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There are a variety of systems in common
usage today whose performance is affected directly
by the frequency stability of their internal signal
source. Examples of these are Doppler radars, data
communication links, and multi-channel receivers.
Complete characterization of signal source frequen-
cy stability includes short-term phase shift caused by
both coherent signals and random phenomena com-

HP 9845T

monly called phase noise. Detecting and measuring
phase noise is the subject of this application note.
This topic will be covered beginning with theory and
ending with a practical BASIC program listing for
automatic measurements using the HP 3585A Spec-
trum Analyzer and the HP 9845T Desktop Com-
puter. An abbreviated program and listing for the HP
85A Personal Computer is also included.

HP 3585A
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A brief review of the components of frequency
stability is helpful in developing a working
understanding of phase noise. There are three fun-
damental elements involved.

The first, long-term stability, is frequency
changes which occur over long periods of time. This
is usually expressed in terms of parts per million of
frequency change per hour, day, month, or year. It
represents a reasonably predictable phenomenon
due to the aging process of the material used in the
frequency determining element. In quartz oscil-
lators, for example, it is the crystal element which
determines the long-term frequency stability.

The second, environmentally induced frequen-
cy shifts, is comprised of effects related to
temperature, pressure, and even gravity. Since these
effects are a stimulus-response phenomenon, they
are relatively easy to isolate and measure quan-
titatively. With proper design, most of these effects
are secondary in importance. Using the quartz
oscillator again as an example, it is a common prac-
tice to place the crystal in a temperature controlled
oven to reduce the amount of temperature related
frequency shifts.

The third component, short-term frequency
fluctuations, contains all elements causing frequen-
cy or phase changes about the nominal frequency of
less than a few seconds duration. Determining the
composition of these fluctuations is the key to
understanding short-term frequency stability.
Generally there are two categories of frequency

fluctuations. The first, deterministic, includes
discrete signals which can be easily related to known
phenomena such as power line frequency, vibration
frequencies, or AC magnetic fields. These com-
ponents show up as discrete modulation sidebands
on the fundamental signal. The second, random
fluctuations, are best described in terms of a
statistical distribution. This distribution, commonly
called phase noise, is usually measured and
presented as a spectral density plot of the modula-
tion sidebands in the frequency domain. The term,
spectral density, means that the frequency domain
energy distribution is a continuous function.
Therefore, the amplitude of the sidebands must be
expressed in terms of energy within a specified band-
width, normally a one hertz bandwidth. Figure 1a
shows a typical RF sideband spectrum with both
deterministic sidebands and noise sidebands.

It is important to note here that the modulation
sidebands on the fundamental are directly propor-
tional to an equivalent phase modulating source on-
ly if two conditions are met. First, sideband energy
due to amplitude modulation must be much less
than due to phase modulation and second, the total
phase deviations must be less than one radian. The
second condition is another way of saying that the
higher order sidebands which result from frequency
modulation must be small in order for the sidebands
to directly represent the equivalent modulating
source shown in Figure 1b. Fortunately, this is the
case for most stable frequency sources.
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Figure 1b. Phase Noise Sideband

Figure 1a. RF Sideband Spectrum
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With a basic mental image of phase noise in
hand, it is appropriate to look at the effects on prac-
tical systems.

Radar systems have been greatly advanced
since their early years and depend on highly
sophisticated techniques for increased range and
resolution. Doppler radars, for example, utilize a
narrow bandwidth receiver to detect the shifted fre-
quency return of a moving target relative to the
return from the ground. The total power of the
ground return, called ground clutter, far exceeds the
power of the target return, thus, the need for the nar-
row bandwidth receiver tuned to the target return
frequency. Phase noise on either the transmitter
oscillator or the receiver local oscillator can limit
range resolution and sensitivity.

In terms of resolution, the receiver bandwidth
is limited to that which will pass the majority of the
return frequency energy. Phase noise spreads the
target energy, thus requiring a wider IF bandwidth.
Sensitivity is limited by ground clutter energy which
appears in the receiver IF bandwidth. Excessive
phase noise effectively smears the clutter energy in-
to the receiver IF bandwidth. Requirements for
phase noise on radar systems will typically be
—110dB/Hz referred to the transmitter level and the
local oscillator level from a few hertz up to several
hundred kilohertz away from the carrier. See Figure
25

Clutter Noise Sidebands

Amplitude

fo fo + fp
Frequency

Figure 2. Doppler Radar

Phase-modulated data systems are also sen-
sitive to phase noise which is phase detected along
with the desired modulation signal. The effect is to
degrade the bit error rate performance. The max-
imum allowable phase noise is usually specified in
terms of the total equivalent rms degrees of phase
noise modulation within the data channel band-
width. For values of phase noise less than 5 degrees
rms, the effect on bit error is directly additive to the
receiver thermal noise. Typical system specifications
call for equivalent phase noise modulation of less
than 2 degrees rms from 20kHz to 80MHz from the
carrier for a 33.5GHz carrier.

In general, multi-channel communications
receivers have a problem directly related to phase
noise on their local oscillators. LO sidebands appear
on the received signal in the IF at the same ratio as
they exist on the LO. For example, phase noise
sidebands 100dB/Hz down from the LO will appear
100dB/Hz down on the received signal. This presents
no problem for a single channel receiver since that
ratio is more than adequate for intelligibility.
However, in a multi-channel receiver, the sensitivity
with a strong signal in an adjacent channel is set by
the level of the phase noise sidebands at an offset
equal to the channel spacing. Figure 3 shows this
relationship pictorially.

e 4N
LO IF

Input I_/ﬁl_

Figure 3. Adjacent Channel Sensitivity




The mathematical relationship of phase noise
to frequency stability has been rigorously treated in
a series of technical notes by the U.S. National
Bureau of Standards. This chapter presents a brief
summary of their conclusions.

An ideal sinewave source can be described by:

V(t) =V, sin 2mvt
where V, = nominal amplitude

v, = nominal frequency

In the real world, of course, there are fluctuations in
both amplitude and frequency which can be
represented by the following additional terms.

V(t) = [V, +&t)] sin [2mvt + §(t)]
where &(t) = amplitude fluctuations
$(t)= phase fluctuations

Long-term amplitude and phase fluctuations
are best described in terms of time but fluctuations
with periods of less than a few seconds are easier to
understand when translated by Fourier expansion in-
to the frequency domain. Figure 4 is an example of
the RF spectral density of a sinewave source show-
ing phase noise and discrete AM and PM sideband
components. Note the unequal levels of the sym-
metrically spaced discrete sideband signals. This is a
good indication that both AM and PM are taking
place. The AM components can be eliminated and
the PM sidebands demodulated by phase detecting
the fundamental signal. The resulting signal when
viewed in the frequency domain is the spectral den-
sity of the equivalent modulating noise source.

s¢(f)=SVrms(f] [ rad’:l

K? Hz
where Svr (f) = the power spectral density of the

mS  voltage fluctuations out of the
phase detector

K =phase detector constant (volts/
radian)

This spectral density is particularly useful for
analysis of phase noise effects on systems which
have phase sensitive circuits such as digital FM com-
munication links.

Figure 4. AM and PM Sidebands



The spectral density of frequency fluctuations
is also an important quantity and can be easily deriv-
ed from the phase spectral density. Since frequency
is the time rate of change of phase, it follows that
for u(t) being the time function of frequency:

+
Sl d($(t) + 2mv t)
dt
— gj - 2"1»'0
dt
and v(t) = 1_d_¢+v0
2n dt

From transform theory the Fourier expansion of «t)
is:

_ S
Ys) 2?#(5)
and the spectral density is:

e Tl’f)} =2 HZJ
s (f)= @M g (f) = f25,(f) Hz~
V( (2m)? 4’ 4’ [ Hz ]

Caution must be taken when using the phase
noise of sources at different frequencies. Sy(f) is the
spectral density of absolute frequency fluctuations.
The measured spectral density of a T0MHz source
would represent a much greater percentage frequen-
cy fluctuation than the same spectral density if
measured at T00MHz. The answer to this problem is
the spectral density recommended by the U.S. Na-
tional Bureau of Standards as the primary definition
of frequency stability. The spectral density of frac-
tional frequency fluctuations, Sy(f), is related to fre-
quency fluctuations and phase fluctuations by:

]

In many cases, however, it is not the spectral
density of the equivalent modulating source that is
of interest but rather the actual sideband power of
phase fluctuations with respect to the carrier level.
As an expression, this is:

I
Sy(f)= L. 5= 5 $4(6)

o Yo

Power density (one phase modulation
sideband)

Carrier Power

L) =

This spectral density, Script <(f), is defined as
the ratio of the power per hertz of bandwidth at a
frequency f from the carrier in one phase noise side-
band to the carrier power. For sideband levels within
the dynamic range of wave or spectrum analyzers,

this quantity can be measured directly at the RF fre-
quency with one assumption. The AM components
must be small compared to the PM components.
Fortunately, this is the case for most sources of fre-
quency standard quality.

For sources with very low sidebands, it is
necessary to use phase detection or frequency
discrimination to effectively eliminate the carrier in
order to gain measurement range. Here another
assumption must be made. The phase detected
spectral density will be equivalent to the actual
sidebands only if the peak phase fluctuations are
much less than one radian. In terms of frequency
modulation theory, this is equivalent to saying that
the higher order modulation components are in-
significant compared to the fundamental
modulating frequency. For nearly all high quality
sources, this is a good assumption. Given this
assumption, (f) can be related to S¢[f), From small
angle modulation theory:

q’peak]i
E (1Hz BW)

L(f)

=
149 s

L 2 }[szW}

Another common expression, signal to phase
noise ratio, is the rms value of the phase noise
sidebands in a specified bandwidth about the carrier
with respect to the carrier power. A commonly used
bandwidth is 30kHz centered on the carrier ex-
cluding +1Hz around the carrier. This expression is
convenient because it yields a single number but it is
not as informative as a spectral density.

Frequency stability is also defined in the time
domain with a sample variance known as the Allan
variance. The expression is usually simplified to:

0}(1) = Vi1 ~ Yk

$t) +7) — 9(t})

where Y, = 5
nmv.T
0

T =repetition interval

This measurement is usually made with a
counter system and is particularly useful because a
transformation to the frequency domain yields data
closer to the carrier than possible with most current-
ly available frequency analyzers. A description of
the transformation can be found in Reference 3.



Measurement of phase noise sidebands would
be simple if spectrum analyzers had dynamic ranges
of 160dB and 1Hz bandwidths useable in the GHz
region. All measurements could then be made at the
primary frequency of the source. However, equip-
ment with this performance does not exist and so
alternate techniques must be used. This chapter
describes the RF spectrum measurement and two
alternatives: frequency discrimination and quadra-
ture phase detection.

As mentioned before, the sidebands of a signal
may represent both AM and PM. Asymmetry in the
sidebands is an indication that both AM and PM are
present. However, in many cases, due to the manner
in which the signal has been processed, PM
sidebands are dominant. For example, if a
reasonably clean synthesized signal is multiplied up
to be used as a high frequency reference, the phase
noise sidebands are multiplied by the same factor as
the frequency while the AM sidebands are not
changed or are limited. In this case, direct RF spec-
trum measurements at the multiplied frequency are
a good approximation of the phase noise sidebands.
The sidebands, when corrected and normalized to
the carrier powers, represent the&(f) spectral density
described in Chapter 3.

One way to achieve better resolution is to
translate the signal down in frequency to the range
of an analyzer with the desired IF bandwidth. Figure
5 shows a typical setup using a doubly balanced
mixer and a low pass filter. One of the advantages of
this technique is that AM sidebands on the
measured signal will be stripped off if it is to be used
as the high level signal at the mixer. Two potential
problems must be considered as well. First, the dif-
ference frequency will contain sidebands which are

fo PN b

fo + fp A
|—f

Figure 5. Sideband Translation

folded up from below zero frequency. Whether or
not the sidebands are significant depends on the
nature of the particular source being measured. The
second problem is that phase noise sidebands from
the reference frequency at the mixer will also be
translated down. This problem is avoided by using a
source with better phase noise specifications than
the one being tested.

The only way to solve the problem of measur-
ing sidebands which are beyond the dynamic range
of the analyzer is to eliminate the carrier frequency.
One way to do that is with a frequency discriminator
as shown in Figure 6. It is necessary to check the
linearity of the discriminator over the frequency
range of interest to insure that the calibration factor
is constant. For microwave frequencies, the cavity
discriminator is particularly useful for this type of
measurement. Additional information on this type
of measurement is contained in Reference number
y &

Selective
Analyzer

LAY

Frequency
Discriminator

N

»
SUD =R SV )

where K¢ = discriminator sensitivity in volt / Hz

Figure 6. Frequency Discrimination

Optional Selective
Preamp Analyzer
N
Oscilloscope
Figure 7. Heterodyne



Perhaps the most versatile setup (Figure 7) is a
doubly balanced mixer with the unknown source
and reference source set in phase quadrature (90°)
at the input. At quadrature, the difference frequency
is zero hertz and the average voltage output is zero
volts. For phase fluctuations <<1 radian the voltage
fluctuations at the mixer output are related to the
phase fluctuations by the equation:

V=%

where K = calibration factor in volts/radian

The system is easily calibrated by offsetting
one of the sources and observing the resultant beat
signal on an oscilloscope. The slope at the zero
crossing in volts/radian is K and for sinusoidal beat
signals (harmonics <40 dB) is equal to the peak
voltage of the signal. The beat signal as viewed on
an analyzer is the rms value and so is 3dB less than
the peak. In terms of the ratio of the sideband
voltage to the beat signal voltage:

10 logio (Sé(f)) = Vs — (Vg + 3dB)
10 logyo & (f)) = Vs — (Vg + 3dB) — 3dB ¢(f)<<1

where Vg = sideband voltage in dBV corrected
for bandwidth and analyzer
characteristics

Vg = beat signal rms level in dBV

The underlying assumption so far is that the
reference source has much lower phase noise than
the unknown source. For state of the art sources, it is
possible to compare two "identical” sources and
assume that the phase noise of either one is 3dB less
than the measured values. Measurement of various
combinations of pairs of “identical” sources will test
this assumption.

Often the long-term stability of sources is not
sufficient for a quadrature phase relationship to be
held during the measurement period. If this is the
case, one of the sources must be adjusted peri-
odically. A phase lock loop as shown in Figure 8 may
be used if one or both of the sources have a voltage
control for small frequency adjustments. In order to
retain a constant relationship between phase and
voltage fluctuations, the low frequency cutoff of the
phase lock loop must be below the lowest frequency
to be analyzed. If the breakpoint is moved out by
adding gain in the loop, the voltage fluctuations at
frequencies below the breakpoint will represent fre-
quency fluctuations. Calibration using the phase
lock setup is done by disconnecting the feedback
voltage and observing the beat signal as before.

The following example of phase noise analysis
of a 1T0MHz synthesized source shows how the HP
3585A Spectrum Analyzer and a controller such as
the HP 9845T Desktop Computer can be used to
make automated measurements. The basic setup is
the phase locked heterodyne circuit shown in Figure
9.

>

_—

Adjustable
Bias Voltage

Figure 8. Quadrature Phase Detection

Unknown
Source

1.5 MHz LPF
HP 10534A TN > =
HE 108 3585A  9845T
Computer
10.8 Volts
Figure 9. Example Setup

Although the HP 3585A can be used in the con-
ventional spectrum analysis mode for phase noise
measurements, there are several limitations. The
most obvious is that the linear frequency sweep
does not provide sufficient frequency resolution in a
single sweep over the several decades of frequency
coverage usually desired. In addition, the video
filtering which is required to reduce the variance of
the input voltage fluctuations results in very long
sweep times. These limitations can be overcome by
programming the HP 3585A to make spot measure-
ments at logarithmically spaced frequencies using
only enough points for the resolution desired. When
making noise measurements with any general pur-
pose spectrum analyzer, error correction and band-
width normalization must be applied to obtain an



accurate measurement; however, with the 3585A it
is not necessary when the noise level function is us-
ed with the marker display. Not only is the correc-
tion and normalization performed automatically but
the signal is measured 100 times and digitally
averaged to reduce the variance of the final reading.
All these features greatly simplify writing a program
for automated phase noise measurements.

Using a versatile controller such as the HP
9845T Desktop Computer with BASIC language pro-
vides the user with more than just automated
measurements over the HP-IB interface bus. The en-
tire phase noise measurement procedure can be in-
tegrated into a program which guides the operator
from measurement calibration to hard copy output
of final results. The software listing included here is
an example of a general purpose program which can
be used without changes for most phase noise
measurements. It can be easily streamlined by
deleting the portions which do not apply to a par-
ticular measurement application.

There are four parts (subprograms) to the pro-
gram which must be run in sequence for complete
measurement results, However, it is not necessary to
go back to the beginning to repeat any of the four
subprograms. The first part, called CALIBRATE,
guides the operator through the steps for
establishing the system calibration in terms of
volts/radian of phase change. The calibration factor
can be entered by the operator for either a frequen-
cy discrimination set up or a quadrature phase
detection set up. If the beat frequency signal from a
quad detection set up is a reasonably good sinewave
(harmonics less than —30dB) the level can be
measured by the analyzer and used as a reference.
The zero crossing slope is computed from the
measurement and printed out so that the beat fre-
quency signal level need not be measured each time
the program is run with the same set up. The sub-
program also accounts for any external preampli-
fication which may be necessary to increase
measurement sensitivity.

The SET UP subprogram allows the operator to
specify the frequency range of interest and the spac-
ing and number of frequency points. Log frequency
steps are normally used to cover a wide frequency
range with constant percentage resolution at each
frequency. Usually 10-20 steps per decade provides
adequate resolution for determining the shape of
the phase noise spectral density curve. Linear fre-
quency steps are useful for narrow frequency
ranges, particularly if harmonic relationships of
deterministic signals are being examined.

10

The MEASURE subprogram computes the fre-
quency points according to the data from the
previous inputs, selects an appropriate resolution
bandwidth and makes the noise level measure-
ments. Measurements at frequencies below 1000Hz
require the 3Hz resolution bandwidth to adequately
resolve power line harmonics and other deter-
ministic signals which are often closely spaced at
low frequencies. The disadvantage of using the 3Hz
bandwidth is that it takes approximately 32 seconds
to complete each measurement. Between 1kHz and
10kHz, the 30Hz resolution bandwidth is used to
reduce the measurement time to 3 seconds. Above
10kHz where frequency resolution is not as impor-
tant, the TkHz bandwidth is used to make measure-
ments in less than 500 milliseconds. Wider band-
widths would not speed the total measurement se-
quence appreciably due to the 1/O time required for
frequency programming and measurement data
transfer.

The user should be aware that the measured
amplitude of deterministic signals will not be ac-
curate using the noise level function because of the
bandwidth normalization and detector correction
factors used. The correct level can be obtained by
applying the following corrections:

Add to

Frequency Reading
20Hz to 999Hz (3Hz BW) 2.7 dB
1kHz to 9.999kHz (30Hz BW) 12.7 dB
10kHz to 40MHz (1kHz BW) 279 dB

If there are many deterministic signals in a side-
band spectral density plot, it might be simpler to
turn off the noise level function (delete NL1 in line
570) and make a separate plot which will show the
true amplitude of the deterministic signals but not
the broadband noise level.

The PLOT routine provides a choice of
amplitude scale for the frequency range already
determined in the SET UP routine. The log frequen-
cy scale is labeled at decade increments whereas the
linear scale is labeled at the end points. There is a
great deal of flexibility here for the creative pro-
grammer to customize the PLOT routine for his par-
ticular needs. Using the relationships described
earlier, the plot can be made in terms of S\(f) or S\(f)
rather than&f(f) as in the example software. Another
variation might be a GO/NO GO limit test routine
for production testing instead of a plot routine.



This program is suitable for both quadrature
detection and frequency discrimination setups. The
only basic difference is the system sensitivity
calibration factor which must be measured with
other equipment. Once that calibration factor is
measured, it can be treated as a constant until the
setup configuration changes. The baseband frequen-
cy measurements are made at spot frequencies with
the choice of logarithmic or linear frequency spac-
ing. The plot routine uses the frequency axis covered
by the measurement routine but allows the operator
to choose the amplitude scale, depending on the
need. To simplify operator interaction, the expected
alphanumeric responses have been underlined in the
"INPUT"” statements.

The CALIBRATE routine first takes care of the
overhead involved with defining a memory array,
putting the analyzer in remote and resetting its con-
trols. The operator then inputs the appropriate con-
stant for the setup being used. This part of the pro-
gram could be further automated, although more
easily for quadrature detection than for frequency

discrimination. For example, the zero crossing slope
of the beat signal from the unlocked quadrature
phase detector is the same as the peak voltage if the
signal is a reasonable good sine wave (harmonic <30
dB).

It is possible to expand the program capability
to search for the beat signal, measure the harmonics
to check the previous assumption; then, if it is met,
measure the signal level and add 3dB to obtain the
required constant.

The frequency discriminator case would re-
quire measuring the output of the discriminator with
intentional sine wave modulation on the carrier at a
known frequency and Bessel null. The constant is
calculated from the values of the modulation index,
the modulating frequency and the measured voltage
(see Reference No. 1). With a programmable RF
switch, it would also be possible to switch external
preamplification in and out to automatically meas-
ure its gain. The final output statement sets up the
HP 3585A for autoranging to the correct input level
while the next routine is being exercised.

11 DISF "HF 2325AR-934SFE FPHASE HMOISE MEASUREMEMT ROUTIHE. FEESS COHT TO G0
pd FRUSE
I | CALIERATE !
4 IMTEGER AC1891) I Defimes data arraw,
Sa Ar=7132 I Definses analvzer addres
=] REMOTE Hn
va LOCAL LoCEQUT 7
ad FEZET An | Prezet analuzer cantrol
S IHFLT "HRE %0OL USIHG GUAD DETECTIOW OFR DISCEIMIMATION T",R¥
1o IF A$¥01,12="2" THEH Quad
114 IHFUT "MHAT 15 THE DISCRIMIMATOR COHSTAMT [HERTZ-YOLTI®",H
126 GOTO Fre
128 Quad: IMFUT "WHAT IZ THE EBEAT SIGHAL ZERED CREOSSIHG SLOFE [WOLTS-/RADIZ",V
146 R=zas GTIV -3 I Converts entry to laog.
158 DIZF "SET THE SOURCES TO QUARDRATURE, THEHM FRESS COMT."
166 FARUSE
178 Fre: IMFUT "ARE ¥OU USING A PREAMF (YES OR MOX?",B$
134 IF E¥[1,11="H" THEH Ipt
136 IHFUT "WHAT IZ THE GAIW OF THE FREAMF [DEY 2",05
208 Ipt: DIsp "COHHECT THE SIGHAL TO THE 1 MEGOHM IMFUT, THEH FREZS COHT.M
2 QUTFUT Ams"I1 RL DW" I Selects 1 Megohm input,
22 I & dBw reterence lewsl.,
23 FRUSE

The SETUP routine is intended for fast, flexible, more detail.

baseband frequency coverage through the use of
spot frequency measurements at logarithmic or linear
spacings. The disadvantage is that discrete spurious
signals may distort the curve drawn through the
measurement data or that significant deviations
from the interpolated curve may be missed if the
spacing is too wide. It is, therefore, advisable during
the initial stages of testing to make at least one
measurement with a large number of steps to obtain

11

Large, discrete, spurious signals can be ob-
served on the analyzer CRT following the comple-
tion of the single sweep initiated in the latter part of
this routine. However, because the internal sweep is
limited to a linear sweep, the frequency resolution
will be quite limited on the low end if a wide fre-
quency range has been chosen. This problem is over-
come by using the LOG stepped frequency option of
the routine.
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The actual measurements made during the
MEASURE routines are at spot frequencies in the
MANUAL sweep and NOISE LEVEL modes of the
analyzer. There is no need to correct for analyzer
detection characteristics or resolution bandwidth in
the routine because that is done internally to the
analyzer. The resolution bandwidth selection por-
tion of the routine is intended to provide sufficient
resolution for power line related spurious signals at
frequencies up 1 kHz then increase the resolution

T I MERSLURE !

e DISP "MEARSUREMEMTS IH FROGREESZ."
S FIZAED &

@A OUTFUT Ans "S32 HLLM

14

o0 Ei=0

1S FoOR I=8 TO %

d

5t

4

i

4368 IF D#C1,21="LI" THEH Lin
453 F=F1#19~{LGTI{F22-LGTCF122=1752
JEH SOTO EBEduw

47 Lin: F=F1+I%iFZ-F12-5

428 Bgw: E=3

EaeTE! IF F<i1imoa THEH Eesb

S E=38

Sia IF F<1E4 THEH E=b

S2a E=18ay

%3 Begp: IF E=E1 THEH Frqg

S44

S5 El=Ek

SE IMAGE "FRE",4D0,"HI"

57a QUTFLUT An H-IHu Seaj kb
S2d Feq: IMAGE "32",30,"HZ FR HZ Il
S3a CUTFUT A USIHG S2aF
Nags)

ola EHTEF An; e

520 Acli=d-G-R-2

5K

i IF A$C!,11="0" THEH Frt
moa ALl r=n-G0+20#LCTIHAF =32
B

ey Prt: FRINT F,ACI

SESas NENT I

START FREGUEHCY
STOP FREGUEHCY [HZ1?",F2
FREERUIEHZY STEFS=

n

, "H2

=
b}

12

[H21%",F1

?v 0§
. 5

2
R S Turns input
=ingles

op % =2t art
3

autoranging
SLEER,
freqg,

ace & =tarts

offy ==
loads =
clears

Sets
Lo d

I
]

!

I

I zingles swuesep
! 1

|

! lllhtlf

=t at

bandwidth at higher frequencies to improve meas-
urement speed. The frequency breakpoints or reso-
lution bandwidths can be easily modified by the user
because the analyzer automatically allows for the
proper amount of settling time for an accurate
measurement. Although L(f) is the most common ex-
pression for phase noise, it is by no means the only
one possible for this routine. However, be sure that
the calibration factor units correspond with the ex-
pression being computed.
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D dizorm & stares an areaw



Although the PLOT routine has more lines than
the rest, it can be greatly simplified by removing the
labeling and axis portions. For repetitive production
measurements, it is much faster to use preprinted
plotter paper and output the data directly to a
digital plotter. The individual data points are not

£ I PLOGT !

TEE IMFUT "WHAT IZ TOF OF WERTICAL SCHALE-  YMAS [DREIZ?Y,VE

yia IHFUT "WHAT IS EBOTTOM OF YERTICAL SCALE- SMIM [DEIZY, YW1

vea FLOTTER IS5 “"GREAFPHICS"

gcn] GEAFHICS

74 MOVE 12,397 I Begin label routine.
sy LAEEL "SIWGLE SIDEEAHD FHASE HOISE DEC~<HZ"

TEa LOCATE 1a,128,1%,95

Fre FREAME

vaa LOIR FIs2

vEa LORS &

S IF D¥l1,231="L0O" THEH Laq

214 SCHLE @,5,%1,vY2 P Diraws linsar freq axiz
Epegs] GRID s3-1B,1a,8,%1

coa MOYE &,4%1

240 LAEBEL USIHG "KR"}F1

25 MOYE Z,%1

=g LABEL USIMG "Ka";F2

era GOTO Yasx

2868 Logl  SCALE LGTOFL»,LGTCFZ2,Y1,%E P Draws 1cg ffreq axis,
R GRID 1,18,9,%1

=N 1) FOR I=IHTCLGTCFL2D TO IMTCLGTCFZ o

1A MOYE I,%1

22a LAEEL USIHG "DE=";18~1

9za HEXT 1

948 Yax: LDIE o I Draws ampl axis
S5 SCHLE B8,5,%1,%2

SE FOR I=%1 TO %2 STEF 1@

97 MOYE &, 1

SEa LABEL USIHG "KHE";I

330 HEART 1 ' End labsl routine.
19658 P1t: LORG 5 ' Flor data routine.,
1841 LIHE TWFE 1

1828 CSIZE 2.3

1928 MOYE B,A049

1843 FOR I=8 TO =

1658 DREAMW [,ACID

192/ LAEEL USIHG MRy

1678 MOWE I,ACIX

1923 HEAT 1

1999 LOCAL An I €¢t=s analyzer to local.
1148 EHD
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connected with a smooth curve intentionally to
point out that the data is accurate only for each spot
frequency and that assumptions about phase noise
levels between the points cannot be made unless
more data points have been taken to establish the
absence of spurious responses.



The program included for the HP 85 Personal
Computer is essentially the same as the HP 9845T
program except that it has been abbreviated slightly,
particularly in the INPUT statements and the PLOT
routine. Due to the limited resolution of the CRT,
the grid lines have been deleted and the axes are
drawn right to the limits of the screen. Consequent-
ly, the axes labeling was dropped because of the

1 ODI=F " ¥ FHARSE MOISE REOUT
INE # TRPRESS COMT T
0 START "

FALZE

i "CHRLY

IMTEGER ROZ58

Ai=r13

REMITE A1

OURN WRUCRS SR B P 0 0 N
T % T

B CLERAR T
W OISF "QURO DET OFR DISCRIMY;
g IMFUT A=

188 IF AFCL.13="0" THEHM 144

118 0IsSP "DISCRIM COHSTHHT <WAHS

IHFLT H

GOTO 196

DIsF “"BERT SIGHAL SLOFE wW-E
HAO Y

THFUIT W

F=2@RdLolilWa=-3

OISF "SET RUJRD., THEMWM COWT."
FARLUSE

G=H

OISP “FREAMFPY;

IHFUT E

1IF BfC1.13="H" THEH 258
ISP “GARIH COEX";

IHNFPUT &

DI=F "COWMHMECT SIGHAL TO 1 MO
Ht IHPLUT, THEH COMT . "
OUTEUT R1 ;"I1 RERL OW"

FRLUSE

| SETUP !

DIZF "START FREBUEMLCY THZX"
1MFUT F 1

OISP "STORF FREGQUEHWHCY CHZ2"
iHFLIT F2

OIsP "Ls OF LIMEAR STERSM:
THELT DO

O1sF "HUMEER OF STERS™;
I1HPUT 3

IMAGE "ARG sz FBR".30D."HZ FAY
JE=30,"HE LR =2t

DUTFUT AL USING 3IF8 , F2.F1
DUTFT AL "De T4"

—
il T
S

— Ty
U U e R R |

oy
!

Dol D

e T LS 0 ) O N

OO I O O B I e e

PN R )

L 0
- T
S

Lt
()
—_—
I
(!

m

3
I:'I"‘

B EMTER AL USIHG 483 ; 51
1F EI|;€1,'2w1 THEH 236

I MEASURE !
DI P "MERSLREMERNTS IM FROGEE

E
4
425
4
4

Ja ) T
DogiNaA R o

14

lack of space. Also, since it is more difficult to
precisely locate the center of a label using the HP
85, the point plotting was replaced by a continuous
line drawn between the data points. Remember,
however, that this does not mean that the line
necessarily represents the level of phase noise which
actually exists between the points. More points

should be used to verify the actual level.

-n

DUTFUT A1 USING 616
EHTER A1 i &

IS IF A$CL,13="0" THEM &5
£d4b Rili=k-G-F-#8

56 GUOTO &7a

E68 ACII=K-G+EBELGT(HAF -3
7i FFIHT USING “ZDC30C30.

iy

=

Aol

BoE HE T I
P8 PRIMT LUSIHG "4-.0
YEg o PLOT |
¥im DISP “"YMA= (OBR»"
T 1IMPUT Y&
IR OIsF ““MIH L I o
T4 THRFUT Y1
75O GCLEAR
YEE SCALE v, 1886, 184
rre MOVE 28,50
ra38 LABEL "FHASE HOISE OB
v9e IF DFLC1.,23="L0O" THEHN 349
Z8ew SCALE a.ted.Y1.%2
218 =H = 1B
sER 5
Ha3E
Sd e
SR

1

0
-

LR U L]

!

[l U S ]
a5 5 5D T

L L0

01

Ly
U |

458 OUTRUT AL . "S3 HLLY

dRE BlI=8

478 FOR I=#4 T' =

4260 IF DFL1.&J="LI" THEH S18
49 F=F il '-LJT'FEn~LG| 4 = 20
sEy GOTD 520

S18 F=sri+14cF2-F1 -5

S28| B=1

SZ28 IF F<loBaB THEH S26

sS4 E=3A

SSE IF F<lyvgsa THEW S2a

SEh BE=1aan

SVE IF B=E1 THEH &14a

SEL Bl=B

Sad IJMAGE "RE".4D."HZ"

ERE OUTPUT AL LSIHG S9%6 & B
18 IHHuE &AL, 80, "HE FR HE

T

M 2



There are a variety of methods for measuring
phase noise in the frequency domain but the com-
mon tool used in all of them is a frequency selective
analyzer. It is appropriate now to discuss the dif-
ferent types of analyzers and the corrections
necessary for making accurate noise measurements.

Wave analyzers are generally manually tuned
selective analyzers with meter readout and flat-top,
steep-sided IF filters. The tuning range on the low
end is limited to about 5 times the narrowest IF filter
available in the instrument. Since the IF filters are
not ideally rectangular, it is necessary to know the
equivalent noise bandwidth in order to normalize to
a 1Hz bandwidth. For wave analyzers, the equiva-
lent noise bandwidths are typically 3 to 10% wider
than the stated 3dB bandwidth. Since this can vary
from unit to unit, it is wise to check the actual unit
by numerical integration of the filter curve to at
least 30dB down from the top of the filter.

Nearly all analyzers use an average detector
calibrated to read the true rms level of a discrete
signal in the passband. For white noise, however, the
meter reading would be 1.05dB lower than the true
level. Since the meter may be fluctuating randomly,
it is necessary to visually average the reading if some
form of video filtering or meter damping is not
available. Wave analyzers are most useful where on-
ly a relatively few spot measurements are necessary
to verify a phase noise spectral density.

Spectrum analyzers are automatically swept
selective analyzers with a CRT display. The IF filters
are gaussian shaped for fast settling and rapid
sweeping. Since the skirts are wider than wave
analyzers, the equivalent noise bandwidths are
usually up to 15% more than the 3dB bandwidths.
Spectrum analyzers have logarithmic IF amplifier
gain which amplifies noise peaks less than lower
values and produces a signal which when average
detected requires a total of +2.5dB correction for
white noise. Video filtering, which is available on
most spectrum analyzers is useful for reducing the
amplitude deviation of the spectral density.

Analyzers which are remotely programmable
and have digital data output can be used for
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numerically averaging many readings at a single fre-
quency with software in the controller. It is
necessary, of course, to retain statistical in-
dependence of the samples by limiting the repetition
rate of the readings to the reciprocal of the
equivalent bandwidth of the IF filter bandwidth and
the video filtering bandwidth combined. From
statistical theory, the confidence in an average is im-
proved by the square root of the number of samples.
For example, the average of 100 samples is 10 times
better than a single sample.

Amplitude sensitivity is sometimes a problem
when measuring very low phase noise levels.
However, there are readily available low noise
preamps to provide the necessary gain. This addi-
tional gain must be removed during calibration but
it is a small inconvenience.

To summarize, for wave analyzers, the cor-
rected noise power reading in dB is:

Noise = Meter Reading + 1.05 — 10 log (Equiv.
Noise BW) — Preamp Gain

For spectrum analyzers, it is:

Noise = CRT display + 2.5 — 10 log (Equiv. Noise
BW) — Preamp Gain

Remember, however, that all these corrections
apply only for signals which approximate white
noise in the IF bandwidth being used. Deterministic
components are discrete signals which do not re-
quire correction factors. Whenever a data point is
above the adjacent points by several dB, it should
be checked for discreteness by narrowing the IF
bandwidth and widening the video filtering. A dis-
crete signal will not change level when the IF band-
width is narrowed if it is in the center of the pass-
band and will fluctuate less than adjacent points
when the amount of video filtering is reduced.

The HP 3585A Spectrum Analyzer also requires
the above correction for noise measurements in the
standard spectrum analysis mode. However, the
noise level mode used with the marker readout
automatically includes the correction and displays
the amplitude normalized to a 1THz bandwidth.
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