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Modeling and Simulation of Jitter in PLL
Frequency Synthesizers

Ken Kundert

Abstract —A methodology is presented for predicting more on the practical aspects. It presents all the informa-
the jitter performance of a Phase-Locked Loop (PLL) tion a designer would need to predict the noise and jitter of
using simulation that is both accurate and efficient. a PLL synthesizer. The jitter extraction methodology is
The methodology begins by characterizing the noise based on the commercially available SpectreRF simulator
behavior of the blocks that make up the PLL using [17,18] and presents behavioral models for Verilog-A, a
transistor-level simulation. For each block, the jitter is  standard, non-proprietary analog behavioral modeling lan-
extracted and provided as a parameter to behavioral guage [6, 14]. Both SpectreRF and Verilog-A are options
models for inclusion in a high-level simulation of the to the Spectre circuit simulator [12], available from
entire PLL. This approach is efficient enough to be Cadence Design Systerﬁs.

applied to PLLs acting as frequency synthesizers with
large divide ratios. Il. FREQUENCY SYNTHESIS

The block diagram of a PLL operating as a frequency syn-
thesizer is shown in Figure 1 [%]I.t consists of a reference

Phase-locked loops (PLLs) are used in wireless receivers
to implement a variety of functions, such as frequency

f.
_ : FD | in
synthesis, clock recovery, and demodulation. One of the| 95¢ ’_'lfref UM |_’ PFD ™ cP

I. INTRODUCTION

major concerns in the design of PLLs is noise or jitter per- f

formance. Jitter from the PLL directly acts to degrade the 5 Voo
noise floor and selectivity of a transceiver. UN *

Demir proposed an approach for simulating PLLs whereby Fout

a PLL is described using behavioral models simulated at a _ _
high level [1,2]. The models are written such that theyFig- 1. The block diagram of a frequency synthesizer.
include jitter in an efficient way. He also devised a power-

ful new simulation algorithm that is capable of characterpscillator (OSC), a phase/frequency detector (PFD), a
izing the circuit-level noise behavior of blocks that makecharge pump (CP), a |00p filter (LF), a Vo|tage-contr0||ed
up a PLL that is based on solving a set of nonlinear stayscillator (VCO), and two frequency dividers (FDs). The
chastic differential equations [3, 4] Finally, he gave fOI'-PLL is a feedback |00p that, when in lock, for%go be
mulas that can be used to convert the results of the noiggual tof,,. Given a reference frequenty;, the frequency
simulations on the individual blocks into values for the jit- at the output of the PLL is

ter parameters for the corresponding behavioral models N

[5]. This approach provides accurate and efficient predic- fout = M fret - (1)

tion of PLL jitter behavior once the noise behavior of the

blocks has been characterized. However, it requires the use

of an experimental simulator that is not readily available. 1. SpectreRF is currently the only commercial simulator that is suit-
able for characterizing the jitter of the blocks that make up a PRIEES

This paper presents the relevant ideas of Demir, but whilend its descendants are not suitable because they only perform noise

he focussed on presenting the conceptual aspects of mcﬁp_alysis about a DC operating point and so do not take into account the
time-varying nature of these circuits. Harmonic balance simulators do

eling and simulating jitter in PLLs, this paper concentrate$erform noise analysis about a periodic operating point, which is a criti-
cal prerequisite, but they have convergence, accuracy, and performance
Unpublished Cadence Confidential manuscript. Last updated on Decenproblems with blocks such as the PFD/CP, FD and VCO that are strongly

ber 2, 1998. nonlinear.
This work was supported by the Defense Advanced Research Projec®s Frequency synthesis is used as an example, but the concepts pre-
Agency under the MAFET program. sented are easily applied to other applications, such as clock recovery and

demodulation. In addition, they are also applicable to other types of

K. Kundert of Cadence Design Systems, San Jose, California can LL-based synthesis, such as fractioNalynthesis.

reached via e-mail at kundert@cadence.com.



2 KUNDERT

By choosing the frequency divide ratios and the referencds w - o, Tg, 4 - 0 because of the VCO and the low-
frequency appropriately, the synthesizer generates an oytass filter, and sdl;,,, Tyep Tgyy - 0  anfl,, -1 . At
put signal at the desired frequency that inherits much dfigh frequencies, the noise of the PLL is that of the VCO.
the stability of the reference oscillator. In RF transceiversClearly this must be so because the low-pass LF blocks
this architecture is used to generate the local oscillataany feedback at high frequencies.

(LO) at a programmable frequency, which tunes the transyg , _, 0, Tyq — @ because of the/je  term from

ceiver to the desired channel. the VCO. So at DCT;, Ty, —~ N anfl,,, — 0 .Atlow
frequencies, the noise of the PLL is contributed by the
OSC, PFD/CP, FR and FLQ;, and the noise from the

If the signals around the loop are interpreted as phase, th&T O is diminished by the gain of the loop.

the small-signal noise behavior of the loop can be explore
by linearizing the components and evaluating the transf

functions. Figure 2 shows thihase-domaimodel.

A. Phase-Domain Noise Model

8onsider further the asymptotic behavior of the loop and
Ghe Vo noise at low offset frequencié® - 0) . Oscil-
lator phase noise in the VCO results in the power spectral
densityS(p being proportional tod?, or S, 01/ w?
PFD/CP LF VCO (neglecting flicker noise). If the LF is chosSen such that

K 21K Pout . N
ngt H(w) _0‘)’°°—> > H(w) 01, thenT;, 01/w , and noise contribution from
= J the VCO to the outpufl2. S , is finite and nonzero. If

VvCco

Pyet @yeo the LF is chosen such thet(cS§ 01/w , as it typically is
FDy when a true charge pump is employed, tigp, 01/ w?

< and the noise contribution to the output from the VCO

goes to zero at low frequencies.

ZI= |0

Pyiv

Il. JITTER DEFINITIONS

Fig. 2.~ Linear time-invariant phase-domain model of theyiyar js an uncertainty or randomness in the timing of

synthesizer shown in Figure 1. The out-board frequency diVideévents In the case of a synthesizer, the events of interest
is removed for simplicity. The's represent various sources of ’ .. . L . )
are the transitions in the output signal. One models jitter in

noise. a signal by starting with a noise-free sigu@) and dis-
i placing time with a stochastic procg&3. The noisy sig-
Define
K oK K goyeH (@) nal becomes
= _det veo _ _detveo V(1) = v(t+](t) . 7
Thwa = 21O 5 o ) (D) = v(t+j(1) ()

. . _For simplicity,j is assumed to be a zero-mean Gaussian
as the forwqrd galn_of the loop. Then the transfer funcuorﬂ)rocess, but it may be non-stationary. In additiowill be
from the various noise sources to the output are

assumed to b&periodic.

T. = (pLUt = Tde = NTde

= = There are two types of blocks that are used in the construc-
n T g T THT,g/N | N+ Ty 3 Wo P used| u

tion of a PLL, driven blocks and autonomous blocks. Each

Pout N type exhibits a different type _of_jitter. Driven bloc_:ks, such

(4)  asthe PFD, CP, and FD exhibit phase modulato®M
jitter. Autonomous blocks, such as the OSC and VCO,

T,y = = = s |
veo (pvco N+wad

And by inspection, exhibit frequency modulation, &tM jitter. Table | pre-
Pout views the basic characteristics of PM and FM jitter, which
Taiv = o =T (5)  are discussed more fully after cyclostationary noise is
div introduced.
and A | i P
Gout 27T, . Cyclostationary Processes

(6) A process ig-cyclostationary if its mean and autocorrela-
tion function (and hence, its variance) is bounded&nd

On this last transfer function, we have simply referpgg  periodic.Cyclostationary processes result from circuits

to the input by dividing through by the gain of the phasdhat are driven by a large periodic signal. Such a signal

detector. acts to modulate the noise generated by bias dependent

noise sources, such as shot noise sources present in for-

ward-biased semiconductor junctions or the thermal noise

DRAFT



MODELING AND SMULATION OF JTTER IN PLL FREQUENCY SYNTHESIZERS 3

TABLE | small if |jPM «T/K whereT is the period of andK is
CHARACTERISTICSOF PMAND FM JITTER the highest significant harmonic af
Jitter Type Circuits J C. EM Jitter
. ji i ibi h as
driven Nar(n,, t.) FM jitter is exhibited by autonomous systems, suc
PM synchronous (PFDICP, FD) vV e oscillators, that generate a stream of spontaneous output
’ v(tc) transitions. In the PLL, the OSC and VCO exhibit FM jit-
. autonomous ter. FM jitter is characterized by a randomness in the time
FM | accumulating) o 'yco) JaT since the last output transition, thus the uncertainty of

when a transition occurs accumulates with every transi-
generated by nonlinear resistors. It also modulates thgon. Thus, compared with a jitter free signal, the fre-
transfer characteristics of the circuit from the noise sourcguency of a signal exhibiting FM jitter fluctuates
to the output. In a PLL synthesizer in steady-state, theandomly, and the phase drifts without bound in the form
OSC, PFD, CP, VCO, and FD all have a large periodic siggf 3 random walk.

nal present an hibi I ionary noise. . _ ..
al present and so exhibit cyclostationary noise One can construct a signal that exhibits FM jitter from a

Defineny to be al-cyclostationary process. If it is sam- cyclostationary processg; using
pled everyTl seconds, the resulting process(KT)} where

t
k=0,1,2,3,..,is stationary. jFM(t) — J' ﬂT(T)dT, 9)
The variance of flicker noise processes is unbounded and 0

so they are neither stationary nor cyclostationary. Flicker V(1) = v(t+j\®). (10)

noise is not explicitly considered in this paper. It is not ) _ )
conceptually difficult to include, but it serves to compli- While ny is cyclostationary and so has bounded variance,

cate the presentation and flicker noise models tend to &M (9) itis clear that the variance jg}y, and hence the

expensive to implement in the time domain [3]. phase difference betweg(t) andv,(t), can be unbounded.
) If ntis a white Gaussiam-cyclostationary process, then
B. PM Jitter v,(t) exhibitssimple FM jitter In this case, the process

PM jitter is a synchronous jitter exhibited by driven sys-{jpm(kT)} that results from sampling-y everyT seconds
tems. In the PLL, the PFD, CP, and FDs, all exhibit PM jit-is a discrete Wiener process and the phase difference
ter. In these components, an output event occurs as a dirdgttweenv(kT) andv,(kT) is a random walk [9].

result of, and some time after, an input event. PM jitter is §he essential characteristic of simple FM jitter is that the
random fluctuation in the delay between the input and thghcremental jitter that accumulates over each cycle is inde-
output events. PM jitter is so named because it is a modyendent or uncorrelated. Autonomous circuits exhibit sim-
lation of the phase of the signal by a random process wit§le FM jitter if they are broadband and if the noise sources
zero mean and bounded variance. Thus, the frequency gfe Gaussian and small. The sources are considered small
the output signal exactly comensurate with that of thef the circuit responds linearly to the noise, though at the
input, but the phase of the output signal fluctuating ransame time the circuit may be responding nonlinearly to the

domly with respect to that of the input. oscillation signal. An autonomous circuit is considered
PM jitter is modeled using (7), excggs replaced bypy,,  broadband if there are no secondary resonant responses
V(1) = v(t+ jop(t) (8)  Close in frequency to the primary resonance.

wherejpy = Nt andnq is T-cyclostationary. Ifpy is fur-  D. Metrics for Jitter
ther restricted to be a white Gaussikoyclostationary  pefinet; be the sequence of times at which positive going
process, themy(t) exhibitssimple PM jitter The essential  zerg crossings, henceforth referred tarassitions occur

characteristic of simple PM jitter is that the jitter in eachjy v, (t). Define Ty = t,,; — t, andJ(k) to be the standard
event is independent or uncorrelated. Driven circuitjeyiation ofT,,

exhibit simple PM jitter if they are broadband and if the

noise sourges areJGaussianyand small. The sources are IR = o(Ty) = Jvar(Ty). (11)
considered small if the circuit responds linearly to theyy) is referred to aperiod jitter. It is a measure of jitter
noise, though at the same time the circuit may be respongyer a single cycle and has units of time. This definition is
ing nonlinearly to the periodic drive signal. valid for both PM and FM jitter, but does not distinguish
As will be shown in Section 1V, ifp), is white and small, between them.

then from (29), the variation in, is also whitejpy, is

CADENCE CONFIDENTIAL



4 KUNDERT

A metric that does distinguish between PM and FM jitter B
is thelong-term jitterJ;(k), the standard deviation of the fFM J'gesrc
length ofi adjacent periods from reference pdint rom

FM jitter
30 = ot -t = fat, —t). (12 log@)| "M VE= _—

PM Jitter
The period jitterJ(K) is related to the long-term jittgy(k) J - -
with J(k) = J1(K). In steady state, the jitter is independent 0 fiLT log(i)
of k, and so the period and long-term jitter are dendted
andJ;. Fig. 3. Long-term jitter §) for a PLL as a function of the
To fully characterize an arbitrary jitter procedsmust be ~ number of cycles.
known for alli. However, for simple PM and FM jitter one ]
can determing; for all i simply by knowing. of S|gnal. One common way &f), the power spectral
i . density ofg. Related, but much less common, is
For simple PM jitter, )
S,(f) = (2m)=S(H) (20)

Ji(k) = Jvar(t; ., —t), (13)
the power spectral density @f= d@/dt. S(f) andS,(f) are

J(K) = Jvar((i +K)T +jpp(ti ) = (KT + jpy(t)) (14) conceptually useful, but are not directly measurable
_ : because botlp andw are not observable quantities. The
J = [2va , 15 .

: Upw) (15) other common measure $(f), the power spectral density
wherejpp(t) is T-cyclostationary and sipy = jpm(t) is  Of v, which is measurable with a spectrum analyzer. Often,
independent ok. The factor of 2 stems from the length of especially when measuring oscillator phase ndigg)
an interval including the independent variation from twoclose tof; is given as a function of offset frequency and

transitions. From (15)]; is independent df and so normalized relative to the power in the first harmonie,of
J=Jdfori=12... (16) Vi (defined below in (25)),
: y T : S/ +1r)
For simple FM jitter, each transition is relative to the pre- L(f,) = W , (21)
1

vious transition, and the variation in the length of each
period is independent, so the variance in the time of ea‘Wherefm —f_f

oy c
transition accumulates,

J=Aidfori=012.., (17)  Relating §(f) andL(f): Assume thatp(t) is small and
_ expand (19) using the Taylor series,
J = 0(jgmty) = Jvaripyty) (18) dv(9 o(t)

Vp(t) = v(t) + (22)

The jitter behavior for PLLs is a combination of simple dt 2,

bandwidth off, , andt = 1/2mf, then fori such that

K .. K = + 2
iT«t , jitter from the VCO dominates and the PLL Vn(®) = V() + (1) (23)
exhibits simple FM jitter. Similarly, if the reference oscil- n (1) = dv(?) o(t) (24)
lator exhibits simple FM jitter, then for largglow fre- v dt 2mf, -

guencies), FM jitter again dominates. Between these twg, . o . . .
extremes, the PLL exhibits PM jitter. The amount of whichsmcev(t) Is periodic, it can be written as a Fourier series,
depends on the characteristics of the loop and the level of °

PM jitter exhibited by the FDs and the PFD/CP. The v(t) = Z Vkejznkfct (25)
behavior of a typical PLL is shown in Figure 3.

k=—-o
IV. PHASE NOISE wherej = /-1 . Differentiating (25) and substituting into
Recall thatv is aT-periodic function and reformulajeas ~ (24),
phase, then (7) is rewritten as o0
- oM g 0 = 20 D TkEy @2 5
V() = \/§+2—TrrCD (19) W) = o > i2mkfeV, (26)
k= —w

whereq(t) = 2rtf.j(t) is in radians ané}, = 1/T. There are
several common ways of describing the noise in this type

DRAFT



MODELING AND SMULATION OF JTTER IN PLL FREQUENCY SYNTHESIZERS 5

® (o) var(n,, t.) 32)
var(jppg(t.)) = ————— 32
n,(t) = (1) Z jkv, g2t (27) pulto) v(t,)2
k=~ The jitter is computed from (31) or (32) using (16),
Computing the power spectral densitynpigives J= fvarpy(ty) - (33)
Snv(f) = Z |ka|28(p(f_ka) (28) B. Oscillator Phase Noise

FM jitter is strongly related to oscillator phase noise. Both
are different ways of describing the same underlying phe-
nomenon. In other words, all free running oscillators
exhibit a behavior that is generically referred to as oscilla-
Se(fm — (k=1)f;) tor phase noise. Any noise in an autonomous system will
cause the phase to drift freely because there is no reference
(29) signal with which to lock. When the phase fluctuations are
measured in terms of time deviation over a period, it is
Assume thag(f) drops rapidly with increasing frequency, referred to as FM jitter. If it is measured in terms of noise
then for f «f. signal amplitude as a function of frequency, it is referred
L(f,) D%S(p(f (30) to as oscillator phase noise.

k=—-o

Sh(fe + T

) 1 i KV, |2
e S ML
Hm) V> 2 ‘V_l
k = -

m) -

. : - Relating J and @ In order to determine the period jittér
Recall that several assumptions were made in developin

thi imation. | ticular. thaft) i Il and that @fvn(t) for a noisy oscillator, assume that it exhibits simple
'S approximation. in particuiatr, @lt) is small and tha ._FM jitter so that in (9) is a white Gaussian noise process
Spat low frequencies is much larger than at frequenueahis excludes flicker noise) with a PSD of
nearf. and higher. The first approximation is not valid for

phase noise of a free running oscillator for snigll S = a, (34)
becausep(t) is undergoing a random walk, and S0 iSgnd an autocorrelation function of
nbounded.
unbou R,(ty, t) = ad(t;—ty), (35)
V. SOURCESOF JTTER whered is a Dirac delta function. Then
t

A. Thresholds ;

| | iem® = [ ne(@ar (36)
In systems where signals are continuous valued, an event 0

IS usually def_med as a signal crossing a threshold N4 Pas 5 wiener process [9], which has an autocorrelation func-
ticular direction. The threshold crossings of a noiseles

s . ion of
periodic signaly(t), are precisely evenly spaced. However,

when noise is added to the signgft) = v(t) + n,(t), each RjFM(tl’ tp) = amin(ty, tp) . (37)
threshold crossing is displaced slightly. Thus, a thresholqhe variance ofy over one period is
converts additive noise to PM jitter.

var(jgp(t +T) —jew(h) (38)

The amount of displacement in time is determined by the ) ) 5
amplitude of the noise signai,(t), and the slew rate of the = E[(gm(t+T) =igm(®)<]
periodic signaldwv(t.)/dt, as the threshold is crossed. If the = Eljppy(t+ T)z_szM(t + Tigy® + jFM(t)Z]

noisen, is stationary, then . . . .
b y = E[jgpy(t+ T2 - 2E[jppt+ Djeq®] + E[JFM(t)Z]

var(n,)
ar(py(ty)) U—= 31 = R —-2R )
var(jpp(to) 2 (31) R_(+T t+T-2R_(t+T.H)+R_(t1)
= a(t+ T)—2at+at
wheret, is the time of a threshold crossing. - aT

Generallyn, is not stationary, but cyclostationary. It is

only important to know when the noisy periodic signalFinally, jitter is the standard deviation of the variation in
vy(t) crosses the threshold, so the statistics,afre only  the period, and so

significant at the time whewy(t) crosses the threshold, J=./aT. (39)

CADENCE CONFIDENTIAL
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We now have a way of relating the jitter of the oscillator totime when existing activity occurs. Thus, models with jit-
the PSD of). However, what is needed is to relate the jit-ter can run as efficiently as those without.
ter to eitherS, or L. To do so, consider simple FM jitter

written in terms of phase, A. Modeling PM Jitter

t A feature of Verilog-A allows especially simple modeling
Pep) = 21 je () = ZmCInT(T)dT (40)  of PM jitter. Thetransition) function, which is used to

0 model signal transitions between discrete levels, provides
and so from (34) and (40) the PSDggf,(t) is a delay argument that can be dithered on every transition.
(2rf )2 af? The delay argument must not be negative, so a fixed delay
S, (f) = a—o = _¢ (41) thatis greater than the maximum expected deviation of the

e (2mf)2  f2 jitter must be included. This approach is suitable for any

Thus,a is the noise power igey wheref = f, or model that _exhibits_PM jitter gnd gen_erates discrete-valued

a=s, (f). (42) putput_s. Itis u_sed in the Venlq_g—A dlylder modu_le s_hown

Pem in Listing I, which models PM jitter with (8) whejey, is

Given S, andf, a is found with (41 and thenJ is found
with (39).

LISTING |
FREQUENCYDIVIDER THAT MODELS PM JITTER

Relating () and L(f,): The phase variation in a simple
FM jitter process is not bounded, and so (29) cannot b
used to predict (f,,,) of an oscillator. Demir shows that for
a free-running oscillator exhibiting simple FM jitter

L) = L (43)

= 43

2112f4 4 §2 '
Mmoo 2afmefd + 2
which is a Lorentzian with corner frequency of
2
fcorner =T fc « fc : (44)
At frequencies above the corner,
aff 1

which agrees with (30) and Vendelin [19]. Thus, in free-
running oscillators at frequencies above the coilo@,)
andSy(f,) are easily relatedi.

V1.

The basic behavioral models for the blocks that make up
PLL are well known and so will not be discussed here i
any depth [1,2]. Instead, only the techniques for adding jit
ter to the models are discussed.

MODEL OF PLL

Jitter is modeled in an AHDL by dithering the time at
which events occur. This is efficient because it does nd
create any additional activity, rather it simply changes th

3. In general, (42) is not used when computingecauses, is not
accurately known dt. Insteadf is chosen wher§, is accurately known,
and (41) is used.

4.  When using (45) and (41) to determmechoosef well above the

/I Frequency Divider with Jitter

€‘include “discipline.h”
‘include “constants.h”

module divider (out, in);
input in; output out; electrical in, out;

parameter real Vlo=—1, Vhi=1;
parameter integer ratio=2 from [2:inf);
parameter integer dir=1 from [-1:1] exclude 0;
// dir=1 for positive edge trigger
// dir=—1 for negative edge trigger
parameter real tt=1n from (0:inf);
parameter real td=0 from (O:inf);
parameter real jitter=0 from [0:td/5);
parameter real ttol=1p from (0:td/5);
// recommend ttol << jitter

integer count, n, seed;
real dt;

analog begin
@(initial_step) seed = -311;

// Phase / frequency detector state machine
@(cross(V(in) — (Vhi + Vlo)/2, dir, ttol)) begin

// count input transitions

count = count + 1;

if (count >= ratio)

count = 0;

n = (2tount >= ratio);

// add jitter

dt = 0.7070itter3dist_normal(seed,0,1);
end

a
1

—

1%

// Charge pump

V(out) <+ transition(n ? Vhi : Vlo, td+dt,tt);
end
endmodule

corner frequency of (44) to avoid ambiguity and well befgwo avoid
the noise from other sources that occur at these frequencies.

DRAF

a stationary white discrete-time Gaussian random process.
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It is also used in Listing Il, which models a simple PFD/that could cause problems for the simulator. The jitter is

CP.

LISTING Il
PFD/CPMODEL WITH PMJITTER

// Phase-Frequency Detector & Charge Pump

“include “discipline.h”
“include “constants.h”

module pfd_cp (out, ref, vco);
input ref, vco; output out; electrical ref, vco, out;

parameter real lout=100u;
parameter integer dir=1 from [-1:1] exclude 0;
// dir=1 for positive edge trigger
// dir=—1 for negative edge trigger
parameter real tt=1n from (0:inf);
parameter real td=0 from (0O:inf);
parameter real jitter=0 from [0:td/5);
parameter real ttol=1p from (0:td/5);
// recommend ttol << jitter

integer state, seed;
real dt;

analog begin
@(initial_step) seed = 716;

@(cross(V(ref), dir, ttol)) begin
if (state > —1) state = state — 1;

dt = 0.7070itter3dist_normal(seed,0,1);

end

@(cross(V(vco), dir, ttol)) begin
if (state < 1) state = state + 1;

dt = 0.7070itter3dist_normal(seed,0,1);

end

I(out) <+ transition(loutCstate, td + dt, tt);
end
endmodule

embodied irdt, which varies randomly from transition to
transition. The jitted represents the variation in a period,
anddt the variation of a single transition, so from (16)

dt = o(jpyt)) = +2300.707, (46)

which compensates for the fact that both ends of each
interval are varying. To avoid nonnegative delagsnust
always be larger thadt.

PFD/CP Model:The model for a phase/frequency detec-
tor combined with a charge pump is given in Listing Il. It
implements a finite-state machine with a three-level out-
put, =1, 0 and +1. On every transition of the VCO input in
directiondir, the output is incremented. On every transition
of the reference input in the directidin, the output is dec-
remented. If both the VCO and reference inputs are at the
same frequency, then the average value of the output is
proportional to the phase difference between the two, with
the average being negative if the reference transition leads
the VCO transition and positive otherwise [8]. As before,
the time of the output transitions are randomly dithered by
dt to model jitter. The output is modeled as an ideal current
source and a finite transition time models the dead band in
the CP.

B. Modeling FM jitter

OSC ModelThe delay argument of theansition() func-
tion cannot be used to model FM jitter because of the
cumulative nature of this type of jitter. When modeling a
fixed frequency oscillator, thigmer() function is used as
shown in Listing Ill. At every output transition, the next
transition is scheduled using thiener() function to be
T/K+J38//K in the future, wher is a unit-variance
zero-mean random process dads the number of output
transitions per period. Typicallif = 2.

Frequency Divider ModelThe model, given in Listing I,

operates by counting input transitions. This is done in th&CO Model:A VCO generates a sine or square wave
@cross block. Thecross function triggers the® block at ~ whose frequency is proportional to the input signal level.
the precise moment when its first argument crosses zero MICO models, given in Listings IV and V, are constructed
the direction specified by the second argument. Thus, thésing three serial operations, as shown in Figure 4. First,
@ block is triggered when the input crosses the thresholthe input signal is scaled to compute the desired output
in the user specified direction. The body of @eblock  frequency. Then, the frequency is integrated to compute
increments the count, resets it to zero when it reaeties  the output phase. Finally, the phase is used to generate the
then determines ifount is above or below its midpoinh (  desired output signal. The phase is computed withod,

is zero if the count is below the midpoint). It also gener-2 function that provides integration followed by a modulus
ates a new random ditheT that is used later. Outside the operation. This serves to keep the phase bounded, which
@ block is code that executes continuously. It processesprevents a loss of numerical precision that would other-
to create the output. The value of theperator isvhi if n ~ Wise occur when the phase became large after a long
is 1 anavlo if n is 0. Finally, theransition function adds a  period of time. Output transitions are generated when the
finite transition time oft and a delay ofd + dt. The finite ~ phase passes#2 andm2.

transition time removes the discontinuities from the signal

CADENCE CONFIDENTIAL
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LISTING 1l Therefore,
FIXED FREQUENCYOSCILLATORWITH FM JITTER J3;
ATy = — (49)
// Fixed-Frequency Oscillator with Jitter «/R
‘include “discipline.h” whered is a zero-mean unit-variance Gaussian random
‘include “constants.h” process. The dithered frequency is
module osc (out); 1
. 1 1 K1t c
output out; electrical out; o= =0 U= =
P f Kk +At;0 At 1+KATf, (50)
parameter real freq=1 from (0:inf); 1+ —
parameter real Vlo=—1, Vhi=1; T
parameter real tt=0.01/freq from (0:inf); Let AT, = KAT, , then
parameter real jitter=0 from [0:0.1/freq); ! ! f
Cc
integer n, seed; f, = TTATT - (51)
real next, dT; e
analog begin Finally, varg;) = J?K, and so At, = J5/.,K and
@(initial_step) begin AT, = JRJBi .
seed_= 286; — The @cross statement is used to determine the exact time
. next = 0.5/freq + $realtime; when the phase crosses the thresholds, indicating the
€ beginning of a new interval. At this point, a new random
@(timer(next)) begin trial &; is generated.
n=In; . . . " .
dT = jitterBdist_normal(seed,0,1): The_ final mpdel given in Listing IV. Thls_mo_del can be
next = next + 0.5/freq + 0.707[HT: easily modified to fit other needs. Converting it to a model
end that generates sine waves rather than square waves simply
. . requires replacing the last two lines with one that com-
? : : .
end V(out) <+ transition(n ? Vhi:: Vio, 0, 1) putes and outputs the sine of the phase. When doing so,
endmodule consider reducing the number of jitter updates to one per
period, in which case the factor of 1.414 should be

changed to 1.

w o % m Listing V is a Verilog-A model for a quadrature VCO that
Vi, b e D b exhibits FM jitter. It is an example of how to model an
\ Vout oscillator with multiple outputs so that the jitter on the out-

N puts is properly correlated.

These models do not include the finite response time of a
Fig. 4. Block diagram of VCO behavioral model that includesyag| \VCO. Those dynamics would be separated out and
jieer. included as part of the model for the LF.

The jitter is modeled as a random variation in the frec  Efficiency of the Models
guency of the VCO. However, the jitter is specified as
variation in the period, thus it is necessary to relate th
variation in the period to the variation in the frequency.
Assume that without jitter, the period is divided ifdo

onceptually, a model that includes jitter should be just as
efficient as one that does not because jitter does not
increase the activity of the models, it only affects the tim-
equal intervals of duration = T/K = 1/Kf,. The fre- ing of particular events. However, if jitter causes two
guency deviation will be updated every interval and helaeyemS that would normally occur at th_e same time to b_e
displaced so that they are no longer coincident, then a cir-

constant during the intervals. With jitter, the duration of an” =" . . .
cuit simulator will have to use more time points to resolve

interval i isti [ [
Intervalis B 47 the distinct events and so will run more slowly. For this
T = THAT. (47) reason, it is desirable to combine jitter sources to the
AT is a random variable with variance degree possible.
vaT) _ J2 To make the HDL models even faster, rewrite them in
var(At) = —— = - (48)  either Verilog-HDL or VHDL. Be sure to set the time reso-

lution to be sufficiently small to prevent the discrete nature

DRAFT
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LISTING IV
VCO MODEL THAT INCLUDES FM JITTER

// Voltage Controlled Oscillator with Jitter

LISTING V
QUADRATURE DIFFERENTIAL VCO MODEL THAT INCLUDES FM
JITTER

‘include “discipline.h”
‘include “constants.h”

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

parameter real Vmin=0;

parameter real Vmax=Vmin+1 from (Vmin:inf);
parameter real Fmin=1 from (0:inf);

parameter real Fmax=2[Fmin from (Fmin:inf);
parameter real Vlo=—1, Vhi=1;

parameter real tt=0.01/Fmax from (0O:inf);
parameter real jitter=0 from [0:0.25/Fmax);
parameter real ttol=1u/Fmax from (0:1/Fmax);

real freq, phase, dT;
integer n, seed;

analog begin
@(initial_step) seed = -561;

// compute the freq from the input voltage
freq = (V(in) — Vmin)({Fmax — Fmin)
/ (Vmax — Vmin) + Fmin;

// bound the frequency (this is optional)
if (freq > Fmax) freq = Fmax;
if (freq < Fmin) freq = Fmin;

// add the phase noise
freq = freq/(1 + dTOreq);

// phase is the integral of the freq modulo 21t
phase = 20M_PIldtmod(freq, 0.0, 1.0, —0.5);

// update jitter twice per period
// 1.414=sqrt(K), K=2 jitter updates/period
@(cross(phase + ‘M_PI/2, +1, ttol) or
cross(phase — ‘M_PI/2, +1, ttol)) begin
dT = 1.4140itterChdist_normal(seed,0, 1);
n = (phase >= —M_PI/2) && (phase < ‘M_PI/2);
end

// generate the output

V(out) <+ transition(n ? Vhi : Vlo, 0, tt);
end
endmodule

of time in these simulators from adding an appreciabl
amount of jitter.

Including PM Jitter into OSCErom the discussion of the
phase-domain model of the synthesizer, it is clear that orf
can easily combine the output-referred noise of;Rhd
FDy and the input-referred noise of the PFD/CP with the

// Quadrature Differential VCO with Jitter

‘include “discipline.h”
‘include “constants.h”

module quadVco (Plout,Nlout, PQout,NQout, Pin,Nin);

electrical Plout, Nlout, PQout, NQout, Pin, Nin;
output Plout, Nlout, PQout, NQout;
input Pin, Nin;

parameter real Vmin=0;

parameter real Vmax=Vmin+1 from (Vmin:inf);
parameter real Fmin=1 from (0:inf);

parameter real Fmax=2*Fmin from (Fmin:inf);
parameter real Vlo=—1, Vhi=1;

parameter real jitter=0 from [0:0.25/Fmax);
parameter real ttol=1u/Fmax from (0:1/Fmax);
parameter real tt=0.01/Fmax;

real freq, phase, dT;
integer i, q, seed,;

analog begin
@(initial_step) seed = 133;

// compute the freq from the input voltage
freq = (V(Pin,Nin) - Vmin) * (Fmax - Fmin)
/ (Vmax - Vmin) + Fmin;

// bound the frequency (this is optional)
if (freq > Fmax) freq = Fmax;
if (freq < Fmin) freq = Fmin;

// add the phase noise
freq = freq/(1 + dTOreq);

// phase is the integral of the freq modulo 2nt
phase = 2*M_PI*idtmod(freq, 0.0, 1.0, -0.5);

// update jitter where phase crosses /2
// 2=sqrt(K), K=4 jitter updates per period
@(cross(phase — 3*M_Pl/4, +1, ttol) or
cross(phase — ‘M_Pl/4, +1, ttol) or
cross(phase + ‘M_Pl/4, +1, ttol) or
cross(phase + 3*M_PI/4, +1, ttol)) begin
dT = 2%jitter*$dist_normal(seed,0,1);
i = (phase >= —-3*M_Pl/4) && (phase < ‘M_Pl/4);
g = (phase >= —'M_PI/4) && (phase < 3*M_PI/4);
b end

// generate the | and Q outputs
V(Plout) <+ transition(i ? Vhi : Vlo, 0, tt);
V(Nlout) <+ transition(i ? Vlo : Vhi, 0, tt);
e V(PQout) <+ transition(q ? Vhi : Vlo, 0, tt);
V(NQout) <+ transition(gq ? Vlo : Vhi, 0, tt);
» end
endmodule

output noise of OSC. A modified fixed-frequency oscilla-

;?\:ig;ordf.l It;]at S.UPEQ:E. tt_vx;lo J\';Iter param(tar:ersﬁantd tfh?he divide ratio on jitter in the next section). Thelitter
atioM is given in Listing VI (more on the effect o parameter is used to model the FM jitter of the reference

CADENCE CONFIDENTIAL
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LISTING VI
FIXED-FREQUENCYOSCILLATOR WITH FM AND PM JITTER

LISTING VII
PFD/CPWITHOUT JITTER

KUNDERT

// Fixed-Frequency Oscillator with Jitter

‘include “discipline.h”
‘include “constants.h”

module osc (out);
output out; electrical out;

parameter real freq=1 from (O:inf);

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

parameter real Vlo=—1, Vhi=1;

parameter real tt=0.01[tatio/freq from (0:inf);
parameter real fmJitter=0 from [0:0.1/freq);
parameter real pmJitter=0 from [0:0.1Tatio/freq);

integer n, fmSeed, pmSeed,;
real next, dT, dt, fmSD, pmSD;

analog begin

@(initial_step) begin
fmSeed = 286;
pmSeed = -459;
fmSD = fmJitterCsqrt(ratio/2);
pmSD = pmJitterqrt(0.5);
next = 0.5/freq + $realtime;

end

@(timer(next + dt)) begin

// Phase-Frequency Detector & Charge Pump

“include “discipline.h”
“include “constants.h”

module pfd_cp (out, ref, vco);

input ref, vco; output out; electrical ref, vco, out;

parameter real lout=100u;
parameter integer dir=1 from [-1:1] exclude 0;
// dir = 1 for positive edge trigger
// dir = -1 for negative edge trigger
parameter real tt=1n from (0:inf);
parameter real ttol=1p from (0:inf);

integer state;

analog begin
@(cross(V(ref), dir, ttol)) begin
if (state > —1) state = state — 1;
end
@(cross(V(vco), dir, ttol)) begin
if (state < 1) state = state + 1;
end

I(out) <+ transition(lout Ostate, 0, tt);
end
endmodule

n=1n;

dT = fmSD[$dist_normal(fmSeed,0,1);
dt = pmSD&dist_normal(pmSeed,0,1);
next = next + 0.5tatio/freq + dT;

ing a logfile containing the length of each period. The log-
file is used in Section VIII when determinit®ycqo, the
power spectral density of the phase of the VCO output.

end Recall that the PM jitter of Fp and FIQ, has already been
V(out) <+ transition(n ? Vhi : Vo, 0, tt); included as part of OSC, so the divider model incorporated
end into the VCO is noiseless and the jitter at the output of the

endmodule

noiseless divider results only from the VCO jitter. Since
the divider outputs one pulse for eveéyat its input, the
variance in the output period is the sum of the variance in
N input periods. Thus, the jitter at the output /bl times
éarger than the jitter at the input, or

Jep = #Ndyco- (52)

Thus, to merge the divider into the VCO, the VCO gain
must be reduced by a factor Mf the jitter increased by a
factor of /N , and the divider model removed.

Merging the VCO and F If the output of the VCO is  After simulation, it is necessary to refer the computed
not used to drive circuitry external to the synthesizer, if thgesults, which are from the output of the divider, to the out-
divider exhibits simple PM jitter, and if the VCO exhibits put of VCO, which is the true output of the PLL. Clearly
simple FM jitter, then it is possible to include the fre-the jitter can be computed from (52).
quency division aspect of the R&xs part of the VCO by To determine the affect of the divider

simply adjusting the VCO gain and jitter. If the divide h sid f (52) and apoly (39
ratio of FDy is large, the simulation runs much fasterIOOt sides of (52) a pply (39)

because the high VCO output frequency is never gener-
ated. The Verilog-A model for the merged VCO andyFD
is given in Listing VIII. It also includes code for generat- Tveo = Tep / N, and so

oscillator, and themJitter parameter is used to model the
PM jitter of FOQ4, FDy and PFD/CP. PM jitter is modeled
in the oscillator without using a nonzero delay in the tran
sition function. This is a more efficient approach becaus
it avoids generating two unnecessary events per period. To
get full benefit from this optimization, a modified PFD/CP
given in Listing VII is used. This model runs more effi-
ciently by removing support for jitter and tteeparameter.

Sp(w), square

arp Trp
aycolvco = — N - (53)
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LISTING VIII
VCO WITH FDy,

// Voltage Controlled Oscillator with Jitter

‘include “discipline.h”
‘include “constants.h”

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

parameter real Vmin=0;

parameter real Vmax=Vmin+1 from (Vmin:inf);
parameter real Fmin=1 from (0:inf);

parameter real Fmax=2[Fmin from (Fmin:inf);
parameter real ratio=1 from (0:inf);

parameter real Vlo=—1, Vhi=1;

parameter real tt=0.01[tatio/Fmax from (0:inf);
parameter real jitter=0 from [0:0.25Fatio/Fmax);
parameter real ttol=1ulfatio/Fmax from (O:ratio/Fmax);
parameter real outStart=inf from (1/Fmin:inf);

real freq, phase, dT, delta, prev, Vout;
integer n, seed, fp;

analog begin
@(initial_step) begin
seed = —561;

delta = jitter Osqrt(2[tatio);
fp = $fopen(“periods.m”);
Vout = Vlo;

end

// compute the freq from the input voltage
freq = (V(in) — Vmin)({Fmax — Fmin)
[ (Vmax — Vmin) + Fmin;

// bound the frequency (this is optional)
if (freq > Fmax) freq = Fmax;
if (freq < Fmin) freq = Fmin;

// apply the frequency divider, add the phase noise
freq = freq / ratio;
freq = freq/(1 + dTOreq);

// phase is the integral of the freq modulo 1
phase = idtmod(freq, 0.0, 1.0, -0.5);

// update jitter twice per period
@(cross(phase — 0.25, +1, ttol)) begin
dT = delta O%dist_normal(seed, 0, 1);
Vout = Vhi;
end
@(cross(phase + 0.25, +1, ttol)) begin
dT = delta O$dist_normal(seed, 0, 1);
Vout = Vlo;
if ($realtime >= outStart)
$fstrobe( fp, “%0.10e”, $realtime — prev);
prev = $realtime;
end
V(out) <+ transition(Vout, 0, tt);
end
endmodule

avco = arp (54)
From (41),
f2 f2
Sveofz— = Sroiz (55)
VCO FD

Finally, fyco = N fep, and so
Svco=N?Sp. (56)

Once FLy is incorporated into the VCO, the VCO output
signal is no longer observable, however the characteristics
of the VCO output are easily derived from (52) and (56),
which are summarized in Table II.

TABLE I
CHARACTERISTICSOF VCO OUTPUT RELATIVE TO THE OUTPUT
OF FDy ASSUMING THE VCO EXHIBITS SIMPLE FM JITTER AND
THE FDy IS NOISEFREE

Frequency Jitter Phase Noise

J
- FD | g

_ - N2
fvco = Nfgp | Jyco = m ®vco N*Spep

It is interesting to note that while the frequency at the out-
put of FOy is N times smaller than at the output of the
VCO, except for scaling in the amplitude, the spectrum of
the noise close to the fundamental is to a first degree unaf-
fected by the presence of RDIn particular, the width of

the noise spectrum is unaffected by\FDhis is extremely
fortuitous, because it means that the number of cycles we
need to simulate is independent of the divide fdtidhus,
large divide ratios do not affect the total simulation time.

To understand why Fpdoes not affect the width of the
noise spectrum, recall that while we started with a jitter
that varied continuously with timg(t) in (7), for either
efficiency or modeling reasons we eventually sampled it to
end up with a discrete-time version. The act of sampling
the jitter causes the spectrum of the jitter to be replicated
at the multiples of the sampling frequency, which adds
aliasing. This aliasing is visible, but not obvious, at high
frequencies in Figure 8. However, especially with FM jit-
ter, the phase noise amplitude at low frequencies is much
larger than the aliased noise, and so the close-in noise
spectrum is largely unaffected by the sampling. The affect
of FDy is to decimate the sampled jitter by a factoNpf
which is equivalent to sampling the jitter signjé), at the
original sample frequency divided by Thus, the replica-
tion is at a lower frequency, the amplitude is lower, and the
aliasing is greater, but the spectrum is otherwise unaf-
fected.

CADENCE CONFIDENTIAL
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VIl. CHARACTERIZING JTTER

The switching nature of the blocks in a PLL prevents use '
of the conventional noise analysis available fropcg to
characterize the noise of any of the blocks in a PLL with
the possible exception of the LF. Thei& noise analysis Nme
operates by linearizing the block about a DC operating

point, which is not sufficient when the block exhibits e na
switching behavior. SpectreRF and the simulator devel- 4
oped by Demir both linearize the circuit about a time-vary-
ing operating point and compute the noise at the output of
the block while taking into account both the effect of the
time-varying operating point on the bias-dependent noise
sources and the time-varying nature of the transfer func-

tion from the noise source to the output. They differ in that T T
SpectreRF is constrained to operate on periodic circuits. In

addition, SpectreRF outputs noise as a function of freFig. 5. The figures on the left show a reference signal, and one
quency averaged over a period, while Demir’s simulatogffset due to jitter. In both the top and bottom figures, the offset is

computes the output noise as a function of time and intdh€ same (they have the same amount of jitter). The top signals
grated over all frequencies. have a smaller transition time than those on the bottom. The

figures on the right show the difference between the reference
Both simulators linearize about the operating point an@jgnal and the offset signal. For the same amount of jitter, the
compute the noise as a post processing step. Thus, thximum difference is larger when the transition time is smaller.
noise does not affect the operating point calculation and sié the difference is large enough to cause a nonlinear response,
the simulation will not be accurate if the noise is largethe noise simulations will not be accurate. This problem becomes
enough to affect the large-signal behavior of the circuitsignificant when the jitter is about the same size of the transition
Generally, the amplitude of the noise sources is quite smdijme or larger. It limits the _number of f:ascaded thresholding
and so this is not a concern. However, in thresholding cirSt@9es that can be characterized at one time.
cuits, the noise present when the signal crosses the thresF— . . .
old gets amplified tremendously. When cascading severdl® range is negligible. Thus, the noise should be at least

thresholding stages, the noise can be amplified to such® 4B down and dropping at the highest frequency simu-

degree that it does change the large signal behavior, malt€d- Finally, integrate the noise power over frequency

ing the simulation inaccurate. This occurs in a FD imple2d aPply Wlener-Khlnchlon Theorem [16] to determine

mented as a ripple counter with a large number of stages. var(n,) = J— Snv(f)df , (57)

Difference

In such cases it is necessary to break the circuit down and
only characterize the jitter of one or two stages at a time
The maximum number of stages that can be characterizé
together is greater if the jitter is small relative to the transidn general, the noise is strongly cyclostationary and so the

lae total noise power [9], and apply (31).

tion time of the circuit, as shown in Figure 5. above procedure is insufficient. When the noise is cyclo-
stationary the same procedure is used, except a gating
A. Characterizing PM Jitter function is applied to the output so that only the noise that

SpectreRF’s PNoise analysis computes the time-avera¥curs near the threshold crossing is considered in the jit-
power spectral density of the noise at the output of thé_er calculation. Spectre_RF’s PNoise analy&s_c_omputes th_e
block. If this noise is stationary (as opposed to cyclostalime-average of the noise at the output and it is not possi-
tionary), it is a simple matter to apply (31) to calculate the?!® in general to post-process the PNoise results to deter-
jitter. Simply choose a representative set of periodic input§1in€ the noise at the time of the threshold crossing.
to the block and use SpectreRF's Periodic Steady Stafather, a limiter is added to the output of the block and
(PSS) analysis to compute the steady-state response. TRBECreRF computes the noise at the output of the limiter.
computes the periodic operating point about which thd he limiter, given in Listing IX, is designed to saturate
noise analysis is performed. It also gidet,)/dt, the slew when the output of the block is outside a (_:ertam range to
rate of the output at threshold crossing. Apply SpectreRF’Brévent any noise at the output from being considered
PNoise analysis to compute the noise power at the outp§¥CepPt the noise present near when the signal crosses the
as a function of frequency. Choose the frequency range &freshold. The limiter is shown in Figure 6. The range of
the analysis so that the total noise at frequencies outsidB€ limiter,V,_andVy, is chosen such that the noise and
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pendent ofT, so to reduce the number of sidebands
I T A / 1, needed, us& as small as possible. ifaxsidebands is not

set sufficiently large, then the extracted value of jitter will
increase a3 decreases.

Limiter Region
vy —f \ Sauurated Assume that the amplitude of the noise during each transi-
Output of DUT Active tion is the same, then
L /] \ Saturated 0 EhIZDI— 58
t Var(n|! tc) ttl + tt2 ( )
Y where Eh|2D is the time average of the noise power at the
Output of Limiter output of the limiter. SpectreRF computes the power spec-
tral density of the noise at the output of the limiter, and by
‘ ‘ t the Parseval’'s Theorem,
I [«
N | : 1
Noise at Output of Limiter ! ‘t mFD: I|m 2_TI n|2(t)dt = I Sn|(f)df . (59)
|| N ToefeT o
t ‘2 If we further assume tht=t;; = t;,, then
V,-V
Fig. 6. When the device-under-test (DUT) exhibits V() = H L (60)

cyclostationary noise, a limiter is applied to output of driven t;
block to suppress noise present outside of the active transitions.

v(t) is the output of the block(t) is the output of the limiter, and And from (32) and (33)

ni(t) is the noise at the output of the limiter. Noise on a waveform 2var(n  t 2MhAT t
is denoted by using a thick trace. The output of the limiter is only J = . i ’ C) = ' t , (61)
noisy when it is inside its active region (when it is not limiting). V(tc) Ktt V=L
LISTING IX _J2mEaT/K

LIMITER USEDTO CHARACTERIZE PM JITTERIN BINARY SIGNALS. J= V-V (62)

/1 Simple Limiter whereK is the number of transitions that occurred during

‘include “discipline.h” the period. IfK = 2,

‘include “constants.h” 2

~ | OOt
module limiter (out, in); J= VooV, (63)

output out; input in; electrical out, in; ) . . .
In practice, the noise away from the transitions is usually

parameter real Vio=-1, Vhi=1; much smaller than the noise during the transitions. So one
analog begin can usually achieve reasonably accurate results by apply-
// Place time-point at threshold crossings ing (62) or (63) even without using the limiter.

@(cross(V(in) — Vlo) or cross(V(in) — Vhi)); This general methodology for characterizing the PM jitter

// Determine the output of driven blocks with binary outputs is extended or clari-

if (V(in) < Vo) fied for important special cases in the next few sections.
V(out) <+ Vlo;

else if (V(in) > Vhi) PM jitter of the PFD/CPThe PFD and CP work together

olse V(out) <+ Vhi; to generate a three-level discrete-valued signal (it takes the

values -1, 0, and +1) whose time average is used as the
loop error signal. The average of this signal controls the
VCO after it has been extracted by the LF.

- : - — . There are two aspects of the PFD/CP that differ from the
the slew rate is approximately constant while the limiter IS3ssumptions made above. First, the output of the CP is a

active. When running PNoise analysis, assure that thg,rent, so the limiter and the equations given in the previ-
maxsidebands parameter is at least ten times larger than |5 section need to be adapted. Second, the output of the

t; for anyi. This assures that the narrow noise pulses argp phas three distinct levels rather than the two assumed
adequately resolved by the PNoise analysis. Jitter is inde-

V(out) <+ V(in);
end
endmodule
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above. Thus, the CP has a ternary output rather thansamulation should cover an interval long enough to allow
binary output. accurate Fourier analysis at the lowest frequency of inter-

If it is necessary to apply a gating function, care must bg_st Emin)- With deterministic signals, it is sufficient to
taken because of the ternary nature of the output. A simpfimulate for K cycles after the PLL settles-, = 1/TK.
limiter would allow the noise associated with the middieHOWever, for these signals, which are stochastic, it is best
value to pass. So the simple limiter should be replacelf Simulate for 18 to 10K cycles to allow for enough
with a dead-band limiter. This is a limiter with a dead band®Verading to reduce the uncertainty in the result.
in the center of its input range. The dead band rejects noisgne should not simply apply an FFT to the output signal
about the equilibrium point associated with the middle ofof the VCO/FLQ to determinel(f,,) for the PLL. The
the three values. result would be quite inaccurate because the FFT samples
the waveform at evenly spaced points, and so misses the
PM Jitter of a FD:With ripple counters, one can only jitter of the transitions. Insteadi(f,,) can be measured
characterize a few stages at a time because of the issygh Spectre’s Fourier Analyzer, which uses a unique
shown in Figure 5. Thus, a long ripple counter chain has tgigorithm that does accurately resolve the jitter [12]. How-
be broken into smaller chains, and characterized indiVidUeVer’ it is slow if many frequencies are needed and so is
ally. The total jitter for the ripple counter is then computednot well suited to this application.

Py taking thﬁ square-root of the sum of the square of thSnlike L(f, Sp(f) can be computed efficiently. The Ver-
Jitter on each stage. ilog-A code for the VCO/FR given in Listing VIII writes
Unlike in ripple counters, jitter does not accumulate withthe |ength of each period to an output file nanpedi-
synchronous counters. Jitter in a synchronous counter {sds.m Writing the periods to the file begins after an initial
independent of the number of stages. Rather, jitter of gelay, specified usingutStart, to allow the PLL to reach
synchronous counter is the jitter of its clock along with thGSteady state. This file is then processed by Matlab from
jitter of the last stage. MathWorks using the script shown in Listing X. This
The input to counters are generally edge sensitive, and §&1ipt computes(f), the power spectral density of

are only affected by jitter on either the positive-going orusing Welch's method [15]. The frequency range is from
the negative-going clock transitions, but not both. Howfouf2 tofo,/nfft. The script compute§(f,) with a resolu-
ever, this should not affect the way in which blocks ardion bandwidth ofbw.> Normally, Sy(fr) is given with a
characterized as long as the behavioral models for thénity resolution bandwidth. To compensate for a non-unity
dividers also have edge-sensitive inputs. Then the behatesolution bandwidth, broadband signals such as the noise
ioral model of the dividers only react to jitter on the propershould be divided bgbw. Signals with bandwidth less than

edge and ignore jitter on the other edge. rbw, such as the spurs generated by leakage in the CP,
should not be scaled. The script processes the output of
B. Characterizing FM Jitter VCO/FDy. The results of the script must be further pro-

The noise of a free-running oscillator is dominated bycessed using the equations in Table Il to remove the effect

phase noise, which is a random shifting of the frequenc;}?'c FDn-
and hence the phase, of the oscillation signal over time.

The phase of an oscillator is subject to this variation
because it is free running: there is no drive signal withfhese ideas were applied to model and simulate a PLL act-
which to lock and so no synchronization between the siging as a frequency synthesizer. A synthesizer was chosen
nals generated by the oscillator and any reference signalWith fref = 25 MHz,f, = 2 GHz, and a channel spacing of

Oscillator . . . ?OO kHz. As suchiM = 125 andN = 10,000.

phase noise and FM jitter are different ways o

describing the same underlying phenomenon, and so thefé1e noise of OSC is —95 dBc/Hz at 100 kHz, which corre-
is a direct conversion between phase noise and FM jittepponds to 20 ps of FM period jitter. The noise of VCO is —
as given in (39). There is no need to invoke the use o#8 dBc/Hz, which gives 6 ps of FM period jitter. The PM

thresholds or gating functions in order to make the converPeriod jitter of the PFD/CP and FDs was found to be 2 ns.
sion. The FDs were included into the oscillators, which sup-

presses the high frequency signals at the input and output

IX. EXAMPLE

VIII. SIMULATION AND ANALYSIS

; ; ; : ; [ . The Hanning window used in thpad() function has a resolution
The synthesizer is simulated using the netlist from I‘Isunggandwidth of 1.5 bins [10]. Assuming broadband signals, Matlab divides

XI and the Verilog-A descriptions in Listings VI-VIII,  py 1 5 insidesd() to compensate. In order to resolve narrowband signals,

modifying them as necessary to fit the actual circuit. Thehe factor of 1.5 is removed by the script, and instead included in the
reported resolution bandwidth.
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LISTING X LISTING XI
MATLAB SCRIPTUSED FOR COMPUTING Syfry). THESERESULTS SPECTRENETLIST FOR PLL SYNTHESIZER
MUST BE FURTHERPROCESSEDJSING TABLE Il TO MAP THEM TO
THE OUTPUTOF THE VCO. // PLL-based frequency synthesizer that models jitter
simulator lang=spectre
% Process period data to compute Sy(fm) ahdl_include “osc.va” // Listing VI
echo off; ahdl_include “pfd_cp.va” // Listing VII
nfft=512; % should be power of two ahdl_include “vco.va” // Listing Vill
winLength=nfft; i )
overlap=nfft/2: Osc (in) osc freq.:25M Hz rat|o=.125 \
winNBW=1.5; % Noise bandwidth given in bins , fmJitter=20ps pmJitter=2ns
PFD (errinfb) pfd_cp lout=500ua

% Load the data from the file generated by the VCO Cl (errc) capacitor c=3.125nF
load periods.m; R (c 0 resistor r=10k
% output estimates of period and jitter C2 (c 0)  capacitor c=625pF
T=mean(periods); VCO (fberr) vco Fm|.n=1GHz Fmax=3GHz \
J=std(periods); Vm|n=—4 meﬂx:4 \
maxdT = max(abs(periods—T))/T; ratio=10000 jitter=6ps \
fprintf(‘T = %.3gs, F = %.3gHz\n’, T, 1/T); outStart=10ms
fprintf(‘Jabs = %.3gs, Jrel = %.2g%%\n’, J, 1000D/T); JitterSim tran stop=60ms
fprintf(‘'max dT = %.29%%\n’, 100CmaxdT);
fprintf(‘periods = %d, nfft = %d\n’, length(periods), nfft); Osc & in err VCO &
% compute the cumulative phase of each transition +125 PFD & CP L +10,000
phases=2[pilcumsum(periods)/T; 5 ¢
% compute power spectral density of phase
[Sphi,fl=psd(phases,nfft,1/T,winLength,overlap,linear’);
% correct for scaling in PSD due to FFT and window
Sphi=winNBW [Bphi/nfft; ; ; ; ; ;
% plot the results (except at DC) -101 1
K = length(f); o0k |
semilogx(f(2:K),100o0g10(Sphi(2:K)));
title(‘Power Spectral Density of VCO Phase’); _.—30r 1
xlabel(‘Frequency (Hz)"); T 20k ]
ylabel(‘S phi (dB/Hz)"); 5 oL
row = winNBW/(TChfft); T 501 .
RBW=sprintf(‘Resolution Bandwidth = %.0f Hz (%.0f dB)’, ol

rbw, 10C10g10(rbw)); —6or I
imtext(0.5,0.07, RBW); 70t cL .

of the synthesizer. The netlist is shown in Listing XI. The  —80f ]
results (compensated for non-unity resolution bandwidth ' ' ' . '
(-28 dB) and for the suppression of the dividers (80 dB)) ~ 300Hz ~ 1kHz ~ 3kHz = 10kHz 30kHz 100 kHz
are shown in Flgures_7-10. The simulation took 7.5 mln_Fig. 7. Noise of the closed-loop PLL at the output of the VCO
utes for 450k tlmt.-:‘-pomFs on a HP 9_000/735' The use_ of Ghen only the reference oscillator exhibits jitter (CL) versus the
large number of timepoints was motivated by the desire tQgice of the reference oscillator mapped up to the VCO
reduce the level of uncertainty in the results. The periogequency when operated open loop (OL).

jitter in the PLL was found to be 9.8 ps at the output of the
VCO. The long-term jitter is shown in Figure 11. There is some contribution from the VCO, but it is dimin-
The low-pass filter LF blocks all high frequency signalsished by the gain of the loop. In this example, noise at the
from reaching the VCO, so the noise of the phase locRiddle frequencies is dominated by the PM jitter gener-
loop at high frequencies is the same as the noise generat@ig¢d by the PFD/CO and FDs. The measured results agree
by the open-loop VCO alone. At low frequencies, the |00Fgualitatively with the these expected results. The predicted
gain acts to stabilize the phase of the VCO, and the noidtoise is higher than one would expect solely from the

of the PLL is dominated by the phase noise of the OS@pen-loop behavior of each block because of peaking in
the response of the PLL from 5 kHz to 50 kHz. For this
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Fig. 8. Noise of the closed-loop PLL at the output of the VCOFig- 10. Closed-loop PLL noise performance compared to the
when only the VCO exhibits jitter (CL) versus the noise of theopen-loop noise performance of the individual components that

VCO when operated open loop (OL). make up the PLL. The achieved noise is slightly larger than what
is expected from the components due to peaking in the response
of the PLL.

-25[ M oL
_ank J msr b
30 VCO-OL
_35F E 5ns| b
~
L a0t 1
1] CL 3nsf .
T 45t 4
U?—so . 1 2nst PFD/CP,FD-OL |
1.5nsf PLL .
-55[ 1 CL
-60 1 Insr 0SC-OL 1
T 1kAz T 10kHz 100kHz 700ps | !

Fig. 9. Noise of the closed-loop PLL at the output of the VCO 10k 30k 100k 300k M M 10M

when only the PFD/CP, Rjp and FL}, exhibit jitter (CL) versus

the noise of these components mapped up to the VCO frequenfy8- 11. The long-term jitterJg) of the closed-loop PLL as a
when operated open loop (OL). function of observation interval, where the interval is measured

in the number of 500 ps periodsat the output of the VCO.
rQ’hese results do not agree well with expected results. This may
be due to peaking in the response of the PLL, or it may be due to
some yet unidentified problem)

reason, PLLs used in synthesizers where jitter is importa
are usually overdamped.

Notes to the Author simple divider model is required (no fractional N) and one
We have merged the divider with the VCO, which allows us cannot observe the spurs created by PFD/CP

to rapidly simulate synthesizers with large multiplication
ratios and see very close in phase noise. If your synthe-
sizer does not have a large divide ratio, then it may require X. CONCLUSION

long simulation in order to see close in phase noise (in this . . . . .
case, try using Verilog or VHDL models rather than Verilog- A methodology for modeling and simulating the jitter per

A. Also, we are inferring the noise in the VCO output by for_mar_me of phase-locked IQOpS was presented_. Th(? S_imu'
inspecting every N-th transition, which in the case of the ~ ation is done at the behavioral level, and so is efficient
example, N=10000. Thus, we cannot know the statistics of ~ €nough to be applied in a wide variety of applications. The
the noise far from the carrier. behavioral models are calibrated from circuit-level noise
Other issues from the merged VCO and divider are thata  Simulations, and so the high-level simulations are accu-
rate. Behavioral models were presented in the Verilog-A
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include, clock generation and recovery, sampling systems,
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systems, and fraction&l-frequency synthesis (though it is [10] F. Harris. On the use of windows for harmonic analysis with
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