx

Y ))) ))) Y

Tx EW))) MIMO )))Wf Rx

Figure I-10. Examples for multiple antenna system.

Multiple antenna system is capable of steering nulls and lobes of an antenna
beam to reduce delay spread of the channel and to improve signal-to-noise ratio
(SNR), by implementing beamforming. The system can be implemented on either
the transmit side (multiple-input single-output: MISO), the receive side (signal-input
multiple-output: SIMO), or both sides (multiple-input multiple-output: MIMO) [17]
as shown in Figure 1-10. Especially, the MIMO system utilizes antenna space
diversity to create an independent channel path, and then, combines the received
signal in an optimum way using space-time processing [18-20]. The implementation
for the MIMO system based on the multiple antennas has intrigued industrial efforts

and huge number of research in last decade.
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Even though the multiple antenna system can be easily implemented to the base
station for a wire-less mobile communication [21], the system is not suitable for
mobile devices. This is because it requires the comparatively higher power according
to small hardware sharing. And also, an antenna separation on the order of a
magnitude, which can be higher than the wavelength, is needed to obtain a low
channel correlation coefficient [22]. In order to solve these problem, the phased array
system is introduced. A phased array receiver consists of independently separated
signal paths, each of which is connected to separate antenna. Generally, incident
signal from radiated transmitter arrives at spatially-separated antennas at different
times as shown in Figure I-11. An ideal phased-array system with a time delay
element such as phase shifter compensates the time delay, and combines the signals
coherently to enhance the receiver sensitivity from the desired direction while

rejecting receptions from other directions.



1.2.4. FMCW radar
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Figure I-12. Chirp Signal in the amplitude and frequency domains depending on

time.

The main concept of frequency modulated continuous wave (FMCW) radar is a
signal which is known as a chirp. The signal can be defined as a sinusoidal wave
with a frequency value that increases linearly depending on time as shown in Figure
I-12. The characteristic of the chirp signal with linear increase can create the saw-
tooth type frequency like the blue-colored line in Figure I-12. As can be seen from
Figure I-12, we can define four important characteristics that demonstrate the chirp
signal. First of all, the frequency of /. is the initial frequency. Secondly, the frequency
sweep bandwidth of B represents the frequency interval between the start and end.
Thirdly, the chirp duration of 7. represents the allocated cycle time for the chirp.
Finally, the chirp slope of S represents the rate of change of the chirp signal

frequency per unit of time, and can be defined as below

S=— (1-1)

10
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Figure I-13. The workflow diagram for the FMCW radar.

As shown in Figure I-13, the workflow diagram for the FMCW radar is presented
as follows. Initially, an on-chip synthesizer (composed by DDFS and phase-locked
loop) creates the chirp signal based on the different user-configurable chirp
parameters. Once the chirp is amplified by a power amplifier and transmitted through
Tx antenna, the Rx antenna detects the reflected and delayed chirp signal as
compared with original chirp signal. The received signal is amplified by a low-noise
amplifier (LNA), and then, is mixed with the original chirp signal to generate the
beat frequency or IF signal. Finally, the down-converted IF signal can be amplified
by an IF amplifier, and then, delivered to an ADC. The resulting serialized digital

signal from the ADC can be ready to be transmitted to any other device.

11



1.3. Thesis Organization

In this study, the designs of RF transceiver front-end for silicon-based wireless
communication and sensing applications in micro- and mm-wave bands with chip

miniaturization and low power consumption are discussed.

In chapter 2, a compact wideband matching network utilizing a single
transformer and a de-Q-ing resistor, where the negatively coupled transformer, is
proposed so as to achieve considerable size reduction compared with the n-type

inductor peaking (PIP) network.

In chapter 3, a compact I/Q upconverter as an IF up-mixer block with a
bandwidth of 800MHz for a 5G wireless transceiver is presented. The upconverter
with a QSG achieves high linearity by utilizing a cross-coupled pair operating at the
weak inversion region to provide 3rd harmonic compensation from the GM stage for
IM3 improvement. To generate I/Q signals with 25% of the duty cycle from the
available 2fi o signal, we utilized a frequency divider based on current-mode logic

(CML) latches for the compact implementation of the QSG.

In chapter 4, an ultra-fast CSRX with a 128.5 x sub-Nyquist acquisition for the
spectrum monitoring in the range of 2—18 GHz is described. To achieve broadband
operation, we implemented broadband LO chain with a shunt-shunt feedback
amplifier with equalization capability. The implementation of microwave broadband
compressed sensing is achieved based on the concept of the analog-to-information

converter (AIC).

In chapter 5, a fully integrated TRM chip operating in full X-band (8 — 12 GHz)
is implemented in 65-nm CMOS technology. Compared with the previous work, the
proposed TRM chip is designed to cover the full X-band by designing a broadband
phase shifter, and a high-performance power amplifier is designed in the Tx path to
achieve output power higher than 11 dBm. The implemented transceiver achieves an
RMS phase error of less than 5°, and an RMS attenuation error of less than 0.45 dB
with linearity and noise performance comparable to the recently reported SiGe

transceiver and I1I-V TRM MMICs, and with much lower power consumption.

12



In chapter 6, a W-band divide-by-three ILFD with an inductive feedback
network is proposed to enhance the injection current without any frequency tuning
component like a varactor or additional power consumption in achieving a wider

locking range.

In chapter 7, the research of RF transceiver front-end designs for wireless

communication and sensing applications concludes.

13



II. 1-13 GHz CMOS low-noise amplifier
using compact transformer-based
inter-stage networks

2.1. Introduction

Developing exploration on ultra-wideband (UWB) frameworks has expanded
enthusiasm for broadband low-noise amplifier (LNA) design. A broadband LNA
must have low noise figure (NF) and good input matching over a multi-GHz
bandwidth (BW) with low power dissipation. The UWB LNA ought to be
deliberately intended to give an adequately enormous amount of power gain with
minimum noise added to the framework. In UWB framework, LNA is required to
achieve a moderate passband gain with low group delay over the passband. In
addition, it should provide the wideband impedance matching to 50 Q at the input to
minimize the signal reflection at interface between a receiving antenna or band-pass

filter (BPF) and the LNA input.

A multiple-section bandpass filter with inductively generated common-emitter
(CE) SiGe, or common-source (CS) CMOS LNA have been proposed in [23-24] so
as to achieve wideband impedance matching. As compared with the CS-LNA, the
common-gate (CG) LNA proposed in [25] can reduce power consumption and
improve the linearity. However, the large number of inductors increased the NF and
also consumes a significant amount of chip area. Using a common gate (CG)
transistor for input matching is proposed in [26-28], but the additional CS stage
consumes more power and degrades the linearity. In order to achieve the capacitor
cross-coupled gn-boosting, a differential CG-LNA with stagger-compensated series-
peaking technique is reported in [29]. However, the capacitor coupled gm-boosting

has slightly better noise performance, but cause potential instability though it.

14



Lp;=0.7 nH Lyp,=1 nH
QPI =8.3 sz=8 6
40pm
Vi€ | 60nm |
Vin 50um |

Ve

Figure II-1. Schematic diagram of the proposed wideband LNA[30].

2.2. Transformer-based UWB LNA
Figure II-1 shows a schematic diagram for the LNA. The designed LNA consists

of five stages, each of inter-stage network is utilizing a de-Q-ing resistor and a single
transformer for a wide bandwidth. The proposed compact transformer-based inter-
stage network has comparable bandwidth enhancement ratio (BWER) as for the n-
type inductor peaking (PIP) network with much smaller area consumption[30]. The
designed 1-13GHz LNA is intended for an UWB radar in motion sensing and high

precision-ranging applications.

A CG amplifier with a source inductor is used as the first stage to provide a
wideband 50 Q matching at the input. The source inductor is to provide the bias
current and to increase the input bandwidth by resonating out the node capacitance
at the center frequency while achieving a moderate NF and a good linearity. In order
to achieve a wideband inter-stage network with compact area occupation, total five
stages are cascaded, each of which utilizes drain and gate parasitic capacitances and

a transformer with a series resistor.

After the CG stage, for a wideband output impedance matching, it has three
consecutive cascode amplifiers followed by the source follower at the output stage.

With a desired bandwidth of 1 - 13 GHz each transformer’s self-resonance frequency

15
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Figure II-2. The small-signal equivalent circuit models for a conventional cascaded
CS amplifier with a n-type inductor peaking technique [31] and the proposed inter-
stage network based on a single transformer.

should be higher than the highest operating frequency to ensure stable operation of

the circuit.

In [31], m-type inductor peaking (PIP) approach is proposed to achieve BWER
greater than 3. Although PIP can greatly increase the bandwidth of the cascaded
amplifier, three separate inductors (Lp1, Lp2, and Lgo in Figure 1I-2) and two resistors
(R1 and R; in Figure II-2) are required for each inter-stage of the cascaded amplifiers,
rendering the multistage amplifier quite bulky. This massive PIP can be effectively
approximated into a single compact transformer with a small resistor as shown in
Figure II-2. The trans-impedance transfer-function Zzr(s) for an inter-stage network

based on a negatively coupled transformer is derived as follows:

v sM —R
ZTF (S) — out — D

— 2,V 1+sA,+5°A +5° A, +5* 4,

2-1)
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where

M =ky\L,L,

A4y =R,(Cg, +Cp)

A =CpLy +CgyLs

A, =C,C,R, (L, +L,+2M)

2

A4y =CpCoyLpLg(1-k7) (2-2)
Through using the proposed inter-stage network based on transformer as a

compact wideband matching network, BWER is comparable to PIP approach with

far smaller occupancy area. The ultra-thick metal (UTM) with the thickness of 3 um

is used to minimize the ohmic loss for the transformer windings. The designed TF;

and TF, occupy an area of 200 x 200 pm?* and 245 x 245 um’, respectively.

17
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Figure II-4. Measured and simulated results of S-parameters for the LNA.

2.3. Measurement results

The proposed LNA was implemented with 65 nm RF-CMOS. As shown in
Figure I1-3, the overall chip area for the UWB LNA is 0.43 x 1.20 mm” The power
consumption of the LNA is 14.92 mW froma 1.2 V supply.

18
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Figure II-6. Measured and simulated results of NF for the LNA.

On-chip measurements of the phase linearity (group delay variation) and S-
parameters of the LNA were carried out by Keysight N5224A PNA. Figure 11-4
shows the measured and simulated S-parameters. Within 1 — 13 GHz, the measured

maximum value of S,; is 18.21 dB at 8.75 GHz, and the minimum value of it is 13.12
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Figure 11I-7. Measured and simulated results of group delay for the LNA.

dB at 6 GHz. In this frequency range, the measured input and output return-loss are
better than 10 dB, and the measured 3-dB bandwidth of the power gain is wider than
12 GHz. The measured results correspond well with the simulation, as illustrated in
Figure II-4. As can be seen the Figure II-5, the input-referred 1 dB compression point
(IP148) was measured by gradually increasing the input power level at 11 GHz, and
the result depicts -21.43 dBm of [P14z. The noise figure measurement was performed
with Agilent N8975A noise figure analyzer. The measured and simulated noise
figures of the LNA are shown in Figure I1-6. The minimum NF is 5.28 dB at 9.4 GHz.
The measured and simulated group delay of the implemented amplifier are presented
in Figure II-7. In the range of 3 — 11 GHz, the measured group delay variation is 101
psec at 5.1 GHz (165 psec at 10.6 GHz) and the group delay variation is around + 31

psec.

So as to assess the performance of the proposed LNA, the figure-of-merit (FOM)
is given by [35]:

_[S,,[dB]x BW[GH:]
- ‘NF — 1‘[dB] x Power,.[mW ]

FOM [ GHz }

mW
(2-3)
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Table II-1. Summary of the proposed LNA and comparison with previously
published CMOS LNAs.

LNA This work 32] 33] 34]
Tech. [nm] 65 180 130 90
Freq. [GHz] 1-13 3.1-10.6 2-9.6 3.1-10.6
Guux [dB] 18.21 12.26 11 22.6
Sy [dB] <-10 <-11.8 <-83 <-10.5
NFopin [dB] 5.8 4.24 3.6 5.5
1Py [dBm] 21.43 22 -16.5 -19.7
vaflg?fnﬁgf:c] 134431 90.9+29.8 NA 73441
Poc [mW] 14.92 10.34 19 34.8
FOM 3.42 2.74 1.69 1.08

Table II-1 contrasts the performance summary for the implemented transformer-
based UWB LNA with previously reported CMOS wideband LNAs. The proposed
LNA accomplishes better FOM than references in [32-34].
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III. Compact I/Q Up-Conversion Chain
for a 5G Wireless Transmitter

3.1. Introduction

The emerging fifth-generation wireless standard (5G) in the millimeter-wave
regime is aimed at achieving higher speed data transmission and higher capacity with
high-quality communication. Recently, a prototype system for 5G mobile

communications using the millimeter-wave band has been successfully demonstrated

[36-37].

In CMOS wireless transceiver, the direct-conversion architecture is widely used
for mobile communication since not only can it be miniaturized, it can also reduce
power consumption compared to heterodyne architecture [38-39]. However, in
implementing a highly integrated millimeter-wave transceiver with multiple
channels, the superheterodyne architecture is more reliable [37]. Specifically, the
intermediate frequency (IF) upconverter should be carefully designed with a
suppressed in-phase/quadrature (I/Q) mismatch, and it has to provide high linearity.
A variety of studies have reported the improvement of the linearity of a CMOS
upconverter, such as voltage feedback with adaptive biasing schemes [40], and a
resistive feedback network with inter-stage inductor [38], but these approaches
consume a large amount of chip area. In [39], a complementary derivative
superposition technique [41] was applied to achieve high linearity. However, the
reported quadrature signal generator (QSG) occupies most of the chip area, which is

inappropriate for a 5G wireless transceiver with integrated multifunctional blocks.
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Figure III-1. A block diagram and the specifications of the proposed up-conversion
mixer for a 5G wireless transmitter [37]. The mixer consists of a quadrature signal
generator and a Tx up-conversion chain [42].

3.2. Design of the 1/Q Upconverter

A block diagram of the designed I/Q upconverter with a QSG is presented in
Figure III-1 [42]. The designed Tx up-conversion chain consists of an intermediate
frequency (IF) amplifier, an I/Q double-balanced passive mixer for low flicker noise
[45], a current-mode GM stage with a cascode amplifier, variable resistor and digital
capacitor-bank for tuning the center frequency, and a transformer-based balun for
single-ended output. A negative gm (NGM) cell implemented with a cross-coupled
pair is connected in parallel with the output of the GM stage, which operates in a
weak inversion to cancel the 2nd derivative of gn which mainly contributes to IM3
in the GM stage [43-44]. A super-source follower which has local feedback through
M3 (Figure I1I-2 (d)) is used to drive the low IF input resistance of the passive mixer,
and it provides a high load impedance to the variable gain amplifier in voltage mode
at the baseband. The double-balanced passive mixer shown in Figure III-2(e) is

employed to perform an up-conversion with high linearity and low-flicker noise. The
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Figure III-2. Schematics of the (a) active balun, (b) unit-cells for the LO

driver and

buffer, (c) CML latch, (d) IF amplifier, and (e) double-balanced passive mixer.

double-balanced mixer can also improve both LO-to-IF and IM2 performance owing

to its balanced structure. By utilizing rail-to-rail LO signals with 25% of the duty

cycle from the QSG, a 3dB higher gain can be obtained with smaller nonlinearity

and noise contribution from the mixer compared with when using 50%

of the duty

cycle [46]. The up-converted I and Q signals from each mixer are combined in

current mode through the GM stage with cascode devices, as shown in Figure III-3.

The QSG with a 25% duty cycle consists of an active balun, a 3-stage CLK driver,

a frequency divider implemented with two CML D-latches, and a 4-stage LO driver.

24



Improved IM3
by NGM stage

§' w; O § (0] \\ §' W; § (0] \\
! 1 v ! 1 \
~ ~ ~ N \
S & \§ S '|
GM Stage | I
! }
Inl+ In|- : :
- — } |
Ci T -T_ C4 : 1
Vere R I "M M| LVRWMVBA | Negative GM Stage.:
1=
Cit E
Vszo—'WvI—I WM !
R, |
}
R, —
Vszo—‘fé‘fl—l M, M,
R1;
1 R —
V o—Mﬁl—I M I I MN—V evice parameters
” C11— _1 l IC1 o1 M, | M, [ ¢ [C | R
lal 45um(W) | 13um(W)
Ing* Ing- 60nm(L) | 60nm(L) 1'3'°F‘5‘”F‘5°"Q

Figure III-3. Schematic of the GM and NGM stages. It is noteworthy that the IM3
of the up-converted signal can be improved through the NGM stage.

It converts the single-ended 2fL.O signal to the 25% duty cycle I/Q (0°/90°/180°/270°)
signals used for the LO driving signals of the passive mixer. To generate a
differential output signal from a single-ended sinusoidal CLK signal of -10dBm, an
active balun is implemented using common gate and common source stages in
parallel, as shown in Figure I1I-2(a). Since the size of the active balun is only 65um?,
it can consume less chip area than passive balun (> 180um? at 20GHz). The rail-to-
rail output voltage swing of the active balun is achieved by using the CLK driver
consisting of three-stage self-biased inverters, as shown in Figure III-2(b). A shunt
inductor of 650pH is placed to compensate for part of the loading capacitance for
driving the loading capacitance from the CML D-latches. Since an I/Q mismatch of
the LO signal generated by the QSG directly affects the error vector magnitude
performance of the transmitter, the required gain and phase mismatch in the

upconverter should be less than 0.5dB and 3°, respectively [47]. It can be seen that
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the QSG with the frequency divider with two high-speed D-latches with inductive
peaking combined with the cascaded self-biased inverters is a quite appealing
approach to meet the gain and phase error requirements while occupying a relatively
compact area. Finally, the output I and Q signals generated by the frequency divider
are amplified to provide rail-to-rail swing to the LO of the double-balanced mixer

using the LO buffer, as presented in Figure I1I-2(b).
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Figure I1I-4. A photograph of the chip with the proposed up-conversion mixer with
the QSG (chip size: 0.58 x 0.98mm?).
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Figure III-5. Measured and simulated Si; for LOq.

3.3. Measurement results

The proposed Tx upconverter was implemented with a 65-nm CMOS process.
Figure I1I-4 presents a microphotograph of the chip of the I and Q upconverter block

(the chip occupies 0.58 x 0.98mm?). The implemented up-conversion chain
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Figure III-7. Measured up-converted RF output results with and without the NGM
stage.

consumed 48.7mW (QSG: 24.3mW, Up-mixer chain: 24.4mW) from a 1V supply,
and digitally controlled through a serial-peripheral-interface (SPI) scan-chain.

On-chip measurements of the S-parameters were performed with E8361C PNA
network analyzer, the conversion gain and output third-order intercept point (OIP3)

measurements were performed with a Keysight N9030A PXA spectrum analyzer, a
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Figure III-9. Measured up-converted RF output results for the I/Q channels with
less than 0.2dB of gain mismatch.

Keysight E8257D analog signal generator for the LO signal, and a Rohde & Schwarz
SMW200A vector signal generator for the differential I/Q baseband signals. Figures
HI-5 and III-6 show the measured S-parameters which corresponded well with the
simulation. Figure III-7 presents a comparison of the measured output spectrum with
two-tone IF inputs of 100Mz and 110MHz with and without activating the NGM cell,
the measured OIP3 with NGM was 14.45dBm while the OIP3 without NGM was
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Figure III-10. Phase mismatch based on the measured gain mismatch and IRR
contour. The phase mismatch was expected to be lower than 0.5degrees.

15.0 ' ' 20
r —o— Simulated results 1 —
125 | —o— Measured results | 15 g
—10.0 105
m 2 { =
O, 7.5 5 g
c
= 5.0 : . 0 3
M 25 -5 0.
- : TH
0.0 1002
2.5 - - 145
-20 -15 -10 -5

IF Power [dBm]

Figure III-11. Measured and simulated results of gain and RF power for the
implemented upconverter depending on IF power with fir = 300Mz and fi 0 =
22.4GHz.

only 11.87dBm, which shows +2.58dB of improvement owing to the 3rd harmonic
cancellation with a negligible extra power consumption of 438uW. On the other hand,
when the NGM is turned on, the insertion-loss is lower than 1dB. For the
measurement of the image rejection ratio (IRR), a single-tone IF input with a
frequency of 300MHz was applied at the IF input port of the mixer. As shown in
Figure III-8, the measured LO leakage and IRR were -37.7dBc and -46.9dBc,
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Table I11-1. Comparison with previously reported up-conversion mixers.

Reference This work [38] [39] [40]
Technology 65nm 65nm 65nm 0.13um
LO Freq. [GHz] 20~23 51 ~69 28 18.9 ~29
RF Freq. [GHz] 10 ~11.5 60 27.6~28.4 | 23.4~292
Pro [dBm] -10 0 -13 0
Gain 9.12 6.2 11.4 -1.9
OP14p [dBm] 2.65 -7.3 2 0.3
OIP3 [dBm] 14.45 N/A 15.7 N/A
Chip area [mm2] 0.57** 0.42* 1.23%* 0.86%**
Ppc [mW] 48.7%* 17.8%* 15%* 39.3%#*

* Mixer only, ** Mixer with quadrature signal generator, *** Mixer with LO

buffer

respectively. Figure III-9 shows the measured gain mismatch of I/Q channels by
varying LO frequency for a fixed IF frequency (Pir=-30dBm at fir = 300MHz), which
was lower than 0.2dB. Based on the measured gain mismatch and IRR, we expect
that the phase mismatch for the mixer was lower than 0.5degrees (Figure I11-10). The
measured gain and output power depending on IF input power closely matched the
simulation results, as presented in Figure III-11. Table III-1 compares the
implemented mixer with previously reported up-conversion mixers [38-40]. The
designed mixer with quadrature signal generator in the upconverter showed the

smallest chip size.
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IV. 2-18 GHz Compressed Sensing Receiver
with Broadband L.O Chain

4.1. Introduction

Good control and analysis of the spectrum are important in applications for
protection and defense. The traditional method, based on the Nyquist sampling
principle, allows an ultra-fast analog-to-digital converter (ADC) with a sampling
frequency greater than twice the average frequency of the transmitted signal to track
an unseen signal in real time. While more than 10 Gb/s, or even better, interleaved
ADCs have recently been proposed as Integrated Circuits (ICs) [14], the ultra-fast
back-end module for microwave signal monitoring still needs tens of watts of power,
and its size is considerably voluminous. It is therefore very challenging to implement
a microwave sensing receiver which collects and processes unidentified signals with
the Nyquist sampling rate in real time. The airborne surveillance systems in
particular need miniaturized microwave monitoring receivers with low power

consumption [15], [48].

Recently, a compressed sensing receiver capable of real-time signal restoration
was introduced as an excellent solution to avoid the above-mentioned problems by
obtaining a very high compression ratio between the Nyquist rate and the ADC
sampling rate at the back-end. In [48]-[51], researches for the compressed sensing
architecture have been carried out. It can be possible the reconstruction of the signal
even with a sub-Nyquist sampling frequency using a random sensing matrix that
satisfies the requirement of the restricted isometry property (RIP) [53] when the input
signal is sparse. The pseudo-random bit sequence (PRBS) signal [52-53], is the most

commonly employed sensing array.

Based on the proven compressed sensing theory several compressed sensing
receivers (CSRXs) were published in the literature [48-50] to track broadband RF
signals in real time. However, the realization of a microwave CSRX with the
broadband PRBS generation and the high-swing local-oscillator (LO) signal
transmission to the down-converting mixer without severe spectrum distortion of the

PRBS signal is challenging.
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4.2. The compressed sensing receiver design

In order to support the improved compression ratio, four independent receiving
channels with a 36-Gb/s PRBS generator having a band-equalized LO chain are
integrated to the CSRX, as shown in Figure [V-1 [54].

A 2-18 GHz distributed amplifier configured with three active balun cells, a
four-stage variable gain amplifier (VGA), and a double-balanced passive mixer are
included in the broadband receiver. The passive mixer is driven by the active balun,
which transforms the single-ended input to the balanced output in the current mode.
As shown in Figure IV-2(a), in order to the characteristic impedance Zo = 50 Q over
2-18 GHz at the RF input, a distributed LC network is constructed as the pseudo-

transmission line.

33



(v - 19uueyg) g dvl
1= (€ —19uueys) z_dvl
? + § (z-1ouueys) o avi

NG 1aa] (k- 1ouueud) £ dvi N|w<h mﬂﬁ m|w<h
—o—{zda NO|—0—da NOlo{dd NO}-o-fda NO}-o{da NO}o{dd NO}o{da  NOfo—
! I | 1
€ dvL —0—{ZNd dO|—O—Nd dOloNa dO|-4ING dOFO-{Na  dD}-oNa dD[O—Na  dO}o-
! ]
v 10 10| ¢ 12 X129 [¥19 15| [M12 12| [0 wid[ 1o 19| 19 W10
ING Ldd ¥ox| o dvL Uoela yosel-q yajera 2)el-a r_sm_.w ._.Sm_.o
y .
-1N0 -|NO Y10 W =1 et = == = = | mam o, e ] } H1<J-110
I ES VT T ANT | B/ __ =07 NN
+1n0H do Vi o) .M =] wﬁ;|_  — e i o e ] Sm— (] m— | = | c— | s 8 e =110
ZNd zdd yoerg yoerd goer-g dorer-d yoser- Yorerd 07dvl | uox|
4 W12 W10 (X192 X191 M19[ [M12 WI0] (%12 W10 [¥10 19 *[%10 310
1 1
€ dvl lo4dd  Na[-0-{d0 NA[O-|d0 Naj-o-{ddo Naf9{do Nafo{do Na$%—do eZNa|—o—
[} 1 I 1
Lo{ND __ da[-0-|ND__ da[©O-|ND__dalo-{NO  daj9-|ND  da[O-|ND dal4—|ND 2da[—0—
K R _v (v - 12uueyd) s"dvl| NG Lda
S dvl € dvl ¢ dvl (¢ - 1ouuey)) z dvi LV yy nw
(z - 19uuey) 0_dvl !

(1 - 19uueYy)) £ dVL

Figure IV-3. Block diagram of PRBS generator.
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The intermediate frequency (IF) signal in the range of 100 kHz to 500 MHz is
amplified by the VGA from the IF port of the mixer. For the low input impedance
and the improved linearity, the first stage for the VGA is the common base, which
makes the mixed IF current to easily deliver to the VGA, as shown in Figure IV-2(b).
The cascode amplifiers are used in the 2nd and 3rd gain stages. To change the
variable gain, the source degenerated resistors and the variable 4-bit resistor-bank
are implemented in each of these. So as to drive the external back-end block through

the 50-Q CPW on the PCB, the output buffer is realized.

Since the PRBS LO signal is composed of multiple sets of tones which extend
even into the IF band, the LO-to-IF isolation is most critical issues in the CSRX
design. Thus, the double-balanced mixer is built to obtain high isolation between the
mixer's LO and IF ports by canceling out the balanced LO leakages at the mixer's
IF port where the lowest LO tone is 280 MHz.

As the sensing matrix of each CSRX channel, a 36-Gb/s PRBS generator with
half-rate 36-Gb/s PRBS signal, which is integrated as the LO mixing signal, was
introduced. In order to implement the 36-Gb/s PRBS generator, an interleaved linear-
feedback shift register (LFSR), two XORs, and a 2:1 multiplexer (MUX) by using
the "cycle-and-add" nature of the m-sequence signal [56] are integrated, as shown in
Figure IV-3. The 36-Gb/s 2’-1 PRBS can be generated by seven consecutive flip-
flops with a half-rate clock (CLK) frequency of 18 GHz coming from the CLK
distribution network. According to the characteristic polynomial x7+x6+1, the
designed architecture generates L = 127 of the sequential length. In the Fibonacci
LFSR, an XOR play a role in the feedback circuit. Taps (3,6), (0, 6), (2, 6), and (5,
6) are used as the input for the channel-1, channel-2, channel-3, and channel-4 PRBS
patterns, respectively. So as to provide fax = 18 GHz to each channel evenly, three
lumped-element Wilkinson dividers are integrated in the CSRX. All the variables are
digitally controlled by using a 64-bit serial-peripheral-interface (SPI) scan-chain.

The spectrum of the PRBS (m-sequence) signal is made up of an abundant
amount of harmonic tones of f, = fprps/L = 280 MHz resulting in a broadband sinc-

shaped spectrum. Thus, the 36-Gb/s PRBS generator's the high-frequency spectrum
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Figure IV-4. (a) A block diagram and the frequency response of the band-equalized
LO generator and simulated PRBS pattern and (b) a schematic of the LO driver.

with the 2:1 MUX is specifically influenced by the the LO driving chain having a
low-pass response and frequency response of the MUX due to parasitic capacitances.
As aresults, it can be difficult to achieve successfully compressed sensing caused by
the severely distorted high-frequency harmonic tones from the PRBS generator. In
order to solve this problem, a feedback amplifier is designed to provide a broadband
input matching and the gain peaking at the designated high-frequency region as well
as to equalize the high-frequency response of the LO signal after the 2:1 MUX of the
PRBS generator, as shown in Figure [V-4(b). A shunt-shunt feedback network is
constructed with Q», Ri, Ro, and Rs. The peaking of the frequency response can be
controlled by the ratio of Ri/R, and R3/R; [57]. Figure IV-4(a) shows the simulated
PRBS pattern at the LO port of the mixer as well as at the input and output of the 2:1
MUX.
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Figure IV-5. A microphotograph of the implemented 4-channel CSRX chip (chip
size = 2.9 x 4.45 mm?)

Figure IV-6. The PCB of the packaged CSRX chip for the measurement.

4.3. Measurement results

With fr = 230 GHz, the CSRX was realized in STMicroelectronics 0.13-pm
BiCMOS process. A chip photograph of the implemented four-channel CSRX is
shown in Figure IV-5. The area of the fabricated chip is 2.9 x 4.45 mm’ The
packaged CSRX chip on the PCB is depicted in Figure IV-6. The measured results
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Figure IV-8. Measured LO-to-IF leakage at 18 GHz CLK input.

for Si; of the LO CLK and RF input are shown in Figure IV-7. The return loss of the
CLK input port was around 15 dB at f;x=18GHz, and that of the RF input port was
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Figure IV-10. Spectra of the 18 GHz RF input signal (FM with a pulse signal).

better than 10 dB over the aimed 2-18 GHz range. As shown in Figure IV-8, the
measured LO-to-IF leakage was around 90 dB.
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Figure IV-11. One of the sensed repetitive IF signal of the FM input at 18 GHz
with a pulse signal in the CSRX.
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Figure IV-12. . Spectra of the 18 GHz RF input signal (FM with a ramp signal).

A sinusoidal input signal with frr = 2 GHz using an Agilent 83623B signal

generator is firstly applied to verify the microwave compressed sensing. In order to
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Figure IV-13. One of the sensed repetitive IF signal of the FM input at 18 GHz
with a ramp signal in the CSRX.

Table IV-1. Comparison with previously reported state-of-art CSRXs in integrated

spectrum sensors.

Ref. This work [48] [49] [50]
Process ST 130nm | NG 450 nm ST 65 nm IBM 90 nm
BiCMOS InP CMOS CMOS
Fo/f 230 GHz 280 | > 300 GHz > | > 300 GHz > 155 GHz
GHz 300 GHz 300 GHz 60 GHz
Die Area 12.9 mm?2 17.6 mm?2 1.96 mm?2 8.85 mm?2
Su <-10dB N/A <-10dB <-15dB
Input Range 2~18 GHz | 0.1~2.5 GHz | 2.7-3.7GHz | 0.1~2 GHz
Nyquist Rate 36 GHz 5 GHz 2 GHz 4 GHz
Compression 128.5 13.1 6.3 12,5
Ratio
Channels 4 4 8x1/Q 8
6.1 W
DC Power 1.95W (W/ ext. 81 mW 506.4 mW
ADC)

generate a 35.56-Gb/s PRBS pattern with f, = 280 MHz, the half-rate clock signal of
17.78 GHz is applied at LO input port. With the frr = 2 GHz of the input tone, the

measured repetitive IF output tones are well matched with the theoretical values (i.e.,

320 MHz = |2 GHz - 6x280 MHz|, 40 MHz = |2 GHz - 7x280 MHz|, and 240 MHz
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= |2 GHz - 8x280 MHz|), as shown in Figure IV-9. Secondly, the frequency-
modulated (FM) RF input from the Agilent 83623B signal generator with the center
frequency frr of 18 GHz by modulating the pulse signal (Figure IV-10) is applied to
the implemented CSRX chip. Lastly, the FM RF input from the Agilent 83623B
signal generator with the center frequency frr of 18 GHz by modulating the ramp
signal (Figure IV-12) is applied to the implemented CSRX chip. The reconstructed
spectrum of the sensed IF signal corresponds well with that of the RF input signals,
as shown in Figures IV-11 and IV-13. Table IV-1 compares the implemented CSRX
with recently published state-of-the-art ones in integrated spectrum sensors [48-50].
As can be seen the comparison table, the designed CSRX shows the highest

compression ratio.
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V. Full X-band phased-array
transmit/receive module chip

5.1. Introduction

Active phased-array antenna (APAA) systems have been extensively spotlighted
in areas such as satellite communications, wireless communications, and radar
applications owing to their increased channel capacity, reduced transmit power

requirement, improved signal-to-noise ratio, and immunity to strong interference.

Until recently, phased array systems have been used primarily in defense and
space applications since an electrically scanned AP AA can support much faster beam
scanning in a more compact volume than a mechanically scanned antenna. The
traditional phased-array antenna system in defense and space applications has
employed an expensive transmit/receive module (TRM) assembled with high-cost
and bulky ITI-V MMICs [58-59] combined with a silicon-based baseband and digital

control chip to achieve high performance.

Since hundreds or even thousands of TRMs can be incorporated in a phased array
antenna system, depending on the application, it is essential that the TRM be compact,
be low-cost, and have a low-power design without compromising its performance.
Therefore, enormous amounts of research have been directed at silicon-based (SiGe
BiCMOS or CMOS) fully integrated transceiver for the TRM in X-band APAA
systems to resolve this challenging issue [60-73]. A successful design solution in
conventional digital CMOS technology must address power consumption and

production cost.

An all-RF phase shifting architecture (phase-shifting performed at RF
frequencies) is usually used to construct typical APAA systems. Compared to an
architecture that uses local oscillator (LO) or IF phase-shifting methods, an all-RF
phased array architecture has excellent suppression of interference [62] with better
linearity at the system level. It is a simple system with relatively low power
consumption as it requires only a single high-performance receiver in the sum port,

as illustrated in Figure V-1.
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Figure V-1. Block diagrams of the active phased-array system and proposed
transceiver configuration.
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The RF phase shifter is a crucial element in phase array systems [74]. Therefore,

in designing a TRM, its phase-shifting capability should be agile enough to steer the

main lobe of the array antenna precisely, and its bandwidth should be wide enough

to support various applications. In the design of wide-band phase shifters with high

linearity and low power consumption in CMOS, the use of phase shifter topology

configured with a high-pass (HP) / low-pass (LP) passive network has been

widespread because it has negligible power dissipation, a simple control mechanism,

and less reliance on the RF performance of the active device [75-76]. However, the

HP/LP phase shifter only satisfies the desired phase shift with an acceptable port

impedance match over a narrow frequency range. Thus, the inherent broadband

characteristics of this type of phase shifter have not been efficiently deployed. Also,
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the conventional iterative design approach takes more time to achieve the required

bandwidth and phase error.

In order to improve the operating frequency range of the passive phase shifter,
we misaligned the resonant frequency of the HP/LP network from the center
frequency using derived formulae. With this approach, more than 50 % of the
operating range under 5° of RMS phase error was enhanced. A detailed analysis with

derived design equations is presented in Section II.

A block diagram of the proposed X-band TRM chip is illustrated in Figure V-1.
In comparison with [64-65], the proposed TRM chip utilizes not only a single SPDT
(three SPDT switches in [64]), but also shared phase shifter and attenuator (separate
phase shifters and attenuators for Tx and Rx path [65]) by employing a bi-directional
gain amplifier (BDGA) in Tx and Rx operations. Therefore, the proposed
architecture has the advantage of reducing path loss and chip occupancy. Moreover,
a wideband operation of the passive phase shifter could be achieved by assigning two
separate resonant frequencies for the leading/lagging networks for the phase-shifting
units where we controlled the slopes of their phase responses to meet the desired

phase shifts at the center frequency.

Since the output power and the noise figure of the bi-directional transceiver with
two-ports [70, 72] was limited by the performance of the BDGA, we implement a
TRM chip with an SPDT switch to add PA and LNA separately. Also, the SPDT
switch was used as a duplexer to select the Rx/Tx signal for bi-directional operation.
The Rx path of the SPDT switch is connected to the output of the LNA from the Rx
input, while the Tx path is connected to the PA for improved Tx output power. The
TRM chip was fabricated in 65-nm CMOS technology with eight copper metal layers
and one aluminum metal layer, and the top layer (3 pum) was used for passive

component design.
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6-bit Phase shifter
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Figure V-2. Schematic and all device parameters of the proposed X-band 6-bit
passive phase shifter using HP/BP/LP networks.

5.2. X-band transceiver design

5.2.1. 6-bit broadband passive phase shifter

The analysis presented in this section was contributed by Mr. Van-Viet Nguyen
[77]. The implementation of the phase shifter was co-worked with Mr. Nguyen [77-
78]. The typical structure of an HP/band-pass(BP)/LP phase-shifting cell includes
third-order T-type HP filters, L-C-L BP filters, C-L-C BP filters and n-type LP filters
as shown in Figure V-2 to minimize the number of inductors required. In comparison
with [70, 72], we designed a 5.625° phase shift cell with BP and LP networks instead
of switch to significantly enhance the operating frequency range. Inductors usually
consume most of the chip area. The element values of each HP and LP network can
be determined from its resonant frequency and the insertion phase at a given

frequency by assuming that the network is well matched at its input and output ports

(i.e., |£S21|=¢ and S11=S22=0). The element values of the networks can be

calculated as follows [79]:
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where ¢; and ¢, are insertion phases of HP and LP networks at their resonant
frequencies f; and f, respectively. In conventional design methodology, HP and LP
networks are considered to resonate at the same frequency, that is, the center
frequency of operation fj. It is also assumed that each network has half of the
expected insertion phase shift but with opposite signs at fy. Each circuit element is
calculated from (5-1) to (5-4) by setting f; = f> =fy and ¢; = -¢> = Adu/2.

However, this simplification undesirably limits the design space, which prohibits
the network from operating at wideband. Thus, we eliminate this simplification in
our work to significantly improve the phase error performance over the frequency
band of interest. The phase responses of HP and LP networks, ¢rpy and ¢.pv, as a

function of frequency fare presented in (5-5) and (5-6), respectively.

Dupn (f) =

- itan(ﬁjncos (¢1/2)—(f1/.f) sin’(¢,/2) | 5.5,
2 1=2(f,/ f)*sin*(¢,/2)

b

S ¢ \1+cos’ (% /D—(f 1 £ sin’ (@, /2) | (s
£o\2)  1=Af/ f)sin’(,/2) '

47



360 360
Proposed Phase shifter

270 | Conventional Phase shifter 4 270
o 180 F o
S, I Y I,
) L
Q90 = g
c - c
O 0 = q,
o S
" R
(] Y=
~ 90} 90
)
7] i 3
8 80t -180 ©
o - ]

270k Proposed LP  ----- Conventional LP | 579 &

Proposed HP ----- Conventional HP
_360 " [ " [ [ 2 [ 2 [ 2 [ " [ " _360
0 5 10 15 20 25 30 35 40

Frequency [GHz]
Figure V-3. The demonstration of bandwidth improvement of the proposed method.

A derivative of (5-5) and (5-6) with respect to f represents the slope of the insertion
phases of two networks, as expressed in (5-7) and (5-8):

d
E¢HPN(f)_
A" 01[2Cf(ﬁ/f)4+cl(2bl—3)(fl/f)2+b1} (5-7)
f? [1—2c1(f1/f)zfmf(fl/f)z[bl—cl(fl/f)zf’
d
g(bLPN(f)—

| @211 1) re@h =31 L) +h| G
L (126, (£ 1) [ +@ (11 1) [b=es (1) ]

where ai, by, ¢1, and as, by, ¢, are simplified as in
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a, = tan(d, / 2);b, =1+ cos’ (¢, / 2);c, =sin’ (¢, /2)
a, = tan(¢, / 2);b, =1+ cos’(¢, / 2);c, =sin’ (¢, / 2)

To achieve wideband operation of the phase shifter with HP/LP networks, the
slope of the phase response of each filter network should be equal and kept constant
over the target frequency band. Figure V-3 shows the phase responses of the HP and
LP filter network for a 90° phase shift and their corresponding slopes. It can be
observed that the slope of the phase response of the HP network is steadier in the
high-frequency region about its resonant frequency f; whereas that of the LP network
is more stable in lower frequency region about its resonant frequency f>. Thus, to
have the minimum phase error over the target frequency band, it is necessary to shift
the resonant frequency of the HP network f; lower than the center frequency and that
of the LP network /> higher than fy. By setting the phase responses of each HP and
LP network in opposite directions, we can achieve a flatter phase response slope in
the band of interest. With this approach, the phase error is significantly improved
within the band. The phase shift of a specific cell is the difference between the two
transmission phases as expressed in (5-9). The phase slopes of the two networks at
the center frequency fj should be aligned to achieve a constant phase shift over a
specific frequency range. In other words, the optimized phase error happens when

(5-10) and (5-11) are satisfied.

AP(f) = ¢HPN (f) _¢LPN (f) (5-9)
A¢(f(;) =A¢0 (5-10)

d _d
E(bHPN (fo)— df ¢LPN (fo) (5'11)

As can be observed from (5-7) and (5-8), (5-11) naturally happens when setting
these constraints: f;/> = fp> and ¢; = -¢@>.

49



Applying the above constraints, (5-9) becomes

Ad, = tan™
f o[BI 00’ (@ /D= (fi/ fo) sin (4 /2) |
L Jo 2 1=-2(f;/ f;)*sin’ (4, /2) (5-12)

fotan( ¢1/2)1+cos( —4,12)—(f, ] f,)? sin*(— ¢1/2)}
£ 1-2(f,/ 1,)* sin*(=¢, / 2)

The values of ¢; can be obtained by solving the above equation with f; and f>
corresponding to the frequency band of interest. The value of each element in the HP

and LP networks can be calculated from (5-1)-(5-4).

The circuit size of HP/LP phase shifters depends on their operating frequency
range. For some frequency bands, the above topology and analysis generate
impractical inductance and capacitance values. Therefore, it is necessary to employ
a different configuration as a realizable solution. One of the candidates uses the BP
configuration shown in Figure V-2 as the leading phase network, while the lagging
phase network is realized with a third-order LP filter. The transmission phase of the

BP network as a function of frequency is expressed in (5-13).

_ -1 l_afz
¢ppy (/)= tan (—bf j(5-13)

where a = 8n21.1Cy = 1/f12, b = 4nZC, and f; is the resonant frequency. The
derivative of (13) concerning the frequency f'is the slope of the transmission phase

of the BP network as shown in (5-14) where ¢3 is the transmission phase at fy.
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From the condition A¢y = ¢sen (f0) - dren (fo), we have (5-15):
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1+ cos ( )— ( )
&tan(ﬁj £ v ag, 19
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5

From the condition d/df [¢psen(fo)] = d/df [dpren(fo)], we have (5-16):

[/ £ =[S/ ) +1]fytan g,
(-l 1 T 22+ [0 27 ] Grtan g 5.16)
=[i}< 2a,6}(f,1 15)' +a,e,(2b, =3)(fo 1,) +ab,
L) [12e, (0 £ T+ (i £) [B-e(i £ ]

where a,=tan(¢,/2), b)=1+cos2(¢2/2), and c;=sinx(¢»/2).

The value of ¢> can be obtained from (5-15) and (5-16) with f; and f> as the
frequency band of interest. The value of L and C for each network can then be easily

calculated. Because the analysis does not take parasitic elements into account for
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simplicity, there are errors in the relative phase shift between the calculation and the

simulation results.

The basic structures utilized in the proposed wideband phase shifter are third-
order HP and LP filters. The phase response of each network is determined by the
location of its poles and zeros. Thus, the shape of the phase response of the networks
can be manipulated to increase phase error bandwidth by appropriately adjusting the
relative location of the poles and zeros. For a qualitative examination, the transfer

function of the HP network is expressed in (5-17):

7 ) ( - Z 1 ) (5-17)
S+H—— || s+ L5+ ———
Z,C 2L° 2LC

The network has a simple pole and a pair of complex poles as follows:

: Z

PRt - Z, 2
1 ZOC (5—18.3), p2,3 4L

1
“2Var 1 ¢
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Capacitance and inductance values can be calculated at the resonant frequency

fi1 given by

L =Z,/[o, sin($)] (5-19)

C =[Z,0, tan(¢,/2)] " (5-20)

Substituting (5-19) and (5-20) into (5-18.a) and (5-18.b) leads to

p=atan(@/2) saa; | pas|= @ sin(g /2) 21

Similar results for the LP network can also be obtained as in (5-22).

p=a/tan(¢/2) 2.4 |Pas| =@, /sin(d, /2) 522

As can be seen from (5-21) — (5-22), the pole locations are directly proportional
to the resonance frequencies of the networks. Thus, when a resonant frequency is
shifted, its pole locations move accordingly. If the resonant frequency of the LP
network is increased and that of the HP network is decreased, the poles of the LP
network will be pushed further apart, and the poles of the HP network will be pulled
nearer together on the frequency axis. By doing that, the transition area of the phase
responses of the two networks is expanded, resulting in a constant relative phase shift

over a broader range of frequency. A phase-shifter with the proposed method is
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Figure V-4. The simulated relative phase shift levels in all phase states.
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Figure V-5. The simulated RMS phase error of the proposed method and the
conventional method.

compared with a conventional one, which illustrates a definite bandwidth

improvement as shown in Figure V-3.

The phase-shifting cells for 5.625°, 11.25°, and 22.5° are constructed with a
combination of L-C-L BP and T-type LP networks designed with the available sizes
of inductances and capacitances. The phase-shifting cell of 45° is constructed with a
C-L-C BP and a n-type LP network to minimize its area consumption compared with
a T-type network configuration. The phase-shifting cell for 90° comprises a T-type
HP filter and a n-type LP filter with third-order filter networks, while 180° phase

shifting is formed with two 90° cells in series. Figure V-4 shows the relative phase
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Figure V-6. Schematic [72] and all device parameters of the SPDT (left) and DPDT
(right) switches.

shift levels which are very flat over the entire X-band. The RMS phase error is less
than 2.3° in 8-12 GHz which is much smaller than that of the conventional design as

presented in Figure V-5.

A low loss switching mechanism is required to perform the phase-shifting
function with coverage of 360° in steps of 5.625°. The SPDT and DPDT switches
configure the path through the phase-shifting elements to produce the desired
insertion phase shift. The phase shifter employs two SPDT (single pole double throw)
switches and four DPDT (double pole double throw) switches as shown in Figure V-
6 [72]. For the SPDT switch, the series transistor (M;) performs the primary
switching function. Shunt transistors (M>) are added to improve the isolation between
different paths. In the design of the SPDT and DPDT switches, the gate terminals are
biased through a large resistor Rg to reduce fluctuations of Vgs, and Vgp due to
voltage swings at drain and source. This Rg will keep the on-resistance of the
transistors unchanged and avoid excessive voltage across the gate dielectric which
causes breakdown issues. The SPDT switch is also used as a duplexer in the proposed

transceiver.
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6-bit Attenuator
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Figure V-7. Schematic and all device parameters of the designed X-band 6-bit step
attenuator.

5.2.2. 6-bit step attenuator

There are two basic topologies commonly employed in the digital attenuator
designs: resistive m-type attenuators, and resistive T-type attenuators. These
conventional structures consist of series/shunt switches and resistors. The switches
are usually realized as a single NMOS transistor, so NMOS transistors are crucial
elements in determining the performance of a digital step attenuator. Explicitly,
NMOS switches can be approximately modeled by the resistor Ron in the ON state

and the capacitor Corr in the OFF state.
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In this design, a 6-bit CMOS digital attenuator is designed with a resistive n-type
structure as depicted in Figure V-7. It should be noted that the implementation of
the 6-bit step attenuator was co-worked with Mr. Nguyen [77-78]. The attenuator
covers the range of 0 to 31.5 dB with steps of 0.5 dB. The relative attenuation level
is obtained by taking the difference between the attenuation state and the thru state
as controlled by single NMOS switches. One of the challenges in designing an
attenuator is to sustain reasonable impedance matching for both of its states. The
large resistor R» at the gate keeps Vs and Vgp almost the same during its operation,
which relieves the impedance changes that depend on the switch states. By using two
inverters with large resistors to bias source and drain terminals of the series switch,
the contrast of the channel resistance of the series switch (M) for ON/OFF states can
be improved to provide less insertion loss of the attenuator at the thru state than that

of the attenuators in [70-72].
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Figure V-8. Schematic and all device parameters of the transformer-based BDGA.
5.2.3. Cascaded distributed amplifiers

Distributed gain amplifiers (DGA) have been widely used in wideband
applications in the microwave regime due to their excellent input and output
matching characteristics as well as their wideband frequency response [80-81].
However, the summing nature of the distributed amplifier cells results in a power
gain limitation, which is typically less than 10 dB. A wideband low-noise amplifier
(LNA) and bi-directional gain amplifiers (BDGAs) composed of cascading
distributed amplifiers with a common source (CS) stage in the middle were used to
provide higher power gain as illustrated in Figures V-8 and V-9. Furthermore, a
transformer was used to reduce area occupancy, minimizing the number of inductors
used for the artificial transmission line by combining the parasitic capacitance of the

DGA transistors.
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Distributed Gain Amplifier
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Figure V-9. Schematic and all device parameters of the transformer-based LNA.

The schematic diagram for the BDGA is presented in Figure V-8. The circuit is
composed of four-stage bi-directional distributed gain amplifiers (BDGAs) and a
cascading connection stage for gain-boosting at the middle. Like the conventional
BDGA, on-chip transformers and the parasitic capacitance of transistors form
artificial transmission lines at the input and output, enabling the amplifier’s
broadband operation. Because of the cascading connection between the BGA stages,

the cascaded BDGA takes advantage of multiplicative gains.

The schematic and the device parameters for the LNA are presented in Figure
V-9. The LNA consists of gain amplifiers (GAs) and the cascading connection stage
for gain-boosting in the middle. It is noteworthy that the center frequency of the LNA
is around 12 GHz since the phase shifter has quite a large amount of insertion loss at
this frequency. In other words, the LNA is designed to compensate for the loss in the

whole transceiver at that frequency.
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Figure V-10. Schematic and all device parameter of the full X-band PA.

5.2.4. Wideband power amplifier

The wideband PA was employed after the SPDT duplexer for Tx operation to
enhance the output power and provide a proper power gain of the transmitter as
shown in Figure V-10. The implementation of the wide-band power amplifier was

contributed by Mr. Van-Son Trinh based on his previous work in [82].

The PA is constructed from two stages of push-pull amplifiers using a cascode
configuration combined with two stages of a transformer-based distributed amplifier
[77]. The push-pull structure naturally delivers the combined power of two
independent transistors to the load. Moreover, by using a 1:2 transformer at the

output, the load impedance seen by the transistors could be effectively reduced [82].
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Therefore, more current can be drawn by the transistor, which results in higher output
power delivered to the load. In this design, an RC bias circuit which is similar to the
bias configuration used for a stacked transistor in SOI-CMOS technology [83-84] is
employed to bias the gate of the cascode transistor M3 to achieve equally distributed
voltage over the two stacked NMOSs in the cascade configuration. An RC feedback
network is also used to make the PA stable with its improved bandwidth [85].
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Figure V-12. The measurement setup for the S-parameters, phase shift, attenuation,
and output power of the chip in Rx/Tx operation.

5.3. Measurement results

The X-band phased-array TRM chip was fabricated in 65- nm CMOS technology.
Figure V-11 shows the chip-photograph of the implemented transceiver, which
occupies 4 mm % 1.88 mm, including all the pads. As shown in Figure V-12, the TRM
chip was measured with on-chip probing. A 64-bit serial-peripheral-interface (SPI)

scan-chain was integrated for digital control of each block. The equipment used for
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Figure V-13. Simulated and measured results for the Si; and S, of the transceiver
in Tx operation depending on 64 different phase-shift states.
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Figure V-14. Simulated and measured results for the Tx gain of the transceiver in
Tx operation depending on 64 different phase-shift states.

measurement was as follows: Agilent E4407B spectrum analyzer, Keysight DSO-X
6002A digital oscilloscope, Agilent 83623B signal generator, and Keysight N5224A

network analyzer.
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Figure V-15. Measured relative phase shift of the transceiver in Tx operation.
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Figure V-16. Simulated and measured results for the RMS phase error of the
transceiver in Tx operation.
In Tx mode, the simulated and measured Si; and Sy, for 64 different phase states
are presented in Figure V-13. Between 8 and 12 GHz, the input and output return
losses are better than 10 dB. Figure V-14 shows the simulated and measured gain of

the Tx for 64 different phase states. The gain flatness is about = 2 dB. As shown in
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Figure V-17. Measured relative attenuation level of the transceiver in Tx operation.
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Figure V-18. Simulated and measured results for the RMS amplitude error of the
transceiver in Tx operation.

Figure V-15, the measured relative phase-shift in the X-band has a resolution of
5.625° and covers 0° to 360°. The simulated and measured results for the RMS phase
error in the X-band are depicted in Figure V-16. The measured RMS phase error is

less than 5°, which is smaller than the resolution. The measured relative attenuation
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Figure V-19. Simulated and measured results for the output power of the
transceiver in Tx operation at 10 GHz.

level of the transceiver in the Tx operation is shown in Figure 17. It shows a
resolution of 0.5 dB in the whole X-band. The simulated and measured results for
the RMS amplitude error of the transceiver in the Tx operation are illustrated in
Figure V-18. In full X-band, the measured RMS amplitude error is less than 0.45 dB,
which is smaller than the amplitude resolution. Figure V-19 shows the output power
response of the transceiver in Tx operation measured with a 10-GHz input signal at
the reference state of the phase shifter (i.e., all zero-bit state). The saturated output
power (Psar) of 15.18 dBm and output 1-dB compression point (OP14g) of 11.84 dBm
can be o bserved. The total power consumption of the transceiver with 1 V supply is

216 mW at the OP1dB output point.

In Rx mode, the simulated and measured Si; and S», for 64 different phase states
are shown in Figure V-20. The input and output return losses are better than 10 dB.
Figure V-21 illustrates the simulated and measured gain of the Rx depending on 64
different phase states. The gain flatness is about + 2 dB, and the 3-dB bandwidth is
wider than 5.2 GHz (7 to 12.2 GHz). As shown in Figure V-22, the measured relative
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Figure V-20. Simulated and measured results for the Si; and S, of the transceiver
in Rx operation depending on 64 different phase-shift states.
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Figure V-21. Simulated and measured results for the Rx gain of the transceiver in
Rx operation depending on 64 different phase-shift states.

phase-shift in the X-band has a resolution of 5.625° and covers 0° to 360°. The

simulated and measured results for the RMS phase error in the X-band are depicted

67



400

300

E —
| ﬁ
RIS — tg

Relative phase [deg.]
N
S

10

11

Frequency [GHz]

12

Figure V-22. Measured relative phase shift of the transceiver in Rx operation.
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Figure V-23. Simulated and measured results for the RMS phase error of the

transceiver in Rx operation.

in Figure V-23. The simulated and measured RMS phase error is less than 5°, which

is smaller than the resolution. The measured relative attenuation level of the

transceiver in the Rx operation is shown in Figure V-24. It shows a resolution of 0.5
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Figure V-24. Measured relative attenuation level of the transceiver in Rx operation.
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Figure V-25. Simulated and measured results for the RMS amplitude error of the

transceiver in Rx operation.

12

dB in the X-band. The simulated and measured RMS amplitude error of the

transceiver in the Rx operation is illustrated in Figure V-25. In full X-band, the

measured RMS amplitude error is less than 0.45 dB which is smaller than the
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Figure V-26. Simulated and measured NF of the transceiver in Rx operation.

resolution. The simulated and measured noise figure (NF) of the transceiver in the
Rx operation is presented in Figure V-26. The NF measurement was carried out from

the Y-factor method, showing a minimum NF of 8.4 dB in the w hole X-band.

Table V-1 compares the implemented transceiver with previously published I1I-
V chipsets and SiGe based transceivers for X-band phased-array systems. It shows
that the implemented TRM chip shows the highest OP1dB, gain, and widest
operating frequency range among the CMOS based phased-array chips and has RF
performance comparable with SiGe transceivers and III-V chipsets with much lower

power consumption.
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Table V-1. Comparison with previously reported state-of-the-art X-band phased-
array transceivers.

PS RMS
' fur /Atten. Rx NF RX/TX Rx/Tx | phase/ Chip Rx/Tx
Ref. Tech. [GHz] 4 of Func. [dB] Gain OP 4 amp. area Ppe
. [dB] [dBm] error [mm?] [mW]
bits
[dB]
This 65nm 312 6/6 Rx 84 15 NA 5/0.45 752 110
work | CMOS Tx - /15 /11.84 : : 216
0.2um Rx 5 NA L5 600
B8 e |12 " Tx 8 /5 /14 008 | B 600
0.25um 8.5- Rx 27 13 1200
B9 | vt |10 o5 /Tx 23 NA no | NASS 20 /1200
0.25um Rx 20 NA 1500
[60] o 8-11 5/5 T 9 0 s 6/1.5 84 1500
0.25um Rx 17 NA 800
07 8-11 5/5 T 10 "7 L 6/2 16 1200
0.18um 24.5 NA 561
[62] s 6-18 4/NA Rx 42 PR Na | 5709 | 539 NA
0.13um 11 12.5 33
[63] SiGe 8-10.7 S/INA Rx 4.1 /NA INA 9/0.6 13.3 /NA
0.13um Rx 25 6 352
[64] S 9-11 5/NA P 3 o gh 38/1.2 15.6 et
0.25um Rx 17.8 NA 330
[65] " 8-12 6/6 - 9.8 2 e 2/0.25 9 00
0.18um Rx 16 NA 215
[66] . 8-16 7 £ 10 b ¥ 2.8/0.3 16 50
0.13um Rx 13 NA
167] ) 8-12 6/6 P 1.5 NA n 3/0.5 54 NA
0.13um 8.5- 12.2 -7.5 144
168] - ok S5/NA Rx 34 ey i 12/04 | 725 NA
0.18um Rx 12 1 670
169] s | 85710 6/6 M 8.5 o s | 2025 12.8 1640
0.13um | 85- Rx 35 65 154
701 | “g6e | 105 . /Tx 75 /3.5 65 | 430812 /154
0.13um NA NA 870
[71] SiGe 7.9-9.6 4/3 Tx NA /115 /8.8 5/0.5 8.7 1870
65nm Rx 3.7 NA 170
[72] CMOS 8-10.5 6/6 Tx 10 ;37 /5.1 4/0.5 9.56 1170
0.13um Rx 9 NA 500
1731 | opos | 910 6/5 i NA I by 23/0.4 28 200
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VI. W-Band Divide-by-Three Injection-Locked
Frequency Divider With Injection Current
Boosting Utilizing Inductive Feedback

6.1. Introduction

Agile and wideband signal generator using a phased locked loop (PLL) is
essential for a highly integrated millimeter-wave (mm-wave) transceiver.
Specifically, the first-stage frequency divider in a W-band PLL is one of the critical
components since the operation frequency of a divider in the PLL must cover the
whole oscillation frequency of a voltage controlled oscillator (VCO) with a
reasonable input power level. For the mm-wave application, the static/dynamic
current-mode logic (CML) based frequency dividers (FDs) [86-88], and the injection
locked frequency dividers (ILFDs) are typically employed for the first-stage of the
divider chain in the feedback-loop [89-98]. Although static CML based FD can
achieve wide bandwidth, they consume higher power dissipation than dynamic CML
FDs and ILFDs for a specific operating frequency. Moreover, ILFD can be applicable
to even higher frequency than static CML FD owing to the injection-locking
mechanism [89]. Thus, the ILFD is one of the most promising solutions to achieve
an ultra-high operating frequency with low power consumption. Among many types
of ILFDs, the inductance-capacitance (LC) based divide-by-three ILFDs are suitable
for W-band applications due to high division ratio as well as their low power
dissipation [90-95]. Figure VI-1 presents the mechanism of the conventional divide-
by-three ILFD [90]. The injection current transformed by the injection voltage of the
input transistor is applied to the mixer]l where the third harmonics of the injection
current is mixed with the second harmonic so that it can be locked by the one-third
of the applied input frequency (fin). One of the critical disadvantages of the ILFD is
the narrow locking range at the expense of low power consumption. The locking

range of divide-by-three ILFD is given by [89]:
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Figure VI-1. A block diagram of the function of divide-by-three injection locked

where liy; is the injection current from the input transistor, o is the oscillation
drain current of the mixer, and QR is the quality factor of the resonator used in the
ILFD. To improve the locking range of the divide-by-three ILFD in the mm-wave
regime, a variety of studies have been conducted. In [93], an injection enhancement
with resistive feedback was applied, but its locking range without the varactor was
still narrow which is less than 3.8%. In [95], a second harmonic generator was

proposed to enhance the strength of the weak harmonic component, but it was at the

frequency divider (ILFD).

expense of more power dissipation.

73

P W,



VDD

RL1 RI-1

In+ In-

Figure VI-2. Schematic of the proposed ILFD with inductive feedback for Iiy;
boosting [102].

6.2. Design of the ILFD with inductive feedback

The schematic diagram of the proposed ILFD is shown in Figure VI-2 [102]. The
ILFD consists of an injector M; to convert the input voltage into injection current, a
transistor M as Mixer, the cross-coupled pair as Mixer, a shunt LC tank consisting
of L3 and the parasitic capacitance from M, working as a band-pass filter, two routing
lines (RL; and RL,), and two lumped inductors (L; and L,). Specifically, L, is
employed as the inductive feedback component to enhance the injection efficiency
of the 2w, and 3w, components, and L, is used as the peaking inductor to boost the

voltage swing at the source node of M, [99-100].
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Figure VI-4. Locking range versus L; and Lo.

To maximize the locking range of the proposed divider, the values of L; and L.
have been swept, and the locking range is strongly affected by the size of L, and L.
as denoted in Figures VI-3 and VI-4. This verifies that the line inductances from the
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Figure VI-6. Injection current at 3w, versus L; and L.
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Figure VI-7. Total (l200t1300) injection current versus Li and L.

extra routing lines are not sensitive to the locking range up to 100pH. Figures VI-5,

VI-6, and VI-7 depict the source injection current (lir)) of M, with the 2w, and 3w,
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Figure VI-9. Simulated locking range with and without feedback inductor for the

proposed ILFD.

components depending on the size of L; and Lo.

We emphasize that the injection efficiency is proportional to the injection current

[101]. Figure VI-8 compares the simulation results of the Ii,; with and without

L=70pH and L,=60pH. With the optimized size of the inductors, the 2w, and 3w,

components were improved by 3.2 and 4.2 times, respectively. As a result, the

locking range of the proposed ILFD with the input power of 0dBm is from 74.5GHz

to 84.6GHz, as presented in Figure VI-9.
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Figure VI-10. A microphotograph of the proposed ILFD chip with the inductive
feedback (core size: 0.68 x 0.33 mm?).
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Figure VI-11. Measurement set-up for the proposed ILFD test-block with driving
buffer.

6.3. Measurement results

The proposed divide-by-three ILFD was implemented with 65-nm CMOS
process. Figure VI-10 shows a microphotograph of the chip (the core size is 0.68 x
0.33mm?). The implemented ILFD consumed 7.88mA from a 1 V supply.

78



< Agilent 10:46:37 Oct 2, 2019

Mkrl 26.00000 GHz
Ref @ dBm Atten 10 dB -19.81 dBm

Ef:k — Fﬂee-running
10
./ | —— Locked 3
1
' Marker ‘5&[ Y
26.000000000 GHz | |\
-19.81 dB P #
m 3 Hh'l WH,QL
H1 Y2 ; Wj(‘] I 1“\"’”\
. sl ' ,.. F -
> o W W e e e
Center 26 GHz Span 100 MHz
#Res BH 108 kHz UBH 100 kHz  Sweep 12.88 ms (401 pts)

Figure VI-12. Measured spectra in free-running and locking state for the proposed
ILFD with input frequency of 78 GHz.
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Figure VI-13. Measured sensitivity curve and locking range for the proposed ILFD.
As illustrated in Figure VI-11, Agilent 83623B signal generator with OML
S10MS-AG mm-wave source module was used for a W-band input signal where

Quinstar QAD-WO00000 tunable attenuator was employed to control the input power
level. Anritsu MS2668C/Agilent E4407B spectrum analyzers were used for the
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Figure VI-14. Simulated and measured output power for the proposed ILFD with
input power of 0dBm. The measured output power is considered the loss caused by
probe-tip and cable.
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Figure VI-15. Measured phase noise for the proposed ILFD in locking condition.
The phase noise of the input frequency was measured using by harmonic mixer
(Agilent 11970W).

output spectrum and phase noise measurements. Since the output power from the W-

band source module is lower than 0dBm considering the losses from the probe-tip

and WR-10 wave guide, a characterized on-chip driving buffer with a power gain of

12dB was included in the test block.
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Table VI-1. Comparison with previously reported mm-wave CMOS divide-by-three

injection locked frequency dividers.
Ref. This [90] [91] [92] [93] [94] [95] [96]
work
Tech 65nm 130nm 130nm 65nm 90nm 90nm 65nm 65nm
€. | cmos | cMos | cMos | cMos | cMos | cMos | cMmos | cMOos
ra. 82.5 60 72.2 54.6 93.5 84.3 1254 134.6
[GHZ]
. 6.3GHz 5.8GHz
Locklng 8.6GHz 1.8GHz (9.12%)* (11.2%)* 2.1GHz 11.2GHz 3GHz 0.4GHz
.9%)** 1%)** . z z 3%)** 2%)** 2.4%)** 0.29%)**
Range (10.9%) (3.1%) (;E;(oil)-l** (3.2&1{)** (2.3%) (14.2%) (2.4%) (0.29%)
Pin
0 0 7 2 0 3 -6 -8.5
[dBm]
Poc 7.88 13 2 3 3.7 10.8 9.1 2.3
[mW]
FoM1
[GHZ2/ 90.04 8.3 27.37 22.97 53.07 43 .81 164.6 165.7
mW2]
FoM?2
[%/rnW 4.19 0.7 1.62 2.4 1.84 1.98 3.18 2.7
2]
PN
@
1MHz -117.13 | -131.36 | -120.85 -115 -124.1 -125.43 N/A >-115
[dBc/Hz
1
Ar 6221 0.22%++ 0.68 0.069%+* | 0.09%%* 0.56 0.52 0.04+++ 0.46
[mm’]

Locking Range (%) = Locking Frequency Range / Center Frequency, * with
varactor, ** without varactor, *** core size,

Figure VI-12 presents the measured output spectra of the ILFD with free-
running and locking conditions. The output spectrum of the locking state shows the
better phase noise than that of the free-running state. The measured sensitivity curve
and locking range for the implemented ILFD are presented in Figure VI-13. The
measured ILFD worked properly from 73.9GHz to 82.5GHz (Locking
range=8.6GHz) with an input power of 0dBm. At the input power of 0dBm, the
simulated and measured output power after calibrating the insertion-loss from the
probe-tip and cable is shown in Figure VI-14. As shown in Figure VI-15, the
measured phase noise at | MHz offset frequency is about —117.13dBc/Hz. The phase
noise difference between the input and output at | MHz offset is well matched with

the predicted value (201og103 = 9.54dB).
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Table VI-1 compares the implemented ILFD with previously reported mm-wave
ILFDs in CMOS [90]-[96]. The comparison table reports two different figure-of-
merits (FOMs) defined as in [94, 97]:

_ LR(GH2)x f,, (GHz)
P, (mW)x P,.(mW)

FoM

1 (6-2)

LR(GHz) <10 Division ratio

0% x

f;enter (GHZ) Pin (m W) X PDC (mW)
3)

FoM , =

(6-

The designed ILFD measured a locking range over 10% without any extra power
consumption or frequency tuning varactor in W-band. Thus, it achieved the highest
FoM; among the recently reported CMOS ILFDs owing to the proposed inductive

feedback network in boosting the injection current substantially.
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VII. Conclusions and Future Work

7.1. Conclusions

In this dissertation, the designs for RF transceiver front-end are demonstrated for

wireless communication and sensing applications.

In chapter 2, a 1-13 GHz 5-stage LNA was implemented in 65 nm CMOS. The
proposed transformer-based LNA with 14.92 mW of the power consumption, the
achieved 18.21 dB of the maximum gain, minimum noise figure (NF) of 5.28 dB,
input-referred 1 dB compression point of -21.43 dBm, and the group delay variation
of £31 psec. The realized 5-stage UWB LNA with transformer-based inter-stage

network consumes the core size of 0.52 mm?.

In chapter 3, an I/Q up-conversion chain was presented in a 65-nm CMOS
process. The QSG is combined with I/Q mixers with 25% duty-cycle I/Q signals. In
order to improve OIP3 in the chain, a negative GM stage after the transconductance
(GM) stage in the upconverter was employed. The designed mixer achieved 9.12dB
of Tx gain and 14.45dBm of OIP3 with 46.9dB of IRR. The designed upconverter
consumes the power consumption of 48.7mW, and occupy only 0.57mm? of chip

area including pads (0.35mm? excluding pads).

In chapter 4, using four independent 36-Gb/s 2’-1 PRBS generators, an
integrated 2—18 GHz four-channel compressed sensing receiver (CSRX) with a 128.5
x sub-Nyquist acquisition, a 36-GHz Nyquist rate, and a 280-MHz spectrum
bandwidth was realized in 0.13-um SiGe BiCMOS Technology. Each CSRX channel
consists of band-equalized full-swing LO driving circuitry, a double-balanced
passive mixer, and a 2—18 GHz broadband distributed amplifier. The proposed
CSRX architecture with LO equalization is generally applicable for the application
of lightweight receivers for ultra-fast real-time tracking of spectrums in various

sectors.

In chapter 5, a full X-band transmit/receive module (TRM) chip for phased-array
antenna systems was realized in 65-nm CMOS technology. The implemented TRM
chip includes a BDGA, a 6-bit attenuator, a 6-bit passive phase shifter. Especially,

in order to expand the operating frequency range for phase shifter, a resonant
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frequency misalignment technique was used. An SPDT interface as a duplexer was
also combined with a wideband PA and LNA for bi-directional control of the half-
duplex transceiver In comparison to recently published CMOS based phased-array
chips, the measured results for the implemented TRM chip showed the highset OP s,
gain and widest operating frequency range. Furthermore, the TRM has distinct
advantage of low-power dissipation with a comparable RF performance as compared

with several recently reported SiGe transceivers and III-V TRM chipsets.

In chapter 6, a W-band divide-by-three injection locked frequency divider (ILFD)
is realized in a 65-nm CMOS process. The ILFD with the inductive feedback could
achieve three times improved locking range as the expense of area, but without
tuning varactor or additional power consumption. With 7.88mW of the power
dissipation, the proposed ILFD achieved the locking range from 73.9GHz to
82.5GHz, and -117.13dBc/Hz of phase noise at 1MHz, which demonstrated the
highest FOMs when compared to recently reported W-band CMOS ILFDs.
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Suggestions for Future work
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In addition to the transformer-based inter-stage proposed in Chapter 2, we may
consider a design approach with a cross-coupled transformer which is advantageous
for a size miniaturization and gain boosting in implementing a high-performance

amplifier that covers multiple bands.

5G wireless communication service is in progress globally, but it still has many
issues in improving service quality. In order to resolve this issue, investment in
improving the 5G network facility is urgently needed. At the same time, there are
many restrictions due to the hardware cost. Therefore, we propose a study on the
design of a transceiver that is advantageous in price competitiveness by utilizing the
proposed up-converter design approach for the low cost transmitters, which is

advantageous for linearity and chip miniaturization as proposed in Chapter 3.

Compressed sensing receiver capable of compressing and sensing the signals
scattered in the wideband at sub-Nyquist frequency necessitates an interface circuitry
such as ADC in restoring the original signal. The interface circuit should be co-

designed and optimized with the compressed sensing receiver in Chapter 4.

Since the phased-array transmit/receive module (TRM) is essential to the MIMO
system for wireless communication and sensing, and it is applicable to various
applications, it is quite important topic to implement an efficient TRM operating at
a high frequency (W-band or higher) in addition to the X-band TRM suggested in
Chapter 5.

In order to implement a transceiver for various applications such as FMCW radar
modules for vehicles in the W-band or 6G wireless communication in sub-THz band,
a LO signal generator can be fully integrated in CMOS by employing the inductive
feedback-based W-band frequency divider design described in Chapter 6.
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