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GENERAL
Carricr phase noise has become increas-
ingly important as the limiting factor in
many RF & Microwave systems, such as
Doppler radar, space ielemetry systems, or
communications equipment. The com-
plexity and subtleties of the measurement
of carricr phase noise have earned it the
reputation of being more art than science.
This seminar is intended to bring all the
anendees up o a higher level of knowledge
and skill in the latest measurement theory

and practice.
Starting with basic theory, the course
5 through various measurement
technigues with comparative advantages
and disadvanages given. Hardware
demonstrations are made and actual meas-
urement sequences are explained. Atten-
dees are encouraged o bring their own
miCrowave kst Source projects o be meas-
ured ar the end of the day and as tme

permits.

3.0 hours Basics

1.0 howurs Lunch

3.0 hours HP Solutions/
Cremeos

0.5 hours Coffee Breaks

7.5 hours Tioeal

TEXT MATERIAL

Seminar notebook which later can serve as
a valuable reference.

TEACHING METHOD

Theoretical concepts combined with prac-
tical demonstratons using state-of-the-art
est equipment.

PREREQUISITES

Familwrity with microwave measurernent
procedures and proficiency in algebra and
logarithms.

COURSE OUTLINE
B Introduction
B What is phase noise?
Short term vs. long term stability,
Tero-port vs. absolute phase noise.
B Definitions and terms
£(f), $SB phase noise, Sg(f), SAf(f),
S, erc.
B Mecasurements On sources — basic
technigques
-Direct spectrum, with demo
-Time domain
~Frequency discriminator, with demo
-Phase detector, with demo.
Measurements on two port devices
—basic techniques
Direct Spectrum Analyzer implemen-
anons
Phase detector implementation
Phase detector method automated,
with demo
Freguency discriminator implementa-
tion, with demo
Wrap-upSummary.

WHO SHOULD ATTEND?

This seminar will benefit anvone involved
in phase noise measurements:

(1) the senior technician making oscillator
and source measurements; (2) the source
design engineer; (3) the st engineer evalu-
ating uncertinties of test systems; (4) en-
gineering managers considering the
technical-economic trade-offs for improv-
ing productivity of their department.

THE SENIOR TECHNICIANS

WILL GET...

B An apprecation for the subtleties of the
phase noise measurement apd theory
behind it

B A better understanding of measurement
techniques and system “sct up and
calibration.

B A betier understanding of the relation-
ship berween the many ©rms COMIMON-
Iv used w describe the carrier noise
performance of sources.

THE DESIGN, PRODUCTION
TEST, AND QUALITY
ASSURANCE ENGINEER
WILL GET...

B The wols w cvaluaic various measure-
ment approaches in designing test
SYSIEMS.

B The wols w calculate accurate and
realistic test limirs for the products that
he or she is responsible for.

B The ability to charactenze or qualify
vendorbuyer technical interfaces regard-
ing phasc noisc,

FOR THE ENGINEERING

MANAGER...

B This practical seminar will help them
brush up on the theory and practice of
phase noise measurements,

B It will keep them abreast of new phase
noise measurement techniques and new
test equipment available

B It will give them the wools o evaluaie the
technical-economic trade-offs involved
with the impact of state-of-the-art carrier
noise improvements on their ultimate
SYSIem perfOrmance.
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RF and Microwave
Phase Noise Measurement Seminar
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PHASE NOISE CHARACTERIZATION
OF SOURCES AND DEVICES

Typical Sources: Crystal Oscillators
YIG Oscillators
SAW Oscillators
DROs
Synthesizers
Cavity Oscillators

Typical Devices: Amplifiers
Multipliers
Dividers

WHAT ELSE?

Welcome to the Phase Noise Measurement Seminar.
Today, measuring and specifying phase noise has become
increasingly important as phase noise is often the
limiting factor in many RF and microwave systems. Both
oscillators and devices have phase noise associated with
them that must be measured.

We want to encourage interactive discussion
throughout today’s seminar so that we can all share your
measurement problems and experiences. We hope to
benefit, too, with new applications awareness,
measurement conditions, and measurement technique. To
start, we'd like a list from you of issues and concerns that
you’d like to see resolved in this seminar and in particular
the types of sources or devices that you must characterize
and their frequency ranges.




These are the topics that we’ll discuss today. Where .

SEMINAR AGENDA practical, we shall demonstrate the measurement
) concepts using both manual and automatic systems. We
I. Basis of Phase Noise shall also try to look more at the practical aspects of these
l:) Why is Phase Noise important? inetfillsuremefcl.ts; matrllly rlnaithft‘em?tical deriva}‘iions ;r? left
. . 0 the expertise in the list of references at the end of your
What is Phase Noise? ) handout. Also note that in the back of your handout IyS a
What causes Phase Noise? glossary of symbols used in the seminar. (This glossary J
Quantifying Phase Noise will also be useful in your further reading of the
references, as some authors use different symbols for the
l. Measurement Techniques same parameter.) »

on Sources

Direct Spectrum Method

Heterodyne/Counter Method

Phase Detector Method

Frequency Discriminator
Method

Summary of Source
Measurement Techniques

U=

o

lll. Measurement of Two—Port
Phase Noise (Devices)

IV. Phase Noise Measurement
on Pulsed Carriers

V. AM Noise Measurement

Why is Phase Noise Important?

There is obviously a difference in the short-term
stabilities of sources. But what is the
reason to quantify this difference? Primarily, as we shall

see further, short-term stability is often THE limiting
IMPORTANCE OF PHASE NOISE factor in an application. The three applications shown

VARIES WITH APPLICATION here all REQUIRE a certain level of performance in short-
term stability. Though the required level of performance

differs, short-term stability is crucial in each application.

Short-term stability is not a parameter that comes for
free with good design in other areas. In fact, it is one of
the most expensive parameters to design for. Because
these three applications require different levels of
performance, it is very important to quantify and
measure the required short-term stability, and to then
choose the right source for the application.




LOCAL OSCILLATOR PHASE NOISE
AFFECTS RECEIVER SELECTIVITY
IN A MULTI-SIGNAL ENVIRONMENT

Receiver LO
Interfering
Signal Downconverted
Interfering
Signal

Down-
Converted
Wanted
Signal

Wanted
Signal

Receiver IF Bandwidth

CARRIER PHASE NOISE
AFFECTS SENSITIVITY
OF A DOPPLER RADAR SYSTEM
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A high performance superheterodyne receiver serves as
a good example for illustration. Suppose two signals are
present at the input of receiver. These signals are to be
down-converted to an IF where filters can separate the
desired signal for processing. If the larger signal is
desired, there should be no difficulty in recovering it. A
problem may arise, however, if the desired signal is the
smaller of the two. The phase noise of the LO is translated
directly to the mixer products. The translated noise in the
mixer may completely mask the smaller signal. Even
though the receiver’s IF filters may be sufficient to
remove the larger signal, the smaller signal is no longer
recoverable due to the LO phase noise. A noisy LO can
degrade a receiver’s dynamic range as well as selectivity.

Doppler radars determine the velocity of a target by
measuring the small shifts in frequency that the return
echoes have undergone. Unfortunately, the return signal
includes much more than just the target echo. In the case
of an airborne radar, the return echo also includes a large
“clutter” signal which is basically the unavoidable
frequency-shifted echo from the ground. The ratio of main
beam clutter to target signal may be as high as 80 dB,
which makes it difficult to separate the target signal from
the main beam clutter. The problem is greatly aggravated
when the received spectrum has frequency instabilities
caused by phase noise either on the transmitter oscillator
or the receiver LO. Such phase noise on the clutter signal
can partially or totally mask the target signal, depending
on its level and frequency separation from the carrier.




In a Quadraphase Phase Shift Keying system, the IQ .
position of the information signal on the state diagram
depends on the amplitude and phase information after

LOCAL OSCILLATOR PHASE NOISE demodulation. Amplitude noise affects the distance from
AFFECTS THE BIT ERROR RATE the origin while phase noise affects the angular
positioning. Close-in phase noise (or phase jitter in the
OF A QPSK SYSTEM time domain) on the system local oscillator affects the p

system bit-error rate.

Digital | _ _ .
@—[ M odulallon—ly ~l Demodulalov]

o
|

State Diagram

Phase noise is important in these applications, but
where the noise is important (i.e., at what offset from the

IS ALL NOISE IMPORTANT TO ALL OF carrier) differs. This graph shows some typical ranges of
THE PEOPLE ALL OF THE TIME? offset frequencies where noise is important for different

applications. Because the range of offset frequencies
where phase noise is important changes with the
application, the type of source used also changes.

SSB Phase Noise to Carrier Ratio

! 1 I L1 L1 [ !
1 10 100 1k 10k 100k 1M 10M 100M
Offset from Carrier (Hz)




WHAT IS PHASE NOISE?

SynthesizedSource

What is phase noise? What is a quantity with a
statistical randomness?

Two very different sources with many differences in
performance (and difference in cost!). One way they differ
is in their frequency stability. This difference in
frequency stability will definitely affect the type of
application that they will be used in. What is frequency
stability, and how can we describe the difference in
frequency stability of these two sources?




LONG-TERM FREQUENCY STABILITY
f

__—

time
(days, months, years)

® Slow change in average or
nominal frequency

SHORT-TERM FREQUENCY STABILITY
t

fo

time
(seconds)

® |nstantaneous frequency variations
around the nominal frequency

DEMONSTRATION

Spectrum
& =

HP 8566 A/B

Gunn Diode D @

(o]

HP 8673B
Frequency
Synthesizer

;———>

Stability Comparison

Frequency stability is generally defined by two '
parameters: long-term and short-term stability. It is
commonly said that long-term frequency stability
describes the variation in signal frequency that occurs
over long time periods, and short-term stability refers to
the variations that occur over time periods of a few
seconds or less.

However, the dividing line between long-term and
short-term stability is really a function of application. For
example, in a communications system, all variations
which are slower than the narrowest carrier or data clock
tracking loop would be referred to as long-term, with the
dividing line being a fraction of a second. On the other
hand, a timekeeping system would observe day-to-day
irregularities as short-term, with a dividing line
corresponding to the length of a mission, which might be
several days.

Long-term stability refers to slow changes in the
average frequency with time due to secular changes in the
resonator. It is usually expressed as a ratio, Af/f for a
given period of time — hours, days, or even months. Long-
term frequency stability is commonly called frequency
drift, and is usually linear or sometimes exponential.

Short-term stability refers to changes in frequency
which cannot be described as offset (static error) or drift,
but are observed as random and/or periodic fluctuations
about a mean. They are usually described in terms of
variations about the nominal frequency that occur over
time periods of a few seconds or less.

This demonstration illustrates the difference in the
frequency spectrum of two sources with different short-
term stability characteristics.




COMPARING SHORT-TERM
FREQUENCY STABILITIES
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e Deterministic (Discrete)

® Continuous (Random)

Short-term stability is more familiar to most of us in
the frequency domain. Looking at a signal on an ideal
spectrum analyzer (one with infinitely sharp filters and
no short-term instability of its own), all of the signal’s
energy does not occur at a single spectral line, but rather
some of the signal’s energy occurs at frequencies offset
from the nominal frequency.

Using a spectrum analyzer to observe our two example
sources, it’s obvious that the sources differ in short-term
stability. How can we describe and quantify this
difference? What units can we use to compare what we
can visually see here? And once deciding upon units to
use, how can we measure these values?

In discussing short-term stability, there are two
“classes” of frequency variations — non-random (or
deterministic) and random. The first, deterministic (or
systematic, periodic, discrete, secular) are discrete signals
which appear as distinct components on our ideal
spectrum analyzer RF sideband spectrum. These signals,
commonly called spurious, can be related to known
phenomena in the signal source such as power line
frequency, vibration frequencies, or mixer products.

The second type of phase instability is random in
nature, and is commonly called phase noise. The sources
of random noise in an oscillator include thermal noise,
shot noise, and flicker noise.




IDEAL SIGNAL
V@) = Ay sin 2w fyt
where

Ao
fo

nominal amplitude

nominal frequency

REAL WORLD SIGNAL

Vi) = [Ao + e(t)] sin [zw fot + ¢(t)]
where

£@) = amplitude fluctuations
@) = phase fluctuations

IN THE TIME DOMAIN . ..

Phase Jitter

Oscilloscope Display

T
[}
(N}
I}
(]
d)—’ —| j—

= Ateao()]

V(1) = Agsin [2f, t + Ao(1)]
90°

V(t)
180° 0°

270°
Angular Frequency

Before proceeding to the definitions of phase noise, let’s ’
get a more intuitive feel. If one could design a perfect
oscillator, all signals could be described like this. In the
frequency domain, this represents a signal with all
energy at a single spectral line.

But in the real world, there’s always a little something
extra on your signal. Unwanted amplitude and frequency
fluctuations are present on the signal. Note that the
frequency fluctuations are actually an added term to the
phase angle term of the equation of a signal. Because »
phase and frequency are related, you can speak
equivalently about unwanted frequency or phase
fluctuations.

Concentrating first on the frequency fluctuations, let’s
see what these fluctuations would look like on a signal. In
the time domain, phase is measured from a zero crossing,
as illustrated by plotting the phase angle as the radius
vector rotates at a constant angular rate determined by -
the frequency. Random noise processes affect the signal
throughout its period.

Let’s look on just one particular time in which the sine
wave is perturbed for a short instant by noise. In this
perturbed area, the AV and At (or AJ) corresponds to
another frequency. These perturbations repeat on each
cycle at a recognizable, somewhat constant repetition
rate. In fact, we will find that there is a significant
amount of power in another signal whose period is the
period of the perturbation shown.

Thus, in a sideband spectrum (rms power vs.
frequency), we will observe a noticeable amount of power *
in the spectrum at the frequency corresponding to this
perturbation, with an amplitude related to the
characteristics of the perturbations. Thus, frequency
variations, or phase noise since it is really instantaneous
phase fluctuations, occur for a given instant of time
within the cycle. How much time the signal spends at any
given frequency is a statistically random phenomenon.
This is best expressed as a spectral density function in the
frequency domain.




IN THE FREQUENCY DOMAIN...
Power Spectral Density

Power/Hz

ABSOLUTE (TOTAL) NOISE

e Specified on sources or complete
system

(~—

Another way to think about phase noise is as a
continuous spectrum of infinitely close phase modulation
sidebands, arising from a composite of low frequency
signals. A signal’s stability can be described as power
spectral density of phase fluctuations or frequency
fluctuations (and later on we’ll see the power spectral
density of amplitude fluctuations).

Discussions about phase noise can be divided into two
topics: the total or “absolute” noise from an oscillator or
system that generates a signal and the added or “two-
port” noise that is added to a signal as it passes through a

device or system.

Absolute noise measurements on the output signal of a
system would include the noise that occurs when the
signal is generated and the “two-port” noise added by the
system signal processing devices.




TWO-PORT
(RESIDUAL OR ADDITIVE) NOISE

® Specified on devices or subsystem

>

"Perfed""Two—Port”
Signal

O—D>—

"TWO-PORT" V8. ABSOLUTE NOISE

EXAMPLE: SYNTHESIZER

Two Port
Crystal —A

(DX M/

Absolute

s> f

Absolute

le—
<

Yy

“Two-port” (or residual or additive) noise refers to the .
noise of devices (amplifiers, dividers, delay lines). Two-
port noise is the noise contributed by a device, regardless
of the noise of the reference oscillator used. One way to
look at “two-port” noise is how much noise would be added
by a device if a perfect (noise-less) signal were input to it.
The name “two-port” emphasizes the contributed nature
of the noise of devices.

A “system” — such as a synthesizer — has both two-port
and absolute noise associated with it. The reference signal
of the synthesizer, comprising an oscillating element, has
absolute noise. The synthesizer circuitry — phase lock
loops, multipliers, dividers, etc. — have some two-port
noise contribution. The integrated system, the
synthesizer, also has a value for absolute noise, or all
noise present at the output.

10




‘ The absolute noise of the reference and the synthesizer,

and the two-port noise of the synthesizer are compared
here. Though the units have not been explained yet, there
" _ “ are still several important points about this graph. One,
TWO-PORT" vs. ABSOLUTE NOISE typically two-port noise of devices is less than the
absolute noise on sources, in particular at higher carrier
frequencies. Second, even with a perfect reference, the
absolute noise of the system could never be below its two-
port noise level.

=60

AN

\ TYP. ABS. NOISE OF

o \ HP a/sezA 1081A)
\ /

120
7
TYPICAL TWO-PORT N
NOISE OF HP 86624 \
-140 /\\

160
0.1 Hz 1Hz 10 Hz 100 Hz 1kHz 10 kHz 100 kHz 1MHz 10 MHz

OFFSET FROM CARRIER

$5B PHASE NOISE TO CARRIER RATIO {dBc/Hz)
&
S

What Causes Phase Noise?

In this section we will briefly look at the basics of noise
generation. What are thermal noise and noise figure and

THE BASICS OF NOISE GENERATION how are they related to phase noise?

Thermal Noise?
Noise Figure?

Phase Noise?

11




Thermal noise is the mean available noise power per ‘
THERMAL NOISE HZ of bandwidth from a resistor at a temperature of TK.

As the temperature of the resistor increases, the kinetic

energy of its electrons increase and more power becomes

spectrum a\_railable. Thermal noise is broadband and virtually flat

Analyzer with frequency.

Display

Power [dBm]

AP S A A At AR

frequency [Hz]

k = Bottzman's constant
T= Temperature K

B = Bandwidth

For T= 290K dB(watty _ - 174 dbm
Np = - 1204 = —
Hz Hz

Noise Figure is simply the ratio of the signal-to-noise
ratio at the input of a two-port device to the signal-to-noise
ratio at the output, in dB, at a source impedance
temperature of 290K. In other words, noise figure is a
NOISE FIGURE measure of the signal degradation as it passes through a
device. What do thermal noise and noise figure have to do

(§/N)in (8/N)out with phase noise?
iV

¢z /N)in
(&/N)out {7, = 290

F(dB) = 10109 Ll

($/NYout [, = 290K

What do thermal noise and noise figure
have to do with phase noise ?




AMPLIFIER OUTPUT NOISE AS A
FUNCTION OF THERMAL NOISE
AND NOISE FIGURE

KTB }Nou‘c

= FGKT
pg :‘ >Nout FGKTH

Vrms :/RF@KTB

%

B f B
fo=1m o+ fm
A¢rm9\ AO rms,

USING PHASOR RELATIONSHIPS

VNrms m \

N
Vi
Adrms bens 12

\

G

For small Adrms %,
Ao = YWems _ [FekTs
v/zvér s 294G
Arms total = /A rms + B pms = | 22 FKTB

\/

The noise power at the output of an amplifier can be
calculated if its gain and noise figure are known. The
noise at the output is given by Noyr=FGkTB.

The display shows the rms voltages of a signal and
noise at the output of the amplifier. We want to see how
this noise affects the phase noise of the amplifier.

Using phasor methods, we can calculate the effect of the
superimposed noise voltages on the carrier signal. We can
see from the phasor diagram that V., produces a AQ, ..
term. For small A, .o, Arme= ViNrms/VSpeak- The total
A, ms can be found by adding the two individual phase
components powerwise. Squaring this result and dividing
by the bandwidth gives Sy(f), the spectral density of phase
fluctuations, or phase noise. The phase noise is directly
proportional to the thermal noise at the input and the
noise figure of the amplifier.

13




In addition to a thermal noise floor of approximately ‘
constant level with frequency, active devices exhibit a

ACTUAL PHASE NOISE noise flicker characteristic which intercepts the thermal
noise floor at an empirically determined frequency f,. For
wr o[t offset frequencies below f,, Sy(f) increases with £~ 7.
s¢f) =z — <|+—C>
P 1
”
s4h) KT
Py .
|
]
f

Otfset Fromcarrier, f [Hz]

fo = corner frequency

® Phase noise ''flicker" appears
<f¢

® Rule of thumb: "flicker" noise is
~—120 dBc/Hz at 1 Hz offset

In an oscillator, the white f° and flicker f-* phase
modulations cause even greater slopes of noise spectra.
Let’s see how that happens. First, add a resonator of some
NOISE PROCESSES IN quality factor Q to the output of an amplifier. Second,

connect the resonator output back to the amplifier input
AN OSCILLATOR in the proper polarity for positive feedback. Third,
consider the f* and f~* of the amplifier to be represented by
a phase modulator AQZS with a perfect amplifier. Next, any
oscillator will shift frequency in response to a phase
change anywhere in its loop, Af= AZKf,/2Q. Since f, and Q

] | . are constants, then phase modulation is converted
Ag fo + Af ! . ; -
directly to frequency modulation. This makes their
I spectral slopes 2 units more negative. 1
Af= AP >
2Q

Simple Feedback Model

14




NOISE PROCESSES IN
AN OSCILLATOR

becomes f~2 , f—3

fo
2Q
Simple Model with Buffer Amplifler

thruaf =4afg

NOISE PROCESSES
IN THE FREQUENCY DOMAIN

£ ~4Random Walk FM

-3 Flicker FM

1 -2 Random Walk Phase (White FM)

£ -1 Flicker Phase
£ -0 White Phase

t, Ofiset trom Carrier (Hz)

So the oscillating loop itself will have noise slopes of -2
andf-* But the buffer amplifier found in most oscillators
adds its own f° and f~! noise slopes to the output signal.

The resulting phase noise plot for an actual oscillator is
as shown. The frequency domain response of a source
would include terms like Random Walk, Flicker and
White Phase Noise to describe the slope of spectral
density for given offsets.




SEMINAR AGENDA

|. Basis of Phase Noise
Why is Phase Noise important?
What is Phase Noise?
What causes Phase Noise?
L_—|—J> Quantifying Phase Noise

Il. Measurement Techniques
on Sources

. Direct Spectrum Method

. Heterodyne/Counter Method

Phase Detector Method

Frequency Discriminator
Method

Summary of Source
Measurement Techniques

SRS

o

lil. Measurement of Two—Port
Phase Noise (Devices)

IV. Phase Noise Measurement
on Pulsed Carriers

V. AM Noise Measurement

Quantifying Phase Noise

S

_ye
>

244
56

QUANTIFYING
PHASE NOISE

& Sy ()

There are many different units used to quantify phase
noise. In this section we will examine the most common
ones, how they are derived and how they relate to one
another.

16




PHASE FLUCTUATIONS

IN THE FREQUENCY DOMAIN

Power/Hz

fo “+o
V(t) = Agsin [2fs t + Ap(t)]

Where @(t) = random
phase fluctuations

PHASE NOISE IN TERMS OF
POWER SPECTRAL DENSITY

) 55B Phase noise fearrier

Sp(f) Spectral density of
phase fluctuations

Sp¢(f) Spectral density of
frequency fluctuations

Sy(f Spectral density of
fractional frequency
fluctuations

Due to random phase fluctuations, in the frequency
domain a signal is no longer a discrete spectral line but
spreads out over frequencies both above and below the
nominal signal frequency in the form of modulation
sidebands. We need a way to quantify this frequency
instability, or phase noise.

Due to the random nature of the instabilities, the phase
deviation is represented by a spectral density distribution
plot. The term spectral density describes the energy
distribution as a continuous function, expressed in units
of energy within a given bandwidth. The phase
modulation of the carrier is actually equivalent to phase
modulation by a noise source. The short-term instabilities
are measured as low-level phase modulation of the
carrier. Four units used to quantify the spectral density
are shown.

17




S¢(f) OR SPECTRAL DENSITY OF
PHASE FLUCTUATIONS

yj

rad*
Az,
Offset from cartior, f [Hz]
Demodulate phase modulated signal
with phase detector

AVout = K¢ A¢'m K¢ s V/!’dd
on spectrum analyzer
AVrmslf) = Kg 89, ) V]

8mst®) _ Wemslh) _ v | rad?
B Kg*B Kg*

84 =
¢ﬂ Hz

svrms(f) = the power spectral density of the
voltage fluctuations out of the
phase detector

S¢ () OR SPECTRAL DENSITY OF
FREQUENCY FLUCTUATIONS

Su4f)

5

5, (f) can be derived from 84 f)
| dAag®

AfQ) = rrRaT

Transformed into the frequency domain .....

s#6) = 28 a0e) [uz]

2
Mioms @) = £ s ) [H2']
SAf(f) = A’f‘rms (f)

B 2
oaf) = 2 84(f) [HiJ

Hz

Offset from carrier, f [Hz]
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A measure of phase instability often used is Su(f), the .
spectral density of phase fluctuations on a per-Hertz
basis. If we demodulate the phase modulated signal using
a phase detector we obtain V_, as a function of the phase
fluctuations of the incoming signal. Measuring V., on a
spectrum analyzer gives AV, .(f) proportional to AZ,...(D.
Svems /K2 gives AQ?, . (D which is the spectral density
an equivalent phase modulating source in rad?/Hz. This
spectral density is particularly useful for analysis of
phase noise effects on systems which have phase sensitive
circuits such as digital FM communication links.

Another common term for quantifying short term
frequency instability is S,«(f), the spectral density of
frequency fluctuations on a per-Hertz basis. S,«(f) can be
derived from Sy(f) by transforming Af(t) from the time
domain to the frequency domain by Laplace transform.
This gives Af(f), s = FAH ) e OF AP, = F2AD () s
which is the spectral density of frequency fluctuations in
Hz%/Hz. Note S (f) = 2S(f) [Hz*/Hz]. Caution must be
taken when using Sy(f) and Sy(f) to compare the phase
noise of sources at different frequencies.




Sy () OR SPECTRAL DENSITY
OF FRACTIONAL
FREQUENCY FLUCTUATIONS

Offset from carrier, f [Hz]

Sy f) is reldted to 54(f) I dAo
) zw
\;({) = A_” = —Z r_dt
f fo
Transformed info the frequency domain .....

vt
yf) = ;‘;o AY ()

fz
YVims ()= 7 ABtms )

SINGLE SIDEBAND PHASE NOISE
£ () OR SIDEBAND POWER
WITH RESPECT TO CARRIER LEVEL

F44)]

0

Offeet from carrier, [Hz]

£ (f) = Power Density (One Phase Modulation Sideband) | dBe

Carrier Power Hz

£ (f) con be derived from Sy (f) using Phase Modulation Theory
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S,(f), the spectral density of fractional frequency
fluctuations allows direct comparison between sources of
different carrier frequencies. S,(f) is also related to Sy(f)
and S,(f). Using the same Lapi’ace transform approach on
Af(t)/f, we see that the spectral density of fractional
frequency fluctuations is equal to the spectral density of
frequency fluctuation divided by f,2.

L (f) is an indirect measure of noise energy easily
related to the RF power spectrum observed on a spectrum
analyzer. L (f) is defined as a the ratio of the power in one
phase modulation sideband on a per-Hertz basis, to the
total signal power. £ (f) is usually presented
logarithmically as a plot of phase modulation sidebands
in the frequency domain, expressed in dB relative to the
carrier per Hertz of bandwidth [dBc/Hz). We will see that
L () can be derived from Sy (f) using phase modulation
theory.




Phase modulation at a rate of f,,, produces carrier .
sidebands spaced symmetrically about the carrier at
PHASE MOD . intervals which are multiples of the modulation rate. The
S ODULATION AT fm amplitude of the carrier and sidebands are determined by
the modulation index(B) which is equal to AQ,.y.
fofm fo fotfm

Produces sidebands at fn,
intervals from carrier.

Amplitude of carrier and sidebands
are determined by Ag peak.
the modulation index (8).

Bessel functions relate the carrier amplitude to the
sideband amplitude. Here we see Bessel coefficients for

BESSEL FUNCTIONS the first 10 sidebands as a function of the modulation
RELATE CARRIER AMPLITUDE index, Al,.,.. We can relate Sy(f) to L(f) by making an
important assumption. L(f) refers to the power density in
TO SIDEBAND AMPLITUDE one phase modulation sideband. We can see from the
") graph that the sideband power will be restricted to the
" first sideband only for modulation indices <<1 radian.

For the same restriction, the relative amplitude of the
carrier will always be one, and the slope of the Bessel
function will be %.

1.0

Slope =1
I n=2

Operating Region
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‘ Thus for AQpeqi <<1 we have VeV, = AT e nic(D.
Then P ,(D/P, = %A e (). Converting the peak phase
deviation to an rms value and normalizing to a 1 Hz

FOR A ¢ peak << 1 RADIAN bandwidth we have Lg(f) = %S(.
| Vssbpk [
Yosbok 9. 5 | = —Adpk) (sinusoidal AG)
Vspk 1
Visb®) s
ib;): kg A¢zp¢ak(f)
Pssb(f) 2
_S.Sb_ = l {/2- A¢rm5 (‘f)]
Ps 4
Psspll) 1A ) M
P | =z 2 B Hz
Pgsb(f)
Pasbi® =2 =L sy |
Caution must be exercised when £(f) is calculated from
the spectral density of the phase fluctuations because of
the small angle criterion. This plot of £ (f) resulting from
REGION OF VALIDITY OF the phase noise of a free running VCO illustrates the
Sé(f) erroneous results that can occur if the instantaneous
£ (f) = phase modulation exceeds a small angle. Approaching the

carrier, L(f)is obviously increasingly in error as it .
reaches a relative level of +45 dBc/Hz at a 1 Hz offset (45
3o L AL MM” Moes 0% KH4Z. Pg( ‘E"E l\‘ A dB more noise power at a 1 Hz offset in a 1 Hz bandwidth
that the total power in the signal.)

On this graph the 10 dB/decade line is drawn on the plot
for a peak phase deviation of 0.2 radians integrated over
any one decade of offset frequency. At approximately 0.2
radians the power in the higher order sidebands of the

e . phase modulation is still insignificant compared to the
. power in the first order sideband which ensures the
10 08/decad 1 calculation of L(f) is still valid. Above the line the plot of
] L (f) is increasingly invalid and Sg;(f) must be used to
\\ s represent the phase noise of the signal.
‘ X

I U S

- C Il Pt L 14 1 t 44 L el i ('t L
1K 18K 100K L 18M
1Hz L(f) [dBc/Hz] vs flHz] 4BMHz
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@y (7) OR STANDARD DEVIATION
OF FRACTIONAL
FREQUENCY FLUCTUATIONS
(TIME DOMAIN)

oy @)

7+ [seconds)
1 . | " - - \1
Oyt (%) = Allan variance ~ o) K§| PR

- Af .
y = average =" over interval T long

M= #of samples, 7 = period of cach sample

« Statistical measure

CONVERSION BETWEEN TIME AND
FREQUENCY DOMAIN

L) or $4(f)

Offset from carrier, f [Hzl

oy \

T [éuonds:f

For example, for slope of () as £ =2 2
O,
fo

i
s Piecewise translatable

ay (7) =

* Inverting axes
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Frequency stability is also defined in the time domain ‘
with a sample variance known as the Allan variance.
0,(7) is the standard deviation of fractional frequency
fluctuations Af/f;. A short T will produce short-term
information, while for a long T, the short term
instabilities will tend to average out and you will be left
with longer-term information.

There are equations available to translate between the
time and frequency domains. The translations apply to
noise processes having particular slopes, and tend to
reverse the independent variable axis. An example of one
such equation for a slope of £ (f) of f~2 is given here.




RELATING RESIDUAL FM TO
£ OR S¢(ﬂ

S51 ()

a b
Offset from carrier, f [Hz]

res FM = total rms frequency deviation within

specified bandwidth

SA-f(f) = Afzrmg (f) = .fZ 5¢ (f)
B B

.£b y Saf (f)

fab/fzs_g—«) [Hz]

res FM

Residual FM is a familiar measure of frequency
instability that is related to Su(f). Residual FM is the
total rms frequency deviation with a specified bandwidth.
Commonly used bandwidths are 50Hz to 3kHz, 300Hz to
3kHz, and 20Hz to 15kHz. Only the short-term frequency
instability occuring at rates within the bandwidth is
indicated. No information regarding the relative
weighting of instability rates is conveyed. The presence of
large spurious signals at frequencies near the frequency
of the signal under test can greatly exaggerate the
measured level of residual FM since the spurious signals
are detected as FM sidebands.
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I1. Measurement Techniques on Sources

SEMINAR AGENDA

I. Basis of Phase Noise
Why is Phase Noise important?
What is Phase Noise?
What causes Phase Noise?
Quantifying Phase Noise

L__lJ>II. Measurement Techniques
on Sources

Direct Spectrum Method

Heterodyne/Counter Method

Phase Detector Method

Frequency Discriminator
Method

Summary of Source
Measurement Techniques

BN

o

Ill. Measurement of Two—Port
Phase Noise (Devices)

IV. Phase Noise Measurement
on Pulsed Carriers

V. AM Noise Measurement

5SB PHASE NOISE TO CARRIEA RATIO (dBe/Hz)

PHASE NOISE OF TYPICAL SOURCES
FOR MEASUREMENT TECHNIQUE COMPARISON

10 MHz DRO AT SYNTHESIZER FREE-RUNNING
XTAL 1GHz VCO AT 10 GHz

AT 10 GHz

20

20
50 ~

G
80 . Wb S -
~ . = e,
100 B g
~N \ e
12/ AN \ \.\
~ -
0 ~ I B
>~ \\
01hz THz 0 Hz 100 Hz ThHz WkHz 100 Kz TMHZ 10 MHz

OFFSET FROM CARRIER

Here are four representative sources that will be used
throughout the seminar in judging and comparing the
capabilites of the four measurement methods.
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1. Direct Spectrum Method

‘ The simplest, easiest, and perhaps oldest method for

phase noise analysis of sources is the direct spectrum
technique. Here, the Device Under Test (DUT) is input
into a spectrum analyzer tuned to the carrier frequency,
directly measuring the power spectral density of the
oscillator in terms of L (f).

PHASE NOISE MEASUREMENT
OF SOURCES

1. Direct Spectrum Analysis

Spectrum Analyzer

FAV]

Device
Under
Test (DUT)

HP makes a number of high-quality spectrum analyzers
that might be appropriate for direct spectrum analysis of
sources. Analyzers covering from sub-Hertz to 22 GHz are

DIRECT SPECTRUM available, to cover the frequency range of any DUT.
MEASUREMENT CHOICES

20 Hz to 40 MHz

@———* HP 3585A Synthesized

1 Hz to 40 MHz

@___. HP 3047TA | Synthesized

10 MHz to 40 GHz

@——> HP 8565A

100 Hz to 1.5 GHz

@-—-» HP 8568A/B | Synthesized

10 MHz to 22 GHz

@———~ HP 8569A

100 Hz to 22 GHz

@——» HP 8566A/B | Synthesized
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Of all the analyzers listed, the best choices for direct

DIRECT SPECTRUM spectrum analysis are those listed here. These are all
analog spectrum analyzers with synthesized LO’s, and
MEASUREMENT CHOICES narrow resolution bandwidths.
As we will see later, spectrum analyzers with
@ 20 Hz to 40 MHz synthesized local oscillators offer the optimum
' ¢ 3 Hz RBW min. LHie-16 3 performance for direct spectrum analysis of phase noise. ’

¢ —137 dBm to +30 dBm
e Synthesized LO

® 100 Hz to 1.5 GHz

10 Hz RBW min, 4=5p
e —134 dBm to +30 dBm
Synthesized LO

100 Hz to 22 GHz

10 Hz RBW min, €=
—134 dBm to +30 dBm
Synthesized LO

HP 8566A/B

This demonstration illustrates the measurement of the
single sideband phase noise, £ (f), of a source.

DEMONSTRATION

DUT
@ §pe<‘:,lrum

. N

l o DD j
i
] J°
HP8656A c——
T o O ]
| ) } wpesesass

RF Synthesized Source Spectrum Analyzer

Direct Spectrum Method
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INTERPRETING THE RESULTS

P f
2 (f) = ﬁé_(_) [dBc /]
Ps
1. Measure carrier level Pg

2. Measure sideband level Py (f)

3. Apply Corrections

B65S6A at 640MHz - Direct Spactrum Mathod

).P REF 1@.@ dBm ATTEN 2@ dB

1@ dB/

|
|
|
|
\

CENTER £4@. 848 MHz SPAN 10@ kHz
RES BW 1 kHz VBW 10@ Hz SWP 3,00 sec

DIRECT SPECTRUM ANALYSIS
Correction Factors

1. Noise bandwidth normalization
2. Effect of spectrum analyzer
circuitry

A typical spectrum analyzer display would look like
this. What is £ (f) at a 10 kHz offset for this test source?

Here, the power in the carrier P, is read as +7 dBm.
The marker reads —67 dBm, 10 kHz away from the
carrier. P, minus P, is equal to — 74 dBc. But is this
equal to £ (H?

In the direct spectrum technique, there are two
correction factors that must be used on our value for Py,
minus P, in order to yield L (f). First, £ (f) is specified in a
one hertz bandwidth, and our measurement bandwidth on
the previous slide was not one hertz. Typically, in the
direct spectrum technique, it’s impossible (and very
impractical in terms of time) to make measurements in a
one hertz bandwidth. We also must be careful that our
measurement circuitry does not effect the quantity we are
trying to measure, and that it measures it accurately.
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Normalizing to a 1 Hz noise bandwidth from a given ‘

measurement bandwidth is a simple matter, involving a
CORRECTING FOR... simple power relationship. Looking back two slides, what
is our measurement bandwidth?
1. Noise bandwidth normalization
Factorg = 10 log —=™
B1Hz
where
Bm is measurement
bandwidth
B {4z is one hertz noise
bandwidth
~ B1Hz —
Ideal
?: ~ Rectangular
Filter
—f
But L(f) requires us to normalize to an equivalent 1 Hz
noise bandwidth. A spectrum analyzer’s 3 dB resolution
bandwidth is not its equivalent noise bandwidth. (Noise is
BUT-RESOLUTION BANDWIDTH defined as any signal which has its energy present over a
frequency band significantly wider than the spectrum
# NOISE BANDWIDTH analyzer resolution BW; ie, any signal where individual

spectral components are not resolved.) The noise
bandwidth is defined as the bandwidth of an ideal
rectangular filter having the same power response as the
actual IF filter. How do we find this equivalent noise

Analog Spectrum Analyzer

bandwidth?
[
[ !
| 1 Ideal
T o Rectangular
P - Filter
[
Spectrum
_/ I < IF Filter
|

|e—>|

3 dB Bandwidth

I<— Bn———bl

B, = Noise Bandwidth
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Depending on the desired accuracy, there are three
ways to derive the equivalent noise bandwidth. In order of

FINDING EQUIVALENT increasing accuracy . . .
NOISE BANDWIDTH (Bn) For a first approximation, most Hewlett-Packard
spectrum analyzers have a noise bandwidth
. Fi ximation... approximately 1.2 times the nominal 3 dB resolution
1. First appro 0 bandwidth setting. For our example, our correction factor
Noise Bn £ 1.2 x nominal B3 4B for a nominal 300 Hz resolution bandwidth setting is
25.6 dB.

. . For a more accurate estimate of the correction factor to
2. Second approximation... equivalent noise bandwidth, you could measure the actual
resolution bandwidth of the spectrum analyzer, using an
accurate signal source and using the analyzer in zero
scan. (A typical synthesized HP spectrum analyzer has a
specified 3 dB IF bandwidth accuracy of +10% to +20%.)

Noise Bn & 1.2 x measured B3 4B

3. Most accurate... .
Of course, the most accurate way to determine

Measure equivalent B, equivalent noise bandwidth is to carefully measure the
actual power response of the IF bandwidth.

Details on the effect of a spectrum analyzer on noise,

including how to measure noise equivalent bandwidth,
FINDING EQUIVALENT can be found in AN 150-4. Or, for a simpler solution, there
NOISE BANDWIDTH is available software for some spectrum analyzers to

automatically measure equivalent noise bandwidth.

HP 85863A
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CORRECTING FOR...

2. Response of Analog S/A
to Random Noise

ixer IF

Mix Log
RF Input - Amplifier
>_> —.

Peak
* / Detector

I\

Sweep

CRT

Actual Noise = Measured Noise + 2.5 dB

TYPICAL MEASUREMENT RESULTS
2 = Ps_sb(f) [dBc/Hz]

S
L (f) = Pm— (Factorg ) + C n— P

10 kHz 100 kHz

Pm = Measured sideband level ___ dBm —
Bags = Resolution bandwidth ___ Hz

Noise power bandwidth

= Bp=B3zgg x 1.2 = Hz
Factorg = 10 Log (B,) = - da
Cn = Random signal correction 2.5 dB 2.5
Ps = Carrier level e dBm ____
L(f) = — Be
Hz

In addition to the noise power bandwidth correction,
another correction is needed when measuring random
noise as the spectrum analyzer’s detection circuitry is
calibrated for accuracy in measuring discrete signals
(sinusoids). In most analog spectrum analyzers, there is a
logarithmic IF amplifer followed by a peak detector. A
peak or envelope detector used to measure random noise
results in a reading lower than the true rms value of the
average noise (typically about 1.05 dB lower). The log
shaping tends to amplify noise peaks less than the rest of
the noise signal, resulting in a detected signal which is
smaller than its true rms value. The correction for the log
display mode combined with the detector characteristics
gives a total correction for HP analyzers of 2.5 dB, which
should be added to any random noise measured in the log
display.
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That was so easy there’s got to be a catch. The direct
spectrum technique is indeed the simplest of all phase
noise measurement techniques, but is has several

DIRECT SPECTRUM MEASUREMENTS limitations as listed here.
AREAS OF CAUTION

1. AM << §M

2. Range and resolution

3. Sweep time

A spectrum analyzer cannot distinguish amplitude

modulation from phase modulation or frequency
DIRECT SPECTRUM modulation. The definition of £(f) is the power measured
MEASUREMENT LIMITATIONS in one phase modulation sideband divided by the total
carrier power. In order for a valid number for £ (f), the
Cannot separate AM and ¢M sideband power measured must be phase modulation

sidebands only. If the source has high AM noise, this
condition will not be met. Thus, for accurate phase noise
measurements using the direct spectrum method, the
source’s AM noise must be <<M noise.

FM (or @M) AM

]

\
\\\n AM or @M?
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WHAT DETERMINES RESOLUTION?

>

IF Filter Bandwidth

-

IF Filter Type and Shape

>

LO Stability — Residual FM

-

LO Stability — Noise Sidebands

RESOLUTION OF DISCRETE NOISE
AND CLOSE-IN NOISE

IS AFFECTED BY SHAPE FACTOR
AND 3dB BANDWIDTH

30Hz
BW

A \,
10 Hz
BW
| |
el 60 Hz
Line Spur

The primary limitations to the direct spectrum method
are related to the spectrum analyzer’s dynamic range and
resolution. From the spectrum analyzer simplified block
diagram, what elements of the spectrum analyzer would
affect range and resolution?

In measuring random noise, the 3 dB BW and shape
factor can limit the resolution of discrete noise. As an
example, a typical source has line spurious at 60 and 120
Hz. If the spectrum analyzer has a minimum resolution
BW of 300 Hz, these discrete signals will not be resolved,
but instead will appear incorrectly as a high level of close-
in noise.

Even with a narrow resolution bandwidth, the shape
factor of the spectrum analyzer will limit the resolution of
close-in noise, or any noise close to a high level spur. For
example, let’s say we chose a 10 Hz RES BW, with a shape
factor of 11:1. If the source’s phase noise 100 Hz away from
the carrier was down — 100 dBc (a very reasonable
number for an RF carrier), the filter width 60 dB down is
110 Hz, and the noise will be hidden under the skirt of the
response to the carrier.
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RESOLUTION OF CLOSE-IN NOISE
IS AFFECTED BY S/A RESIDUAL FM

I

|

|
[T\
\

Locked

—
[

Unlocked

RESOLUTION OF
RANDOM NOISE IS LIMITED BY
S/A LO NOISE SIDEBANDS

S/A Sideband Noise
DUT Sideband Noise

IF Filter

The other factor in resolution is related to the frequency
stability of the analyzer’s local oscillator. As a first
measure of frequency stability, we can look at the LO’s
residual FM. It would be inappropriate to allow an
analyzer to have a resolution BW narrow enough to
observe the analyzer’s own instability. This means that
the analyzer’s residual FM dictates the minimum
resolution bandwidth allowable. (Which, in turn,
determines the minimum spacing of equal amplitude
signals.) In general, only spectrum analyzers with
synthesized local oscillators are very useful for direct
spectrum analysis of phase noise.

We already saw that residual FM only gives a general
feel for the level of a signal’s instability. Even after
stabilization techniques of the S/A local oscillator
minimizes residual FM, there is still sideband noise
associated with the LO. The noise characteristic of the LO
is transferred to all incoming signals onto the IF. The
phase noise on the local oscillator can mask the noise on
the DUT that we might otherwise be able to see, if we
considered only the 3 dB bandwidth and the shape factor.
This sideband noise gives the better shape factor of the
square-topped filter less actual value in resolving close-in
or low level signals.




Direct Spectrum Analysis is useful for measuring .
sources with relatively high phase noise, but the source
must be fairly stable (long-term wise). That is, the direct
DIRECT SPECTRUM spectrum technique cannot measure close-in to a drifting
MEASUREMENT LIMITATIONS source. The closer-in you desire to look, the narrower the
resolution bandwidth, and the longer the sweeptime. On a
free-running source with even fairly good drift
characteristics, this drift during the sweep on the

® Cannot measure close—in e ;
spectrum analyzer will yield incorrect phase noise data.

to a drifting source

For example, a good cavity oscillator at 10 GHz will
typically drift 30 kHz/min. Spanning as much as 50 kHz
(for an offset frequency >10 kHz from the carrier) with a
100 Hz resolution bandwidth will typically take at least

JI 20 seconds. By that time, the DUT will have drifted 10 kHz!
CF=10 GHz \
Span = 10 kHz / \ \\
v X

y v N ~

Sweeptime (JOKHZ span, 100 Hz By 4g) = 380t

Here are some typically obtainable spectrum analyzer
noise floors as a function of frequency, as well as the noise
NOISE FLOORS OF SEVERAL of some typical sources. As you can see, the direct

HP SPECTRUM ANALYZERS spectrum technique isn’t extremely sensitive, it is most
useful for measuring stable sources with relatively high
phase noise at low offsets.

40
20
I :
= -2
& -0
FREE-RUNNING ¢ .
VCOAT10GHz ¥ .. ¢
............. g -60
SYNTHESIZER -
OG-80 S b ] HP B56EAB.
______ —_ ] N \\ . _Q\T:—}" AT 12,6 GHz
DRO AT £ 0 CUNELY -
1GHz g HP 3585 radi DN HP 8568A ] —_
— -120 AN e ~.,
10 MHz 3 N . %@
by 40 ~ ~ _-\
L - ]
160 —
-180
04Hz THz 0Hz  100Hz  TkHz W0 kdz  100KkHz  1MHz 1O MHz
OFFSET FROM CARRIER
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DIRECT SPECTRUM METHOD

ADVANTAGES
eVery flexible
e Simple to use
e Displays £(f) directly
e Accurately displays discrete
signals simultaneously

DISADVANTAGES

® Can’t measure sources
with high AM

® Can’t measure low
noise sources

e Can’t measure close—in
on a drifting source

Direct Spectrum Analysis is optimum
for measuring a source with
relatively high noise and low drift.

DIRECT SPECTRUM METHOD

Selective Receiver
HP 8901B

Selective Receiver

#0008

rms
Detector |

(]
Device |
Under |

Control :

é Low Noise
Local Oscillator

13000000 -

In summary, the direct spectrum technique for
measuring the phase noise on a carrier is an easy, simple
technique. It displays £ (f) directly, and also accurately
displays the discrete signals simultaneously.
Unfortunately, it can’t be used to measure very clean
(spectrally pure) sources, nor can it measure ‘noisier’
sources that have either high AM or drift. It is however,
perfect for measuring the phase noise on a stable
(typically synthesized or phase-locked) source with
relatively high noise sidebands.

To improve measurement sensitivity an alternate direct
spectrum technique can be used which consists of a
selective receiver and a low phase noise local oscillator
(LO). HP offers a very selective receiver, the HP 8901B
Modulation Analyzer (with Option 030 High Selectivity)
and a number of low noise signal generators which can be
used as the external LO.




The measurement procedure for making phase noise
measurements with a selective receiver is very simple.
You just make selective power measurements at the

MEASUREMENTS WITH A carrier frequency and at the desired offset from the

carrier, calculate the difference between the readings and

SELECTIVE RECEIVER convert the result to a 1 Hz bandwidth.

The 8901B with the high selectivity option (Option 030)
makes selective power measurements from 10 MHz to
1300 MHz, over 115 dB dynamic range with over 90 dB of
L (fn) = Pssb/Hz rejection and = 0.5 dB accuracy. The analyzer’s measure-

Ps ment bandwidth is 2.5 kHz.

Ps

The 8901B’s measurement performance can be easily
extended up to 18 GHz or 26.5 GHz with either the HP
11793 A Microwave Converter and a microwave local
oscillator, or the HP 11729B Carrier Noise Test Set and
F_ fm i:I L HP 8662A or HP 8663A Synthesized Signal Generator.

2.5kHz

— Pssb

The measurement sensitivity of the 8901B Modulation
Analyzer with an external LO is very good. The noise
floor of the analyzer is less than —150 dBc/Hz. You can see
MEASUREMENT SENSITIVITY on the plot that for offsets less than 10 kHz the HP 8901B

USING THE HP 8901B with the HP 8662A/8663A provides the lowest phase
noise performance and for offsets greater than 10 kHz the
MEASUREMENT SENSITIVITY=8901B+4LO HP 8901B with the HP 8642A/B provides the most

© measurement sensitivity.

20 ¥

0

-20

R

-40

-60

-80

-100

~-120

y ———
160 W = N ]

-160

SSB PHASE NOISE TO CARRIER RATIO (dBc/Hz)

-180
0.1Hz 1Hz 10 Hz 100 Hz 1 kHz 10 kHz 100 kHz 1MHz 10 MHz

= = = HP 89018 and HP 8662A OFFSET FROM CARRIER {Hz)
amm= HP 89018 and HP B642A/B
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The 8901B modulation analyzer will measure and
display the side-band level in seconds. The 8901B’s
effective noise bandwidth (34 dB for 2.5 kHz filter) can be

SIMPLE MEASUREMENT PROCEDURE corrected for by the instrument, providing direct readings
in dBc/Hz if desired. Because the analyzer does not have a
1. Measure carrier level Pg tuned front end, a correction must be made for the image
2. Set a reference signal.
2. Measure sideband level Pssp
4. Display results in dBc or dBc/Hz
5. Apply image correction

TOTAL TEST TIME < 10 SECONDS

When the external LO is set to a given frequency, the
analyzer converts the desired and image signals into the
IF passband. The resulting signal in the passband is the
sum of these two signals. When making phase noise
IMAGE CORRECTION measurements, if the noise at the image frequency (910
kHz away) is of comparable amplitude to the noise at the
offset of interest, the image noise will sum into the IF and

¢ D°‘"': d the result will be affected. This typically happens at large
°£;§;e offsets where white thermal noise predominates, and the

image adds 3 dB to the result. To calculate the image
correction either use the C; plot or use the C; equation.

Image ’ s C; = -10 Log,,[10N7V1 ¢ 1]
Noise where

455 kHz Source L.O. Ffequen‘:y CI = Image correction
Narrow  Under N = Image noise level
Band Test dB

offset noise level
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TYPICAL MEASUREMENT RESULTS

2(f) = E%SS—B [dBc/Hz]

where

Py = Measured sideband
leve!l relative to the
carrier converted
to dBc/Hz
(the analyzer will
display this value)

dBc/Hz

Cy =!Image Correction ____
L(f) = _____ dBc/Hz

DIRECT SPECTRUM MEASUREMENTS
USING A SELECTIVE RECEIVER

Areas of Caution

1. AM << @M
2. Offset

3. Resolution

Image Correction

w ES DO NEOo

~N

/'

¢, (d8)
i
0.8 \\
0.7 \
0.6
0.5
0.4
0 \
.2548
0.2

R
+10 4846 +4 +2 0 -2 -4 -6 -8-10-12

V IMAGE

————— [N dB
V DESIRED

1. The 8901B Modulation Analyzer measures the total
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noise power in the measurement bandwidth and
therefore cannot distinguish between phase noise and
AM noise.

. Measurements as close as 5 kHz from the carrier can

be made before IF feed through begins to saturate the
IF amplifiers and the rms detector.

. In addition, any discrete signals such as spurious

sidebands, may be interpreted incorrectly by this
method. This is because the filter noise bandwidth
correction factor (34 dB for 2.5 kHz filter) applies only
to distributed noise throughout the filter passband.
Discrete signals therefore will be measured as 34 dB
lower than the actual value.




‘ In summary, the direct spectrum technique using a
selective receiver is fast and easy to use. There is no need
to phase-lock signals. The data is displayed conveniently,

DIRECT SPECTRUM METHOD either in dBc or dBc in a 1 Hz bandwidth. Noise at a given
offset is measured and displayed in real-time (measure-
USING SELECTIVE RECEIVER ment rate = 5 readings/second). The analyzer only
requires an exteral LO and testing can be fully automated
ADVANTAGES using an external controller. Although the analyzer can
® Fast/Easy not separate AM and PHiM noise, total SSB noise,
ol . fl regardless of type, is often what is important when
ow noise fioor analyzing communication systems.

¢ Displays £ (f) directly
e Easily automated
¢ Moderate cost

DISADVANTAGES

® Can’t measure sources
with high AM

® 2.5 kHz resolution

e Offsets > 5 kHz

e Correct for image noise
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2. Heterodyne/Counter Method

PHASE NOISE MEASUREMENT
OF SOURCES

2. Heterodyne/Counter method

Source

Under

Test
Counter

61 ) = < ()7k+1;)7k) : S

® Statistical measure of
source instability

HETERODYNE/COUNTER METHOD
MEASUREMENT CONSIDERATIONS

. Sources must be offset

» Source drift << Vp

+ Requires low noise reference

. Offsets < 10KHZ

 Noise must fall rapidly with increasing fm

The second technique for making short-term stability
measurements on sources is commonly called the ‘time-
domain’ technique (or heterodyne frequency counter
technique). The Device Under Test and the Reference are
downconverted with a mixer to a low IF frequency, or beat
frequency, Vb. Then a high resolution counter repeatedly
counts the IF signal, with the time period between each
measurement held constant. This allows several
calculations of the fractional frequency difference, y, over
the time period used. A special variance of these
differences, called the Allan variance (after its inventor),
can then be calculated. The square root of this variance is
called o(7), where 1 is the time period used in the
measurement. The whole process is generally repeated for
several different time periods, or 7, and o(7) is plotted vs. 7
as an indication of the signal’s short-term frequency
stability. Note that o(7) is a statistical measure of many
samples.

Note that because it is really only the IF frequency that
is effected by the instrumentation, the time-domain
technique is essentially a very broad-band method, easily
usable to 18 GHz. There are, however, several important
limitations of this method. One, the sources must be
offsettable, with good resolution to set up a fairly low
frequency beat note. Second, the sources must be fairly
stable. In order for the measured beat note frequency to be
indicative of the short-term stability of the DUT, the long-
term stability must be small relative to the beat note
frequency. Third, since the mixer measures the combined
short-term instability of the DUT and the reference, the
reference must be lower in noise than the DUT. Fourth,
the effective offset frequencies that the time domain
technique can measure are limited by the dead time and
sampling speed of the counter. In common
implementations, this limits the measurement to offset
frequencies <10 kHz from the carrier. Finally, the time
domain technique always gives an accurate measure of
o(7). However, for an accurate measure of phase noise, the
noise of the DUT must be falling rapidly as a function of
offset frequency. We’ll look at this limitation more closely
in a moment.
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’ The time domain technique is a very sensitive
measurement method for measuring close-in phase noise.

HETERODYNE/COUNTER METHOD It was the first measurement technique that was usable
for measuring at equivalent offset frequencies of less than
SYSTEM SENSITIVITY 1 Hz from the carrier (it’s typically usable to an offset

frequency of 0.01 Hz!). Because of its inherent reading in
the time domain, this technique is very useful where the
application problem is best thought of in the time-domain,
& or where very close-in noise is critical (such as

0 measurements on time standards for navigation systems
or for digital communications applications).
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For comparison, the sensitivity of the direct spectrum
technique and the time domain technique are compared
COMPARISON Th ibuti ime-d . hni £
OF SYSTEM SENSITIVITY here. The contribution of the time-domain technique for
close-in measurements is easily seen.
40
20
x O
2
FREE-RUNNING E ~40 -
VCOAT0GHz & N
............. g -60 TIETERODYNE/ =
SYNTHESIZER o COUNTER, U SAAT 12 GHZJ“-.‘
AT0GH £ 80 4 =
"""" - 2 N \ 5 \“\_._-__\-"-:S;Q‘k
DRO AT Zz 100 N o —
1GHz g N N N T~
—— a -120 5 ~
10 MHz 3 N h .
XTAL @ o = ety
—_— ~
| ] N~
-160 —
~
-180
01Hz 1Hz 10 Hz 100 Hz 1kHz 10 kHz 100 kHz 1MHz 10 MHz
OFFSET FROM CARRIER
CMB60

41




HETERODYNE/COUNTER METHOD
LIMITATIONS FOR MEASURING
SYNTHESIZED SOURCES

,,Z,;: é-v_ A\ counter
JULTL.

f 3f 5f 71

Sampling the counter in a
prescribed manner results in a
digital filtering process.

AN INFINITE DIGITAL FILTER
INTEGRATES IN NOISE
AT OTHER OFFSETS

1 3t 7"

JUJLTL

Sy(1 dB

]
'
1
' ' o
. =
Ss(hdB |-

offset from carrier, f (Hz)

Returning to the limitations of the time-domain ‘
method, remember that it requires sources to be very
stable (ie, primary or secondary standards or sources
locked to standards). However, it also has certain
limitations for measuring synthesizers. This arises from
the fact that sampling the counter in a prescribed manner
results in a digital filtering process on the noise of the
DUT. A digital filter, as well as having the filtering effect
at f, also has the equivalent filter response at 3f, 5f, 7f, . . .

This infinite digital filter integrates in the noise at
other offset frequencies. If the noise is falling as f, f3, or
2, the integrated noise from the infinite digital filter is
not significant. The total noise reading will be higher, but
within normal error limits.

However, if the noise is falling only as f~* or f°, this
noise contribution from the other responses of the filter
will indeed contribute significantly to the measured
value, resulting in an unacceptable error.

In most designs of synthesizers, the ‘synthesizer knee’
usually occurs at offsets >10 kHz from the carrier, the
useable range of the time domain technique. However,
care should be taken if the bandwidths of the synthesized
DUT result in £ or f° noise components at offsets <10 kHz.
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HETERODYNE/COUNTER METHOD

DUAL MIXER TIME DIFFERENCE
(FOR NON-OFFSETTABLE SOURCES)

D(:UT>_f° Yol Counter
f, £V
guemer

® Reference must have equal
or lower noise than DUT
e Difference oscillator must have
lower f° noise

HETERODYNE/COUNTER METHOD

ADVANTAGES

® wide input frequency range
® good sensitivity close—to—
carrier

DISADVANTAGES

® requires two sources

® sources must be offset

® can’t measure ot offsets
>10 kHz

® [imitations for measuring
synthesized sources
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For non-offsettable sources (such as primary frequency
standards), there is also a dual-mixer time difference
configuration for the time-domain method. Here, a
common difference oscillator produces two beat signals,
which are statistically sampled and compared. In this
configuration, the reference must still have equal or lower
noise than the DUT. However, due to the common nature
of the difference oscillator, most of its noise is correlated
out, except for any f° noise component.

In summary, the time domain technique is a very
sensitive measurement method for close-to-the-carrier
analysis of signals from 5 MHz to 18 GHz. Its
disadvantages have made it useful primarily for
measuring frequency standards.




Notes
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3. Phase Detector Method

The third method of phase noise measurement is

PHASE NOISE MEASUREMENT commonly called the phase detector method (also called
the two-source technique or the quadrature technique).
OF SOURCES This technique is becoming increasingly popular, as we
will see that it is over-all the most sensitive and
3. Phase Detector Method broadband technique.

(Two—Source Technique)
(Quadrature Technique)

S

DUT =
@———> Phase Detector —.\ UUU
Ad & e

[<]

Baseband
Analyzer

Reference

AGms(f) 4
sptf) = it %
Syrmsf)
K""
Syrms (f) = power spectral density of
vottage fluctuations (v¥/Hz)
Kg = phase detector constant (rad/v)
The sensitivity of the phase detector method is shown
here. The phase detector method provides good sensitivity
PHASE DETECTOR METHOD over the entire offset frequency range; it can be used to
Typical System Sensitivity measure high quality standards (good close-in noise) or
state-of-the-art free-running oscillators (low broadband
40 . noise). The sensitivity shown can be obtained with high-
20 level mixers; note that typically using a lower frequency
o - mixer yields higher sensitivity. We will see later that
g another component in the system is often the real limiting
g® 2 factor in a real-life application.
§ -40 - -
FREE-AUNNING ™~
VCOAT10GHz  F -60 i
............. g " . -
SYNTHESIZER o ~.
Sl TN _ pe—- T
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HITH HIGH LEVEL MUERRS, FERFORMANCE SHOWN ABOVE OFFSET FROM CARRIER
REQUIRES A SECOND SOURCE OF COMPARABLE PHASE NOYSE. oMet
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COMPARISON
OF SYSTEM SENSITIVITY
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BASIC PHASE DETECTOR METHOD

LNA S’,(f)

5 D L (f)
fo Quadrature Baseband
Monitor Analyzer
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We can now compare the sensitivity of three of our
measurement methods. Notice that the phase detector has
the overall lowest noise floor. For this reason, with new
implementations, it is enjoying increased use.

The basic phase detector method is shown here. At the
heart of this method is the phase detector. Two sources, at
the same frequency and in phase quadrature, are input to
a double-balanced mixer used as a phase detector. The
mixer sum frequency (2f;) is filtered off, and the
difference frequency is 0 Hz with an average voltage
output of OV. Riding on this de signal are ac voltage
fluctuations proportional to the combined phase noise of
the two sources. The baseband signal is often amplified,
and input to a baseband spectrum analyzer. In practice, a
scope or dc voltmeter is used as a quadrature monitor.

In the phase detector method, the mixer selection is
important to the overall system performance. The mixer
must cover the frequency range of the DUT, and the IF
port must be dc coupled and should have a flat frequency
response. Since the noise floor sensitivity is related to the
mixer input levels, high level mixers yield better
performance. However, be careful to match mixer drive
requirements to available source power. Before going on
with the method itself, we first need to understand the
operation of a mixer as a phase detector. ‘




. Two signals are input to a double balanced mixer. The

DOUBLE—BALANCED MIXER phase term, JJ(t), represents any phase fluctuation that is
not common to both signals. The IF output of the mixer
USED AS A PHASE DETECTOR will be the sum and difference frequencies; the sum

frequency is filtered off, leaving the difference frequency.
(The sum frequency is filtered off to prevent this large

Vi cos wi t

Ly v, V(1) signal from overloading the LNA or baseband analyzer in
—\ ——— the system. The filter also provides a crude termination
Vi cos [wgt + &(8)] ( ) R} for the mixer so that instead of just reflecting the sum
frequency at the mixer output it tends to terminate the

sum at the mixer output.)

Vir t) = KLVg 0% | (Wg -t + ¢ét>j t
KV [(Wr+W)t + D)+ ...

V) = K Vo8 :(wg -t Mt):
where

K, = mixer efficiency

Let the peak amplitude of V(t) be defined as Vi o

DOUBLE-BALANCED MIXER USED AS (peak voltage of the beat signal, equal to K; V,). Now, to
operate a mixer as a phase detector, the two input signals
A PHASE DETECTOR must be at the same frequency. This yields an average

difference frequency of 0 Hz, and the mixer outputs a
signal proportional to the cosine of the phase difference
between the two signals.

vVit) 0

(¢Lo— ¢rF)

V) = KVgeos [ (W)t +¢<t)]
if COR: ('OL
V(t) = KLVRCOS [¢ (t)]

‘ = Vbpek cos [¢ (’C)J
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DOUBLE—-BALANCED MIXER
USED AS A PHASE DETECTOR

AV ﬂ— — — — Vb peak
Vi) 0 ‘%

($L0 — PRF)

Vi) = preowa [¢(t)]
letd ) = 2k +1)90°+ AP(t)
AV(t) = £Vhpeak sin A4(1)
for A¢p¢4k < 0.2 radian,
sin B9() 7 ABE)
AVE) = 2 Vppeak ()
AV(E) = Ky AD(H)
= phase detector constant
(olts/radian) = Vppgak

IMPORTANCE OF QUADRATURE

s

P—

Vo

error (dB) = 20 log [eos (magnitude of
phase deviation from quadratum)}

or

allowable deviation from OV4, =

error (4B)
[0

=10

If we also force the two input signals to be nominally .
90° out-of-phase (phase quadrature), the instantaneous
voltage fluctuations out of the mixer (phase detector) will
be directly proportional to the input instantaneous phase
difference. For small phase deviations, we operate the
mixer only in the linear region around 0 V dc, and the
output voltage is related to the phase difference between
the two input signals by a constant, K, called the phase
detector constant, in Volts/radian.

Since one of our assumptions in operating this system is
that we are operating near the “zero” crossing of the
phase detector, it is important that the input sources to the
phase detector stay in good quadrature. Deviation from
quadrature will result in an error as shown here.
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PHASE DETECTOR METHOD~-

PROCEDURE
1. Set—Up
2. Calibrate

3. Establish Quadrature
and Measure

4. Corrections

The phase detector method measures voltage
fluctuations directly proportional to the combined phase
fluctuations of the two input sources. To best understand
the phase detector method, and how system noise floor is
achieved, it is useful to go through the actual
measurement procedure. There are basically four steps.

BASIC PHASE DETECTOR METHOD

1. Set—up

DuUT

Ay
~
fo _ LPF LNA Sg 6

e AV A\ . > RFRG)

-
REF
~ K ¢ Quadrature Baseband
f Monitor Analyzer

o

This is the “basic” set-up with the DUT and the REF
signals equal in frequency and 90° out of phase (in
quadrature) at the phase detector.
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PHASE DETECTOR
METHOD PROCEDURE

2. Calibration
A. Beat note method

Offset one source to obtain
a beat note (IF)

Vit) 4
preak
AV(Y) |
> 4(1)
B | ‘
bl Aplt)
AV = Kg Ad

PHASE DETECTOR METHOD
BEAT NOTE CALIBRATION

Baseband
Analyzer

|||

After set-up, you must calibrate the phase detector. A .
common method of calibration is called the ‘beat note
method’. One of the input sources is offset from the
frequency of the other to produce an IF signal. From this
IF signal, we hope to find the slope of the sine wave at the
zero crossings, which is equal to K.

Typically, the levels to the mixer are adjusted such that
the IF is a sine wave (usually by adding attenuation to
the low signal path or R port). If the IF is a sine wave,
mathematics tells us that the slope of a sine wave at the
zero crossings is equal to the peak amplitude. Defining
Vipeak 88 the peak amplitude of the beat note or
calibration signal, Vypea = Ko

Another good reason to add attenuation during
calibration is to avoid overloading the LNA (low noise
amplifier) or the baseband spectrum analyzer during
calibration. During the actual measurement of the noise
sidebands, the LNA is designed to amplify lower level
signals, not high beat notes. Also, we will see that in
practice, best accuracy is obtained if the spectrum
analyzer settings are not changed during calibrate and
measure. This can be accomplished by appropriate setting
of the calibration attenuation.
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‘ On our baseband spectrum analyzer, we will see the

beat note (and of course harmonically related
PHASE DETECTOR METHOD components). A spectrum analyzer will measure V,,,,..
BEAT NOTE CALIBRATION Therefore, K is equal to /2Vy,m.. Defining our noise

output voltage spectrum as AV(f), we see that AV() is
equal to /2 V., times the phase fluctuations.

Spectrum Analyzer

A Display

Known:
1) K¢ = preck; AV(f) = K¢A¢

2) measured value is Vp,
rms

Therefore:
Kg=V2 Vv brms
AV(f) =2 Vp o aB()

There are also other calibration techniques for the
phase detector method. One removes the limitation of
having to have a sinusoidal beat note. In this calibration
method, K is computed from the amplitudes of all the IF

OTHER CALIBRATION TECHNIQUES signals.

The phase detector can also be calibrated with a known

, , level sideband.
B. Non - Sinusoidal Beatnote ideban

(IF = Asinwt + Bsin 3wt +Csin Swt+...)
K =A-3B+5C-...
C. Known Sideband
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After calibration (finding K;), the beat note is removed .

PHASE DETECTOR METHOD - (sources set to identical frequencies) and the phase is
adjusted to set the sources in phase quadrature. Now the
PROCEDURE output of the phase detector is a baseband signal,

measured by the spectrum analyzer, measuring AVrmsZ.

3. Establish quadrature E:ixévego we relate these voltage fluctuations to phase

and measure

Baseband Spectrum
Analyzer

Quadrature
Monitor

e Spectrum Analyzer measures
2
AViims

The phase detector method measures phase

INTERPRETING THE RESULTS fluctuations. Therefore, the output of the phase detector

is most naturally expressed in Su(f), which is the

KNOWN: :
= fundamental measure of phase noise. We can also express
W svif) = K¢ a4 S (Phase Detector) the output in terms of L (f).
@ AVE)= vT Vgrms AP(E)  (From Calibration)
A 2
@sgt) = L)

B used tomeasure Adpys

"_dd_z (Definition)
Hz
THEREFORE:
S 84 = AP ) =

f 7
M (nHz
vZ Vprms | Bandwidth)

2
5¢(f): Iy M

brms
for A¢ oK &« Irad

N
L) = 1%8y6)= ‘/4—\/[‘"—6

brms
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‘ Let’s express these equations logarithmically, to
correspond to the power readings on the spectrum

INTERPRETING THE RESULTS analyzer. £ () is as shown here; S;(f) (in dB) would be
(LOGARITHMICALLY) Peap - Py - 3 dB.
Ve ()
{(f)[dbc} 010g | V4 22 | =
Vi
rms
201098V, = 20109 Vp g * 10 10g U4

L) = Pysp(dBm) power of noise spectrum
in fHz Bandwidth

-Pp (dBm) power of calibration
beat note

~6(dB) conversion for rms value
of beat signal and for
Sg(f) = LK)

As well as the 6 dB ‘correction’ to the two measured
readings of Py, and Py, in practice there are other

CORRECTION FACTORS correction factors to take into account.

The BW normalization correction (because the noise
sidebands are rarely ever measured in a 1 Hz bandwidth)
. . . and the correction for the response of analog spectrum
1. Calibration Attenuation analyzers to noise are already familiar. The correction for
‘calibration attenuation’ arises from the need to have a
. sinusoidal IF signal.

2. Bandwidth Normalization

If attenuation is added in the R path of the phase
detector, any amplitude change on the input will be
3. S / A Effects translated to the output. Thus, V} e,k measured during
calibration (K) will be low by the amount of the added
attenuation. For example, if V., was measured as —40
puT dBm, and if 30 dB of attenuation had been inserted during
calibration (but removed during measurement), then the
actual level of K4 during a noise measurement would be
Baseband —10 dBm.

Analyzer

Calib.
Atten.
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DEMONSTRATION

Baseband
Analyzer

Quadrature
Monitor

HP 8566A/B
Spectrum Analyzer

Rear Panel 640 MHz \ ’ ’__‘UU

5 MHz LNA {:m o)
[ 3

> T

® ©©

Oscilloscope

HP 8662A
Synthesized
Signal Generator

640 MHz

Phase Detector Method

TYPICAL MEASUREMENT RESULTS

B662A ot 64@MHz F.Panal ve R.Panel PHASE DETECTOR METHOD
/Lp REFR -29. 3 dBm ATTEN 1@ dB

10 d&/ \

(50 (N Y O N L

START @ Hz STOP 189 kHz
RES BW 1 kHz VBW 18 Hz SWP 30.8 sac

"640 MHz Rear Panel vs. 640 MHz Front Panel"
Phase Detector Method
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Putting in all correction factors leads to our final
equation.

INTERPRETING the RESULTS

P {0kHZ |00kHZ
X(f)[dﬁc] = 10109 % = 10 109 Psgh =10 109 Py

= Py, power of measured noise —_ —
- Pp power of actual cal signal _— -
- CAL.ATTEN. aftenuated cal power —_— —
- 6dB — —
- Bandwidth NORMALIZATION —_— —
+ /A CORRECTION (if applicable) —_— —

Lf = — —

In an actual system, the sources do not stay in
"REAL-LIFE" MEASUREMENT quadrature by themselves. They are forced to remain in a
90 degree phase relationship by the use of a second order
phase lock loop in a feedback path to one of the oscillators.
The error voltage out of the phase lock loop is applied to
DUT one of the sources, forcing it to track the other in phase.

Note that this requires one of the sources to be
LPF LNA electronically tunable.
i
REF
Baseband
Analyzer
Phase
Lock Loop
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LHR — LOOP HOLDING RANGE

(DEF)
® |HR = Tuning range of source
used as the loop VCO
(EFFECT)
® Amount that source under test can

drift and still maintain lock at the
phase detector

]
\V4

S/A
VCO

H

LBW — LOOP BANDWIDTH

(DEF)
® |BW = The rates of phase
fluctuations that the
loop can track

(EFFECT)
® Determines offset frequencies
where correction factor

is needed
AN
Sy(f)
|
2 (f) |
|
| a
LBW
Offset, f

Since the phase lock loop (PLL) affects the
measurement data so significantly, it is important to
understand these effects. There are two important
parameters of the PLL — Loop Holding Range and Loop
Bandwidth.

The Loop Holding Range is defined as the tuning range
of the source used as the loop VCO. In practice, this
translates to how far the source under test can drift, and
the PLL can still maintain quadrature at the phase
detector. For example, if the loop VCO has only 25 kHz of
electronic tuning range, it might be very difficult to try to
lock up and track a 10 GHz microwave GaAs FET
oscillator.

The Loop Bandwidth is defined as the rates of phase
fluctuations that the PLL can track. Outside of the LBW,
the phase of the reference and the phase of the DUT are
not correlated. In practice, LBW defines the offset
frequencies where the measured phase noise data out of
the phase detector represents the noise of the DUT.
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. Since the phase lock loop is such an important part of
the phase detector method, it is useful to understand more

WHAT DETERMINES pe phase detector sothod, 1618 useft to understand m
Py about it, and in particular, what determines the actua
LOOP BANDWIDTH? loop bandwidth. This simplified block diagram of a second
puT order phase lock loop (second order indicating the
integrator in the feedback path) shows several essential

components. K, is determined by the mixer and the
signal input levels. K, is a function of the source used as
—> the loop VCO. F and K,(s) are dependent on the design of
the phase lock loop; often, if F is fixed, it’s value will be
included in the value for K,(s).

Ka(s)

6

Loop Filter

Second order phase lock loop model
Ky

Ko VCO slope (Hz/V)
F = Loop gain stage

Kq(s) = Loop amplifier gain
(function of freq.)

Phase slope V/rad
(phase detector gain factor)

The open loop gain is defined as the products of the
gains around the loop. The loop bandwidth is defined as
that frequency that makes the open loop gain equal to 1.

WHAT DETERMINES
LOOP BANDWIDTH?

_KgFKg(8)2mK,
ot

LBW = flGOL= |

—_— | 0 LBW = K¢ FKa (s)Ko
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EFFECTS of LBW

RANGE: -37 dBY STATUS: PAUSED
A MATH SORT (MAG"2 / BY) EXPN: 8

N

10

/01v

. 100 Hz Bandwidth

-17 . . . L : ; : :
START © Wz B 995 wiz §TOP: 100 Hz

Noise plots showing effects of loop bandwidth setting

WHAT'S THE PRICE OF THE PLL?

® Additional correction factor needed
at offsets < LBW

Sg(f) | -
£(f)

\

Offset, f

The effect of the loop bandwidth on the measured data
is easily demonstrated. This spectrum analyzer display is
from 0 to 100 Hz. The upper trace is the detected noise
spectrum output when the phase lock loop had a 1 Hz
LBW. The lower trace clearly shows the noise suppression
within the PLL BW when the DUT was locked to the
reference in a 100 Hz LBW.

What loop bandwidth is needed for a given source? The
bandwidth of the phase lock loop must be chosen large
enough to keep the phase detector in its linear range; ie,
such that the phase deviations are less than about 0.2
radians. Thus, for low noise synthesizers, with low close-
in noise, it is possible to lock up a 10 GHz source with less
than a 1 Hz loop bandwith. If the close-in noise is high, or
if there are many close-in spurious such as line-related
spurs (which can also drive the mixer out of its linear
range), a wider bandwidth loop must be chosen to reduce
the close-in noise. The noisier the source, the wider the
loop bandwidth needed. (In practice, if a source has very
high-level close-in noise, it will be easier to make the
measurement using a frequency discriminator.)

Not only does the phase lock loop add circuit complexity
to the measurement, it also exacts a penalty. Because a
phase lock loop forces one source to track the other source
in phase, it also effectively suppresses the detected phase
noise of the test source within the phase lock loop
bandwidth. (Remember, the phase detector outputs a
voltage proportional to the phase difference of the two
input signals. If the phase of one source tracks the other,
the output delta phase will be less.) Thus, when making
phase noise measurements with the phase detector
method, uncorrected measurements are valid only outside
the loop bandwidth.
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DEMONSTRATION TYPICAL MEASUREMENT RESULTS

@656A ve 8662A ot 54@MHz PHASE DETECTOR METHOD with PLL
/-P RER -18. 4 dBm ATTEN 10 dB

-

LPF 1@ d8/

RF Source #2

dc FM Input

t
Quadrature HP 8566A1B
Monitor Spectrum Analyzer E T

s

il

[ e

HP 8656A

5 MHz LPF LNA )

_—|40d8|—-1

Oscilloscope

START @ Hz STOP 109 kHz
RES BW 300 Hz VBW 1@ Hz SWP 100 sec

HP 8656A at 640 MHz
Phase Detector Method with PLL

HP 8662A

Phase Detector Method with PLL

INTERPRETING the RESULTS

P 10kHz |00kHZ
2)[d8e]= 10109 220 = 10 log Pygp ~1010g Py
Ps
= Pyy power of measured noise S —
- Pp power of actual cal signal —_ —

- CAL.ATTEN. attenuated cal power —_—
- 6dB —_ —

- Bandwidth NORMALIZATION —_— —
+ 8/A CORRECTION (if applicable) _ -
L6 = .
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If we’ve rejected the direct spectrum method because ‘
the noise floor was not low enough, how can we use these

WHAT SETS SYSTEM NOISE FLOOR broadband spectrum analyzers as the baseband analyzer
in the phase detector technique and still get a low
IN PHASE DETECTOR METHOD? noise floor?

DUT

O By

REF ®—* QW e

— ¥

@T’ . , !
—_— Noise 1 Noise 3
Noise 2

&
5

b
3

A
&

&
3

2. Reference Source

at 10 GHz
. \\ <
\ \\ )
™~~~ 1. Phase Detector at 10 GHz H
)\‘\J{

I

) 0.1Hz 1Hz 0Hz 100 Hz 1kHz 10 kHz 100 kHz 1MHz 10 MHz
OFFSET FROM CARRIER (H2)

[T\3. S/Aat10GHz !

3
g

=5
B

$3B PHASE NOISE TO CARRIER RATIO (9Bc/Hz)
]

[

2

g

For use as the baseband spectrum analyzer, three

PHASE DETECTOR METHOD : choices are very popular, depending on offset range of
interest, and whether or not one or two baseband

BASEBAND SPECTRUM ANALYZER analyzers are used.
CHOICES

e 20 mHz to 25 kHz

¢ 2—channel FFT

* Noise source for loop
characterization

e rms averaging

e 1 Hz BW normalization

20uHz to 100 kHz o
Single channel FFt

Time and frequency displays

* Noise source for loop
characterization

® rms averaging

® 20 Hz to 40 MHz
| ® Synthesized LO =)
e Tracking generator for loop

characterization
# Digital and analog averaging

HP 35654 e 1 Hz BW normalization
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Also very popular for use as the baseband spectrum

PHASE DETECTOR METHOD analyzer are these two broadband analog spectrum
analyzers. Because these analyzers are often already
BASEBAND SPECTRUM ANALYZER needed in the test station for other measurements, use of
CHOICES them also as the baseband analyzer leverages the

equipment requirements. But what about the required
noise performance?

® 100 Hz to 1.5 GHz
® Synthesized LO &

A : 2z:f ® 100 Hz to 22 GHz
- . —3 o Synthesized LO

S
ooooo o
Avvna Zee S

HP-18

sumne - 00

HP 8566A
But what about their noise floors?

Here are the noise floors of the local oscillators from
several of the HP spectrum analyzers listed. Of course, in
NOISE FLOORS OF SEVERAL general, the noise of a higher frequency spectrum
HP SPECTRUM ANALYZERS analyzer is higher than that of a lower frequency
spectrum analyzer.
40

g 20
k-1 0
Q
g 20
g w
g & . ol 42 A
5 I e | S
w HP-BEBEA .
g DV ?
%‘ -100 N _\u_g_sw;n\“
o 120 — \\
8 e

-140

-160

—‘%?1 Hz 1Hz 10 Hz 100 Hz 1kHz 10 kKHz 100 kHz 1MHz 10 MHz

OFFSET FROM CARRIER

61




SPECTRUM ANALYZER'S NOISE FLOOR

$$B PHASE NDISE TO CARRIER RATID 8o/ Hz)

WHY DOESN’'T A BROADBAND

LIMIT SENSITIVITY?
Phase detection gives added sensitivity;
1. Removal of carrier allows LNA use
and maximum S/A dynamic range.

2. Translates noise to baseband

where S/A is most sensitive.

-80 N
Reference at 10 GHz S/A at Baseband
-100 i
-120 1 \
S/A with 40 dB Gain _\\
-140 \—“
-160 \

-180
01Hr THz 10Hz 100Hz 1kHz 10 kHz 100 kHz 1 MHz 10 MHz

OFFSET FROM CARRIER [Hz)

MEASUREMENT OF
PHASE DETECTOR METHOD
SYSTEM NOISE FLOOR

Source LPF LNA
O P
gorver -
plitter B
glt:iaffgr — ‘ [—"7 “]

e

Equal delay in both paths means
signal’s fluctuations still
correlated at the mixer

CAUTIONS:
e AM noise of source must be
sufficiently rejected
o Path delays must be equal
to prevent decorrelation
of source noise.

Several factors combine to decrease the effective noise
floor (or increase the effective sensitivity) of the
analyzers. In general, using HP’s implementations of the
phase detector method, and any of HP’s synthesized LO
spectrum analyzers, the noise floor of the combined
measurement system will be limited by the noise of the
reference source, not the noise floor of the analyzer used.

The noise floor of the phase detector method is fairly
easily measured. It is important to minimize any delay
difference between the two paths, so that the noise of the
source will be well-correlated out. This leaves the noise
contributions of the mixer and LNA to be measured.
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The sensitivity of the phase detector method is shown
here. The phase detector method provides good sensitivity
P¥ASE DETECTOR METHOD over the entire offset frequency range; it can be used to
ypical System Sensitivity measure high quality standards (good close-in noise) or
state-of-the-art free-running oscillators (low broadband
«© i noise). The sensitivity shown can be obtained with high-
20 level mixers; note that typically using a lower frequency
0 mixer yields higher sensitivity.
FREE-RUNNING o ~.
VCO AT 10 GHz g -60 -~ -y
SYNTHESIZER § 40 > -
AT 10 GHz g 00 N ~al
=] \ “d
DRO AT = wob _ . ~
e § N —--\\ 0BG, N s S
10 MHz g™ T~ ¥ ~ T
XTAL —o)_T016 Ay ~Z ~
= S
-180
o e THz 10Hz  100Hz  1kHz  1OKHz 100Kz MRz 10 MHz
o oo pok Wﬁ‘:’é’fwé OFFSET FROM CARRIER -
The most critical component (or at least usually the
hardest to obtain) of the phase detector method is
IMPORTANCE OF probably the reference source. Since the spectrum
analyzer measures the rms sum of the noise of both
REFERENCE SOURCE oscillators, the most important criterion for choosing a
reference source is that its phase noise be less than what
buT is being measured. The measured noise sets an upper
limit; the measured noise will be the maximum noise of
Svrma () LNA either source and at any particular offset frequency the
"‘ noise of one of the sources will be at least 3 dB lower.
REF P
e Baseband Though the absolute phase noise is the most important
Analyzer criteria for selection as a reference for the phase detector
method, its AM noise, if very high, will also affect the
L PEGEe - accuracy of the measurement. Also, in general, it is
ock Loop 1 desired to have the reference source act as the loop VCO,
Quadrature as the noise of the DUT can change if it is being used in a
Monitor dc FM mode. If the reference is being used as the loop
VCO, its electronic tuning range will in many cases

determine whether or not a measurement can be made on
. . a given device. Many low-noise sources that might be
® Svrms is rms sum of noise of suitable for use as a reference in a phase detector

both oscillators measurement either do not have electromc.tumng .
(typically dc FM) or they do not have sufficient tuning

e Measurement determines upper limit range.

® Reference tuning range important
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IMPORTANCE of REFERENCE SOURCE

HOW MUCH LOWER SHOULD THE
REFERENCE NOISE BE?

error(d) = 10 log (l+antiloq ir-d—“'fﬂ

Lt -Lref @) 0 |1 |2[3]4]5]10]15
correction (dB) 3.o| 25| z.|| I.B’ 15 | |.z| 04 |o.z

THREE-SOURCE COMPARISON

Measurement Measurement
2

g # #
‘< Measurement_%
#3

Determines noise of each source
provided noise of source is
comparable (3 to 6 dB difference).

A standard margin of 10 dB is usually sufficient to
ensure the measurement results are not significantly
affected. If a reference source with low enough phase
noise to measure the full offset range is not available,
several alternatives are available. One option is to use
several reference sources with sufficiently low noise at
specific offset ranges. Another method would be to use a
reference source comparable to the source under test so
that the measurement results can be attributed equally to
the noise from each source. (The assumption is made that
both sources have equal noise, and 3 dB is subtracted from
the measured value.)

If three comparable sources are available (within about
3 dB of each other and all tunable), it is possible to make
three pair-wise measurements and separate out the noise
from each source. If one of the sources is appreciably lower
(approximately 3 to 6 dB lower) than the others, its lower
noise performance will still be indicated, but its actual
noise information cannot be accurately separated out
from the higher noise of the other devices.
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Choice of a reference source depends on the frequency of
the DUT, the required noise performance, and whether or

PHASE NOISE of some not the reference needs to operate as the loop VCO. (Since
phase noise is probably the single most expensive
HP REFERENCE SOURCES parameter in a source, its useful to determine how good a
reference is required.)
20 AN Here are some of the best HP reference sources. For RF
- ™ applications, the HP 8640A/B features very good
Z N \‘ broadband performance for measuring free-running
g \ & \ sources. The HP 8662A and 8663A provides the lowest
g % N ‘6‘% N, overall phase noise of any commercially available
% -60 NS \"-v,o’ broadband source, for DUTs to 2.56 GHz. For microwave
5w \\ N at 10924 N applications, the cavity tuned HP 8684A has low
2 & N AN broadband noise and 10 MHz of dc FM. The HP 8670
g 100 o Sar 103 N family (and related HP 8340 family) are synthesizers with
2 120 X XM NG good close-in noise. And the lowest overall noise
3 % 0%z N performance at microwave is provided by the HP 11729B/
g 140 N—] 8662A.
? 160 T —
-180

0.1 Hz 1Hz 10 Hz 100 Hz 1kMz 10kHz 100kHz 1MHz 10MH2
Offset From Carrier [Hz}

Moving next to available instrumentation, it is

_ convenient to break up the required components into
PHASE DETECTOR METHOD three essential pieces; the reference section, the phase
IMPLEMENTATION detector/quadrature circuitry, and the baseband analysis

section. We will look at available instrumentation for all

DUT 5 MHz to three of these areas.

18 GHz I
1 LPF LNA :
90° ®—>.—<P-’l>—+‘>

|
l
|
I
|
|
I

| REF |

I Phase Lock
| Circuitry

Spectrum
Analyzer

Phase Detect
Ref —>l<— stector/ —+— Baseband Analysis

Quadrature Circuitry
|

HP 3047A

HP 3582A or 3561A or

j«——— HP 11729B/B662A ———pj€— B56BA/B or 8566A/B 3|

or 3585A

____r______
R S

—x——

cM123C
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PHASE DETECTOR METHOD
SIMPLIFIED HP 11729B BLOCK DIAGRAM

Source  HP 117238
nder

U
Test IF
40d8 | Outout

LNA

Spectrum
Outputs

Detector <1 MHz
Ny x 840 Aux
hase Lock

Phase Locl
| ! Loop w/Adjustable
l BW

‘ 5 MHz
to 15 MHz
18.5 GHz

5RO Controt Control
Voltage Voltage

to 1o X-tal
640 dc FM +10V
MHz vV
BPF

i

640 MHz Input
640 MHz Output 50 1280

MHz Input
HP 86624 Opt. 003 Front Panel Pt

EFFECT OF MULTIPLICATION ON
THE NOISE OF A SIGNAL

from Bessel algebra for small m:

Vssb pzak
Vs 2 fm A¢paak
At
\ £6)= =2 “" - -64B + 20009 %
fm
If fz 4 ‘Xfly th@n
%8 peak

L) = =6dB + 20109 ——
fm

L)

2@ * o

One HP implementation of the phase detector method is
the HP 11729B Carrier Noise Test Set, which embodies all
the little bits and pieces of the phase detector method,
including the ability to generate a very low noise
microwave reference signal, to make measurements
easier. Not a single box solution, it is always used with
one or more RF sources and a baseband analyzer.

It represents a modified phase detector method in that
it utilizes a dual-downconversion to baseband. A low noise
640 MHz reference signal (available from the HP8662A or
8663 Option 003) is multiplied to microwave with a step
recovery diode. A single combline is mixed with the
microwave DUT, to an IF in the range of 5 to 1280 MHz.
The double balanced mixer phase compares the IF signal
with the front panel output signal of the HP 8662A. A
variable bandwidth phase lock loop is used to generate
error voltages, to electronically tune the HP 8662A and
maintain phase quadrature at the phase detector.

To be able to determine the noise floor of the HP
11729B/8662A at any frequency, we need to understand
the effect of multiplication on the noise of a signal. Since
phase noise (or frequency noise) can be thought of as
continuous modulation sidebands, phase noise increases
when a signal is multiplied.
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There are three noise contributions in the HP 11729B —
the phase noise on the 640 MHz signal (available with HP
8662A Option 003), the noise on the tunable signal at the

phase detector, and the two-port noise of the HP 11729B.
COMPUTING HP 11729B/8662A System noise will depend on the frequency of the DUT,
SYSTEM NOISE and thus how many times the 640 MHz signal must be

tiplied.
Fd system (dBc) = multiplie

£ £2 £3
10 log (N2 x1070 4+ 1070 + 1070

)

N = Harmonic of 640 MHz reference

L 1 = Absolute SSB Phase Noise
of 640 MHz reference (dBc/Hz)
L 2 = Absolute SSB Phase Noise of the
5 to 1280 MHz output (dBc/Hz)
£ 3 = Two—port noise of
HP 11729B (dBc/Hz)
The 640 MHz signal is used for multiplication because
TYPICAL HP 11729B/8662A of its lower broadband noise level. Note that for low
SYSTEM SENSITIVITY multiplication factors, the broadband noise on the 320 to
640 MHz signal can add significantly to the total system
© noise. At higher multiplications (carriers greater than
about 8 GHz), the multiplied noise of the 640 MHz signal
2 o is dominant. This multiplication scheme results in about
0 - 30 dB lower noise at 10 kHz than that available with
3 microwave sources such as the HP 8670 or HP 8340
=% families. (At 10 kHz from a 10 GHz carrier, the HP 8670
- g o and HP 8340 have typical noise of about — 93 dBc¢/Hz; the
VCOATH0GH  © e, HP 11729B/8662A has typical noise of — 123 dBc/Hz at
""""""" ™ - this offset!)
SYNTHESIZER o \ \~\_
AT 10 GHz = -80 B
...... — g N \\ ) ~d_. -
DRO AT 5 o s HP 11729B/86624
16GHz N \ D NH“O Mz LT 10 o
It § -120 S \~§ ¥ — ™
10 MHz 2 N I~ '\i.\"‘“ﬁ--~
== S Sk
-160 = .
~
_“g:i Hz 1Hz 10 Hz 100 Hz 1kHz 10 kHz 100 kHz 1MHz 10 MHz
OFFSET FROM CARRIER
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PHASE DETECTOR METHOD-

IMPLEMENTATION

HP 117298

Phase

it

XN

‘\,%Detecwr

PLL

640 MHz

HP 86624 Opt. 003

510

1280 MHz
Input

Freq. Contro!
To Xtal +10V

10 MHz

Xtal
©
EFC

X
m/n

Front
Panel

Phase Locking thru the
HP 8662A Reference Oscillator

out

O

PHASE DETECTOR METHOD-
IMPLEMENTATION

HP 117298

Phase

XN

v@oetecmr

PLL

640 MHz

HP 8662A Opt. 003

5 to 1280 MHz

(nput

Freq. Contro!
to de FM

O

640 MHz

Phase locking thru the HP 8662A dc FM

Thus, the HP 11729B/8662A provides the lowest noise
floor for test signals to 18 GHz. It also provides the loop
VCO needed for the phase detector method. Depending on
the source under test and how wide of phase lock loop
bandwidth will be needed to maintain the phase detector
in its linear range, there are several ways to phase lock.
First, for very stable sources, phase lock can be
establishes through the electronic frequency control
(EFC) of the HP 8662A internal 10 MHz reference
oscillator, using the HP 11729B =10 V phase lock loop
control voltage output. This yields a loop holding range at
10 GHz of 1 kHz, and a maximum loop bandwidth of about
1 kHz also.

For stable free-running sources (cavities, fixed
frequency free-running sources), lock via the HP 8662A
de FM with the =1 V loop control voltage. This yields a
maximum LHR of 200 kHz, and a maximum loop
bandwidth of about 50 kHz.

Note that since obtainable HP 8662A dc FM deviation
is a function of frequency (and can drop as low as 25 kHz),
the obtainable LHR and LBW is dependent on the
frequency of the DUT and the resultant IF frequency. If in
a situation where the allowable deviation is only 25 kHz
and lock cannot be established, first change the DUT
frequency if possible to yield a new IF. If this cannot be
done, go to another method of phase locking.
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PHASE DETECTOR METHOD -
IMPLEMENTATION

put |HP 117298

g

Det

S
L~ I S/A
< PLL
Frequency
control
XN dc FM
tiv
840 MHz 1280 ?Al:o
z dc FM
HP 8662A
opt 003 51| HP 86408
1040 MHz

Phase locking using a third source
as the loop VCO

PHASE DETECTOR METHOD-
IMPLEMENTATION

DUT HP11729B

@_

® E ®dz DET

iz

g

€

o

(8]

=

2

s | Do

=]

o

4

w 640 MHz 5to

1280 MHz

HP 8662A
Opt. 003

Phase locking using the
frequency control of the DUT

to S/A

For very unstable sources, a third RF source can be
used as the loop VCO. In particular, the HP 8640B is a
good choice because it features wide de FM deviation (up
to 10 MHz).

A fourth choice for phase locking is via the tuning port
of the DUT. Since microwave oscillators typically have
much more tuning range than RF sources, this method
can be useful for locking very unstable sources. However,
since the phase noise of a source can be affected by tuning,
it is usually preferred to make the measurement without
using the DUT as the VCO.

In general, if the source is unstable to the point where
phase locking via a 3rd RF source or locking via the DUT
seems the only way to lock, it might be easier to use the
frequency discriminator method, in particular if very
close-in measurements are not desired.

Also check measurement set-up; see if line spurs can be
reduced with clean power supplies.
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COMPARISON OF LOOP VCO'S
AND LOOP BANDWIDTH (LBW)

vco Tuning Range | ¥ Max LBW
© HP 8662A foutr/107 1 kHz
* EFC
HP 8662A +25 to 50 kHz
dc FM +200 kHz
HP 8640B 15 MHz 100 kHz
dc FM
DUT >10 MHz 150 kHz

EFFECT of METHOD of
PHASE LOCKING
on SYSTEM NOISE FLOOR

— 20
[2]
g o HP 11729B/8640B
2 ~\
a HP 117298/
T -20 8662A in dc FM
E 40
c -
2 — HP 8684A/B
€ _s0
@
5
Q -80
e N N
2 _100 ~
§ HP 117298/ ~
g —120}- 8662A in EFC
£
§ —140 1 1
10 100 W 10k 100k m

Offset From Carrier (Hz)

Summarizes the options for phase locking and their
typical performance.

Since the method of phase locking uses different
sources, the system noise also changes. In general,
choosing a loop VCO with more tuning range increases

system noise. However, since it is usually noisier sources
that require more loop bandwidth, the increased system

noise typically does not limit the measurement.




PHASE DETECTOR METHOD-

PROCEDURE
1. Set—Up
2. Calibrate

3. Establish Quadrature
and Measure

4. Corrections

To see how to use the HP 11729B/8662A in the phase
detector method to make a phase noise measurement, let’s
review the procedure.
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DEMONSTRATION

Baseband
‘Analyzer

640 MHz

0-1280 MHz

 HPBSEGA/B h(:‘——] )
7 o €]
HP 8673B HP 11729B
Frequency Synthesizer
640 MHz PLL 5-1280 MHz

]

Phase Detector Method
Using the HP 11729B/8662A

TYPICAL MEASUREMENT RESULTS

86738 ot 1@GHz - 117298/8662A PHASE DETECTOR METHOD (EFC)
/.F REF -8.5 dBm ATTEN 1@ d8

1@ dB/

START @ Hz
RES BW 1 kHz VEW 38 Hz

HP 8673B at 10 GHz

Phase Detector Method
Using the HP 11729B/8662A

STOP 180 kHz
SWP 10.@ sec

INTERPRETING the RESULTS

&’(f)[dBo]= 10 10g P—;ﬂ-’ = (0 109 Pggh ~10109 Pg 1oKnz 100Kz

=Py powo: ot measured noise _
- Py power of actual cal signal —_
- CAL.ATTEN, attenuated cal power —_—
- 6d8 —_— -
- Bandwidth NORMALIZATION —_ =
+ S/A CORRECTION (if applicable) —_ —

L = - —
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Even with all the right components, and careful design
and technique, the primary limitation to the phase
detector method seems to be close-in measurement. The
phase detector method has theoretically good close-in
sensitivity. How can we make use of this?

BUT WHAT IF | WANT TO
MAKE MEASUREMENTS AT OFFSETS
INSIDE THE LOOP BANDWIDTH?

It is possible to characterize the effect of the phase lock
loop on noise, and then to add to the measured value the
PHASE LOCK LOOP amount of the loop noise suppression. A phase lock loop
CHARACTERIZATION can be characterized by injecting flat noise into the loop,
and then measuring the response of the loop.
DUT
REF Loop Test
Input
Vi (s)
Loop Filter
adais
Loop Test
Output
Vio (s)
Vio Forward Gain 1
Vi 1—0pen Loop Gain  1-Gq
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For loop characterization, the HP 11729B has loop test
ports. A random noise source or tracking generator (or
variable sine wave) is applied to the loop test input, and

SYSTEM SET-UP FOR the loop response can be traced out at the loop test output.
0 The HP 3582A’s or HP 3561A’s random noise source
‘ LOOP CHARACTERIZATION works well for this. Note that the noise source in the HP
3582A or 3561A is band-limited; thus, the HP 3582A can
be used to characterize loops only 25 kHz wide, the HP
HP 86624 3561A, loops 100 kHz wide.
‘ 5to
640
PLL 1280
MHz Control |MHz
Device
Under HP 11729B
Test
Loop Test HP 3582A
Output  Input
51“3’:;_:3 ? Random Noise J che
Here is a typical phase lock loop filter transfer function.
The display yields two important pieces of information.
PHASE LOCK LOOP First, the LBW can be determined, which designates the
CHARACTERIZATION offset frequencies for which an uncorrected phase noise
measurement can be made. In this example,
RANGE, -11 dBY  STATUS, PAUSED loop bandwidth is about 100 Hz. Any noise measured at
| eSS offsets greater than 100 Hz do not need correction. Second,
i e I T the amount of noise suppression as a function of offset

frequency can be measured and then used to correct the
measured value of noise. For example, at a 20 Hz offset,
the loop suppresses the noise by about 10 dB. The level of
phase noise measured at 20 Hz would need to be corrected
by this 10 dB for a valid measurement.

10

N
R S, L AR
[ . X . . X

—44.2 . . - . . . . . .
STARTs O Hz B¥: 375 wHz STOP: 100 Hz
X1 20 Hz ¥e-8.25 dBC/1

Typical loop filter transfer function
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We now have our final equation for obtaining £(f)

INTERPRETING THE RESULTS values from the phase detector method.

£(f) = Pr (f) measured noise power
— Bandwidth normalization
— P, measured cal signal
— Cal attn
— 6dB

+ S/A correction
(if applicable)

+ Loop noise suppression
(if applicable)

Since the HP 11729B and HP 8662A are HP-IB

programmable, an automatic phase noise measurement
AUTOMATIC PHASE NOISE system is easily set-up with the baseband spectrum
MEASUREMENTS analyzer of choice. As mentioned, a common system is the
HP 11729B/8662A/8566A and the HP 3561A if offsets
| __.] HP3s61A close-to-the-carrier are desired.
HP 117298 or
DutT HP 3582A
HP 8662A HP 8566A
ﬁ HP-1B ﬁ

k.

HP 9836A

SYSTEM ADVANTAGES

® Improved productivity and
accuracy

® Hard copy output

® Flexibility
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‘ AUTOMATIC PHASE NOISE
| MEASUREMENT SYSTEM

HP 3047A

Automatic Calibration and Measurement
of £(f). Sg (f), Sat (f), Sy(f), m(f)

Offset Range: 0.02 Hz to 40 MHz

Carrier Range: 5 MHz to 18 GHz
and above

Measurement Accuracy: + 2 dB

A fully configured hardware/software system for phase
noise measurements is found in the HP 3047A Phase

AUTOMATIC PHASE NOISE Noise Measurement System. It can be used in three
MEASUREMENT SYSTEM measurement modes, but is most powerful in the phase
HP 3047A noise mode.

= N

‘ 1. Direct spectrum mode

| 2. Noise sideband mode
(20 Hz to 40 MHz)

| 3. Phase noise mode

(5 MHz to 18 GHz)
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HP 3047A
SIMPLIFIED BLOCK DIAGRAM

HP 3582A
20 mHzto 25 kHz

1210 L>_‘ @ D[i(;—g
1BGH2R>§_1 loF LNA L les

HP 3585A
20 Hz to 40 MH2

>
§ MHz to
1.6 GHz

R

D
0.02 Hz to
40 MHz >

Phase Lock
Loop Controt HP 35601A
Voltage Output {\ HP-1B ,\I

) a1
System Software = =
= A=Y
/A
/——u
= ” §

HP 9836A

HP 3047A
SYSTEM SOFTWARE

Basic Automation

® Bandwidth settings
® Amplitude ranging l
® Measurements
® Conversions

® Graphics

Additionai Software
Benefits

® Enhanced accuracy

e Extended measurement
capability

® Data processing

The HP 3047A consists of the HP 3582A and HP 3585A
Spectrum analyzers, the HP 35601A Spectrum Analyzer
Interface, the HP 9836A Desktop Computer, and system
software and documentation. The HP 35601A contains a
microwave phase detector, an RF phase detector,
baseband signal processing circuitry, and a powerful,
variable bandwidth phase lock loop.

The HP 3047A system software not only takes the
manual steps out of the measurement, it also enhances
the accuracy and data processing capability of the
measurement.
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1 Increased accuracy is obtained with the 3047A’s
extensive ‘self-characterization’. The signal path is

many decades inside the loop bandwidth.

HP 3047A calibrated from the phase detector, thru the low pass
SYSTEM SOFTWARE filters and amplifiers, and including the phase lock loop
response. The 3047A uses an algorithm to correct for
POWERFUL SYSTEM SOFTWARE phase lock loop response, allowing accurate measurements

| RAISES ACCURACY AND VERSATILITY

‘ ® Signal path calibration
¢ Phase detector calibration
e Mixer dc offset calibration
e Phase lock loop
characterization
o Active marker
e Line drawing
¢ Integrated noise
e Three source comparison

The simplest use of the HP 3047A software is in the
direct spectrum mode, or the 40 MHz noise sideband
HP 3047A < 40 MHz NOISE mode. In the noise sideband mode, an internal source is
used as the reference, improving the sensitivity over the
SIDEBAND MODE direct spectrum capability of the HP 3585A. It is useful on
sources to 40 MHz.
HP 3585A HP 20 |HP3582A
20 Hz o \F 35601A kHz
40 MHz——1input  Out
| el
|
mvgmm g . '\‘ mszpsﬁ;m;h""u‘. HP 35854
SmEgIHZZER e e Q"~ /
ol BN A
DRO AT - Ay ae
1GHz E . M \\
\ e 3 > A R
-—— "~
>N \\
4?‘”1 1Hz 10 Hz 100 Hz 1kHz 10 kHz 100 kHz 1MHz 10 MHz
ET FROM CARRIER
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CONFIGURING THE HP 3047A
(PHASE DETECTOR METHOD) WITH
ARBITRARY REFERENCE SOURCE

Source

Under Test

o HP 3047A
REF

Q%
EFC =1
PLL

HP 3582A
HP 3585A

AUTOMATIC PHASE NOISE
MEASUREMENTS ON RF SOURCES
HP 3047A/8662A OR HP 8663A

T
DCU R HP 3047A
5 MHz to # DET

:A ﬁszo (2560) , . 1’

HP B662A or|L

HP 8663A
EFC OR [
PLL —
dc FM
HP 3582A
HP 3585A
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The most powerful configuration of the HP 3047A is in
the phase noise mode. The standard HP 3047A does not
include a reference source. For state-of-the-art
measurements, a second device under test or user-defined
reference source (one of which must be tunable) can be
used as a reference in the phase detector method.

For RF measurements, the HP 8662A or HP 8663A is
an excellent choice as a reference source, yielding a
system for measurement of sources at frequencies up to
2.56 GHz.




DEMONSTRATION

HP 3047A
|

HP 8656A "

HP 8662A

PLL Control Voltage

to DC FM Input

‘ Phase Detector Method Using the HP 3047A

| TYPICAL MEASUREMENT RESULTS

PHASE DETECTOR METHOD MEASUREMENT WITH THE 3@47A SYSTEM
e 10 AVERRGES CARRIER FREQ=E.480E+@8Hz Chpl JUN 26 18:80/18:88
[ o —— T T T T T T F T T

L 3
-1ef
-ze [
-sef
-4k

-sa
-7

fr—
_11e b g,
120 .,

-138 ——a—d
-148
~1se
-168 F

-178 C 1 i - — 1 Y 1 1 1

18K 188K
1K L(F) [dBc/Hzl vs FLHzl M

1 HP 8656A at 640 MHz

Phase Detector Method
Using the HP 3047A
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For microwave measurements, a number of HP sources

could be used as the reference, depending on the noise

HP 3047A PHASE DETECTOR METHOD floor desired. This source would be controlled manually.
1.2 GHz < f, < 18 GHz

puT HP 35601A

—3 LPF LNA
1210 Q

B | Q >

Oty £n

Control
Voltage

! Out
) (]
HP 8672A 2to18 GHz
HP 8673B/C/D 10MHzto 18 GHz oo =
HP 8340A e o HP 3585A
HP 8683A/B/D dc FM
HP 8684A/B/D dcFM
The HP 11740A Microwave Phase Noise Measurement
System is a complete Automatic System for phase noise
ETECTOR METHOD - characterization of sources, 5 MHz to 18 GHz. It consists
PHASE D of the HP 11729B Carrier Noise Test set, the HP 8662A (or
IMPLEMENTATION HP 8663A) Synthesized signal generator, the HP 3047A
HP 11740A Spectrum Analyzer System, the HP 9836A Desktop

Computer with required operating system and memory
(ordered separately), and system software, documentation
puT HP 117298 IF HP 3047A and warranty.

(~ OUTPUT | g DET
The HP 11740A adds the necessary hardware and
5 MHz R

software integration of the critical low noise microwave
to it % N\ reference source into the standard HP 3047A Spectrum
X : Spectr
18 GHz o Analyzer System, with an overall system specification
and warranty. All standard features and software
XN PLL ! capabilities of the HP 3047A discussed on earlier pages
are retained.

5 to HP 35824 The options permit deletion of an instrument already

640 ;,1 |2-180 Sgli';;o; HP 3585A owned or upgrading to a higher performance instrument.
MHz Z EFC or
o 5602 0ot 003 e de FM | Qutput In this configuration, the HP 11729B is used to
P upconvert the HP 86624, and to downconvert the
microwave DUT. The phase detector, baseband signal
processing and phase lock loop of the HP 3047A are

employed to complete the phase detector method
implementation.
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HP 11740A
SYSTEM ADVANTAGES

e Built—in low noise microwave
reference source and VCO

e Complete system specifications

e User—friendly,
menu driven software

® System documentation
and support

TYPICAL MEASUREMENT RESULTS

DEMONSTRATION
iF R

HP 8673B HP 11729B |°« 4 Enh At o e v ne

PLL Control Voltage e e
HP 3047A ” EE
HP 8662A ’ T
EFC 1Al PSPPI -
Phase Detector Method o LUF) TdBosizl vs i)

Using the HP 11740A

Phase Detector Method
Using the HP 11740A
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Here’s a very detailed isolation of potential error

sources. Of course, the largest potential error is the
PHASE DETECTOR METHOD relative accuracy of the spectrum analyzer, with the
CONSIDERATIONS IN SYSTEM ACCURACY accuracy of the calibration step, and the baseband signal
processing (low pass filters, LNA) flatness also very
puT important.

11
0

Spectrum Analyzer

CONTRIBUTOR TYPICAL UNCERTAINTY (+dB)
1. Spectrum analyzer accuracy 0.4-1.5
(relative)
2. Attenuator accuracy of calibration 0.4
3. Mismatch uncertainty (ossociated 0.15
with setting CW reference level
4. Uncertainty in +2.5 dB correction 0.20
5. Accuracy of measured IF noise bandwidth  0.20
6. Relative IF bandwidth gains 0.05
7. Anglyzer frequency response 0.25
8. Phase detector flatness 0.20
9. Baseband signal processing flatness 0.50~1.0
Now, depending on whether the errors are simply
linearly summed, or the root sum of the squares is taken,
PHASE DETECTOR METHOD or maybe some combination of the two, a phase noise
measurement using the phase detector method can be
CONSIDERATIONS IN SYSTEM ACCURACY made with better than +2 dB accuracy.
(CONTINUED) '
CONTRIBUTOR TYPICAL UNCERTAINTY (+dB)
10. Random error due to 0.5
randomness of noise
11. Mixer dc offset/quadrature 0.03
maintenance
12, Noise floor contribution 0.2
(“M = JM —15d8)
13. Accuracy of loop characterization 0.2
OUTSIDE LOOP BANDWIDTH
Minimum Maximum
LINEAR SUMMATION 3.08 4.68
RSS 0.85 1.53
INSIDE LOOP BANDWIDTH
(one decade)
Minimum Maximum
LINEAR SUMMATION 3.28 4.88
RSS 0.86 1.53
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The phase detector, the PLL, the reference source — all

PHASE DETECTOR METHOD are critical components in the phase detector method.
Measurement procedure and system set-up can also be
GENERAL SYSTEM PRECAUTIONS very important. Here is a list of things to watch out for,

. and possible sources of error.
@ Non—linear operation of the mixer

will result in a calibration error

® Saturation of the amplifier or S/A in
| calibration or by high spuriour signals
(e.g. line spurs)

‘ o Distortion of RF—signal yields deviction
‘ of Ky from ¥y peak

| ® Supression or pecking of noise near the
phase lock loop bandwidth

o Impedance interfaces should remain unchanged
between calibration and measurement

o Injection locking of the DUT can occur

Deviation from phase quadrature
(results in lower Ky)

o Closely spaced spurious can be misinterpreted
as phase noise with insufficient S/A
resolution and averaging

e Noise injected by peripheral circuitry
(e.q. power supply) can be a dominant
contributor to phase noise

o Vibration can excite significant noise in DUT

In final summary, the phase detector method is
enjoying increasing popularity because it has the lowest

PHASE DETECTOR METHOD overall system sensitivity. It is also the most complex

method, but with careful system design, it can be a very
general-purpose solution.

ADVANTAGES
e | owest overall noise fioor

e Wide range of offset frequencies

¢ Wide input frequency range

¢ Some AM suppression

e fasily automated

DISADVANTAGES

® Requires two sources

e Complexity

e Close—in measurements require
additional correction

e Difficulty with locking up high drift
rate sources
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4. Frequency Discriminator Method

The fourth method of phase noise measurement on

PHASE NOISE sources is called the frequency discriminator method (also
sometimes called the one-oscillator method). In this
MEASUREMENT OF SOURCES method, the frequency fluctuations of the source are
translated to baseband voltage fluctuations which can
4, Frequency Discriminator then be measured by a baseband analyzer. K, the
method frequency discriminator constant in V/Hz, is defined as

the translation factor between the frequency fluctuation
at the input of the discriminator and the corresponding
voltage output. The fundamental output of the frequency

discriminator can be described by S,«f), the spectral
v o UUD density of frequency fluctuations.
oL K
Frequency ;—[:Jm ©° _

DUT

Af —————— AV

Discriminator

sy () = S rme®) | Ha?|  Syrmslf)

) Hz Kg*

)

Syrms @) = power spectral density of the
voltage fluctuations (V¥/Hz)
K¢ = frequeney discriminator
constant (V/Hz)
There are several common implemenations of frequency
discriminators, each with its own advantages and
FREQUENCY DISCRIMINATORS disadvantages. For example, a cavity resonator used as a
frequency discriminator can yield very high sensitivity,
® Delay Line / Mixer but typically very narrow input bandwidth. We will
. . concentrate our discussion on the delay line/mixer
e RF Bridge/Delay Line implementation,

e Cavity Resonator

® Siope Detector and
Ratio Detector

® Dual Delay Line
(Cross—Spectrum Analysis)
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TYPICAL SENSITIVITIES OF A delay line/mixer used as a discriminator has typical
FREQUENCY DISCRIMINATOR METHOD Sensitivity as Shown; notice that the sensitivity isa
function of the delay time. The frequency discriminator
© method has very good broadband sensitivity; however,
because of the inherent relationship between frequency
i - and phase, the sensitivity of the discriminator method
s 0 T Jd degrades as 1/f* as the carrier under test is approached.
3 - N Because this slope follows the noise characteristic of free-
£ w .. A running sources, and because this technique does not
e & o \ 65 s require a second source for downconversion, it is useful for
""""""" g T~ % measuring sources with large, low rate phase
o g 2 a0 ANEENA \\ %o instabilities. But because of its high close-in sensitivity, it
U I BN N AN c—\v\“‘ . is not very useful for measuring very stable sources close
16H 4 \ N\, "~ to the carrier.
g 12 N\ \\ ~d <
iz 2 N had
B g L\\\\ NG
- 160 ~ ~ \‘ \X
O.1Hz 1Hz 10 Hz 100 Hz 1kHz 10 kHz 100 kHz 1MHz 10 MHz
OFFSET FROM CARRIER
This graph then compares all four measurement
methods with the four “standard” sources that have been
COMPARISON plotted on all previous sensitivity graphs. Remember that
OF SYSTEM SENSITIVITY the phase detector method sensitivity is really only a
theoretical value given a perfect reference source. In a
4 practical system, the noise floor of the reference sets the
" system noise floor.
5 0 \C -
3 N,
2 20 SN
o X
A S S
2 . AN
£ o -
et I s NN
VCO A 2z = - =~
------------- 8 o R 4 N NN S SIA AT 12 GHz
SYNTHESIZER 5 -100 ST 4
':m_o?Hi 2 120 N PHASE N \\ \‘\-: -
. B P < [PEECToR Ny \\\ o \ﬂ“'-'w\_
1GHz -140 b = — Y < o
YR P! ~ D
iz -160 S
e To16 o, | I W
‘180?1 Hz 1Hz 10 Hz 100 Hz 1KkHz 10 kHz 100 kHz 1MHz 10 MHz

OFFSET FROM CARRIER
CMI2TA
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DELAY LINE/MIXER USED AS A
FREQUENCY DISCRIMINATOR

Delay line 74

Phase

g
“ Detector ()
[

Power
Splitter or
Coupler

Phase

Shifter \\
TDD °

Baseband Analyzer

MEASURING S (0

M — Ny ——— AV

¢ =
Ap = 27Ty AFH) SN0

AVrms = KgAPrms

AVipg = K ¢zw‘rd af o @)
Af )
rms
Wil

Kg2™ P g = 11z

In the ‘delay line/mixer’ implementation of a frequency
discriminator, the DUT is split into two channels. One
channel, sometimes called the non-delay or reference
channel, is applied directly to one port of a double-balanced
mixer, which will be operated as a phase detector. This
channel is also referred to as the local oscillator channel
since it drives the mixer at the prescribed impedance level
(the usual LO drive). The other channel is delayed
through some delay element, and then input to the other
port of the mixer.

Note that the delay line can serve as a frequency to
phase transducer. That is, the nominal frequency arrives
at the phase detector at a certain phase. If we change the
frequency passing through the delay line, then the
amount of phase shift incurred in the fixed delay time will
be proportional to the frequency. This delay element
uncorrelates the noise of the source arriving at the phase
detector in the two paths. The phase detector then
converts the phase fluctuations into their voltage
equivalent for measurement.
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THEORY OF DELAY LINE FREQUENCY DISCRIMINATOR

v(t)
O on([]
V(1) - Ky (1)

Delay time 7
\

1{t) = 15 +41 sin 2nft
V(1) = Vp cos (2ot * %cas 2rtt)
Carrier with sinusoidat FM fo - Carrier frequency
{-FM rate
af=FM  deviation
Phase Diff on Phase Detector A¢(t)
Ad(t) = 2nfg (t- 1) * A;"cos 2nt(t - 7) - 2rtot - A'—'cos 2rft

a6(t) -—2ro 7+ Bliicos 2rt (t — 1) — cos 2nft)]
‘ Ao(t)-—2rto 7+ 25 sin mtr [sin[27rt @t ‘TT)]]
Phase Detector Output: V(t) = K4 Ao(t)

for 2rfor=(2k * 1)5 (Phase Quadrature):

‘ (1) - Kg 288 sin o7 sin 27t (1= 5)

Transter Function

av-Kg 288 sin tr - Ky 27 At s';‘,’:'j

1. sin rfr
fort< 2+ wfr 1
AV =Ky 277 Af

Ka [ 5] - Frequency Discriminator Constant = Kg 2rr

Td vs. USABLE OFFSET FREQUENCY

74 =500 ns

0to4 MHz
f N i
S
{ |
|
|
|
|
|
|
0 — f
| f=2 MHz f=4MHz
-1
d

Swept Calibration Display

o2 (f) = S_Af_(;)
2f
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A more rigorous derivation of a delay line/mixer used as ‘
a frequency discriminator is shown here. The important
equation is the final magnitude of the transfer response.
The sinusoidal output term of the mixer responds as sin
nfr/wfr. This means the output response is periodic in
o = 27f, and will have peaks and nulls, with the first null
at 1/74. To avoid having to compensate for the sin x/x
response, measurements are typically made at
modulation frequencies well away from the null, % or less.
It is possible to measure to offset frequencies out to and
beyond the null by scaling the measurement results using
this function, but the sensitivity of the system gets poor
near the nulls.

Also note that the final transfer function (assuming
measurements made <%7q) is independent of carrier
frequency. Thus, a 50 ns line at 10 GHz has the same
sensitivity as a 50 ns line at 500 MHz.

To see the effect of the delay element on input
frequencies, note that if the differential delay between the
two channels is zero, there is no phase difference at the
detector output as a swept CW signal is applied to the
system. Here, the detected output interference display is
shown when a swept frequency CW signal is applied to a
system which has a differential delay of 500 ns. (The
signal amplitudes are here assumed to be almost equal.)
Since there is a two-channel note, there is a null in the
response every 360 degreess 1/74 Hz as shown.

Lastly, the conversion to £ (f) is shown again here.
Because the frequency discriminator outputs S, (f)
directly, when the sensitivity of the frequency
discriminator system is plotted as a function of phase
variations £(f) or S ¢(f), the offset frequency squared
term, f2, in the denominator indicates that system
sensitivity will increase by 20 dB per decade as the
offset frequency of the measurement decreases. The
sensitivity gets better until it equals the sensitivity of
the phase detector at an offset frequency of 1/(2m7).




To better understand the frequency discriminator
method, let’s go through a typical measurement procedure

FREQUENCY DISCRIMINATOR on our test source. There are basically four steps in the

METHOD PROCEDURE delay line/mixer implementation: 1) set-up and measure
power levels, 2) calibrate, 3) establish quadrature and

measure, and 4) corrections.

1. Measure Power Levels

2. Calibrate

3. Establish Quadrature and Measure
4. Corrections

One calibration (ie, establish the transfer coefficient
from frequency fluctuations to voltage fluctuations)
method is to determine K, from 74 and K. 7, is a function
2. CALIBRATION METHOD #1 of the length and type of delay element used; 7, is
approximately 1.5 ns/foot for cables with polyethelene
dielectric. K, or the phase detector constant, can be
measure 74 and K¢ determined by establishing a sine wave out of the mixer.
The slope of the sine wave at the zero crossings (K, is
equal to the peak amplitude of the signal (for linear mixer

? 1
- av rmé (f) - AVrmb ) | Hz? operation). This calibration method requires an accurate
sAf (f) - P 1 — measure of the delay, 4. This can be determined by
(K¢Z W Td) Kd Hz measuring the carrier frequency difference, Af, between
two consecutive zero crossings on the quadrature monitor
s (Afo = l ).
L T4 15 a function of delay element used 27y

T4 = 1.5ns/foot for cables with
polyethelene dielectric

2. K¢ = Vppeak for sinusoids
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2. CALIBRATION METHOD #2
Find composite K4 by evaluating response
of system to a well—characterized input.

Calibration
Source

Tq
O-& -0
E

Phase
Shifter

e [HILI
pectrum =

Analyzer giz——ﬂ

A ! \ A ! T "Vrms
fo fm fm
f - Afrms Hz
Vrms  V

Using:

e Known sideband/signal or
e Known B or

e Known deviation

3. ESTABLISH QUADRATURE
AND MEASURE

Td
> L)

Shee
il
SO

Baseband
Analyzer

A. Establish Quadrature by:
1.) Using phase shifter
2.) Using line stretcher
3.) Varying DUT frequency

B. Measure Syrms(f) on spectrum
analyzer
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A more common calibration method is to determine the .
composite K4 by evaluating the response of the system
(delay line, mixer, low pass filter and LNA) to a known
input. This can be done by setting up a single FM tone
with known sideband/carrier ratio, or by setting up FM
such that the carrier is nulled, yielding a known
modulation index, or setting up a known deviation (with
the system in phase quadrature). The response of the
system to this known value can then be used as a
reference level.

After calibration, the input signals to the phase
detector are re-adjusted for the phase quadrature
condition (90 degrees out of phase) if necessary. There are
several ways to establish quadrature. First, you can vary
the frequency of the DUT slightly (perhaps a couple of
MHz is sufficient), until the average voltage out of the
phase detector is 0V dc (measured on a quadrature
monitor such as an oscilloscope or DVM). If the DUT
frequency cannot be changed, a line stretcher can be
added to the fixed delay path and adjusted until
quadrature is established. Typically, no more than a few
inches of variable length are needed. If this is awkward,
manual or digital phase shifters can also be used.

Once quadrature is established, the spectral density of
the voltage fluctuations can be measured on the baseband
analyzer. Typically, the delay line is broadband enough
such that even if the source drifts, the two inputs to the
phase detector will remain in the quadrature condition for
the duration of the measurement. However, quadrature
should be monitored during the measurement, in case the
DUT frequency changes significantly.




4. CONVERT TO PROPER UNITS
AND CORRECTIONS

MR 99. 2 Kz
/F =-5.9 dBm ATTEN 18 B —47.58 dbm
18 d8/
l\
MAR
g9, F H3
-47]50 ¢Bm "
START @ Mz STOP 200 kHz
RES BY | kHz VBY 20 Hx SWP 2.0 eac
AV e in | Hz Bandwidth = sideband level AV
rms ms
- normalization to IHz
= 8/ correction N
MVhpelf)  HE
Spsf) = T W

COMPUTING S () FROM
S/A DISPLAY

I Establish known cal. sideband/carrier = fcqf = dbe
. Translate to oy = antil = Watt
2. Translate to o = antilog ofzql /10 ot

3. Find Mg} in rmsHz

A'FCGI = fm /deﬁ = rmsHz

4. Translate Afeq) 1o dBHz

Afeaf (dBHZ) = 20109 Afeq = — dBHz
5. Measure P s ____ dBm
6. find scale factor
SF(0B) = Acq) (dBH2) ~ Peg) (dBM) = — dBHz/dBm
7. Measure Pygise (in 1Hz Bandwidth)
8. $p4 () (dB) = Ppgisg + SF
9. 354(f) (:—f> = antilog 'i%(:ﬂ «® C HFZL:
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After measuring the spectral density of the voltage
fluctuations, the measured values are converted to the
proper units and corrected. First, since S,(f) is defined on
a per Hertz basis, the measured noise is normalized to a 1
Hz noise bandwidth. The 2.5 dB spectrum analyzer
correction is taken into account if necessary. But how do
we convert the measured noise (in dBm) into units of
Hz%/Hz?

If units of S,(f) are desired, the data manipulations are
shown here. They look more complicated then they are,
because the data has to be translated from log form to
absolute terms and back again several times.




Since we are using a spectrum analyzer (which ‘
measures power) as our baseband analyzer, it is much
easier to translate the measured voltages into Su(f) or L),

CONVERT TO £(f) IF DESIRED as shown here. Note the correction factor to translate
the calibration term from the calibration offset frequency
8 f(f) to a given measurement frequency. This term comes from
#) = _AT the U/f2 in the translation of S,(f) to L(f).
2f 0 kHz 100 kHz
X6 = measured noise level —  (dBbm) —
- detected —  (dBm) —

calibration level

- sot sidebondto  — (4B —
carrier ratio

Bandwidth Normalization =—— (dB) —
S/A CORRECTION (if applicable) —— (dB) —
- 20109 fy/fes) — B —

L (f)= — (dB¢/Hz) —

DEMONSTRATION
TYPICAL MEASUREMENT RESULTS

ouT L LPF
7 O Baseband 8BS6A at B4BMHz - DELAY LINE DISCRIMINATOR METHOD
Q -‘ "‘ \ Analyzer fp RER -32.0 dBn  ATTEN 10 dB

R 18 dB/

delay

Quadrature
Monitor

HP 85668
Spectrum Analyzer \

HP 8656A C e
t S

START @ Hz STOP 18@ kHz
RES 8W 1 kHz VBW 38 Hz SWP 10.@ sec

HP 8656A at 640 MHz

Delay Line/Mixer
Delay Line Mixer SN Frequency Discriminator Method

34’ Cable

Frequency Discriminator Method
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CONSIDERATIONS IN
SYSTEM ACCURACY

|

=xom

CONTRIBUTOR TYPICAL UNCERTAINTY (+dB)
. Accuracy of power level

measurements (relative)

. Spectrum analyzer accuracy (relative)

3. Attenuator accuracy of calibration

FS

. Mismatch uncertainty associated with

setting CW reference level

. Uncertainty in +2.5 dB correction
. Accuracy of measured IF noise bandwidth
. Relative IF bandwidth gains

. Analyzer frequency response

0.05

0.4-1.5
0.06
0.15

0.20
0.20
0.05
0.25

10.
1.

12.
13.

CONSIDERATIONS IN
SYSTEM ACCURACY

(Continued)
TYPICAL UNCERTAINTY
CONTRIBUTOR (idB)

. Frequency discriminator flatness 0.30
Baseband signal processing flatness 0.50-1.0
Random error due to randomness 0.50
of noise
Mixer dc offset/quadrature maintenance 0.03
Accuracy of setting mod index 0.10
or sideband carrier

TOTAL UNCERTAINTY (+dB)
Minimum Maximum
Linear Summation 2.79 4.39
RSS 0.84 1.53

Here’s a fairly detailed analysis of potential error
sources, with an estimation of typical values. The major
contributor to system accuracy is the accuracy of the
baseband analyzer; this is kept small by using the
analyzer in a relative mode (ie, by measuring the noise
relative to the calibration level). The flatness of the
baseband signal processing section can also contribute
significantly to overall system accuracy. Better accuracy
can be achieved if this contribution is measured and then
compensated for.

Taking all these inaccuracies into account, an overall
system accuracy can be determined.
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‘ 150 kHz

USING THE HP 8901A
MODULATION ANALYZER
AS A FREQUENCY DISCRIMINATOR

The simplest frequency discriminator implementation
is the HP 8901A. It can be used directly with a baseband
spectrum analyzer for sources to 1.3 GHz, or higher
frequency sources can be first downconverted and then
input. Alternatively, the IF output from the HP 8568A/B
or HP 8566A/B can be used to drive the HP 8901A.

The HP 8901A, combined with a downconverter if
necessary, is a simple solution providing sufficient
sensitivity for many sources.

‘ t01.3 GHz@ —
DUT (_:: HP 8901A
10 MHz
to 26 GHz 1
| [ LPF]| =
1 il
HP 8660C [ e
HP 8662/3A — —
HP 8672A
HP 86738/C/D HP 30820
HP 8340A HP 3561A
HP 8683A/B/D 21.4 MHz HP 3047A
EHEARR,, TWER| | e
HP 8566A/B
Baseband
100 Hz @_. HP 8568A — Spectrum
to 1.5 GHz Analyzer
DUT
100 Hz to 214 F Out
22 GHz @... HP 8566A MHz IF Ou
DUT
TYPICAL SENSITIVITY OF THE HP 8901A
USED AS A FREQUENCY DISCRIMINATOR
© T
20— T.Zé‘?;"n‘;‘/
AN
g L
g N
FREE-RUNNING 5 40 Ny N
VCOATHOGH: & .. \\
SYNTHESIZER § N\
AT 10 GHz 5 & s
------ - 4 ~ N
y i
Tor 4 ” N . i
e 20 .,
10 MHz 2 N i\‘r:*op :@A o it""'\'.-h
XTAL 140 - — ]
T Z _
‘ -160 e ™
—%OHZ 1Hz 10 Hz 100 Hz 1kHz 10 kHz 100 kHz 1MHz 10 MKz
OFFSET FROM CARRIER
w7
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FREQUENCY DISCRIMINATOR
METHOD — IMPLEMENTATION

HP 3047A
5 MHZ
T0 delay element
18 GHZ
[ ]
1%)
phase shifter HP3582A
USER—-SUPPLIED HP3585A
HP3047A

e discriminate at carrier frequency

ADVANTAGES OF
HP 3047A SYSTEM USED IN
FREQUENCY DISCRIMINATOR
METHOD

* Automatic calibration, conversion
of units

® Hard—copy output

e Sensitivity follows spectra of
free—running source

® Only one source required

For better sensitivity, the HP 3047A can be used in a
frequency discriminator mode (delay line/mixer used as a
frequency discriminator). The DUT is externally split, one
side is delayed, and both the delayed and the reference
channel are input to the system. The software leads the
user thru the measurement, allowing calibration on a
known sideband, or inputting of the discriminator
constant K.

Using the HP 3047A in the frequency discriminator
mode allows the data collection and translation to be done
automatically. The HP 3047A contains both a microwave
phase detector and an RF phase detector.
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TYPICAL MEASUREMENT RESULTS
DEMONSTRATION
3@47A SYSTEM MERSUREMENT USING A FREQUENCY DISCRIMINATOR
° 18 HVE'RﬁGE'S CARRIER F?EQ-S.QBBE?-BBH: . i Chpl JUN 28' 15141/18:'5al-I
DuT Pelay Line LPF  LNA k, Caof B -
-30 R e
o b ]
R Baseband ~ser
Splitter Analyzer eor =
-s8 { 3
e | ]
“J e 3047A B %
HPBB56A S Nt
System _te0
Splitter R -1s@ : - —
347 Cable -\wm o L) C[dBesHzl vs f thzd sgeK
Delay Line/Mixer HP 8656A at 640 MHz
Frequency Discriminator Method Delay Line/Mixer
Using the HP 3047A System Frequency Discriminator Method
Using the HP 3047A System
The HP 11729B can also be used in the frequency
FREQUENCY DISCRIMINATOR METHOD- discriminator mode. A single, fixed frequency 640 MHz
signal is still required. The DUT is downconverted, and
IMPLEMENTATION HP 11729B/8662A the discriminator placed at the IF. The necessary power
splitter and phase detector are already provided. The only
IF Output Ext. external piece of hardware needed is a simple length of
Delay cable, which can be as inexpensive as a piece of RG 55
| HP117298 nnn cable, since the highest operating frequency is less than
Sas () 1.3 GHz. The HP 8662A with internal FM modulation can
@— 9@ Af be used as a convenient calibration signal.
5 :AH: ™~
o] ~
Baseband
18 GH o~ Spectrum
XN Analyzer
HP8662A
¢ Discriminate at HP11729B IF
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. Typical achievable system sensitivity is shown here. A
34 ft.-length of coaxial cable was used as the delay
TYPICAL SENSITIVITY OF HP 11729B/8662A element. Of course, longer delay lines would yield

IN FREQUENCY DISCRIMINATOR METHOD increased sensitivity, but reduced offset frequency range.

20
o 0
é -20
b | TYP. MEASUREMENT
g ../ SENSITIVITY 5=50ns
FREE-RUNNING 2 /
VCOAT10GHz 4
............. g -60 N .
SYNTHESIZER o Q.
AT 10 GHz 5 8 N~
———— g N N g Toag
DRO AT Z -0 N N N “d
1GHz 7]
. % o I AN \\ \;‘
%,
“)’('FAAT.Z 2 140 N . e
—_——— ~ ] [ ™YPICAL svsTEM "
160 ~ ~. NOISE LiMIT
-180
0.1 Hz THz 0Hz  100Hz  1kHz  f0kHz  100kMz  IMHz 10 MHz
OFFSET FROM CAARIER

TYPICAL MEASUREMENT RESULTS

Analyzer GUNN 0SC 1@.SGHz 117298 FREQ. DISC. METHOD - DELAY=S8NS
fp RER _-30.8 dBm _ ATTEN 18 dB

1@ dB/

640 HP 8566 A/B I T | T 1 T
MHz

34’ Coax

IF Out Cable EC]D (@)

DuUT —
<: ) HP 117298 5-1280 IN l - 2 2

<10 MHz Noise Spectrum

640 MHz f

START B Hz STOP 108 kHz
RES BW 3860 Hz VEW 18 Hz SWP 108 sec

Delay Line/Mixer

‘ | Frequency Discriminator Method
Delay Line/Mixer
1729B/8662A
Frequency Discriminator Method Using the HP 117298/
Using the HP 11729B/8662A




CONVERT TO 2(f) IF DESIRED
o) = 2L ~
2f 0 kHz 100 kHz
X = measured noise level —  (dBm) ——
| - defected — (dBm) —
calibration level
- st sidebandto  — (4B —
carrier ratio
Bandwidth Normalization —  (dB) —
S/A CORRECTION (if applicable) ——  (dB) o=
- 20104 fm/’fcal — B —
L ()= — (dBe/Hz) —
|
| The HP 11729B/8662A in the frequency discriminator
| HP 11729BI8662A IN mode provide an easy solution for measurements on
| unstable or free-running sources. It can be used to
FREQUENCY DISCRIMINATOR METHOD measure sources to 18 GHz, yet the discriminator always
operates less then 1.3 GHz. The one disadvantage of HP
ADVANTAGES 11729B/8662A implementation over a true ‘single source’

technique is that the measurement is limited to the noise

®|ncreas sensitivity can be
ed Y floor of the multiplied 640 MHz signal.

obtained with long line
without problem of loss
oHP 8662A can be used
for calibration
*Built in quadrature monitor
®Broadband discriminator
eDelay line at IF less expensive
to implement than
delay line at microwave

DISADVANTAGES
e Limited to noise floor
of multiplied 640 MHz
® Quadrature set by varying DUT
frequency or length of line
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FREQUENCY DISCRIMINATOR METHOD

ADVANTAGES

® Requires only one source

® Low broadband noise floor

® Sensitivity matches free
running VCO characteristic

® AM Suppression

~30 dB to 1.5 GHz
=15 dB > 1.5 GHz

DISADVANTAGES
® Poor close—in sensitivity
* May be difficult to implement
delay—line discriminator
at microwave due to
loss of line and microphonics
® Other sensitive implemen—
tations at microwave
are usually narrowband

In summary, the primary advantages of the frequency
discriminator method are shown here. In practice, it may
be difficult to implement the delay line discriminator at
microwave frequencies, as longer delay will improve the
sensitivity but eventually the loss in the delay line will
exceed the source power available and cancel any further
improvement. Also longer delay lines limit the maximum
offset frequency that can be measured.

5. Summary of Source Measurement Techniques

SUMMARY

Q: So now | know all about
Phase Noise.
But which method do | use?

A: That depends!
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The first criterion for deciding on a particular method o‘

phase noise measurement is how low the source or device
CHOICE OF METHOD DEPENDS noise is that is to be measured. Here againis a
ON WHAT YOU WANT TO MEASURE! comparison of the sensitivities of the four phase noise
measurement methods. Direct spectrum method is easiest
% if the source is stable and the noise is fairly high; time
i domain has limited usefulness. Frequency discriminator
sensitivity follows the spectra of free-running sources; the
3 © N phase detector method can have the lowest overall
| g 0 \\ sensitivity, depending on the reference source used.
Q |
=
& -40 A
o« AN S
% -60 ~ > > <
FREE-AUNNING o i S~ R L
VCO AT 10 GHz "IN _HETERODYNE/ N~
............. # oUTER y ~.J SIA AT 12 GHz
SYNTHESIZER 2 100 LY
AToGH & N s O
I _ L =~
0RO AT % 20 . L PHhSE DETECTOR ‘\\ “w\ N
1 GHz RN BN 10 GHz - ~ r e |
—— b SN . N, 100
o o ,\ N oy e
XTAL 1016 GTz—/ B RS i“\
—'80c.1 Hz 1Hz 10 Hz 100 Hz 1kHz 10 kHz 100 kKHz 1MHz 10 MHz
OFFSET FROM CARRIER
Cmi2r
To determine usable sensitivity in the phase detector
method, the reference source must be specified. Here are
low noise sources usable for references, from 10 MHz to 10 GHz.
20
[ HP 8684B at 10 GHz —
S
| _ >
| E -40 A —
g N
£ .50 L— HP 86738 at 10 GHz— >~
H N e, ~
2 60} HPBBE2A e =
2 at6OOMHz Ny e, N
? -100 ‘\\ ~.,.:.> .
§ ~ Ty
= " Phase \&-....._ Sreesll e
® 0| Detector s [T St e
10 MHz O e
-160 [-—————T—""Crystal §eoe
7“’(?1}11 1Hz 10Hz 100 Hz 1kHz 10 kHz 100 kHz 1 MHz 16 MHz
OFFSET FRBM CARRIER (Hz)
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Given what you know about the performance and

MEASURING A PHASE-LOCKED complexity of the measurement methods, which method
would you recommend to test the phase noise of a phase-
MICROWAVE SOURCE locked microwave source with this level of expected phase

noise?
elocked to 100MHz input

¢Good long—term stability

Y
2

/

8

$58 PHASE NOISE T CARRIER RATIO |dBe/Hz|
8

~.

B

-160

-180
01Hz 1Hz 10H2 100Hz TkHz 10 kHz 100 kHz 1MHz 10 MHz
OFFSET FROM CARRIER (Hz)

Which technique would you choose for this Gunn diode
VCQO? Why?
MEASURING A FREE-RUNNING

MICROWAVE SOURCE

@ ® X—Band source
with tuning

-40
20 \
0 \,

ER \

= ‘\

g

2

= 40

g N

S 60

e

5

5 -80

g

P N

£ -100

% N
-120 N
-140
160

014z 1Hz 101z 100Kz 1kHz 10 kHz 100 kHz 1MHz 10 MHz
OFFSET FROM CARRIER (Hz}
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MEASURING A HIGH-QUALITY
LOW FREQUENCY OSCILLATOR

e High stability
10 MHz crystal

e Good long~term
stability
(<ppm/day)

-20

8

&
2

/

3

8SB PHASE NOISE T CARRIER RATIO {dBc/Hz)
3

3

—

E

-180
B.1Hz 1Hz 10Hz 100 Hz 1kHz 10 kHz 100 kHz 1MHz 10 MHz

QOFFSEY FROM CARRIER W2}

GENERAL SYSTEM CONSIDERATIONS

or
how to make things easier with careful set-up

e Heat sinking of source
e Microphonic isolation of source
e Reduce frequency pulling effects
on source with circulator
e Choose cable to reduce microphonics
eThe RFl of the environment
e'Clean" power supplies
e Resonant frequency of building!?

What about this high quality quartz oscillator?

With a better understanding of the fundamentals and
mathematics of phase noise measurement, don’t forget
that the real world is still out there! Experience in
making phase noise measurement quickly teaches that
careful set-up and system environment are critical to good
measurements.
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Phase Noise Measurement

Systems Comparison

HP 11729B HP 3047A HP 3047A/11729B
Phase Noise Phase Noise MwPhase Noise
Test System Measurement Measurement

System System
" THP é566A/B” " HP 3585A HP 3585A
1 HP 8568A/B 1/ K Spectrum Analyzer ||| Spectrum Analyzer
! HP 3585A :
HP 3582A : HP 3582A
' HP 3961A ' HP 3582A

'Spectrum Analyzers_:

Spectrum Analyzer
Dei——

Spectrum Analyzer

-
e | HP 35601A HP 35601A l
HP 117298
Phase Noise S.A. interface L__S.A. Interface
Test Set r = HP 11729B
| HP 8662A | Phase Noise
HP 8662A or HP 8663A | Test Set
HP 8663A | Hp 8640A - ]
Synthesized SigGenj || HP 8672A | HP 8662A or
|1 pR 36738 i HP 8663A
elerence Sources i Synthesized SigGen
—
P ————— - -1 HP 9836A HP 9836A
! Controller ' Controtler Controller
b mnrmam = — — )
Principle of DUT DUT DUT
Operation Q
Reference Comparable Source | Reference
Frequency Range .005 — 18 GHz .005 — 18 GHz 005 — 18 GHz
Low Noise Microwave yes no yes

Reference Signal

System Noise
Spec at 10 GHz

-120 dBc at 10 kHz
-132 dBc noise floor

-160 dBc at 10 kHz *
-160 dBc noise floor

-120 dBc at 10 kHz
-132 dBc noise floor
(with 11729B)

Noise Spectrum <10 MHz <40 MHz <10 MHz (<40 MHz)
(offset frequency)

Two-port Noise no yes yes

Delay Line Mode yes yes yes
AM-Noise (Microwave) yes w/external detector yes

Manual Operation yes no yes
Automatic Operation yes yes yes
(HP-1B)

Software User Provided extensive extensive

*Specification shown requires a second, user supplied source of comparable phase noise.
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1. Measurement of Two Port Phase Noise

Turning to phase noise measurements on devices, our .
SEMINAR AGENDA selection of measurement method is significantly easier.
Again, the phase noise added or contributed by a device is

|. Basis of Ph Noi - ‘o
asis of Phase Noise called two-port, or residual, or additive noise.

Why is Phase Noise important?
What is Phase Noise?

What causes Phase Noise?
Quantifying Phase Noise

ll. Measurement Techniques
on Sources

Direct Spectrum Method
Heterodyne/Counter Method
Phase Detector Method
Frequency Discriminator
‘ Method
Summary of Source
Measurement Techniques

SRR

o

=) lll. Measurement of Two—Port
| Phase Noise (Devices)

IV. Phase Noise Measurement
on Pulsed Carriers

V. AM Noise Measurement

Two-port phase noise characterization is done with a
modified frequency discriminator method. Actually, it’s

TWO—-PORT NOISE MEASUREMENT done exactly like the noise floor test for the frequency

I discriminator or phase detector method. A common
(Single Frequency Signal Processor) reference source is split and applied to two channels

simultaneously. Since the goal is to have the noise of the
source common to both channels and arrive correlated at

fin = four Quadrature the phase detector, the delay in the two paths is held as
f f Monitor close to the same as possible. The signals are set in
Reference N DUT ot quadrature with a phase shifter, and the noise

Source - (PF | LNA contribution of the DUT can be measured.

90° >
Equal E

Delay

Spectrum Analyzer

S &
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Two-port noise measurements are made on a wide
, variety of sources, with measurements on TWT’s one of
TYPICAL DUT'S WHERE the most common, and measurements on SAWs gaining as

TWO-PORT NOISE IS MEASURED SAW technology advances.

TWT’s —[>—

SAW delay lines J1ILIU

amplifiers *D——

multipliers —E_

dividers

=}
mixers &‘
_t

Some of the areas of caution for a two-port
measurement are the same as for an absolute

TWO-PORT NOISE MEASUREMENT measurement. However, because of the nature of two-port
CONCERNS/LIMITATIONS noise, some new concerns arise. Typically, two-port noise

of devices is much, much less than the absolute noise of
sources, and it does not increase linearly as a function of

carrier frequency (nor does it necessarily follow the

1. AM << ﬁ M typical 2 and £ relationships of sources as the carrier is
2. Typical AM rejection approached). Also, the two-port AM noise of a device

~ 30 dB to 1.5 GHz might be of the same order of magnitude as its phase

-~ noise. This means even more attention must be paid to

~ 15 dB > 1.5 GHz system noise floor. For example, typically a good quality
3. Noise floor same as source is used as the reference, even though ideally all

phase detector method source noise will be correlated out.

. Time delay in unknown path
5. Filtering effects of unknown path

~
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TWO-PORT NOISE MEASUREMENT
FREQUENCY TRANSLATING DEVICE

Alternative No. 1

Shifter

Quadrature

Monitor

Baseband
Analyzer

® Measure rms sum of noise
of both devices

TWO—-PORT NOISE MEASUREMENT
FREQUENCY TRANSLATING DEVICE

Alternative No. 2

Synthesizer }—»| DUT -

f
Synthesizer I

|

Baseband
:Z Analyzer
Quadrature
Monitor

® Absolute noise of reference
MUST be below two—port
noise of DUT

If the output frequency of the DUT does not equal the
input frequency, then it is impossible to directly measure
the two-port noise with a single measurement.
Commonly, a similar DUT (with assumed similar noise) is
placed in the reference path as well. The rms sum of noise
of both devices is then measured. As in the phase detector
method when using a similar source as a reference, the
measurement sets an upper limit on the noise of each
device. At each offset frequency, one of the devices is at
least 3 dB better. And if three devices with similar noise
can be measured, the noise of one of the devices can be

calculated.

Another alternative to measuring the two-port noise of
a frequency translating device is to use a synthesizer in
each path, instead of a second DUT. The limitation here is
that the absolute noise of the synthesizers must be below
the two-port noise of the DUT. This might be workable
sometimes at RF frequencies. However, for microwave
frequencies, the absolute noise of sources is typically
much higher than the two-port noise of devices.
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MAKING TWO-PORT PHASE NOISE
MEASUREMENTS WITH THE

For two-port phase noise measurements, HP has really
only one solution - the HP 3047A Phase Noise
Measurement System. The HP 3047A has been widely
and successfully used for two-port noise measurements, as
its high level mixers yield a low system noise floor. (The

HP 3047A HP 11729B can not be used for two-port microwave phase
noise measurements because the microwave mixer is not
DUT HP 3047A dc coupled on the IF, nor is there access to both ports of the
"Moderate" mixer.)
Quality -
Source
~ 0 >
/71
Y.
Variable
Phase HP 3582A
Shifter HP 3585A
DEMONSTRATION TYPICAL MEASUREMENT RESULTS
TWO—~PORT MEASUREMENT . OF AMPLIFIER USING THE 3@47R SYSTEM
Source DUT LPF LNA g 1@ FVERAGES CARRIER FREQ~S . @OBE+B7Hz fhpl JUN 26 19:16/15:21
Ox= Nl o> g -
; [ ] Baseband ~o [ .
Splitter o Analyzer -sef .
~68
Shift -e [ —1
-8 - m|
-se —3
HP 3047A Cief
HP 8662A System HP 8656A ~12a [ ]
R L -138 |
T N -148
N -ise [
\ -168 r f
-17e 1K L
1K L(f) [dBcrHzl vs fLHzl 25K

HP 8447A
Amplifier

Two~Port Measurement
Using the HP 3047A System

Two—Port Phase Nolse Measurement
Using the HP 3047A System
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IV. Phase Noise Measurements on Pulsed Carriers

Making phase noise measurements on pulsed sources

PULSED PHASE brings up a new set of complications. First, it is important
to recognize that, since the noise spectrum is repeated on
NOISE MEASUREMENTS each spectral line, phase noise measurements are only

valid to less than % the PRF. (If the first PRF line was
equal to the carrier in amplitude, a phase noise
1 measurement at ¥z the PRF would yield noise data 3 dB

too high.)
A I /\/\/\/\/—\

f—>

fe fc+PRF  f—

e Offsets < 1/2 PRF

Frequency discriminators do not lend themselves easily

PHASE NOISE MEASUREMENTS to pulsed phase noise measurements, though some work
has been successfully done (eg, by F. Labarr at TRW). For
ON PULSED SOURCES HP’s hardware implementations, pulsed phase noise

| measurements can be done with some limitations with
the phase detector method. In general, it is necessary to
insert a LPF to remove the PRF feedthrough from feeding
thru to the LNA, baseband analyzer, or phase lock loop.

DUT <PRF - Also, because the test signal is now only present part of
. oy LNA I\\I UUD the time, it is usually necessary to increase the gain in
. A1~1 D f:{——l ° the phase lock loop to maintain quadrature. Finally, since
REF LPF . — the reference is on all the time (but the DUT pulsed), the
system noise floor increases as a function of duty cycle.
PLL
| T F

e Insert Low Pass Filter (LPF)

® |[ncrease gain

® Noise floor increases inversely
proportional to duty cycle
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PULSED PHASE NOISE
MEASUREMENTS ON SOURCES
WITH HP 11729B/8662A/3047A

Ext. Mixer/LPF

(O—{HP 117208

DUT

640 MHz HP 3047A

HP 8662A Control

e Select Ko, external mixer
® Calibrate on pulsed signal
® Duty cycles down to®R 20%

TYPICAL PERFORMANCE OF
PULSED HP 11729B/8662A/3047A

8673 WITH 3SKHz 9 POLE FILTER WITH 58KHz PRF €& 5@% DUTY CY
» 1B RVERAGES CRRRIER FREGw].DOEE+|BH: thpd
- CHRRIER FREQ.-DOOL
-a W'l‘ LOR LI T T T8 4 %"
20 SPORSIRLE. OIS FOOR CDUT 4,70, M. 0....... ]
-3
-2
by
-58
ol '
e N T W R
- Ay
e Ky
) ““\'\\
-tie
~l2e
=3¢
-i40
-1%8
O P i i
-7 L il
e 180 1K 12 19K
1 LOF) (dBc/HZ) vs flHz) m
8673 WITH 35 KHz 9 POLE FILTER, no ?ull-i carrimec
° 18 AVERRGES CRARRIER FREG=].BRME+|BH th
CPRRICR FREG-).BORES L
-1 TPORTILE W FLOG LI T 70 4™ W
-20 IMBSINE NOISE FLOGR LDAT £ 14 04,0
-3
bl
e i rhow e o o
o i . %4 L.
s bl
e (1)
- -ty
-lae
-lie \\\
-120 \
~i3p ‘
-t4e
-39
-ise APLIFIER QUT
i i i
1 120 ] 1 e
i L(F) {dBc/Hzl vs §(Hz) m

It is possible to make phase noise measurements on
pulsed sources with the HP 11729B/8662A/3047A. In
order to use the standard units without internal
modifications, an external phase detector is used at the
HP 11729B IF output. The L port drive is provided by the
front panel signal of the HP 8662A. After the phase
detector, a low pass filter removes the sum mixing
products and the PRF lines, and the resulting signal is
applied to the HP 3047A Signal Input port. This
configuration allows measurement on pulsed sources with
duty cycles down to about 20%.

Measured output from an HP 117408 system (HP
11729B/8662A/3047A). A 10 GHz source, 400 kHz PRF,
with 50% duty cycle was measured with a 250 kHz LPF
inserted to remove the PRF. The measured values on the
pulsed source are indistinguishable from the measured
values when operating the source in CW.
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For measurements on pulsed sources with lower duty

cycles, the HP 11729B/8662A can be used. It is necessary
PULSED PHASE NOISE MEASUREMENTS to slightly reconfigure the HP 11729B so that the LPF can

WITH HP 11729B/8662A be placed before the low noise amplifier and the phase
lock loop. (There are ports at the rear panel of the HP

Ext LPF 11729B for the LPF; however, internal cable rerouting
~ must be done to switch the LPF into the signal path.)

Also, for very low duty cycles, a small external voltage
must be applied to the ‘Auxiliary Noise Spectrum Output’
to adjust the balance of the diodes in the phase detector.
With this configuration, phase noise measurements on
pulsed sources with duty cycles down to <5% have been
successfully made.

HP 117298 S
o ¢

DuUT

HPBS66A/B

Again, it’s important to remember that noise floor

o
N DDD increases as a function of duty cycle. Also, at very low
b duty cycles, eventually the noise floor of components in
woossza oproos ()]0 the HP 11729B will dominate (in particular, the noise of
a— the IF amplifier).

® External LPF switched in
e Duty cycles down to <5%
® Disables out—of—phase lock indicator
® Rising noise floor and decreasing
offset frequencies as a
function of duty cycle

For lower duty cycles, there has been experimentation
with Sample and Hold circuitry, and a modified delay line
technique. However, these are not implemented in HP

WHAT ABOUT instrumentation.
LOWER DUTY CYCLES?

e Sample and hold
® Modified delay line
technique (TRW)
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PULSED "TWO-PORT” PHASE NOISE
MEASUREMENTS WITH HP 3047A

® Switch out LNA

® Use high power inputs

® Calibrate on pulsed signal

® Duty cycles down
tox10%

The HP 3047A can also be used for pulsed two-port
phase noise measurements. Typically, it is necessary to
switch out the internal HP 3047A low noise amplifier. If
calibration is done on a pulsed signal, no corrections to
the measured data needs to be made. Successful
measurements have been made to duty cycles less than
20%.
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V. AM Noise Measurement

Corresponding to the £ (f) definition, o (f) is defined as .

the noise power in one AM modulation sideband, divided
AM NOISE MEASUREMENTS by the total signal power, in units of dBc/Hz.
Spectral Density of
one AM modulation Sideband
| m(f) = .
Total Signal Power
| Though AM noise usually measured on signals, in
practice phase noise is more important (both technically
and economically) than AM noise for three reasons.
1. The majority of high capacity (ie, expensive)
AM NOISE vs. PHASE NOISE communication systems use angle modulation.
o Notee ve. mrmee morsE o 18 e SoLser 2. AM noise in complex signal sources is usually
w® &miﬁi‘[[nvﬁ ['n;'f.vjnéfn:ﬁz T thp) WY 11 ‘Iﬂsiavz/__)"s_;_'l_?_ <<phase noise‘
- PR AR 3. The FM noise or phase noise on the Local Oscillator
. Wi : i is directly transferred to the input signal, whereas
; %MW j the effects of the LO AM noise may be greatly
wy, " Phase Noise mitigated by the use of balanced mixers.
i :
: TN
i N\
4 R
e AM Noise i Y
“ie@ 188 IR u;« oK H \/
12 L) [dBc/Hz) ws fIHz) Lan
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AM NOISE MEASUREMENTS

Method #1 - Using a Double—-Balanced
Mixer as an AM Detector

LPF

DuT = LNA
ATTN.
-

=
D)=~

@® @®
Out-of-Quadrature Baseband
Monitor Analyzer

vit) 0

(PLo—Pre)

AM NOISE MEASUREMENTS
Method #2 - Using An AM Detector

A N

DUT LNA ° LDD
53 S

[ o O |

There are two common methods of AM noise
measurement; the first is the corollary to the phase
detector method of phase noise measurement. Here, a
double-balanced mixer is operated 180 degrees out of
phase (out-of-quadrature condition), to yield maximum
sensitivity to AM fluctuations and minimum sensitivity
to phase fluctuations.

The second method (the corollary of the direct spectrum
technique) simply measures the AM fluctuations with an
AM detector, and then looks at the baseband fluctuations.
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AM NOISE MEASUREMENT PROCEDURE

1. Calibrate
on known level sideband/carrier
ratio, in out—of—quadrature
condition

2. Measure Vpgise

3. Corrections

M) = Vnoise (dBm)
— Veal (dBm)
+ sideband/carrier cal
+ ATTN.
(used in method #1)
— 10 log Bp
+ S/A effects

dBc/Hz

DUt

(~—

5 MHz to
18 GHz

AM NOISE MEASUREMENTS

<10 MHz
Noise
Spectrum M)
Baseband
Spectrum
HP 11729B Opt 130 Analyzer

"Bench—Top” system with HP 11729B Opt. 130/8662A

1)
2)

Calibrate with HP 8662A w/AM Sidebands

Measure

Both techniques have similar procedures, and are fairly ‘
straightforward.

Direct AM noise measurements can be made with the
HP 11729B Option 130. The HP 8662A with known AM
sidebands is a convenient calibration source.
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DuUT

o INy

5 MHz to
18 GHz

Automatic system with HP 11729B Opt 130/8662A/3047A

AM NOISE MEASUREMENTS

HP 11729B Opt 130

The HP 11729B Option 130 can also be used
automatically with the HP 3047A software. If properly
calibrated, the system software for phase noise
measurements can also be used for AM noise
measurements.

<10 MHz HP 3047A
Noise
Spectrum
LNA /
[+]
Signal A\T—— HP 3582A
Input HP 3585A

1) Select "Phase Noise w/o voltage control
2) Calibrate with HP 8662A w/AM sidebands
3) Measure

DEMONSTRATION

@_,

ouT

HP 117298
Opt 130

Noise

Spectrum

(i
=N

S I A :iciano
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SYMBOL

c
f(t), v(t)

AE(t),8E(L),bv(t)

s (t),86(t)

s (f
v )

L(f)
res FM

M(f)

UNITS
Hz

Hz

Hz

Hz

Hz

Hz

rad

sec
Volts/rad
Volts/Hz

radz/Hz

sz/Hz

Hz

dBc/Hz
Hz

dBc/Hz

Volts
Volt

Volt

Volts?/Hz

(rad)

sec

GLOSSARY OF SYMBOLS

DESCRIPTION
Carrier frequency

Fourier frequency (sideband, offset,
baseband)

Modulating frequency

Corner frequency

Instantaneous frequency

Instantaneous frequency fluctuations
Instantaneous phase fluctuations
Delay time

Phase detector constant

Frequency discriminator constant
Spectral density of phase fluctuations

Spectral density of frequency
fluctuations

One-sided spectral density
fractional frequency fluctuations

Single-sideband signal to carrier ratio
Residual M

Spectral density of AM noise

Peak voltage of sinusoidal beat signal
Single sideband voltage

Signal voltage

Power spectral density of voltage
fluctuations

Modulation index
Bessel coefficient
Allan variance

Period of sample

116




LBW

LHR

Watts

Joules/Kelvin

Hz
Hz

rad/sec
Hz

Hz

Number of time domain averages

Af/fo over interval 1 long

Noise power

Boltzman's constant 1.38 X 10 2°
Noise Figure

Gain

Bandwidth

Noise bandwidth

Angular velocity

Loop Bandwidth

Loop Holding Range
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