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HASE-LOCKED loops (PLLs) and their importance to modern com-
munications were detailed in the first part of this article series (see
Microwaves & RF, November 1999, p. 69). In that article, a basic
PLL model was presented. The loop dynamics were modeled to deter-
mine the open- and closed-loop transfer functions and the various loop
parameters (such as open-loop gain-crossover, phase margin, closed-loop
bandwidth, etc.). An example was presented to illustrate these concepts. In
Part 2, the basics of phase noise will be reviewed. Using the mathematical-
analysis software MathCAD, along with the previous example, it will be pos-
sible to show how the various noise sources in a PLL can be modeled. A novel
method using PSPICE to model the noise sources will also be shown.

An amplitude and phase-modulated
sinusoidal signal can be written as fol-
lows:

V() = Vo L1+ va()] O
{sinl 2rf.t + B(D1}
where:
V, = the amplitude,
f. = the carrier frequency,

(6)
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12. A spectrum analyzer can be used to evaluate single-
sideband (SSB) or double-sideband phase noise.

Vam(t) = the amplitude-modulation
(AM) component, and

6(t) = the phase-modulation (PM)
component.

For the purposes of this discussion,
the AM component will be disregard-
ed.

V(D) = Vo Hsin[2rft +6()]}  (7)

Modeling a sinusoidal-angle modula-
tion with a rate of f,,,, yields:

Af Af

o(t) = = Lsin(2rfit); B = f— (8)
V(t) = V, Dsin(27d,t) +
Bsin(2rtt)] ©

For B < 1 (small-angle modulation)
and applying trigonometric identities:

V(t) = V, ([Sin2rf ) +
g{s:n[zwc + )] -
sni2nf, - )] (10)

where:
f,, = the modulation frequency,
Af = the peak frequency-modulation
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noise in oscillators.

oscillators.

and components.

frequency noise.

f-4 random
walk FM

1-3 flicker FM
-2 white FM

f-1 flicker phase

* Random walk FM (f-4). Environmental factors such as
mechanical shock, vibration, and temperature.
* Flicker FM (f-3). Resonator noise and/or active component

o White FM (f-2). Broadband noise shaped by resonator Q in

« Flicker phase (i-1). Active component noise.
L(fm) e White phase (f0). Broadband noise from amplifier stages

o Note that flicker phase and FM noise are different by
20 dB/decade. The same is for white phase and

10 white phase
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13. Phase noise consists of several components, including

random-walk FM, flicker-noise FM, white-noise FM, flicker i i

phase noise, and white phase noise.

(FM) deviation, and

B = the modulation index.

This shows that a small-angle devia-
tion gives rise to sidebands on each
side of the carrier at an amplitude of
B/2. Extending this idea, noise can be
treated as an infinite number of single
FM sidebands.

The distribution of these noise side-
bands as a function of offset frequency
can be expressed in different ways
(Fig. 12). One way is to use an ideal
receiver or spectrum analyzer at RF
with a 1-Hz resolution-bandwidth fil-
ter. The total power of the signal would
first be measured and, since the noise
is small, this is essentially equal to the
carrier power. Then the receiver
would be tuned to a particular offset
(f,) from the carrier, and the phase-
noise power is measured. The ratio of
these two measurements, expressed in
decibels, is the normalized power-spec-
tral density (PSD) in one sideband
referred to the carrier at a frequency
offset f,,. This is known as the single-
sideband (SSB) phase noise, L(f,),
with units of Hertz™' or expressed in
decibels relative to the carrier level as
dBe/Hz. A plot of the phase noise as
function of the offset is commonly
shown in data sheets in order to char-
acterize oscillators and frequency
synthesizers.

Noise Equations for Noise Sources
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Another method is to demodulate
the signal with an ideal phase demodu-
lator. The output of the phase demodu-
lator is the baseband phase noise and
can be analyzed with a low-frequency
spectrum analyzer, again with a 1-Hz
resolution-bandwidth filter. The
resulting plot as a function of baseband
or offset frequency is the double-sided
phase-noise spectrum, S,(f,,), ex-

pressed in (radians)¥/Hz. The double-
sideband phase noise is twice that of
(or 3 dB more than) the SSB phase
noise. One can integrate the area under
the double-sideband phase-noise
curve, over a specific bandwidth (f; to
f;) to obtain the root-mean-square
(RMS) phase noise and, by extension,
the RMS frequency noise. From the
RMS phase or frequency noise, the

fm™1

(a) Feedback phase-noise oscillator model

(b) Output phase noise
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(d) Phase-noise-to-frequency-noise transformation

Frequency noise

(c) Leeson's Equation

fm

Q = the resonator loaded Q,

P = the resonator power,

f1/5 = the flicker-noise corner,
fm = the offset from carrier,

fc = the RF frequency,

F = the oscillation noise figure,
k = Boltzman constant, and

T = the temperature.

14. An oscillator can be modeled as a feedback system (a) that produces noise
as a function of oscillator Q (b). The phase noise can be described in terms of
Leeson’s equation (c) and transformed to frequency noise (d).
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RMS time jitter can be computed.
When looking at phase-noise plots, it
should be noted that a “zero” frequen-
cy offset or “DC” is the carrier.

The integrated phase noise in terms
of RMS radians can be expressed as eq.
11:

. 0°
DBrys = é’&p(fm)dfmg
1 |

while the integrated frequency noise
in terms of RMS Hz can be expressed
aseq. 12:

(11)

T, f°
Afpus = gsﬂfm) D‘mzdfmg (12)
1 ]

When the phase noise is plotted in
decibels versus log frequency, various
regions of the phase-noise curve can be
identified. These regions have slopes of

15. An LO’s phase noise can affect areceiver’s adjacent-channel rejection (a)
by masking low-level signals (b). Adjacent-channel performance can be
evaluated with a pair of signal generators (c).

0, 1/f (=10 dB/decade), 1/f* (=20
dB/decade), 1/£3 (=30 dB/decade), etc.

Re'e.rence SXO(') Srd(f) Phase Spd(') SF(S)(') ngp filter SVCO(')
oscillator detector l F(s) VCO l
)| 8 O~ OO~ > -
=
S
s
=
l<— —N [€ g
Sxo(f) = the reference oscillator phase noise
Smd(f) Srd(f) = the reference divider phase noise

Spd(f) = the phase-detector phase noise
Smd(f) = the main divider phase noise
SF(S)(f) = the loop-filter phase noise
Syco(f) = the VCO phase-noise density

16. A variety of noise sources affect the performance of a PLL.
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17. In this example, the PLL is assumed to have only three noise sources—VCO
noise, reference oscillator noise, and main divider noise.

(Fig. 13).

The flat or zero-slope region corre-
sponds to white phase noise of thermal
origin. This thermal, resistive, or John-
son noise has a Gaussian amplitude dis-
tribution, constant with frequency.
Amplifier noise figure is a manifesta-
tion of this thermal noise.

Close to “DC” or a zero-frequency
offset, there is a region of 1/, or flicker
noise. This is believed to come from
irregularities in the semiconductor
structure. Typically, the 1/f corner is
between 1 and 10 kHz.

Frequency dividers and amplifiers
exhibit only 0 and 1/f slope regions.
Oscillators can have all regions. The
general phase-noise equation shown
below (with the m subscript dropped)
is typically used for double-sideband
noise [Sy(f,,,)] expressed in power:

Sy(f) =
ki  ky ks k4
k°+f+f2+f3+f4 (13)
An oscillator can be modeled as a
feedback system consisting of a res-
onator and a noiseless amplifier. Phase
noise is injected at the input to the
amplifier (Fig. 14a). This injected
phase noise consists of a flat region and
a 1/fregion. This noise is shaped by the
resonator, which has a —20-dB/decade
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18. This graph shows the phase-noise plots for the three noise sources of the

examplein Fig. 17.

slope on either side of the center fre-
quency. This flat phase noise becomes
1/f2 in nature and the 1/f phase noise
becomes 1/f* in nature, within the res-
onator bandwidth, at the output of the
oscillator (Fiig. 14b). One could express
this noise in terms of frequency or FM
noise (Fig. 14d). [It should be noted
that the frequency-to-phase transfor-
mation is an integration (—20 dB/

decade) and, conversely, phase to fre-
quency transformation is differentia-
tion (+20 dB/decade)]. The 1/f* phase
noise, (—20 dB/decade), appears as
“flat” FM noise and the 1/* phase noise
(—30 dB/decade) appears as flicker FM
noise (—10 dB/decade).

Leeson’s model (Fig. 14¢) describes
the phase noise of an oscillator as a
function of the resonator-loaded quali-

ty factor (Q) or bandwidth, oscillation
frequency, noise figure, power, and off-
set from the carrier. The phase noise
improves with higher Q (narrower res-
onator bandwidth) and power. A lower
noise figure and 1/f corner also im-
proves the noise.

Depending on the relative position
of the 1/f corner and the resonator
bandwidth, two cases arise:

1. Inthe “low” Q case, typical of most
RF/microwave oscillators using induc-
tive-capacitive (L.C) tanks, transmis-
sion lines, ceramic and dielectric res-
onators and yttrium-iron garnets
(YIGs), the 1/f corner is “inside” (clos-
er to the carrier or “DC”) the resonator
bandwidth. This gives rise to phase
noise plot consisting of three different
regions—a flat noise region, a 1/f>
region, and then a 1/f region as shown
in Fig. 14b.

2. Crystal oscillators and surface-
acoustic-wave (SAW) resonator oscil-
lators have typically very high Qs and,
consequently, the phase-noise plot
looks slightly different. As before,
there is a flat region, but then the 1/f
corner is reached first and then the
phase noise increases at a rate of 10
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dB/decade. Since the resonator has
very high Q, this implies a very narrow
bandwidth—Iless than the flicker cor-
ner. Therefore, the region closest to
the carrier is the 1/f* region. Even the
explanation is somewhat simplified
since 1/f* sloped regions have been
observed very close to the carrier.

If a PLL is used as a local oscillator
(LO) in a receiver, the phase noise of
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PLL Dynamics

IDC
In1
im
the LO can degrade the
adjacent-channel rejec-
tion of the receiver by a
process known as recipro-
cal mixing. In Fig. 15a, an

Dni
DNOISE1

vn_vco
6.283e5
6.283e7
Vni .
20-dB/dec noise Flat
-30-dB/dec noise noise

input spectrum consisting
of the desired signal and a
adjacent-channel signal is

v

R_k2_vco1 Rszfvcozvﬁjo_vcoﬁ R_k0_vco2
1.208e7 1.208e7  38.19k 38.19k

mixed with an LO. If the
LO is only a pure sinusoid,

19. The phase noise of a VCO can be modeled using
a simple schematic diagram in PSPICE software.

the intermediate-frequency (IF) out-
put of the mixer would just be a shift-
ed replica of the input spectrum. Of
course, the IF would have a filter to
reject the adjacent channels. The LO
phase noise will mix with the unwant-
ed signals in adjacent channels, pro-
ducing energy that appears in the IF
passband, coincident with the desired
signal. An example, using the Global
System For Mobile Communications
(GSM), assumes that the first interfer-
ing signal is spaced 600 kHz away and
that the detection bandwidth is 200
kHz. If the average LO phase noise is
—110 dBc¢/(Hz)* 600 kHz away, the
total noise power in the 200-kHz chan-
nel with respect to the carrier is:

p - ~110dBc/ \Hz _
/200 kHz
-110 + 10l0g(200 kHZ) =
-57 dBc

This approximates the noise as
being flat across the 200-kHz-wide
channel. If the desired signal is —100
dBm and the undesired signal is —60
dBm, the signal-to-noise ratio (SNR) is
[-100 dBm — 0 dBe (LO carrier)] —
[-60 dBm —57 dBe (LO noise)] = 17
dB. This procedure can be repeated
with additional interfering signals to
determine the worst-case phase-noise
requirement.

In a spectrum analyzer (Fig. 15b),
when an attempt is made to resolve
two closely spaced signals with widely
differing amplitudes, the phase noise of
the LO masks the weaker of the two
signals. To measure the adjacent-chan-
nel selectivity of a receiver, two signal
generators are used (Fig. 15¢). The
amplitude of the in-channel generator
is set at the desired sensitivity level
and the amplitude of the adjacent or
off-channel generator is increased until
the sensitivity decreases by a known
amount. The phase noise from the adja-
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cent-channel generator that spills into
the desired channel could cause the
receive selectivity to be worse than
expected. The phase noise of the off-
channel generator will be measured
rather than the in-channel signal.
Phase noise can also have an adverse
effect in clock-recovery systems,
radar, and digital communications
systems.

All of the elements in the PLL con-
tribute to the overall phase noise. The
noise mechanisms for crystal and
RF/microwave oscillators were previ-
ously discussed. Another significant
source of noise in PLLs is the dividers
and phase detectors. There are a num-
ber of different types of phase detec-
tors, including mixers or multipliers,
sample-and-hold devices, digital exclu-
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sive OR gates, and the most common,
digital flip-flop phase detectors. The
flip-flip phase detector, in addition to
providing phase information, also has
an intrinsic mechanism to provide
proper steering so the loop can achieve
lock.

The main disadvantage of the flip-
flop phase detector is that it suffers a
nonlinear region or “dead zone” close
to a zero phase offset. However, vari-
ous design techniques can mitigate this
problem. Other types of phase detec-
tors only provide phase information,
and additional circuitry is necessary
for steering and acquisition.

LOGIC DEVICES USED FOR
PHASE DETECTORS AND
DIVIDERS INTRODUGE
PHASE NOISE, AND

DIFFERENT LOGIC FAMILIES
HAVE DIFFERENT PHASE-
NOISE CHARAGTERISTICS.

The diode mixer phase detector has
the best phase noise and is used in crit-
ical applications. Logic devices used for
phase detectors and dividers introduce
phase noise and different logic families
have different phase-noise characteris-
tics as a function of the operating
frequencies. ECL has a noise floor
of approximately —145 to —150
dBc/(Hz)"*, while advanced comple-
mentary-metal-oxide-semiconductor
(CMOS) logic has a noise floor between
—155 and —165 dBe/(Hz)** depending
on the input (I) and output (O) operat-
ing frequency. The 1/f or flicker corner
is at an offset frequency of between
several hundred Hertz and 10 kHz. In
general, faster logic and larger voltage
swings give rise to better phase noise.
Assuming that the noise is mainly gen-
erated in the transition region between
logic 0 and 1, with the faster rise time,
then less time is spent in the transition
region, resulting in lower noise levels.

Since advanced CMOS logic has a +5-
VDC swing versus approximately 800
mV for ECL, this would explain the
noise improvement when using
advanced CMOS logic. It is difficult to
measure the phase noise of dividers and

(concluded onp. 117)
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(continued from p. 82)

phase detectors due to the low noise
levels involved. Some manufacturers
of single-chip PLLs provide noise-floor
results.

Other sources of noise in the PLL
include operational amplifiers
(opamps) used for loop filters and noise
from power supplies. These noise
sources are shown in F'ig. 16. The loop
operates on these various noise
sources. It is possi-
ble to write the
Laplace transfer
function, substitut-
ing s = j2=f from
each of these noise
sources to the out-
put. The magnitude
of the transfer
function squared
multiplied by the
phase-noise equa-
tion of the source,
expressed in
power, provides
the output phase-
noise power of that source at the out-
put of the loop. By superposition, it is
possible to power sum the effects of all
the individual noise sources in order to
produce a composite output phase-
noise curve.

MODELING NOISE

Using the previous example (Fig.
17), assume that the PLL has only
three noise sources—voltage-con-
trolled-oscillator (VCO) noise, refer-
ence-oscillator noise, and main-divider
noise. It is desirable to express these
noise sources in terms of double-side-
band phase-noise power [(radians®Hz].
The VCO has a noise floor of —155
dB/Hz, a 1/f corner frequency of 5 kHz,
and a specified noise of approximately
—110 dB/Hz at an offset frequency of
10 kHz. The coefficients of the phase-
noise equation (equation 13) were man-
ually adjusted in the MathCAD pro-
gram to yield the specified phase noise
at the particular offsets from the carri-
er. These are shown in the accompany-
ing sidebar (see “Noise Equations for
Noise Sources”) on page 74 with some
representative values for the noise at
particular offsets.

The main divider has a floor of —155
dBc/_Hz and a 1/f or flicker corner of 1
kHz. The 10-MHz reference noise was

NOISE CAN BE
MODELED USING
PSPICE ELEMENTS,
BUT IT IS NECESSARY

TO TRANSFORM THE
NOISE EQUATION FOR
THE VARIOUS NOISE

SOURCES IN THE PLL.

obtained from the data sheet for a com-
mercial 10-MHz temperature-compen-
sated crystal oscillator (TCXO). The
four coefficients in the reference-noise
equation were experimentally deter-
mined using asymptotic lines with 0,
—10-, —20-, and —30-dB/decade slopes
in MathCAD to best approximate the
noise plot from the manufacturer’s
data sheet. The phase-noise plots, in
decibels, of these three sources are dis-
played in Fig. 18.

In Part 1,
PSPICE was used
to model the loop
dynamics of a
PLL. Noise can
also be modeled by
using PSPICE ele-
ments. First, it is
necessary to trans-
form the noise
equation for the
various noise
sources in the PLL
(VCO noise, refer-
ence noise, ete.),
into PSPICE elements. Resistors pro-
duce “flat” noise and the diode model in
PSPICE has a term for 1/f or flicker
noise (—10 dB/decade). By integrating
the flat resistor noise, it is possible to
produce 1/£2(—20 dB/decade) noise and
by integrating the diode noise (1/f), it is
possible to produce 1/f* (—30-
dB/decade) noise. Each term in the
noise equation can be represented by
one of the PSPICE elements men-
tioned, or a combination of elements.
This concept will be illustrated by mod-
eling the VCO noise in the example
(Fig. 19).

Next month, the third and final
installment of this article series on
modeling PLL dynamics and noise will
show how to combine the different
noise sources to review what has been
learned and to show how to integrate
the knowledge of phase-noise contrib-
utors to produce a final phase-
noise curve for the example
loop.ee
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