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LC resonator Building a harmonic oscillator

Tank losses are compensated by an active

We begin with an inductor-capacitor resonator . - !
negative resistance in parallel to the tank
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Colpitts oscillator

Colpitts oscillator

Classical embodiment of active negative
Resonator resistance with only one active device

vV class-C operation
DD

3r
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Oscillator as positive-feedback system
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Amplifier + resonator

: B3e N
- ‘ '_l —C

V,
— —
f

FB

Vg . .
'_l | Itank::Cl
Ig —__ G
Feedback network L I 1 c tank
= = Iy
P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 f "

5 of 78 @|EEE

cing Technology
for Humanity

P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018

6 of 78 @|EEE

cing Technology
for Humanity

Analysis with Describing Function

Cross-coupled differential-pair oscillator

Extremely popular oscillator family

Vv Operation in class-B
DD IB IB
1
e0e0°® ®oee, L Vv
vV
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Class-B with double switch pair

. Voo | . Iz ‘
VoA =}V
TR
I
. 1 .
: . t
' 4
v M A =— 1R
p
I Compared to single-switch-pair:

double amplitude, but also double
- Vpp (no swing above V)
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Real oscillations

O Phase uncertainty grows with time & jitter
n Caused by various noise sources

O lJitter increases without bound in a free-running
oscillator

O In the frequency domain, the oscillator displays
phase noise

gdBc
. Phase noise,
in dBc/Hz
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n Phase noise
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Why bother?

Phase noise in transceiver is important for at least three
reasons:

g In a receiver, it can downconvert large nearby
signals on top of the desired signal

g In a transmitter, it can increase the noise floor in
the receive band

qg In both, it can directly corrupt the phase
information in the signal

— Not seldom, the phase noise of the VCO is the
bottleneck for the whole radio performance
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Reciprocal mixing Phase noise and SNR (EVM)

f, PN
O —— IF

Desired signal + Blocker

PLL phase noise

BW BW
SNR=(_ PN=2)" PN

BW f

LO LGl 240ksymis S16(1) Meas Time Error vector magnitude
_SNR
A ‘ Const :; f: t.! o l v ; o EVM :10 2
/\ 400 DEGS G 4
I I m cas®»badaé¢so
f f+ 0 f, ddiv e mamaomie \ Example: 64QAM in
0 5 . : WCDMA RX; EVM = 2.5%
Noise floor raised by mixing of LO phase noise with blocker RETET CRETFT
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Phase noise — LTIl approach Phase noise from tank losses
= C
2 =l
I (D L ~
Active device — — —
_2 iZ 62 2l w6
_—x|z W+DW| —4kTGx Rx v = 4k, TR —x—°-
Df D § 2 £20 Dwy

q Both amplitude and phase noise, but amplitude noise is rejected

q Thus, phase noise is defined as half the above expression, normalized
to the output signal power (in dB below the carrier per Hertz, dBc/Hz):

#v2 )2 0 2ok, TRe 1w, 00
XZQDW L(DW)=10|0910 +_:I.OI g 0 = _
pk/ k/2 S 2Q DWQ ]
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Leeson’s equation

3 e --206 g Dw,.o

L(Dw)
Up-converted 1/f noise (30dB/dec, 1/f3 region)

/ Thermal noise (20 dB/dec, 1/f2 region)

_________ Noise floor
Ideal L(DW) /
Dw, , % log (Dw
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Impulse sensitivity function (ISF, G)

q Current noise source in (f) is weighed by associated Gi (f)

& effective current noise |i, . () =1, (f)XGin () (F=wt)

q ISF is dimensionless, frequency- and amplitude independent,
with period 2p:

(-
G(f)==2+Qc,cos(nf+T,)
2 n=1
P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 19 of 78 @|EEE
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Hajimiri and Lee’s theory of phase noise

Conversion of noise into

e

phase noise is time-
Out dependent — LTV phase

noise analysis needed!

No phase noise Maximum phase noise

V

out

A D“/\/ A Aepl
VAVEE

d(t-t) dt-t
.
r I
Hajimiri and Lee, JSSC Feb. ‘98
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Phase noise expression

If i, () is a (cyclo)stationary white current noise source,
its contribution to 1/f? phase noise is

( ) ® izf-f 0
L(Dw) =10log¢ nefme <
92(CA ) (D )Zé

0 LB heteony

P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 20 of 78 @|EEE

gTh ology
for Humanity



Graphical interpretation

L(f) = S(f)

5,0
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A particularly simple case

Parallel RLC resonator again — phase noise from tank losses:

i2

&
L(Dw)=10log¢——m
(ow) ogg (oA} (o]
— c
O R =

b

g

Leeson with F=1
recovered without any
ad hoc assumptions!
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Example of ISF — LC oscillators

V,,, = A, cos(f)

in(f)<f) +c EL \t/out / f

G, =-sin(f)
\] ANVANYER
Vv UV \V f

Hajimiri and Lee, JSSC Feb. '98; Andreani and Wang, JSSC Nov. ‘04
P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018

22 0f 78 @|EEE

Advancing Technology
for Humanity

Phase noise from MOS pair

il%ll (f) = 4kBTgngm,Nl (f)

SeYo

| | Iz
A

Ve \,

WV
N1 I—X—l N2
ls -Ff

Two commutations in one oscillation period
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Total phase noise MOS phase noise — invariance

: - 1 21
Tank MOS pair ixy (F) = 4KsT 9,0, 00 (F) Fo= A /78 27 b,
, . ) ank n
¢ ke T N u
L(DW) =10log é > 32 > (1+gn)g Two effects balance each other:
éRA‘a"kC (DW) l f 1) Larger MOS produces more
F=1+g noise during current )
_ " _ commutation, and 17 b,
g Transistors appear only through channel noise factor g,
. . . - 2) Larger MOS allows a faster
q Transistor phase noise always proportional to tank noise :
(60% from tank, 40% from MOS pair, if g, = 2/3) commutation
q This is because: 1) transistor noise is proportional to .
commutation time, 2) which is inversely proportional to the Result: the two areas are
oscillation amplitude, 3) which is proportional to the tank identical
parallel resistance
q A simple-minded LTI analysis would yield very wrong -F, -F.. Fooo F,
predictions (i.e., MOS phase noise increases with MOS g,,,) Andreani et al., JSSC May ‘05
P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 25 of 78 <P |EEE P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 26 of 78 <P |EEE
Single-ended Colpitts oscillator Phase noise in Colpitts oscillator
i:/IOS(f) é k.T 1 u
- n 0
T L(Dw) »10logé A e+ g, 0
L ; R 8412R° (1-n)’ C? (Dw)’ & n o
Gyos (F)
v Minimum for:
out ._I
Ve 10.30 for g, =2/3
| —| ¢ _ 1 -
_ 1 T Nopt —_ﬂ/3 for g, =1
' == 10.36 for g, =15
Iy — c, \

i2 R .
— — IMos it (f) However, contrary to what was once (justifiably) believed,
- - Colpitts is more noisy than the differential-pair LC oscillator!

Noise injected into tank when ISF is near zero & excellent!

Hajimiri and Lee, JSSC Feb. ‘98; Andreani et al., JSSC May ‘05 Andreani et al., JSSC May ‘05
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Harmonic oscillators — a general result More on inductive vs capacitive losses

-115 r T v
1) G sinusoidal and in quadrature with tank voltage /
2) Active devices work as transistors A V(o) i
3) Transistor current noise proportional to g,, F il CJ—% % 25}
r it} g} 130 b
Transistor effective noise depends only V.., W &
on tank loss and topology 135

| Vtank=AtankSi n (wot)

O Asymmetry between phase noise from

; Rfaik,_ rc vs r, — depends on (large) g, *rc
1 oy
c N\

o T ” T O Lost with "equivalent” parallel tank losses
in out -
T o PN from Gy, always proportional to PN from
= rc and r_ together (here, g = 1)
J. Bank, "A harmonic oscillator design methodology based on describing functions”, PhD thesis, Gothenburg, Sweden, 2006
Mazzanti and Andreani, JSSC Dec. '08; Murphy et al, TCAS-I June ‘10 Pepe and Andreani, TCAS-11 June 2016
P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 29 of 78 @|EEE P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 30 of 78 @|EEE
T T
Alternative phase noise analysis Results of new phase noise analysis

—|
O Rigorous analysis under very broad hypotheses
V n G, pure transconductance; Y linear; G,, noise
proportional to G, via g

Resonator J O Phase noise from G,, always in proportion of g:1
Transconductor to phase noise from Y, independently of
v resonator and transconductor nature

Matrix-based Fourier-series LTV approach O Phase noise expressions as functions of V and Y

starting from O Closed-form, explicit phase noise expressions if
1 u ua uuw Qis hlgh
=YV and dl=G,dV

n General case of Y resonating at multiples of

All quantities are functions of vy, 21y, ... , N

Pepe and Andreani, TCAS-I Feb. 2017
P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 310t 78 §pIEEE
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What do these expressions look like? Matrix algebra

é u
W 1 - uuury
L(Dw) =10log,, eZkT( uu{],) — uuurz(|_v1TxRe(Y)x|_vl )ﬂ
[oV[ |Lv av (ow) g
Vv auur T Uuar uuar -, utur Ul -
MDV =0, RV:=DV/|DV]; LV xM, =0
c | . _ 6o i [ 0 0 N
eneral equation 8 . . . N . 7
. b K V-9 -0 -% <% -0 K|
é r s ‘ o-g Yo% -6 g g K
é 1 T Al ! =% - - - g -q 7
L(Dw) =10log,, e2k rlt uuu, T — (Lv1 ‘Re(Y)xLV, )u S e T
H H LV, 1AY (Dw)x i K -6 % -6 Y- -5 K
u K -0, & -0 -G Y.-g K
EN N I I O
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Tank with multiple resonances Tank resonating at w, and 3uy,
by bl ekT 1+g) A2 2 /g U
Lo o o] L(Dw)= 1o|ogloé D(mfg) AZ/RJ%Z/R&;H
& cl Ly n high-Q resonances é (Ac +onic,)
3 — S v
ok T(1+g) &, AR, i c = PRCING
L(DW)=10|Oglog i g . ZH Rf_-l- L T
v DVV2 oN 5 5 v T R, “\. PN reduction ™.
8 al n A'ICI"I H ? :> C_;l 15 ::_w_adg ‘\-\‘
R<: v ________ i UM'!‘ PN increase
; - ) KJ 90 1.1 1.2 1.3 1.4 15
Single resonance & we recover the well-known equation e
) O Steeper V-waveform, but now also R; contributes
kT (1+g) 1 2k, TR& 1 WoO :
L (Dw) =10log,, & oW RC Ru =10log,, §A§—/2§ 2 S H o Advantageous only if Q; (much) larger than Q,
g g . .
8 “ “ 0 o Difficult to enforce in practice
Pepe and Andreani, TCAS-I Feb. 2017; Garampazzi et al., JSSC Mar. 2014
P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 350f 78 @|EEE P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 36 of 78 @|EEE
lgTh /ngy lgTh /ngy




Double-switch pair vs. single-switch pair DS pair vs. SS pair — phase noise
Singlc_e-swi?ch (SS)

Double-switch (DS) pair oscillator
(GS)p E ok, TR2 1 Woae1 R

pair oscillator Los (DW) =10log
P i et i iz 77
S ,UB S ,DB .
—\SZQQ/—

| | 2 2 §
JI\II\, V_ L (Dw) =10log 2kgTRE 1 15 0 (1+g,):

§ AL 282Q Dw;s p
What phase
i |_><_| o 60% from tank, 40% from transistors

| |
M
| X | noise difference ,
should we n Ifg,=g9,=2/3
expect? I O Iflgps=lgssandg, =g, a
§ A =2A, ® L,=L,-6dB O

Andreani and Fard, JSSC Dec. 2006

Y, Vg

P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 37 0f 78 @|EEE P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 38 of 78 @|EEE
DS vs. SS — MOS noise Phase noise vs power consumption
ss e Iflgss=2lgps @ Ags= Aps & same phase noise
|Area (SS) = 2 - Area (DS) | / = In this case, Vppss = ¥2 Vppps & Same power
consumption

e Thus, same maximum achievable “figure-of-merit”

4 DS transistors make . . .
as much noise as 2 SS '\ (FoM, phase noise for a given power consumption)

transistors!

~

DS _ _ _
e If Vppps _‘VDD,SS and lgps=%algss A& Assmax =
2ADS,max a I-SS,min = I-DS,min - 6dB

= Again, FOMgg nax = FOMpg max

_Fn,DS Fn,DS Fn.SS

P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 40 of 78 @|EEE
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Figure of merit (FoM) SS vs DS — PN and FoM with fixed V4

DS oscillation limit

Phase noise normalized to power consumption,

oscillation frequency, and frequency offset 4 ( Ss oscillation limit I
power efficiency | A
Phase b
2 Noise
W,/ Dw . 20% h - i h
FoM = (15 Dw) =102 Y
L (Dw)x Pocfmw] ko T F\ =
[
noise factor I
i W
. . . FoM i
High tank Q crucial for high FoM ! g |_X_|
Iy 4l lbias A] é
Andreani et al., JSSC Dec. 2006; Garampazzi et al., JSSC Jul. 2015; Murphy et al., ISSCC 2015 Liscidini et al., ISSCC 2012, JSSC Mar. 2014
P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 41 0f 78 @|EEE P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 42 0f 78 @|EEE
Current bias — resistive source Current bias — MOS source

\&ﬁ Resistor \&ﬁ

Very simple bias | |
circuitry | | High-Z source

i Vg _
WV No 1/f noise WV Ve '—”# Less upconversion

generation of 1/f noise from

Low-Z source N | X | N N;-N,

1 2 .
Significant q I'_j Own 1/f noise
upconversion of generation
1/f noise from

Nl_NZ IB

“Tail” current source

Abidi and Ismail, ISSCC 2003

P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 43 of 78 @|EEE
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Impact of parasitic tail capacitance

\szls_ﬁlszr

y e
'_lig Cuntpar

P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018

ta” ar T Cross-coupled
§ entering linear region
a MOS contribution to
phase noise increases,
even by a large amount

Ceajt,par 900d for filtering HF
noise from bias

But, increase of 1/f noise
upconversion

45 of 78 @|EEE
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Possible solution — noise filter

T
tall g ICta'I par

—H T

Hegazi, Sjéland, Abidi, JSSC Dec. 2001

P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018

Noise filter: Cy; o resonates
with L, at 2w, a MOS
switches see hlgh -Z at2w,

Cg, filters tail noise and ac-
grounds L

Cgg includes Cyz of MOS tail
a long and large MOS, low
1/f noise

Drawbacks: narrow-band,
Chail, par Must be known with
some precision, extra L

47 of 78 @|EEE

ing Te T chnology
o Humaniy

:
g
i

Overview

n

O Architectures for low 1/f2 and/or 1/f3 phase
noise

o

o

P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018
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Dramatic performance improvement

-40
60
.80

-100

-120

m No filter
S
A
VariL N
Module
— : “""\“
Wih Fiter| [y
”| [T T
1K 10K 100K 10M
Frequency Offset (Hz)

P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018

00 00O

0.35um CMOS
1.2GHz, 3.5mA, 2.5V
Liait = 10nH, Cg,c = 40pF

FoM = 196dBc/Hz
TR?
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More on tail filter A recent variation

O Many variations on the e 7MW
. Ipias i
same basic theme Ve 1.5V ’ T
‘_l CBIG C
O Extremely popular! 50 1:2um
0.2um
200 tuning word |
I I v W tuning word
) Module
11 195 48x 2-25um 0.8um =
MW\ g 0.2250m R s
- 190 c 2wy tuning T E —150
g Ll T word —* Q R T
= 15 W
% 185 @ = N ‘ @20MHz
F _| 2 e O Tail/top resonance with Xrfm 19 :
S S —_— 196 )
C ~ o (@) Very low PN and great FoM B gy wwsmse T
T Cailpar o T | I (up to 195.6 dBc/Hz) R e
£ e e M WL 3 s
4 W A3 34N 25 013 W 10mW R0 4B 3Bm0W 2 19 S O 200-400kHz 1/f° corner e e Fthuc:cy 1] /422 108 .
Hegazi, Sj6land, Abidi, JSSC Dec. 2001 Garampazzi et al., JSSC July 2015
P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 49 of 78 Q|EEE P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 50 of 78 QIEEE
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Alternative to tail resonance Class-F, (or, here, F, 3) oscillator

1 ’ = o Maximum Frequenc w’mm"-w
l l LJ;I" T\/:j:_ LP /_ (75Mz;1 4 Class-F,; ::
>"5 °F zranslunlir;l) K E< ,::
: “ 3 K 1. i
- i N
(Immlll.?-:u‘m) M cT: %400 CM@I,M_'\ M@
o 5.4-7.0GHz; 1V, 10-12mW gaoo
. . . K 200
o Design tank for differential resonance at w, and o Low 1/f8 corner (60-130kHz) 8
0 15 20 30

0 25
Frequency (GHz)

common-mode resonance at 2w
0 o Very good FoM (~191dBc/Hz) at
n Also here, the 2w, resonance must track the w, very low PN (-124dBc/Hz @ 1MHz)

resonance — two capacitor banks ]
o Very low Vpp pushing (12-23MHz/V)

Babaie et al., RFIC 2013, JSSC Mar. 2015; Shahmohammadi et al., ISSCC 2015; Murphy et al., ISSCC 2015 Shahmohammadi et al., ISSCC 2015
P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 s10f 78 pIEEE P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 520t 78 pIEEE
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Implicit common-mode resonance A totally different approach — class-C

Flicker Corner 30 ] |
50 196 = 200KH: wo”> Tbias
* 5 -.-f... 2.0 ' Iy, o
90 \ i H at iy 1.0
H
! 0.0 £ >
00 o T} tom 37 wat

FOM I I
194~196 dB

I O C,, turns class-B into class-C:
optimal differential “Colpitts”

1 =4.837GHz oscillator
o f,=4.903GHz N2 N 1

-fo=5.083CH: O ldeally, 3.9dB lower phase

-, =5.327CHz

Phase Noise [dBc/Hz)

19

-130

noise for the same bias current

.
10k 100k [ 10M 1ok 100k
G

R —— — e C O Also here, C; filters off high-

O 4.7-5.4GHz; 0.7V, 0.5mW v I I tail frequency noise from tail, and
3 ' ' — — includes tail Cpg & long and

O Low 1/f3 corner (200kHz) = large MOS, low 1/f noise

O Great FoM (194-196dBc/Hz)

Murphy et al., ISSCC 2016 ] ] Mazzanti and Andreani, JSSC Dec. 2008
P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 53 of 78 @|EEE P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 54 of 78 @|EEE
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Original prototype Design issues in class-C CMOS VCO

O 4.90GHz < f.< 5.65GHz
o 1V, 1.4mWwW

o Diff-pair must not enter the
&/_ linear region (otherwise, large
PN penalty) a shift of MOS DC

O 193.5dBc/Hz<FoM<196dBc/Hz Vo [ V. gate voltage V, (which may be
50 I generated with feedback loop)

L 7020, m 4 O RC bias should not load tank

o o0 \\h‘“« JRgpp—— B ] j I__, (transformer feedback possible)

% “‘“‘}“\ i/ — ’ Vv O Nevertheless, higher maximum

2-110 ‘ e BI oscillation amplitude in the

@ [ foe=4.90GHz NN ,_I ——C. ideal class-B CMOS oscillator

i-130 ‘ ‘ i tail .
- i i ‘m\ i I O Class-C very attractive for BJT
10t 10° 10° 107 B - VCOs

Offset Frequency [Hz]
Mazzanti and Andreani, JSSC Dec. 2008; Fanori and Andreani, JSSC July 2013
P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 56 of 78 @|EEE
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Colpitts VCO in SiGe BiCMOS process

O 18.8-23.1GHz; 4.0V, 17.5mA
O PN = -119dBc/Hz @ 1MHz (best)
o FoM =188dBc/Hz

'0 =20.76 GHz

to = 19.?5 GHz

Phase Noise [dBc/Hz]
]
3

f, = 22.68 GHz

140
104 10° 108 107
Offset Frequency [Hz]

Boscolo et al., ESSCIRC 2017

P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 570t 78 §pIEEE
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Oscillation with series resonance
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O Voltage driven

O Gain equal to quality factor & internal
oscillation may be much higher than Vy,
n Attractive for ultra-low phase noise

O p/2 phase shift between input and output

P. Andreani, L. Fanori, and T. Mattsson, “Series-resonance oscillator,” U.S. Patent 2015 0381 157, 2015
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Overview

O Series-resonance oscillator
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Phase shift by quadrature

o We disregard the (important) issue of start-up

O Square wave between V5 and GND at LC input

O MOS devices work almost exclusively as switches a
channel resistance in series with the tank’s

Tohidian et al., MWCL Aug. 2015; Pepe, Bevilacqua, Andreani, TCAS-I Feb. 2018
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Phase noise
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O MOS work as switches & previous phase noise
theorems do not apply
O F accounts for 1) MOS are non-ideal switches, and
2) they do work as transconductors for a (tiny)
fraction of the oscillation period
o ldeally, F is negligible!
Pepe, Bevilacqua, Andreani, TCAS-I Feb. 2018
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Overview

o

o Design techniques for very wide frequency
tuning range RF CMOS VCOs

P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 63 of 78 @|EEE
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Figure of merit

Ideally, close to 1
/ y

2
FoM =102
kKeT 1+ F«— Ideally, close to 0

O Usual dependence on Q?

O Very large power consumption, ultra-low phase
noise (plus quadrature phases for free)

O However:

n MOS resistance is critical (current-based architectures such
as class-B and class-C are much more robust)

n Stray resistances of GND and power supply distribution are
also critical

n Very large internal voltages make frequency tuning difficult

P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 62 of 78 @|EEE
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VCOs in modern radios — |

o Carrier aggregation requires several harmonic
VCOs

n Active at the same time
n Should not pull one another

O Band proliferation favors VCOs with a very wide
tuning range (TR)
n Wider than 1 octave is particularly attractive

P. Andreani, SSCS DL, Lehigh Univ., PA, 2/6/2018 64 of 78 @|EEE
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VCOs in modern radios — 11

O VCO with 8-shaped tank inductor

n  Much less sensitive to external magnetic fields
n Generates itself a vanishing magnetic field

n Slightly lower Q acceptable

n Often used

M. Nilsson et al., ISSCC 2011
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Very-Wide-TR VCOs — |1

O Large switchable C in parallel to small L
n floating switches

n power wasted at low frequencies, compared to reasonable
phase-noise specs

n power cannot be decreased without killing the oscillation

Sjoland, TCAS-11 May 2002
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Very-Wide-TR VCOs — |

O Two or more VCOs with overlapping TRs
n Saves power, costs area

n Very popular choice in real-life products

Hadjichristos et al., ISSCC 2009
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Very-Wide-TR VCOs — 111

O Switchable L . Switched

Inducior

n Ultra-wide TR possible
n Difficult to obtain low PN at high FoM
n Additional issue: switchable 8-shaped

inductor EENEEEEEE
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Capacitor control

Sadhu et al., CICC 2009
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Very-Wide-TR VCOs — IV Very-Wide-TR VCOs — V

o Transformer-based VCOs
n Two resonances with overlapping TRs
n TR > 1 octave
n Difficult to design an 8-shaped transformer

O Mode-switching VCO
n 4 inductors, two oscillation modes
n Rejects external magnetic fields
n TR > 1 octave
n Excellent PM and FoM
n Large area

Note: the intervals represent
continuous tuning ranges of
CT words due to varactor
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Bevilacqua et al., TCAS-11 Apr. 2007; Li et al., JSSC June 2012 Taghivand et al., ISSCC 2014
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Very-Wide-TR VCOs — VI Very-Wide-TR VCOs — VII

o Double-core VCO

n Two concentric 8-shaped coils — do not interfere (much)
with each other

n TR > 1 octave; saves inductor area, sub-optimal Q

O Reconfigurable active core

n Standard LC tank design (i.e., with very large capacitance)
n Negative resistance: either single-switch (nMOS) pair —

SS mode
n or, double (complementary nMOS-pMOS) switch pair —
e e DS mode
' — HB VCQ (3.36 - 5,306H2) / . R
7" Al n DS mode avoids power waste at lower frequencies
Q 45 i
B iy
g 38 H i
% 30 o =
© 25 ' [Vag = 04V Jorvneeni
M‘ 20 5 |;) 15 20 25 30
= Coarse tuning word <4:0>
Fanori et al., ISSCC 2014 Liscidini et al., ISSCC 2012, JSSC Mar. 2014
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SS pair vs. DS pair, again Very-Wide-TR reconfigurable VCO

DS oscillation limit EI >(:|E Vag Vg
_ SS oscillation limit MR - =
3\":‘ 1 ( I I bias,CP «SS E
; oY " T |
[] bias,SP ‘
8 SS < Vaa
o >
Ibias [A] — 2%
Y SS | Frequency STM 28nm UTBB FD-SOI CMOS
m max FoM e Tuning 2.8-5.8GHz
= ‘ | X -154<PN (dBc/Hz @20MHz)<-142
2l <~ i 186 < FoM (dBc/Hz) < 189
I 41 Ibias [A] 300kHz < 1/f3 corner < 3MHz
B B =

Fanori et al., RFIC 2015
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