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ABSTRACT

This report analyzes phase leckioops from the noise point of weand discusses the
different trade-dé in designing lov noise PLLs. Bginning with a first order loop, the
importance of loopbandwidth ixglained. It is shan that the loopbandwidth basically
acts as a threshold when the VCO noisginseto dominateer the input noise. Higher
order loops are also analyzed towhihat two basic PLL parameters: the cparpump
gain and the resistance in the loop filter can deed for reducing the noisevid at the
output. Havever, variation of these parameters disturb stability and frequepectrum of
the PLL. Tade-ofs in varying these parameters are discussed and a step by step PLL
design procedure is described that inmeothe noise performance of the PLL while main-

taining good stability and reduced reference spurs in the outyet spectrum.

1.0 Introduction

Phase lockd loops (PLL) [1] are used to maintain a well defined phase and hence fre-
gueng relation between twindependent signal sources. Due to thersatility, PLLs are
usually preferred\eer other methods of maintaining phase lock, such as injection locking
[2]. Monolithic phase lookd loops hee been used in data communication circuits for
clock recaoery generation, in microprocessors to generatavaskaw/jitter clock across

the chip and in RF applications as frequesgnthesizers to produce a digitally controlla-
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ble stable high frequegisource from a b frequeng reference such as a crystal oscilla-

tor.

Fig. 1 shavs a general PLL consisting of a phase detector (PD), a loop filter with
transfer function H(s), aoltage controlled oscillator (VCO) and a frequerdivider
denoted as 1/N. The PD generates an output proportional to the pfasandd between
its two inputs. The first input, i, is usually generated by axternal oscillatorwhile the
second input is directly related to the output of the VCautMJUnder lockd condition the
negative feedback adjusts the dalwe of the VCO controlaltage in such a ay that the
two inputs of the phase detectovba constant phase fdifence and hence aneaetly at

the same frequencies. This occurs when the VCO output fregdemcN times the input

frequeng.
Vin \Vout
T | PD — H(s) —{ VCO | fo=Nfin
1/N |-

FIGURE 1. Block diagram of typical phase locked loop.

Although proper choice of PLL parameters will ensure that the PLL locks to an inte-
ger multiple of the input frequewncnoise sources in the circuit cause perturbations in the
VCO control wltage, resulting inariations in output frequepcHence the output paer
spectrum will contain other frequgncomponents in the vicinity of fo. This phenomenon

is shavn in Fig. 2(a), where the output spectruxhibits ‘skirts’ around fo. The ratio of
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the output pwer at a frequencoffsetAf to the paver atfo is defined aphase noise. In

the time domain, the noise sources disturb tiyelagity in zero crossings of the output
signal causing it toxhibit jitter. Due to ngative feedback, the PLL inherently corrects the
drift in output frequeng thus limiting the jitterAs a result, the jitter cannot increase defi-
nitely with time as in open loop oscillators. \Maver, noise sources at frent points in
the PLL dominate at d#rent ofset frequencies, thus complicating the PLL design for

low noise.

P Ideal Clock
C
Noise skirts
>
Jittery Clock t
fo f
>
(a) (b) t

FIGURE 2. Frequency and time domain effects of noise sourcesin PLLs. (a) Phase noisein output
power spectrum. (b) Jitter in time domain.

This report discusses the tradé4ofdesigning PLLs such that thexhibit minimum
phase noise and jitteBection2 particularly focuses on the indual noise properties of
different luilding blocks. Section 3 analyzes a first order PLL and defines the fundamental
trade of in PLL design with respect to the loop bandwidth. Sectioxtdnels the analysis
to higher order loops and elaborates on typical design trdd8aegftion 5 focuses on a

step by step PLL design procedure that meets all trdde-BLL design.
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2.0 Noise Propertiesof PLL Building Blocks

This section imesticates the noise properties offdient PLL lilding blocks.

2.1 Oscillator Noise

There are tw oscillators that contrilie to the phase noise of the PLL: one is the refer-
ence oscillator and the other is the VCO. Although both oscillators can be modeled simi-
larly, it will be evident later that their &fcts on the output noise are distinct just due to

their position in the loop.
A No/2

L I
n(s)

Vcontrol

Kvls | —— pSpout(s)

FIGURE 3. Noise modd for theVCO
A VCO can be modeled as a noiseless VCO which has anvaddhite noise at the
input as shen in Fig. 3 where n(s) is a white noise source with a double sidebamat po

spectral density of No/2. The outputwer spectrum can bepressed as [3],

Sin(w) = KNS )
2
2w

Kv2

Spout(w) =

where Kv is the VCO @n in Hz/\/ Although this is a@ry simplified model and only con-

siders thel/f 2 behavior of the VCO it is siffcient to predict the output noise of the PLL in
the presence of VCO noise. The reference oscillator is assumedkta kianilar behaor

but the constant of proportionality will be tlifent [4].
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2.2 Frequency Divider Noise

The ecess noise of a digitalwdder can be modeled as an addithoise source at its
output. In a PLL this noise usually appears directly at the input of the phase detector and
experiences the same transfer function as the noise on the input terminal f&dtisviif

become clear in Section 4.

2.3 Phase Detector Noise
Usually phase detectors are not a major source of noise in PLLs [4]. Their noise prop-

erties hae been studied to sometent in [5].

3.0 Noise Analysisof First Order PLLs

For a first order loop, noxeloit filter H(s) ists and the PD is usually implemented
using an analog multiplier or an XORtg. Assuming no dider, the closed loop phase

transfer function of the 1st order loop with a Paingof Kp wlts/rad. can bexpressed as,

@out(s) _ K _ 1
ons)  K+s S e (2)

1+
wloop

where the loop bandwidthewl oop=K=KpKv. The loopbandwidth is defined as the -3

dB frequeng of the closed loop transfer function (or the unigyngfrequeng of the for-
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ward transfer function). The block diagram of the 1st order loop with noise sources is

shown in Fig. 4.
n(s)

+
Kp | Kv/s »(out(s)

+

@in(s)

FIGURE 4. Block diagram of first order PLL with noise sources
Assuming an ideal phase detector, the two noise sources in the circuit are the VCO and
the reference input. The phase noise at the output can be calculated using superposition.

Assuming a noiseless input, the effect of VCO phase noise can be calculated using the

transfer function from n(s) to gout(s) , whichis

pout(s) _ Kv
() Kpkves (3)

Consequently, the output phase noise due to VCO phase noise only can be expressed

2 _ NoKv2

2

S(pout(w) = N_O(pOUt(S)
2 207
2%<p Kv +w 0

2| n(s)

Comparing equation (1) and (4), it is evident that the phase noise of the PLL output is

the same as the phase noise of the VCO for offset frequencies larger than wloop. Thisis

because the PLL is unable to react fast enough to fast random changes in the VCO output

and hence they directly appear on the output. At low offset frequencies, the PLL compen-
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sates the slow random variations produced by the VCO noise at the output by adjusting the
V CO control voltage and thus suppresses the VCO noise. These effects are shown in Fig.

5.

A Open loop VCO
Spout(w)

PLL output

wloop

FIGURE 5. Output phase noise spectrum with a noiseless input.
Now assuming a hoiseless V CO, the response of the loop to the phase variationsin the

input is considered. The input is usually another oscillator which will have its own phase

noise characteristics. Taking into account only the phase noise in the 1/f 2 region, its power

spectrum can be written as,
a

SGn(@) = e ()

w

The power spectrum at the output can be easily calculated as,

2 2
Spout(w) = —3KP sz ......... (6)

20, 2 20
w%(pKv +tw g

which isdepicted in Fig. 6.
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A Original Phase Noise of Input
Spout(w) j |

PLL output

wloop

FIGURE 6. Output phase noise spectrum with a noise lessVCO

If the two noise sources in the PLL are combined we obtain the phase noise plot of
Fig. 7. The plot reveals a fundamental property of the PLL: its phase noise is dominated
by the input source noise at frequency offsets below the loop bandwidth and by the VCO
noise at frequency offsets above the loop bandwidth. ThusaPLL having anoisy VCO and
a clean reference input should be designed to have a large loop bandwidth. But the loop
bandwidth isinversely related to the PLL settling time [6]. Consequently, if the loop band-
width is large, the PLL takes little time for locking and has a large noise reduction of the
internal VCO noise, but cannot have a good suppression of the external input noise. If,
however, the loopbandwidth is small, the PLL can have large input jitter reduction, but
takes longer time for locking and leaves much of the internal VCO noise unreduced. The
proper choice of the loop bandwidth depends on the particular application. For frequency
synthesizers, the reference input is clean and hence the loop bandwidth should be chosen
to be large to suppress the VCO noise. For clock recovery circuits, the input is random
data and hence the loop bandwidth should be chosen to be small to suppress the input

noise, provided that the VCO iswell designed for minimum noise.
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Spout(w) I PLL noise with both
Input and VCO noise
PLL output with
Input noise only/

PLL output with
VCO noise only

wloop

FIGURE 7. Phase noise plot of first order loop including Input and VCO noise.

4.0 Noise Analysisdr Higher Order Loops
Higher order PLLs emplophase frequencdetectors (PFD), chge pumps and loop
filters to ensure zero static phase error which is a problem in first order loops. Fiys8 sho

the main noise contriltors in such PLLs [7].

PFD Scp Svco

+
Srer 7t +  Sror

Chage
PumaKcp Z(s) —{ Kv/s — >

/N  |(———

FIGURE 8. PLL phase noise conttiltors.
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Here &g is defined as the noisewer that appears on the reference input to the PD,

Sn is the noise peer due to the feedbackvitler appearing at the frequenioput to the

PD, &pis the noise poer due to the chge pump and PFD anq,&p is the noise paer

of the VCO. Assuming uncorrelated sources, all theces at the output are added in an

rms fashion to gie the total noise of the system:

where §qor is the total noise peer at the output, Xis the noise pweer at the output

due to § and g Y2 is the noise pwer at the output due ta-5 and Z is the noise
power at the output due to,8n. As derved in the preious section, the contuibon of

each noise source to the output depends on the transfer function from that noise to the out-

put. Thus,
2 G

X = (SREF-'-SN)MD .........
where the fonard transfer function, G=KKycoZ(s)/N and the transfer function of

the feedback loop, H=1/N. At frequegneffsets laver than the loop bandwidth, G>>1, and

thus

X% = (Spep + SN2 (9)

At offsets lager than the loop bandwidth, G<<1 and henée(X Thus {grand g is

low pass filtered by the loop.
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The overall noise contribtion due to the chge pump and phase detector noise,SCP

can be calculated by referencings®ack to the input of the PFD. The egalent noise

power at the PFD input is@/K g This is then multiplied by the closed loop. Hence

2_« nlrfnc 2
Y° = SCPD<CPDE1L+GHD ......... (10)

Comparing equation (10) with (8) it isident that $pis also lav pass filtered by the

loop. Finally the phase noise contrilon of the VCO noise to the output can kpressed

as,
1

7% = S\/COEITEHEZ ......... (11)

Thus the VCO noise is high pass filtered by the loop since Gvipdgs. ® summa-
rize, the dominant contriftors to the output phase noise responsesgtsflaver than the
loop bandwidth are the reference oscillator noise, frequdivader noise and the chage
pump noise. Thus by using a clean reference oscillator (such as a crystal oscillator), a
large chage pump gin and a Il frequeng divider ratio, the phase noise and jitter at the
PLL output can be reduced aidrequeng offsets. Havever, since N programs the out-
put frequeny, it is not generally \ailable as adctor in noise reduction. Increasing the
chage pump gin will reduce the phase noise and m#ke PLL step responsaster but
it has its evn dravbacks too. In lockd condition, the chge pump does not inject\anet
current to the loop filter ideallyBut due to mismatch between the components of the
chage pump, a small net currentvile to the loop filter thus fcting the control eltage
of the VCO resulting in a shift in VCO frequand his will produce a phase error at the

input of the chaye pump due to the gative feedback in the loop. Hence the ¢ggapump
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will inject a corrective pulse of current to bring the VCO frequency back to its previous
value. Once this is accomplished, the above process repeats itself. Thus the VCO fre-
guency toggles between two values under the locked condition. In other words, the control
voltage will possess ripples even after the PLL attains lock. In the frequency domain, this
effect will produce spurs at the reference frequency or multiples of the reference fre-
guency. The magnitude of these spurs is directly proportional to the ripple in the control
voltage and hence the charge pump gain. Reference spurs (Fig. 9) should be at least 50dB
below the PLL output frequency to ensure a clean spectrum. This in turn limits the
increase in charge pump gain to achieve low phase noise at frequency offsets lower than

the loop bandwidth.

Pc

Reference Spurs

/

fo f

FIGURE 9. Reference spursin the output power spectrum.
Finally, at frequency offsets larger than the loop bandwidth, the main contributor is the
VCO noise. To gather more insight into the VCO noise, athird order Type Il PLL, which
is the most common PLL topology in monolithic high frequency circuits is considered

(Fig. 10).
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FIGURE 10. Third order Typell PLL
The main part of the VCO noise comes from the thermal noise produced by the resis-

tance R in the loop filter [8]. The thermal noise on the contraltage per unit bandwidth

can be approximated as,

] =
5 HH ]
w2 =L 00 1 02 (11)
D C DD RC D an ---------
%H_ZD%H 1720
Clﬂ CZD
D 1+_D
0 c,0

where \41R12 denotes the double sideband noise density of R1(=2kTR1). Approximating

the noise per unit bandwidth in (1) by a sinusoid and usingwdraad frequencmodu-

lation theory the output relatie phase noise per unit bandwidth at deetf Aw can be

expressed as [8],
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g g 5 .8
PN _ 1 0j0g T2 ! 5?% il Kv (£ (12)
— = 10log
Pc %1"' C00 g C6 Awll §

0 a+ ﬂ?l Aw U 0

O 0O 0+C+Cy 00 O

where the output noise wer Pn is normalized with respect to the carrievgroPc.

Equation (12) reeals two important aspects. First aMdv is required for a kv phase
noise PLL. Havever, reducing Kv will malk the loop dynamics sker and the PLL will
take a long time to correct abrupt changes in frequeRte PLL will also require a lge
time to lock during start up. Usually Kv cannot barigd, because once the VCO is

designed Kv becomes éx.

The second aspect of equation (12) is tHecefof the thermal noise of the resistor

Reducing R is always desirabledt this would require an increase in @ maintain sta-

bility of the loop. Since the stabilitya€tor (nglecting G) is defined as,

= 0.5R; [C{KVKp........ (13)

Hence a tw fold reduction in Rwould require G to increase by four times to main-
tain the same amount of loop stability yiceed other parameters are constant. The
required increase inGeads to a se@re area penaltyhis problem can be sombat alle-
viated by using MOS capacitors instead of poly capacitoraetdsy, MOS caps are non-

linear and hence limit the controbitage range. d@ achiee the maximum tuning range,
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the control wltage must approach the supply and ground rails, demanding a reasonable

capacitor linearity across this range.

5.0 Design Procedure

Having discussed the digrent trade-dfin reducing the output noise of PLLs, we
know attempt to describe a step by step design procedure of PLLs that simultaneously
promise good phase noise properties, leference spurs and enhanced loop stabilie
procedure is dered from [9] with some necessary modifications. The design procedure is
described for a third ordeype 1l PLL and can be easilxtended to higher order PLLs. It
is basically a trial and error procedure which terminates onwegl@se noise has been

achieved:
1. Kv (i.e. VCO @in) is determined from simulation.
2. The maximum phase ngin of the PLL is gpressed as [9],

PMmax = arctan(./b+ 1) —arctanDD“bb:llE.. e (14)

where b=G/C,. A desired phase ngin is chosen (typically>6) and b is determined

from (14).

3. The loopbandwidth is gen as [9],

”bT+1............(15)

wloop =

where T = R,C, . Typically the loop bandwidth is chosen to be one tenth the PLL out-

put frequeng [10]. Consequentlyt = Rlcl can be determined using (15).
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4. Assuming a sinusoidal ripple on the controltage line due to chge pump mis-

matches, the reference spurs willdB dB belav the carrier where,

Kv%—i%l’ref

AP = —20|Og—w

With reference spurs typically 50 dB belthe carrier and all other parameterswno

(fref=reference frequenel/Tref; N=dvider ratio), Ip/G can be determined (Ip=cluysr

pump current). Ip and Galso satisfy [9]

C
Kvlpgp b o_ ™1
SN b+ 10" —TZA/b+1 ......... (17)

Thus (16) and (17) can be used to determine Ip an8i@ce b is kman from step (2),
C2 can also be determined. Similarly R1 can be determined srinceRlc1 is knovn
from step (3).

5. Finally the noise contrilttion of R1 is determined using (12). If the calculated noise is

negligible (i.e. typically -138 dBc/Hz@10MHz fsiet [8]) the design is complete other-

wise G must be increased from step 4 and step 5 must be repeated.

6.0 Conclusion

Designing lev noise PLLs is gry challenging since a number of performance metrics
have to be takn into account simultaneously such as stability and reference spurs. The
design is complicated because these metrics are not independent of each other; an

improvement in one é&ct results in dgradation in the otheifhe chage pump gin and
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the loop filter resistance are theotwasic parameters that can be utilized to imprihe
noise at lav frequeng offsets and lage frequeng offsets respeactely. Increasing the
chage pump gin promises v phase noise atuooffset frequenciesut has a detrimental
effect on the reference spurs in the freqyespectrum. Reducing the resistance in the
loop filter reduces the phase noise at high frequefisets lut efects the stability of the

PLL. A step by step design procedure is described thes iako account all thesefedts.
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