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Chapter

introduction

The stringent performance require-
ments of modern radar and communica-
tions systems call for high frequency sig-
nals with extremely good spectral purity.
In the past the ability to generate such
signals and measure their spectral purity
has been limited to development labora-
tories that have elaborate dedicated equip-
ment and abundant time. Today thereisa
solution to these problems in a single
instrument — the Hewlett-Packard 8662A
Synthesized Signal Generator. The 8662A
combines the low close-in phase noise of a
frequency synthesizer with the low spur-

ious and noise floor typically found only
in cavity-tuned generators to provide
extremely good overall spectral purity.

This application note discusses phase
noise tn detail in Chapter 2 to provide an
understanding of its implications for cer-
tain critical applications such as out-of-
channel receiver testing, doppler radar,
and local oscillator substitution. In Chap-
ter 3, key design aspects of the 8662A and
the resulting phase noise performance are pre-
sented, followed by a discussion of the
effects of external references on that per-
formance in Chapter 4.

Chapters 5 and 6 present techniques of
applying the excellent phase noise per-
formance of the 8662A to solve problems
that commonly arise in the measurement
of low phase noise. Chapter 7 extends
these techniques to the microwave fre-
quency range via 8662A-based systems
that can generate and measure low phase
noise microwave signals,

The effects of signal generator phase
noise on receiver testing are discussed in
Chapter 8. Finally, the last four chapters
present methods of applying the 8662A to
enhance the performance of several other
Hewlett-Packard instruments.
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What is Phase Noise?

Every RF or microwave signal displays
some frequency instability. A complete
description of such instability is generally
broken into two components, long-term
and short-term. Long-term frequency sta-
bility, commonly known as frequency
drift, describes the amount of variation in
signal frequency that occurs over long
time periods — hours, days, or even
months. Short-term frequency stability
refers to the variations that occur over
time periods of a few seconds or less. This
application note deals primarily with
short-term frequency stability.

There are three common methods of
specifying short-term frequency stability.
The first method, fractional frequency
deviation, uses a time domain measure-
ment in which the frequency of the signal
is repeatedly measured on a frequency
counter, with the time period between
each measurement held constant. This
allows several calculations of the frac-
tional frequency difference, y, over the
time period used. A special variance of
these differences, called the Allan var-
iance, can then be calculated. The square
root of this variance is called o (), where 7
is the time period used in the measure-
ment. The whole process is generally
repeated for several different time peri-
ods, or 7,and o (7)1s plotted versus ras an
indication of the signal’s short-rerm fre-
quency stability.

Fractional frequency deviation is espe-
cially useful for specifying the level of
short-term frequency instabilitics occur-
ring over periods of time greater than [0
milliseconds. However, for instabilities
occurring at higher rates than this, frac-
tional frequency deviation quickly loses
its advantage over other methods of speci-
fying short-term stability.

The second method of specifyingshort-
term frequency stability is called residual
FM. This 1s a frequency domain tech-
nique in which the signal of interest is
examined usingan FM discriminator fol-
lowed by a filter. The bandwidth of the

filter is set at some specified value, usually
300 Hz to 3 kHz, and the rms noise vol-
tage at the filter output is proportional to
the frequency deviation in Hz. Inthis method,
only the total amount of short-term fre-
quency instability occurring at rates that
fall within the filter bandwidth is indi-
cated. No information regarding the rela-
tive weighting of instability rates is con-
veyed. In addition, 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 such spurious are
detected as FM sidebands.

For these reasons, the use of residual
FM to specify the short-term stability of a
signal generally provides the least amount
of information of the three methods in
use. An additional disadvantage is that
different post-detection bandwidths are
specified in different measurement stand-
ards. For example, another common
choice is 20 Hz to 1S kHz. As a result,
quite often comparisons of oscillator per-
formance based on residual FM specifica-
tions cannot be made directly.

In the third method of specifying short-
term frequency stability — single side-
band (SSB) phase noise — the short-term
instabilities are measured as low level
phase modulation of the signal carrer.
Due to the random nature of the instabili-
ties, the phase deviation must be repre-
sented by a spectral density distribution
plot known as an SSB phase noise plot.
Note that the phase modulation of the
carrier is actually equivalent to phase
modulation by a noise source. Hence the
name phase noise.

Of all the methods commonly in use,
SSB phase noise has the advantage of
providing the most information about the
short-term frequency stability of a signal.
In addition, both fractional frequency
deviation and residual FM may be de-
rived if the phase noise distribution of a
signal is known. As a result, SSB phase
noise has become the most widely used
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method of specifying short-term stability.
For this reason, the rest of this applica-
tion note uses only SSB phase noise in
specifying short-term frequency stability.

Due to phase noise, in the frequency
domain a signal is no longer a discrete
spectral line but spreads out over fre-
quencies both above and below the nom-
inal signal frequency in the form of modu-
lation sidebands. Figure 2.1 illustrates the
difference between ideal and real signals
in the frequency domain. In some cases,
phase noise sidebands can actually be
viewed and measured directly on a spec-
trum analyzer. This has led to the com-
mon definition of phase noise in which the
phase noise level is represented by a
function £L(f) called “script L”. The U.S.
National Bureau of Standards defines L(f)
as the ratio of the power in one sideband,
on a per hertz of bandwidth spectral den-
sity basis, to the total signal power, at an
offset (modulation) frequency f from the
carrier. £(f) is a normalized frequency
domain measure of phase fluctuation
sidebands expressed as dB relative to the
carrier per Hz (dBc/ Hz).

Power Density
(one phase
modaulation sideband)

Total Signal Power

L= dBc/Hz

Figure 2.1. CW signal viewed in the
frequency domain.



As mentioned, £(f) can be measured
directly on a spectrum analyzer if the
following conditions are met:

1. The spectrum analyzer noise floor is
lower than the level of phase noise
being measured. In most cases this
means that the phase noise of the
spectrum analyzer’s local osciilator
must be lower than the level of the
noise being measured.

2. The signal’s AM noise does not make
a significant contribution to the noise
measured (determined from the na-
ture of the source under test).

For more information on how to meas-
ure phase noise directly on spectrum ana-
lyzers, refer to Hewlett-Packard Apph-
cation Note 270-2, Automated Noise Side-
band Measurements Using the HP 8563A
Spectrum Analyzer.

Another function frequently encoun-
tered in phase noise work is S¢ (f). S¢ (f)
is defined as the spectral density distribu-
tion of phase deviations in radians squared
per Hz. The relationship between S¢ (f)
and L (f) is simply

Se)=2L(f)

This relationship applies when the modu-
lation index of the phase modulation
causing the noise is much less than unity.
For the levels of phase noise that are
typically of concern in modern oscilla-
tors, this assumption is generally valid.
These two functions, S¢ (f) and £ (f), are
discussed further in Chapter 5, where the
two-source method of measuring phase
noise is described.

Residual and absclute phase
noise

There are two kinds of phase noise
commonly used in specifying the short-
term stability of a device that operates on
a signal from a reference oscillator —
residual phase noise and absolute phase
noise. Residual phase noise refers to that
noise inherent in the device, regardless of
the noise of the reference oscillator used.
Absolute phase noise is the total phase
noise present at the device output and is
a function of both the reference oscitlator
noise and the residual phase noise of the
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device. In general, it is the absolute phase
noise that must be considered when ap-
plying a device to a given application.

Residual phase noise is commonly used
when specifying the noise performance of
frequency synthesizers. Although most
synthesizers have internal reference oscil-
lators, many synthesizer users prefer to
use external references of higher stability
to improve the synthesizer performance
or to synchronize a system of many
instruments. In these cases, the residual
noise specification conveys more infor-
mation than the absolute noise specifica-
tion, since it allows the user to calculate
absolute noise performance from the
characteristics of his own reference oscil-
lator. Chapter 4 discusses improvement
of the 8662A absolute noise with external
references.

Why is Phase Noise

Important?

In recent years, advances in radar and
communications technology have pushed
system performance to levels previously
unattainable. Design emphasis on system
sensitivity and selectivity has resulted in
dramatic improvements in those areas.
However, as factors previously limiting
system performance have been dealt with,
new limitations have emerged upon which
attention is being focused. One of these
limitations is phase noise. The ability to
generate and measure low phase noise RF
and microwave signals has become more
important than ever before.

Because of its extremely low SSB phase
noise, the 8662A allows users to meet
these critical phase noise requirements.
To illustrate how a low phase noise source
such as the 8662A can help achieve better
system performance, here are three ex-
amples of specific applications.

Local oscillater applications

Phase noise can be a major limiting
factor in high performance frequency
conversion applications dealing with sig-
nals that span a wide dynamic range. The
first down-conversion in a high perform-
ance superheterodyne receiver serves as a
good example for illustration. Suppose
that two signals (Figure 2.2a) are present
at the input of such a receiver. These sig-
nals are to be mixed with a local oscillator
signal down to an intermediate frequency
(1F) where highly selective IF filters can
separate one of the signals for amplifica-
tion, detection, and baseband processing.
If the desired signal is the larger signal,
there should be no difficulty in recovering
it, if the receiver is correctly designed.

A problem may arise, however, if the
desired signal is the smaller of the two,
because any phase noise on the local oscil-
lator signal is translated directly to the
mixer products. Figures 2.2 b and ¢ show
this effect. Notice that the translated noise
in the mixer output completely masks the
smaller signal. Even though the receiver’s
IF filtering may be sufficient to remove
the larger signal’s mixing product, the
smaller signal’s mixing product is no
longer recoverable due to the translated

Figure 2.2. Effect of L.O. phase noise in mixer application.




local oscillator noise. This effect is partic-
ularly noticeable in receivers of high selec-
tivity and wide dynamic range.

The key point here is that the phase
noise level of the local oscillator signal
often determines the receiver’s perform-
ance. A noisy local oscillator signal can
degrade a receiver’s useful dynamic range
as well as its selectivity. To achieve the
best performance from a given receiver
design, the local oscillator phase noise
must be minimized. This is where the
8662A can help. First, the 8662A can pro-
vide a low phase noise signal to serve as a
reference signal for measuring the phase
noise of the local oscillator signal under
test. This measurement is described in
detail in Chapters 5 and 6. Second, the
8662A can provide the local oscillator
signal itself. With +16 dBm typical output
power, 0.1 Hz frequency resolution, 420
microsecond frequency switching speed,
and full HP-IB programmability, the
8662A can serve in almost any demand-
ing local oscillator application.

Doppler radar applications
Doppler radars determine the velocity
of a target by measuring the smalil doppler
shifts in frequency that the return echoes
have undergone. Return echoes of targets
approaching the radar (closing targets)
are shifted higher in frequency than the
transmitted carrier, while return echoes of
targets moving away from the radar
(opening targets) are shifted lower in fre-
quency. 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.
Figure 2.3 shows the typical return fre-
quency spectrum of an airborne pulse
doppler radar. In some situarions, the
ratio of main beam clutter to target signal
may be as high as 80 dB. This makes it
difficult to separate the target signal from
the main beam clutter. The problem is
greatly aggravated when the received spec-
trum has frequency instabilities — high
phase noise — caused by either the trans-
mitter oscillator or the receiver LO. Such
phase noise on the clutter signal can par-
tially or totally mask the target signal,

depending on the relative level of the
target signal and its frequency separation
from the clutter signal. Recovering the
target signal is most difficult when the
target is moving slowly and is close to the
ground because then the ratio of clutter
level to target level is high and the fre-
quency separation between the two is low.

This effect is similar to that in the local
oscillator application described in the
preceding section. A small signal, the
target echo, must be discerned in the
presence of the much larger clutter signal
that is very close by in frequency. Again,
the system performance is limited by
phase noise. In this case, it is the phase
noise level of either the transmitter oscil-
lator or the receiver local oscillator that is
limiting.

The 8662A can improve the radar’s
performance by serving as a low phase
noise source for phase noise measurement
or signal substitution. Since most radars
operate at microwave frequencies it is
usually necessary to multiply the fre-
quency of the 8662A’s output to the
microwave frequency range. This multi-
plication is discussed in Chapter 7.

QOut-of-channel receiver testing
Modern communications receivers have
excellent selectivity and spurious rejec-
tion characteristics. These are called the
out-of-channel characteristics and require
very high quality test signals for verifica-
tion. Typically, two signal generators are
used for testing the out-of-channel charac-
teristics of a receiver. One generator is
tuned in-channel, the other is tuned out-
ofchannel, typically one channel spacing
away.

Due to the masking effect described for
local oscillator applications, the phase
noise of the out-of-channel generator may
limit the selectivity that can be measured.
As a result, the measured selectivity may
be much worse than the actual receiver
selectivity. The limiting level of phase
noise on the out-of-channel generator is
determined by the level of performance of
the receiver that is being measured. More
selective receivers require lower phase
noise on the out-of<channel generator.
Out-ofchannel receiver testing and the
phase noise requirements of the out-of-
channel generator are described in more
detail in Chapter 8.

Figure 2.3. Typical return spectrum for airborne doppler radar.
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The HP 8662A Synthesized Signal Gen-
crator offers a superior combination of
spectral purity, frequency resolution, and
switching speed in a programmable RF
signal generator. To understand how the
8662A achieves such performance, it is
necessary to examine its basic operation.

Tneary of operation

Figure 3.1 shows the basic block dia-
gram of the 8662A. The block diagram
can be divided into three main sections:
the reference section, the phase-locked
loop section, and the output section. The
reference section synthesizes many differ-
ent frequencies from a high-stability 10
MHz quartz oscillator. The phase-locked
loop section uses these reference section
signals to synthesize output frequencies of
320 to 640 MHz in 0.1 Hz steps. The
output section modulates and amplifies
the output signal from the phase-locked
loop section and translates its frequency
to the desired output frequency if it does
not lie in the main frequency range of 320
to 640 MHz. This frequency translation is
done by doubling, dividing, or mixing.

The Reference Section

The main function of the reference sec-
tion is to provide a synthesized octave
band of frequencies from 320 to 640 MHz
in 20 MHz steps. The reference section
also generates frequencies of 10, 20, 120,
and 520 MHz for use as local oscillator
signals in the phase-locked loop and out-
put sections. Both the short-term and
long-term frequency stability of the sig-
nals from the reference section are critical,
since these signals are used as a basis for
synthesizing the final output signal.

All of the reference section signals are
directly synthesized; i.e., they are derived
by multiplying, mixing, and dividing from
an internal high-stability 10 MHz refer-
ence oscillator (HP Model 10811A). Asa
result, the long-term frequency stability of
the 8662A is derived directly from the
10811 A and is specified to be less than 5 x
10719per day after a 24-hour warmup. As
an example of how stable this is, when the
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B8662A is set for an output frequency of
500 MHz, the frequency will drift no
more than a quarter of a hertz per day
after the specified warmup!

The frequency accuracy of the 8662A
output 1s also a function of the 10811A
internal reference oscillator. The refer-
ence frequency can be adjusted over a
range of about 20 Hz to allow close cali-
bration against a standard. For most
applications, the accuracy of the internal
reference is adequate. If greater accuracy
is required, provision has been made In
the 8662A to substitute an external 5 or 10
MHz reference for the internal reference.
A cesium or rubidium standard used as
an external reference can provide fre-
quency accuracies on the order of one
part in 10'1. Such an atomic standard
may also provide improved phase noise at
some offsets compared to the internal ref-
erence. The use of external references
with the 8662A is discussed in Chapter 4.

The short-term frequency stability or
phase noise of the 10811 A also affects the
phase noise on the 8662A output signal.
Although the 10811A internal reference

has very low inherent phase noise, as its
frequency is multiplied up to produce the
higher frequency reference section signals
the phase noise also increases at a rate of 6
dB/octave. To reduce this cffect, monoli-
thic crystal filters in the reference multi-
plier chain at 40 and 160 MHz filter the
noise sidebands at offsets greater than
about 4 kHz (6 kHz BW at 40 MHz) and
10 kHz (18 kHz BW at 160 MHz). The
resulting phase noise of the reference sec-
tion output at 500 MHz is typically =110
dBc (dB relative to the carrier) ata 10 Hz
offset decreasing to a noise floor of about
—148 dBc at offsets greater than 10 kHz.

The mechanical configuration of the
crystal filters is very critical. since any
small mechanical vibrations in the filter
translate directly into microphonic spur-
ious sidebands on the signal. The most
common source of instrument vibration
is the cooling fan, which causes spurious
signals at about 53 Hz offsets. This spur-
ious mechanism is minimized in the 8662A
by a special shock mounting arrangement
which mechanically isolates the crystal fil-
ters from instrument vibration.
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Figure 3.1. 8662A block diagram.



@ The Phase-Locked Loop

Section . .

The phase-locked loop section consists
of seven phase-locked loops that provide
the frequency programmability, frequency
modulation, and fine frequency resolu-
tion of the 8662A without compromising
the excellent frequency stability provided
by the reference section. Using an indirect
synthesis technique (i.e.. synthesis using
phase-locked loops as contrasted with
direct synthesis by mixing, multiplying,
or dividing as is done in the reference
section), the phase-locked loop section
takes the 320 to 640 MHz in 20 M Hz steps
from the reference section and synthesizes
an output of 320 to 640 MHz in 0.1 Hz
steps.

The phase-locked loop section is di-
vided into two areas, the high frequency
loops and the low frequency loops. The
two high frequency loops are nearly iden-
tical with specially designed low noise vol-
tage controlled oscillators (VCOs). The
low frequency loops consist of five phase-
locked loops; three that provide the
8662A' 0.1 Hz frequency resolution and
two which generate frequency modula-
tion and sum the resulting FM signal with
the final output signal.

High frequency iocps

The first of the two high ‘requency
loops, the reference sum loop, tunes over
a 310 to 620 M Hz frequency range. This
loop sums the reference sections main
output of 320 to 640 MHz with 10 or 20
MHz also from the reference section. The
reference sum loop’s primary function is

to filter out spurious signals on the refer-
ence section output and to improve the
resolution from 20 MHz steps to 10 MHz
steps. The loop provides 60 dB of spectral
filtering, thereby reducing the spurious
level from —40 dBc to —100 dBc. Such
filtering is an advantage of indirect syn-
thesis, since the bandwidth of the phase-
locked loop can be set so that the loop
VCO will only track the loop reference
signal within the bandwidth of the loop.
Reference signal sidebands falling outside
the loop bandwidth are therefore filtered
by the loop.

The second high frequency loop is the
output sum loop. This loop sums the 310
to 620 MHz output of the reference sum
loop with a 10 to 20 MHz signal from the
low frequency loops. This 10 to 20 MHz
signal has a resolution of 0.1 Hz and is
frequency modulated when FM is enabled.
The resulting output from the output sum
loop 1s 320 to 640 MHz in 0.1 Hz steps.
This signal is sent to the output section for
translation to the final 8662A output fre-
quency and amplitude modulation.

The reference sum loop and the output
sum loop are nearly identical, since they
both contain identical, specially-designed
low-noise VCOs. These VCOs employ a
switched reactance resonator of novel
design (Figure 3.2). The resonator con-
sists of an array of five inductors switched
in a binary sequence to provide 32 fre-
quency steps. Thus, for continuous fre-
quency coverage of 320 to 640 MHz, the
varactor has to tune over only 10 MHz
spans. Compared to a conventional VCO
with a varactor covering the entire 320 to
640 M Hz frequency range, this switched
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Figure 3.2, 320 to 640 MHz switched reactance oscillator.

scheme results in greatly reduced oscilla-
tor tuning sensitivity. Therefore, any noise
on the VCO tuning line causes very little
phase noise as compared with a conven-
tional VCO. In addition, the nature of the
resonator yields very high signal levels
(£10 volts peak), high Q (150-250), fast
switching, and precise pretuning.

These properties of the VCOs result in”
excellent phase noise performance com-
bined with fast frequency switching. The
actual phase noisc of the VCO is shown in
Figure 3.3. The noise at offsets beyond
about 100 kHz is particularly important
since this noise will not be filtered by the
action of the phase-locked loop as much
as the noise closer in.

Several important considerations were
taken into account in the design of the
loops that phase-lock these VCOs. Using
the reference sum loop as an example. to
get the lowest overall phase noise possible
the loop bandwidth was selected to min-
imize the noise contributions of both the
VCO and the reference section. The spe-
cial efforts made to lower the noise in the
reference section allowed a relatively wide
bandwidth (250 to 450 k Hz) to be used. A
direct consequence of wide bandwidth is
faster frequency switching. As a result,
the reference sum loop can switch fre-
quency in about 50 microseconds. This is
particularly sigificant considering the
overall phase noise of the reference sum
loop shown in Figure 3.4. The loop
achieves a noise floor of =143 d Bc as close
to the carrier as 10 kHz. Within 10 kHz,

the reference section noise dominates.

Low frequency fooss

Careful design in the low frequency
loops optimizes the tradeoffs between the
resolution, switching speed, and phase
noise of the 10 to 20 MHz signal from
these loops. Fractional N techniques sim-
ilar to those used in lower frequency HP
Synthesizers (Models 3325A and 3335A)
are used in both the “N Loop” and the
“Fractional N Loop”. In the N Loop. an
uncorrected fractional N technique
achieves | MHz resolution while min-
imizing the multiplication of phase noise
by using a low divide number. The Frac-
tional N Loop uses a corrected fractional

9



N technique to achieve 0.1 Hz resolution
with a relatively low spurious content.
This loop is the primary determinant of
the overall frequency switching speed of
the 8662A. 1t has a settling time of about
400 microseconds.

The overall phase noise of the 10 to 20
MHz7z low frequency loop is about —145
dBc at a 10 kHz offset. As a result, when
this signal is combined with the output of
the reference sum loop in the output sum
loop. the phase noise of the resulting sig-
nal is about —139 dBc at a 10 kHz offset.

e Ot Seclian
The output section translates the 320 to
640 MHz signal from the phase-locked
loop section to the desired 8662A output
frequency by doubling, dividing, or mix-
ing. This process produces five distinct
frequency bands covering the entire 8662A
output frequency range from 10 kHz to
1280 M Hz. These are the main band (320
to 640 MHz), the doubled band (640 to
1280 M Hz), the divide-by-two band (160
to 320 MHz), the divide-by-four pand
(120 to 160 MHz). and the heterodyne
band (0.01 to 120 MHz). The ways in
which these five bands are derived deter-
mine the short-term stability characteris-
tics of each band. For example, since fre-
quency doubling resultsina 6 dB increase
in phase noise, the phase noise of the
8662A output in the doubled band shouid
be about 6 dB higher than that in the main
band. Likewise, the phase noise in the
divide-by-two and divide-by-four bands
should be about 6 and 12 dB lower. The
phase noise in the heterodyne band should
be about the same as in the main band,
except that some noise cancellation may
occur close to the carner due to cancella-
tion of correlated reference section noise
in the down-conversion process.

The actual residual phase noise of the
8662A over its entire output {requency
range is shown in Table 3.1. Note how
closely the actual correlate with the ex-
pected values. This close correlation re-
sults from careful design in all parts of the
output section. Areas of particular con-
cern included designing the AGC loop for
minimum AM-to-PM noise conversion
and obtaining carefully controlled levels
at the inputs to the heterodyne band

10

mixer. The resulting broadband noise
floor of the 8662A is less than—148 d Bc at
offsets greater than | MHz.

-90
~-100
a Absolute Phase Noise of 320 to 640 MHz
o) 10 Switched Reactance Oscillator @ 500 MHz
-1
z \
I -120 AN
£ \
2 130
(=]
2 \
% 140
® N
£
a
@ 150 \\
(7]
80 10k 100 k ™
Oftset From Carrier (Hz)
Figure 3.3. Typical phase noise of 8662A switched reactance oscillator.
-120
8
T
% -130
,I.. \\ Residual Phase Noise of Reference Loop
g including Reference Section at 500 MHz
= -140
\
<z Phase Noise of
% 150 Reference Loop only
Q
[+ 3
0
@
BakT 10k 100k ™
Oftset from Carrler (Hz)
Figure 3.4. Typical phase noise of 8662A reference loop.
Offset Carrier Frequency
from T T w2z - e -
Carrier 0.01to 120 to 160 to 320 to 640 to
120 MHz 160 MHz 320 MHz 640 MHz 1280 MHz
10 Hz —115 -119 =113 ~107 -103
100 Hz -126 —-128 ~124 =117 =112
| kHz -133 —138 -134 —-128 -123
10 kHz -137 —-147 —143 -136 -131
100 kHz —137 =145 —143 -136 -131

Table 3.1. Typical 8662A residual SSB phase noise.
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A synthesizer is defined as a signal
source in which all output frequencies are
derived from a single fixed-frequency ref-
erence oscillator, where the long and
short-term stability of the reference is
translated to the output. This chapter
examines how the stability parameters of
the reference oscillator affect the stability
of the output frequency of the 8662A. The
first part of the chapter shows how the
long and short-term stability of the
8662A°s own internal reference are trans-
lated to the output signal. Then the chap-
ter describes a specific case of using a
cesium beam as an external reference to
improve both the close-in short-term sta-
bility as well as the long-term stability of
the 8662A. This specific case is then used
to develop the general case of how an
arbitrary external reference will alter the
8662A’s stability parameters.

[ e o |
UG

Why Use am
Reference?

The internal reference in the 8662A isa
Hewlett-Packard Model 10811A 10 MHz
Crystal Oscillator. The specified absolute
phase noise and long-term frequency sta-
bility of the 8662A apply only with this
internal reference.” Often, however, an
external reference is used. (The 8662A
acceptsany external 5 MHz standard ata
level of | Voo £0.1V or any 10 MHz
reference atalevel of 0.5t0 0.7 V < into
50 ohms.) For example, in a system it is
often desirable to operate all the compo-
nents of the system from the same refer-
ence. If another reference in the system is
chosen as the common reference, the long
and short-term stability of the 8662A
will be altered. Since the use of an exter-
nal reference does alter these frequency
stability parameters, an external reference
can be used to improve them.

Relerences

\

'\\ﬂ"ﬁ m
SENGAD Nl!

“flect of the Refer
Long-Term §f5abmzﬁ

Frequency stability can be defined as
the degree to which the oscillating source
produces the same value of frequency
throughout a specified period of time.
This definition of frequency stability in-
cludes the concepts of random noise,
residual and incidental modulation, and
any other fluctuations of the output
frequency.

Long-term stability, often called fre-
quency drift. refers to the change in out-
put frequency over a period of time usu-
ally greater than a few seconds. For
synthesizers, it is commonly expressed in
parts in 10% per day, week. month, or
vear. Long-term stability usually results
from aging of the components and mate-
rial used in the oscillating source.

For the 8662A, the relationship be-
tween the long-term stability of the refer-
ence and the long-term stability of the
output frequency is simple. Because of the
nature of the synthesis process, the fre-
quency drift and accuracy of the output
signal is exactly equal to that of the refer-
ence, whether it is internal or external.

The internal reference in the 8662A, the
HP 10811A. is an oven-controlled crystal
oscillator with specified long-term stabil-
ity of 5 x 10710 per day after a 24-hour
warmup. The frequency accuracy is a
function of time base calibration % aging
rate  temperature effects * line voltage
effects. These parameters are directly
translated to the 8662A output frequency.

If an external reference is used, the
8662A long-term stability can be either
degraded or improved. Typical long-term
stability for room-temperature crystal
oscillators is } x 10 per month. A
secondary standard such as a rubidium
has long-term stability on the order of I x
10-1" per month. Primary frequency
standards such as cesium beams have
even less frequency drift — specifying
stability on the order of 5 parts in 10712
for the life of the cesium beam tube.

WWaitdn

Effect of the Reference an
Short-Term Stalbility

A common measure of short-term fre-
quency stability is single sideband (SSB)
phase noise; see Chapter 2 for a discussion
of phase noise and its implications. In a
synthesizer, usually two types of phase
noise are specified —residual and abso-
lute. Residual phase noise is the phase
noise inherent in the synthesizer; that is, it
is a theoretical limit on the noise perfor-
mance of the synthesizer. The noise on the
output signal can never be better than the
residual noise.

Absolute or total noise is the total
phase noise present at the device output.
Absolute noise includes the noise contri-
bution of the reference used. and changes
with different references.

To examine how the noise on the refer-
ence oscillator translates to or affects the
absolute noise of the 8662A, consider the
plot of typical 8662A absolute and resid-
ual SSB phase noise (Figure 4.1). Note
that the absolute noise with the internal
reference is greater than the residual noise
only for offsets from the carrier less than
about 2 kHz. For offsets greater than 2
kHz, the residual noise is the same as the
absolute noise.

The internal reference in the 8662A has
specified phase noise as shown in Table
4.1. This phase noise at 10 MHz is trans-
lated to the equivalent phase noise at a
carrier frequency of 500 MHz and is also
plotted on the same graph with the typical
phase noise of the 8662A in Figure 4.1.

Table 4.1. Specified phase noise of HP
10811A at 10 MHz.

e

Offset from Signal  Phase Noise Ratio
f L£(f)
10 Hz —90 dBc
100 Hz -120 dBc
1 kHz —-140 dBc
10 kHz —157 dBc
100 kHz —160 dBc
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The graph shows that the absolute
phase noise of the 8662A closely follows
the noise of the reference out to about a 2
kHz offset from the carrier. Beyond a 2
kHz offset, the noise on the 10811 A oscil-
lator remains flat, while the absolute
noise of the 8662A continues to drop until
it reaches the residual noise level. For
offsets greater than about 2 k Hz, the typi-
cal phase noise of the 10811A is actually
greater than the typical absolute noise of
the 8662A.

The reference section of the 8662A was
designed to ensure that this high reference
noise at offsets greater than 2 kHz would

not contribute to the absolute noise of the
output signal; that is, the reference section
was designed to improve the broadband
noise performance over the noise of the
internal reference. In the reference sec-
tion, the 10 MHz reference signal is
directly multiplied up to 640 MHz for use
in other parts of the 8662A.

Were nothing else done to this 640
MHz signal, the broadband noise would
be translated to the output frequency.
However, to improve the broadband
noise, monolithic crystal filters were added
in the reference multiplier chain at 40 and
160 M Hz. The 40 M Hz filter has a band-

50
60 P\
\\ Typical
70 Absolute
\\ Noise of
80 8662A Using
N\ 10811A Ref.

f - 500 MHz

90 ‘\
100

\\ \\\

110

NN

Translated Phase Noise of HP 10811A
/.

120

SSB Phase Noise In 1 Hz BW (dBc)

/ N\
130 - Typical Residual Noise of 8662A

¢

140

-150

100 1k

10k 100k ™ 10M

Oftset from Carrier (Hz)

Figure 4.1. Comparison of 8662A noise vs. noise of internal reference.
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Figure 4.2. Comparison of noise of 1081 1A crystal vs. S061 A cesium beam.
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width of about 6 kHz; the 160 MHz filter a
bandwidth of about 18 k Hz. With no filter-
ing, the noise floor on the multiplied-up
reference signal (640 MHz) would be
about —124 dBc at a 100 kHz offset. The
filters, however, effect substantial noise
reduction, with about 35dB of noise atten-
uation, to reduce the broadband noise
floor to about —160 dBc. In addition to
the noise reduction effected by the crystal
filters, the bandwidths of the phase-lock
loops were carefully chosen to minimize
broadband noise. However, the major
notse reduction is still due to the filtering.
For more information on the design of
the 8662A and its reference section, see
Chapter 3.

In summary, due to the design and fil-
tering of the reference section, the noise
of the reference oscillator used primarily
affects the close-in rather than the broad-
band absolute phase noise of the 8662A.
The goal is to improve the absolute noise
by using lower noise references. Again, by
the definition of residual noise, no exter-
nal reference, no matter how low in noise,
could reduce the absolute noise of the
8662A to anything less than the residual
noise. If the noise of the external reference
is actually lower than the residual noise of
the 8662A, the 8662A’ residual noise
would simply dominate.

8662A Stability Using a
Cesfum Beam

An excellent external reference source
for improving the long-term stability of
the 8662A is a cesium beam frequency
standard. To see how the noise of a
cesium standard affects the short-term
stability or absolute noise of the 8662A,
and to expand that to the general effect of
using an external reference, this section
will examine the measured absolute noise
performance of the 8662A with the
Hewlett-Packard Model 5061A Cesium
Beam Frequency Standard (with high
stability Optton 004 for improved phase
noise) as an external reference.

A good insight into the expected noise
performance of the 8662A with the cesium
beam standard as an external reference
can be gained by comparing the specified
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single sideband phase noise of the 5061A
to that of the internal reference, the
10811A. Figure 4.2 plots these noise
values, with the noise of the 5 MHz
5061A converted up to the equivalent
noise at 10 MHz.

The phase noise of the 1081 1A Crystal
Oscillator is graphed with a dashed line
for offsets from the carrier less than | Hz
because the phase noise of the 10811A is
actually specified only into a | Hz offset.
Phase noise information at offsets greater
than | Hz is normally sufficient for those
applications where a crystal would be
used. However, the 10811A does specify
time domain stability (fracticnal fre-
quency deviation) for averaging times
from tau equal to 1073 to 102 seconds.
These time domain representations of
short-term stability were translated to
equivalent frequency domain representa-
tions for offsets less than I Hz by alge-
braic calculations accepted by the U.S.
National Bureau of Standards (NBS).
For more information on how tc perform
these translations, see NBS Technical
Note 679, Frequency Domain Stability
Measurements: A Tutorial Introduction.

Figure 4.2 shows that the phase noise
of the 5061 A Cesium Beam is greater than
that of the 1081 1A crystal for offsets from
the carrier greater than approx.mately 2
Hz. Since the bandwidth of the first crys-
tal filter in the 8662 A reference section at
40 MHz isapproximately 6 k Hz, attenua-
tion of this higher noise would not start
until about 4 kHz from the carrier. One
would therefore expect that the absolute
noise of the 8662A with the 506 1A as an
external reference would be higher than
the absolute noise with the internal
10811A at offsets greater than 2 Hz. But
because of the filtering and effect of loop
bandwidths in the 8662 A, this higher ref-
erence noise should eventually be attenu-
ated until the residual noise is domi-
nant.

Figure 4.3 shows the absolute phase
noise measurement results; the measured
absolute phase noise of the 8662A with
the 5061 A Option 004 Cesium Standard is
shown for offsets from 0.1 Hzto 100 kHz.
To examine the relationship between the
noise of the reference and the resultant
absolute noise of the 8662A, the specified
phase noise of the cesium standard con-

verted to the equivalent noise at 500 MHz
is also plotted. As in the case of the inter-
nal reference, close-in to the carrier (here
for offsets less than 10 Hz) the absolute
phase noise of the 8662A very closely fol-
lows the noise spectrum of the reference
used. Between 10 Hz and 1 kHz, the
absolute phase noise of the 8662A gener-
ally follows the noise curve of the cesium
reference, except that the noise “plateau”
of the cesium is smoothed out by filtering.

For offsets greater than | kHz, the cesium
standard reaches its noise floor. Here the
filtering in the 8662A continues to attenu-
ate the reference noise so that the absolute
phase noise of the 8662A continues to
decrease as offset from the carrier is
increased, even though the reference has
reached its broadband noise floor.

To show the advantages and disadvan-
tages of using a cesium beam as an exter-
nal reference, Figure 4.4 compares the
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measured absolute noise of the 8662A
with its own internal crystal reference, the
absolute noise with the cestum frequency
standard, and the typical residual phase
noise of the 8662A. Figure 4.2 shows that
the noise of the cesium standard is lower
than the noise of the internal crystal oscil-
lator for offsets less than about 2 Hz. As
expected, this same relationship is trans-
lated to the absolute phase noise of the
8662A when these two references are
used. The very close-in phase noise (less
than | Hz offset) of the 8662A is improved
with use of the HP 5061A Option 004
Cestium Standard as an external reference,
exhibiting greater than 10dB of improve-
ment ata 0.0! Hz offset, with the amcunt
of improvement increasing as offset from
the carrier decreases.

For offsets greater than 2 Hz, the abso-
lute phase noise of the 8662A with the
5061A Option 004 Cesium Standard as a
reference is greater than the absolute
noise with the internal 10811A Crystal
Oscillator, as predicted. The noise with the
cesium standard continues to be higher
than the noise with the internal crystal
until the internal 8662A crystal filters can
sufficiently attenuate the cesium’s higher
reference noise floor to less than the
residual noise. Figure 4.4 shows that this
reduction occurs at an offset from the
carrier of around 25 kHz. This is consis-
tent with the fact that the second crystal
filter at 160 MHz has a bandwidth of
approximately 18 kHz.

In summary, Figure 4.4 shows tha* use
of an HP 5061A Option 004 Cesium
Beam optimizes the very close-in phase
noise (less than 1 Hz) of the 8662A. For
some applications, this very close-in phase
noise is critical. However, if offsets from
the carrier from | Hz to 100 kHz a-e of
more concern, as in many types of receiver
testing, use of the 8662A internal crystal
reference provides better performance.

Effect of an Arlitrary
Reference

Expanding the results to the general
case of any external reference, the close-in
phase noise of the reference is translated
to the absolute noise of the 8662 A output
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frequency. whether the noise of the exter-
nal reference is higher or lower than that
of the internal crystal oscillator. At greater
offsets from the carrier, if the external
reference has higher noise than the inter-
nal reference, this noise will also be seen
as absolute noise, until the 8662A filtering
can reduce the reference noise to less than
the residual noise. This should normally
occur at an offset around 20 to 30 kHz.
However, if the reference noise is ex-
tremely high, this might occur at a higher
offset from the carrier asa function of the
frequency response of the second crystal
filter.

For the lowest phase noise at all offsets
from the carrier, a combination of the
absolute noise of the cesium standard at
offsets less than | Hz and the absolute
noise of the internal oscillator, or some
other crystal reference, at offsets greater
than | Hz would be optimal. This optimal
solution is technically feasible. One solu-
tion is shown in Figure 4.5.

The “lock box” is basically just an
external phase-lock loop with the cesium
standard acting as the reference oscillator
and the crystal oscillator as the voltage-

controlled oscillator (VCO). Figure 4.6
shows the lock box in simple block dia-
gram form.

The phase-lock loop locks the crystal
VCO to the cesium standard in less thana
I Hz bandwidth. Within the bandwidth
of the loop, the noise at the output of the
VCO is equal to the noise on the refer-
ence. But outside the bandwidth of the
loop, the loop no longer tracks the refer-
ence, and the noise of the VCO will be
translated to the output.

This “lock box™ is commercially avail-
able as Hewlett-Packard Model 5061A
K34-59991A, with a bandwidth of ap-
proximately 0.16 Hz. It can be directly
connected to the 10811A external fre-
quency control input.

This arrangement yields the excellent
very close-in phase noise of the HP 5061 A
Option 004 Cesium Beam Frequency
Standard, the low phase noise of the HP
10811A Crystal Oscillator at offsets from
1 Hzto 100 kHz, the low broadband noise
floor of the 8662A, and the outstanding
long-term frequency stability of the cesium
beam — *+3 x 10712 for the life of the
cesium beam tube.

HP 5061A <1 Hz HP 5061A
Option 004 BW K34-59991A
Cesium Beam Lock Box )
l ‘ Ext.
HP 10811A Ref.
or other lnpu: 8662A
Crystal
Figure 4.5. Using two references for optimal 8662A phase noise.
v
Reference Phase ] LowPass (Cr(;:l)al
Oscillator Detector o Filter Osc.)
(HP 5061A 1
Opt. 004
Cesium)

Figure 4.6. Narrowband phase-lock loop for two-reference system.



Common Measurement
Methods

There are many methods of measuring
SSB phase noise, each of which has its
advantages. Here is a summary of the
most common methods currently in use:

1. Heterodyne frequency measurement
technigue. This is a time domain technique
in which the signal under test is down-
converted to an intermediate frequency
and the fractional frequency deviation is
measured using a computer-controlled.,
high-resolution frequency counter. a(7) is
then calculated (see Chapter 2), and the
computer transforms the time domain
information to equivalent values of SSB
phase noise. This method is particularly
useful for phase noise measurernents at
offsets less than 100 Hz. The Hewlett-
Packard Model 5390A Frequency Stabil-
ity Analyzer is a complete system for
making these measurements. For more
information, refer to the 5390A Technical
Data Sheet or to Hewlett-Packard Appli-
cation Note 225, Measuring Phase Spec-
tral Density of Synthesized Signal Sour-
ces Exhibiting f© and f~! Noise Charac-
teristics with the 5390A Frequency Sta-
bility Analyzer.

2. Direct measurement with a spec-
trum analyzer. This is the frequency
domain technique discussed briefly in
Chapter 2. This method is limited by the
spectrum analyzer’s dynamic range, reso-
lution, and LO phase noise. For more
information, see Hewlett-Packard Appli-
cation Note 270-2, Automated Noise Side-
band Measurements Using the HP 8568 A
Spectrum Analzyer.

3. Measurement with a frequency dis-
criminator. In this frequency domain
method, the signal under test is fed into a
frequency discriminator and the output of
the discriminator is monitored on a low
frequency spectrum analyzer. The best
performance is obtained with a delay
line/ mixer combination as discriminator.
Due to the inherent relationship between
frequency modulation and S¢ (f), the
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noise floor of this kind of system rises
raptdly as the carrier under test 1is
approached. The resulting higher noise
floor limits the usefulness of this method
at smaller carrier offsets.

4. The two-source technique. In this
frequency domain method, the signal
under test i1s down-converted to 0 Hz and
examined on a low frequency spectrum
analyzer. A low noise local oscillator or
LO is required for the down-conversion.
This the most sensitive and direct method
of phase noise measurement. For this
reason, and because the 8662A is ideally
suited as the low noise LO, the two-source
method is explored in great detail in this
chapter and the following two chapters.
Also sece HP Application Note 246-2,
Measuring Phase Noise with the 3585A
Spectrum Analyzer.

LN Two-Source
Technigue - - Basic Theory
The basic measurement setup used for
measuring phase noise with the two-
source technique is shown in Figure 5.1.
In this method, the signal of the source
under test is down-converted to 0 Hz or
dc by mixing with a reference signal of the
same frequency in a double-balanced
mixer. The reference signal is set in phase
quadrature (90 degrees out of phase) with
the signal under test. When this condition
of phase quadrature is met, the mixer acts

Source
Under

as a phase detector, and the output of the
mixer is proportional to the fluctuating
phase difference between the inputs.
Hence the SSB phase noise characteristics
may be determined by examining the
mixer output signal on a low frequency
spectrum analyzer. The frequency of the
noise displayed by the analyzer is equal to
the offset from the carrier.

The relationship between the noise
measured on the analyzer and £ (f) (Chap-
ter 2) is derived from

Vims
Adrms = ”
[0

where Ay, = rms phase deviation of
phase noise, Vo = noise level measured
on spec trum analyzer, and K 4 = phase
detector constant = Vi, peak- #:e level of
the beat note produced in the calibration
is described below. This assumes a sinu-
soidal beat note and a linearly operating
mixer.

Vrms2(in | Hz bandwidth)

Seh =
¢ v )
b peak
_ Vems? (in 1 Hz bandwidth)

2
2 (Vb rms)

£ _Seh VimsX 1 Hz bandwidth)

2 4 (Vp rms)

This relationship reveals how to cali-
brate the measurement to obtain £ (f).

Test Oscillo-
scope
f
Low
Double-Balanced _ Frequency
Mixer \ g Spectrum
Low Analyzer
Low-Pass Noise
Filter Amplifier

Low Noise
Reference
Source

Figure 5.1. Basic two-source phase noise measurement set-up.
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First the reference source is offset by a
small amount such as 10 kHz to produce
a beat note from the mixer that can be
measured on the spectrum analyzer
(Vb rms)- This beat note can be consi-
dered as representing the carrier of the
signal under test. This carrier reference
level is noted, then the reference source is
reset to the frequency of the source under
test and adjusted for phase quadrature.
Quadrature is indicated by zero volts dc
as monitored on the oscilioscope. The
noise displayed on the spectrum analvzer
corresponds to phase noise and the spec-
trum analyzer’s frequency scale corres-
ponds to the carrier offset frequency. To
make an SSB phase noise measuremsnt,
the level of the noise on the spectrum
analyzer is measured referenced to the
carrier level noted above (Vy, py,¢). The
actual SSB phase noise level is 6 d B below
this reading because of the factor of 1/4in
the last equation above.

Another method frequently used to cal-
ibrate the two-source measurement is to
generate a very low level sideband by
either angle modulating one of the two
sources at a low level or by summingin a
discrete low level signal. If the level of this
sideband relative to the carrier is accu-
rately known, the sideband can be used to
indicate a certain reference level. The
phase noise level can then be measured
relative to the sideband reference level.
For example, if the sideband is set to ~40
dBc and the noise level is 50 d B below the
sideband, the SSB phase noise level is —90
dBc. Notice that the 6 dB correction made
when using the previous calibration
method is not needed with this method
because this method does not involve
measuring the level of the carrier itself
(Vb rms)-

The noise measured by the two-source
technique described above represents the
combined noise of both the source urder
test and the reference source. Conse-
quently, the phase noise of one of the two
sources needs to be known to provide
definite data on the other. Usually, the
noise performance of the reference source
is well characterized for this purpose. The
error introduced by the finite noise con-

tribution of the reference source is given
by:

error (dB) = 10 log (1 + Pref/ Pguy)
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where Pr.r = actual noise power of the
reference source,

Pdut = actual noise power of the source
under test, and

error is defined as £ (f)eqasured (in dB)
minus £ (Dycqya) (in dB).

This equation indicates that it is desirable
to use as low noise a reference source as
possible. For example, if it is known that
the reference has about one-tenth as much
noise as the source under test, the noise
measured using the two-source technique
will be within 0.5 dB of the actual noise of
the source under test.

Unfortunately, it is usually difficult to
obtain reference sources that are much
lower in noise than the source under test.
Often, the most convenient reference
source available is simply another source
similar to the source under test. In this
case, the assumption can be made that
both sources contribute equally to the
measured phase noise. Thus the actual
phase noise level of the source under test
1s assumed to be 3 dB lower than (or half
of) the measured level. If three unknown
sources are available, three measurements
with three different source combinations
yield sufficient data to calculate accu-
rately the noise of each source. Appendix
A gives formulas for this calculation.

Because phase noise is usually specified
in a 1 Hz bandwidth, the result obtained
from the above measurement must also
be corrected for the equivalent noise
bandwidth of the spectrum analyzer. This
bandwidth normalization process simply
requires subtracting 10 log (equivalent
noise bandwidth in Hz) from the meas-
ured value. For example, if a value of
—123 dBcis obtained from a measurement
with a spectrum analyzer equivalent noise
bandwidth of 1.2 kHz, this value must be
corrected by subtracting 10 log (1200),
yielding —153.8 dBc/Hz. Most Hewlett-
Packard spectrum analyzers have equi-
valent noise bandwidths of approximately
1.2 times the 3 dB bandwidth of the ana-
lyzer. Note that the 3dB bandwidth of the
analyzer is not necessarily equal to the
front-panel resolution bandwidth setting,
since the front-panel setting is a nominal
figure. For best accuracy, the 3 dB band-
width of the analyzer used should be mea-
sured using a synthesized signal generator
as a calibrated source.

In addition to the 6 dB, 3 dB, and

bandwidth normalization correction fac-
tors explained above, other correction
factors may be required, depending on
the type of spectrum analyzer used. Most
analog spectrum analyzers use logarith-
mic amplifiers and peak detectors. The
log amplifier amplifies peaks less than the
rest of the noise signal. In addition, even
though the spectrum analyzer is calibrated
to read rms values, the peak detector
tends to produce a reading that is lower
than the true rms value when responding
to random noise. Due to these effects, the
resulting value of noise measured on the
spectrum analyzer is about 2.5 dB less
than the actual noise level. Thus a correc-
tion factor of +2.5 dB must be added to
the measured value to compensate for log
amplification and peak detection. For
further explanation of spectrum analyzer
corrections, refer to Hewlett-Packard
Application Note 150-4, Spectrum Anal-
ysis . . . Noise Measurements.
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Lee lmroriance of
Quacrature

The two-source technique explained
above may be applied directly if both
sources have sufficient long-term phase
stability to stay in phase quadrature for
the duration of the phase noise meas-
urement. The importance of quadrature
is illustrated by the typical phase detec-
tor characteristic curve of a double-
balanced mixer shown in Figure 5.2.
The curve shows that the point of max-
imum phase sensitivity and the center of
the region of most linear operation
occur where the phase difference be-
tween the two inputs (¢ o — SRE) is
equal to 90 degrees (phase quadrature).
Any deviation from quadrature results
in a measurement error given by:

error (dB) = 20 log [cos (magnitude of
phase deviation from quadrature)],
where error is defined as £ ()peasured
indBminus £ (f);c4,a1in dB. Note that
the error in dB is always negative.

Since the phase detector constant K

can be measured (K4 = Vy, peak): fora
given acceptable measurement error the
permissible deviation from zero volts dc
of the average mixer output voltage can
be calculated using the phase detector



characteristic curve. This is given by:
deviation from zero volts dc =

Kd’ \/I _ jocrror (dB)/5

As an example, suppose K¢ has been
measured to be 0.15 volts/radian. Ifitis
desired to keep the measurement error
due to deviation from quadrature less
than —0.5dB, the oscilloscope should be
monitored during the phase noise meas-
urement to ensure that the average
mixer output voltage is within the range
of +68 millivolts to —68 millivolts.

The quadrature condition represents
not only the point of maximum phase
noise sensitivity but also the point of
minimum AM noise sensitivity. As the
two mixer inputs drift out of quadrature
and the phase noise sensitivity de-
creases, the AM noise sensitivity of the
mixer increases. Such increaszd sensi-
tivity to AM noise may cause an addi-
tional measurement error if the source
under test has high AM noise. For most
low phase noise sources under test, this
erroris negligible compared to the error
caused by decreased phase noise sensi-
tivity.

Phase-Locked
Measurements

If the two sources cannot stay suffi-
ciently close to quadrature during the
phase noise measurement, a “phase-
locked” measurement must be made.
This involves phase-locking one of the
sources to the other by connecting the
mixer output to a frequency control line
on one of the sources. This causes that
source to track the other source in
phase. Thus, if the two sources have
been set in phase quadrature, they will
remain in quadrature. The bandwidth
of the phase-locked loop must be set
much lower than the lowest offset at
which phase noise i1s to be measured.
This is necessary because the tracking of
phase-locked loops attenuates phase
noise within the loop bandwidth, and
this attenuation causes the phase noise
to appear lower than it actually is. An
example of a phase-locked phase noise
measurement is discussed in Chapter 6.

K = Vb peak

1 | 1

0° 20° 40° 60° 80°

100° 120° 140° 160° 180°

(bLo -~ PRE) —>

Figure 5.2. Typical double-balanced mixer phase detector characteristic.
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The extremely low SSB phase noise
and excellent long-term stability of the
8662A allows it to serve in many cases as
the low noise reference source required in
the two-source technique. The following
sections describe the use of the 8662A in
measuring SSB phase noise and extend
these techniques to include automation
via the Hewlett-Packard Instrument Bus
(HP-1B). Chapter 7 discusses the use of
the 8662A as a low noise reference multi-
plied up to microwave frequencies for
phase noise measurement of microwave
SOUrces.

SSB Phase N ise Measure-
menlts on Savrees
@pﬁf@.mg f."c:;fm e Comman

Referernce

An 8662A-based system for measuring
the SSB phase noise of sources that aper-
ate from a 5 or 10 MHz reference oscilla-
tor is shown in Figure 6.1. Note that the
system uses the basic two-source tech-
nique. except '..at the frequency reference
for the device under test, a synthesizer in
this example, is the 10 MHz rear-panel
reference output of the 8662A. A Sor 10
MHz external reference oscillator could
also be used. Since both sources have the
same reference, they remain in phase

yuadrature once quadrature is set, pro-
vided that the source under test has ade-
quate phase stabihty.

When making a phasc noise meas-
urement with this system, it is important
to note that any phase noise on the output
of the synthesizer under test that is corre-
lated with the notsc at the 8662A output
will be cancelled in the double-balanced
mixer. That portion of the reference oscil-
lator notse that is present at the outputs of
both sources correlates if the total signal
paths through the two sources introduce
the same time delay. Thus, under these
conditions, the common reference oscilla-
tor noise cancels and the noise measured
bv the system is equal to the residual noise
of the source under test after correction
factors for the 8662A residual noise con-
tribution are appled.

Due to the crystal filtering done in the
reference section of the 8662A. the abso-
lute 8662 A noise is correlated to its refer-
ence only at carrier offsets less than about
5 kHz. Thus, this svstem is himited to
residual phase noise measurements at
offsets less than S kHzand then only if the
time delays through the 8662A and the
synthesizer under test are equal. Under all
other conditions. the noise measured by
the system is the absolute noise of the
synthesizer under test.

Ref
. RF Out
h
Test
L
HP 10514A e | HP 3582A
Mixer ~- Spectrum
Low Analyzer
R
Low-Pass A Noise
HP 8662A
Filt Ampilifier
(Low Noise Ter |np 17404 P
10 MHz Reterence) RF Out Scope
Ref Out 0dBm J

Figure 6.1.
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Measuring phase noise on sources with a common reference.

th the 8662A

The 8662A 10 MHz reference output
supplies >0.5 Vy into 50 ohms. If thisis
insufficient to drive the synthesizer under
test, additional amplification may be
added provided that care is taken to
ensure that the amplifier does not add to
the reference oscillator’s noise level. A
typical 10 M Hz amplifier circuit that will
give good results is shown in Appendix B.
This circuit is similar to that used in the
8662 A reference section.

e rAl @ R
LONSIQARIEEONS

Because the components in the system
of Figure 6.1 are important in determin-
ing the system’s measurement limits. they
are discussed in detail below.

The phase detector

An_v linear double-balanced mixer
specified for operation at the frequency of
the synthesizer under test will serve as a
phase detector. Mixers specified for higher
levels provide more sensitivity by allow-
ing higher carrier levels and thus increased
carrier-to-noise floor ratios. Linear mixer
operation is especially important to avoid
errors during system calibration. Several
excellent mixers for this purpose are
available from commercial sources. This
system uses a Hewlett-Packard Model
10514A for measurements up to 500
MHz.

The low-pass filter

The low-pass filter prevents LO feed-
through and mixer sum products from
overloading the low noise amplifier or the
input of the spectrum analyzer. In theory,
any general-purpose low-pass network
with a cutoff frequency sufficiently above
the highest offset frequency of interest
may be used. However. many passive
types terminate the mixer in a reactive
load at RF frequencies. As a result, the
mixer sum products are reflected back
into the mixer, causing distortion of the
phase slope. To avoid this, the low-pass

¢
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Figure 6.2. Low pass filter for two-

source measurement.

filter should be preceded by a simple
decoupling network that terminates the
mixer in 50 ohms at the surr product
frequency (twice the carrier frequency of
the signal under test).

Figure 6.2 shows an example of a two-
pole. low-pass filter that will correctly
terminate the mixer sum frequencies
above 10 MHz. yet unload the mixer at
the lower frequencies at which the noise
voltage fluctuations of interest occur. R
and C1 terminate the mixer properly. R2
and C3 provide a decoupled means of
monitoring quadrature on the oscillo-
scope without introducing further noise.
The values given for L1 and C2 set a 90
kHz cutoff.

The quadrature monitor

Any general-purpose, dc-coupled oscil-
loscope will do for setting and monitoring
guadrature. The Hewlett-Packard 1740A
works well for this purpose. Although a
de voltmeter can be used to set and moni-
tor quadrature, an oscilloscope is much
more useful for time domain inspection of
the phase noise signal. Digital voltmeters
have the added disadvantage of introduc-
ing noise in very sensitive measurements.

The low notse amplifie:

The low noise amplifier (LNA) im-
proves the sensitivity and noise figure of
the spectrum analyzer. The requirements
of this amplifier are determined by the
levels of phase noise to be measured and
the dynamic range of the spectrum ana-
lyzer. In some instances, the LNA may
not be required. However, critically low
noise measurements call for this addi-
tional amplification. In general, the ampli-

fier should have a low-frequency cutoff
well below the lowest offset frequency to
be measured. Consideration must also be
given to the noise floor and 1/f noise of
the amplifier so that additional noise 1s
not introduced into the measurement.
The linear input range should extend up
to about 30 to 50 dB below the carrier
level at the mixer output. The reasons for
this constraint are made clear by the sys-
tem calibration explanation in the follow-
ing section. A circuit for a typical low
noise amplifier that meets these require-
ments is shown in Appendix C. If the
device used (2N6428) is hand selected for
low I/{ noise. noise figures as low as 10
dB at 10 Hz may be achieved. This is the
LLNA used in the system of Figure 6.1.

Vhe spectrum analyzer

The spectrum analyzer should be a
high-sensitivity, low-frequency (dc to
highest offset measured) analyzer capable
of providing narrow resolution band-
widths. Although analog spectrum ana-
lvzers are available. the best choice is a
digital spectrum analyzer that uses a Fast
Fourier Transform technique. allowing
measurements very close to the carrier.
The Hewlett-Packard Model 3582A
shown in Figure 6.1 offers several features
that make it useful for phase noise mea-
surements. They are

1) high speed.

2) programmability.

3) rms averaging mode for enhanced
noise measurement repeatability.

4) bandwidth normalization allowing
noise levels to be read directly in dBV/
Hz.

5) relative amplitude values presented
directly in dB.

6) digital display with alphanumeric read-
out of spans, marker frequency, and
marker amplitude.

Measurement Procedure

Caltbration

The calibration procedure involves
measuring the level of the carrier so that
the spectrum analyzer can make meas-
urements of phase noise levels relative to
that carrier.

1. Set the synthesizer under test to the
desired carrier frequency, F.

2. Setthe 8662A frequencyto F.. Seta
frequency increment of 10 kHz. Press
INCREMENT UP to generate a 10 kHz
beat note for calibration. Set the 8662A
amplitude to 0 dBm. Set an amplitude
increment of 40 dB. Press INCREMENT
DOWN. The attenuation is added to
ensure that the low noise amplifier will
not be overdriven by the 10 kHz beat
note. Here, 40 dB is chosen for illustra-
tion. The actual amount of attenuation
necessary wilt vary, depending on the sen-
sitivity required of the measurement, the
characteristics of the low noise amplifier.
and the output level characteristics of the
synthesizer under test.

Note that it makes no difference which
source is connected to which mixer input
as long as the proper levels are main-
tained. If the synthesizer under test has
sufficient output to drive the LO port of
the mixer. it is usually more convenient to
connect the 8662A to the RF input, since
the 40 dB of attenuation can be added by
simply decrementing the 8662A output
level by 40 dB. Hf the 8662A must be used
to provide the +13 dBm LO drive level,
an external attenuator such as the
Hewlett-Packard Model 355D may be
used to provide the required attenuation
for the test signal at the RF mixer port.

3. Set the 3582A Spectrum Analyzer
fora 0to 25 kHz span, 10 dB/division,
Hanning passband shape, averaging off.
Enable the marker and set it on the 10
kHz beat note. Set a reference at this
carrier level by pressing SET REF. Enter
the relative mode by pressing REL. To
obtain readings in dBc/Hz, enable the
automatic bandwidth normalization by
pressing = VBW. Calibration is com-
plete.

Selting quadrature

Quadrature setting consists of offset-
ting the 8662A frequency by 0.1 Hz until
the two sources are in quadrature, then
resetting the 8662A frequency to exactly
F..
4. On the 8662A, press FRE-
QUENCY, INCREMENT DOWN, AMP-
LITUDE, INCREMENT UP.
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5. Set an 8662A frequency increment
of 0.1 Hz (0.2 Hz above 640 M Hz). Press
INCREMENT UP. With the 1740A Os-
cilloscope set at 0.1 volts/div and dc
coupled, monitor the 0.1 Hz beat notc on
the oscilloscope. As the trace passes
through 0 volts dc press INCREMENT
DOWN to hold the mixer inputs in
guadrature. Note: due to the need for
phase-continuous 8662A frequency
switching in performing this step. the
recommended frequency offset sequence
is INCREMENT UP, INCREMENT
DOWN rather than the reverse.

Measurement

6. Set the 3582A Spectrum Analvzer
to span the desired offset frequency and
increase the input sensitivity in 10 dB
steps until the “overload™ indicator just
remains unlit.

7. Place the 3582A in the RMS aver-
age mode, select the desired number of
averages and press RESTART. As the
3582A takes readings. monitor the 1740A
to ensure that the inputs to the mixer
remain within the desired limits about
quadrature.

8. When the 3582A is finished sweep-
ing. move the marker to the desired offset
frequency and note the reading on the
screen.

9. Correct the reading taken above by
the following correction factors:

minus 40 dB for the attenuation

added during calibration

minus 6 dB to convert measured

reading to L (f)

minus 3 dB if the equal source as-

sumption is being made.

The resulting number is equal to the SSB
phase noise level in dBc/ Hz. Notice that
the 3582A does not require any of the
spectrum analyzer correction factors dis-
cussed previously. This is due to its
automatic bandwidth normalization fea-
ture and digital Fast Fourier Transform
operation.

10. If the phase noise at other offsets
not currently displayed on the 3582A is
required. repeat steps 6 through 9. Gen-
erally, recalibration is not necessary, but
quadrature may have to be reset from
time to time, depending upon the stabil-
ity of the synthesizer under test.
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Precautions

The following potential problems
should be considered when making the
above measurements.

o Non-linear operation of the mixer
can result in calibration error.

e Non-sinusoidal RF signals can cause
K¢ to deviate from Vi, peak- causing
calibration error.

& The amplifier or spectrum analyzer
input can be saturated during calibra-
tion or by high spurious signals such
as line frequency multiples.

e Closely spaced spurious may give the
appearance of continuous phase noise
when spectrum analyzei resolution
and averaging is insufficient.

& Impedance interfaces should remain
unchanged between calibration and
measurement.

e In residual measurement systems.
phase noise of the common reference
oscillator may be insufficiently can-
celled due to delay time differences
between the two branches.

e Noise from power supplies can be a
dominant contributor to phase noise.

e Peripheral instrumentation such as
oscilloscopes. analyzers. counters.
and DVMs can inject noise.

@ Microphonic noise might excite sig-
nificant phase noise in devices.

This list of potential problems points out

that much care must be exercised when

very low SSB phase noise measurements
are made. However. if these points are
considered carefully. the svstem of Fig-
ure 6.1 will measure SSB phase noise as
low as the phase noise level of the 8662A
itself (Figure 4.1). Figure 6.3 shows the
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Figure 6-3. Phase-locked two-source
phase noise measurement.

SSB phase noise of the HP 8660C Syn-
thesized Signal Generator (top) and the
8662A (bottom) as seen on the 3582A
Spectrum Analyzer display. Note the
flattening effect of displaying phase noise
on a linear frequency scale.

Phase-Locked Measure-
ments Using the 8662A
DC FM

One of the most common phase noise
measurements involves measuring the
SSB phase noise of a free-running oscil-
lator using the two-source technique.
Since such an oscillator does not operate
from a common reference oscillator,
phase quadrature must be maintained by
phase-locking one of the two sources to
the other. To avoid phase noise cancella-
tion by loop tracking, the bandwidth of
the phase-locked loop must be much less
than the lowest offset frequency of inter-
est. Although it makes no difference
which source is phase-locked to which. it
is generally most convenient to phase-
lock the 8662A used as the low noise
reference to the source under test. A sys-
tem for making phase-locked phase noise
measurements using the dc FM capabil-
ity of the 8662A is shown in Figure 6.4.

The output of the mixer is connected
to the dc-coupled FM input of the 8662A.
Because the resulting phase-locked loop
is essentially first order, the loop band-
width can be calculated and is given by
the formula

BW f(3dB) =K, Kg

where K, = the 8662A “VCO gain con-
stant”, in radian/s/volt, and is just equal
to the 8662A front panel FM deviation
setting x 2, and K = phase detector
constant, in volts/radian (Vp peak) as
given in Chapter 5.

When the HP Model 10514A Double-
Balanced Mixer is used with input levels
of 0dBm at the RF portand+13dBm at
the LO port, the following rule of thumb
applies: phase noise measurements made
at carrier offsets greater than or equal to
the 8662A front-panel FM peak devia-
tion setting will result in a maximum
loop attenuation error of 0.5 dB.



Phase-Locked
Measurement Procedure

The procedure for manual phase-
locked measurements of absolute phasc
noise using the system shown in Fgiruc
6.4 as follows:

Calibbration
The calibration procedure involves meas-
uring the level of the carrier so that
the spectrum analyzer can make meas-
urements of phase noise levels relative
to that carrier.

1. Set the 8662A frequency to the
approximate frequency of the oscillator
under test. Press MOD OFF. Set the
8662A amplitude to 0 dBm and set an
amplitude increment of 40 dB. Press
INCREMENT DOWN. Set a ‘requency
increment of 10 kHz. Press INCRE-
MENT UP.

2. Adjust the 8662A frequency to ob-
tain a beat frequency at the mixer output
of approximately 10 kHz.

3. Set the 3582A Spectrum Analyzer
for a 0 to 25 kHz span, 10 dB-division.
Hanning passband shape. averaging off.
Enable the marker and set it on the 10
kHz beat note from the mixer. Set a refer-
ence at this carrier level by pressing SET
REF. Enter the relative mode by pressing
REL. To obtain readings in dBc/Hz.
enable the automatic bandwidth normal-
ization by pressing ++/ BW. Calibration
is complete.

Selting quadraiure

The following procedure phase-locks
the 8662A to the source under test and
adjusts the phase relationship to phase
quadrature.

4. Onthe 8662A press FREQUENCY.
INCREMENT DOWN, AMPLITUDE,
INCREMENT UP.

5. Set the 8662A FM deviation to 1
kHz. Press EXT DC. Adjust the 8662A
frequency slowly until phase-locking is
observed on the 1740A. This is indicated
by a constant dc level on the scope. Adjust
the 8662A frequency until that dc level is
cqual to 0 volts.

Measurement

6. Sct the 3582A Spectrum Analyzer
to span the desired offset frequency and
increase the input sensitivity in 10 dB
steps until the “overload™ indicator just
remains unht.

7. Place the 3582A in the RMS aver-
age mode. select the desired number of
averages. and press RESTART. As the
3582A takes readings, monitor the 1740A
to ensure that the inputs to the mixer
remain within the desired limits about
quadrature.

8. When the 3582A is finished sweep-
ing. move the marker to the desired offset
frequency and note the reading on the
screen.

9. Correct the reading taken above by
applying the following correction factors:

minus 40 dB for the attenuation dur-

ing calibration.

minus 6 dB to convert measured

reading to L (f).
minus 3 dB if the equal source noise
assumption is being made.
The resulting number is equal to the SSB
phase noise level in dBc Hz. Notice that
the 3582A does not require any of the
spectrum analyzer correction factors dis-
cussed in Chapter 5. This is due to its
automatic bandwidth normalization fea-
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Figure 6.4. Phase-locked two source phase noise measurement.

ture and digital Fast Fourier Transform
operation.

10. If the phase noise at other offsets
not currently displayed on the 3582A is
required, repeat steps 6 through 9. Gener-
ally. recalibration is not necessary, but
quadrature may have to be reset from
time to time, depending upon the stability
of the source under test.

Comments

With very stable sources under test,
8662A FM deviationsas smallas 0.1 kHz
may be used. enabling phase noise mea-
surements to be made as close to the car-
rier as 100 Hz. In this case, the 3582A
Spectrum Analyzer can be placed in the
single sweep mode and the trigger can be
manually “armed” by the operator as the
8662A frequency is adjusted to maintain
quadrature. The averaging feature can
still be used. except that the averages must
be taken manually.

This system can measure absolute SSB
phase noise as low as that of the 8662A in
the dc FM mode (Figure 6.5).

Automated §SB Phase
Noise Measurements
Using the HP-IB

Because the 8662A Synthesized Signal
Generator and the 3582A Spectrum Ana-
lyzer are programmable, the phase noise
measurement systems shown in Figures
6.1and 6.4 can be automated by addinga
desktop computer to control the instru-
ments and collect and display data via the
Hewlett-Packard Interface Bus (HP-1B).
There are many advantages to automat-
ing complex measurements such as phase
noise measurements, the most obvious
being speed. A second advantage lies in
the inherent repeatability of automated
measurements that results from the elim-
ination of operator error and inconsis-
tency. Still another advantage isapparent
in the tremendous data gathering and doc-
umentation ability of a desktop computer
used in conjunction with a printer, plot-
ter, or CRT display.
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An example of an automated system
for residual phase noise measurements is
shown in Figure 6.6. This system is based
on the Hewlett-Packard Model 9825S
Desktop Computer. Typical system soft-
ware written for the 982585 1s presented in
Figure 6.7. The software flowchart in
Figure 6.8 shows that the software struc-
ture closely corresponds to the manual
measurement procedure described in the
preceding section. The routine is entirely
automated, except for setting quadrature.
To set quadrature, the operator simply
presses the computer’s CONTINUE key
when the scope trace crosscs zero volts dc.
This step could also be automated with
the addition of a fast, programmable dig-
ital voltmeter, provided that additional
noise is not introduced by the DVM’s
sampling.

The measurement results are printed
out on a Hewlett-Packard Model 9856B
printer and plotted as a traditional phase
noise curve in dBc versus log frequency
ona Hewlett-Packard Model 9872C Flot-
ter. The printing and plotting subroutines
may be easily changed to meet individual
documentation requirements. In addition,
the number of offsets at which phase
noise is measured may be changed to pro-
vide more information for the graphical
output.

As an example of the power of HP-IB
automation, refer to the phase noise
graph in Figure 6.9. This graph was
obtained from the system shown in Fig-
ure 6.6 in 2-1/2 minutes including the
time to plot and label the graph and
represents the residual SSB phase noise of
an 8662A Synthesized Signal Generator
under test.
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Figure 6.6. Automated system for phase noise measurement.
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20: gsb "PLUT" 110:

21: fmt 2,3/ 1"M1:

/20 wrt “"9866.2" 112: “MEASURE 9"

23: beep;wairt 10U bheep;d .p “TEST (UAPLETE 113: 5-N

24: end 114: "These parameters are for the 25 KHz offset":
25 115: 25000-0,250 M

/62 116: gto 73

2 e

28: "CALIBRATE™: 118: "PLOT":

290 "Thas subroutaine as (o setting the sareaer referen e amp b tyde” 119: pentt 3

30: "Manually switch n attenuation for Calibration”: 120: wrt 705," smo”

31: dsp "Add 40 dB attenustron” jbrep;.tp 121: sc¢) 1,5,-150,-50

32: dsp "CALIBRATING" 122: for N=1 Lo 4

331 fmt 3,"CLR,ERY F12.7,"MZ HP1641" 123: pit N,RIN)

34: "0ffset L.0. from carraer by 10 «He for cabibration®: 124: next N

351 F4.014C 125: plt 4.4,115)

360 wrt "8662.3",C 126: pen

37: "Measure varraer level with 358/ 127: gto 21

380 wrt "3582" " FRG,ESZ b, MNT MPIOU" 128:

39: wait 500 129:

40: "Set reference and plaie an relative nnde®: 130:

41: "Normatize out bandwudth factors™: 131: "GRAPH" :

42: wrt "3582" "M, MRT, MB1" 132: pent 1

43: "Manually surtch out the attenuation™: 133: sct 1,5, 150,-50

44: beep;dsp "Remove Rttemration” ;stp 134: -160-+B

452 ret 135: for N=1 to 11

4b: 136: B+10-B

47: 137: xax B,0,1,5

48: 138: next N

49: "QURDRATURE" : 139: for N=1 to 5

50: "This subroutine s for setting phase guadrature®: 140: yax N,0, 150, -50

91: "0ffset the L..0. from carrver by 0.2 Hz.": 141: next N

bZ: F+.0000002-+Q 142: ecsv2 2,2,.75

53: wrt "8662.3",0 143: pit 1,-155;1bl “10"

54: "Monitor mixer outpul on scope": 144: plt 1.98,-155;1b1 "100"
55: "When=0,reset L.0. to carrier frequency": 145: plt 2.85,-155;1b) "1k
56: dsp "When zero volts press CONTINUE" ;beep;stp 146: plt 3.95,-155;1b1 10"
57: wrt “8662.3°,F 147: pit 4.35,-195;1b1 “25k"
98: "This step provides o wecond chance 1n case of ovi .huot™: 148: plt 4.95,-155;1bl "10uUk"
59: dsp "Tey again,press fO;0K,press CONI";beep;stp 149: pit .8,-1590,1;1bl * 140"
60: ret 150: pit .8, -140,1;1bl " -140"
61 151 plt .8,-130,1;1b1 " 110"
62: 152: pit .8,-120,1;1b} " 10"
63: 153: plt .B,-110,1;1bt " 110"
64: "MEASURE" : 154: plt .B,-100,1;ibt " 100"
65: dsp "MERSURING PHRSE MITSE" 155: plt .8,-40,1; b} "-90"
66: "This subroutine takes parameters from MEASURE 1, o1 156: pit .8,-80,1;1bi "-80"
67: "These are used to set up actual 3587 measurement:®: 157: pit .8,-70,1;1b] "-70"
68: fmt 4,"MP", 3.0 158: plit .8,-50,1;1bl "-60"
69: fmt 5,"MDZ,SP",f2.0,",HS",§2.0,",PSZ,AVZ NU3,RE" 159: plt .8,-50,1;1bl "-50"
70: wrt "3582.5",S,G 160: pentt 2

?1: "Wart while the 3582 averages 1€ readings”: 161: esiz 3,2,.75

72: wart Tjwart T 162: pit 2.3,-160

73: wrt "3382.4" M 163: 1bt "@ffset from Carrier (Hz)*
74: "Make measurement and r.alculate phase noise”: 164: csi1z 3,2,.75,90

750 wet “3582","LMK";red ".1582",1;L-49+J;) AIN} 165: plt .6,-145

76: "PRINT": 166: Ibl "SSB Phase Noise 1n 1 Hz BW (dBc)®
77: "Print out results": 167: pent 4

78: fmt 6,15x,"S5B Phase Nuise at" (6.0,"Hz Offset-",tt..1,"dB." 168: csiz 3,2,.75

79: wrt "9866.6",0,) 169: plt 2.8,-47;1bb "CF="F "MHz"
80: ret 170: ret

81: #3642

82:

83:

84: “"MEASURE 1":

85: 1N

86: "These parameters are for the 10 H, offser”:
87: 795;89G;259M;10+0;22000-1
88: gte G5

Figure 6.7. HP 9825S software for automatic phase noise measurement (cont’d).



Figure 6.8. Flowchart for phase noise
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As discussed in Chapter 2, in recent
years the importance of phase noise in
radar and communications systems has
grown significantly. Modern systems such
as two-way voice grade radio, digital
communications, and doppler radar have
become increasingly dependent on low
phase noise signals, both for signal simu-
lation and system testing.

Although two-way radios usually oper-
ate over frequencies within the range of
the 8662A (see Chapter 8), many other
phase noise dependent systems operate at
frequencies well above the 1280 MHz fre-
quency range of the 8662A. For example,
airborne doppler radar operates at a fre-
quency around 10 GHz. Low phase noise
signals are absolutely critical for these sys-
tems, both very close-in to the carner
(representing slow-moving objects), and
also at larger offsets from the carrier, on
the order of 25-50 kHz and further out
(echoes from objects moving toward or
away from the radar at higher velocities).
This chapter will investigate how the
8662A, through an RF signal generator,
can be used to provide the required signal
performance at microwave frequencies
for both signal simulation and signal
testing.

Effect of Multipiicalion on
fﬂ'n@ Noifse of a Sigral

Basic modulation theory and spectral
density relationships can be used to derive
the effect that multiplication has on the
noise of a signal. In Chapter 2, [ (f) was
defined as the ratio of the single sideband
power of phase noise ina | Hz bandwidth
fin hertz away from the carrier frequency
to the total signal power. This definition
of L (f) is primarily applied to random
noise. To relate L (f) to random or sinu-
soidal phase modulation, a signal with
sinusoidal frequency modulation is con-
sidered first and converted to phase
modulation.

V(1) = V, cos [21-rfot + 7 (1)}

sin 2o t)

Af ..
v(t) = V, cos (21rf0t + peak
s P

Now using the small modulation index
approximation, for

Afpea k

fm

<< |

Bessel algebra yields the single sideband
to carrier ratio:

v
ssh Af .. Af ek
~J peak .y peak ~V Adpeak
v f f pea
S m m
Vi
Then £ ()= | 22—
VS
or in logarithmic form
Af
- peak
L({f)= —-6dB+ 20 log T Eqn.7.1.

For a more complete derivation of L (f),
see “Today's Lesson — Learnabout Low-
Noise Design”, Part 1 and Part 1l
Microwaves, April and May 1979.

Equation 7.1 is in a convenient form
for calculating the increase in phase noise
when a signal is multiplied up. Basic
modulation theory says that when a sig-
nal f A fis doubled. the frequency devia-
tion is doubled, but the rate of modula-
tion remains the same. Considering
phase noise as just unwanted angular
modulation on a carrier, doubling the
carrier frequency will therefore yield
twice the frequency deviation at the same
rate. Substituting for £ (f) inequation 7.1
yields
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£ (2) = ~6 dB +20 log— P2k
m
and 220 — ¢ 4.

L)

Therefore, each doubling of the carrier
frequency results in 6 dB higher phase
noise.

”?[\ “hase N@"S@

b
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The above calculations show that mul-
tiplying a 1000 M Hz signal directly from
the 8662A front-panel output 10 times to
a frequency of 10 GHz increases the phase
noise 20 log 10 or 20 dB. Plotting the
resultant phase noise of this multiplied
signal versus the phase noise of the Hewlett-
Packard Model 8672A Microwave Syn-
thesized Signal Generator at the same
frequency yields the graph of Figure 7.1

The graph shows that the signal from
the 8662A multiplied up to 10 GHz has
noise 20 dB lower at offsets from 100 Hz
to 10 kHz than that noise provided by a
typical microwave generator! However,
generating a low noise signal in this
manner has some trade-offs that must be
considered. First. the broadband noise of
a multiplied-up front-pane} 8662A signal
is somewhat higher than that of typical
microwave synthesizers. Second, when-
ever a signal is externally multiplied,
unwanted spurious resonses are also
created, the output level calibration is
lost. AM modulation performance is
severely limited, and the maximum avail-
able output power is significantly re-
duced. The following section will discuss
an alternate system, other than just mul-
tiplying the front-panel signal, that will
counteract some of these advantages.

AR i
,_,\..\_ ots ¢

Crowave

Note: If signal generator characteristics
are needed at microwave frequencies, but
the phase noise of the 8672A is not suffi-
ciently low for the application, there is a
simple technique which uses the 8662A as
an LO to substitute for the VCO in one of
the 8672A’s phase lock loops. This
method results in improved phase noise
performance over the standard 8672A,
while maintaining the maximum output
power level, output power calibration,
amplitude modulation, and spurious per-
formance of the 8672A. At the same time,
increased frequency resolution and fre-
quency modulation capability are pro-
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Figure 7.1. Phase noise comparison of 8662A and 8672A.

vided. See Chapter 12 for the block dia-
gram and system performance.
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Figure 7.1 shows the level of paase
noise performance obtainable by mutti-
plying a signal from the front panel of the
8662A. Though useful for many applica-
tions, it does not represent the maximum
performance level that can be obtained.
Chapter 3 discussed the design of the
8662A reference section, a critical sub-
block where low noise design was empha-
sized. The careful attention paid to low-
noise design in the reference section can
be utilized in a Low Phase Noise Multi-
plication Scheme for Microwave Signal
Generation.

In the reference section of the 8662A,
the 10 MHz reference signal is dirzctly
multiplied up to a frequency of 640 MHz
through the use of six frequency doudlers
(Figure 7.2). The effect of this frequency
multiplication would be to increase the
phase noise of the internal reference by 20
log (640/ 10) or 36 dB, resulting in a noise
characteristic as shown in Figure 7.3.
However, to reduce sideband noise, mon-
olithic crystal filters were added in the
reference multiplier chain at 40 and 160
MHz. These filter the noise sidebands at
offsets greater than about 4 kHz (6 kHz
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bandwidth at 40 MHz) and 10 kHz (18
kHz BW at 160 MHz), to yield a 640
MHz signal out of the reference section
with phase noise typically =95 dBc ata 10
Hz offset from the carrier, decreasingto a
noise floor of greater than —160 dBc at
offsets greater than about 18—20 kHz!
The absolute noise on the directly syn-
thesized 640 MHz signal is significantly
lower than the noise on a 640 MHz signal
from the front panel of the 8662A. Figure
7.4 shows a technique to utilize the low
noise characteristics of this 640 MHz sig-
nal to generate low noise microwave sig-
nals. The basic multiplying scheme util-
izes a step recovery diode multiplier to
obtain a comb of frequencies extending
up through the X-band microwave region.
Note. A step recovery diode fits into the
group of frequency multipliers that oper-
ate by harmonic generation by nonlinear
capacitance, rather than harmonic gener-
ation by nonlinear conductance. Though

8662A Reference Section

10 MHz
Xtal Osc. 40 MHz Xtal
>
X2 1 Eha
X2 % X2
oy S
640 MHz +—] X2 fa X2 ja % e X2

160 MHz Xtal

Figure 7.2. Directsynthesized 640 MHz
signal.

multipliers with nonlinear capacitance
typically yield more efficient, simpler cir-
cuits, they also generate significantly more
phase noisc than multipliers based on
nonlinear conductance. For more in-
formation on methods of frequency mul-
tiplication, see “Generation of Low Phase
Noise Microwave Signals™, Dieter
Scherer, Hewlett-Packard RF and Mi-
crowave Measurement Symposium, May
1981, and Hewlett-Packard Application
Note 983, Comb Generator Simplifies
Multiplier Design.

This Low Noise Multiplication Scheme
starts with the 640 MHz Reference Sig-
nal, available from the rear panel of
8662A option C-05. This signal is at a
level of about +3 dBm, and is first filtered
through a 640 MHz bandpass filter to
reject any 10 MHz reference or 20 MHz
reference harmonic spurious sidebands
that are present due to the synthesis pro-
cess in the reference section. The signal is
then amplified to a level of about +27
dBm. sufficient to drive the HP 33004A
Step Recovery Diode Multiplier (mar-
keted as the HP 33004A Pulse Genera-
tor). The 33004A 1s specified only for
inputs up to 500 M Hz, but it will provide
a comb of frequencies at slightly reduced
conversion performance from the 640
MHz input signal. Note that the phase
noise generated by the 33004A can be
sensitive to drive level; excessive drive
level may increase phase noise.

If the output of the 33004 A is examined
in the time domain, the output is seen as a
series of pulses spaced

I
640 x 10® Hz

or 1.56 nanoseconds apart. In the fre-
quency domain, this is equivalent to a
comb of frequencies spaced 640 MHz
apart that extends into the microwave
region.

To reduce spurious responses and ob-
tain the best conversion efficiency, a suit-
able bandpass filter selects the desired line
element closest to the output frequency.
The circulator (or isolator) absorbs un-
wanted reflections from the bandpass fil-
ter. The result 1s a clean multiple of the
640 M Hz signal, which is then mixed with
an output signal from the front panel of
the 8662A to provide continuous fre-
quency coverage. A final bandpass filter



can then be used to remove any mixing
products. This system yields an extremely
clean microwave signal at a level of about
-6 dBm. Typical noise performance of
this low noise microwave signal genera-
tion technique is discussed the section
titled “System Noise Performance”.

Using the 8662A (o Malke
Phase Nofse
Measurements on
Microwave Sources

Chapter 6 describes a mecasurement
system which uses the 8662A as a low-
noise reference source to make manual or
automatic SSB phase noise measurements
at RF frequencies. These phase noise
measurements are also often critical at
microwave frequencies. This section will
describe the use of the low noise micro-
wave frequency generation techmque de-
scribed earlier as the basis of an automatic
microwave phase noise measurement sys-
tem.

Mieasurement technigue

The basic measurement is still the tradi-
tional two-source, double balanced mixer
technique discussed in Chapters 5 and 6.
However, a ‘“double conversion™
approach using the low noise 640 MHz
reference signal ensures low noise per-
formance at microwave frequencies. A
block diagram for this double conversion
scheme 1s shown in Figure 7.5.

The microwave reference signal is gen-
erated with the low noise signal genera-
tion technique just described. The 640
MHz Auxiliary Output signal from the
reference section (provided only with
8662A special option C-05) is filtered and
then amplified to drive the step recovery
diode multiplier (HP 33004A), generating
a comb of output frequencies spaced 640
MHz apart up through X-band. The
proper comb line (i.e., the comb line clos-
est in frequency to the microwave source
under test) is selected with a bandpass
filter, with the isolator used to absorb
unwanted reflections from this filter.

This harmonic of the 640 MHzsignal is
then mixed with the microwave source
under test to yield an intermediate fre-
quency (1F) anywhere from 10 kHz (the
low end of the 8662A frequency range) to

320 MHz (640 MHz/2). If an IF less than
10 kHz is generated, the next comb line
must be seclected, resulting in a new IF
between 10 kHz and 640 MHz, well
within the frequency range of the 8662A.

The seccond down-conversion stage of

the system operates essentially the same
as the two-source method discussed in
Chapters 5 and 6. The IF signal s amphi-
fied and then fed into the 1.O port of a
second mixer (HP 10514A), where it is
converted down with a signal of identical

frequency from the front panel of the
8662A. This produces a dc signal with a
simultaneous ac component that repres-
ents the phase noise fluctuations. A final
low-pass filter removes any unwanted
mixer products before the measurement
is made.

This particular block diagram is optim-
1zed for narrowband applications, where
the source under test is of only one fre-
quency or a small range of frequencies.
For more broadband applhcations, or
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Figure 7.3. Phase noise of 640 MHz reference signal.
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where a number of frequencies must be
tested, the microwave filter and mixer can
be replaced with a broadband microwave
sampler. The output of the pulse genera-
tor would then sample in time the output
frequency of the source under test. The
action of sampling a constant frequency
with a series of pulses in the time domain
is equivalent to a harmonic mixing pro-
cess in the frequency domain. Therefore,
the output of the sampler would be a
frequency equal to the frequency of the
source under test N X 640 MHz, cr an
IF between 0 and 320 M Hz, as above.
Measurement pracedure

The measurement procedure is also
nearly identical to the two-source method
described in Chapters 5 and 6. To cali-
brate the system. the input signals to the
second mixer are offset slightly in fre-
guency by offsetting the front panel out-
put frequency of the 8662A. At the same
time the level to the RF port of the second
mixer (8662A front panel signal) s re-
duced by 40 dB, producing a beat note
relative to which the noise can be meas-
sured.

The two signals are then set into quad-
rature, and the output of the second
mixer, which represents the phase ncise of
the signals, is observed on the HP 3582A
low-frequency spectrum analyzer.

One additional step in the microwave
phase noise measurement process is a cal-
culation of the 8662A tuned frequency to
produce a 0 Hz or dc IF after the second
down-conversion. A simple algorithm re-
lates the frequency of the device under test
to the Nth harmonic of the 640 MHz
reference signal that the test frequency
will mix with and the corresponding
8662A front panel frequency setting. If

fdut is the frequency of the microwave
source under test, then fg,,,/640 MHz
will result ina quotient N.RR, where N is
the number of the harmonic of the 640
MHz reference signal. If N were always
such that N x 640 MHz was less than f ¢,
then the IF frequency would lie between 0
Hz and 640 M Hz. Inactual practice how-
ever, the microwave frequency under test
will also mix with the closest harmonic,
yielding an IF between 0 and 320 MHz.
Therefore, if f4,,;/ 640 MHz yields a quo-
tient N.RR, where the fractional re-
mainder RR is less than 0.5, then the test
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frequency will mix with the Nth har-
monic, and the 8662A should be tuned to
fqut — (640 MHz x N). If on the other
hand, fq,/640 MHz yields N.RR, and
the fractional remainder RR is
greater than 0.5, then the test frequency
will mix with the (N + DI harmonic, and
the 8662A should be tuned to | fgy —
[640 MHz x (N+ D) ] .

This is best shown by example. If the
microwave test frequency is 10.5 GHz,
then fg,,/640 MHz yields 16.41. This
signifies that the [6th harmonic (10.24
GHz) of the 640 MHy Reference Signal
will mix with the 10.5 GHz test signal,
with a resultant 1F of 10.5 GHz — (640
MHz x 16), or 260 MHz. Thus setting the
8662A to an output frequency of 260
MHz will produce a dc IF after the
second conversion stage. If however, the
test frequency is 10.8 GHz. then fy,, /640
MHz =16.88. Now the test frequency will
actually mix with the (N + 1)1h harmonic
(17). and the 8662A should be set to | 10.8
GHz — [640 MHz x 17] Jor 80 MH7.

Syster nolss verfoimance
Because the system noise limit of the
microwave phase noise measurement is
equal to the noise performance of the
low noise microwave signal generation
technique. both systems will be dis-
cussed here. The actual system noise
limit is dependent on the frequency of
the device under test, as this determines
which harmonic of the 640 MHz refer-
ence signal will be used. Figure 7.6
shows the absolute phase noise of the
640 M Hz signal, and from this absolute
noise at 640 MHz, the noise limitations
at the desired microwave frequency can

be easily calculated. For a test frequency

of 10 GHz, the 16th harmonic of the 640
MHz signal will be used, resulting in a
20 log 16 or 24 dB increase in phase
noise. This system noise limitat 10 GHz
is also plotted, showing that this system
can measure absolute phase noise of =71
dB below the carrier at a 10 Hz offset,
and a —137 dBc noise floor!

To provide continuous frequency
coverage in the low noise signal genera-
tion technique and todown-converttoa
0 Hz second stage IF in the microwave
phase noise measurement system. a sig-
nal from the front panel of the 8662A is
mixed in. For both systems, the maxi-
mum frequency of this signal is 640
MHz. For test frequencies less than 6.4
GHz. the noise on this front panel signal
is greater than the noise on the multip-
lied up reference signal for offsets from
the carrier greater than 2 kHz. The
dashed line in Figure 7.6 shows the
potential noise contribution that this
front panel signal (320 to 640 MHz) can
add to the noise of the system. For IF’s
less than 320 MHz (the majority of the
time). this potential contribution s 6 dB
less.

Noise measurements on
free-running sources

This dual-conversion microwave
phase noise measurement technique also
improves measurements on non-synthe-
sized sources. For measurements on a
synthesized source, the time bases of the
8662A and the source under test are
locked together, ensuring that quadra-
ture can be established and maintained
for the duration of the measurement.
For measurements on a free-running or
non-lockable source, the 8662A can be
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phase-locked in a narrow bandwidth to
the microwave source under test via its
dc FM port.

The output of the second down-
conversion stage, 0 Hz or dc when in
phase-quadrature. can be used as an
error signal and fed back to theexternal
dc-coupled FM port of the 8662A. This
creates a phase-lock loop, forcing the
8662A to track the source under test in
phase and thus maintain quadrature.
To avoid phasc noise cancellations due
to loop tracking, the bandwidth of the
phase-lock loop must be much less than
the lowest offset frequency of interest.
The resuiting phase-lock loop is essen
tially first order, and thus the bandwidth
of the loop can be calculated as des-
cribed in Chapter 6 “Phasc-lLocked
Measurements Using the 8662A dc
FM™. In practice, it is recommended to
establish phase lock by varying the RF
frequency of the 8662A, then reducing
the loop bandwidth by reducing the
8662A FM deviation to the point shortly
before lock is lost.

Due to the free-running nature of the
FM oscillator. the absolute phase noise
of the 8662A is slightly higher when in
the dc FM mode. Therefore, close-in to
the carrier, the system noise limit in-
creases slightly when using dc FM in
this phase-locked mecasurement tech-
nique (see Figure 7.6).

Measurements on pulsed
SQUICEeSs

It is also possible to make *his phase
noise measurement while the test source

is pulsed. In this case, the LPF (low-
pass filter) following the second mixer
needs to have a cut-off frequency below
the pulse repetition rate. All other per-
formance parameters should remain un-
changed. However, due to non-perfect
pulse shapes. certain inaccuracies may
occur. Individual systems should be
analyzed for measurement performance
and accuracy.

Autamated mic e S
hase neise nedsi @ el
cstog KD

As in the RF system of Chapter 6,
because both the 8662A Signal Genera-
tor and the 3582A Spectrum Analyzer
are programmable, the microwave phase
noise measurement system can be auto-
mated for faster and more repeatable
measurements. The automated system
is simply the manual system shown in
Figure 7.5 with a computer added for
instrument control and data collection
and a printer for data documentation. A
plotter for graphical display of the data
1s optional.

An example of such an automated
system uses the Hewlett-Packard Model
9825S Desktop Computer, the Model
9866B Printer, and the Model 9872C
Plotter. Typical system software based
on the 9825S is presented in Figure 7.7.
The software very closely follows the
measurement procedure for the anala-
gous RF phase noise measurement
(Chapter 6, “Measuring SSB Phase
Noise with the 8662A™), but additional

calculations are provided to compute
the frequency that the 8662A must be
set to in order to yield a 0 Hz IF out of
the second mixer. The software subrou-
tines are easily modified if different
averaging numbers are required, or to
change the offsets at which phase noise
is measured, or for convenience in print-
ing and plotting.

Surnmmary

The 8662A’s low phase noise properties
can be used to provide state-of-the-art
phase noise performance at microwave
frequencies. The standard 8662A front-
panel signal can be multiplied up to
microwave, offering close-in phase noise
improvements of tens of dBs over other
available microwave sources. Alterna-
tively. to produce lower noise perfor-
mance at microwave frequencies, a very
low noise 8662A Reference Signal can be
used in a Low Noise Multiplication
Scheme for Microwave Signal Genera-
tion. This technique can be used to pro-
duce signals with absolute noise =71 dBc
ata 10 Hz offset, with a noise floor greater
than —135 dBc for a carrier frequency of
10 GHz. The same low noise Reference
Signal can also be used as the basis foran
automated Microwave Phase Noise Meas-
urement System.
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0: "PHHSE NUI*E MICROWAVE" : YZ: ret

10 1dk 1 93:

7: "Device 710 will be referred to as the 8662,etc." 94:

3 dev "8662°,¢20," 35827, /11, " 9866 5, 982, 705, BET. 1Y 95:

4: psc 705;pclir 36: “"MEASURE 1"

5: dim AI5);dim AT 37: 1N

6: "Enter frequency of device under test™: 94: "These parameters are ior the 10 He wffset”:
7: ent "Enter B67Z frequency in GHz" 9Y9: 235;8)G;7M; 1030, 2200 1
8: wrt "8672","03L8" 100: gto 77

9: +f FC=10; ymp 3 101

10: fmt 8,"P*,§8.0,"J0O" 102:

11: Fx10000003K;wrt "B672.07 ,K; ymp 3 103: "MERSURE 2" :

12: fmt 9,"A",§7.0,"}0" 104: 2)N

13: F210000000K;wrt 8672 49" K 105: "These parameters are for the 100 He of fset™:
14: F/. 6434 106: 2503M;10020

15: 1f frctH)¢=.5; mp 2 107: gto 85

16: int(H)+412H 108:

17: F-.64%int ()L ;abs (L)1 ;L ¥10003L 109:

18: 2 f L>.0Y; jmp 2 110: "MEASURL 3":

19: beep;dsp "ENIRY OUT OF LIMIIS";stp ;gto & 1112 3N

20: fmt 1,20x,"Center Frequency=",f17.9,"GHz" 7,20, 33" 1", 27 112: "These parameters ore for the 1 kHz offset”:
21: wrt "9866.1",F 1132 50000 1;100)M;11)5;100030
22: ent "Do you want graph”” At 114: gto 82

23: 1 f cap(R$I="Y"; jmp 1 1152

24: f cap(A$)="N"; jmp 2 116

25: gsb "GRAPH” $17: "MEASURE 4" :

26: gsb "CALIBERATE" 118: 43N

27: gsb "QURDRATURE" 119: "These parameters are fur the 10 kHs offset™:
28: gsb "MEASURE 1 120 14)5;10000>0

29: gsb "MEASURE 2" 121: gto 82

30: gsb "MEASURE 3" 122:

31: gsb "MEASURE 4* 123:

32: gsb "MEASURE §" 124: "MEASURE 5":

33: gsb "PLOT" 129 5N

34: fot 2,3/ 126: "These parameters are four the 29 LHz offset™:
35: wrt "9866.2" 12/: 2500030;250M

36: beepjwait 100;beep;wsrt 100;becp;dsp * Lul COMPLE 128: gto 85

37: end 129:

38: 130: "PLOT":

39: 131: pent 3

40: 132: wrt ?05,"smo"

41: “CALI1BRATE" : 133: scl 1,5, 150, 50

42: "This subroutine s for setting the rarrier ceferem s ampbitade™: 134: for N=1 to 4

43: dsp "CALIBRATING" 135: plt N,AIN]

44: fmt 3,"SFO0,FR",f12.7,"NZ,AP" 14.1," D’ 1361 next N

45:; "0ffset L.0. from carraer by 10 kHz fo calibrat pn®: 137: plt 4.4, 114}

46: L+.013C 138: pen

47: 403D 139: gto 34

48: wrt "8662.3",C,D 140:

49: "Measure carrier level with 3582": 144:

50: wrt “3582","PRS,PSt,HSH, MNT, MP1O0" 142:

S1: wairt 1000 143: "GRAPH" :

52: "Set reference and place in relative mode”: 144: pent 1

S3: "Normalize out bandwidth factors”: 145: sci 1,9, 150, %0

54: wrt "3582","MS,MR1,MBI" 146: -1602B

55: wrt “8662%,"APO+D" 147: for N:1 to 11

S6: ret 148: B+10)B

S7: 149: xax B,0,1,5

58: 150: next N

59: 1512 for N=t 10 5

60: " QUADRATURE" : 1521 yax N,0, 150,-50

§1: "This subroutine is for setting phase guadrature”: 153: next N

62: "Offset the.L.D. from carrier by 0.2 Hz.": 154: cs1z 2,2,.75

63: L+.0000002>0Q 155 plt 1,-155; 161 "10"

64: 0XD 196 pit 1.98,-155;1b1 "100"
65: wrt “8662.3",0,D 157: plt 2.95,-155; bt "1k"
66: "Monitor mixer output on scope”: 158: pit 3.99, 155;1b1 "10L"
67: "When=0,reset L.0. to rarrier frequency”: 159: plt 4.35, -155;1b1 "25k”
68: dsp "When zero volts press CONTINUE® jheep;stp 160: plt 4.95,-155;1b1 " 100k"
69: wrt “8662","FR",L,"NZ" 161: pit .8,-150,1;1ib] "-1590"
70: “This step provides a second chance 1n case of over hout”: 162: plt .8,-140,1;1b} » 140"
71: dsp "Try again,press {0;0K,press CONT" beep;stp 163: plt .8, 130,1;ib} "-130"
72t ret 164: plt .B,-120,1;1b1 * 120"
73: 165: plt .8,-110,1;1b} *-110"
74z 166: pit .B,-100,1;1b} " -100"
75: 167: pit .8,-30,1;1b1 "-90"
761 "MEASURE" : 168: plt .8,-80,1;1bt " -80"
77: dsp “MERASURING PHASL NUISE" 169: plt .8,-70,1;1b) "-70"
78: "This subroutine takes parameters from MEASURE 1, eto.”: 170: plt .8,-50,1;1bl "-60"
?9: “These are used to set up actual 3582 measurement,”: 1711 pit .8,-50,1;1bl "-50"
80: fmt 4,"MP", 3.0 122: penh 2

81: fmt 5,"MD2,SP", {2.0," 05" ,§2.0," ,PSZ,HVZ NU3,RE" 173: csiz 3,2,.75

82: wrt "3582,5",S,G 174: plt 2.3,-160

83: "MWait while the 3582 averages 16 readings": 175: 1bl "Bffset from Carrier (Hz)"
84: wait Tjwart T 176: csiz 3,2,.75,90

85: wrt "3582.4",M 177: plt .6,-145

86: "Make measurement and ralculate phase noise": 178: Ibl "SSB Phase Noise o 1 Hz BW (dBc)"
87: ,|,urt "3582" ,"LMK" ;wart t00;red “3582",1 ;1492 RIN} 179: peni 4

gg "Sff:{ v(;ut results”: 13? chzzjézf;;?)bl wChe" F " GHz"
901 fmt 5:15*,"5‘59 Phase Niise at" , f6.0,"H: Uffset:" tF. 1, "dBc” IBZ; fet o ’ v ’
91: wrt “9866.6",0,] 25937

Figure 7.7. HP 9825 software for microwave phase noise measurement .
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Receiver testing has traditionally been
a major application of signal generators,
initially for manual testing only. Then
with the advent of synthesized signal
generators, many receiver tests could be
automated. But some tests still required a
manual signal generator because of
stringent phase noise requirements. The
design of the 8662A yields a noise spec-
trum that combines the low phase noise
at typical receiver channel spacings pre-
viously found only in manually tuned
generators with the programmability of a
synthesized signal generator. This com-
bination vields increased capability for
receiver testing, allowing the full range of
receiver tests to be automated.

The spectral purity of the 8662A is
most commonly measured in terms of
single-sideband phase noise. but it can
also be expressed in terms of residual FM
and spurtous. Residual FM is the total
noise measured in some post-detection
bandwidth. Spurious signals are those
unwanted signals generated as a result of
the various nonlinear operations such as
mixing that are part of the synthesis pro-
cess. These measures of spectral purity
are also important in defining the per-
formance requirements necessary for a
signal generator to make recetver meas-
urements.

There are many receiver tests and
many test standards for these measure-
ments used around the world. These
include the Institute of Electrical and
Electronic Engineers (1.E.E.E.) and the
Electronic Industries Association (E1A)
standards in the United States and the
Conference of European Postal and Tele-
communications Administration (CEPT),
British Post Office (BPO), and Inter-
national Electrotechnical Commission
(1EC) standards in Europe. Though the
details of these tests vary considerably,
the receiver parameters that must be
tested are basically the same.

This chapter describes the two basic
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categories of recelver testing, the signal
generator performance required by them,
and how the 8662A meets these test
requirements.
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Receiver tests can be roughly sub-
divided into two basic types: in~channel
and out-of-channel. In-channel testing is
exactly what the name implies — eval-
uating the performance of the receiver
when the test signal is applied at the exact
frequency to which the receiver is tuned.
These tests determine how well the re-
ceiver responds to the signal that it is
intended to receive. An example of this
type of test is useable sensitivity — the
smallest level of RF signal applied at the
input of the receiver that will give intelli-
gible information at the output. The
definition of ‘intelligible’ information
varies with the test standard being used.

Many receiver tests use a calculation
called ‘SINAD’ as a measure of the
received signal quality. SINAD is equal
to the ratio of (signal plus noise plus
distortion) to (noise plus distortion) at
the same output level; that is,

SINAD (dB) =
The measuring instrument at the audio
output of the receiver is generally some
type of distortion analyzer. Fora SINAD
measurement, the analyzer first acts as a
broadband voltmeter, measuring the
total output of the receiver. Then a filter
notches out the audio modulation tone,
and the resultant noise plus distortion is
measured. The ratio of the two meas-
urements is SINAD, and is commonly
expressed in dB. The EIA-FM standard
defines useable sensitivity as that RF
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input level which produces 12dB SINAD
at 250% of rated audio output power.

Almost all areas of signal generator
performance are important for in-channel
testing, with the level of performance
needed dependent on the receiver being
tested. All three primary performance
arcas — frequency, output level, and
modulation — must be considered. The
8662A provides high performance in
every specification including frequency
resolution, accuracy, and stability; out-
put leve} resolution and accuracy; and
AM and FM with either ac or dc coupled
input.

Certain measures of spectral purity
can be important for in-channel testing.
The low close-in phase noise of the
8662A translates into extremely low re-
sidual FM. Typical residual FM in a 300
Hz to 3 kHz post-detection bandwidth is
afewtenths of a hertz. Residual FM can be
an important specification for in-channel
tests such as receiver residual hum and
noise, where the residual FM results ina
small amount of detected noise, falsely
increasing the measured signal noise.

Out-of-channel testing determines
how well the receiver rejects those signals
thatitis not intended to receive. Here the
test signal is applied not at the frequency
that the receiver is tuned to but rather
some other frequency. An example of
this kind of test is adjacent channel selec-
tivity, a measure of the ability of the
receiver to select the desired in-channel
signal while rejecting a signal that is pres-
ent one channel spacing away.

Out-of-channel testing is generally
considered more demanding on the test
signal generator than in-channel testing.
The primary performance requirements
needed from the signal generator to make
these tests are low spurious and low
phase noise at offsets from the carrier
equal to the channel spacings of the
receiver. An examination of two of these
out-of channel tests shows why.
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Using thhe EE52A for
Adjacert Charnne
Receiver Tesls

The adjacent channel selectivity test
defined above is one of the most common
out-of-channel tests. Two generators arc
used in this test, one in-channel to simu-
late the desired signal and the other out-
of-channe! to simulate an unwanted sig-
nal. The following example procedure
follows the E]A standard for FM receiv-
ers — specification # R5-204-B.

Generator #1 produces the in-channel
signal, generator #2 the out-of-channel
signal (see Figure 8.1). With generator #2
turned off, generator #1 is set inchannel
and modulated with a 1 kHz tone at 60%
of the maximum rated deviation of the
receiver. The level of generator #1 is set
to the useable sensitivity of the receiver
(12 dB SINAD for the EIA-FM stan-
dard).

Again, the measurement instrument at
the audio output of the receiver is gener-
ally some type of distortion analyzer.
Figure 8.1 shows a Hewlett-
Packard Model 8903A Audio Analyzer,
which automatically makes the two meas-
urements necessary for a SINAD ratio,
then internally calculates and displays
SINADdirectlyindB. The 8903A 1s also
fully programmable, allowing the entire
test to be automated.

With signal generator #1 set to the
useable sensitivity of the receiver, genera-
tor #2 is tuned to the adjacent channel of
the receiver. It too is modulated at 60% of
the receiver’s maximum deviation, but
with a 400 Hz tone.

The level of generator #2 is then in-
creased until the measured SINAD ratio
of the receiver drops by the amount
defined in the test standard, -6 dB in the
case of the EIA standard. This drop in

signal-to-noise ratio is a result of any 400
Hz from generator #2 plus noise gener-
ated in the receiver caused by the inter-
ference of the adjacent channel signal.
The difference between the two output
settings on the generators is then defined
as the receiver’s selectivity. The higher
the receiver’s selectivity, the greater the
level of out-of-channel interference it will
be able to reject.

Phase noise is probably the most im-
portant specification which determines
whether the signal gencrator can make an
adjacent channel selectivity measure-
ment. Figure 8.2 shows the transfer char-
acteristic of a receiver’s IF filter; the
selectivity test is designed to show how
well the IF filters in the receiver reject
signals outside the normal pass-band. i a
generator’s phase noise 1s inadequate, as
the level of the out-of-channel generator
isincreased, the high level of phase noise
at the channel spacing would appcar
within the bandwidth of the selected
channel and would contribute to the dis-
tortion being measured. As a result, the
test would not be measuring the receiv-
er’s ability to reject a signal one channel
away, but rather how much noisc the
signal generator itself had at a channel
spacing offset from the carrier.

Figure 8.2 shows the noise spectrum of
two signals used as the out-of-channel
signal. The solid line is an example of a
signal generator with inadequate noise
performance to make an out-of-channel
test; its noise power at a channel offset
appears within the bandwidth of the
selected channel at a higher level than the
desired signal. The dashed line represents
a signal with low enough phase noise at a
channel spacing to not add significantly
to the measured noise within the band-
width of the selected channel.

Generator 1 HP8903A
In-Channel Audio Analyzer
\N— Receiver - )
Generator 2
Out-of-Channel
8662A

Figure 8.1. Receiver adjacent channel selectivity measurement.
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Figure 8.2. Signal generator phase
noise in adjacent channel test.

The phase noise performance of gen-
erator #2 required to make a valid meas-
urement of the receiver is easily calcu-
lated. The conversion from the selectivity
specification on the receiver to the needed
specification on the signal generator is
shown below.

F(eceiver adjacent channel spec |
+

Converston of the noiseina | Hz
BW spec’d on the sig gen to the
noise BW of the receiver

+

Measurement margin

Sig gen absolute noise specification
at 1 channel offset from carrier.

The first factor is the receiver’s adja-
cent channel rejection specification. In
the E1A Standard, the minimum stand-
ard is 70 dB. The second factor is a con-
version of the noise of the signal genera-
tor, generally specified in a 1 Hz band-
width, to the equivalent noise in the
bandwidth of the receiver under test. For
a receiver with a 14 kHz IF bandwidth,
this conversion is

14 kHz

dB = 10 log g = 10(4.2)= 42dB

The third factor, measurement mar-
gin, is the most arbitrary factor. In the
adjacent channel test, the analyzer meas-
ures the noise contributions from two



sources: any noise generated by the re-
ceiver as a result of the interference of the
adjacent channel signal (desired meas-
surement), and the phase noise of the
signal generator that falls in-channel (un-
desired). If, for example, these noise lev-
els are equal, the distortion analyzer will
measure noise 3 dB higher than the actual
noise generated by the receiver. Meas-
urement margin is added to the phase
noise requirement on the out-of-channel
generator to ensure that its noise contri-
bution is much less than the noise gener-
ated by the recetver. Requiring the phase
noise of the signal generator to be lower
than the selectivity of the receiver by the
amount of the measurement margin
yields more repeatable measurements.
Experience has shown that a 10 dB meas-
urement margin is sufficient.

These three factors add up to the
actual phase noise specification required
for the signal generator. For the EIA
standard, a 14 kHz BW receiver with an
adjacent channel selectivity of 70 dB for
channel-spacings of 20 kHz rzquires a
signal generator with specified phase
noise of 70 + 42+ 10 =122 dB below the
carrier at a 20 kHz offset from the carrier.
It should be noted that this phase noise
requirement is for the total or absolute
noise on the generator, not the residual
noise. For most synthesizers, the abso-
lute noise will be equal to the residual
noise at offsets from the carrier equal to
channel spacings (20 kHz, for example),
but it should be checked for each synthe-
sizer. The difference between absolute
and residual noise becomes more pro-
nounced as channel spacings narrow.
For a more thorough discussion of abso-
lute versus residual noise, see Chapter 2.

Many high quality receivers specify a
selectivity of greater than the 70 dB
example, requiring even lower phase
noise for these out-of-channel applica-
tions than the —122 dBc computed above.
It is for these high quality receiver test
applications that the 8662A makes major
contributions. With specified SSB phase
noise at a 10 kHz offset from a 500 MHz
carrier of =132 dBc (typically --136 d Bc),
the 8662 A has low enough phase noise to
automatically make most stringent meas-
urements. This means both in-channel
and out-of-channel measurements can be
made with the 8662A ina programmable

system. For more information on a
Hewlett-Packard programmable system
for making receiver measurements, see
HP Technical Data for the Model 8953A
Semi-Automatic Transceiver Test Set.

Not only can the 8662A automatically
make these out-of-channel measurements
on receivers with channel spacings of 20
to 50 kHz, but it is also designed for out-
standing performance on receivers with
narrower channel spacings. As the fre-
quency spectrum becomes more con-
gested, channel spacings will be nar-
rowed, as exemplified by the 12.5 kHz
channel spacings now employed in
Europe. For many RF signal generators,
the phase noise rises very quickly for
offsets from the carrier less than 20 kHz.
However, the design of the 8662A yields
a phase noise spectrum that remains
fairly flat into about a 7 kHz offset from
the carrier. Thus, as channel spacings
become closer (6.25 kHz channel spac-
ings are already proposed), the phase
noise of the 8662A will still allow auto-
matic out-of-channel receiver testing.

Spurious performance is also an im-
portant criterion for the adjacent chan-
nel selectivity test. If a spurious output
from the signal generator occurs at an
offset from the carrier equal to the
receiver channel spacing, the spurious
will fall into the receiver IF passband, as
shown in Figure 8.3. This will have the
effect of reducing the receiver’s meas-
ured adjacent channel rejection. To pre-
vent this, non-harmonic spurious gen-
erated in the signal generator should be
attenuated at least below the receiver’s
adjacent channel rejection. The 8662A
specifies non-harmonically related spur-
ious to be greater than 90 dB below the
carrier in the primary band of 320 to 640
MHz.
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Figure 8.3. Signal generator spurious
in adjacent channel test.

Using the 8662A for
Spurious Altenuation
Tesling

A second common out-of-channel
test is the spurious attenuation test, a
measure of the recetver’s ability to dis-
criminate between a desired and an
undesired signal. Basically a figure of
merit of the input RF filters of the
receiver, the test checks if the receiver
responds to RF image frequencies, in-
coming signals at the 1F that would feed
directly into the audio section, or any
other incoming signals that would gen-
erate spurious responses within the re-
ceiver.

This test, as defined by the EIA (see
Figure 8.4), uses one signal generator.
With full attenuation switched in (out-~
put signal level at least as low as —127
dBm), an unmodulated RF signal is
applied at the receiver’s channel fre-
quency, and the receiver volume is ad-
justed for 25% of rated audio output
power. The RF level of the signal gener-
ator is then increased until the noise
output of the receiver is reduced by 20
dB. (This is known as 20 dB quieting.)

The output level of the generator is
then increased to its maximum level,
and the generator is tuned over the
entire frequency range of the receiver,
including IF and image frequencies. If
the receiver quiets , the level of the sig-
nal generator is reduced until the noise
output is reduced 20 dB below that with
no signal at the input. The ratio of the
level of the generator for 20 dB of noise
reduction at f;, the frequency that the
receiver 1s tuned to, and the level of the
generator for 20 dB of quieting at the
spurious frequency is defined as the “spur-
ious attenuation.”

8662A fo| Receiver .
Signal »{ Under | [‘:::;tz'::‘
Generator |RF Test

Figure 8.4. Receiver spurious
attenuation measurement.
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The spurious output of the signal
generator is critical for this test because
the analyzer cannot distinguish spur-
ious responses of the recetver from spur-
ious outputs of the generator.As shown
in Figure 8.5, if a spurious output from
the signal generator falls into the re-
ceiver IF passband, it will have the same
effect as a spurious response in the
receiver itself. Therefore, spurs gener-
ated in the signal generator should be
attenuated at least below the level of the
receiver’s own spurious attenuation. The
low spurious output of the 8662A min-
imizes the possibility of causing what
would appear to be spurious responses
of the receiver.

Broadband noise floor is a second
aspect of spectral purity that is impor-
tant for this test. Figure 8.6 shows a
large out-of-channel signal “punching
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Figure 8.5. Signal generator spurious
in spurious attenuation test.

34

through™ the IF filter (that is, at a level
high enough to exceed the IF rejection),
thereby introducing a spurious response
in the receiver seen in the 1F passband.
It is this spurious response that the spur-
ious attenuation test is designed to meas-
ure. However, if the signal generator
has a high broadband noise floor, the
spurious response of the receiver will be
masked by the noise of the generator.
The phase noise of a signal generator is
generally specified ina I Hz bandwidth.
With a 14 kHz receiver bandwidth, the
noise seen by the receiver is 10 log (14
kHz/1 Hz) or 42 dB higher. If the
recetver has very good spurious atten-
wation, the generator must have a very
low broadband noise floor. If not, as the
RF level of the generator is increased,
that part of the generator’s noise floor
that falls within the tuned bandwidth of

100
B Signal Generator
o Out-Of-Channel Signal
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Figure 8.6. Broadband noise floor in
spurious attenuation test.

the receiver will actually be seen before
spurious generated in the receiver, caus-
ing the output to always be noisy (Fig-
ure 8.6).

The 8662A specifies a broadband
noise floor of —146 dBc per Hz (—148
dBc typical) for f. between 120 and 640
MHz. This noise in a 14 kHz receiver
bandwidth will be 42 dB higher, or —108
dB below the carrier, which is sufficient
performance for most high-quality re-
cetvers specifying 90 or 100 dB spurious
attenuation.

Combining outstanding RF specifi-
cations, excellent spectral purity, and
ease of programming, the 8662A pro-
vides all the performance necessary to
automate the whole range of receiver
tests, both in-channel and out-of-
channel.
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The 8662A can be used as a low-noise
substitute local oscillator (LO). In this
application, it can significantly improve
the stability and performance of other
instruments and measurement systems.
In particular, the 8662A can be used with
the Hewlett-Packard Model 830 A Mod-
ulation Analyzer to improve the residual
FM of the 8901A.

The 8901 A isa calibrated receiver that
measures modulation (AM. FM, ¢M),
frequency, and power automatically for
input frequencies from 150 kHz to 1300
MHz. The 8901A features a low noise
local oscillator; therefore, low residual
FM is one of its key contributions. How-
ever, for some applications — measuring
hum and noise on FM mobile transmit-
ters, for example — even lower noise
performance may be desired. Tnhe 8901A
Option 003 allows the 8901 A to accept an
external local oscillator signal for im-
proved stability and noise performance.

Measurea Perforrnance

Figure 9.1 shows how to connect the
8662A as this external LO. Figures 9.2
and 9.3 show typical 8901 A residual FM
performance using first the 8901A in-
ternal LO, then the 8662A as the external
LO. The noise when the 8662A is used is
as much as an order of magnitude lower
than when the internal 8901 A local oscil-
lator is used.

Figure 9.2 shows the typical 8901A
residual FM performance without any
internal filtering. Notice that zbove 650
MHz the 8662A improves the noise by
greater than a factor of 4, reducing the
residual FM to <40 Hz. Using the
8901A’s internal 15 kHz low-pass filter
(Figure 9.3) with the 8662A as an exter-
nal LO holds the residual noise to less
than 2 Hz across the entire frequency
range, as compared to <30 Hz with the
8901A’s internal LO.

Notice the effect of frequency on the
residual FM of the 8901A. The 8901 A’
internal LO operates from 320 to 650
MHz. All other frequency ranges are
obtained by dividing or multiplying this
base band. Therefore the residual noise
for f. > 650 MHz is approximately twice
that for 320 MHz <f. <650 MHz. (Fora
discussion of the effect of multiplication
or division on the noise of a signal, see
Chapter 7, “Using the 8662A at Micro-
wave Frequencies.”)

The same effect occurs when the 8662A
is used as the external LO for analogous
reasons. The 8662A’s main band is 320 to
640 MHz. Frequencies from 640 to 1280
MHz are obtained by doubling; as a
result, the noise in this doubled band is
approximately twice that of the base
band. Frequencies from 160 to 320 MHz
are in the divide-by-2 band; 120 to 160
MHz is the divide-by-4 band. The noise
in these bands is therefore one-half and
one-fourth that of the main band. Fre-
quencies from 0.0 to 120 MHz are
obtained by heterodyning the fundamen-
tal band, yielding noise performance sim-
ilar to the noise of the 320 to 640 MHz

range.

Measurerment
Consfaerations and
Procedure

When the 8662A 1s used as an external
LO for the 8901A, there are several con-
siderations to take into account. Using
an external LO requires that the 8901 A
internal LO be essentially disabled, so
that it does not wander and introduce
spurious signals into the measurement.
This can be accomplished by manually
tuning the 8901A LO to a known fre-
quency. Tuning it to the high end is
acceptable except when the application is
at the upper frequency limit of the 8901 A.

/\\ .a"'T - /( - ;”j;“,sg\ﬂ
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To fix the 8901 A internal LO at the high
end, key in

EEE) G

In frequency mode, the 8901 A meas-
ures input frequency automatically by
first counting the internal local oscillator
and then the intermediate frequency (1F).
The input frequency F;, is then calcu-
lated from Fin = FLO8901A) — FIF:
When the 8662A is used as an external
LO., the 8901A’ internal LO is manually
fixed at 1300 MHz; consequently, the
standard frequency measurement is in-
valid. The 8901 A can still, however, indi-
rectly count the incoming frequency.
Keying

ojojajol

into the 8901A keyboard sets up the
8901 A to measure the signal frequency
being amplified in the IF (F|g). Then the
input frequency can be externally calcu-
lated from

Fin =Fge62A — FIF

The 8901 A operates with two IF fre-
quencies — .5 MHz and 455 kHz. The
8662A must be manually set to the
proper offset frequency to produce one
of these intermediate frequencies in the

RF Ext
8662A Out Lol gso1a
Synthesized [0dBm 17| Modutation
Signal Analyzer
Generator Option 003

Figure 9.1. 8662A as external local
oscillator for HP 8901A.
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8901 A. In normal operation, it is recom-
mended that the 8662A always be set
such that Fgggo A > Fipp- Set the 8662A to
Fin +455kHz for input frequencies from
2to 10 MHz. For frequencies >10 MHz,
the 8662A should be set to F, +1.5
MHz. For increased sensitivity, the 455
kHz IF may also be selected for input
frequencies above 10 MHz, but modula-
tion rates and FM deviations are re-
stricted.

Since the 8901A cannot count the
input signal unless the 1F is in the proper
range, the input frequency must be
known to within the 1F bandwidth in
order to set the 8662A to the proper LO
frequency. For most transmitter meas-
urements, this is not a problem, since the
BW isapproximately *1 MHzforthe 1.5
MHz IF, and 100 kHz for the 455 kHz
1F. Once the difference between the input
signal and the 8662A LO frequency is
within the IF bandwidth, the 8901 A can
be used to count the incoming frequency
with increased resolution. Then the
8662A can be offset by exactly the IF
center frequency for optimal perform-
ance.

A convenient way to offset the 8662A
by the proper 8901A IF frequency is to
use the 8662A Special Function 11, *+
Frequency Offset™. Special Function 11
makes the actual 8662A output frequency
equal to the sum of the frequency shown
on the display and the entered offset.
Then only the desired signal frequency
need be entered into the 8662A, and the
necessary frequency offset will be ob-
tained transparent to the operator. For
example, if the 1.5 MHz IF is desired, key
into the 8662A.

SPECIAL

AMPLITUDE

Now, for any measurements on the
8901A, simply key in the input frequency
that will be applied to the 8901 A input
into the 8662A keyboard. The IF offset
will be set without any external calcula-
tions on the part of the user.
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The 8662A can be used as an external
LO toimprove the noise performance of
the 8901A. For more information on
the 8901A, see HP 8901A Technical

Data and HP Application Note 286-1,
Applications and Operation of the
8901 A Modulation Analyzer.
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Figure 9.2. 8901A typical residual FM with no filtering.
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Figure 9.3. 8901A typical residual FM with 15 kHz LPF.



Chapter L

@ Using an 8662A will the HP

Network Aralyzer

Network analyzers are used to meas-
ure device transmission and reflection
characteristics in terms of magnitude and
phase. One of the key components of a
network analyzer is the signal source.
When devices must be characterized as a
function of frequency, particularly overa
broad frequency range, sweep cscillators
are the usual signal source. For meas-
urements on narrowband devices, or
devices whose magnitude and; or phase
characteristics change rapidly with fre-
quency, signal generators or synthesizers
are preferred because of the improved
source residual FM spectrum width and
better frequency resolution that they
offer.

The Hewlett-Packard Model 8505A
RF Network Analyzer Option (005 allows
the 8505A to be phase-locked to a syn-
thesizer for increased frequency accuracy
and stability when characterizing nar-
rowband devices. The high performance
of the 8662A makes itan excellent choice
for use as the source with the 8505A.
When used with an 8662A in the phase-
lock mode, the 8505A will provide crisp
CRT displays and high resolution digital
readouts of transmission magnitude and
delay over swept frequency widths rang-
ing from only a few hertz up to 1 mega-
hertz. In addition to transmission and
delay, the 8505A can provide calibrated
displays of return loss, reflection coeffi-
cient, phase, and deviation from linear
phase over its entire 500 kHz to 1.3 GHz
frequency range. The 8662A also pro-
vides 0.1 or 0.2 hertz center frequency
resolution, and can be used with the
8505A Option 005 with no modifications
to the 8662A.

Measurement Setup
The 8662A can be configured with the
8505A Option 005 in one of two ways,

depending on the desired measurement.
Figure 10.1 shows how to set up the
8662A with the 8505A Option 005 for
making transmission magnitude and de-
lay measurements. The system can also
be configured for making return loss and
reflection coefficient measurements. For
more detailed instructions on both of
these setups and the corresponding oper-
ating instructions, refer to the Operating
and Service Manual for the 8505A Net-
work Analyzer Option 005 Phase-Lock,
Option Supplement Chapter F, Supple-
ment Part Number 08505-90070.

In either test setup, the 8505A gener-
ates a maximum of a £1.3V ramp vol-
tage (the TAF output of the 8505A)
that is used to externally frequency mod-
ulate the 8662 A, yielding a real-time, sta-
ble, calibrated swept display on the
8505A. Whenever an external source 1s
used with the 8505A Option 005, it is
necessary to calibrate the modulation
index of the phase-locked system in
order to obtain an accurate measurement
of group delay and to allow easy and
exact settings of different sweep widths.
This is essentially a calibration of the
frequency deviation of the external
source used.

The external frequency modulation
capability of the 8662A greatly simplifies
this calibration of the A F setting. The
external modulation input of the 8662A
requires a 1V peak signal for specified
accuracy, and the £A F output of the
8505A is easily adjusted to this level.
However, the ease of calibration of the
system is due to the fact that the 8662A
has two front panel annunciators which
indicate application of a 1V peak signal
+2%. Thus, simply key in the desired
frequency deviation on the 8662A (which
is the desired sweep width on the 8505A)
and adjust the A F output of the 8505A

I

QE

)

S0sA RIF

until the “HI”/“LO”annunciators on the
front panel of the 8662A remain extin-
guished. The deviation and thus the dis-
play is then calibrated and accurate to the
specifications of the 8662A. In standard
operation of the 8505A, these deviations
will be +1.3 kHz (13 MHz range), *13
kHz (130 MHz range) and 130 kHz
(1300 MHz range). For additional flexi-
bility in trading range and resolution, the
8662A can be set to produce other peak
deviations, where the maximum range
and resolution are computed by the for-
mulas below. The frequency deviation
will retain its specified accuracy as long
as the required 1V peak signal is applied.
The 8662A provides for both ac and
dc coupling on the external FM input.
For very narrowband devices, the dc
FM mode will normally be selected, as
slow sweep speeds on the 8505A are
required. Center frequency stability of
the 8662A is somewhat degraded in the
dc FM mode (see 8662A Technical Data
Sheet for specifications). Therefore, for
some applications the ac mode, which
allows rates down to 20 Hz might be
acceptable, yielding higher frequency
stability (£5 x 1079/ day stability.)

1.04 x 10°

Maximum Range = S
8 (+AF) H

Maximum Resolution = us/ DIV

130
(+AF)

Typical Operaling
Characteristics

The performance of the 8662A yields
higher performance network measure-
ments in terms of frequency and output
characteristics. The following sections
will describe typical performance of a
phase-locked system using the 8662A
with the 8505A Option 005.
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Figure 10.1. 8505A phase-lock test set-up with 8662A.

Frequency characteristics

Range and resolution

Table 10.1. 8505A frequency characteristics when locked to 8662A.

8505A Frequency Range

0.5t0 13 MHz w 0.5to0 130 MHz

I
0.5 to 1300 MHz

CW Resolution 0.1 Hz 0.1 Hz 0.2 Hz
(set on 8662A)

+AF Resolution | Hz 10 Hz 100 Hz
(set on 8505A)

NOTE: The maximum *AF is limited by the maximum FM peak deviation allowed on
the 8662A at the frequency of interest. For example, for frequencies 0.5<f < |13 MHz,
the 8662A has specified FM deviations to 100 kHz. Therefore,a *AF of 100 kHz can be
used on the 13 MHz range of the 8505A, provided the group delay and electrical length
readings are rescaled. Maximum FM peak deviations of the 8662A are listed in Table

10.2 below.

Table 10.2. Specified 8662A FM deviation.

Center Maximum Peak Deviation
Frequency
(MHz) ac mode (kHz) dec mode (kHz)
the smaller of
0.01—120 100 or f 04 X 500 100
120—160 25 orfipod % 125 25
160—320 50 or fi0q % 250 50
320—640 100 or f ;54 x 500 100
640-—1280 200 or fiy,0q x 1000 200
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Typical system residual FM

The total phase noise of the signal
source used with the 8505A translates
into residual FM. Residual FM himits the
rate at which the phase or frequency of
the device under test can change and still
maintain a stable display. The residual
FM of a phase-locked 8505A approaches
that of the 8662A, which is less than 0.1
Hz, allowing very sharp filter skirts to be
measured.

Culrut characterisics

Power output, harmonics, spurious
outputs, and phase noise of the system
are determined by the 8662A. The phase
noise of the source used with the 8505A
Option 005 can affect the measurement
capability. In the measurement of a nar-
row bandwidth notch filter, the filter may
attenuate the carrier but pass noise sev-
eral kilohertz from the carrier with prac-
tically no attenuation. If the noise 200
kHz from the carrier mixes with the
8505A Local Oscillator (LO frequency =
RF frequency 100 kHz) to produce a
100 kHz IF response < =110 dBm, the
response will “fill in” the notch, making
the attenuation of the notch appear less
than its true value. This can effectively
limit the dynamic range of the 8505A.
The low SSB phase noise of the 8662A
minimizes this effect. The SSB phase
noise at a 200 k Hz offset from the carrier
is typically <-136 dBc (f. = 500 MHz),
reducing the possibility of mixing with
the LO of the 8505A.

Delay and electrical
length characteristics

The delay and electrical length charac-
teristics are primarily a function of the
8505A, and thus are not improved or
degraded by use of the 8662A. Refer to
the 8505A Option 005 Technical Data
Sheet or the Operating and Service
Manual for more information on these
characteristics.
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Chapter b

Using the 8662A as an Offsella

with the HP 5
Analyzer

The Hewlett-Packard 5390A Fre-
quency Stability Analyzer automatically
measures phase spectral density of signal
sources at offsets from the carrier from
0.1 Hz to 10 kHz, with the primary
emphasis on offsets less than 100 Hz. The
5390A measures in the time domain
using a frequency counter to periodically
sample the frequency and relate the var-
1ance of a series of measurements to the
phase spectral density. This time domain
measurement results in a digital filter
transfer function with very narrow band-
width characteristics, which allows meas-
urements to be made very close to the
carrier.

The basic 5390A system employs a
heterodyne technique to down-convert
to a difference frequency the cutputs of
two oscillators that are offsct in fre-
quency. For sources that are not offset-
table, a third difference oscillator must be
used to produce the difference or “beat™
frequency, vy, In this “Dual Mixer Time

. To/From 9825S

Difference” configuration (5390A Option
010), the difference oscillator has specific
stability requirements. Most noise con-
stituents of the difference oscillator are
common to the two channels and cancel
out in the measurement. The one excep-
tion where the characteristics of the dif-
ference oscillator do limit the measure-
ment sensitivity is white phase noise (the
O component of phase spectral density,
typically visible at offsets from the carrier
of I kHz or greater). Therefore, for white
noise measurements the difference oscil-
lator must have a lower white noise floor
than the unit under test.

The 8662A is an ideal source to use
with the 5390A system in the *“Dual
Mixer Time Difference” configuration.
The basic block diagram is as shown in
Figure 11.1.

For a standard 5390A system, the
maximum sensitivity of the frequency
stability analyzer (the smallest level of
phase noise that can be measured at a
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9871A Printer :

; , 2 g
. 59308A
! 5345A
i Timin
| Counter Genera?or
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‘ test | Vo _| 10830A 44
! Oscillator Mixer -
|
| )
. 8662A VO + Vb
! : Difterence
; Oscillator
! A

Reterence Vo 1083CA
' Oscillator Mixer

Figure 11.1. Dual mixer time difference set-up (HP 5390A Opt. 010).
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given offset frequency) is a function of
beat frequency. When used with the
8662A in the dual mixer time difference
configuration, the sensitivity is a function
of beat frequency (vp) only for offsets
less than I kHz, where the noise of the
8662A is common to both channels.
However, for offsets > 1 kHz, the sensitiv-
ity of the 5390A system is limited by the
phase noise of the 8662A. The 8662A’s
primary contribution when used as the
difference oscillator is its low phase noise
at offsets > 1 kHz from the carrier in a
programmable generator (typically =136
dBc at a 10 kHz offset for a center fre-
quency of 500 MHz). allowing automatic
phase noise measurements on devices
that cannot be offset. The frequency set-
tability, stability and accuracy also allow
ease of operation and more repeatable
measurements. For more information on
the 5390A, see HP 5390A Technical
Data and HP Application Note 225-1,
Measurement Considerations When
Using the 5390A Option 010.
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The low phase noise of the 8662A
makes it an ideal substitute local oscilla-
tor. And because it is tunable over a wide
range of frequencies, the 8662A isalso an
excellent substitute for a variable oscilla-
tor such as a voltage-controlled osciliator
(VCO). The 8662A can therefore be used
as a substitute VCO inside the Hewlett-
Packard Model 8672A Microwave Syn-
thesized Signal Generator to improve the
8672A phase noise performance and give
higher frequency resolution over the
entire output frequency range of 2 1o 18
GHz.

Systent Qperation

The 8672A is a microwave synathe-
sized signal generator that derives its
output frequency from four phase-lock

loops (Figure 12.1). The LFS (Low Fre-

Ref 10MHz | LFs

20 to 30 MHz YTO

quency Section) loop determines the four
least significant digits of the output fre-
quency, while the M/N loop generates
the higher-order digits. The outputs from
these two loops are inputs to the YTO
(Y1G-tuned oscillator) loop, a sum loop
that translates these inputs directly up to
microwave frequencies.

Within the bandwidth of a phase-lock
loop, the noise on the output VCO tracks
the noise of the reference used. Ina sum
loop, such as the YTOloop in the 8672A,
where two frequencies are used as refer-
ences. the noise of the output VCO tracks
the sum of the noise of the two references.

In the 8672A, the noise on the output
of the M/ N loop is the primary contribu-
tor to the phase noise of the final output
signal. As indicated in the block diagram
of the YTOloop (Figure 12.2), the output

Loop Loop

I " 20MHz
- M/N

-

Loop —» 2.0t06.2 GHz

400MHz 1 |oop

Figure 12.1.

177.5 to 197.4 MHz

HP 8672A phase-lock loops.

201030 MHz __ | Divide Phase
from LFS Loop b2V 1 Detector [

v

FM FM
Input > Drive

Divide

by o1 Sampler | 177.5t0 197.4 MHz,

from M/N Loop

2 B
Low
_\ Pass
Filter

U [2.0t06.2GHz

Figure 12.2. 8672A YTO loop.
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frequency of the M/N loop (177.5 to
197.4 MHz) is multiplied up to micro-
wave (2 to 6.2 GHz) by a harmonic mix-
ing process. The sampler generates har-
monics of the output of the M/N loop
and mixes them with the microwave out-
put of the YTO to generate a 20 to 30
MHz difference signal. The 20 to 30
MH7z output of the sampler thus has the
phase noise of the microwave signal gen-
erated by multiplying the 177.510 197.4
MHz signal. The phase noise on the 20 to
30 MHz output from the LFS loop is
added to the noise on this microwave
signal, but the noise on the 20to 30 MHz
signal is at a much lower level, as it is
generated by effectively multiplying the
10 MHz reference signal by a factor of
only 2to 3. Compared to the noise on the
signal at microwave frequency, this noise
contribution is negligible. For more infor-
mation on the block diagram of the
8672A, see Hewlett-Packard Application
Note 218-1, Applications and Perfor-
mance of the 8671 A and 8672A Micro-
wave Synthesizers.

Within the bandwidth of the YTO
loop, the noise of the YTO tracks the
phase noise of the multiplied-up signal
from the M/N loop. If a very low phase
noise signal is substituted for the output
of the M/N loop, the improvement in
phase noise is transiated to the output.
Substitution of the 8662A for the M/N
loop frequency yields the excellent close-
in phase noise performance of the 8662A
within the YTO bandwidth of approxi-
mately 10 kHz while still providing the
good broadband noise performance of
the 2 t0 6.2 GHz YTO at greater offsets
from the carrier.

Hardware Modifications
The necessary modifications to the
8672A are easy to do. They involve sim-



ple cable re-routing to substitute a signal
from the 8662A for the M/N loop fre-
quency in the 8672A. Refer to the interior
layout photo of the 8672A (Figure 12.3)
for location of the necessary cabling.

1. Disconnect green cable from J1 of
A2A3.

2. Disconnect cable from “20 MHz
OUT” of Reference Loop.

3. Reconnect the green cable that pre-
viously went to J1 of A2A3 to the “20
MHz OUT” of Reference Loop.

4. Disconnect the orange/white cable
from “M/N OUT” and reconncct it to
the 8662A RF output jack.

5. Set the 8662A output level to +4
dBm.

6. Connect the 10 MHz Reference
Output from the rear panel of the 8662A
to the 8672A External Reference Input.

7. Select EXT REF on the rear panel
of the 8672A.
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Figure 12.4 shows the measured abso-
lute SSB phase notse of the 8672A at 6
GHz usingits internal M/ N loop and the
phase noise with the 8662A substituted
for this loop. Note that the close-in phase
noise is improved as much as 20 dB by
substitution of the 8662A. The data also
clearly shows the relationship between
the bandwidth of the YTO phase-lock
loop and the resultant phase noise. For
offsets from the carrier greater than the
bandwidth of the YTO loop (about 10
kHz), the measured phase noise follows
the typical phase noise of the 8672A.

Figure 12.5 shows the analogous re-
sults for higher frequencies. Note first
that the phase noise of the 8672A using
its internal M/ N loop increases by 6 dB
for the 6.2 to 12.4 GHz band, and by 10
dB for the 12.4 to 18 GHz band. over the
noise in the 2 to 6.2 GHz band. This
increase in noise is the result of YIG-
tuned multiplication of the YTO funda-
mental output frequency. In the same
way, the phase noise with the 8662A sub-
stituted for the M/N loop frequency
increases for the higher output frequency
bands of the 8672A.

Also plotted in Figure 12.4 is the typi-
cal phase noisc of the 8662A multiplied
directly up to 6 GHz. Note that a micro-
wave signal generated in this manner has
even better close-in phase noise perform-
ance, but the broadband noise i1s de-
graded. (For more information on how
to multiply up and use the 8662A at mi-
crowave frequencies, sce Chapter 7.) For
some applications where the lowest pos-
sible phase noise is desired, a multiplied-
up 8662A 1s the best solution. However,
this method of obtaining a microwave
signal sacrifices some of the benefits of
using a signal generator — calibrated and
variable output level, for example. Mul-
tiplication also severely hmits AM per-
formance; only very low depths of modu-
lation can be multiplied without prohibi-
tive distortion. Harmonic and spurious
levels also greatly increase when the
8662A 1s multiplied up in frequency.
When these performance parameters can-
not be sacrificed, the substitution of the

8662A for the M/N loop in the 8672A
provides a better solution. This yields a
broad range of 2 to 18 GHz signals with
low noise and full modulation and out-
put level capability.
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The standard frequency resolution of
the 8672A i1s | to 3 kHz, dependent on
output frequency band. Though this is
sufficient for most applications, substitu-
tion of the 8662A for the M/ N loop out-
put also results in increased resolution.
The frequency resolution obtainable var-
ies with output frequency, and is a func-
tion of two factors: 1) which harmonic of
the 8662A must be mixed with the 2 to
6.2 GHz output of the YTO to yield a 20
to 30 MHz difference signal, and 2)
which band the 8672A is operating in. To
determine the resolution obtainable it is
necessary to examine the frequency
algorithm.
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Figure 12.3. 8672A A2A3 board.
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Frequency aigoritim

For any desired frequency at the out-
put port of the 8672A, the necessary
177.5 to 197.4 MHz signal from the
8662A and the needed 8672A setting can
be readily calculated. First, the output
band of the desired 8672A signal must be

determined. The fundamental frequency
band of the 8672A 15 2.0 to 6.2 GHz, the
range of the YTO in the block diagram of
Figure 12.1. The other frequency bands
are obtained with a YIG-tuned multi-
plicr, selecting either the second or third
harmonic of the fundamental band. Let
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F be the desired frequency in MHzand B,
the output frequency band of the 8672A,

where

1. 2<F<6.2GHz
2. 6.2<F< 124 GHz
3, 124<F < 18.6 GHz.

B =

Then the frequency that the YTO must
tune to is

boo o F
YTO =T

This YTO frequency requiresan Nin the
M/N loop of

Fyrea +300
N=INT ———Y_'O
200

where INT(X) is the integer value < the
value of X.

The necessary 8662A frequency is then

Fyto 20
F = e

8662A N
and the 8672A should be set to

Fge7oa = INT [E)} x 10.

Note: all above frequencies have units of
MHz.

The output resolution will then be equal
to

(resolution of 8662A) x N x B.

As an example, if the desired 8672A
output frequency is 10.5 GHz, B = 2,
FyT1o =10.5/2=1525 GHz. Then N =
INT [(5250 +300)/200] = INT (27.75) =
27. The 8662A should therefore be set to

5250 +20

Fges2a (MH2) = = 195.1851852 MHz,

and the 8672A tuned to

10500
x10= 10500 MHz.
10

The resolution on this output signal is 0. 1
Hz x 27x2=5.4 Hz.

Note: When the 8672A is operated in this
mode, the “not phase-locked” annunci-
ator on the 8672A remains on. This is
because the M/N loop is unlocked, but



this loop is not being used to derive the
8672A output frequency. The signal at
the 8672A output port is phase-locked if
the “REF LOOP”, “YTO LOOP”, and
“LFS LOOP” LEDs are glowing on the
8672A A2A7 Interface Assembly Board
and if the 8662A does not display a
hardware status message.

Modulation

This configuration also allows the
8672A to have increased modulation
capability. The standard modulation ca-
pability of the 8672A remains un-
changed, but the modulation perform-
ance of the whole system can be ex-
panded by modulating the 177.5to 197.4
MHz signal. A standard 8672’s FM is
limited by modulation index: m must be
less than 5 for carrier frequencies from 2
to 6.2 GHz, less than 10 from 6.2to 12.4
GHz, and less than 15 from 12.4 to 18
GHz. However, because any frequency
modulation on the 177.5 to 197.4 MHz
signal is translated with the signal up to

microwave frequency by the YTO loop,
it is possible to frequency modulate the
carrier with a very high modulation
index.

1t is possible to FM at rates up to the
YTO loop bandwidth, approximately 10
kHz. Frequency modulation is limited by
the ability of the YTO loop to respond,
and at low rates peak deviations in excess
of I MHz are possible (Figure 12.6).
Switching the 8672A to the FM mode
(with no modulation input to the 8672A)
allows the FM OVERMOD indicator on
the front panel to be used to determine if
the frequency deviation applied to the
177.510 197.4 MHz signal is so large the
YTO loop cannot respond properly. For
modulation applied to the substituted
M/ N loop frequency. there is no FM
meter indication on the 8672A.

The 8662A for output frequencies be-
tween 177.5 and 197.4 MHz allows peak
deviations up to the smaller of 50 kHz or
up finod X 250. However, the frequency
deviation set on the 8662A gets trans-

lated up in the YTO loop. The deviation
on the 8672A output signal is then equal
to the deviation set on the 8662A x N x B.
For low rates, this yields frequency mod-
ulation with a very high modulation
index.

Rates + Deviations
Possible Using 8670
Series Modulation

Rates -+ Deviations
Possible by Modulating
™ the 177.5-197.4 MHz Signal

e

100 |-
10 L [
10 100 1k 10k 100k
Rate (Hz)

Figure 12.6. Increased FM
performance with 8662A substitution.
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Given three unknown sources: 1, 2, and 3.

Using the two source technique, reasure each source
against each other source in three measurements, yielding

P12 = L measured of sources | and 2 in dBc
Py3 = L measured of sources 2 and 3 in dBc

Py3 = L measured of sources | and 3 in dBc.
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The phase noise performance of each source may be
calculated from the following formulas:
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