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Noise Analysis of Phase-Locked Loops

Amit Mehrotra

Abstract—This work addresses the problem of noise analysis Vi1
of phase-locked loops (PLLs). The problem is formulated as a |9 PD LPF veo Vour
stochastic differential equation and is solved in the presence of

circuit white noise sources yielding the spectrum of the PLL
output. Specifically, the effect of loop filter characteristics, Fig. 1. PLL block diagram.
phase-frequency detector, and phase noise of the open-loop

voltage-controlled oscillator (VCO) on the PLL output spectium o4 in 3 p | aVCOis presentin the feedback loop and the dif-
is quantified. These results are derived using a full nonlinear ! '

analysis of the VCO in the feedback loop and cannot be predicted ferenceinthe phase ofthg reference and the VCO signalisfiltered
using traditional linear analyses or the phase noise analysis of and used as the control signal of the VCO. Therefore, one of the
open-loop oscillators. The computed spectrum matches well with noise sources of the VCO is the difference of the phase noise of
measured results; specifically, the shape of the output spectrum the reference signal and the VCO output along with the noise in
matches very well with measured PLL output spectra reported o |40 filter, phase detector, and frequency dividers. This paper

in the literature for different kinds of loop filters and phase . .
detectors. The PLL output spectrum computation only requires 2addresses the problem of noise analysis of PLLs.

the phase noise of the VCO, loop filter and phase detector noise, ~ The starting point of this work is [1]-[3] where noise analysis
phase detector gain, and loop filter transfer function and does not of open-loop oscillators based on a novel perturbation analysis

require the transient simulation of the entire PLL which can be  of an oscillatory system of equations was presented. However,
very expensive. The noise analysis technique is illustrated with the PLL is a phase feedback system and special techniques are

some examples. ) ) . required for solving the associated system of equations. In this

ferlgr(ljt?e)t(l Lzrg;?i;ﬁ';'se analysis, phase-locked loops, stochastic dif-\\ 4 system of stochastic differential equations governing the

behavior of the PLL VCO phase are developed. The PLL is as-

sumed to be locked to a reference periodic signal which is as-

I. INTRODUCTION sumed to have Brownian motion phase deviation. It is shown

HASE-LOCKED loops (PLLs) and delay-locked Ioopén Section Il that the PLL output phase, in locked condition, is
(DLLs) are extensively used in microprocessors arfysum of two stochastic processes: the Brownian motion phase

digital signal processors for clock generation and as frequerfi§Viation of the reference signal and one component of an ap-

synthesizers in RF communication systems for clock extr:’;\ctié’ﬁoprialte multidimgn_sional Ornstein-Uhlenbeck process. Sim-
and generation of a low-phase-noise local oscillator signal fro'mr_ to 2] _and [3], itis s_hown that_ the PLL O_UtPUt IS asymp-
an on-chip voltage-controlled oscillator (VCO) which migh{otmally wide-sense stationary. Using the statistics of the phase

have a higher open-loop noise performance. The basic bidig/iation process, a general expression for the power spectral
diagram of a PLL is shown in Fig. 1. The phase of a local vc@ensity (PS,D) ofthe PLL output is obtained. This expression 1S
signal is compared with the phase of a (hopefully) Iow-noislésed to derive the PSD of the PLL output for some specific loop

reference signal and the difference of the two phases is Iow-pgggr configurations in Section IV. From the output spectrum,
filtered and applied to the controlling node of the VCO. If th& ¢an be observed that that the PLL output PSD closely fol-

input signal frequency is within the VCO tuning range, thl:’pws the reference signal spectrum for very small offset frequen-

VCO output is also “locked” to the same frequency as the inpGiES @nd follows the open-loop VCO output spectrum for high
signal and the phase difference between the two signals is va

|‘,§§et frequencies. This fact has been experimentally observed
small. In RF communication systems, frequency synthesiz@?d widely reported in the literature. Finally, experimental re-

noise directly degrades the overall noise performance of tRtS On an example circuit are presented in Section V.
system. Similarly, timing jitter in PLLS of high-performance
processors degrades the timing margins of the overall design.
Hence, the accurate prediction of PLL noise performance isNoise analysis of PLLsis probably the leastunderstoodtopicin
critical for the design of these systems. RF noise analysis. Some existing works present an intuitive ex-
Noise generation mechanisms for PLLs and DLLs are very diftanation of how various noise sources affect the overall noise
ferent.InaDLL,thevoltage noisefromeachofthedelaystagesa¢a PLL [4]-[8]. Techniques borrowed from linear noise anal-
cumulates for one period of the input reference signal and thenif¥s are used to predict the output phase noise spectrum and the
output phase is aligned with the input signal phase. On the othefative importance of VCO phase noise, reference signal phase
Manuscript received April 30, 2001; revised May 3, 2002. This paper wi20iS€, and noise in the phase detector and loop filter as a function
recommended by Associate Editor M. Gilli. oftheloopbandwidth[6], [8]-[10]. Outputcharacteristics of sam-
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amehrotr@uiuc.edu). at the PLL input [11], [12]. However, the PLL circuit noise and
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approaches, a precise mathematical characterization of the noisip a PLL, the difference of the reference and the VCO phase
PLL output and quantification of how much each noise sourcesfiltered and applied to the VCO control node. Hence, (1) is
contribute tothe PLL output noise is not present. Moreover, it hamdified as follows:
been shown [1]-[3] that noise generation in an oscillator is in-j,,

. . . . veo T
herently a nonlinear phenomenon and linear noise analysis tech=p, — = V" (t4aveo(t))€p(£) +Veontrol (£ 4 tveo (1)) 1(2)- (2)
nigues for circuits containing VCOs are not rigorously justified.
Also, the VCO outputitselfisastochastic processand VCO ph::{_sI
noise cannot be viewed as an additive noise source. Simila
translation of random phase deviations in the VCO phase to

VCO output PSD is anonlinear phenomenon and the use of lin gri_ance Ofly(t,) is bourr:.dﬁd for alzfj. If this iSSOt tréebcase, perFur- i
analysis based techniques for this purpose is also not justifi gtion analysis on whic (1) and (2) are based becomes invalid.

Behavioral level noise analysis techniques for PLLs have al te that _the_input in (2) i_s a StOCha.IStiC process and ther_efore
been reported [13], [14] which can also include power supp IS equation |§astochast|c differential equation and t_echnlqu_es
noise [15], [16]. However, numerical integration involved in suc om stochastic calculus need to be used to solve this equation
methods canbe expensive. Also, the oscillator phase noise mo (& [18]. . . o :
usedintheseworks[15]isnotrigorouslyjustified. The VCOmod- Now the |mp.ortant' a§sumpt|on that the I.Dl.‘L.'S n lock with
eled in these works is a ring oscillator and it is not clear how {ge reference signal is introduced. By this, it is implied that the

extend this approach to PLLs with other kinds of VCOs such XSCO outpu_t islockedto the same frequency as the reference
one based on an LC tank. signal? Define 3(t) as follows:

ﬂ(t) = avco(t) - ain(t)' (3)

hei f ianal of th i Fig. 1b . d_Further, it is also assumed thagt) hasboundedvariance for
.I;]ett glgput.re erefnce sui;naf ofthe PLLinFig. 1 be PErodig ¢+ This assumption implies that the uncertainty in the phase
W'.t period T, I.€., obanguiar frequencyo = 2_”/T' Smce of the PLL output grows only as fast as the uncertainty in the
this reference_ is also generated by a real oscillator, it glso Naference signal phase. If this is not the case, the PLL goes out
Brownian motion phase errok.(¢)[1],i.e., the reference signal of lock once the phase difference exceeds a certain critical value.

is of the forme, (¢ + ain(t)) whereain(t) = /eiBin. Bin(t)  Noise analysis of PLLs seems to be of little use when the VCO
is a one-dimensional (1-D) Brownian motion process. Note th ot locked to the reference

thrqughout this discussion, “phas:e" has units of time. P_hase it should be mentioned that there exists a nonzero probability
radians can be recovered by mult|ply|ngt) by the approprl_ate. with which the PLL goe®ut of lock, even in the presence of
angular frequency. The advantage of using this formulation i oise [19], [20]. This probability and the associdiest

that the process of zero-delay frequency division of e|the_r it timeout of thebasin of attractior(i.e., locked state) can also
reference signal or the VCO ouipatbes nogffect the analysis be calculated for these systems using large deviation techniques

presenteq below (e>.<cept for add?ng more noise_): 0]. However, this probability is very small and this case will
PLL noise analysis presented in this paper utilizes the res 1St be considered here

presented in [1]-[3] for noise in open-loop VCOs which are Sincen(#) is a filtered version of3(¢), 4(t) and~(¢) are re-

summarized below. o _ lated by the following differential equation:
» The phase deviation of the open-loop VCO output is gov- i
X

gre~(t) is the VCO input andcontzai(-) € R is the compo-
nt ofv(-) which corresponds to a unit noise source present at
& control node of the VCO. The form of (2) is valid only if the

I1l. PLL N OISE ANALYSIS

erned by the following stochastic differential equation: Gd_ = Ex+ F& (t) (4)
it
daopen loop vco T _ T i
———— = ¥ (t + Qopen loop veolt))Ep(t) (1)  wherez = [B(t) ~(t) ...]" is a vector of state variables,

dt z € R", n =14 oy, o,y > 0is the order of the low-pass
where £,(t) € RP is a vector of p uncorre- filter2 G, E € R* %" andF e R* X4, ¢ is the number
lated VCO white noise sources and-) € RP’ = of noise sources in the low-pass filter and the phase detector.
[vi(-) wa(-) ... wp(-)]is a periodic function which Note that the coefficient matrices, £, andF areindependent
depends on the noise source intensities and the respogsgme. This assumes that the reference signal frequency is not
of the linearized oscillator circuit [1]. drifting with time and the VCO remains locked to the reference.

+ It was shown that asymptoticallytvopen 100p veo(t)  This implies that the variations around the VCO control voltage
becomes a Brownian motion process whose vatre very small. This also follows from the assumption that in
ance increases linearly with time at a rate i.e., the locked state(t) has bounded variance. If the filter transfer
Qopen loop veo = /¢B(t), wherec is the time average of function is stable, the bounded variancey6f) also implied a

the inner product of the vectex(-), i.e. bounded variance of(t).
LT PLL noise analysis how proceeds as follows.
c=7 / T (H)u(t)dt. 1) Equations (2)—(4) are solved using stochastic differential
0

equation techniques and an expressigh(ej is obtained.
« The noisy oscillator output was shown to be of the form ;. multiple thereof if frequency dividers are used.

Zs (t_+ Qopen loop veo(t)) Wherez,(t) is th_e noiseless pe-  2rne formulation in (4) may not be valid when the loop filter is not present.
riodic steady-state response of the oscillator. This case is discussed separately in Section IV.
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~(t) and other components afare not required for the  Equation (7) is linear ir: with constant coefficients. Hence
output spectrum calculation and need not be computadditional linear noise analysis techniques can be used to find
separately. the spectrum off(¢). However, what is actually needed are the
2) Sinceayco(t) is a stochastic process, PLL VCO outpusecond-order statistics 8f¢) which can be used to compute the
x5(t + ayeo(t)) is also a stochastic process. Using thautocorrelation function of the VCO output.
expression ofi(¢) obtained in step 1), the following au- Equation (7) is known as amdimensional Ornstein—Uhlen-
tocorrelation can be computed: beck process [18] and its variance is bounded if the real parts of
N the eigenvalues of are positive. Similar to the ordinary differ-
R (6,7) = Bloa(t + aveo ()25 (E + 7+ veo(t +7))] ential equation case, the solution of (7) can be written as [17]
whereE [-] represents the expectation operator. t
3) It can be shown that the asymptotically, . (¢,7)isin-  z(t) = DBjjq41(t) — / Aexp(A(s — t))DdBpyg41(s).
dependent of, i.e., the PLL VCO output is a wide-sense 0
stationary stochastic process. The PSD of this outputliscan be shown that [18]
computed using the stationary autocorrelation function -min(t1,to)
computed in step 2). E [z(t1)z" (t2)] = / exp(A(s — 1)) DD
0
A. Solution of the PLL Phase Equation x exp [AT (s — t2)] ds.

Using the fact thatw;,(¢) is a scaled Brownian motion It therefore follows that
process, (2) can be rewritten as

-min(ty,t2)
_ T
% — UT(t + ain(t) + /j(t))gp(t) E [[3(t1)[3(t2)] - /0 eexp(A(s - tl))DD
+Uc0ntrol(t + ain(t) + /j(t))r}/(t) - \/agm(t) (5) X exp [AT(S - tQ):I ds GT (8)
whereg;,(t) is the white noise process which is the time derivavheree = [1 0 ... 0].

tive of Bi,(t). If only the asymptotic behavior gi(t) is ofin-  Similarly, it can be shown th&t

terest, (5) can be simplified using the averaging principle for Stog 14 ) . — 41 Ami WD
chastic differential equations [21]. According to this principle, [B(t)ain(t2)] = ev/cinA™" exp(Amin(0, 2 —#1))Df (9)

sincea;,(t) is a scaled Brownian motion process, i.e., its varivheref = [0 ... 0 1]".LetA be diagonalized as
ance grows unbounded with tim; ) is periodic in its argument .
andg(t) is assumed to have finite variance forzlthe asymp- A=WAW
totic behavior off(t) is governed by the following differential \yhere A = diag(\1, ..., \,) is a diagonal matrix of eigen-
equation? values ofA and W is a matrix of the corresponding eigenvec-
ap tors. Then
d_/t = C\iogp(t) + vV Ccontrol’Y(t) - Cingin(t) (6) "
where E [B(t)cin(t2)] = > _ i exp(—A; min(0,22 — £1))  (10)
i=1
T T
Cico = [\/ET Ve - VGl for appropriate value gf; (see the Appendix).
o :%/ 2 (8)dt Also, asymptotically, we have
0 n
and E[B(t1)A(t)] = > viexp(=Ailty — t2|) (12)
1 T =1
Coontrol = 7 /0 Veomeor () dt. for appropriate values of; (see the Appendix).

Equations (4) and (6) can be combined to obtain a linear dB- PLL Output Spectrum

ferential equation of the form The expectations in Section Ill-A can be used to obtain the

&= —Ax + Dépypgir autocorrelation funct?on and the PSD of the PLL output. Recall
_ xn X (bt that the VCO output in the presence of phase deviatign(t)
for appropriated € R™* and D € R**WTT where g given by, (¢ + cvyeo(t)) wheres, (-) is theT-periodic noise-
Eprar1(t) = [§()  &(H) &m(t)]” isavectorofp+g+1)  |ess output of the VCO which is locked to the reference signal.
uncorrelated white noise processes. This equation can gﬁceam(t) is a stochastic process, (t + aweo(t)) is also a

written in stochastic differential equation form as stochastic process. Singe(t) is T-periodic, it can be expanded
dor = —Axdt + DdBp—|—q—|—l (t) (7 in a Fourier series as
o>
whereB, .1 (%) is a(p+g+1)-dimensional Brownian motion zs(t) = Z X; exp(Jiwot).
process. oo

SThat is, the trajectory oB(¢) in (5) converges to the solution of (6) with  4There is also anxp(—At;) term in this expression which vanishes asymp-
probability 1. totically if A has eigenvalues with positive real parts.
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The autocorrelation function of the VCO output can now be
computed as follows:

R, ..(t,7)= Z X; X} exp(y(i — k)wot) exp(—gkwoT)

i,k=—o00
x E [exp(jwo(iavco(t) — katyeo(t + 'r)))]
Here, X} is the complex conjugate of. It can be shown that

(veo(t) is asymptotically a zero mean Gaussian process and
therefore

PSD (dBc/Hz)

. ~160F ~
E [exp (ywo (foveo () — katyeol(t + 7)))] _ Elélf_e:/eige S
15, ~1807| __ vco Open Loop T
= eXp _Qwoa (t? T) =200 L 1 L
10° 10° 10t 10° 10°
wherea?(t,7) = E [[ictyeo(t) — karyeo(t 4 7)]%]. Using (10) Offset Frequency (radian/sec)
and (11),0%(¢,7) can be evaluated as Fig. 2. PSD of the PLL output with no loop filter.
o2(t, 1) =(i — k)?cint + kZeinT — 2ikei, min(0, 7)
n n IV. PLL EXAMPLES
— 2ik Z pu — 2k Z(“l + 1) exp(=Xi|7]) While (13) is valid for any loop filter transfer function, it of-
== fers little insight into the actual nature of the output spectrum.
(@2 4k Z(”l +2m). In this section, four specific examples of loop filters will be

presented and their corresponding PLL output spectrum will be
o i i computed. Even for these simple examples, the computed PLL
Substituting the above expressiondft, 7) in the autocorrela- output PSD is remarkably similar in shape to measured resullts.
tion expression, note that,, . (t,7) vanishes asymptotically £qr simplicity, the phase detector and loop filter will be assumed

q i 5(q 2 2 . - . . . . -
for i 7 k, sinceexp(—0.5(i — k)°wycint) drops to zero asymp- 1, pe noiseless. A circuit-level example will be presented in Sec-
totically. Hence, only terms correspondingito= k survive. ion v

Therefore,

=1

A. PLL Without Loop Filter

R o, (t:7) :‘Z XiXJ exp(—jiwor) First consider the simplest of PLLs, one without a loop filter.

T=—00

N In this casey(t) = —kpaS(t) wherek,, is the phase detector
1, i
X exp [_iwgzz |:Cin|’f| + 22(1,1 + ) gain. Hence, (6) becomes
=1 dg e
% = - V CPH[} + Cvcogp(t)
x [1 - exp(_Al|T|)H . (12)

where, /eon = kpd+/Ceontral- AlSO letcyeo = Y, ¢;. Therefore,

— _ T _ - i i

Note that the autocorrelation function of the output is asymp =~ Vvl Also D = [Cle, ~ —+/Ga]. For this example, it

can be shown thaty = DD”/,/coi = (Cin + Cveo)//Goll
F‘ndﬂl = —(cin/\/@). The resulting output spectrum around
i@e first harmonic is shown in Fig. 2 fap, = 10'° rad/s,
¢n = 107% sec,cyeo = 10719 s, @andepy = 10 1/%. This
corresponds to a phase noise performance B30 dBc/Hz at
Sz, z. (W) 10* rad/s offset for the reference signal70 dBc/Hz dBc/Hz
o0 o0 n for the open-loop VCO and-97 dBc/Hz for the PLL. Also

= Z Z 2X; X[ exp [—wézﬁ Z(uz + ) shown in the figure are PSDs of the reference input signal and

i=—o0ky,...,kn=0 =1 the open-loop VCO output. Note that the PLL output spectrum

totically independent of, i.e., the PLL output is wide-sense
stationary. A similar observation was made in [1]-[3] fo
open-loop oscillators. The Fourier transform of (12), which
the PSD of the output, is given by

‘ n follows that reference input signal spectrum for low offset fre-
no[.2, 2 Bl 1 2.0
|:Hl:1 [Pwd (g + )] } <§woL Cin t lg kl)”) guencies and open-loop VCO spectrum for large offset frequen-
- 2 . cies. In between, the output spectrum is almost constant. Note
Ml %] <%w§i26in +3 kMz) + (w + iwp)? that the offset frequency beyond which the PLL output spec-
=1 trum follows the open-loop VCO spectrum is approximately

(13) /o, i.e., the bandwidth of the PLL. Also note that, at high
. . . . ffset frequencies, the PLL output PSD is slightly higher than
In practice, one is usually interested in the the PSD around t?f‘n% open-loop VCO spectral density. This is because there is no
first harmonic which is defined (in dBc/Hz) as loop filter present in the circuit to remove the high frequency
101loe <S,;,; (w— wo)> noise component of the phase noise of the reference signal. In
B10 | X1 |2 the next few examples, where a loop filter is included, the PLL
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~180r TP VCO 1 ~180r TP VCO
~180r| - \F/igfgreor:;;en Loop - AN ] 1800 __ Cgfgeor:)ceen Loop - N
_20(1)00 162 16“ 166 10° _20(1)00 1I2 1I“ 166 10°
Offset Frequency (radian/sec) Offset Frequency (radian/sec)
Fig. 3. PSD of a PLL output with a first-order filter. Fig. 4. CPPLL spectrum.

output coincides with the open-loop VCO output for high offsehe flat portion of the spectrum. This bump becomes more

frequencies. pronounced as the bandwidth of the loop filter is decreased.
Also the PSD is lower than in Fig. 2 for the flat portion of the
B. PLL With a First-Order Filter spectrum. The phase noise performance atra@/s offset is
For this case3(t) andy(t) are related by the following equa- —104 dBc/Hz.
tion:
C. Charge Pump PLL (CPPLL)
L& +9(t) = —kpafB(t) The phase detectors described in Sections IV-A and IV-B
wips dt suffer from the limitation that the phase difference between the
wherew,; is the corner frequency of the low-pass filter. Equ(,j{_nput and the VCO output is not zero in steady state. Zero phase

error can be accomplished by using an integrator after the linear
phase detector (also known as the charge pump phase detector).
d[p] 0 —eul[B However, this degrades the stability of the loop. This stability
at [7} - [ww Wip f } [7} is recovered by introducing an additional zero in the charge
o —Jam ] [ &) pump transfer function. The filter is realized in practice by using
+ [ (V)CO 0 } [57’ (t)} the series combination of a capacitor and a resistor. The charge
. pump can be modeled by a linear transfer function of the form

where(t) = y(t)/kpa @nds as before, /e = kpar/Cooniral. kpa(s + wi/s) wherew; is the zero frequency. After some re-

tion (6) can therefore be written as

The eigenvalues of thd matrix are given by arranging, (6) can be written as
d —
o 2y~ a5 =-lo e lls
| ? N { L, - } [sp@) }
For this PLL, it can be shown that —CL,  Vem | [ &a(t)
_ GinA2 where¥(t) and, /c,n are defined as before.

Ha (AL = A\ The resulting output spectrum around the first harmonic is

Cin A1 shown in Fig. 4 using the same parameters as in Section I1V-B.

H2 :m Note that, as the offset frequency is reduced, the output PSD ini-

Cin + Cveo [ A2 A Ao tially follows the VCO spectrgm, flattens out at a certain level,
2 zm <2—)\1 - m) drops and then starts following the reference signal spectrum.

5 At 10* rad/s offset frequency, the PSD-<103 dBc/Hz.
Vs _ Cin T Cveo <L _ &) ) The above charge pump suffers from a critical effect. Since
(A= A2)2 \2x2 2(A1 + A2) the charge pump drives the series combination of a resistor and a

The resulting output spectrum around the first harmonic E:éa\pacnor, each time a current is injected into the filter, the con-

shown in Fig. 3. The loop filter corner frequency is chosen to fol voltage experiences a large jump which is detrimental for

10’ rad/s. All other parameters are the same as in Section IV-E.e _tran_3|ent behavior of _the V€O [22]. Thergfore, a S.ecoﬂd ca-
.pacitor is usually placed in parallel to the series combination of

Note that the addition of the loop filter introduces a bump i . ; T
e resistor and capacitor to suppress the initial step. The overall
5This scaling also helps the numerical stability of this computation. charge pump can be modeled by a linear transfer function of the
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s » R
~ Cz::

_60--\ \\:‘\ . SR o

— . T | ' ] jA— %w V&; Ve
£

PSD (dBc/Hz)
&

- Q
/ |

-100

-1201 T 1 Fig. 6. Loop filter reported in [23].

~140+ Thg :

160k i ysis canthenbe performed. The charge pump phase frequency de-
o pveo "L tector (PFD) consists of digital circuits as well (flip-flops). There-

-180F _ _ vcO Open Loop R I fore, the overall characteristics of a PDF is very nonlinear. How-

ever, this nonlinearity manifestsitself only when the phase differ-
ence betweenthe VCO outputandthereference signalislarge and
affects the settling and acquisition behavior of the PLL bdés

Fig. 5. CPPLL spectrum (second-order loop filter). notaffect the noise analysis. PLL noise analysis can therefore be
viewed as being performed at thgstem levetlithout necessarily

form k(w1 +s/s(1+s/w2)). Note that the loop is now secondrequiring the transistor level description of the entire circuit. This

-200 L t
10° 10° 10* 10° 10°
Offset Frequency (radian/sec)

order. After some rearranging, (6) can be written as ispossible duetothe unique nature ofthe PLL wheretheloopfilter
path has very slowly varying signals when the PLL is locked and
d p 0 —/Cpu 0 f the VCO noise can be characterized completely using very few
171 ="1 0 0 1107 parameters [1].
6 wiwz  w2,/Cp W2 6 Measured PLL output spectra are widely reported in the litera-
Cct, —+/Cin () ture [8], [23]-[25]. However, only Parker and Ray [23] were con-
+ 0 0 [51“ #) } . siderate enough to report the details of the open-loop VCO spec-

trum, loop filterimplementation, and the charge pump; therefore,

—weCL,  wo\/Cin
their circuit will be used as an example. The phase noise of the

The resulting output spectrum around the first harmonic 6-GHz open-loop oscillator was measured-88 dBc/Hz at a

shown in Fig. 5 using the same parameters as the preVi%ﬁ)-kHz offset. This correspondsda,, — 4.9177 x 109 s7

CPPLL andw; = 20w,. Note that the second capacitor agalhpe loopfilter used inthat work is shown in Fig. 6 which creates a

mt(;odugestha bgjmp |r;3the output PSD of the CPdPLIﬁ_&u{;g/s three-pole one-zero network. Therefore, the phase detector/loop
reduced, the bump becomes more pronounced. Atralis g0 transfer function is given by

offset frequency, the PSD is103 dBc/Hz.

Vc(S) _ IpRlCl
V. EXPERIMENTAL RESULTS pe(s)  2m(CL+ Cy+ Cs)
The algorithm for computing the PLL output spectrum is im- » s+ Rllc1
plementedin MTLAB . From (6), it follows that the noise analysis 1 4 gPCi(CatCo)t RyCa(Cr4Ca) | 2 RiRyC1CoCs

ofthe VCO need notbe a part ofthe PLL noise analysis. The VCO CLtCatcs CrtCetCs

parameters required for PLL noise analysisatg = >, c;and  For this filter, Ip = 25 pA, C1 = 50 pF, Cy = C3 = 3.5 pF,
Ceontrol, aNd these can be computed separately for the open-laom £; = 50 k2, and the reference signal frequency is 1/26th
VCO usingtechniques presented elsewhere [1]. Also note that ifeahe VCO frequency. The choice & is such that the band-
size of theA matrix in (7) is very small (typical values efare width of the overall filter is not affected. In this analysis, noise
4-5). Even if an active loop filter is used [8], a separate transféue to the resistors present in the loop filter and the transistors
function analysis of the loop filter can be carried out to detepresent in the charge pump are also considered. Fig. 7 shows
mine G, E, andF matrices in (4). Therefore, the spectrum calthe PLL output spectrum as a function of offset frequency. The
culation involves the diagonalization of a very small matrix ansimulated spectrum compares very well with the measured spec-
this process is very efficient. In practice, the infinite summatiorieum reported by Parker and Ray [23] which is reproduced in
in (13) are truncated to some finite integer. Unlike noise analysity. 8. They reported a 9-dB peaking of the PLL output above
of many other periodic circuits, PLL noise analydes note- the open-loop oscillator noise at 200-kHz offset. The simulated
quire a transient analysis of the entire circuit. Transient analysigectrum displays about 8 dB peaking at this offset frequency.
ofaPLL is very expensive because of widely separated time cdrhis difference can be attributed to the simplified model of tran-
stants present in the circuit and CPU times of the order of a faigtor noise used in the current work. Also shown in the figure
hours are commofhAssuming thatthe PLL lockstothe referencés the PLL spectrum considering VCO noise only. It is evident
frequency, the VCO control voltage can be computed such thatthat, at small offset frequencies, noise contributions of the loop
VCO outputisalsoatthe appropriate frequency andits noise arfiter resistors and the phase detector is nonnegligible.

STransient analysis may be required anyway for predicting the transient be/Oscillator phase noise in dBc/Hz at larg@.... iS given by
havior of the PLL. 10108 1 Cveo (Wo/Wotrset)” [11H3].
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T— PLLVCO Cin > Cyeo, SINCE the timing signal is generated by the rotation
- - VCO Open Loop of a mechanical motor. For RF communication systems, the re-
—60r - - - VCO Noise Only [

ceived signal phase picks up additiobalinded variancaoise
L components over and above the (potentially small) Brownian

: motion phase deviation of the oscillator which generates these
_80h ] signals. The spectrum calculation techniques presented here can
! be used to show that a zero is necessary in the low-pass filter for
acceptable noise performance of such PLLs.

This technique assumes that frequency dividers, if present,
add negligible delay to the signal. Also, the phase detector is
modeled as a linear continuous-time approximation of the actual
digital implementation. The effect of relaxing these assump-
tions on the PLL noise performance is currently under investi-
gation. Additionally, this technique can only handle white noise
sources. For noise with long-term correlations, i.e., flicker noise,
the steps outlines above are not rigorously justified. The authors
of [26] used the modulated stationary noise model to analyze

PSD (dBc/Hz)

-100

~110r

-120
0

Fig. 7. Plot of the open and closed-loop VCO spectra.

dBc/Hz flicker noise. However, the asymptotic arguments in this formu-
------ lation need to be carefully examined before these results can be
Open-Loop . . .
40 carried over to the flicker noise case as well.
: Closed Loop
d APPENDIX
-60 '
CALCULATION OF pi; AND v;
-80—{ From (10), we have
A min(0, 5 — ¢
s EIB(t1 ) o (1)] = wr emding | SR A min(0.f2 =)
1004 AL
Wi, exp (A2 min(0, t2 — #1))
iy 3 dptqt1
-120 2
00 02 o4 oB o 1 o Af (MHz) wherew is the first row ofi¥ andd,, .11 is the last column of
: : : : . : W—1D. Therefore,
Fig. 8. Plot of measured open and closed-loop VCO spectra [23]. wy,; d +g41);
Hi =~/ Cin%
T
VI. CONCLUSION wherew;, and d, 1), are theith components ofy; and

A noise analysis technique for PLLs in the presence of circufp-+4-+1, respectively.
white noise sources and Brownian motion phase deviation inNow consider
the referen_ce _signal i_s presen'_[ed. The probl_em is formulat_eqeae§(p(A(s — #))DDT exp [AT(S _ t2)] oL — oW
a stochastic differential equation and techniques for obtaining T T T T
the asymptotic solution of this equation are discussed. It is * exp(A(s —82))W " DDT W™= exp(As — t2))W e
shown that, in the locked state, the PLL output phase canibgt X = W-DDTW 7. Note thatX is symmetric. There-
expressed as a sum of the reference signal phase (Browrji@,
motion process) and one component of a multidimensional Orn-
stein-Uhlenbeck process which has asymptotically boundég*P
variance. The PLL output is shown to be asymptotically " <
wide-sense stationary and an expression of its spectrum is = Zzwlfwljx”' exp(Ai(s — 1) + Aj(s — 12)).
obtained. This technique is used to compute the output spectra ==t
of a few popular PLL configurations. A circuit level example igurther, it can also be shown that
also presented and it is demonstrated that phase detector and = pmin(t1,t2)
loop filter noise also contribute to the PLL output noise for / [eXP (Ai(s = t1) + Aj(s — t2))
small offset frequencies. 0

(A(s —t1))DD" exp [A" (s — t2)] "

The examples presented in Sections IV and V assumed that +exp(Aj(s—t1) +Ai(s —t2)) | ds
the reference signal has less noise compared to the VCO. This
analysis is also valid for the case when the reference signal _ exp(—Ailty — ta]) + exp(=A;j|t1 — t2|)
is morenoisythan the VCO signal. Such applications include Ai + Ay
clock recovery circuits in RF communication systems and disk- exp(—Ait1 — Ajt2) +exp(— At — Nita)

drive read channels. For the case of disk-drive read channels, A+ A,
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