Oscillator Phase Noise and Jitter
Oscillators are an inggal part of map systems todayin both RF and synchronous digital

systems, accurate clock sources are required for correct operation. Oscillator uncertainty in these
system has manaffects, such as increasing the required channel separation in RF systems, and
reducing timing magins in digital systems. This papéutorial in nature, ogers the nature of
oscillator phase noise and jitténe sources of noise, and architectures and design approaches that

result in lav noise systems.

I. What is phase noise
Phase noise and timing jitter are both measures of uncertainty in the output of an oscillator

Phase noise defines the frequedomain uncertainty of an oscillatdithe output of an oscillator

IS given asv(t) = V codw,t +¢(t)], theng(t) is defined as the phase noise. Thisression of noise

is useful for analog designers in situations such as RF design when the spectral caers of

of importance in determining the interference of out of band signals. In cases of small noise
sources (aalid assumption in gnusable system), a nawband modulation approximation can

be used toxpress the oscillator output as:

V(t) = Vcodw,t + @(t)]
= V[ cos(wyt) cod @(t)] — sin(wg) sin[@(t)]]

= V[ cos(wpt) — sin(w) @(t)] (1)
This shavs that phase noise will be reit with the carrier to produce sidebands around the

carriet giving a direct connection between phase noise and the spectral output of the oscillator
The noise spectral peer density of an oscillator is defined units of decibelsvbéhe carrier

Psideband(wo +Aw, 1HZ)
P

per Hertz (dBc/Hz) and is defined gg,,{Aw} = 10log O[ ] = 10l0g, {S,(1)] -
1

carrier

Timing jitter is a measure of oscillator uncertainty in the time domaming jitter is a more



useful parameter for digital designers who must, xangle, determine if a synchronous system
meets flip-flop setup and hold times when timing jitter iemakito account. iining jitter is

specified as a statistical parametgrthe standard dé@tion of the absolute timing ertofhis
parameter measures the timefeténce between a point W) = v codw,t] and the equalent
point in v(t) = V codw,t+e(t)] . In oscillators in an open loop systesn,grons without bound, as

the timing \ariance of eachycle adds to that of the pfieus g/cle. In an oscillator in a closed

loop system, such as a VCO in a PLld,, (hopefully) becomes a finite quantity due to the
feedback from the phase detectother useful jitter>gressions are the/cle jitter o, defined as

the variance of the diérence between the period of ycle and its eerage, andycle to gcle

jitter o.;c, defined as theaviance of the diérence in period between dwconsecutie clock

cycles.

Il1. Noise sources

There are tw main catgories of oscillator noise sources, thermal/shot noise, and supply/
substrate noise. Although typically dominated by the supply and substrate noise, thermal noise
can be eplicitly determined for an oscillator during design and setsweerddimit on what is
achievable in the design, while supply/substrate noisevg@mment dependent.

Although other types of oscillators, such as LC and relaxation, are commonly usedrkis w

will focus on ring oscillators due to the ease ofgnéion that has made them sovadent.

Thermal Noise

Classical Approach
Thermal noise in oscillators has been traditionally modeled using an linear tiarerih

approach [3]. While this approach has beermshto be flaved [2], oscillators are not time



invariant systems, it is still instrueé to understand this wie
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Figure 1. Ring Oscillator System and Delay Stage
The link between thermal noise and phase jitter can be illustrated by observing a stage in a
differential ring oscillator of Figure 1 [1]. If jitter is measured at the zero crossings, then a noise
source superimposed on the input signal as in Figure 2 will cause a change in the timing equal to

the noise vltage multiplied by the slope of theaweform at that point, o&T = %\—t/AV. If we male

the simplification that the single stage whan Figure 1 switches instantaneouysig can model
the output transition ag,,(t) = R Ipp(1-2et'T), Wheretr = R C, . The delay of this werter stage
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Figure 2. Voltage Noise to Phase Noise ®ersion in Oscillator \&eform
The thermal noise imposed on the delay stage in Figure eddrom two sources, the load

resistor and the MOS input transistdhe noise due to the load resistor#s_g(f) = 4kTR_, and

the noise due to the MOS (long channel) transistor is

2 o(f) =12, _o(f)RZ = %4kTgmH?L = 4kTR|_AV wherea, is the iverter @in g, R . By multiplying

the spectral pwer density of the noise by the noise bandwidth,= ﬁ, we find the mean-
L~L

squared n0|sevn0|se_2kTE*L SAVD This allvs us to gpress the relate jitter as
L

At ZkT |:|C 1 2
= + = + , wherev, =1,,R . This is only one stage
tz Co H2p(R.CIN2)% ~ 2t DDVL%l 3AVD Lo bbhLe y 9
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in the oscillatorto get the relate jitter for the entire oscillator we Ve

T2 (2N)? ti2nv - In2 lopVi
Note that the only designer adjustable parameters are e per stage,,,v, , and the stage

AT2 2N At? 2 f 2
osc _ inv _ KT —0s¢ %“'éAVH (2)

gain, A,. The @in variable should be minimized to reduce noisg,dhould be at least 2 to ensure

continued oscillation.

The phase noise can be related to the velditier [4] for white noise sources by:



S (Af) = foscAT2 _ 2 El A osc (3)
9 Af2T2 In2IDDV 3"VOaf2 2 o

In practice, measurements 8ha regyion with a1/af2,. dependence similar to (3)taways
larger in magnitude. In addition, agien with 1/af3,,. dependence at small frequgraifsets is
also found. The traditional approach to modelirggwo use fudgeattors to mak the model fit
reality, but these had to be determined from circuit measurements, and could not be predicted
beforehand.
Time Variant Approach
The linear time imariant approach just presented, whilgmgy some insight into noise sources,
is incorrect due to the assumption of the system being tivegiamt. A simple xample

demonstrates the timarant nature of an oscillator
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Figure 3. Waveform Impulse Sensitity
It can be seen from Figure 3 that the system is clearly amant. Noise applied near the zero
crossing has maximumfett on the phase ertarhile noise applied at thexteemes of theycle
have minimum efiect due to amplitude limiting in thevarter stage. The time dependent noise
sensitvity of the system can be described by the functibit), called the impulse sensity

function, or ISFa unitless and periodic function that describeg much phase shift results from

. . C . _ Ag
applying a unit impulse at grpoint in time, such that¢ = M'(@0)g—" whereq.., = CrogeVsuing-

max

This function will resemble the deative of the output aveform, kut will differ due to dkcts



such as eltage dependent diifsion capacitors on the output node aypcl@stationary modulation

of the MOS noise sources. In order to determine the ISF of a design, hspice simulation should be
performed, applying impulses aanous phases of the period, and recording the resultfagtof
Because the fdct of aly noise introduced persists indefinitelye can describe the impulse

I (wgT)

response of the system to a unit impulse of gdaish,(t, 1) = u(t—1), where u(t) is the unit

step. The total >@ess phase due to a noise currgnt can therefore be described by the

expression

o(t) = fwh(p(t,T)i(T)dT = f ré%r)i(ndr 4)

—%  Mmax

Because the |ISF is periodic, it can bexpressed as the fourier series

[

M(wgr) = co+ € cos(negT +@y), whereg, is the phase of thé'}harmonic, and can be ignored for

n=1

random input noise sources. This serigza@sion allws us to rerite (4) as

1

qmax

This epression is thedy to understanding thefetts of noise, thermal and otherwise, in an

t . © t
ot) = |:C0J’_ml(l')dt+ Z cnj_ml(t)cos(nwor)dt] (5)
n=1

oscillator A useful interpretation of (5) is to wiethe phase as the summation of a series of copies
of i(t) modulated around harmonics of the carrfidre lav pass property of the irgeation causes

only noise close to the harmonics of the carrier to translated in fregteebecome close-in noise
sidebands to the carriefhe ISF codicient ¢, represents the DC content of the ISF and can be
minimized by design, primarily by ensuring symmetry of the oscillasmefrm. This has some
important design implications in minimizing the impact of the 1/f MO®cdenoise. The 1/f
noise from MOS déces has a significant impact on the close-in phase noise that can be quite

problematic for RF designers trying to maintain channel separation.



To demonstrate the fett of a interfering signailt) = 1, cod(nw, +2w)t] On the oscillatorwe

I ,C,Sin(Awt)

evaluate (5) which results ig(t) = 5o

which will result in two equal sidebands ahw

max

around the oscillator frequen s (w) . This frequeng modulation of noise sources could not be
explained in preious models, and &s attriluted to unspecified non-linearites that wergene
guantified.

We can nw find the phase noise due to a random white noise process witr ppectral

densityiz/aw. The spectral pger density of the phase noise becomes:

S _iYbe 2 i2/0w (6)
(p(m) 4q2 sz z - rmqu%aXsz
1” i2/00 ¢ .
A flicker, or 1/f, noise sourcg,— WI|| similarly becomes,(w) = Co4q2—A2 s . This is the

sources of thefll—3 noise obsemd, lut not predicted by the timevarient models.
An analysis in [2] shes that using a number of simplifying assumptions in ring oscillators, we

2 1 n
can epressr,,, ,3n3N = Wheret, = 7

The spectral peer density of the phase noise due to a random white noise process can be

evaluated for the diérential ring oscillator in Figure 10Fthe diferential ring oscillatgrwe first

» .
note thatp = NIV, andf,,, = Wltd:ml\tlz:nax' The thermal noise due to the MOSFET and load

resistor |s— = 4kT%1+ AVH Inserting into (6), multiplying by 2N noise sources and rearranging

gives:
_ D Vbp 00
Sue)= NGB SALT e (7)

which has the same form as the spectralgralensity of the linear timevariant analysis (3),



but offset by some figd qin.

The single ended ring oscillator can be analyzed in a similar mamoéing that

= _ 1 iz _2 " .
P = 2NVppOmaxfoscs  fosc = N 4V1N—Zlmax and Af = 54KT(Gmon* Omop) - Substituting into (6),

multiplying by N noise sources andaag rearranging ges:

16|(TVDD°°205c
S (W)= =22 8
W@ G0V, B (8)

It is worth noting that the phase noise for thdedéntial ring oscillator is a function of N, the
number of stages, while the single ended ring oscillator is not.

The time \ariant analysis of oscillator noise matches closely the obdarvise in pysical
oscillators. This ne@ model aplains the upcorersion of 1/f noise, which the timevariant
model couldrt, and preides a vay to analyze designs prior tabfrication to determine their

noise properties. If we assume an ISF witlx 1 andc,,, = 0, this approach simplifies to the

time-invariant analysis.

Supply and Substrate Noise

Differential ring oscillators are inherentlgrfmore insensite to supply and substrate noise
than single-ended ring oscillators. While both types of oscillators will see most of the supply
noise coupled directly onto their outputs, in théedéntial case, much of the coupled noise will
be common mode, and will notfett the n&t stage.

The same analysis using the ISF can be applied to supply and substrate noise. While thermal
noise is generally only analyzed for the delay stage input nodes, supply and substrate noise also
requires the analysis of the tail current node in common sourderedtial pair stages. ISF
functions need to be generated for all the semsitbdes in the circuit. The primary féifence

between analyzing the twtypes of noise is that supply and substrate noise in all the ring



oscillator delay stages is correlated, while thermal noise is not. Because the ring oscillator delay
stages and their ISFs are staggensehly in phase byrn/n, where N is the number of delay
stages, all the ISF cdilients ¢, that arert integer multiples of N times the carrier frequgnc
cancel out when the ISFs of all the stages are summed todetlaeidition, the ISF of the tail
current node of the ddrential ring oscillator has onlywen coeficients since the tail current ISF
is periodic with twice the frequenf the carrier (it doestknow its left from its right signal
swing).

It is also instructie to &kamine hav supply and substrate noise is coupled into an oscillator
stage [6]. This coupling primarily tak place through theoltage dependent diifsion capacitors
in the diferential delay stage. A change in suppbjtage will alter the capacitance on the output

nodes and hence change the frequenc

[11. Non-Linearities

Although not a true source of phase noise, non-linearities creates spectral content other than
the oscillator frequengand is of interest to RF designers. Due tdaenon-linearities, and stage
saturation, we canxpress the output aveform in terms of its (partial)alylor series xpansion

Vour = 04Vin+a,V2 +agVv3 . In a fully differential system, theven terms cancel out.

out
In a 3 stage ring oscillatathe stages operate in their lineagiom for most of theycle. As the

number of stages increasesvager, the stages lva time to saturate and introduce non-linearities

into the waveform. Another vay of vieving this is that feer stages ge sinusoidal-like output,

while using more stages results in a more digita;ldquare ave.



V. Low Noise Architectures

The goal in analyzing oscillator noise processes is to be ablaitosgme insight into
designing oscillators thakkibit low noise. V& will now look at a fev techniques to minimize the
various noise sources.

There are a number of approaches that can be used to minimizéethe ef thermal noise.
Both the time wariant and imariant analysis sho that the tvo main parameters influencing
thermal noise are meer per stage, and stageimg for the diferential ring oscillatorThe stage
gain, as mentioned in a pieus section, should be approximately 2. Thergromust be stitient
such that the thermal noise due to (7) does xueed the system specification. If the design does

not operate in a noisy winonment, the single ended ring oscillator is preferred, as it is inherently
quieter than the dirential \ersion by adctor f approximately i + %A\E.

The thermal 1/f noise is primarily of interest to RF designers and can be minimized by
designing for zero DC content in the ISFe use of symmetric loads [5] and equal rise afid f
times are a good first cutubsimulation is required toxplicitly determine the ISFand then
adjust circuit parameters to eliminate the DC content. In [2] it issshbat, surprisinglyfor a

single-ended CMOS vrerter type oscillatothe PMOS to NMOS width ratio that minimizesis

1.25, not the 2.5-3 used in a@mtional designs.

Supply and substrate noise benefit from being correlated noise sources due to the cancellation
of ISF coeficientsc, where n is not an inger multiple of N, the number of stages. In order to
maximize this benefit, the design should attempt to maximize the noise correlatixpebgiag
effort on making sure the layout isgudar, interleaved, equally loaded etc. By increasing the
number of stages we also cancel out more terms of théuSRyout matching issues will soon

cancel ag benefit. An interestingatt to note is that only ISF cdiefents of N times the carrier
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survive, and the tail current node has onler coeficients. Hence, while a four stage ring
oscillator will be sensie to tail current node ISF termscscs..., a five stage will only be

sensitve to ¢y ¢10 Cx.... It @appears beneficial thereftos use an oscillator with an odd number of
stages if the design all it.
Similar to thermal noise, correlated noise sources also benefit from minimizing the DC content

in their ISE The ISF functions diér though, and the goal of minimizing for supply and
substrate noise may conflict with the goal of minimiztépdor thermal/shot noise. The designer

will have to aluate the enronment the oscillator is to be used in to determine which noise
source is dominant and should be minimized.

It was indicated in the pvus section that supply noise tends to couple infereiftial delay
stages through theoitage dependent diifsion capacitors. This implies that it is beneficial to
make the capacitance of the output nodes as sumbigige independent as possible. This can be
achiered through the addition of poly-poly capacitors to the output nodes. Tukl ventail
minimizing the number of delay stages in order to create a high fregqriegscillator that can
then be slwed to the desired speed with the additional capacitors. Also, by minimizing the width
of the input diferential pair transistors, the flision capacitance is minimized, and can be
replaced with poly capacitors. Happithis technique coincides with the goal of minimizing the
stage @in to reduce thermal noise. This technique is limited though, as the atagaust be at
least 2 for the oscillator to function. Channel length can be reduced in addition to widthoti
channel dects will increase the thermal noise. If supply noise dominates, this may be acceptable.

In addition to decreasing the oscillator semgitito pover supply noise, some designs emgplo
a local wltage rgulator to preide a clean supply just for the oscillator

It was shan in the preious section that single ended ring oscillators produeerghase
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noise due to thermal jitter for the samevpo as their ditrential counterparts. Ddrential ring
oscillators are often preferred, vimever, due to their lver sensitrity to supply and substrate
noise. Figure 4 shs a ring oscillator structure that consists af tsingle-ended ring oscillators
coupled together by weakverters that &ep the tw structures 180 deees out of phase. This
structure somehat reduces the sensity to supply and substrate noise, while gmg some of

the benefits of diérential oscillators, and may be preferable in less noigyaments.

= -
LA LAp

Figure 4. Coupled Single-ended Ring Oscillator

V.VCOsinsdePLLs

PLLs are an importantuiding block in mag systems. There are a number of potential noise
sources within a PLL,ut the VCO noise is typically the dominant source. Other sources of noise
in a PLL system consist of dead zones in the phase deteglses in the chge pump, and noise
in buffers that distriboite the signal. When VCOs are embedded inside a PLL, the loop dynamics
will modify the noise characteristic. Phase noise wetbe PLLs loop bandwidth will be
significantly attenuated. It is desirable tod#he loop bandwidth as &g as possible to attenuate
noise, It for stability reasons, the loop bandwidth shoulér¢eed 1/10 of the VCO frequenc

To determine the timing jitter at the output of the PLL the timiagance wer the settling period,

AT2.  ATZ.
given in oscillator periods, n, typically 10-100, is summed t@ gAF'LZ—Pﬂ = nATZ—"SC. To find the
pll osc

timing variance from the phase noise spectralgrodensity devied in this papemwe repeat (3)
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2

. f AT
for corvenience s, (af) = 2X_9¢,
¢ AF2T2,,

V1. Conclusions

Oscillator noise can be well predicted and minimized during design. Thermal noise can be
minimized with increased peer and shot noise can be minimized through careful design that

eliminatesc,. Supply and substrate noise can be minimized through careful layout that ensures

maximum correlation between noise sources for each delay stage.
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