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Introduction

Discrete TV Tuner Module Novel Architecture for CMOS TV Tuner: DLIF
Double Conversions with Low IF
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Local Oscillators
DLIF Architecture of TV tuner for DVB system
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Frequency Synthesizers

LC Tank VCO
R BT
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LC Voltage-Controlled Oscillators

High Q, Low Parasitic Resistor Inductors High Q, High Tuning Range MOS Varators
Ll L 5 '
gl T o
E=L

Design issues

» Low phase noise
» Low power Mn1 ]|_><_|[ Mn2
» Wideband tuning range

e F-V tuning curve
» Quadrature output n3 i

<

e etc ...

CMOS Complementary Cross-coupled -G, LC VCO

ASIC & System State-Key Laboratory, Fudan University
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Qutline

a

m Fundamentals of LC VCOs
Q Oscillator views
Q Mathematics of LC VCOs
Q  Structures of different LC-VCOs

U 0O 0O 0 0 O
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Oscilllator Views

Two-port view : feedback system One-port view : Negative Resistance
H(s) > 1 Active
o o - R Circuit
—-R
=
e Transfer function e Active circuit
V H(s
\;Ut (S) = 1 |§| ) Ractive — _RP
in + (S)
e Barkhausen criterion e Inductance cancels capacitance
jol =~
H(jw,) 21 & 2H(jw,)=180° Job = jaC

ASIC & System State-Key Laboratory, Fudan University
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Ring Oscillator and LC Oscillator

Ring oscillator LC-Tank oscillator
i
1

—t— ")

LP
“Bo05

R

AAE#

X O MM Qo v

Mn1 :||_><_": Mn2
Wy = Wy - tan (%) AO = \/14— [tan (1|8\|—00]J |

Advantage: Large tuning range Advantage: Low phase noise
*Disadvantage: High phase noise *Disadvantage: Small tuning range
Inductors &

_ _ MQOS Varactor designs
ASIC & System State-Key Laboratory, Fudan University
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Mathematics of LC VCOs

F-V characteristic function N \
Wy = Wy + KV -V

ctrl

An ideal integrator in Phase-Locked Loop

¢ex _ v
V (s)= s

ctrl

Performance parameters

Center frequency @o
Tuning range
Voltage-controlled gain
Tuning linearity

Phase noise
Oscillating amplitude
Power dissipation

<
<
=V

ctrl
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Narrowband LC VCOs

NMOS-only -G, LC VCO Complementary MOS -G, LC VCO
T Vdd

Mn1 ><: Mn2 Mn1 Dq Mn2
i Itail _|q Itall

ASIC & System State-Key Laboratory, Fudan University [Ali Hajimiri, JSSC, May, 1999]
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Wideband LC VCOs

Wideband LC VCO with Switched Capacitors

Tradeoffs V4
e MIM capacitor
e Switched NMOS transistor L ‘ L
e Quality of capacitors Ve
Cv CV
SCJ_ 4CJ_ ZCJ_ CJ_ J_C J_ZC J_4C J_BC
8C, ac, 2C, C, Crx C, 2C, ac, 8C,
HH HH HH H ><: He HHe HHe HE
B3 B2 Bl BO Mnl an BO Bl B2 B3
?3;/|L A4W/L 2WIL Wi/L VI\ZO 2WI/L AW/L 8WI/L

ASIC & System State-Key Laboratory, Fudan University [A, Kral, A.A. Abidi, CICC, 1998]
-11-



http://10.12.240.202, Copyright © 2001-2004, Zhangwen Tang

Quadrature LC VCOs

Quadrature LC VCO with Superharmonic coupling

Vdd
Mp
e Superharmonic coupling —] lltail
at Common-mode, S1 & S2 . - - .
e Verysimple 009¢ 1 0908 0999 v 0000
two same LC-VCOs ?C ;
e Low phase noise X ‘IE:\ /:EI( X2 X3_M xa
e Low power dissipation (h =C= (;Vl =C=
Cfix Cﬁx Cfix C:fix
J B ! J . R
®
- C1 L1 L2 S p—
I % % 1
[ ]
-

ASIC & System State-Key Laboratory, Fudan University [S. L. J. Gierkink, JSSC, July, 2003]
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Qutline

U R W

Q

On-chip inductors

Q
Q
Q
Q

Inductor’s Class

Modeling of on-chip inductors
Optimization of equivalent capacitance

Quality Factor improvement

ASIC & System State-Key Laboratory, Fudan University
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Inductor’'s Class

Three types of On-chip inductors

__c o ]
1" Em1Em2 C ¥
Em2 I -
°Q 2 )
)
Iy
-—
~Emi
tin
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+
Em2
o) i2
Loy = ——— V.
eff Em1Em2 " 'j_ +
i3 »
ooV
-—
s L
Yin -
— -—
o—
“Em2

Gyrator-based active inductors
(a) single-ended, (b) floating configurations

ASIC & System State-Key Laboratory, Fudan University
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Planar Spiral Inductor

e Number of tuners, n

e Metal width, w "
e Spacing, s 9
]

Outer diameter, d,

Inner diameter, d;,
Fill ratio, 2= —0)/(0y +d;) @ square spra

e Number of sides, N

(c) Octagonal Spiral (d) Circular Spiral

ASIC & System State-Key Laboratory, Fudan University
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Multilayer Spiral Inductor

Stacked spiral inductor Miniature 3D spiral inductor

27— A

ey -

e T ——— gy v

ey - < -

M, M,
M, M,

Differential multilayer inductor

ASIC & System State-Key Laboratory, Fudan University
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Modeling of On-chip Inductors

e EM Field Solver Characteristic of inductance of a typical

+  High accuracy integrated inductors with frequency

<+  Very slow

<«  Complex for Spice Capacitive g
e Segmental circuit models

% Simpler than EM field solver 3

% Easy integration into Spice % III
e Compact, scalable, lumped = L

circuit models ten '

< Simple, versatile and robust s Y

< Physical intuition Frequeacy

ASIC & System State-Key Laboratory, Fudan University
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Optimization of Equivalent Capacitance

e \What is the equivalent capacitance
s At resonance frequency, the peak magnetic and electric energies are equal.
< Given a peak voltage V,, electric energy is C,V; /2

e First resonance frequency f

for = (27/LoeCeg )_1

e The proposed equivalent capacitance models

% Electric energy in interlayer metals, C,,
“ Electric energy in single metal to substrate, C,,_¢

ASIC & System State-Key Laboratory, Fudan University
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Electric Energy in Cy,, and C,, ¢

Electric Energy

Electric Energy

N N
1
e = YEue, “Y3CNE
m=1 m=1
16, o

m
- ——AVY
—~2 N M N )
- i Tle w2z
Substrate - 6CM“_S { 1 2 1 2}

ASIC & System State-Key Laboratory, Fudan University
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Voltage Profile

[A. Zolfaghari, B. Razavi, JSSC, April, 2001]
Vo L\\lfTUHI | 2" Turn I 3 Turn
C, | | |
I

[
[
T" | | x
. | |
Stacked . 1 v, :_ TGy TS D
2
[
[
[

" | BN
‘ | RN
| |
\\I —— Cu.ss

|
| |
le, N | 7
Substrate | :E\-x- 1 L

To s | N
[C.C Tang, S.I. Liu, JSSC, April, 2002] . Vo I 2 L Tum | 2Tum | 3rd Tum
CZ
M, |
Miniature 3D ™
Substrate
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Capacitance Coefficients C., =«xC, +x,C,

Ky K,
034 0.1 e Higher feg
032 0.08 ] S ” A
| | e Small Ar
Stacked = 006 ] a ea
028 ;
_ 0.08| 4t
0 - e 3D or Stacked
024 : . . 0.0z : . .
] 5 10 15 20 ] 5 10 15 20
0.2
0.2
015
Miniature 3D 0.1
0.05
0 - R 0
] 5 10 15 20 ] 5 10 15 20
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Quality Factor Improvement

e Pattern ground shield e Multipath metal

e Dual reverse-bias PN-junction isolation in deep Nwell

Stop eddy current in skin channel
Vdd G_nd

[ 1
o T o T
B R

‘ Psub

= Deep Nwell Process
Gnd
ASIC & System State-Key Laboratory, Fudan University
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Qutline

EI
d
d
m Varactors and F-V tuning curve
Q Varactors’ class
Q Period calculation of LC VCO with step-like varactors
d
d
EI
d

ASIC & System State-Key Laboratory, Fudan University
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)
Varactors’ Class

e Four Types of Varactors in Silicon CMOS:

<

. )

N+

P+

Vctrl
N+

PN Junction, Standard MOS, Inversion-MOS, Accumulation-MOS
I G

n-well

N+
n-well
p-sub p-sub
(@) p+/n-well Junction (b) D=S=B MOS
vdd
G
\/ ‘ Vctrl
ctrl
pt p* N*
n-well
p-sub

(c) Inversion MOS

n-well

p-sub
ASIC & System State-Key Laboratory, Fudan University
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DC Capacitance of MOS Varactors
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(b) Inversion PMOS Varactor
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Step-like Varactors

vdd

L

out

CssV)

Vctrl

() Serial LC Tank

Ac A
1
. g8
len V
-1
s
Veff VC 0
Ces(V) sign(V)
(b) Step-like Varactor (c) Unit Step Function

e Small-signal capacitance of step-like varactors

C
CSS (\/) — {Cmax

min

V>V,
V<V,

e Effective control voltage Ve =Vs ~Veu —Viu

1 1 .
Css(\/) — E(Cmax + Cmin ) + E(Cmax _Cmin )Slgn(\/ _Veff )

ASIC & System State-Key Laboratory, Fudan University
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Oscillating Waveforms in LC-Tank

Oscillating waveforms at different V |-V locus of Step-like varactor

ra
[mn}
I

m
T

VYoltage(V)
D g
T

Currentim#y)

' i i i i i i i i i
0 02 0.4 06 08 1 12

14 16 1.8 2 22 24 25 28 3 32
Time(ns) Voltage(V)

Two ellipses of different sizes joint with a step transition at V

ASIC & System State-Key Laboratory, Fudan University
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Oscillating Period Calculation

Effective Control

Oscillating Period of LC Tank

Voltage, V¢

T=T. =27LC__,
Vet<Vidad —Amin

T-:TMnZZ”VLCwn
Veff> Vvdd + Amax

Viad ~ Amin<Vert <Vigq

T B
A\nin Anax

Vidd<Vest <Vyga T Amax

= (Tax + Tooin ) + 1(—asin [V;”JTW +asin (VAJTmmJ
T HZAmin Amax

2 2
Ellipse Similar Factor 6, = \/1( Vet ] +[Veff ]

Amax Amin

ASIC & System State-Key Laboratory, Fudan University
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Simulation Verification in HSPICE

: ! ! ! ! ! . ! !
— Caculation
Ll == SFICE

—
o

—
i

—_
=5

—
[N

——
——

Frequency(GHz)
i

——

15 AT S U SO A F_=1.591GHz; F_ =0.795GHz ||
E ' ' ' Cmin:]"opf; Cmax:4'Opf
14 Leeeenee. heeeeenn.s leeennee. Lecoeeen... Lo Lo Lot b Lo |
1.8 22 24 26 28 3 32 3.4 dhB d.d

Simulation agrees well with the proposed calculation

ASIC & System State-Key Laboratory, Fudan University
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Comparison with Others’ Model

—ow | | | | Hegazi’'s effective capacitance model
15 H === The effective capacitance model | biiiiidigiaoiioidooooo
+ SPICE
[ SN W S, A >
L R R Ceﬁ :%(Cmax +Cm|n)+ 1(Cm|n C ){aSin(V%j+( ij 1 ( ;]:fJ J
ol [l SYSURR NSRRI TIPS SOV ¥ S SN A S SUR R W
1.2 frmrmmrmmrm s
| | Ny | 0 : 2F -F
R T e r— | e Point A Fepa=—"——
o of Our Caculation i me + F
1 R e A
' L el f oftheeffectlvecapacutancermdel .
= Ot N .:.-.'.'.‘.' e NP PP - . F _ \/—me ax
. . Lo v=25v e PointB off B —
08 pmmsmsi g R FLE0IGH, Foy=0795GHz | | \/FZ + |:2
i '\ mn_lopf Cirn=4-0pf min
07 L A R R S N I i
1 1.5 2 25 3 3.5 4 45
et Fots < Fea
The reasons for difference between two method:
a) Hegazi's model is small-signal analysis;
b) Neglect 2rd and higher order harmonics;
ASIC & System State-Key Laboratory, Fudan University [E. Hegazi, A.A. Abidi, JSSC, June, 2003]
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Validation with Others’ LC-VCOQOs

Frequency-Voltage Curves

I I T T T Il 4 T T T T T T T
— Caculation : : : — Caculation : : : : :
+ Measuremer 3ogH_t Measurement | gl T _
SIS SR SRS URURN FRUND”f AU AU NN SN S SN SN S SO A S S :
PO NS NS RS NSNS SN MU SO S—_
Frr 3. S Pt 4L e R SRR o - R R e R R Rk R -
5 é
iy S P s S S -
LI I S RO SR S S I R T R SO U SONROR' 7NN W S SO SO SO .
: : | S .08 NS SNSRI SN U SO S S
: . : i | L=2.825nH;  V,=1.128V ; ; ! ; ; | L=2.8nH; Vy=0.742V
23| oo e | F=2.543GHz; F, =2.317GHz ] ] I i A P {| Frpe=3.984GHz; F,; =3.537GHz 1]
' ' ' ' C . =1.387pf; C__=1.671pf : : : : i Cyp=0.570pf;  C_=0.723pf
min max =] I S ot S S S A | . H
Amin:1'124V; Amax:1'233v . : : : : : Amin=0'74gv’ Amax=0'844v
’ i ns 1 15 2 75 3 0 0z 0.4 0.6 IR 1 1.2 1.4 1.6 1.8
yetrliVoltage) Wetrlvoltage)
[Y.B. Choi, 51" ASICON, 2003] [H.L.Lao, 51 ASICON, 2003]

ASIC & System State-Key Laboratory, Fudan University
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Qutline

EI
U
U
d
m  Optimization of LC VCOs
Q Low power design and low phase noise
Q Underlying physics of LC oscillators
Q  Optimization method: Linear and Geometric Programming
EI
U
U

ASIC & System State-Key Laboratory, Fudan University
-32-



http://10.12.240.202, Copyright © 2001-2004, Zhangwen Tang

Low-power Design

e Energy Conservation Theorem RLC Tank

Cszeak Llseak

2 ) 2 L _f C L
) E 7 § R ﬂ E L .
e The loss in RLC tank é é —
R, R R §
I:)Ioss = RCZCOSV |O2eak = %szeak
L w, o - 1
° JLc

e Low-power design
< Lower serial resistance R w,L 1 1 /L
< Increase the tank inductance B
< Work at high frequency

ASIC & System State-Key Laboratory, Fudan University [M. Tiebout, JSSC, Jul. 2001}
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Low-phase-noise Design

e Phase noise (SSCR)

KT o]

L(Aa)) oC
2P, Q°Aw®

Qun |

KT R?
L(A
( a)) o szeak LZAG)Z

e Low-phase-noise design

<« Lower serial resistance R

afv)

Arnplitud

< Increase the tank inductance

< Increase amplitude voltage

100

.
s}
[}
[}

Phaze(Deg)

15 2 25 3

Frequency(iGHz) Frequency(GHz)

ol 1 1L
R oCR R\C

Qtank =

ASIC & System State-Key Laboratory, Fudan University
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Underlying Physics of LC Oscillators

186 ~
TV 1 V=25V
P 160 F-——mm—————— ==
Mle I:IMpZ ' - r
E>C 4 % . § - Current limited :
‘ 2L ‘ H = gacti C L gtank 1 3@ :_ :
N |
X _\IS vee ZF v 100 © i
it) &
Cv Cv h 08 g iVohageInnned
. m c |
Itail i |
o 4180m A | : L . |
= 7.4 2.8m . 4. @m 6.0m
Mn3 lltail l ’ Ibias
1 -ltail A\/tank
. o voltage —limited _ _--— E, .>E, .
V — (4/72-)|bias /gtank (I - Ilmlted) VI ) ///// -
tank — - M rTT T OAAT T AT T T T I
\ Vi (V —limited) : i
) : Ifductance — limited
J2E L (L-limited) _—" | :
Vtank = o .. : :
\/ (V —limited) - g v oL

ASIC & System State-Key Laboratory, Fudan University
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Noise-to-Carrier Rate, NCR

The equipartition theorem of thermodynamics states that:
Any system in equilibrium has a mean energy of KT/2

C(v3)[2=KT /2 1 1
o KT 2 éR e Te & §R
<Vn> = ? = KTO)OL
Eank © Iéxil /Lgtzank ~ Itiil /I—gf (L —limited)
Va) _ [YEum (L-limited) Vo) JLac/ly  (L-limited)
V2, L (V —limited) —> V.2 L (V — limited)

ASIC & System State-Key Laboratory, Fudan University [D- Ham and A. Hajimiri, JSSC, Jun. 2001]
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Design Insight

Lg’

A

Startup condition

B B . . .

v, Minimum tank amplitude
Ly Optimization at feasible point
Vianio ==

e Lg/descreasing with L
; >-L : -L Optimization at the verge of
NCR @ : NCR : . ..
A 5 A 5 inductance-limited and voltage-
limited regime
: : NCRjpbemcaaaaa S :
NCR, ===z : ; :
non — feasiblei feasible inductance — limited E\/oltage — linited

—~
(=)}
~

(a)

ASIC & System State-Key Laboratory, Fudan University
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LC VCO Topology

c:Ioad | C:Ioad
12 initial design variables !
. - i -
e MOS transistors C=G+C 0 G =CA+C,
|
W L W L R, | R, Spiral
n n p p MW : W Inductor
|
e On-chip spiral inductors L R R, L
PSP 2090 ‘Vil' ! AMN— 202
TR TTRTEC, MOS
dout W S n _w_l_w_ Varators
]
e MOSCAP varators CNMOSI"'ICPMOS | CNMOSI"'ICPMOS
11 ! 11
B | NMOS &
C,max  Cymin (gmwgmp) | (gmwgmp) MO
_ | Transistors
e Load cap and tail current gc,r,‘v‘:"gop ! gor‘w}gop
C I !

load tail

Equivalent oscillator model

ASIC & System State-Key Laboratory, Fudan University
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LC VCO Parameters

CS
||
L
9090, 2
=1/R_+R_/(Lw
_’Rglc oL Zr 9 =YR, +R. ML)
P —l— P p—,_ p
1%,
- C, R,
[N N ] > 6 o —W— ., 9, = (Cva))/Qv

n-well

p-sub

2gtank = gon + gop + gv + gL 2gactive = gmn T gmp
Lok = 2L 2C = CPMOS +CNMOS +C +C, +C

tank load

CNMOS — Cgs,n + Cdb,n + 4ng,n c:PMOS — Cgs,p + C:db,p + 4ng,p

ASIC & System State-Key Laboratory, Fudan University
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Design Constraints

(1) Power dissipation

I <1

tail — "max

(2) Oscillator voltage amplitude

V — Itail _ 2|taiI ~ 2Itail >V

tank - = Ytank,min
gtank,max gon + gop + gv + gL gL

(3) Tuning range

1 1
I‘tamnk(:tank,min < 2 LtankCtank,max 2 2
max a)min

(a)max ~ Wi )/CO = Tt min (a)max + Oy )/2 o
(4) Startup condition

gactive 2 amin gtank,max

(5) Maximum diameter of spiral inductor

etc 4= Qoo

ASIC & System State-Key Laboratory, Fudan University
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Phase Noise Optimization

e In 1/f region, Phase noise (SSCR)

2
L2 ° ~ 2\ _ Rs R 1 . .
IgL (L —limited) 9 =H(RAY)=1 (Tj 5 (L — limited)
I—{Aa)} oC < thlall _» L{Aa)} o 4 L2I tail
— (V —limited) — @l (V —limited)
\Vsunpply L Vsunpply
[D. Ham, and A. Hajimiri, JSSC, 2001] Proposed optimization equation

Design strategy

e Lower R.L of on-chip inductor, or select high Q, inductor
e At maximum current |,

e At verge of inductance-limited and voltage-limited regime

ASIC & System State-Key Laboratory, Fudan University
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http://10.12.240.202, Copyright © 2001-2004, Zhangwen Tang

Graphical Optimization

Lower R./L in on-chip inductor, Decrease or increase |
4
A in = 3
"*." Tank amplitude
3 T.R.l‘".,’
— Induct / t
Lcls_ \ ’ ?ImL:tCeg.nce curren
=2 =
¥ /
'~.,..' reglme -divider
T.R.2™ //’.
1 /// voltage
-limited
start-up
0 I | I | .‘
0 20 40 60 80 100 0 20 40 60 80 100
Wn (Ll m) Wn (ll m)

ASIC & System State-Key Laboratory, Fudan University
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Geometric Programming

e \What?

a special form of optimization problem:

minimize  fo(x)

subjectto  fi(x) <1, i=1.....m
g‘i(m):L t=1,...,p
x> 0, t=1,....10

where f; are posynomial and g; are monomial

e Object Function: phase noise

qz., 2-Aw’

L{Aw}=10-log

C x ® T
[(w,7) = ?O + > c,cos(Nw,r +6,) >c?= 1 .[02 |F(x)|2 dx =212

n:1 n:O 72.

ASIC & System State-Key Laboratory, Fudan University
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Qutline

EI

U

U

d

EI

m  Techniques of lowering phase noise
Q Limited noise factor for white noise
Q Noise filtering techniques
Q Inductive control voltage

U

U

ASIC & System State-Key Laboratory, Fudan University
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Limited Noise Factor for White Noise

T A R

ASIC & System State-Key Laboratory, Fudan University

-45-

[F. Herzel and M .Tiebout, TCASII, Jan. 2000]

_ Mpl Mpg - — ¢ CZ L R
] 9% > %um :
— — T
Vi RSL L R, Vg i
'+ c | e Phase noise
|
Vr?SSB/
| ’ R 2
Mn1 P
7 :|n Mn 7 L{Aw}=10-log _AT S =10-Iog[F all ; COOJJ
ni |: n2 PSig 2|:)3ng Aw
Mn ”:} 7 e Limited noise factor
tail
R e
L F=—Tl=|1+""""2 |=1+y
. R,
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Noise Sources of Close-in Phase Noise

e Flicker noise of tail current
AM-FM modulation

e Flicker noise of differential pairs
Differential pairs looks like a “Mixer”.

Flicker noise modulates the baseband
and 2" harmonics voltage at the tail.

Leeson’s model

e Varactor nonlinearity

AM-FM modulation of common noise, L{Aw}zlo.log{ZFkT.llJ{ 0, TH“ Aa)]/f3]}
power and substrate noise.

S

ASIC & System State-Key Laboratory, Fudan University
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Noise Filtering Techniques (1)

Large capacitor filter at common node

—|_ Vdd
]Mpl Mp2|:
L
oy,
X C Y
| |
[Mn1 Mn2 |

J . H

e Lower channel length modulation
e Filtering noise from tail current

ASIC & System State-Key Laboratory, Fudan University
-47-

Waltage (V)

Vx Vy

L L L L L L L
2.2 2.4 2.6 2.8 3 3.2 3.4 3.6

With large capacitor

[A. Hajimiri, JSSC, May. 1999]
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Noise Filtering Techniques (2)

Vdd
HMpl Mpz[[
L
0%/
X C Y
| |
Mnl Mn2
| Off S Triode
il

Output Voltage

\/

i

11
11
11
11
11| Load Impedance
11
11
11
11
1 1

i

\/

(a) Without tail current

ASIC & System State-Key Laboratory, Fudan University

Remove of tail current

High

Vdd

HMpl

Mpz[l
Roles of the tail current:

- e Supply DC current
c Y e Boost high impedance at

common-source node

Avoiding Q-degradation by
triode region FETs

Output Voltage

\

Load Impedance

\/

(b) With tail current
[S. Levantino, JSSC, Aug. 2002]
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Noise Filtering Technigues (3)

LC filter at 2" harmonic

I:IIVI pl S, M p2|:
L
2004/
X C Y %
11 =
11 §
[Mn1 Mn2 |
c ==
L 1 1 1 1 1 1 1 1
Mn3 é ! I D2.2 2.4 26 28 3 3.2 3.4 36
n Time (ns)
| I}te C i
t 2111

e L1&CI1,L2&C2resonates at 2" harnonic
e Boost the impedance at each common-source node, avoiding Q-degradation

e Improve the oscillating amplitude voltage, and voltage-limited moves into current-limited

ASIC & System State-Key Laboratory, Fudan University [E. Hegazi, JSSC, Dec. 2001]
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Inductive Control Voltage (Proposed)

Mp1l S, Mp2
L
b 008
Vv
Ctl‘|o_\QQﬂQfJ_ X ‘KI I_/r( Y g
I [& s%
= \V V
Mnl Mn2
S, ol
C. ==
L1 11 0s 1 1 1 1 1 1 1

Mn3| ' ' l Time (ns)
:|: Ctail
e L3 & C3resonates at 2"d harnonic
e Lower even harmonics in oscillating voltage
e The oscillating voltage is more symmetric in one period

ASIC & System State-Key Laboratory, Fudan University
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Qutline

EI
d
d
d
EI
d
m  Design examples
Q 1.08 GHz narrow LC VCO
Q 1.0-2.0 GHz wideband LC VCO
d

ASIC & System State-Key Laboratory, Fudan University
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Example | : 1.08GHz Narrowband LC VCO

yad [+ &
3
|_4-E
. L1 LZ Evss ]
Ct 2
-3 s
autgﬁ‘m B e 8 aira J,E,_]|_E,_4€ outputp
rfn Gw1 Gve e
NM5 }a—« ’—a{ NMB
Iin D—— -
e e Chartered CMOS 0.35um 2P4M RF/MS process
s e 72-side inductor and A-MOS Varactor in Chartered
NM4 s N & library
ok 1 e Die Size: 1120um X 820um

ASIC & System State-Key Laboratory, Fudan University
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Simulation and Measurement of F-V Curve

Vdd vdd
I T =525
. /ﬂ\ SS558
Bias-T : Bias-T o
500 % Bias Curent § Spectrum Analyzgr
||
Test matching 1 |

NMSBH LC VCO HEILNM6

T I T T T
— Caculation I I I I — Caculation
+  Sirmulation + Measurement H
; 1.15 T R SRR S bRt EEEEEE —
1.15 | ' ' D L L CE T SN
L=5.755nH,; V,=2.208V L=5.760nH; V0=2.083V
Fmax=1.164GHZ; F.»=0.970GHz FmaX:1-134GHZ; Fmin:0-97SGHZ H i
. Cmin=3.247pf; Cmax=4.675pf ' ' 11 Cmin=3.421pf; Cmax=4.610pf R 7 2L RECEEEREY EERERRREN _
5 110 A.,=0.811v; A, =0973V  |----- AR A - g Amin=0.860V; Amax=l.OOOV i
g 105 Z 1.5
L i
1 : : 1 e e '"""'{'"""""{"""""'T """"" =
Simulation L | ’ | 5
e olimuiall —7 1 Measurement
0.95 L L 1 1 1 H H H H !
095 L L 1 1 1
0A& 1 15 2 248 3 348 e 1 15 5 35 3 35
Vetrlivoltage) Wetrl(Waoltage)

ASIC & System State-Key Laboratory, Fudan University
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Phase Noise (Simulation)

1.5 1 Phase Noise:; dBe/Hz, Relative Harmonic = 1 0 | | | |
~30.0
F \\\\\ ¥
—-52.0 [ i = 85
: N g
::-7@.@ 1/f®|Redian \\m % 1
T ™ ar
) N |-84dBC =
S —90.0 3 o0
— g ‘B\\\ =
g | 108 6dEe
g \“\\\ | | | | .
139 \\k429&Bc 3%5 ; 1; é 2% é s
1/f2 Reg|an 1 wetrlvaltage)
—Toe 102 1K 10K 108K ™ \ﬂ\‘l{ZJM
relative frequency { Hz ) Power Voltage 3.3V
. . . Current 3.1mA
e Simulation in Cadence SpectreRF : —
_ Oscillating Frequency 945MHz-1137MHz
Bias at 3':!'mA Tuning Range +8.9%
e Phase Noise < -82.2dBc/Hz@10kHz Phase Noise -82.2dBc/Hz@10kHz
(Simulation) -108dBc/Hz@10kHz
-129.3dBc/Hz@10kHz

ASIC & System State-Key Laboratory, Fudan University
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Example Il : 1-2 GHz Wideband LC VCO

LC oscillator core ' o k| [Switched-Capacior Array

o
LC E & E H
i : Oscillator g’m szé Teq E 2 3
e Switched-capacitor array 4 a 4
Core ] p1
] : . .
h - Hlerragor 7
e Switched-current array - T .
Vatrl D—euis e GRS rp NMn@ [ NMpZ NMn 1|3 NMp1
I"F 1T 0 _G VE5 ¥55
[ EnCOdel‘ " N5 et e—g ! A [;FNMB
" o L, <
NM1 NMZ £ b < 5
a5 a2
a 3 F &
L3 h n2 7 Cp2 Ché 7 Cp4
- cj
NMB ,
ada) D2 l _;l__qns
NM427p~l NT? = C# NEQZEBMPZ N%g4?%Mp4
% \"SSD
36
3 MMEA1 NME’ZJ JNMES JNME‘J— NMEE ’JNMES JNME?
EE —= g E% E1 | E2_| E3 | E4 | E5 | E7_|
- - g A jJ jj 3 j Switched
§—E—+Eg | T I'J T I’J T | T | T IIJ | | -Current
encader 3._ii__Eg ng? ¥s5 NMS2 NMS3 MI4S4 NMS5 NMSB NMS7
_E_Eﬁ Array
b £13
EM 1%

e e R R R LT
s i s s s gy
Encoder o Y ! ! | 3 | 3
ASIC & System State-Key Laboratory, Fudan University
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Differential On-Chip Inductor

® -
Core Diameter 100pUM L |
Sides 16 G Sg G G
Turns 5 1] 1 P+
Width 15 um = B
Inductance 52nH } Ll
Single-end Q >5

- Slmulatlon
< Measurement

o T
+  Simulation
59t © Measurement

Q-Factor
Inductance (nHj

Slngle end Q

1o 10" -1

10 10°
Frequency (GHz) Fregquency (GHz)

ASIC & System State-Key Laboratory, Fudan University
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Simulation and Measurement of F-V Curve

Simulation

| | | | | | |
a 0.s 1 15 2 25 3 35
Yetrl(voltage)

2_

Measurement

1.8

ASIC & System State-Key Laboratory, Fudan University | Vet(Volage)
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Phase Noise (Simulation)

Phase Noise; dBc/Hz, Relative Harmonic = 1

-8
Cpo \ Power Voltage 3.3V
; Current 3.5-10mA
: k Oscillating Frequency 1041MHz-1968MHz
—58.0 Tuning Range +31%
1/ Regjon Phase Noise -79dBc/Hz@10kHz
—70.0 h (Simulation) -104.4dBc/Hz@10kHz
- -125.3dBc/Hz@10kHz

( dBc/Hz
/?

-98.9 LY
AN
i *(?A'R e Simulation in Cadence SpectreRF :
\\ Bias at 1.15mA
13 Ve e 2P e Phase Noise < -80dBc/Hz@10kHz
A e Die Size: 1120umX1200um
—~158 t |
100 1K 18K 138K ™ 1M

relative frequency ( Hz )

ASIC & System State-Key Laboratory, Fudan University
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PFTN (Power-Frequency-Tuning-Normalized)

kT (f
PFTN =10log e | —L(fy )
sup off
Reference Process Power fiine Fo Phase noise PFTN Order
(um) (mWw) (MH2z) (GHz) (dBc/Hz) (dB)
1.08GHz 0.35 10.23 192 1.08 -129@1MHz -8.94 7
1.1-2GHz 0.35 33 927 1.50 -125@1MHz -4.35 3
[13] 0.35 10 790 2.4 -115@600kHz -6.41 5
[14] 0.7 24 81 1.8 -115@200kHz -20.46 9
[15] 0.25 6 1 1.8 -121@600kHz -56.15 10
[16] 0.35 12 364 1.3 -119@600kHz -9.94 8
[17] 0.25 20 270 1.86 -143@3MHz -4.73 4
[18] 0.25 7.25 1100 5.2 -132@3MHz 0.87 1
[19] 0.25 21.875 640 5.0 -124@1MHz -7.08 6
[20] 0.13 2.7 1900 4.6 -112@1MHz -0.85 2

ASIC & System State-Key Laboratory, Fudan University
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Conclusions

e On-chip inductors
% Equivalent capacitance
s Differential multilayer inductor
s Quality factor improvement techniques

e Varactors and F-V tuning curve
s Period calculation of LC-VCO with step-like varactor

e Optimization of LC VCO

% High Q inductor, Lower R//L in on-chip inductor

e Techniques of lowering phase noise
% Inductive control voltage

e Two design examples

ASIC & System State-Key Laboratory, Fudan University
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Prospect(1l): Switched MIM-Cap Varactor

C-V Curve Direct Model
A C,/IC, I
Cl C1
Cl Vg _\7/\/__' _I : M ; M : I_ Vad N\m
> x4 FH—_—— v
VTH VC C2 T T C2
(:SSCVO
Switched MIM-Cap Cross Model
G

Cz : : Cl —I
Vao ~X~F-X"7"
X=%

[,

(o)
Vc

ASIC & System State-Key Laboratory, Fudan University
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Prospect(2). Varactor and Vaructor

e \ariable Resonator: VVaractor e \ariable Inductor: VVaructor

\/ad

G

C, — C, V'— 0—|
—IDJ L, L,

(o)

Vc
Y

ASIC & System State-Key Laboratory, Fudan University
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1.08GHz LC VCO with MIM Varactors

1.8BGHZ 2084 .84 ==
dd: NW _ ZIHTANG
FUDA 2 &

| e—

Vetrig

| |
| o—

vetrin 111

i
i i

G

e Simulation in SpectreRF
F-V curves, 3.3mA
e Phase Noise < -89.7dBc/Hz@10kHz

Frequency(Hz)

1.14

1.12

——
——

1.08

1.06

1.04

1.02
-0

ASIC & System State-Key Laboratory, Fudan University
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K0
— Cacl_;latinn
+ SPRICE
»
A 0
WetrlMvoltage)
Better phase noise in LC-VCO with MIM

Varactor than in one with MOS Varactor
Simulation agrees well with the calculation
TSMC 0.25um 2P5M RF/MS process

TSMC CMOS 0.25um 1P5M RF/MS Process
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Thanks!
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