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LC VCO Structure
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Design Example

v LC voltage controlled oscillator (VCO)
- Supply voltage: 1.8V

- Frequency tuning range: > 30-MHz
- Oscillation frequency : 1.5-GHz

- Phase noise @ 1-MHz offset with 1.5-GHz: < -125dBc
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Inductor Model

« An equivalent circuit model of inductor
« Series connection of resistance and inductance
« Analyze inductance into using Z-parameter
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Inductor

* Inductor selection
» Tsmc18rf — RF_Device — Inductor — ind_sym — symbol
« Symmetric inductor selection

— o | @] =
% Library Browser - Add Instance & > —_— - | J
¥ Show Categories
Library Category Cell View
tzmc & Inductar ind_sym symbol
Bl Ll Cadence_|C = Ewerything |ind_std Viewr | Lock | Size [
- b hasic = Uncategorized ADvance_M3 20k
- Lkl analogLib - = Bipolar ind_sym_ct ams 20k
- Ll U5 _giths B- 5 Capacitor aucal 20k
- Ll functional Bl- 5 Diode auLwvs 20k
L riLib @ 5 Mosfet BldoD ek
- lalal MExamples - = Paragitic_Device hspiceD s
- Ld ahdILib B 5 RF_Device spectre £0k
-l cdsDefTechLib i 5 Capacitor_RF NN I R
Ll Week]_WCO = Diode_RF
o lakad WeRkZ LCYCOD E Inductar
o |l test = Mosfel_RF_AT
W EE {omc] S i 5 Resistor_RF
i 5 waractor_RF
B 5 Resistor
- 5 Special_Device
- 5 symbaolic
= Varactor
5 do_nof_use
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Inductor PDK

® TSMC 180nm spiral inductor PDK
— Single-ended
— Symmetric
— Symmetric with a center tap

ind-_std

ind_sym_ct
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Inductor Parameters

@ Setting of frequency, inductor width, inner radius and number of turns.

Apply To anly current n instance n i
Show _ system o user o COF
. Browse | Reset Instance Labels Display = Freq (H Z) . 1 . 5G
Property Yalue Display
Library Mame tamol8cf off
N — Inductor_Width (M) : 30u
Wiew Mame symbol off —_ -
Instance Mame L2 off

Add  J|  Delete )| Modify

L

- Inner_Radius (M) : 90u

CDF Parameter Yalue Display

kodel name spiral s3_sym \oft

L_value_single_ended(th 5. 541260 H TTTTE

@_factor_single_ended B.BETZE off - N u m ber Of Tu rnS 4
T valie_dmerentiaigy ¢ Coaleean B e - -

G1_factor_differential 10,0172 off

tempiC) 27 ¢ \oft .
'frEqTH?)'"""""T?G'E'““'m""'ﬁ" — I nd UCtance . 5 . 54 n H
Inductor_Width_() GO - | off Q f t . 8 88
Inductor_Space_h) Ju M ‘fo — - aC Or . .

Inner_Radius{i) a0u ot

Mumber_Of_Turns 4 ‘off
(I ekttt ikt At '

Hard_constrain 4 off

I -__

m _Cancel | Apply | Defaults || Previous | MNext | Help
I
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Port for S-parameter Simulation

* Port

» Show Categories check

 analoglLib — Sources — Ports — port — symbol

L

% Library Browser - Add Instance . (=B8] X |
¥ Show Categories
Library Category Cell View
analoglib Forts port symbol
- = Everything nlpor View ~ | Lock | Size
aucdl 20

t- Ll functional

e L LD

oo Ll MExammples

e Ll ahdiLib

‘ool cdsDefTechLib
- Ll WEEKT_WICO
-l WeBkZ_LCWCO

- lalad tEr5t

o lald t3me &rf

3

Uncategarized

= Parasitics

Actives
= Analysis E:EET”
5 Interface_Elements
L\E} hisc

ources
7 Dependent
= Globals

7 Z2_5_Domain
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S-parameter Simulation Setup

« Simulation condition setting
Analysis : sp (S-Parameter Analysis)
Ports : Port0 (schematic node choice)
Sweep Variable : Frequency

Sweep Range : 100M ~ 4G

Sweep Type : Logarithmic

Number of Steps : 300

Enabled check — OK — Netlist and Run

o, | Virtuoso® Analog Desi

Launch Sgssion  Setup  Analyses Yariables Outputs  Simulation Besults Tools Help CEdEI'ICE

I @5 =B A D

Design Yariahles

Mame

Analyses 7)) X
i

_ Type | Enahle| Arguments
100k 20G 207 Logarthmic Mumber of Steps St

1_3[3 v @

T

MamesSignal/Expr | Walue| Plot| Save| Save Oplions | e e

= Results in ...ed_masteré/simulationsinductor_G_factor/sper IPUTH = iy ‘Auto n Pl mgdg-‘.ﬁ.ppend n
nmouse L: Iz R:
3(15) | Plat Outputs | Status: Ready | T=27 C | Simulatar: spectre

9
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% Choosing Analyses -- Virtuoso® Anzlog Design Environment... | =
Analysis — tran o dc o/ ac — hoise

o - SEns o domatch o sth

w pz : & sp :H envip o Pss

— pac MMM U pnoise o pxf

— psp ~ Opss o gpac — gpnoise

— opsf — dpsp  hb — hbac

— hbnoise _ hbsp

Sweep Variahle :

& Frequency 1

— Design Variahle

— Temperature

— Component Parameter

— Model Parameter

Sweep Range

° Bt Start | 100m Stop 206

]

1

1

1

1

| - Center-Span
5

I Sweep Type

1 — Points Per Decade
U

& Mumhber of Steps

Add Specific Points

Lo Moise
_ yes
~ no
hode
» Single-Ended _ Mixed InfOut _ Other
b e e N
Enabled v 1 Options...
= 1 ‘e v
1
-------- m Cancel | Defaults | Apply ) Help




Plotting Z-parameter

» Simulation condition setting

* Results — Direct Plot — Main Form
Function : ZP
Add To Outputs choice
Modifier : Real = Z11 and Imaginary — Z11
OK

I @l =7 & =8 8D

Design Variables

Mams | Walug |

= Results in ...ed_masterz/simulation/nductor_G_factor/spe

nmouse L

Analys
T b
il 57
Wectar 3
Circuit Conditions ...
Wiolations Display ...
Reliability Data 3
Save ..
Output
Select ...
Iy
Delete
Frinting/Plotting Cptians

Plot after simulation: |Auto ' Plo

L)

9(15) | Moise Figure

| Status: Read

10

hAain Fon

13 Al
T =Ty e e o o

Transient Minus DC
Transient Sum
Transient Difference
AC Magnitude

AC dB10

AC dBzZ0

AC Phase

AC Maghitude & Phase
AC Gain & Phase
Eguivalent Qutput Moise
Eguivalent Input Moise
Syuared Cutput MNoise
Squared Input Moise
Moise Eigure

nr

| | Direct Plot Fom [

Flotting Mode — |Append n
Analysis
& sp
Function
| 1
USP| ®ZP o YP o HP
| —— ]
— GD - YIWR o MFmin o Gmin
— Bn — [ - MF - kI

- B1f o GT - GA o GP
o Gmax o Gmsg o Gums o 2
- MC - GAC o GPC U L3E
o 5B

Description: £-Farameter

Modifier

= To plot, press Zij-button on this form...
o 1

1Cancel
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Z-parameter Results

«/Z =R+ jwlL
» Resistance = Real [Z11] o—WW WU\_O

* Inductance = Imaginary [Z11] / w
» Check the SRF(self resonance frequency)

< Equivalent circuit of inductor >

VVVVV

Real [Z11]
Resistance 5.87 @ 1.5GHz

Imaginary [Z11]z
Inductance 5.54nH @ 1.5GHz
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Q-factor

e In an ideal series RL circuit

“ energystroed wL imag(Z11)

energy loss R rea(Z1l)

» Calculator (Visualization & Analysis XL)

» Wave choice — imag(zp(1 1 ?result "sp")) /real(zp(1 1 ?result "sp"))

File Tools Yiew Options Constants Help

cadence

|||.| In Context Results DE:  fofficel/2016_1_highspeed/2016_1_highspeed_masterZ/simulationnductor_G_factor/spectre/schematic/psf

Il app plot  erplot

o vt vt | vdc s HE o Op W ovar | sovn o 5P oo WEWr L hpo o EZm
m Wt v T \ 4 idc WA S <opt L mp o MNE | IR LY gl data
I T P
| o _ Family 1o Wave”_ Clip E EJ(\ :nﬁ Append =| & | B
| Key ... g ’L‘T imagizp(l 1 Fresult "spmidrealfzofl 1 Yresult "spi

imag(zp(1 1 ?result "sp"))
Ireal(zp(1 1 ?result "sp"))
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Q-factor Results

| Edit Object Properti —|

. .
¢ Q_fa Cto r S I m u | at I O n Apply To only current n instance n
| n d Shaw _ system ¥ user W CDF
. tor Q-factor : 8.89 @ 1.50GH
u C O r a C O r ) ) ) Z Browse Reset Instance Labels Display
Pro..perty o Walue - Display
Library Mame temel8rf off n
1nd_sym valug n
Q-factor Wiew Mame symbal off n
Instance Mame L3 off n
Add '\ Delate o\ hAodify )
CDF Parameter Walue Display
spiral =3 _sym aff n
_____________ TP N —" Y .
| 5. aa72a of |
Tvalue_dmerential(y o ©.alegemd o R |
10,0172 of |
_________ 72 S i -
1.56 He of |
M ey = — = — = g ——————————— it - i
u of |
Inner_Radius(h) 90w M of |
kumber_Of_Turns 4 off n
multiplier 1 L - |
Hard_constrain n
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Accumulation Mode Varactor

* On (Accumulatlon

Accumulation
(Cox)
sub

« OFF (Depleted) Depletion

14

>
L Cor Vs
—T— _

N

sub
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Oscillator with Varactor

:

« Change average capacitance from control voltage.

[,

C 4

Accumulation
(Cox)

Depletion

Voutn (o L 4 xo Voutp

Voutp
VDD

Viiasn O—Ié U

15
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Varactor

» Varactor selection
« Tsmc18rf — Varactor — Varactor_RF — mos_var — symbol

! ¥ Show Categories

Library Category Cell View
tamc18m Waractor_RF mos_vad symbol
G ldd Cadence_IC - 5 Ewerything  lock |  Size
b lald WEEK]_WCO - = Uncategatized Al ance_h3 Z
: - = Bipalar ams Z
B- = Capacitar auCdl z
B Diode aulws 7
- 5 hosfet E'C’F‘D = g
- = Parasitic_Device Sp'CtE:_
- RF_Device p == S
- Resistor LM____________-___________.'
Special_Device
e
[_
i
1
1
1
L
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Varactor Modeling

« An equivalent circuit model of varactor
« Parallel connection of resistance and capacitance
 Analyze capacitance into using Y-parameter

o Wi

< Equivalent circuit of varactor >

< Varactor structure >

17

L

mlin
6

Vcontrol

O

>58¢

)
53]
=

VES

Mos_var
netl gl . 'moscap_rf"
%ﬁ VSS VSS
i
S[Loc184. /071
branch: 14

gate

control

control

%P vdc=cantrol

98}
98}
>

group:”
m: 1
< Test schematic >
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S - Parameter

~ Choosing Analyses -- Virtuoso® Analog Design Environment . @

 Simulation condition setting T e
« Analysis : sp (S-Parameter Analysis) S LT Ope
« Ports : Port0 (schematic node choice) ot G OM  Obtar

« hbnoise _ hbsp

Sweep Variable : Frequency

S-Parameter Analysis

[ i e —————— 1
. | Forts I Select 1 Clear
« Sweep Range : 100M ~ 40G | : =S
| /PORTD 1
. . L — -
« Sweep Type : Logarithmic e
1
. 1
« Number of Steps : 300 R
== O T
 Enabled check — OK — Netlist and Run IETEETE
 Component Parameter
— Model Parameter
|, Virtuoso® Analog ol 000 0 ___]
R R R RRRRRRRRRERERRRERRRRRRRRRERRREEEEEEE—————————— e Sweep Range
L h Sessi Set Anal Yariahl Cutputs  Simulati Results Taols Hel a
Launc ession  Setup  Analyses Variables Outputs  Simulation  Results Tools Help cadence ® Start-Stop st Toom sop (205
— - . ) — Center-Span
l=F =N SCERE P N=N" = eseeeees
; } Analyses il - )5*-:- —— — Points Per Decade 200
'Demgn Yariahles — Tvpe..| Enable] e i :E.“_ Logarithmic n © Murmber of Steps
HE Mame | Walue | 1 5p ~ 1000 40G 300 Logarithmic Mumber of Steps 5t el [T T s s s e
ypoae 0 e (i) Add Specific Points
K"’ Do Noise
b4 yes
= »¥ no
1@
Outputs 78 %[ Mode
Marme/ Signal/Expr | Walue | Plot| Save| Save Options |  Single-Ended _ Mixed InfOut _ Other
T [ [ —— :
Enahled w1 Ciptions...
I ————

——————— 1 Cancel | Defaults || &pply | Help
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Plotting Y- Param

| T Divect Plot Forn
 Simulation condition setting ploting Mode  #ppend |3

. . Analysis
e Results — Direct Plot — Main Form

Function : YP
Add To Outputs choice Function

LI

* Modifier : Real = Y11 and Imaginary — Y11 Osp ozp Leve lowp
e OK _GD  C vSWR U NFmin o Gmin

— Rn w [N — MF i [
— Bif o GT o G& o GP

Launch Session Setup  Analyses  Yariables Dutputs  Simulatio il Gmax Tt Gmsg Tt Gumx s ZM
T T RS N _NC U GAC o GPC L LSB
hain F
Design Variahles v ain Fom 3 SSE
B[ . e e e e e ot
Harme | Value s anniaie Transient Minus DC -
Wectar L3 =
Transient Sum
ey jent Description: & -Parameter
skl iy Transient Differance 4 -
Reliability Data p | ACMagnitude
AC dB10 .
[ outpur P Modifier
= Select .. =
3l
Delete AC Ehase.
PrinfingdPloting Options .. | 2 Magnilude & Phase
AC Gain & Phaze
Equivalent Output Maise [T
Equivalent Input Naise
~ Results In ...ed_masterz/simulation/inductor_G_factartspe || P10t after simulation: M Plol  Sguared Output Naise
Iimouse L I Syuared Input Noise
9(15) | Moise Figure | Status: Rea] Moise Eigure
nr
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Y- Parameter

Y =1/R + jwC
» Resistance = 1/ Real [Y11]

» Capacitance = Imaginary [Y11] / w
P g y [ I/ < Equivalent circuit of varactor >

¥11reS @ 9.415093u 300.0 7

250.0
2000 ]

150.0

Real [Y11]
Resistance 107K @-1.5GHz

M Y11 imS @ 1.745089m 150,

Imaginary [Y11]
Capacitance 184pF @ 1. SGHz‘

High-Speed Circuits and Systems Lab., Yonsei University




Capacitance

« Simulation condition setting

wC Imag|Y11
. C = ©C_ Imaglviy

» Calculator (Visualization & Analysis XL)
» Wave choice — imag(yp(1 1 ?result "sp")) /(2*pi*xval(yp(1 1 ?result "sp")))

Eile Toolz Miew Options Constants Help cadence

”H In Context Results DB:  /officel/2016_1_highspeed/Z2016_1_highspeed_masterzésimulationd/inductar_Q_factor/zpectreischematic/pst

Il app  plot erplot

Wt | Wl [ svde | s | W op L var |l vn o 5P MEWE L hp L Zm

— WNE

~opt omp Wi 20 YN < gd o odata

or

[ Key .. ﬁ_':_cl magizp( 1 7resul iy A AR TP rEGult "sp™))
/(2*pi*xval*(yp(1 1 ?result "sp")))

21 High-Speed Circuits and Systems Lab., Yonsei University




Capacitance..

« Edit Object Properties l-&-]

Apply To anly current n instance n

 Capacitance simulation
« Capacitance : 184fF @ 1.50GHz B I

Library Mame | tame18cf G - |
moS_war value n
View Mame symbol G - |
"B Weekz_LCVCO Varactar schematic [x]
Instance Mame  c0 off n L

Capacitance
MName

Delete | Modify

CDF Parameter Yalue

243 293 F
2.5u M

250.0 E00n M
77 P 15GHz 18
Fingers_per_Group(E) 10

Mumhber_of_Groups(G) 2

Capacitance

Create_Guard_Ring

184ﬂ: @ 1SGHZ multiplisr

Hard_caonstrain

500.0
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Capacitance

 Control voltage sweep

 Tools — Parametric Analysis
- Voltage : -1.8V ~ 1.8V

Eile  aAnalysis Help

Il Feady
= %lﬂ&@ ™ | vJ_Hun Mode: Sweeps & Ranges n Q = I

ariahle | “alue | Sweep? | Range Type | From | To | Step Mode | Step Size ||
control " From/To -1.8 1.4 Linear Steps | 0.1 :

» Calculator — Family — value — I}¥ MEH (Capacitance) — Plot

Function Panel =

Flotfprint vs. time n
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Capacitance
* V¢ VS Capacitance

1G )

value(Capacit

€ o>
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e Inductor

: 5.42nH

Capacitor :

Input NMOS
» Length :
» Total Width : 20u (fmger 1)

1.5pF

180n

e Source NMOS

* Length :
« Total Width

* Varactor
e vdd : 1.8V

500n

e biasn : 0.8V

. cont :

== XHE (cont)

* Initial condition
outp & outn
1.8V, 1.85V

25

LC VCO Schematic

.............. ind_sym 1 L0 . . .
\.-dd o Tspiral_sI_sym ™ 'Spll’Cll s3_sym™ o \.-dd J_
c—15p - N G .. ¥S3. .o o=1.5p
............ |nd353283'|n- . ind= 53233?&“ L T T
W u W= (]
............ outp A outm. .. L
............ . oor=4 . o
Doy
............ T
£ 4 autn
5 - 22— .
gl e &
W T
HEE =Ty R b ey =S
Sg|szoE  ESTR[85
.d} mEg %EEP: >D|_.
a3 +c L e sl
. _ﬁ:-.;x_:E_m_ T gm E ...........
s ke e 2 T
M o P L P . a0 0. -
: 100u (finger :1) S3|Rsdy o2 sE| 8
. . . . a2 . . . . . . . . . . . . . . - N fj-ﬂmE Em-ﬂb FE T T S P
cont N
P . P N A S Er ® - -
. . - R - ST R
LI 535
T ! B
[u] [n]
... - E. E
L
................. h.Tnmosﬁv o ... .nmosdy (o
c — “ngh™ Yautp autn’| “fAch’
n 2 . & 5 w=2EJu utn - - autp w=2eu . . .
= = _5 ] =1
: : - : = ISE}Qn - - =13.0n

....................
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OSC Frequency (Vcont = OV)

& ADEL (3) - Week3_pre sim_vco schematic

Launch Session Setup  Analyses Mariahles Qutputs  Simulation HBesults Tools Help cadence

» Control Voltage OV e r—r——
» OSC frequency : 1.36GHz e

« Transient simulation (100ns) ' . -

» Output It A Frequency F78 o
- &

QOutputs
Mame/Signal/Expr

| walug | Flot| Save| Save Options |

spectre J
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OSC Frequency (Vcont = 1.8V)

& ADE L (3) - Week3_pre sim_vco schematic - m] x
Launch Sgssion Setup Analyses Yarables Qutputs Simulation Besults Tools Help cadence
+ Control Voltage 1.8
ontrol Voltage 1.8V —

« OSC frequency : 1.36GHz e =
_ Mame | Walue | | |y tran ¥ 01000 congeryative 1
. . . ﬂ.lasra.____m.ﬂ.m. ______ e @
* Transient simulation (100ns) ] -
— ] =5 *®

« Output It¥ A Frequency & .
6utputs . ?ﬁlx‘ =

Mame/Signal/Expr | Walue | Plot| Save| Sawe Options | -

1 fftreqonimectran v ourp

D

1.51GHz @ Vcont 1.8V




Phase Noise (PSS)

» Choaosing Analyses -- Virtuoso® Analog Design Environment... &J I----------------------------------------
: Accuracy Defaults (errprasef) :
Analysis o tran o dc U ac w hoize ! _ conservative o moderate _ liberal !
|
o A — 3ens o odomatch o5 - NL L
1 i Convergence [ . .
o pz & s —envip & pss 1 I 2 50 I .
" # # I._f___l 1| Additional Time for Transient- Aided HE (istab) 30n n | tStab . OSCIHatIOn
s/ pac w pstb o pnoise o pRf e e o T T Tt
— psp _ Opss L gpac _ fpnoize save Initial Transient Results (saveinit) — ha __ yes O|_|Jg —_|-|-|7_|' AE-I g
i default
 opst — qpsp o hb _ hhac Harmonic Balance Homotopy kethod
« hbnoize _ hbsp f'g'_;'t":"""""""O'U'EE'U' 'n'g'de"':
|| =EChiaton e Oscillator nade foutn Select |1
Petiodic Steady State Analysis : —— :
. pEmmmm————m—m—m I Reference node Selact
Engine . Shonting: & Harmonic Balance : |_______________________________________'
e ———————— 1 Osc initial condition\/ S Sdefault _ linear
Tones ) Osc Mewton method . onetier _ twotier
H E ¥al SrcId
I oame Hpr alue I SWEEp =
|
I | o | Mew Initial Walue For Each Paint (restart) — o yes
156 Loadpull L
i e e gy
I Beat Freguenc 1.56 1 N
: q 4 1 At Calculate LJ : Enabled v : Options...
T e mmmmmmmeed —
m Cancel Diefaults Spply Help
Rttt
I pMumber of Harmonics 10 1
l
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Phase Noise (Pnoise)

* Pnoise

 Setup PSS first, then Pnoise

.

% Choosing Analyses -- Virtuoso® Analog Design Environment [@

Analysis « fran W dc W/ ac «/ Noise
ot HF w $eng o dcmatch o sth
o pz S sl EWp_ o pss
o pac > pstb: 2 pnoise : o
o psp o gpss o GRAC T L gpnoise
o et w qpsp o hb « hhac
 hhnoise _ hhsp

Periodic Moise &nalysis
P35 Beat Frequency (HZ)  1.5G
Multiple pnoise L
N L L L T T e .i

I ’

I| Sweeptype  relative n Relative Harmonic 1 I
| |y —y—y—y——y— - P — p— |
I Cutput Freguency Sweep Range (Hz)

o e -
1 — |
start-Stoap n I Start 1k Stop 100 1
| IR KN VS -
E—=EL o (e S 1M
| Sweep Type 1
1 « Foints Per Decade Toon :
1 P
¢ \addauitoic & Mumber of Steps épbo :
| S -
Add Specific Points

Sidebands
e O
I 1
1| Maximum sideband 20} 1
: B 2 30 !
L — ety o= tropirre—chefemit-pnttie FRarm i ot = ——————— !

Positive Output Mode  foutn Select
voltage
Megative Output Mode  fvss Select
VSS

I
I
I
I
I
I
I
: Input Source
I
I
e e R SR TaTe |

Moise Type |$O0UFCEs n

sources: single sideband (358) noise analysis

_ Yes _ no

Maoize Separation
separate naise into source and gain

Options...
e ——

Defaults Help

Apply

= —
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Phase Noise

* Phase noise
« Calculator (Visualization & Analysis XL)

« Function Panel (phaseNoise & &)
« Harmonic Number : 1
- Signal dataset : pss_fd
« Noise dataset : pnoise

* Apply
| Function Panel g X
Al n Q, phaseMoise
phaseMoise

Harmonic Humber 1

Signal dateset pss_fid

MHoise dataset pnoise
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Phase Noise

e Phase noise
o\ = 148V

cont

* 1.5GHz, -129.9dBc @ 1MHz

1.5GHz , -129.9dBc @ 1MHz
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Homework
v" Design 2-GHz (x100MHz) LC VCO with tuning range larger than T00MHz

v" Verify and plot output waveforms and K, .

v" Verify and plot phase noise with control voltage generating 2-GHz clock.

v Indicate LC VCO schematic, inductor and capacitor value, and using varactor
count in the report.

v' LC VCO specification
-Supply voltage : 1.8V
-Load capacitance: 1.5 pF
-Phase noise : Min -115dBc/Hz
-Frequency tuning range : Min 100MHz

v Due: 25 Sep. in class (Hardcopy)
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