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Phase noise and jitter modeling for fractional-N PLLs

S. A. Osmany, F. Herzel, K. Schmalz, and W. Winkler
IHP Im Technologiepark 25, 15236 Frankfurt (Oder), Germany

Abstract. We present an analytical phase noise model forappeared during the last few years, d.ge and Hajimiri
fractional-N phase-locked loops (PLL) with emphasis on in- (2000—Rohde(2005. This paper is focussed on problems
tegrated RF synthesizers in the GHz range. The noise of thevhich are specific to integrated PLLs. They arise mainly
crystal reference, the voltage-controlled oscillator (VCO), from the low quality factor of the available passives as well
the loop filter, the charge pump, and the sigma-delta mod-as from the limited size of filter capacitors. Especially, the
ulator (SDM) is filtered by the PLL operation. We express low quality factor of integrated inductances causes a high
the rms phase error (jitter) in terms of phase noise of the refnoise level of the voltage-controlled oscillator (VCO). This
erence, the VCO phase noise and the third-order loop filteproblem is exacerbated by the fact that variations of the de-
parameters. In addition, we consider OFDM systems, where/ice parameters with process and temperature require a rela-
the PLL phase noise is reduced by digital signal processindively large VCO tuning range affecting oscillator noise and
after down-conversion of the RF signal to baseband. The rméoop filter noise. In integrated PLLs, the values of the in-
phase error is discussed as a function of the loop parametertegrated capacitances are limited by chip area and, possibly,
Our model drastically simplifies the noise optimization of the yield. This can make the filter noise comparable to the VCO
PLL loop dynamics. noise, if the VCO gain is large. Another problem arises in
RF synthesizers for mm-wave applications. The high oscil-
lation frequency results in a large division factor enhancing
the reference noise to a level comparable to the phase noise
of integrated VCOs. The different dependencies of the noise

. . .. contribution on the PLL dynamics results in a subtle trade-off
Frequency synthesizers are essential components in wire- .
r the loop bandwidth.

less RF transceivers. A synthesizer provides a stable signal’ : . .
y P ¢ This paper describes the phase noise spectrum of a PLL,

for f ion, modulati dd dulation. A o .
Or TequUency Conversion, moduiation and cemociration where emphasis is placed on the high-pass filtering in OFDM

fractional-N PLL gives a greater flexibility than an integer- .
N PLL due to the higher frequency resolutioRefrot et systems due to the correction of the common phase error.

al, 2002. The phase noise is the most important perfor-

mance criterion of the synthesizer for its stringent require- )

ment in many applications, e.g., in OFDM based systemg? PLL phase noise sources

(Stott, 1998 Herzel et al, 2005. The problem with phase ] ]

noise is exacerbated in high-frequency applications, since th#! the literature, two types of phase noise are used, the two-
oscillator phase noise at a given frequency offset typicallySided power spectral density (PSD) of the phase and the
increases in proportion to the carrier frequency. For this reaSingle-sideband phase noise. For moderate and large fre-
son, the minimization of the phase noise in frequency syn-guency offsets, these quantities are almost eqdarzel
thesizers is of special interest in mm-wave application, e.g.2004- For wideband systems, close-in phase noise is less
in the 60 GHz bandwinkler et al, 2005. Many publica- relevant due to a large channel width and/or proper baseband

tions on phase noise modeling of oscillators and PLLs havdiltering explained below. Therefore, we will not distinguish
between the single-sideband phase noise and the two-sided

Correspondence tdS. A. Osmany power spectral density of the phase in the remainder of this
(osmany@ihp-microelectronics.com) paper. The phase noisecan be determined from the single-
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Published by Copernicus Publications on behalf of the URSI Landesausschuss in der Bundesrepublik Deutschland e.V.



314 S. A. Osmany et al.: Phase noise and jitter modeling for fractional-N PLLs

Ref(t) iy Out(t) ¢ ¢
Charge Loop u > 1, | F ()] Ko 2>
PFD = Pump ) Filter %@_% 27 ( ) 4
Multi-Modulus ]
Frequency Divider N B
Ctrl | Sigma-Delta . . .
1 Modulator Fig. 2. Linearized PLL model.

Fig. 1. Schematic view of a fractional-N synthesizer architecture.

sideband phase noigespecified in units of dBc/Hz accord-

]
i:g tZOE/lo (1) Rl
T C2

In a charge-pump PLL as used in modern communication

systems, the output phase of the VCO is divided by N and C 1__[

compared with a reference phase in a phase-frequency detec-
tor (PFD). A charge pump current proportional to the phase
error is produced, low-pass filtered, and applied to the con-
trol input of the VCO as shown in FidL. In fractional-N
PLLs the divider ratio is controlled by a sigma-delta modu-
lator (SDM).

The output voltage of a PLL can be described as

Fig. 3. 2nd order loop filter.

Vour(t) = Vo Cogmof + bou(®)] ?) 3 Linearized PLL model

where Vg is the amplitude fo = wo/(27) is the oscillation Fig. 2 shows _the linearized model of a PLL, Where_ the
frequency, andboui(r) is the excess phase. The dominating PFD/CP gain is modeled bycp/27 [Alrad], the loop fil-
noise sources in our type of PLL are the VCO and the ref-ter transimpedance is denoted/s), and the VCO gain is
erence. But also the low-pass filter (LPF) and charge pumd(\/'co/s. N is the divider ratio of the PLL. Note that the VCQ
(CP), if not properly designed, may significantly contribute 9&in Kvco=dw/dVc refers to the angular frequency and is
to the overall phase noise. The problem is critical for in- 9iven in units of rad/s/V. The closed-loop transfer function
tegrated PLLs due to the relatively small capacitances and€ads

the large VCO gain. In fractional-N PLLs, another important Ho

noise source may significantly contribute to the overall phaseH = m ) ®)
noise, namely, quantization noise of the- A modulator. In

this paper, we will include the following five noise sources: Where the forward path transfer functidfy is

_ i IcpF (s)Kvco
reference noise, Ho = > ) (4)
TS
— VCO noise, ) . .
For the filter transimpedance calculation we assume that
— loop filter noise, no current flows into VCO control input, since the filter ca-
pacitances are notably large. For the second-order filter ac-
— charge pump noise, cording to Fig.3, we obtain the transimpedance
— X — A guantization noise. 1 1
f F)=(Ri+— )l —. (5)
sCq sCo

These are typically the dominant noise contributions in in-
tegrated fractional-N RF synthesizers for the GHz rangeln order to suppress reference spurs, an additional low-pass
(Uang 2004 Valero-Lopez 2004). Digital noise is disre- filter is often included as shown in Fid, resulting in a third-
garded in this paper. order loop filter. The current through, causes a voltage
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Fig. 5. Reference noise shaping model.

Fig. 4. 3rd order loop filter. —rrr e —rrrrm

0
N [
. _ L -3
drop overCs, which can be calculated by using the current g
divider rule resulting in 5 -60
[} »
(2]
1 1/Z 5 907
Feo)= — %2 (6) 2 [
sC31/Z14+1/7Z> @ -120
@ [
where £ 150 |
1 1 _180 [ FETETI | PRI | PRI (Y | PR
Z1=\Ri+— )| — (7) le+02 le+04 1le+06 1le+08
sC1) " sC2 Frequency Offset [Hz]
and
Fig. 6. Reference noise at the PLL input and output. In addition,
Z» = R3 + i ) (8) the solid line shows the total output noise spectrum.
sC3
~ The crossover frequency of the open loop transfer functionnction from the reference phase to the synthesizer output
is the PLL bandwidthf7, defined by phase is given by
H out
mag (—O(fT‘)) =1. @ e o (12)
N ¢rer 1+ Ho/N
The PLL phase margin is given by From this, we obtain the reference noise spectrum at the out-
put from the reference noise spectrum at the input according
H
phase margin = phase <%f”) +180C°. (10) to
SR = Srer N?|Hopel? (13)

In the following five sections, the noise sources mentioned . ' .
in Sect.2 will be analytically described in the framework of with the low-pass filter function
the linear PLL model. The transfer functions of the noiseH _ Ho/N (14)
sources to the PLL output will be calculated. LPE= 1T Ho/N
Note that the reference noise is low-pass filtered and ampli-
fied by the divider ratio. Although the phase noise of the
reference is typically lower than that of the VCO by many
orders of magnitude, it may become comparable to the VCO
Qoise, if a large division factor is employed. For instance, the
value of N=1024 inwinkler et al.(2005 corresponds to an
increase of the phase noise by about 60 dB as it appears at
(Af)2 the PLL output. Figuré shows the reference noise for typi-
SRer(f) = SRer(Af) 72 + SREFfloor » (11)  cal crystal oscillators (long dashed). Using the noise transfer
function (dashed) we obtain the corresponding phase noise
whereSrer(Af) is the phase noise at a specific offaef in contribution (dot-dashed). Comparison with the total phase
the —20 dB/decade region of the spectrum Sigigk fioor iS the noise (solid) shows that at offsets below 1 kHz the reference
noise floor of the reference. According to Figthe transfer  noise dominates.

4 Reference noise

A low-noise reference is crucial for a good PLL performance.
The phase noise contribution of the reference oscillator as
function of the frequency offsef is modeled by
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Oscillator phase noise has been the subject of numerous p 19. 8. VCO noise for open-loop (dashed) and closed-loop (long-

pers. The optimization of the VCO phase noise is beyondsszzteigznc.ase. In addition, the solid line shows the total output noise
the scope of this paper. For low-noise microwave oscillator

design we refer to the extensive literature cited, e.gRadn
hde (2005. The phase noise of a free running oscillator is

modeled by O— CP vVCO—©o
AF)2
Sveo(f) = Svco(Af )( fj;) + Svcofioor » (15)
. Y .|| ;
where Syco(Af) is the phase noise at a specific offaef lnT Ji ll"

in the —20dB/decade region of the spectrum, typically at

1MHz. Svco.fioor is the naise floor of the VCO. Note that

we have disregarded flicker noise, since we focus on appli-

cations, where the loop bandwidth is larger than thg31

noise corner frequency of the VCO, which is on the orderFig. 9. Filter noise model.
of 10 kHz for modern SiGe HBT technologieNi(, 2005.

Flicker noise in the VCO is then effectively suppressed due

to the high-pass filtering by the PLL. According to Fij.  wherekp is Boltzmann’s constanf] the absolute tempera-
the transfer function from the VCO output phase to the PLL ture, andYg_ is the complex admittance of the filter from
output reads the charge pump output to ground. Equatid®)(is the

pout 1 well-known Nyquist equation, generalized to a passive two-
Veo _ , (16)  pole described by a complex admittance. For a second-order
¢vco 1+ Ho/N loop filter Yry (s) equals the inverse transimpedang¢# is),
Consequently, the PLL output noise to due VCO phase noisdut for a third-order filter this is no longer the case. We
is given by find for this caseYr(s)=1/Z1+1/Z>, where Z, E(l:l’ll:d Zo
out 2 are given by ) and @). We assuméZg | << Zgs; and
Svco = Svco |1 — Hipl 17 |ZriL| <<ZYCO. This implies that the total filter ncc))uitse cur-

with the low-pass filter Functionl@). Note that the VCO rent flows through the filter impedance. Using the filter tran-
noise is high-pass filtered in the PLL. FiguBeshows the  simpedance), we obtain a noise voltage PSD at the VCO
VCO phase noise (dashed) and its contribution to the PLLinput. Exploiting the VCO phase noise transfer function, we
output phase noise (long-dashed). The PLL noise spectrurmbtain the noise spectrum at the output given by

at higher offset is dominated by the VCO phase noise.

2
11— Hiprl? . (19)

K
S (s) = SeiL(s) | F(s)]2 %

6 Loop filter noise

Note that the noise transfer function for the loop filter has a
band-pass characteristics. Figd@shows the filter contri-
bution for the integrated PLL. In the region around the PLL
bandwidth, the filter noise may significantly contribute to
the overall phase noise due to the small filter capacitances.
SkiL(s) = 2kgT Re(YEL(5)), (18) Its contribution can be much reduced by adding an external

We model the noisy loop filter by a noise current in parallel
with a noise-less admittance as shown in Eig.The two-
sided power spectral density of noise currgntan be ex-
pressed as
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Fig. 10. Filter noise at the PLL output. In addition, the solid line (D Icp
shows the total output noise spectrum. .T.

VEE

capacitor which is, however, not always desirable for low- rig 11. charge pump noise model.
cost integrated solutions.

7 Charge pump noise I magi
N o
. . T L
For a PLL to work at a given bandwidth, a large charge pump 5 -30
current is generally favorable in order to reduce the loop filter g ’
resistanceR. The large current, however, produces signifi- 9 -60 |

cant current noise during the time, where the charge pump is ‘g »
active. The time between two phase comparison instants is< ~ —90 [

referred to ascomp=1/fcomp Where feompis the comparison §

frequency at the PFD input. In order to prevent a dead zone, & —120

the charge pump currents are usually activated during a time o ° LN L
tcp, Which is in the order of 100 ps to 1 ns in the steady state _1510e+0 1e+04 1e+06 16408
for an integer-N PLL. For a fractional-N PLL the activation Frequency Offset [Hz]

time is typically larger due to the momentary frequency error
inherent in this type of PLLRerrot et al.2002. In a typical
CMOS charge pump as shown in Fid, an N-MOSFET and

a P-MOSFET are connected to the filter. Their thermal and
flicker noise is transferred to the PLL output causing phase

noise. We write the drain current noise PSD of a MOSFET
as described isllen (1987): PLL output phase according to the VCO noise transfer func-

tion. As a result, we obtain the noise spectrum at the PLL

Fig. 12. Charge pump noise at the PLL output. In addition, the solid
line shows the total output noise spectrum.

(KF)Ip output
SMOS —  akpT -, 20 P
i yakpl gm + fCOXLz ( )
wherey=2/3 for long-channel devices. Adding the noise Kveo 2
contributions of the two transistors, we obtain S = Scp| F(s)1? |——| 11— Hiprl® . (22)
Scp = [SINMOS+ SI_PMOS] o, (1)

Figure12 shows the contribution of the charge pump to the
wherea=tcp/tcompiS the duty cycle of the charge pump, that total PLL phase noise. Flicker noise contribution is disre-
is, the ratio of the average charge pump activation time andyarded here. The PLL bandwidth is proportional to the prod-
the time difference between two comparison instants. Notauct of the charge pump currefi¢gp and the filter resistance
that the spectral densitie$h™OS, SPMOS must be averaged, R;. Consequently, if a certain PLL bandwidth is required,
sinceg,, varies with time. The noise currents produce a noisethe charge pump current noise must be carefully traded off
voltage over the filter impedance, which is transferred to thewith the noise produced by the filter resistarite
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Fig. 14. SDM noise at divider input and at PLL output. In addition,
In a fractional-N synthesizer, the integer divider value is the solid line shows the total output noise spectrum.
dithered dynamically to achieve fractional values. A classical
fractional-N architecture uses an accumulator to peform the
dithering operation. But in this case, a periodic error signal
creates spurious tones in the synthesizer output. A better ap-g
proach is to use a sigma-delta modulator rather than a single’s
accumulator to perform the dithering operation. This results g
in a much better spurious performance. But the sigma-delta @

-120

modulator adds quantization noise. For the PLL noise analy- ' 140
sis, we model the SDM by a divider value and a sigma-dela % |
noise spectrum as shown in Fit3. The quantization noise a 160 g
spectrum for a m-th order MASH type sigma-delta modula- £ | . ]
tor is given byMiller (1991), _180 | ; \NEi
o2 2m—1) 1e+02 le+04 1e+06 1e+08

Ssom = (o) [2 sin(iﬂ , (23) Frequency Offset [Hz]

12frerF fREF

wherem is the order of the modulator anfker is the ref-  Fig. 15. Phase noise spectrum and its contributors.
erence frequency. The transfer function for the noisy phase
from the SDM output to the PLL output reads

¢y Ho/N
¢som 1+ Ho/N ~

o0
dt'hype(t’) pvco(t — 1) +

(24) 00
/ dt'hepr(t) iLpr(t — 1) +

Consequently, we obtain the SDM noise spectrum at the PLL OOO
output / dt' hipe(t) icp(t — 1) +
0
S = Ssom | HLpF? . (25) S ) )
o : , / dt"hLpr(r) pspm(t — 1) , (26)
Note that the SDM quantization noise spectrum is low-pass J0

filtered in the PLL. Figurd4 shows the resulting phase noise

ibuti where Naipr, hupr, hepr, hLpe and iipe are the linear
contribution. LPF, NHPF, NBPF, NLPF LPE

phase responses at the PLL output referred to the phase noise
source. Note that M, pr(¢') implies a multiplication by the
9 PLL phase noise spectrum and jitter division ratio N, which enhances the reference noise.

Since the five noise sources are uncorrelated, the corre-
In a PLL the phase noise of the reference is low-pass filteredsponding noise spectra must be added to obtain the overall
while the VCO noise is high-pass filtered and the filter noisephase noise spectrum
is bandpass-filtered. The charge pump noise and sigma delt
guantization noise is low-pass filtered in the PLL. This re- PLL(S) = SRER(S) + SUCo(f) +

sults in the total phase error SBIL () + SEHC) + S - (27)
© wheref is the frequency offset from the carrier asRE'=( 1),
pout(t) = N/O dt'hipr(t’) prer(t —1') + SOUL(F), SCEL(£), S ) andSL (f) are the phase noise
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contributions of the five previously discussed noise sources

referred to the PLL output. The rms phase error, sometimes ~80 [ o T T
RN =
called absolute phase jitter, is given by T -100
O
180° | [ Q
opldegreg = — / 2 df. (28) 2 -120
b4 0 3
S
In the high-speed digital design community, the so-called ab- 2 ~140
solute jitter is a common measure to quantify the timing error %
of a PLL driven by a clean reference. It is given by < -160
T -180 etk Losaaidin [ \‘\; Hy 4
Oabs = (29) 1e+02 1e+04 1e+06 1e+08

360 ¢

whereT=1/fy is the average oscillation period. The jitter

can be caIcuIateq numer.|cally using our am.ily.tlc ?Xpressmq:ig. 16. Phase noise spectrum after OFDM filtering.
for the phase noise. This allows a fast optimization of the
loop parameters for a low jitter.

Frequency Offset [Hz]

11 Conclusions
10 Modeling of RF synthesizers for OFDM

. . _ . We have presented analytical expressions for the phase noise
A low pll jitter is especially important for OFDM systems, ghactrym of phase-locked loops. We have included white

where phase noise may easily destroy the orthogonality of,gise of the reference, the VCO, the loop filter and the charge

the different subcarriers. A strong correlation between thepump, and thes — A quantization noise. The filter noise

rms phase error and the bit-error rate of an OFDM system,q gescribed on the basis of the Nyquist equation general-

has been demonstrated Herzel et al.(2009. In OFDM ;04 g complex resistances. It may contribute significantly to

systems, different signals are used at frequencies separatgfls overall noise, especially for low capacitance values used
in frequency by the sub-carrier spacifgcarrier The inverse

in fully integrated frequency synthesizers. The reduction of
of that phase noise and jitter due to correction of the common phase
Ty = 1/(Afsarie) (30) error by digital baseband processing in OFDM systems was
also included in the model. If the carrier spacing is larger
is called the useful symbol time. In state-of-the-art basebandhan the loop bandwidth, the correction of the common phase
processor implementations part of the phase noise (comerror results in a significant reduction of the rms phase jitter.
mon phase error) can be eliminated after the signal has been
down-converted to baseband. This process can be modelled
by a high-pass filter according &tott(1998

Horpom(f) =1 —sin@(fT,), (31)

where  the sinc  function is defined by
sindx)=sin(rx)/(wx). The resulting improved phase
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