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Introduction of Phase Noise

» The oscillator output Vo with the phase noise @,
Vo = Asin(w,t + ¢, ) = Asin(w,t) cos(g, ) + Acos(w,t)sin(4,)
where A is the amplitude and w, is the frequency

 For small noise term
Vo = Asin(w,t) + Acos(w,t)g.

Asin(wt)
\
/\A/ T ——
Acos(wpt)dD,
Wo Phase Noise Wo
Asin(wit) Asin(wgt+®d,)
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Introduction of Phase Noise

* Phase perturbation from device noise includes
white and flicker noise

- Power spectral density S;, of phase noise @,
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- Extracting noise parameters
— Single-sided PSD L(f)
—  L(Af)=(1/2)S 4(Af)

Lee, T.H.; Hajimiri, A., "Oscillator phase noise: a tutorlal Solid-State Circuits, IEEE Journal of , vol.35, no.3, pp.326-336, Mar 2000
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Impact of Phase Noise

Phase Noise
— Reduce SNR of the signal

— Tx: Out-of band emission

A fi o+Phase Noise Spectral Emission
f]F f fRF f
— Rx: Reciprocal mixing
Interferring
Channel
e

fi o+Phase Noise

A

Desired
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2010/2/9



Phase Jitter

- Jitter issues
— Sampling cases
» Degrade SNR of ADC/DAC
— Data recovery considerations
» Reduce the eye-opening
» Decrease BER

- Definition of phase jitter
— Difference between the measured time and the
ideal bit period
1
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PLL Noise Modeling

* Phase domain model
— Simple and Linear model
— Sampling nature of PLL ignored

— Efficient for the noise analysis when the
PLL is in locked state

» Voltage domain model
— A complete but complex model

— No quiescent operating points and only
periodic operating points

— Describes phenomena like cycle slipping,
false locking and lock capture

— Long simulation time
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Phase Domain Model

* Noise Sources
— Reference
— PFD/CP
— Loop filter
— VCO
— Divider

PFD/CP
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CPPLL Type Il 3@ Order

» Transfer function of loop filter (R-C//C,)
Z(s) = (s/w, +1)
S(C+C)(s/w, +1)
1 1
t=Rc’ " TRCC_/C+C)
P P

- Transfer function of loop gain (two poles at s=0)

IC Kvco 1l Ic Kvco(s/w, +1 1
L(s)=—P 7(s) _lep __Kveo(s/w, +1)
27 s N 27zs(C+C))(s/w,+1) N
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Noise Transfer Function of Type Il CPPLL

 Noise from the reference
() NL(s
Href = out _ NL(S) _

- = H(s)
dnref 1+ L(s)
where H(s) is the closed-loop transfer function of PLL

* Noise from PFD/CP
Hpfdcp = dout _ Z(s) Kvco
Incp 1+L(S) s

*  Noise from VCO

dout 1
Hvco = =

®nvco 1+ L(s)
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Noise Transfer Function

 PLL parameters
— Fout=2.4GHz, Fref=16MHz
— lep=1mA, Kvco=21*300MHz
— R=300Q, C=200nF, Cp=10nF

Noise Transfer Function
77T7\7‘7V7\“T7777\77‘\777‘71’1’\7\—[7777’777\7“7’7**7’\

10 10°
Frequceny (Hz)
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VCO Model

 Fundamental function
cp:jfdt:j(K <V )dt

VCO

*  Noise model
— Flicker/\White noise added to the frequency
f=K,,xV,+V (1)

VCO

— 1/ and 1/f2 regions of the phase noise plot

1/F(Flicker Noise)

¥

/fﬂWhim Noise)
! Noise floor

rd

£ flicker log(f)
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White Noise Generating in Verilog-A

« white_noise(PSD,’name”)

— PSD is Power Spectral Density in units of V2/Hz or
A?/Hz

— “name” identifies the source while analyzing the
noise simulation results

Examples

— V(res)
white llUlse(4* P_K*$temperature*Rs,”thermal

— I(diode) <+ white _noise(2* P_Q*Id, shot”)

\_/
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Flicker Noise Generating in Verilog-A

. flicker_noise(pow,n,”’name”)

— pow is Power Spectral Density of the source at
1Hz in units of V2/Hz or A2/Hz

— nis the order of the frequency i.e. 1/f" is modeled

— “name” is to identify the source while analyzing
the noise simulation results

« Example of 1/f roll-off noise
— f_flicker: corner frequency
— whn: Desired white noise level
— V(out) <+ flicker_noise(wn*f_flicker, 1, “fn")
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VVCO/Divider Test Bench
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VCO PSS Simulation Setup

=

OK | Cancel | Defaults| Apply |

Analysis ~tran L | v S | - hoise
-~ %f - BENS - Hematch . -sth

pz . Sp _~envip 4 pss

-~ pac -~ psth ~ pnoise - paf
- PEp - qpss - qpac .~ Qpnoise
. qpxf - qPsp

Periodic Steady State Analysis

Engine 4 Shooting . - Flexible Balance

Fundamental Tones

Output harmonics

Humber of harmonics _ =0

Accuracy Defaults {erpreset)
MW conservative | moderate | liberal

Additional Time for Stabilization (tstab) 105

Save Initial Transient Results (saveinit) | no | yes

Oscillator W oocijator node | /vout o Select

Reference node | /vout_p Select

Osc initial condition W default | linear

\l# Nane Expr Value Signal Srcld
Options...
Check this for any

I ' Large autonomous osciallator

qgarfﬁdd "Dele.te.: I.Tl.!]da.te Fru.m Schg.r.na.tjt.:f
@ Bool Fequency 108 Auto Calculate

- Beat Period P T—

Fundamental Oscillation
Frequency of the oscillator
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\VVCO Pnoise Simulation Setup

OK | Cancel Defaults| Apply |

Analysis - tran
o KT
pz
pac
-Psp
gp=f

idc

- SEns
3P

- psth

L Opss

qpsp

ac
docmatch -
envip
4 phoise
qpac

Periodic Moise Analysis

PSS Beat Frequency (Hz) |10G

Sweeptype absolute

Output Frequency Sweep Range (Hz)

Ho

th

noise
sth
pss

- PRt

~ fpnoise

w to

choose

is?

Sidebands
Maximum sideband e
Output
Positive Output Node | /netZ Select
voltage : 2
Hegative Output Node | /v Select
Input Source
none

Hoise Type sources
sources: single sideband {S35B) noise analysis
Moise Separation ¥es | ho

separate noise into source and gain

Start-3top Start | 1H Stop | 104
Enabled B Options...
Sweep Type '
Automatic
Add Specific Points
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VCO Simulation Results

—Re = Phase Noise: dBc/Hz, Relative Harmohic =
Flicker corner

N —50.8 L
T
e 1/f2 —Region.
m —
T | 1/3 — Region SlOpe = -20dB/dec
~ —138 | Siope = -30dB/dec ]

—178 , .

100 10K ™ 140

freq ( Hz )
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Alternate VCO Model for Phase Noise

module vco(in, out);
input in; output out;

voltage in;

phase out;

parameter real gain = 1 from (0:inf);  / transfer gain, Kvco (Hz/V)

parameter real n = 0 from [0:inf); // white output phase noise at 1 Hz (radszz)
parameter real fc = 0 from [0:inf); // flicker noise corner frequency (Hz)

analog begin
Theta(out) <+ 2='M_Plxgain=idt(\V(in));
Theta(out) <+ flicker_noise(n, 2, “wpn”) + flicker_noise(n=fc, 3, “fpn”);
end
endmodule

White noise (1/f?)

Flicker noise (1/f3)

V(out) instead of Theta(out).
Discipline of “out” should be
electrical/ voltage

Source: www.designers-guide.org
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Divider Verilog-A Model

Flicker sources dominate

White sources dominate

/ n

J0C I Ff
Noise bandu 1dth /T
Region of Interest \ / Sampling Effects

modaule divider(in, out);

input in; output out;

phase in, out;

parameter real ratio = 1 from (0:inf); // divide ratio

parameter real n = 0 from [O:inf); // white output phase noise (radsngz)
parameter real fc = 0 from [0:inf); // flicker noise corner frequency (Hz)

analog begin

Theta(out) <+ Theta(in) / ratio;

Theta(out) <+ white_noise(n, “wpn”) + flicker_noise(n=fc, 1, “fpn”);
end
endmodule
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Divider Noise Simulation Setup

OK | Cancel  Defaults | Apply Help Sweep Range
Analysis - tran - dc - ac # noise il | Start |1K Stop |1
- xf sens _dcmatch - sth ERHE I
¥ sp -envip pss Sweep Type
-pac psth pnoise pxf Automatic
-~ psp pss gpac gpnoise
qpxT qpsp Add Specific Points
Moise Analysis Output Hoise -
; Positive Output Node |/ out] Select
3weep Vanahle voltage - =
' Megative Output Node |/gndl Select
& Frequency
.- Design Variable LG L
Temperature AEHE
- Component Parameter
Model Parameter Enabled H Dptiuns...
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Divider Simulation Result
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PFD/CP Test Bench
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PFD/CP Verilog-A Model

A . .
Sy /Fllcker sources dominate
\:'i,r - _White sources dominate
- i
Region of {
Interest f.
| f
Noise bandwidth

module phaseDetector(pin, nin, out);

input pin, nin; output out;

phase pin, nin;

electrical out;

parameter real gain = 1 from (0:inf); // transfer gain (A/cycle)

parameter real n = 0 from [0:inf); // white output current noise (A%/Hz)
parameter real fc = 0 from [0:inf); // flicker noise corner frequency (Hz)

analog begin

I(out) <+ —gain * Theta(pin,nin) / (2="M_PI);

I(out) <+ white_noise(n, “wpn”) + flicker_noise(n*fc, 1, “fpn”);
end
endmodule
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PFD Phase Noise Simulation Result
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PLL Simulation Test Bench
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PLL PSS Analysis Setup

Analysis Y de e G Humber of hanmonics S0
~®f - Sens - tdcmatch . - sth
P sp G Accuracy Defaults {enpreset)
it il P ) B conservative | moderate | liheral
-~ P3P .~ Upss -~ qpac ~ fpnoise - -
Additional Time for Stabilization (tstab) |100g
.- op=f qpsp
Save Initial Transient Results (saveinit) |no | yes
Periodic Steady State Analysis
Oscillator
Engine # Shooting Flexible Balance
Sweep
Fundamental Tones .
. Enabled W Options...
# Mame Expr Yalue Signal SrcId .
 PLL is a driven system
. = so the oscillator option
Clearfadd Delete Update From Schematic ShOUId be tu rned O F F
4 Beat F
Wi rEﬂuen[:y 161 futo Calculate
- Beat Period
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PLL Simulation Results
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Summary

Phase noise and its effects on RF transceiver
systems were introduced

Phase domain and voltage domain models were
compared

Verilog-A models for the different building blocks
of a PLL were discussed

Simulation setup for running phase noise
simulation was demonstrated
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