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Abstract tem of equations was presented. However, the PLL is a phase feedback

) ) ) system and special techniques are required for solving the associated sys-
This work addresses the problem of noise analysis of phase lockgg of equations. In this work, a system of stochastic differential equa-

loops (PLLs). The problem is formulated as a stochastic differential eqy@ns governing the behaviour of the PLL VCO phase are developed. The
tion and is solved in presence of circuit white noise sources yielding t8g| is assumed to be locked to a reference periodic signal which is as-
spectrum of the PLL output. Specifically, the effect of loop filter charagymed to have Brownian motion phase deviation. It is shown in Section 3
teristics, phase-frequency detector and phase noise of the open loop vl the PLL output phase, in locked condition, is a sum of two stochas-
age controlled oscillator (VCO) on the PLL output spectrum is quantifiege processes: the Brownian motion phase deviation of the reference sig-

These results are derived using a full nonlinear analysis of the VCO in g and one component of an appropriate multi-dimensi@raistein-
feedback loop and cannot be predicted using traditional linear analyseg)ffenbeckprocess. Similar to [2], it is shown that the PLL output is

the phase noise analysis of open loop oscillators. The computed spectgdiinptoticallywide-sense stationarysing the statistics of the phase de-
matches well with measured results, specifically, the shape of the outpgion process, a general expression for the power spectral density (PSD)

spectrum matches very well with measured PLL output spectra reporigdhe pLL output is obtained. This expression is used to derive the PSD
in the literature for different kinds of loop filters and phase detectors. TRep|| output for some specific loop filter configurations in Section 4.

PLL output spectrum computation only requires the phase noise of i@ m the output spectrum, it can be observed that that the PLL output
VCO, loop filter and phase detector noise, phase detector gain and Ipfp closely follows the reference signal spectrum for very small offset
filter transfer function and does not require the transient simulation of fhgquencies and follows the open loop VCO output spectrum for high off-

entire PLL which can be very expensive. The noise analysis techniqugds frequencies. This fact has been experimentally observed and widely

illustrated with some examples. reported in the literature. Finally, experimental results on an example cir-

. cuit are presented in Section 5.
1 Introduction

Phase and delay locked loops (PLL and DLL) are extensively used4n Previous Works
microprocessors and digital signal processors for clock generation and BN

f . : C o - Noise analysis of PLLs is probably the least understood topics in RF
requency synthesizers in R communication systems for clock extractlr%}se analysis. Some existing works present an intuitive explanation of
and generation of a low phase noise local oscillator signal from an Pl ySIS. g P P

) . . . . ow various noise sources affect the overall noise of PLL [3, 4, 5, 6, 7].
chip voltage controlled oscillator (VCO) which might have a higher Opel1‘echniques borrowed from linear noise analysis are used[ to predict t]he

loop noise performance. The basic block diagram of a PLL is shown MUt phase noise spectrum and the relative importance of VCO phase
Figure 1. The phase of alocal VCO signal is compared with the phase grEputp P p P

(hopefully) low noise reference signal and the difference of the two phané)sl,se’ reference signal phase noise and noise in the phase detector and
) . . . ?oop filter as a function of the loop bandwidth [5, 7, 8, 9]. Output char-

is low-pass filtered and applied to the controlling node of the VCO. If theCteristics of samplina PLLs has also been analvzed in presence of white
input signal frequency is within the VCO tuning range, the VCO output . pling yzed In pre

. - : : - noise at the PLL input [10, 11]. However, the PLL circuit noise and refer-
is also “locked” to the same frequency as the input signal and the phase

difference between the two signals is very small. In RF communicatigh . signal phase noise have not been considered. In all these approaches,

a.g(reecise mathematical characterization of the noisy PLL output and quan-

systems, frequency synthesizer noise directly degrades the overall NHlication of how much each noise sources contribute to the PLL output
performance of the system. Similarly, timing jitter in phase-locked loops

of high performance processors degrades the timing margins of the ov 1P 1S not present. Moreover, it has peen shown [1, 2] that noise genera-
desi - : .. —_tlon in an oscillator is inherently a nonlinear phenomenon and linear noise

esign. Hence accurate prediction of PLL noise performance is critical analysis techniques for circuits containing VCOs are not rigorously justi-
the design of these systems. y d 9 9 y)

Noise generation mechanisms for PLLs and DLLs are very diﬂereHE(.j' Also the VCQ output itself IS a stochastlc process a_md vCo pha§e
Oise cannot be viewed as an additive noise source. Similarly, translation

) N
Ina DLL, the voltage hoise from each pf the delay stages accumulact) Tandom phase deviations in the VCO phase to the VCO output PSD is
for one period of the input reference signal and then the output IOh‘hf';‘lsr(?onIinear henomenon and the use of linear analysis based techniques
is aligned with the input signal phase. On the other hand, in a PLL,a P Y q

) . . . for this purpose is also not justified. Behavioural level noise analysis tech-
VCO is present in the feedback loop and the difference in the phase Ofrt%)o?ﬁjes for PLLSs have also been reported [12, 13] which can also include

reference and the VCO signal is filtered and used as the control signal Slver supply noise [14, 15]. However, numerical integration involved in
the VCO. Hence the difference of the phase noise of the reference siiné’y pply o ! 9

and the VCO output acts ame of the noise sources for the VCO. This uch methods can be expensivel. Also the_ os.c.illator phase noise models
paper addresses the problem of noise analysis of phase-locked Ibops used in these works [14] is not rigorously justified. The VCO modelled
- . . ) ) . ‘in these works is a ring oscillator and it is not clear how to extend this
The starting point of this work is [1, 2] where noise analysis of orel proach to PLLs with other kinds of VCOs such as one based on LC
loop oscillators based on a novel perturbation analysis of oscillatory Sygﬁk

Vin—=

PD LPF VCO Vout 3 PLL Noise Analysis

Let the input reference signal of the PLL in Figure 1 be periodic with

periodT, i.e., of angular frequenayy = 2% Since this reference is also

Figure 1: PLL block diagram generated by a real oscillator, it also has Brownian motion phase error




ain(t) [1]. l.e., the reference signal is of the fonm (t + ain(t)) where and the phase detector. Note that the coefficient matGc&sandF are
Qin(t) = /CinBin. Bin(t) is a one-dimensional Brownian motion processndependenbf time. This assumes that the reference signal frequency
Note that throughout this discussion, “phase” has units of time. Phasésimot drifting with time and the VCO remains locked to the reference.
radians can be recovered by multiplyingt) by the appropriate angular This implies that the variations around the VCO control voltage are very
frequencyw. The advantage of using this formulation is that the procesmall. This also follows from the assumption that in locked syétehas
of zero-delay frequency division of either the reference signal or the V@@unded variance. If the filter transfer function is stable, bounded variance
outputdoes notaffect the analysis presented below (except for addiraf y(t) also implied bounded variance Bft).
more noise). PLL noise analysis now proceeds as follows:

Noise analysis of the open loop VCO yields that [1, 2] the phase devia-

tion of the VCO output is governed by the followistpchastic differential L (_2)' (3)and (4) are SOIV?d using stoch_astic differential equation tech-
niques and an expressionft) is obtained.y(t) and other compo-

equation A .
nents ofx are not required for the output spectrum calculation and
da | need not be computed separately.
wo: v (t+ Aopen loop vedt))Ep(t) (1) . ) )
2. Sinceayco(t) is a stochastic process, PLL VCO outpxi(t +
whereg(t) € RP is a vector ofp uncorrelated VCO white noise sources ~ Gveo(t)) is @lso a stochastic process. Using the expressids(tgf
andv(-) e RP = [vi(-) vo(-) ... vp(-)] is a periodic function which obtained in step 1, the following autocorrelation can be computed

depends on the noise source intensities and the response of the linearized
oscillator circuit [1]. It was shown that asymptoticallgpen ioop vcét)
becomes a Brownian motion process whose variance increases linea
with time at a ratec, i.e., Oopen loop veo= v/CB(t), wherec is the time
average of the inner product of the vectr). The noisy oscillator output
was shown to be of the forms(t + Oopen loop vedt)) Wherexs(t) is the
noiseless periodic steady-state response of the oscillator.

In a phase-locked loop, the difference of the reference and the V&0  gg|ution of the PLL Phase Equation
phase is filtered and applied to the VCO control node. Hence (1) is modi-

Ry xs (1, T) = I [Xs(t + Olyeo(t) ) Xs(t + T+ Olyco(t + 1))

ry It can be shown that the asymptoticalRy, x(t,T) is independent
oft, i.e., the PLL VCO output is avide-sense stationarigtochastic
process. The PSD of this output is computed using the stationary
autocorrelation function computed in step 2.

fied as follows: Using the fact thatiin (t) is a scaled Brownian motion process, (2) can
g be rewritten as
Ovco T
=V (t+ Gvco(t))ap(t) + Veontrol(t 4 Oveo(t)) Y(T) (2 dp
d o = VT an(®) +BO)Ep() )
Herey(t) is VCO input and/control(+) € R is the component of(-) which FVeontrol (t + Qlin(t) + BO)Y(E) — v/Cn&in(t)

corresponds to a unit noise source present at the control node of the VCO.

The form of (2) is valid only if the variance gft) is bounded for alt. If ~ where&j,(t) is the white noise process which is the time-derivative of

this is not the case, perturbation analysis on which (1) and (2) are bagggt). If only the asymptotic behaviour ¢(t) is of interest, (5) can be

becomes invalid. Note that the input in (2) is a stochastic process andplified using the averaging principle for stochastic differential equa-

therefore this equation is stochastic differential equation and techniquegs [20]. According to this principle, sinagn (t) is a scaled Brownian

from stochastic calculus need to be used to solve this equation [16, 17}notion process, i.e., its variance grows unbounded with tifhgjs peri-
Now the important assumption that the PLL is in lock with the referenegiic in its argument anf(t) is assumed to have finite variance fortall

signal is introduced. By this, it is implied that the VCO outputdsked  the asymptotic behaviour @t) is governed by the following differential

to the same frequency as the reference sigrizéfinep(t) as follows: equatiod

B(t) = Aveo(t) — Clin(®) ®) % = C\l—coip(t) + v/CoontralY(t) — v/Cin&in(t) (6)
Further, it is also assumed thaft) hasboundedvariance for alt. This

assumption implies that the uncertainty in the phase of the PLL outgutereC].,= [Ver G2 ... \/q]T, G= %.[OTviz(t)dt andccontrol =
grows only as fast as the uncertainty in the reference signal phase. If thisT, 2 (t)ct.

is not the case, the PLL goes out of lock once the phase difference excebfg, conto!

e . : - ) and (6) can be combined to obtain a linear differential equation
a certain critical value. Noise analysis of PLLs seems to be of little U§ ine form x = —Ax+ D&y, g1, for appropriateA € R™" and D e

when the VCO is not locked to the reference. nx (par1) where€p.qia(t) — [Ep(t) q(1) Ein(t)]T is 2 vector of

It should be mentioned that there exists a non-zero probability wi / > . X .
which the PLL goesut of lock, even in the presence of small noise [18,P+ A+ 1) uncorrelated white noise processes. This equation can be writ-

19]. This probability and the associatéitt exit timeout of thebasin €N in stochastic differential equation form as

of attraction (i.e., locked state) can also be calculated for these systems _
using large deviation techniques [19]. However, this probability is very dx = At + DdBpy.g:1(1) ™
small and this case will not be considered here. whereBp, q+1(t) is a(p+ -+ 1)-dimensional Brownian motion process.
Sincey(t) is a filtered versions db(t), B(t) andy(t) are related by the  (7) is linear inx with constant coefficients. Hence traditional linear
following differential equation noise analysis techniques can be used to find the spectrit)ofHow-
dx ever, what is actually needed are the second order statisti{$)afhich
G-~ = Ex+F&q(t) (4) can be used to compute the autocorrelation function of the VCO output.
at (7) is known as am-dimensionarnstein-Uhlenbeckrocess [17] and

wherex = [B(t) y(t) ]T is a vector of state variables € R". n — its variance is bounded if the real parts of the eigenvaluésaoé positive.
- v i T nixn  Similar to the ordinary differential equation case, the solution of (7) can
1+0ppt, Ops > 0 is the order of the low pass filterG, E € R be written as [16]

andF € R"1%9, g is the number of noise sources in the low pass filter .
Or a multiple thereof if frequency dividers are used. X(t) = DBpyqra(t) — / Aexp(A(s—t))DBpyqr1ds
Jo

2The formulation in (4) may not be valid when the loop filter is not present. This case-is
discussed separately in Section 4. 3l.e., the trajectory of(t) in (5) converges to the solution of (6) with probability 1.




It can be shown that [17]
min(ty,tz)
E [x(tl)xT(tg)] =/0 " exp(A(s—t1))DDT exp[AT(sftz)] ds

It therefore follows that

min(ty,tz)

E[BtB() = [ cexplA(s—tu) DDTexdAT (s—to)|ds € (8)

wheree=[1 0 ... 0.
Similarly it can be shown thét
E [B(t1)ttin(t2)] = ey/GnA~ L exp(Amin(0,t; —t1))Df ©)
where f = [0 0 l}T. Let A be diagonalized ag = WAW 1

whereA = diag(A1,...,An) is a diagonal matrix of eigenvalues Afand
W is a matrix of the corresponding eigenvectors. Then

n
E[B(t1)din(t2)] = _Z\M‘ exp(—Ai min(0,t2 —t1)) (10)
=
for appropriate value gf; (see Appendix A).
Also asymptotically,
n
11)

E[B(t)B(t2)] = _;vi exp(—Aity —ta|)

for appropriate value of; (see Appendix A).

3.2 PLL Output Spectrum

Substituting the above expression cuﬁ(t,r) in the autocorrelation ex-
pression, note thalRy, x(t,T) vanishes asymptotically for # k, since
exp(—0.5(i — k)zu%cmt) drops to zero asymptotically. Hence only terms
corresponding tdo= k survive. Therefore

Rt )= 3 XX exp(—jicg) exp“u%iz[cmn

i (12)
2y (W +m[1—exp(—m|r|)]H

Note that the autocorrelation function of the output is asymptotically
independent of, i.e., the PLL output is wide-sense stationary. A similar
observation was made in [1, 2] for open loop oscillators. The Fourier
transform of (12) which is the PSD of the output is given by

Sk () = iiokl‘%_ozm* exp {—w%izlzl(w +Vi)

[ [P +v)] | (3eBiPen+ 371 kiA)
[ k] [ (BesBizein+ 37y kidi)? + (00 ien)?]

(13)

In practice, one is usually interested in the the PSD around the first har-
monic which is defined (in dBc/Hz) as

S (W — ) )

10'0910( X |2

4 PLL Examples

While (13) is valid for any loop filter transfer function, it offers little

The expectations in the previous section can be used to obtain the afgyht into the actual nature of the output spectrum. It this section, four
correlation function and the power spectral density of the PLL output. R&secific examples of loop filters will be presented and their corresponding
call thatthe VCO output, in presence of phase deviatiga(t) is givenby  p| | output spectrum will be computed. Even for these simple examples,

Xs(t + Oveo(t)) wherexs(-) is theT-periodic noiseless output of the VCOye computed PLL output PSD is remarkably similar in shape to measured

which is locked to the reference signal. Simggo(t) is a stochastic pro-

cessxs(t +ayceo(t)) is also a stochastic process. Simgé) is T-periodic,
it can be expanded in a Fourier series as

%)= 3 Xexaljicot)

|=—00

The autocorrelation function of the VCO output can now be computed as

follows

Rex(tT)= 3 XX explj(i — K)cot) expl— jreaor)

i,k=—00

E [exp( jod(iaveo(t) — Kaveo(t +T)))]

results. For simplicity, phase detector and loop filter will be assumed to
be noiseless. A circuit level example will be presented in Section 5.

4.1 PLL without loop filter

First consider the simplest of PLLs, one without a loop filter. In this
casey(t) = —kpaB(t) wherekpyq is the phase detector gain. Hence (6)
becomes

aB

E - _\/CP_”B“'CJ/—COEP(U

where, /Cpii = Kpdy/Ceontrol- AlsO letcyco = 3 ¢i. Thereforer; =, /Cpir.
Also D = [Cl,, —+/Cin]. For this example, it can be shown that=

DD' — CGin+Cuco — _ _Cin 1
NN andpy = N The resulting output spectrum around

the first harmonic is shown in Figure 2 fap = 1019 rad/secgin = 10-2°

Here X is the complex conjugate &. It can be shown thatyco(t) isa S€c,Cvco= 1019 sec, anctp = 10 1/se@. This corresponds to a phase

zero mean Gaussian process and therefore
L 1
B fexp{an(ueolt) ~kaeol +1)] = exp( - 360711 )

where 02(t, 1) = E [[iatveo(t) — Katveo(t +1)]%].
02(t,T) can be evaluated as

n
0%(t,T) = (i— k)’Cint + KcinT — 2kmin(0,1) — 2ik " 1y
=1
n

—2ik|_il(uq +vp) exp( =\ [T]) + (i2+ k?) |;(v. +2)

4There is also an exXp-At;) term in this expression which vanishes asymptotid ifias

eigenvalues with positive real parts.

noise performance of130 dBc/Hz at 16 rad/sec offset for the reference
sighal,—70 dBc/Hz for the open loop VCO aned7 dBc/Hz for the PLL.
Also shown in the figure are PSDs of the reference input signal and the
open loop VCO output. Note that the PLL output spectrum follows that
reference input signal spectrum for low offset frequencies and open loop

Using (10) and (11), VCO spectrum for large offset frequencies. In between, the output spec-

trum is almost constant. Note that the offset frequency beyond which the
PLL output spectrum follows the open loop VCO spectrum is approxi-
mately\/m, i.e., thebandwidthof the PLL. Also note that at high offset
frequencies, the PLL output PSD is slightly higher than the open loop
VCO spectral density. This is because there is no loop filter present in the
circuit to remove the high frequency noise component of the phase noise
of the reference signal. In the next few examples, where a loop filter is
included, the PLL output coincides with the open loop VCO output for
high offset frequencies.
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Figure 2: PSD of PLL output with no loop filter Figure 4: Charge Pump PLL spectrum
o 4.3 Charge Pump PLL (CPPLL)
-20f N

S The phase detectors described in Sections 4.1 and 4.2 suffer from the
| limitation that the phase difference between the input and the VCO output
is not zero in steady state. Zero phase error can be accomplished by us-
ing an integrator after the linear phase detector (also known as the charge
pump phase detector). However, this degrades the stability of the loop.
This stability is recovered by introducing an additional zero in the charge
pump transfer function. The filter is realized in practice by using the se-
ries combination of a capacitor and a resistor. The charge pump can be

-160] B VES | modelled by a linear transfer function of the fokpy="c* wherew is

PSD (dBc/Hz)

|
[aN
N
o

T
’

/

__ Reference S the zero frequency. After some rearranging, (6) can be written as
-1801 _ _ veo Open Loop N |
Rt e 10 10° 10° d Bl AL B + C‘Tgro —VCin | {&p(t)
Offset Frequency (radian/sec) dt |Y w1 R /Cp” —Cyeo +/Cin &in (t)
Figure 3: PSD of PLL output with a first order filter wherey(t) and, /Tpir are defined as before.
. . The resulting output spectrum around the first harmonic is shown in
4.2 PLL with first order filter Figure 4 using the same parameters as in Section 4.2. Note that as the
For this caseB(t) andy(t) are related by the following equation offset frequency is reduced, the output PSD initially follows the VCO
spectrum, flattens out at a certain level, drops and then starts following
1 dy the reference signal spectrum. At*ad/sec offset frequency, the PSD is

—— — 4 Y(t) = —kpaB(t) ~103 dBc/Hz.

The above charge pump suffers from a critical effect. Since the charge
wherewp¢ is the corner frequency of the low pass filter. (6) can therefopgimp drives the series combination of a resistor and a capacitor, each time

be written as a current is injected in the filter, the control voltage experiences a large
d 0 _ T _ jump which is detrimental for the transient behaviour of the VCO [21].
et [@} - _ { \/(’Fﬂ [@} + {C\/CO _\/ﬁ} Fp(t)] Therefore a second capacitor is usually placed in parallel to the series
at Y Wipf Wipf Y 0 0 Ein(t) combination of the resistor and capacitor to suppress the initial step. The

_ . overall charge pump can be modelled by a linear transfer function of the
wherey(t) = y(t) /kpa ancP, as before, /o = kpdy/Ceontrol- The eigen- oy i 4=-25S__ Note that the loop is nowecond order After some
values of theA matrix are given by POS(1ts/0) .

rearranging, (6) can be written as

_priW /Cpll d B 0 -y 0

B C\Tco _\/m
2= 2 I yl=—-1 o 0 -1 |y|+]| o 0 Ep((tt))}
_ _ . \ ) e @i W | |d —wCl, /G | LN
For this PLL it can be shown that = (Mcj‘kzz))\l, Mo = (7\2%1%11)%2’ vy =
Cin+Cuco <A_§ MM ) andv, — ot (A_i Mg ) The resulting output spectrum around the first harmonic is shown in
M2 \ A1~ Mthe A1=22)2 \ A~ Aith; Figure 5 using the same parameters as the previous CPPLIoand

The resulting output spectrum around the first harmonic is shownz&oll Note that the second capacitor again introduces a bump in the
Figure 3. The loop filter corner frequency is chosen to bera/sec. All output PSD of the CPPLL. Asy, is reduced, the bump becomes more

other parameters are the same as in Section 4.1. Note that the addBP%‘?\ounced. At 19rad/sec offset frequency, the PSD-i¢03 dBc/Hz.
of the loop filter introduces a bump in the flat portion of the spectrum. '

This bump becomes more pronounced as the bandwidth of the loop fi|$fr .

is decreased. Also the PSD is lower than in Figure 2 for the flat portion™of EXpe”mental Results

the spectrum. The phase noise performance 4rad/sec offsetis-104  1pe algorithm for computing the PLL output spectrum is implemented

dBc/Hz. in MATLAB . From (8) it follows that the noise analysis of the VCO need
5This scaling also helps the numerical stability of this computation. not be a part of the PLL noise analysis. The VCO parameters required
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Figure 6: Loop filter reported in [22] Figure 8: Linear transfer function @t)

for PLL noise analysis aré,co = ¥; ¢ andCeonirol and these can be com-transfer function is given by

puted separately for the open loop VCO using techniques presented else- I R.C st L

where [1]. Also note that the size of thematrix in (7) is very small c(s) _  IpRiC RiC
C24C3)+ReC3(C1+Cp) Ri1R,C1CoCy

B 2
C+Co+C3 +S C1+GCo+Cs

(typical values ofn are 4-5). Even if an active loop filter is used [7], a ®e(S)  2mCi+Cz+Cs) 1 4 gRG
separate transfer function analysis of the loop filter can be carried out to
determineG, E andF matrices in (4). Therefore the spectrum calculatioffor this filterlp = 25 pA, C; = 50 pF,C; = C3 =~ 3.5 pF andR; = 50
involves the diagonalization of a very small matrix and this process is véq® and the reference signal frequencggsth of the VCO frequency. The
efficient. In practice, the infinite summations in (13) are truncated to soigteoice ofR; is such that the bandwidth of the overall filter is not affected.
finite integer. Unlike noise analysis of other periodic circuits, PLL noige this analysis, noise due to the resistors present in the loop filter and the
analysisdoes notrequire a transient analysis of the entire circuit. Trartransistors present in the charge pump is also considered. Figure 7 shows
sient analysis of a PLL is very expensive because of widely separated tifie PLL output spectrum as a function of offset frequency. The simu-
constants present in the circuit and CPU times of the order of a few holaigd spectrum compares very well with the measured spectrum reported
are commoh. Assuming that the PLL locks to the reference frequenclly Parker and Ray [22]. They reported a 9 dB peaking of the PLL out-
the VCO control voltage can be computed such that the VCO output is aisa above the open-loop oscillator noise at 200 kHz offset. The simulated
at the appropriate frequency and its noise analysis can then be perforrggdctrum displays about 7.5 dB peaking at this offset frequency. This dif-
The charge pump phase frequency detector (PFD) consists of digital fdfence can be attributed to the simplified model of transistor noise used
cuits as well (flip-flops). Therefore the overall characteristics of a PDFiisthe current work. Also shown in the figure is the PLL spectrum con-
very nonlinear. However, this nonlinearity manifests itself only when thgdering VCO noise only. It is evident that at small offset frequencies,
phase difference between the VCO output and the reference signal is laygige contributions of the loop filter resistors and the phase detector is
and affects the settling and acquisition behaviour of the PLL bdbés non-negligible.
not affect the noise analysis. PLL noise analysis can therefore be vieweth order to contrast this apporach with existing techniques, it is instruc-
as being performed at theystem levelithout necessarily requiring the tive to re-investigate (4) and (6). (4) states tyj is a filtered version of
transistor level description of the entire circuit. This is possible due to tpg), i.e., they are input and output of a linear filter with transfer function
unique nature of PLL where the loop filter path has very slowly varying(s). (6) states thaB(t) is an integrated version gft). Therefore the
signals when the PLL is locked and the VCO noise can be characterizgdess phasf(t) can be viewed as an output of a linear time-invariant
completely using very few parameters [1]. system shown in Figure 8. Heg,s denotes the equivalent noise at the
Measured PLL output spectra are widely reported in the literature [Aput of the filter,&pq denotes the equivalent output noise of the phase
23, 24, 22]. However, only Parker and Ray [22] were considerate enoulgiector£yco denotes the equivaleMCO white noise sourcgscaled by
to report the details of the open loop VCO spectrum, loop filter implemeappropriate,/Cis) andé e is the equivalent white noise source which is
tation and the charge pump, therefore their circuit will be used as an exdime derivative of the Brownian motion phase deviation of the reference.
ple. The phase noise of the 1.6 GHz open loop oscillator was measure@ifas can also be expressed in transfer function form as
—99 dBc/Hz at 100 kHz offset. This correspondsijig, = 4.9177x 10~19
sec! The loop filter used in that work is shown in Figure 6 which creates S(w)= /CeontrolH (jw)
a three pole one zero network. Therefore the phase detector/loop filter jorH (o) /cpir

6Transient analysis may be required anyway for predicting the transient behaviour of WB€re S(w) denotes the PSD of the corresponding stochastic processes.
PLL. , Even though the quantity of interest is the spectrumxdf + ain(t) +
7Oscillator phase noise in dBc/Hz at lar@gisetis given by 10|ogoq,co($set) [1,2].  B(t)), (14) can be used to minimize the noise poweB(f and therefore
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the noise power afs(t + ain (t) + B(t)). (14) also indicates precisely how [g] K. Lim, S. Choi, and B. Kim, “Optimal loop bandwidth design for low noise PLL appli-
various noise sources present in the PLL contribute to the excess phase cations,” inProceedings of the ASP-DAC '97. Asia and South Pacific Design Automation
R . . ‘Conference 1997p. 425-428, 1997.
For instance, it can be observed that the transfer function of VCO al . T . . . . )
. L . L K. Lim, C.-H. Park, and B. Kim, “Low noise clock synthesizer design using optimal
reference_sgnal noise identical This is in s_harp co_ntrast to the results ™ pandwidth,” inProceedings of the 1998 IEEE International Symposium on Circuits and
due to existing linear analyses [7, 12] which predict that these transfer Systemsvol. 1, pp. 163-166, 1998.

functions would be different. [10] G. Kolumkan, “Frequency domain analysis of sampling phase-locked loopRroiceed-
ings 1988 IEEE International Symposium on Circuits and Systeahsl, pp. 611-614,
1988.

[11] D. Asta and D. N. Green, “Analysis of a hybrid analog/switched-capacitor phase-locked

| lusi . Ivsi hni for PLLS i fei .. loop,” IEEE Transactions on Circuits and Systemsl. 37, pp. 183-197, Feb. 1990.

,n conp usion, a noise ana ys!s tec nllque or S !n pres_ence orcir A. Demir, Analysis and simulation of noise in nonlinear electronic circuits and systems
white noise sources and Brownian motion phase deviation in the reference php thesis, UC Berkeley, 1997.

signal is presented. The problem is formulated as a stochastic differ@sr w. E. Thain, Jr. and J. A. Connelly, “Simulating phase noise in phase-locked loops with
tial equation and techniques for obtaining the asymptotic solution of this & circuit simulator,” vol. 3, pp. 1760-1763, 1995.

i i i i L. Wu, H. Jin, and W. C. Black Jr., “Nonlinear behavioral modeling and simulation of
equation are discussed. Itis shown that in the locked St.ate‘ the PLL oufﬂa‘ﬂt phase-locked and delay-locked systemsPinceedings of the IEEE 2000 Custom Inte-
phase can be expressed as a sum of the reference signal phase (Browngyated Circuits Conferencep. 447450, 2000.
ian motion process) an_d one componen_t ofa mu'“‘d'mens"onal Ornst&iBy p. Heydani and M. Pedram, “Analysis of jitter due to power-supply noise in phase-locked
Uhlenbeck process which has asymptotically bounded variance. The PLL loops,” inProceedings of the IEEE 2000 Custom Integrated Circuits Confergpcd43—
output is shown to be asymptotically wide-sense stationary and an ex- 446, 20?(0' Gl hastic. diff ol s iroduct i avplicat
pression of its spectrum is obtained. This technique is used to compdé gbrr?ﬁgrzejr_s\%”:g,sltg;;snc ifterential equations: an introduction with applications
the OUtpu_t spectra of a few pop_ul_ar PLL configurations. A circuit lev?l'?] C. W. GardinerHandbook of stochastic methods for physics, chemistry, and the natural
example is also presented and it is demonstrated that phase detector andciencesvol. 13 of Springer series in synergeticBerlin, Heidelberg, New York, Tokyo:

loop filter noise also contribute to the PLL output noise for small offset ~ Springer-Verlag, second ed., 1983.
frequencies. [18] P. Dupuis and H. J. Kushner, “Stochastic systems with small noise, analysis and simu-

. . lation; a phase locked loop exampl&TAM Journal on Applied Mathematicgol. 47,
The examples presented in Sections 4 and 5 assumed that the refer-, 643_6')51, June 1987. P P PP

ence signal has less noise compares to the VCO. This analysis is @l§oA. bembo and O. ZeitounLarge deviations techniques and applicatioBsston : Jones
valid for the case when the reference signal is mwisythan the VCO and Bartlett, 1993.

signal, Such app|ications include clock recovery circuits in RF commigo] M. I. Freidlin and A. D. Wentzell,Random Perturbations of Dynamical Systems
nication systems and disk-drive read channels. For the case of disk-driye SPrn9er-Verlag, 1984. o _

read channels;in > Cyeor since the timing signal is generated by the rotiﬂ] B. Razavi,Design of Analog CMOS Integrated CircuitslcGraw Hill, 2000.

6 Conclusions

. . P . 22& J. F. Parker and D. Ray, “A 1.6-GHz CMOS PLL with on-chip loop filtédEEE Journal
tion of a mechanical motor. For RF communication systems, the received  jid-State Circuitsvol. 33, pp. 337343, Mar. 1998.

signal phase picks up additiortzdunded varianceoise COmponents OVer (331 A, Ali and J. L. Tham, “A 900MHz frequency symthesizer with integrated LC voltage-
and above the (potentially small) Brownian motion phase deviation of the controlled oscillator,” inDigest of Technical Papers, IEEE International Solid-State Cir-
oscillator which generates these signals. The spectrum calculation tech- Cuits Conferencep. 390-391,1996.

niques presented here can be used to show that a zero is necessary it CrIsxand . Steyaer ' uly eorated CHOS OS 16000 eauency sy
LPF for acceptable noise performance of such PLLs. pp. 372-373, 1998.

This technique assumes that frequency dividers, if present, add ngghit A. bemir, E. Liu, and A. Sangiovanni-Vincentelli, “Time-domain non Monte-Carlo noise
gible delay to the signal. Also the phase detector is modelled as a linear fSimé'atiO“ fOVR%“”c’i‘eDaf dynalmil% C"CUZZ g"“shogfbhi;fafylexgitatiOf‘EEE Transactions
continuous-time approximation of the actual digital implementation. The or CompLiter-Alded Desigwol. 15, pp. 493-505, May 1996.
effect of relaxing these assumptions on the PLL noise performance is cyr- Calculation of i and v
rently under investigation. Additionally, this technique can only handle !
white noise sources. For noise with long-term correlations, i.e., flickerFrom (10)
noise, the steps outlines above are not rigorously justified. [25] used the .
modulated stationary noise model to analyze flicker noise. However, the® [B(t1)@in(t)] = w1 /Cndiag
asymptotic arguments in this formulation need to be carefully examine
before these results can be carried over to the flicker noise case as wi

2 dpigt1

exp(Ag min(Oty—t1))
A

ﬂerewl is the first row oW anddp g1 is the last column otV —1D.

herefore g
Wy, 1);
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