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I BACKGROUND CONCEPTS

Noise in a microwave transmitter is an unwanted signal which
degrades the ability of the system to transmit communications or
other information. Stochastic signals and coherent spurious signals
(usually related to bias supply ripple or mechanical vibration) must
be included when considering transmitter noise. In the first stages
of receiving systems, concern is directed toward a ratio of desired
signal to noise in the order of unity. In a transmitter, the ratio of

carrier to noise is of the order of 103 or more. Most of the amplifying
or oscillating devices in a transmitter are operating in a saturated
mode; thus, some of the linear system theory ideas that are so useful

in the study of receiving systems must be used with care in studying

a transmitter system.

The use of a microwave transmitter would also require a detection
system which may respond to either amplitude modulation or angle modu-
lation (an FM discriminator), but not both. The essential question is,
"How much of the noise in a transmitter will come out of a detection
system?' The kind of a detector being used will determine if the user
is concerned with what has come to be called '"FM noise" or "AM noise."
Fortunately, the study of oscillator theory as pioneered by Middleton
[1], Mullen [2], and others yields answers in terms of FM or AM noise;
and even more fortunately, the measurement techniques which yield the
best data are based on separately detecting AM and FM noise [3, 4].

The measurement of transmitter noise is accomplished by applying a
suitable sample of the output to detectors which respond to either AM
or FM. It is easy to visualize an AM detector which rejects a moderate
amount of incidental FM on the signal being tested. It is not very
easy to visualize a microwave discriminator without a limiter stage
rejecting incidental AM on the signal being tested; however, the cavity
resonator discriminators of Marsh and Clare [5], Ashley, et al [3], and
the new transmission line discriminators of Ashley, et al [6] do reject
incidental AM. Any competitive method must reject the unwanted form of
modulation in measuring the desired form.

Current microwave transmitters include transmitters with a simple
high power oscillator (such as a magnetron) as the only device, those
which include direct microwave oscillators [reflex klystrons, trans-
ferred electron oscillators (TEO), IMPATT], driving amplifiers (ampli-
tron, klystron, traveling wave tube (TWT), locked IMPATT oscillator,
transistor), and those which synthesize the microwave signal from
sources controlled by VHF or UHF crystal oscillators and then increase
the power with amplifiers. To measure noise in transmitters, one must
be able to study direct oscillators, amplifiers, and the VHF or UHF
oscillators, amplifiers, and frequency multipliers.
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The range where the demodulated noise must be studied varies with
the applications. Doppler radar systems are degraded by excessive noise
in the modulation range 10 Hz to 100 kHz. The usual noise specification
covers a significant portion of this range. Communications systems
using FM multiplex the subcarriers into a band typically 10 MHz wide,
and this sets the upper limit on the measurement of demodulated noise.
These modulation frequencies are sometimes described as distance from
the carrier with an implied idea of the RF spectrum spread.

In FM communications, the nonlinearity in amplifiers can cause
cross modulation of multiplexed subcarriers which is a form of distor-
tion. This will appear in the system output as unwanted signals in °
the individual channels. This meets the definition of noise as being
unwanted. However, this problem will not be treated further in this
work.

Understanding noise and the mathematics for studying noise requires
careful definitions and explanations. Some of the intuitive ideas about
noise based on modulation theory using sinusoids only are imprecise.

The following section presents some of the concepts needed.
1. MODULATION NOISE RELATIONSHIPS
Most of the relationships to be presented are tersely
abstracted from the works of Dr. David Middleton [7] and by Dr.
Athanasious Papoulis [8]. The proofs and many details are presented
in the works of Middleton and Papoulis.
For amplitude modulation transmitters, the output can be written

v(t) = A [1 +\V_(£)] cos(u t + ) (1)

where

t = time

A = unmodulated amplitude, peak volts
w = 21rvc = carrier frequency, rad/sec
v_ = carrier frequency, Hz

¢ = phase constant usually set to zero by proper choice of
coordinates,




a

and )\Vs(t) < 1 is the information to be communicated, Interest is
directed toward the noise floor which exists when Vs(t) = 0. Thus,
kvs(t) is replaced by NA(t), where NA(t) is the AM noise and must be
treated as a random variable.

To distinguish the frequency variable near the carrier from fre-

quency in the baseband region where modulation noise must be described,
v will be used for frequency (Hz) near the carrier frequency, L In

the baseband region from zero to a few megahertz, f will be used to
designate frequency (Hz).
For angle-modulated transmitters, the output can be written:

v(t) = Ao cos(wct + O(t) + o) 5 (2)

where the information to be transmitted is carried in the instantaneous
phase ®(t). The instantaneous frequency, Vis of this signal is:

v, = 'd-dE (w t + P(t) + ¢) = w, + LI (3)

Interest is in the residual ®(t) or 6(t) for the unmodulated state which
will be called @N(t) or ¢N(t). Again, ¢N(t) must be considered as a

random variable. From a measurement standpoint it is fortuitous that
QN(C) is usually measured with a discriminator,and the results can be

integrated to find ¢N(t).

Combining these equations, the signal from an unmodulated trans-
mitter can be written

v(e) = A (1 + N (t))cos(u t + 0 () +9¢) %)
whiere
INA(t)I <1 (5)
and
|¢N(c)| -4 (6)
5




The task is to learn something about NA(t) and ¢N(t) by measurements
made on v(t).

Except for components caused by bias supply ripple or determinis-
tic mechanical vibrations, the signals NA(t) and @N(t) are not determi-

nistic and must be studied from a statistical point of view. Any dc
average is absorbed in either A.o or w,, therefore it is appropriate

to consider that NA(t) and ¢N(t) have zero mean, and a study of the
density function, variance, autocorrelation function, and band-limited
spectrum must be made.

The probability density function for NA(t) or ¢N(t) is difficult

to measure. It is usually assumed, by implication, to be Gaussian
because this is the mathematically best known function. In terms of
physical processes in oscillators and amplifiers, this is not an unrea-
sonable assumption.

The usual definition of an autocorrelation function can be applied

to AN(t) and QN(t)

-

Ry() = % L _Tf N, (E) N, (& + T)de Q)

U ol d 8

Re() = S 2r [ On(E) Oy(t + )t (8)
=T

T = t2 - t1 5 9)

and for the real random variables NA(t) and ¢N(t)

R(-1) = R(71) . (10)

The autocorrelation function is used as the mathematical link between

the time domain and frequency domain descriptions of random variables.
The Wiener-Khintchine theorem states that for ergodic and well-behaved
real processes the power spectral density S(f) and the autocorrelation
functions R(71) are a Fourier transform pair:

00

S(f) = f R(t) cos(2xnft)dt (11)

=00

00

R(T) = / S(f) cos(2nfr)df .

-00
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The power spectral density, S(f), is an even, real function and is
non-negative

S(-£) = S(f) (13)
Y z=0 . (14)

S(f) carries no phase information*., The power spectral density of the
noise modulations is band-limited to a small fraction of the carrier
frequency by resonant circuits in the signal generation source,** This
iimited band is usually termed the 'baseband."

In terms of the measurement problem, applying the source to
demodulators as shown in Figure 1 yields voltages proportional to
NA(t), ¢N(t), and @N(t) which are functions of time. The simplest data

processing in the time domain is to use a cathode ray or mechanical
oscillograph to record instantaneous amplitude, phase, or frequency
versus time. The records are often called "stability" although the
word instability might be more appropriate. In terms of frequency
cr phase instability, the time domain processing can be quite sophis-
ticated if long term stability (time period of days or more) is impor-
tant, e.g., timekeeping applications. The use of computing counters

to determine the '"sigma versus tau' characteristic is described by
Shoaf, et al[15].

N
AMPLITUDE &

™ peTECTOR "_'1
:':t:‘:clilto + PHASE | ¢y 0 TIME
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REFERENCE BASEBAND
OSCILLATOR SPECTRUM
PHASE ANALYZER
STANDARD

FREQUENCY ® 0
DISCRIMINATO

Figure 1. Schematic representation of modulation
noise measurements,

*Note: Phase information, not phase modulation.

**This is not true for TWT amplifiers or backward wave tube
oscillators.
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In theory, it should be possible to apply the output of the demodu-
lators to autocorrelation computing equipment. There are no known pub-
lished results of such an experiment. One experiment which would be of
great significance in oscillator noise theory would be to determine
the cross correlation between amplitude and phase noise modulation.

Because most microwave transmitters are used in either radar or
communication systems, the most useful analysis of the modulation
noise is in the frequency domain. The baseband analysis equipment is
usually called a spectrum analyzer if frequency is automatically swept,
and a wave analyzer if the frequency is manually set., Because of their
importance, these equipments are discussed in a later section.

Nothing has been presented concerning the microwave spectrum of
v(t). The main reason is that the measurement of the signal spectrum
will not predict the effects of transmitter noise on the amplitude or
angle demodulators in the receiver. It is not possible to determine
from the signal spectrum alone whether a particular portion of a sideband
is caused by NA(t) or ¢N(t). If one needs to know the spectrum structure

in the region of the carrier, it will be found hidden under the noise
floor of the spectrum analyzer. Thus, NA(t) and QN(t) must be measured

and used to compute the near-carrier spectrum.

This does not deny the usefulness of a microwave spectrum analyzer
in studying transmitter noise. Observation of spurious signals at
subharmonic, harmonic, and unwanted mixing product frequencies is best
done with these powerful tools. The microwave spectrum analyzer will
be used in the alignment and calibration of AM and FM noise measuring
equipment,

The theory required to understand the near-carrier spectrum
structure requires the most difficult mathematics in this report, but
should not be avoided.

. THE SPECTRUM OF MODULATED SIGNALS

The approach to this topic paraphrases that presented by
Middleton [7] by considering low index AM, ¢M, and FM separately, and
then combining results for simultaneous AM and FM. The use of auto-
correlation functions and the Wiener -Khintchine theorem makes the
results apply to deterministic (usually sinusoidal) and stochastic
modulation signals. First, for amplitude modulation only,

v(t) = A (1 + MV () cos2mv t) (15)

T ” .




where

NA(t) = kVﬁ(t) .
The spectrum, §RF(V) is found from (Middleton [7], equation 12.10b)

§RF(V) = AOS(V - vc) + >\.2A§ jRM('r) cos 2x(v - v )Tt dt , (16)

where RM(T) is the autocorrelation function of the modulation, Vu(t).
The delta function, d(v - vc), indicates a spectral "line" at Ve If
VM(t) = cos 2nf t and A < 1, then

a
A‘Z, Aihz
Spp(V) = 32 8(v - v ) + 3 5lv - (v, + fa)] (17)
Aixz
+ 5 5ly - (vc-fa)] 3

which is the familiar carrier with a pair of side frequencies located

at Vs % fa' If vM is a more complex signal which can be expressed as

a Fourier series of sinusoids, then pairs of side frequencies will
appear for each Fourier component. There will be no cross products
as long as the total modulation index is less than one (i.e., no over-
modulation).

A very useful result can be deduced for the case of any form of

low index amplitude modulation. If the spectrum of VM were found

from its autocorrelation function, the following would be evaluated
]
(D) = 2 o/ R,(¥) cos 2nfr dT (18)
while the sideband portion, §'SB(V)’ of Equation (16) requires evaluation

of

2gp(v) = f Ry(7) cos 2a(v = v )T dT . (19)

o




An obvious change of variable yields

A xz“oz
§RF(V) = d(v - vc) +7 EAM(V - vc) s (20)

which reveals that the spectrum of the modulating signal is shifted
from being symmetrical about F = 0 to being symmetrical about v = Ve

Therefore, if the spectrum of the AM noise, §AM(f) can be measured,

then a prediction of the contribution of AM noise to the RF spectrum ]
can be made using Equation (20). This important concept is illustrated
by Figure 2. The measurad noise spectrum of the AM, §MAM(f), is shown

Swam tl 0

o fg— 1

(a) MEASURED SPECTRUM OF AM NOISE

}Sam

s

g 0 —

(b) MATHEMATICAL REPRESENTATION OF AM NOISE

S )
i 2
l
ﬁ_,,cﬂsﬂ 0o’/ ve—fg Ve vetfg ™t

{c) RF SPECTRUM CAUSED BY AM NOISE

Figure 2, Example of AM noise spectrum.
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as it would be measured in Figure 2(a). This is a power spectral density
for the baseband range. Mathematically, the negative frequency portion
of the spectrum must be carried, which is the mirror image of the posi-
tive portion as shown in Figure 2(b). The fact that §ﬁM(f) is the AM

spectrum means that the RF spectrum can be found by translating EAM(f)
to the regions near :vc and adding the delta function representing the

carrier [Figure 2(c)]. This example of AM noise spectrum has delta func-
tions to represent sinusoids and a continuous portion to represent ran-
dom noise.

For the case of angle modulation only, the RF signal can be written

v(t) = Ao cos[vact - ®(t)] % (21)

where ®(t) is chosen for phase or frequency modulation as

O(t) gy = Dy V(6 (22)

o) oy = ant v lehder . (23)

Do has units of rad/V and DF has_units of angular frequency (rad/sec) per
volt. For the case where vM is sinusoidal, let

O(t) = pyy cos 2xf,t (24)

for phase modulation and

o(t) = MM sin Zﬂfat 5 (25)

where Hom = A%, the magnitude of the phase deviation and HeM = %g, the
a

frequency deviationdivided by the modulation frequency are all the
appropriate modulation indicies for ®M and FM. With little effort and
using the Bessel function manipulation, Middleton ([7], eq 14.10b f£f)
found the autocorrelation function and the spectrum

2

A 2nf T
RV(T) - _22 JO 21 cos 2 cos ZﬁVcT (26)

2 [+ ]
Ao }S 2
§RF(V) s % < Jm(p)[Blv - (vc + mfa)] + 8ly - (Vc - mfa)]] 3

11
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where Jm is an m~ order Bessel function. This is the familiar result

with a multitude of side frequencies for large p. If p < 0.01, only
the m = 1 side frequencies are significant, and the approximation
Jl(t) = % is often useful. This theory is the basis for calibration
of the discriminators used for FM noise measurements.

If more than one sinusoid is present in the modulation signal,
then additional side frequencies are added for low values of pu. For
large u, the nonlinearity of angle modulation causes some cross coup-
ling of the modulation. For example, if two sinusoids at 300-Hz and
1000-Hz angle modulate a carrier, the spectrum will have components
located at 1300, 1600, 2300, 2900, etc., Hz away from the center fre-
quency as well as at the harmonics of 300 and 1000 Hz. These facts and
the expression HpM = %! should indicate trouble when the modulation

a
is not deterministic.

The theory is not a disappointment. The limiting behavior for
small modulation is all that is necessary to consider in this study.
Since the main concern is with the case where the modulation is the
residual noise in the source, Middleton's equations ([7], Sec. 14.2-1)
can be used and higher order terms abandoned because ¢ is quite small,
For phase modulation,

A2

R
R Gy = cos2mv T (1 + R¢M('r)] " (28)

which is Fourier-transformed to find the RF spectrum

o0
A2 A2

sy 20, 4 SO,
§RF(v) el S(v vc) + > J R¢M(T) cos vac'r cos 2nyvt dt . (29)

In the integral, the identity for cos A cos B can be used (a term in
cos Zx(vc + v) abandoned by a stationary phase argument) and the same

substitution used in the AM theory to show:

A% a2
- sl & =9 5
§RF(V) 2 5(v vc) + 4 §¢M(v vc) % (30)

This result shows a similar limiting behavior as was found in the
AM case. A carrier line is the center frequency for the symmetrical
phase modulation spectrum which is unchanged in spectral shape. Thus,
§¢M(f) is measured and very quickly translated to the RF spectrum.

12
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It is discouraging to look at typical measurements of §¢M(f) and
study oscillator theory. Leeson [9] shows general forms for §¢M(f)

which show a behavior below approximately 1 kHz which is of the order

JE or-ls. Reverting back to the theory with this knowledge of §¢M(f)

f f

shows that all of the approximations were not very well justified.
Those who use the "theorem" implied in Equation (31) would be in for

a shock if §RF(V) could be measured for a signal where §¢M(f) is known.

The true understanding of the RF spectrum for small angle modula-
tion comes from the study of limiting forms for FM noise modulation.
The classic reference is Mullen and Middleton [10], although the word
is well documented by Middleton ([7] Sec 14.2-1). The mathematical
trouble originates in the value of an integral,

S (£)
L-/ 2! 5 df (31)
(o]

4 £

needed in finding the autocorrelation function. There are two cases
which have been worked. The first case is for an idealized spectrum
for §FM(f) sketched in Figure 3. When the noise spectrum does not

extend to zero frequency, L < ®» and the limiting form for the RF spec=-
trum is ([7] Eq 14.42 b)

A S (v =-v)
2o : 1 2m c
§RF(V) = S(v vc) + 3 ) , (32)
(v =-v)
c
which is valid only for
lv - vcl e (33)

This is the kind of a result intuitively expected from using sinusoidal
modulation theory for the small deviation case. Since this idealized
spectrum, §FM’ does not go to zero frequency, the analogous sinusoidal

modulation index A.v/fA does not go to » and, therefore, presents
intuitive trouble.

13
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S%M(n'

0 fa ts ——

Figure 3. An idealized FM noise spectrum.

The real world case corresponds to the FM noise spectrum sketeched
in Figure 4. This sketch is idealized because the oscillator should
show a l/f spectral shape near f = 0. If the FM noise spectrum is
constant as f = 0, then the integral L of Equation(3l) diverges. Using
a different mathematical route, Middleton ([7], Eq 14.45) obtains the
RF spectrum as

7%

Q

Spr) = 3

2 2 + Correction Term .
7T+ 4 (v - vc)

S,M(nt

0 }

Figure 4. A more typical FM noise spectrum.
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The "correction term" is significant only in the ""tails" of the spectrum
where

[v - vcl > 8y i (35)

There is a surprising physical significance in this developmeﬂl. In
the region

lv - vcl Sl s ¢ , (36)

the shape of §m(v) does not appear in the leading term for the spec-

trum. Also, there is no delta function in Equation (34), so a carrier
for computing carrier to noise sideband ratios cannot be considered.
Instead of the discrete carrier and sideband structure of AM or
overly idealized angle modulation, the real world signal sources have
a spectral shape resembling the resonant response of a series L-R-C
circuit shown in Figure 5. The width of this spectral "line" is

7/1( where 7 is a measure of the total power in the FM noise spectrum;
i.e., a factor proportional to the area under the §m(f) curve., In

practice, the line width is approximately a few hertz at the most and
cannot be resolved with commercially available RF spectrum analyzers
which might have a minimum bandwidth of 10 Hz. (Also, the noise floor
in the spectrum analyzer is too high to see anything important.) This
is why the failure of Equation (34) to match the intuitive extrapola-
tion of sinusoidal FM theory has not been detected by measurement.

Sae v

Y2

0 ¥ ve —- Y

Figure 5. The limiting form for the spectrum with low
FM noise of the shape shown in Figure 4.
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Reflecting on what has been presented and comparing it with what
is widely (and wrongly) written about the spectrum of a phase noise
modulated signal, one will soon realize that a bomb has been dropped
on the practicioners of conventional wisdom. All the plots of £(f)
in the National Bureau of Standards reports, the spectrum plots in
textbooks on radar, and many specifications of phase noise in terms
of "dBC" are merely mathematical manipulation of the data; none are
the actual RF spectrum. The problem with Ay/fm going to infinity as

fm — 0 has been a cause for suspicion and this reverting to fundamentals

(available since 1957[10]) has justified this suspicion.

It is important to note that one widely practiced data manipulation
has not been destroyed. If the phase modulation spectrum, EFM(f)’ is

measured, then the frequency modulation spectrum, §¢M(f)’ can be
derived using

=1
Sen(D = 3 Sau(®) (36a)

and vice versa. The proof of this is constructed by recalling the
definition of instantaneous frequency, Equation (3), and using a well
known theorem of communications theory quoted by Papoulis ([8]

Table 10-1).

One might ask "why hasn't this shown up in radar sensitivity
measurements?' It is suspected that the influence of FM noise on radar
sensitivity is not well understood. Dr. Leeson [9] gives the usual
explanation of subclutter visibility. It is noted that continuous wave
Doppler radar must be moving to have a clutter problem. If a low
noise source has been developed and the radar works well, it would be
hard to justify an experiment of substituting a noisier source and
trying to measure the performance degradation. The possibility exists
that some stable local oscillators (STALO) or stable master oscillator
(STAMO) may be better than is really necessary.

With 20-20 hindsight, one can see an experiment where the correct
computation of RF spectrum explains a result observed in the laboratory.
In the summer of 1971, the last named author of this report was called
to the National Bureau of Standards at Boulder to help with a problem
of detecting the beat between a 9.50817-GHz reflex klystron and various
lasers [11]. Theory indicated that a beat should be detectable using
3- to 10-THz lasers.* Only the 0.964-THz line from a hydrogen-
carbon-nitrogen (HCN) laser has been detected. The reflex klystron

*THz means Terahertz.
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was stabilized with an HP 2650A synchronizer which electronically
locks a reflex klystron 30 MHz from a harmonic of an approximately
100-MHz crystal-controlled oscillator. Figure 1 shows the measured

FM noise from such a system, When these data were observed, it was
not understood why the beats were not detectable. The upward bend at
10 kHz is beyond the 4 kHz half bandwidth of the receiving system. A
decision was made to try a cavity-stabilized klystron which had the
greatly reduced FM noise shown in Figure 2. It was quickly found that
one could detect a beat with the 3.821774-THz water-vapor laser if one
could twiddle the delta nu knob skillfully. This was fixed by using
an injection lock [12] to a quartz crystal-controlled signal. Ashley ,
and Palka presented a paper and wrote a patent application. No one ;
knew why the cavity-stabilized oscillator worked better. It is obvious |
to the most casual observer that the area under Figure 6 is much less
than the area under Figure 7, and that the resulting line width of the
cavity-stabilized klystron is much less. Pursuing this problem resulted
in useful research in measuring laser frequency and transmitter noise
measurements. Risley, et al [13] document the noise data on all the
sources used in this research and show the excellent agreement of
measured results using the cavity discriminator, electronic phase-locked
comparison oscillator, and computing counters (sigma versus tau or

Allan variance data). The results of the work at the National Bureau of
Standards are one of the bases for emphasizing the use of frequency
discriminators in making transmitter noise measurements,
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Figure 6, Measured FM noise of a cavity-stabilized
X-band reflex klystron.
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Figure 7. Measured FM noise of an X-band reflex
klystron stabilized with the HP-2650 oscillator
synchronizer.

The case when FM and AM are present simultaneously deserves brief
comment. For the sinusoidal case, the result of simultaneous ampli-
tude and angle modulation is to destroy the symmetry of the RF spec-
trum. For our concern with transmitter noise measurements, this
assymmetrical spectrum when seen while looking at calibration side
frequencies means that the pure amplitude or angle modulation needed
for calibration is not present and the calibration equipment must be
realigned.

The unmodulated RF output of a microwave transmitter or of any
RF signal source is going to have AM and FM noise simultaneously pre-
sent. This will give the following three terms to compute to find
the RF spectrum:

a) A component caused by the FM noise.
b) A component caused by the AM noise.

c) A component caused by the cross correlation of the AM and
FM noise.

For frequencies within a few kilohertz of the carrier region, the FM
noise term dominates., For frequencies more than a few tens of kilo-
hertz from the carrier region, the AM term dominates. The cross-
correlation term would be found by applying the Wiener-Khintchine
theorem to the cross-correlation function. Middleton [7] (Sec 14.3-1)
shows that the computed effect is to skew the spectrum. Thus, the
result is of diagnostic value for transmitters (such as countermeasures
jammers) which use large index noise modulation to produce wideband

18
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noise as the primary output. If the spectrum is assymmetrical, then
the modulation is not pure amplitude or angle. For the low residual
level of the AM and FM noise in an unmodulated transmitter, a measure-
ment of the cross-correlation function would be required before any-
thing definitive could be said about the importance of this term in
the RF spectrum computation.

What conclusions can be reached from this diversion into communie
cations theory? 1In relationship to the topic of transmitter noise
measurements, these conclusions must include the following:

a) The nature of noise in transmitters and the measurement
equipment available dictate the measurement of AM noise and ¢M or FM
noise.

b) The theory of amplitude or angle modulation by sinusoids gives
the basis for alignment and calibration of noise measurement equipment.

c) A microwave spectrum analyzer is useful for detecting spurious
outputs several megahertz from the carrier region in a transmitter, but
cannot yield sufficieat information about the noise modulation of the
output.

d) A microwave spectrum analyzer is needed for alignment and
calibration of AM and angle modulation noise measurement equipment.

e) Estimation of the contribution of AM noise to the RF spectrum
is straigntforward [Equation (20)] and has no traps.

f) Estimation of the contribution of angle modulation noise to
the RF spectrum is not straightforward [Equation (34)] and many people
unknowingly fall into a serious trap [using Equation (32)].

g) FM or ¢M noise specifications based on a few numbers such as
carrier to noise ratio at specified frequency(s) from the carrier are
not sufficiently precise. A curve showing maximum limits of the angle
modulation noise must be specified for completeness.

h) If one is asked to find the RF spectrum in the region near the
carrier, one should ask why.

i) 1If there is a good reason for determining the spectrum in the
region near the carrier, carefully measure AM noise and ¢M or FM noise
and then compute. This paper does not present enough detail to make
the computations; Middleton [7], however, does go into detail.

j) One must be careful about extrapolating theory based on sinu-
soids only to a situation where random noise is involved.

More will be presented on measuring transmitter noise in the follow-
ing sections.
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IV.  MEASUREMENT OF AM NOISE

The first measurement to consider is determining NA(t) in

Equation (5). In practice, the measurement yields the spectral descrip-
tion‘§AM(f). There has been no significant advance in this technique

since the reports by Ashley, et al [3] and Ondria [4] in 1968. As
reported by Ashley and Ondria, a direct detector diode is more simple
than a superheterodyne demodulator and has a lower threshold. For
measuring noise and determining the threshold or noise floor of the
measurement, a double diode circuit such as the one shown in Figure 8
is convenient. The two detector mounts are insulated for dc and base-
band frequencies up to several megahertz by plastic shims between the
mounts and the main portion of the waveguide. This allows the diodes
to be connected in series aiding or opposing as indicated in the low-
frequency equivalent circuit of Figure 8. The dc blocks account for
the two secondary windings on the equivalent circuit. The two capaci-
tors labeled C are actually cable capacity and the resistors R are 1
to 10 k each. At this impedance level, there has been no trouble with
interference at the power line frequency either in or out of shielded
rooms.

Silicon point contact diodes can be operated at approximately 1 V
dc without exceeding the peak inverse voltage limit. Because this is
a high-level detection application and the noise from the diodes sets
the power limit, the threshold can be improved by increasing the power
applied to the diodes. The higher peak inverse voltage that can be
applied to a Schottky barrier diode makes it a superior device for AM
measurements. (Note that detector mounts designed for point contact
diodes will not function properly with Schottky barrier diodes because
of the difference in V-1 characteristics of the two kinds of diodes.
This can be remedied over a limited but adequate microwave bandwidth
either with a slide screw tuner or by inserting an adjustable capaci-
tive post in the diode mount at a point 0.3)\..g in front of the diode.)

Depending on the type of detector used, a signal level of 1 to 5
dBm is applied to the detector input and the two mounts are tuned for
maximum dc voltage output. Both detectors should be adjusted as closely
as possible for identical operation. Data are then taken to detemmine
the detector characteristics of Figure 9. The abscissa of this curve
is obtained by normalizing the RF voltage with respect to the voltage
at the operating point. The RF input to the detector is controlled by
a precision waveguide attenuator. The ratio of the slope at the oper-
ating point to the slope of a line from the origin to the operating
point gives a correction factor, C, which is used in Equation (37).
The correction factor forthe diode characteristic of Figure 9 amounts
to 3.5 dB at an operating level of 2.45 V.
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When stating the correction factor in this simple form, two
assumptions have been made about the equipment, First, the microwave
bandwidth of the detector mounts is much wider than either the maximum
deviation or the highest amplitude modulation frequency to be measured.
Second, the ac input impedance of the video amplifier is greater than
20 R.

Once the slope correction has been determined, data are taken from
the wave analyzer to determine the AM noise power spectral density:

AM(£) = 20 log,oV,,(£) - 20 log, Voo - 20 log, C - G- 6

- 10 log;By . : (37)
where
AM(f) = amplitude modulation noise-to-carrier ratio in a 1l-Hz
bandwidth, dB.
VAM(f) = reading of wave analyzer, rms volts.
VREF = dc voltage for each detector in Figure 8.
BN = noise bandwidth of the wave analyzer, Hz.
GV = gain of the video amplifier, dB.
(o = correction factor derived from Figure 9.

= modulation frequency, read from wave analyzer, Hz.

The 6-dB factor is used to account for the two detectors operating in
series. If a single diode detector is used, this 6-dB factor is
omitted.

The quantity AM(f) is the ratio of §AM(f) to carrier power expressed

in decibels. This is often described as the double sideband noise to
carrier ratio because the use of Equation (20) means that in the RF spec-
trum this AM noise will appear one-half on each side of the carrier.

In practice, it has been observed that the most frequent failing is
neglecting to determine the measurement threshold.* Thus, if one
attempts an AM noise measurement with a single-ended diode AM demodu-
lator, the typical threshold curves should be checked for the demodulator
device as shown in Figure 10. If measured data are within 6 dB of the

*In a conversation at the 1976 IEEE-MIT-S International Symposium,
Dr. John Ondria made a similar observation.
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Figure 10. The AM threshold for a superheterodyne
receiver, silicon point contact diodes (IN23WE), ]
and Schottky barrier diodes (HpA 2627). -

expected threshold, then a balanced detector such as the one illustrated
for waveguide in Figure 8 needs to be constructed. The test for the
threshold shown in Figure 8(b) consists of operating the individual t
diodes in series opposition so that the AM on the test signal is mostly i
cancelled. The balance of the diodes is very important and must be

tested under RF excitation. One easy method is to apply intentional

sinusoidal AM on the test signal and match the detectors to yield mini-

mum output at the AM frequency. The first intuition would be to balance

the detectors by tuning adjustment. This tends to cause unbalance for i
modulation frequencies above 100 kHz. A better way is to adjust the
sizes of the load resistors R to balance the detector system. A plot
of noise spectrum from the detector is a good indication of threshold.
Reconnecting the diodes to series aiding then gives an output which is
the sum of threshold noise and AM noise. If the output is within 2 to
10 dB of threshold, then a correction

2 3
V(6 = SR - V(e (38)

where
VAM(f) = corrected AM noise
VAMM(f) = uncorrected AM noise data

VATH(f) = threshold data
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improves accuracy. Note that the correction must be done on a power
spectral density basis before expressing the answer as an AM noise
to carrier ratio in decibels.

Some practical experience with AM noise measurements may help
save time in the laboratory. If a source which has a known high AM
noise is measured, such as IMPATT amplifiers and oscillators or trans-
mitter TWT amplifiers, then the simple single-ended silicon point
contact diode is adequate, available, and reliable. The least expen-
sive versions of IN21 or 1N23 sorts of diodes are just as useful in
this application as those which are sorted for best superheterodyne
noise figure.

If a source is measured with relatively low AM noise such as kly-
stron oscillators or TEO using GaAs diodes (Gunn diodes), then the full
balanced detector system with Schottky barrier diodes must be employed
and the threshold check made every time. If a completely new and
unknown source is measured, then a careful and complete calibration
and determination of measurement threshold must be done.

A degradation of Schottky barrier diodes which is not understood
has been experienced.* The peak inverse voltage allowable decreases

~with operating life and some strange noises appear in the demodulator
" output. This requires replacement of the diodes before taking more

data.

A simple operational check for an adequate measurement threshold
is worth knowing. In the calibration procedure, a precision signal
frequency attenuator is needed to take the slope data. This attenu-
ator is left in the system for the balance of the measurement., Regard-
less of the kind of detection system, increasing attenuation on the input
of the demodulator by 3 dB should make the wave analyzer output indi-
cator decrease by the same 3 dB. If there is less than a decibel of
change on the wave analyzer output, the system threshold is inadequate.
If there is a 2-dB change, taking the threshold data and correcting it
will give a reliable answer.

One method of reducing AM threshold [4,5] has been thoroughly evalu-
ated by Fikart, et al, [14,15,16] and found to be of dubious use. Essen-
tially, the cavity discriminator [3,4,5] can be used for AM noise measure-
ments by inserting a 90-degree phase shift in the reference line going to
the output phase detector., Component imperfections and drift of the
source and or the discriminator cavity tuning cause sufficient errors to
make this a method of last resort., Since only the two-resonator klystron
oscillators have approached the threshold of the dual diode system with
Schottky barrier diodes, the method of last resort is not often needed.

*In a conversation with Dr. John Ondria at the 1976 IEEE-MIT-S Inter-
national symposium, he reported similar experiences. The diode manufac-
turers are aware of the problem, and diodes recently produced are better
in this regard.
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When measuring an amplifier or frequency multiplier, AM noise
at input and output is measured separately. Because these components
usually operate in a highly saturated mode, there is little correlation
between input and output AM noise. Furthermore, the AM noise at the
output is quite dependent on relative carrier power output. A tendency
to neglect making the AM noise measurement, which is not justified by
transmitter device performance, has been observed.

V. MICROWAVE FM NOISE MEASUREMENTS

The historical development of accepted noise measurement
circuits will be followed by describing FM or phase noise measurements,
The discussion in this section will concentrate on the microwave region
above 5 GHz. The following section will discuss FM noise measurements
for carrier frequencies below 5 GHz.

The history is difficult to document because much of the work
was classified for security reasons in the era following World War II
and during the Korean War. This work has now been declassified, but
the archival journal papers were not written at the time, and now one
would have to study company and military reports to adequately give
credit to those who made the first contributions. With regard to equip-
ments available in the USA, one can trace it back to the Royal Signals
and Radar Establishment (RSRE), Great Malvern, Worchester, England.

During the 1950's the RSRE supported the development of klystron oscilla-
tors and amplifiers for Doppler radar use. These klystrons quickly pre-

sented a measurement challenge, and the apparent result was the develop-
ment of the cavity discriminator which Whitwell and Williams [17] attri-
bute to "S. B. Marsh, J. D. Clare, and S. A. Drage of RSRE who evolved the
frequency discriminator and constructed the first experimental models,..."
This equipment was marketed in the US by James Scott & Co., Ltd., Glasgow,
Scotland, as the Allscott Model 123 Noise Measuring Equipment,*

Although it did represent a completely designed equipment with a set
of operating instructions, the RSRE discriminator bridge had two superi-
orities over the prior art: first, it would reject a large amount of
incidental AM noise on the test signal; and, second, input power could be
increased (with proper adjustment of the equipment) to override the
threshold noise in the equipment. Thus, the 1l0-W type of two-resonator
klystron oscillator, which still holds the world record for low FM noise,
could be measured.

Users of the RSRE cavity discriminator quickly tire of tuning the
microwave bridge based on a magic tee or 3-dB four-port directional
coupler, as well as tuning the klystron used as a local oscillator for
the superheterodyne equipment. Many microwave sources put out 10 mW

*Rast made his first believable FM noise measurement with Allscott
equipment in the early 1960's.
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or more, and the input power sensitivity is not needed. Also, the 3-dB
hybrid in the bridge costs a total of 6 dB in threshold or detection
slope because the signal goes through the hybrid twice. These factors
and the need to measure lower noise sources first motivated Ondria [4]
and then, Ashley et al. [3] (working independently) to make significant
improvements in this equipment. As shown in Figure 11, a circulator has
replaced the magic tee and the cavityhas been modified to include an
adjusting screw on the coupling iris. This simplifies tuning and improves
the threshold by nearly 6 dB. Because the intermediate frequency ampli-
fication is not often needed, the local oscillator and IF equipment has
been left out in the interest of simplicity. Although the final phase
detector could be the magic tee circuit of Figure 8, it was found more
convenient to use a standard balanced mixer* in the discriminator as
illustrated in Figure 12.

There are two approaches to deriving a theory for demodulator cir-
cuits such as this frequency discriminator: (a) the quasi-stationary
frequency assumption [3] or (b) the sideband phasor method [4]. The
quasi-stationary frequency assumption has the advantage of yielding a
direct answer for the discriminator slope and showing that the answer is
good for modulation frequency approaching zero; thus, one can use the
discriminator for short-term and even medium-term stability indications
for comparison with other measurement techniques. The sideband phasor
method yields the upper modulation frequency correction factors more
directly. The first method is the one used in communication theory study
of noise problems in FM systems [7]. Either method will yield an
equation for the slope, S, of the form

K‘/P_i 10~ (Gy/ 20) Q

e e g I e ol e L L e L

Av o
% v ’ 9
{ ot “
where

Ay = small deviation from the carrier frequency, pk Hz
Av = small dc change in output, V
Pi = input power, W
GH = loss in the system between input and phase detector, dB
Qo = internal Q of the microwave resonator
My ™ carrier frequency, Hz
K = a factor depending mainly on the conversion loss in the phase :

detector. *

*Such as a Varian Orthomode mixer designed as a down-converter for
superheterodyne receivers.

26




L i A A . i ] S e B e e e e A

*JUSERINSBIW ISFOU WJ I0J I0IPUTWIAISTP Aousnbeiy sAsmozoym y 11 2anSyg

ANINGINDI SISATYNY
WNY1I34S ONVEISVE OL
4 ..»
yIxm
— 7] aNIve J- 0
v
NOISDINd ¥3ILIINS
—NON ITVHY
¥OLVNNILLY 3TeVINVA ~
PO6E 010 ~
” v
VIZA VNV -
svmnom [T i WOLVAN3LLY
Q31veenvd YNOILI3WO eVINVA
j|\ ﬂ ﬂ TINNVHD 3INIUIII
ANINLSYGY f i
S v CEVRIF] a3is3k
- s SUAINGD ¥OLVNNILLY SSV4aNve
Wi pe=ed  mauds j ¥OLVINOUD TJ..SBE#B b opoc 01 0[*—] 01 M01 ll...w.-.%m
e — - NOISIO3ud VNOILd0 P
ALIAVD
1904 N0
.




°I1 2an814 jo uorjejuswajdwtr pueq-) °ZI and1g




This equation is principally for study rather than for actual calcula-
tion. The measurement of the factor K has some conceptual difficulties.
It is not necessary to know that measurement of a resonator Qo’ which

is probably greater than 20,000, is a challenging problem. Thus, most
laboratories use a technique based on applying a known angle modulation
and measuring Av to determine S. Such a technique will be described
with the tuning and operating procedure., Presently, it is important

to draw some conclusions from Equation (39) that influence operation.

First, note that the slope is proportional to,/Pi. Therefore, if

a calibration is performed to determine S, this result is valid only
as long as Pi is not changed. All the other factors of Equation (39)

are quite stable, and as long as the power is maintained constant, the
slope is very stable with time. Therefore, it is reasonable to use
one source (which might be easy to angle modulate) for calibration to
measure another source; either hold the input power constant or measure
the power ratio and make the appropriate correction.

Second, measurement of a small deviation, Av, (corresponding to a
quiet oscillator) requires the highest obtainable value of S to over-
ride the noise in the crystals of the phase detector. Because carrier
frequency, Ves and K are fixed, Pi must be as high as possible, Qo

high, and GH minimized. If the circulator shown in Figure 11 is used,
G, is approximately 1 dB; whereas the use of a magic tee or 3-dB coupler

H

will make G“ approximately 7 dB. This 6-dB difference directly trans-

lates to a 6-dB lower measurement threshold. If these measures do not
result in an adequately low threshold, then methods discussed in Section
VII must be employed. r

The determination of S is performed as part of the tuning and oper-
ating procedure, This will be the organization of this discussion.
Notice that the evolution of signal sources and spectrum analyzers has
caused appreciable change in calibration procedure from those reported
earlier [3,4]. In the 1950's and early 1960's, most of the sources
being measured were direct microwave oscillators (klystrons, TEO, IMPATT,
etc,) which could be easily frequency-modulated via a bias port. Also,
the deviation in these devices could be proved from theory and by
measurement to be linear with respect to voltage applied. Microwave
spectrum analyzers of that era were not stable and calibration accuracy
was low; thus, the spectrum analyzer was used to determine the first
carrier null and the corresponding modulation index, 2.405. Then the
modulating voltage was attenuated by a measured amount and the linearity
of the oscillator depended on to calculate the amount of angle modula-
tion used in the calibration. A good fraction of sources to be tested
are controlled by VHF or UHF crystal oscillators and usually do not
have angle-modulation facility. Also, microwave spectrum analyzers
have experienced continuous improvement. Several manufacturers offer
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equipment with excellent stability and reliable calibration. In par-
ticular, the intermediate frequency attenuator is a stable device that
can be accurately calibrated and used as a secondary standard in making
the slope calibration. Dynamic range and internal noise in the spec-
trum analyzer make it possible to measure calibration sidebands 50 to
60 dB below the carrier with adequate accuracy.

For the discussion of the discriminator tuning, calibration, and
operation, assume that angle modulation side frequency can be applied
to the source being measured 50 to 60 dB down from the carrier, 1If
the source has internal phase or FM capability, then the microwave
spectrum analyzer is used to measure the side frequency to carrier
ratio. If the source cannot be modulated, then a circuit such as the
one shown in Figure 13 can be connected between source and the discrimi-
nator. The idea is simple, i.e., AM side-frequencies with suppressed
carrier are generated with a crystal modulator and reinserted with the
needed 90-deg phase shift to appear as angle modulation side-frequencies.
The difficulty is to know that the needed 90-deg phase shift has been
obtained and if carrier leakage through the balanced modulator will
confuse the calibration. The amplitude detector indicates that the
phase shifter is set correctly because a simple phasor diagram indi-
cates that minimizing AM on the recombined signal is an accurate indi-
cation of proper side-frequency phasing, even if the balanced modulator
has carrier leakage of the order of the side-frequencies generated (as
has proved the case in modulators we have tested).

During the process of setting up and measuring the calibration side
frequencies, the precision input attenuator of Figure 11 should be set
for maximum attenuation to protect the crystals in the balanced mixer
of the discriminator.

The operation procedure for the circuit of Figure 13 is as follows:

a) Apply as much signal frequency power to the input of the
balanced modulator as the device will stand without burnout.

b) Set the audio signal generator at the desired side-frequency
spacing (e.g., 10 kHz) and adjust the output level while viewing the
signal frequency spectrum analyzer. Do not exceed the level which
causes second-order side-frequencies (e.g., £20 kHz) to appear.

c) Tune the audio spectrum analyzer to the frequency of the
audio signal generator (e.g. 10 kHz), then adjust the variable phase
shifter to minimize the indication on the audio spectrum analyzer.

d) Check the level of the angle modulation side-frequencies on
the calibrated spectrum analyzer,

In operating the circuit, be careful not to burn out the crystals
in the balanced modulator with too much RF input or to cause generation
of higher order sidebands by the application of excessive audio input
power. Usually, it is possible to obtain calibration side-frequencies
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in the range 50 to 60 dB below the carrier. Side-frequencies more

than 60 dB below the carrier are too close to the internal noise level '
of the microwave spectrum analyzer to measure accurately for calibra-
tion purposes. Side-frequencies less than 50 dB below the carrier
requires a modification of Equation (40).

One idea which might occur is to use this calibration technique
to do a swept calibration of the output indicator; e.g., putting a
line of constant side-frequency level on the output graph. This idea
has been tried with reasonable success. For side-frequency spacing
greater than 5 kHz,the microwave spectrum analyzer can resolve the
gideband structure and prove that the calibration side-frequency ampli-
tude does remain constant. On several balanced modulators used in
Figure 13, the calibration level line did not behave as expected below
5 kHz, The trouble was isolated to the balanced modulator. Perhaps
a thermal time constant or an unsuspected filter inside the balanced
modulator is the cause of the trouble. It is advised not to assume
the side-frequency level is constant if one cannot prove it with the
microwave spectrum analyzer.
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Figure 13. Generation of angle-modulated side-
frequencies for discriminator calibration.

With the side-frequency level set and measured, the discriminator
of Figure 11 is tuned and calibrated as follows:

a) With the reference channel attenuator (A2) set at 0 dB and
the threshold check attenuator (A3) set at maximum, decrease the input
attenuator (Al) until the reference power at the local oscillator (LO)
input of the balanced mixer is as high as the mixer will stand without
burnout. (A crystal current indicator is a useful way to make this
determination.)

-‘b) Replace the cavity resonator with a well matched termination
and adjust the slide screw tuner for minimum carrier indication on the
microwave spectrum analyzer. This cancels undesired leakage in the
three-port circulator.
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c) Reinstall the cavity resonator and tune to resonance. Check
the mode chart and cavity tuning calibration to make certain that the
desired mode is being used.* The indication of resonance is a dip in
carrier level on the microwave spectrum analyzer. Adjust the coupling
iris to minimize carrier amplitude, recheck the tuning, etc, Within
a few iterations, the carrier level can be reduced 60 dB, which is more
than sufficient. A more important goal to attain at this stage is to
make certain that the resonator is tuned as precisely as possible to
carrier frequency. With the calibration side-frequencies present, this
is simple to determine because the side-frequencies amplitudes will be
the same (the spectrum is symmetrical) if the resonator is properly
tuned., At this stage, it is normal to see the side-frequencies' ampli-
tudes within 10 dB of the residual carrier.

d) Reduce attenuator A3 to zero while observing mixer current
which should not change. Tune the baseband spectrum analyzer to the
modulation frequency of the calibration side-frequencies (e.g., 10 kHz)
and adjust the reference channel phase shifter for maximum indication

on the baseband spectrum analyzer. (Watch for spectrum analyzer over-
load.)

e) If the input attenuator Al is not at 0 dB, increase A2, then
decrease Al until Al is O dB. Recheck the reference phase adjustment.
Check for overload in the baseband spectrum analyzer, and insert input
attenuation if needed (reducing the precision attenuator Al 3 dB should
reduce the output indication by 3 dB.

f) Calculate the discriminator slope S, using

J2v

o e : o
where

Vac = discriminator AC output voltage at fm

fm = modulation frequency, Hz

D = side-frequency amplitude with respect to carrier frequency

amplitude, dB
and store this value for later use in data processing.,
g) Insert the threshold check attenuator A3, turn off the cali-

bration side-frequency, andoperate the wave or spectrum analyzer at all
frequencies where FM noise data are desired., (The input attenuator of

*These cavities using the TEO1n modes are an order of magnitude
more difficult to protect from spurious mode troubles than the TE111

mode used in cavity wavemeters,
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the wave or spectrum analyzer should be set for minimum at this step.
An overload light on the input amplifier of the wave analyzer is most
useful.) Record or store these threshold voltages, VFTH(f), and the
measurement bandwidth, BN'

h) Reduce the threshold check attenuator A3 to 0 dB, check
overload of the baseband equipment, and take FM noise data at the
desired baseband frequencies, VFMM(f)' [Use the same values of B
as in step g)]. X

i) Calculate corrected deviation at each modulation frequency
using:

2 2
Vey(E) = S*AFm(f) - Vnu(f) . (41)

Note that the bandwidth for the measurement, BN’ was set in the base-

band wave analyzer and must be stated along with the values for the
FM noise.

3) Convert the FM noise data to other bandwidths, forms, etc.

There are several items that may be helpful when working on ones
first or second FM noise measurements. As in the case of AM measure-
ments, it was observed that the most consistent failure was neglecting
determining measuring system threshold. The development of threshold
checking routines is considered the most important contribution to the
art of noise measurement. If one is attempting to measure a state-of-
the-art source with only a few milliwatts output, it will probably be
found that the threshold is too high (suggestions for this problem can
be found in Section VII).

The usual problem is finding a cavity suitable for this use.
Cavities intended for use as wavemeters do not have a sufficiently
large coupling iris to achieve the critical coupling needed. Modifi-
cation is usually not a trivial task. To achieve the high QO needed,

oln family. The TE011 will have
a Q = 22,000 at 10 GHz with a 10% tuning range, which is moderately
o

the cavity mode is normally from the TE

free of spurious modes. As the higher order modes are used to obtain
higher Q, the spurious mode problem becomes more serious. The vendors'
most familiar with this kind of cavity resonator are those who develop
transmission cavities for oscillator stabilization [18].

Most of the mysteries are found in the baseband equipment. All
the good wave and spectrum analyzers have input and intermediate fre-
quency attenuators to allow optimization of the level at the first
up-converter, These attenuators must be set correctly [as noted in
Steps V.d), V.e.), V.f.), and V.g.)]. Some older wave analyzers which
were not intended for noise spectrum analysis do not have enough gain
in the input stages and a preamplifier is needed.

33




Another baseband problem is ground loops. When the spectrum ana-
lyzer indicates at 60 Hz and harmonics thereof, the question is whether
the indication means trouble in the signal source or the measurement
apparatus. The threshold check partially indicates if the indication
is in the measurement apparatus because FM from the source will be
attenuated by the amount of the threshold check attenuation inserted,
Eliminating ground loops seems to be more a matter of experience than
anything that is amendable to recording. One source of trouble is the
safety ground in the power cords of electronic instruments. All the
baseband equipment should be plugged into one box of outlets and the
cords run as a bundle as far as possible. The RF input to the final
amplitude or phase detector is best supplied through dc blocks to break
up the worst ground loop. Remember that it is¢ the magnetic field that
couples into a loop; thus, minimizing loop area and placing low frequency
breaks in the loops will minimize current flow.

Minimizing external interference with the measurements is some-
times accomplished by using a shielded room. Experience has been that
this is not as effective as one might think. 1In general, data have been
taken in research and development laboratory environments and no signifi-
cant difference found if the whole apparatus is moved inside a shielded
room., In fact, a degradation has sometimes been seen because the
shielded rooms often have ventilation blowers with appreciable acoustic
noise output. This acoustic noise vibrates waveguide walls and cavity
resonators (as well as the signal source) and causes a messy spectrum
below 2 kHz. The threshold check does not distinguish whether this is
in the signal source or in the measurement apparatus. If a messy spec-
trum in the FM noise below 2 kHz is seen, turn off all possible blowers
and acoustic noise generators to estimate how much of the mess is
acoustic. Unfortunately, shielded rooms get hot a few minutes after the
blower is turned off, This acoustic noise must be tolerated, This
experience shows that the only instance where outside interference could
not be eliminated without a shielded room was in trying a measurement
on the production floor near a test station for high-power pulsed kly-
strons. The magnetic radiation from the pulse transformers cluttered
the noise measurement on a CW klystron at a nearby test station.
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There does seem to be a learning curve associated with making
transmitter noise measurements, Approximately a man-week is required
to understand the specification and concept of transmitter noise.

After equipment is assembled, another man-week is required to learn

the ritual of all the tuning, calibrating, and data taking that must

be done. At the end of this second week, one can expect to have some
faith in eventually having adequate confidence in the measurements. At
the end of 3~ to 4~-man-weeks, one can expect enough confidence to tell
one's superior that the answers are right and that the art of transmitter
noise measurements has been mastered. Results such as the typical mea-
surement of Figure 14 are a pleasure to report.
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Figure 14, Typical C-band klystron data plot using the

HP~3045A automated spectrum analysis system,

The use of a discriminator is logical for measuring an oscillator
output and has been found equally useful for studying amplifiers,

Using a frequency discriminator for the measurement of amplifier
phase noise might seem inappropriate at first glance. A phase bridge
has been used to compare output and input of amplifiers to determine
the noise added by the amplifiers [19]., There are several problems
with this latter idea., First, an adequately low noise drive source
must be used. The simple phase bridge will not determine adequacy.
Second, the threshold will be inadequate if carrier suppression is not
added. Third, after the measurement results are available, the ampli=-
fier noise and driving signal noise have to be combined to find output

noise.

The frequency discriminator solves all of these problems. Since it
is needed for the study of drive source noise, the discriminator is
available for studying an appropriate sample of the amplifier output.

The measurement of AM and FM noise at the output of a 10-W or
higher power TWT or klystron will normally show power supply ripple
and grounding problems as shown in Figure 15. It has been reported
[20] that the output noise cannot be predicted on the basis of noise
figure measurements madeat low levels and using an IF amplifier at 30
MHz. In the range from 3 dB below to saturated power output, the out=-

put noise significantly increases, probably because of RF defocusing
of the electron beam and interception on the RF structure.

35




i

THIS DATA WAS TAKEN ON AN HP-3580A USING THE STABILIZED KLYSTRON AS A SOURCE
TO DRIVE A 20 W TWTA

T | [ -50d8
‘I l ] l r 23 JANUlARV 197¢
| [

t- NOTES: 1. UPPER CURVE IS WITH 300 Hz BANDWIDTH FILTER ——] —60
2. LOWER CURVE IS WITH 10 Hz BANDWIDTH FILTER

L 3. FREQUENCY RANGE IS 5 Hz TO 5 kHz i -70
J_ | | | | a
300 Hz BANDWIDTH FILTER SHAPE % 2
8 \l / \ 8
=1 |
= (o %0 £
& g
; b= -100 :
@ a
) -10 %
2 \ 8
b3

2 Ml e

-130

-140

Hz 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

MODULATION FREQUENCY (Hz2)

Figure 15, Power supply ripple and gounding problems.

The complete noise study of a microwave transmitter requires
measurement of AM and FM noise at all significant intermediate and
output ports, The cavity resonator discriminator discussed will make
the FM noise measurement at the output ports, but is not practical
for some of the intermediate stages. Section VI presents a description
of a newly developed technique that is practical for the submicrowave
portions of a transmitter,

Vi. SUBMICROWAVE FM NOISE MEASUREMENTS

The need to make transmitter noise measurements in the lower
microwave frequency range, VHF, and UHF ranges has grown because of
the evolution of frequency synthesis techniques for microwave trans-
mitters. When a microwave transmitter noise measurement of a synthe-
sized signal yields an unacceptable noise, then one must go back and
measure the components used in the synthesis. This was shown to be
the case with the radio frequency simulation system developed and
installed at the McMorrow Laboratories of the US Army Missile Command,
Redstone Arsenal, Alabama, It was necessary to make many of the noise
measurements below 2 GHz,

The method recommended by Shoaf, et al. [21] for this frequency
range was to electronically phase lock the oscillator under test to a
second identical unit. A spectral analysis of the correction voltage
in the phase lock loop is the basis for determinnng the phase noise.

To achieve a minimal proof that the oscillators are identical (and
that the measured noise can be attributed to each oscillator on a 50-50
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basis), a third oscillator is needed so that the three oscillators can
be compared two at a time. The need to develop the equipment for the
electronic phase locking is a strong disadvantage of this method. A
method similar to the cavity discriminator methods described in the

previous section is needed. As frequency gets lower, the TEO11 cavi-

ties get larger, and somewhere below 2 GHz of unreasonable size and
weight.* Such a new method must share the following advantages with
the RSRE cavity discriminator if the mcthod is to attain bench-mark
status:

a). It must be relatively easy to adjust and calibrate.
b) It must be adequately stable in frequency and time.

c) An operational method for determining the measurement
threshold must be included.

d) If additional signal power is available, the threshold must
be reducible.

e) When properly tuned, the discriminator must reject incidental
= AM noise on the signal under test,

This need for a new method led to the study of transmission line
discriminators. These have been known for a long time, but the conven-
tional wisdom for dismissing them was well expressed by Campbell [22] in
1964, "The simplest detector -- with the exception of the slope detec-
tor -- is the interferometer, where the dispersive element is a long
line, This is usually used for wide-band applications, with its accom-
panying low sensitivity, More sensitive versions require an excessively
long line and are characterized by multiple responses.'" The more impor-
tant faults of prior art transmission line discriminators were that
additional input signal could not be used to reduce threshold and that
AM on the test signal was not rejected.

After all the years of operating the microwave discriminator of
Figure 11, it suddenly became obvious that replacing the cavity with
a long, shorted transmission line and slide screw tuner as shown in
Figure 16 gives a discriminator which meets all of the requirements
previously listed. In the VHF range, circulators and slide screw
tuners may be hard to obtain while 3-dB four-port hybrid junctions
are readily available; thus, the adaptation shown in Figure 17 is
useful, although the threshold and slope are 6 dB poorer than the
circulator version,

*We have not been able to purchase cavities for the region below
5 GHz.
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A published theory to adequately illuminate the use of the trans-
mission line discriminator has notbeen found. Thus, some personal
theories were developed which quickly disclosed that all transmission
line discriminators have an optimum length for the transmission line.
At this optimum length, the signal attenuation is one neper.

To analyzer the circuit of Figure 15, the following definitions
are needed:

v_ = instantaneous voltage at the signal port of the phase detector

v_ = instantaneous voltage at the reference port of the phase
detector

L_ = length (m) of long transmission line and phase shifter
L_ = length (m) of transmission line on null arm of hybrid

L_ = length (m) of transmission line in reference path between
input power divider and reference port of the phase detector

v = center or carrier frequency
Av = quasi-stationary deviation from Ve
L . + Av = quasi-stationary instantaneous frequency

w = 2xv = frequency, rad/sec

A = Ac (1 + NA(t)] = instantaneous peak amplitude of applied signal

A = J2Z P,
c oi

Pi = carrier power of input signal

NA(t) = AM noise

I' = & + jB = complex propagation factor for the long transmission
line =

Q = attenuation constant (nepers/m).

f = phase constant = va/Uo

Ua = phase velocity in the transmission line (m/sec)

N o= Uo/f = wavelength

Ty = time delay in the transmission line path.
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The start of the derivation is determining the amplitude and phase
of the signal applied to the SIG input of the phase detector, Vge Since

the input signal is A cos wt, it is convenient to use phasors. (Re[ }
means ''real part of'. A carat over a variable means it is complex.

18 fo1)

-2I'L ~32fLy
v, = Re(ée E ik AK e ejum) (42)
R.e (Gs ejwt)
~ -20L jﬁL -jzﬁL
Vs = A (; : el KNe N) . 43)

In these equations, the first term represents the transmission line
path and the second term represents the carrier nulling path with KN a

measure of the magnitude, The factors of two in the preceding exponents
occur because the signals traverse the lines in both directions. Defin-
ing
-20L
K,=e ° (44)

as the line loss ratio and using B = 21r(vc + Avc)/Uo .

s (K e-jlnt(vc+Av) Iv, =34T(V_ + Av) LN/UO)
8

v + Kye (45)
The tuning procedure makes Ks = KN at null, To account for the
inability to obtain a perfect null, let

Ky =K /6 (46)
where

ol U i (47)
Now

-j2BL =j4n(v +v)(L =L ) /U
I~ n c s n' o
V = A Kye (Ce +1 (48)
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using l(B = KN

<>

=j4n(v +A)L /U =j4n(v +wW) (L -L.)/U
s-AKNe Cc I'No(ce Cc SI.N O+1).

If (Ls - Ln) is adjusted so that

=j4nv (L -L ) /U
- c''s LN ° . 1 : (50)
then
% i e-j4ﬂ(vc+Av)LN/Uo g (‘1 » ge-j4n(éw)(Ls-LN)/U°) (51)
s s

for the case { = 1 and small Av

3 =3 (/24 (v W)Ly /U )
N AKse Q sin(éx(Aw)(Ls - LN)/UO) (52)

which can be written

e j(o+n/24+(v_+W)L /U )
e |v_|e = "% s (53)
S
where
|vs| = AK_ 4m(L_ - L) (&) /Ly (54)
6 = sgn(&v) . (55)

The phase detector output can be made equal to

-GM/ZO

v=vo+av=2(10 lv lsin 6 , (56)

where GM is the conversion loss in the mixer used as a phase detector

and e 0 for proper adjustment of the reference phase. For the total

discriminator
- 20 =20L
v e (15 it ) s/
i 8xn ZZOPi 10 (LB - LN)e U° 4
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This simple derivation was made possible by the assumption { = 1,
In practice,0.99 < £ <1.01 might be expected. To show that the exact
value of { is not important, the Hewlett Packard 9830 calculator has

been used to compute and plot the magnitude and phase of Vs with { set

to give 40, 60, 80, and 100 dB carrier suppression (40 dB corresponds
to £ = 0.99 or 1.01). These plots are shown in Figures 18 and 19.
Setting these values of amplitude and phase in the equation for the
phase detector output yielded output voltage curves which fell on top
of each other. An artificial offset was added in making the plot of
Figure 20. The conclusion drawn from these plots is that the depth of
the null is not critical as far as slope is concerned. This has been
proven by laboratory measurements.

-3
—a0 L 40dB NULL
e 8
e 60 dB NULL

WABNULL
-7

AMPLITUDE (d8)

100dB NULL

-90}-
- ‘“ L 1 L L | '} 1 J . | e | | .
390.76 400.00 400.25

RF FREQUENCY IN MHz

Figure 18. Amplitude of the signal applied
to the SIG input of the phase detector of
Figure 17,

Notice the analogy between the equations for:the slope of the
cavity resonator discriminator, Equation (39), and the slope of the
transmission line discriminator, Equation (57). Both equations are
proportional to,/P1 and energy stored in the system and both show that
AM on the input signal is rejected in the output. Perhaps the only
surprise is that Equation (57) does not have the factor Ve Therefore,

the transmission line descriminator can be calibrated at one carrier
frequency and then used over a 157 carrier frequency band (with retun-
ing at each value of LA within the band) without recalibration if Pi

is held constant or corrected,

43




140
120
100
80
. 4
§ o
] W 20
5 an 40 dB NULL
t' z 60 dB NULL
[

80 dBNULL

-100 100 dB NULL

~120}-

S 1 71 N T WY S N N W S TS VI oy W S (T N RN MRy 10 T
399.75 400.00 400.25

FREQUENCY IN MHz

Figure 19. Phase of the signal applied to the SIG
input of the phase detector of Figure 17.
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The slope equation can be normalized and plotted as shown in
Figure 21. Notice that this curve has a maximum at aL8 = 0,5 corre~

sponding to a round trip attenuation of one neper (8.68 dB) in the
transmission line. Thus, it is known there is an optimum length for

the transmission line which depends only on @, the loss per unit length.
The lower the line loss, the longer the line and higher the slope.
Intuition that indicated that the lower loss line should be better is
indeed the truth.

The maximum shown in Figure 21 is broad enough that a transmission
line cut to be optimum at one frequency can be used over a surprisingly
wide carrier frequency range. For coaxial cable below 5 GHz, O is solely

dependent on skin depth and changes as\/vc. Thus, for a 3-dB limit on
sensitivity (and threshold) a line optimum at v, can be used from two

octaves below vl to three octaves above vy
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Figure 21. Sensitivity versus total transmission
line length.

To verify the theory previously presented, detailed measurements
have been made in the MICOM laboratories at Redstone Arsenal to confirm
Figures 18, 19, and 20. It has been an even more gratifying experience
using these transmission line discriminators to make FM noise measure-
ments on sources from 10 MHz to 5 GHz. At 5 GHz, the slope is approxi- J
mately 5 dB less than a cavity resonator discriminator Q = 33,000
corresponding to a T5013 mode. .
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The theory and operating procedure with this transmission line
discriminator can be summarized as an alignment, calibration, and oper-
ating procedure. Obtaining calibration side-frequencies is essentially
the same as discussed in paragraphs V.a) through V.d) and need not be
repeated except to indicate it is a required operation. The typical
transmission line discriminator shown in Figure 18 is normally imple-
mented with coaxial components and can be operated over several octaves
of input signal frequency range without changing mixer, directional
coupler, and the hybrid junction. The alignment and operating procedure
can be described in the following steps,

a) Adjust the input attenuator [Al] for approximately 20 ni
going into the discriminator, then adjust the threshold attenuator
(A4) for maximum attenuation,

b) Adjust the reference level attenuator (A2) for the proper
power level at the input LO port of the mixer. (Normal LO power
requirements for mixers of the coaxial type in these frequency ranges
vary from 2 to 10 mW). Power level adjustment for these mixers differ
from the waveguide mixer in that most coaxial mixers in the 2-GHz and
below frequency range do not have a current monitoring capability. For
this reason, it has been found that an easy way to set up the mixer LO
port power is to disconnect the coaxial cable at the mixer LO port and
connect in a power meter. After attenuator (A2) has been set, then
reconnect the coaxial cable to the mixer.

c) Adjust phase shifter (L1) at the end of the long transmission
line and attenuator (A3) in the other arm of the hybrid for a carrier
null as observed on the signal frequency spectrum analyzer. Normally,
it is easy to obtain a null of approximately 75 dB. However, nulls
as good as 110 dB have been observed. When adjusting for a carrier
null after 40 dB of nulling has been attained (if the calibration side
frequencies have been placed on the carrier) these side frequencies can
be used to advantage in determining which direction to adjust the
attenuator (A3) and phase shifter (L1). The calibration side-frequencies
will tend to exhibit an unbalance in amplitude which can be used to
ad just the nulling elements, After relatively few nulling operations
it becomes very easy to watch the side-frequency amplitude changes
and then be able to tell which element should be adjusted and in which
direction (i.e., increase or decrease attenuation and more or less phase
shift)., A properly tuned null will exhibit a carrier with a side-
frequency amplitude not more than 10 dB below the carrier (70-dB null)
Both side-frequencies will have the same amplitude., The display will
be completely symmetrical on the spectrum analyzer used to monitor the
nulling operation,
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d) Reduce threshold check attenuator (A4) to zero. Reduce input
level attenuator (Al) to zero while readjusting reference level adjust
attenuator (A2) (remember to use the power meter) to maintain proper
mixer LO port power level. Apply angle modulation (if this was not
done in the nulling procedure) with an amplitude of 50 to 60 dB below
the incoming carrier and offset from 10 to 20 kHz from the carrier.

e) Locate the modulation frequency on the baseband spectrum ana-
lyzer. Adjust variable phase shifter (L2) for a maximum signal output
on the baseband spectrum analyzer. Remove the angle modulation calibra-
tion signal. (The system is now aligned, calibrated, and ready to
record data.)

f) Calibrate the discriminator slope, S, using Equation (40) pre-
sented in the slope calculation in paragraph V.f) and store this value
for later use in data processing.

g) Insert maximum threshold check attenuation (A4) and operate
the wave analyzer to record the equipment threshold or noise floor.

h) Reduce threshold check attenuator (A4) to zero, check for
baseband overload, and operate the wave analyzer by recording the FM
noise as the system is operating.

i) 1If the FM noise measurement is less than 10 dB above the equip-
ment threshold, calculate the corrected deviation at each modulation fre-
quency, using Equation (41), paragraph V.i). Note that the bandwidth for
the measurement was set in the baseband wave analyzer and must be stated
along with the values for the FM noise.

3) Convert the FM noise data to other bandwidths, forms, etc.,
as required for the format of presentation desired.

As in the case of the cavity discriminator, the most vexing problem
is inadequate threshold. A typical example would be measuring a crystal
oscillator directly at 100 MHz or lower frequency. After finding the
lowest loss coaxial line that one can afford, the threshold.is still too
high and the only remedy is to use some form of amplification, or use the
two-oscillator method, being equally careful to determine threshold.
Approximately 30-dB of amplification with a power output of approximately
a watt is needed to overcome the threshold problem. This presents the
question '"will the amplifier noise confuse the measurement?' This is
the topic of the SectionVII, but this experience indicates that such
an oscillator can be measured with an amplifier and transmission line
discriminator.
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For the total microwave transmitter, this issue is evaded by not-
ing that the amplifier is needed to drive the frequency multiplier.
It is the output of this amplifier which is important, and this can be
measured with the discriminator. Once the power is increased and the
deviation increased by the frequency multipler, one can measure with
ease and confidence in the submicrowave and lower microwave regions.

Vil REDUCTION OF FM NOISE MEASUREMENT THRESHOLD

The problem which has caused the most trouble in the labora-
tory is the measurement of FM noise on low power signal sources. At
microwave frequencies, noise reduction by transmission cavity stabili-
z2t*on reduces output power by typically 6 dB as well as significantly

:icing the FM noise. At submicrowave frequencies, the basic crystal
oscillators are operated at relatively low output power and even after
amplification the following frequency multiplier loses power in the
process. However, these sources for microwave signals represent the
srate-of-the-art in low noise and must be measured.

The discriminator slope equations for the cavity resonator discri-
minator, Equation (39), and the transmission line discriminator, Equation
(57), show that the slope is proportional to ‘/Pi and energy storage
(Q of the cavity, length of the line) in the system. The noise gener-
ated in the crystals of the phase detector is constant because the local
oscillator port input power is held constant. Thus, the threshold

depends on ‘/Pi and energy storage. This is illustrated in Figure 22

for the cavity discriminator. After one has used thehighest possible
cavity Q,, or the optimum length of lowest loss transmission line, the

only way to reduce the measurement threshold is to add amplification to
the system. This amplification must be added with care so that the veri-
fication of the system threshold is not lost. One useful method for
adding this amplification was developed by Ashley and Palka [23].

The usual noise properties of an amplifier (expressed as the noise
figure) are not important because this amplifier must operate at a high
carrier level. The important factor is that the amplifier not add FM
noise to the signal test. Also, since the discriminator rejects AM,
the amplifier can add some AM noise without degrading the measurement.
The data published by Ashley and Palka [24] show that for a locking gain
of approximately 20 dB an injection-locked oscillator will reproduce
(below 100 kHz) the FM noise of the locking signal for any but the most
sophisticated of signal sources. These data are shown in Figure 23.
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Thus, the addition of an injection phase-locked oscillator as an
input stage for the FM noise discriminator as shown in Figure 24 can
improve the measurement threshold 10 to 20 dB, an improvement which is
directly translated to a measureable 10- to 20-dB lower power signal.
As a typical example, consider the use of an auxiliary 100-mW avalanche-
diode oscillator such as the one shown in Figure 23, If this oscillator
is used as the input to a discriminator with a cavity Q of 20,000 to
30,000, then a comparison of Figure 22 with Figure 23 will show that
the measurement threshold will be set by the 20-dB curve of Figure 23.

Using an auxiliary oscillator with lower FM noise (higher Qext) would

lower the threshold even more. The most important fact is that this
threshold is achieved with an input power of 1 mW, a level that would
be insufficient to operate the discriminator ‘without the auxiliary
oscillator. This is a significant improvement because it makes good
FM noise measurements possible on such sources as transmission cavity-
stabilized IMPATT or Gunn diodes which have relatively low power and
are most difficult to measure otherwise.

In addition to improving the measurement threshold, the auxiliary
oscillator also makes it much easier to calibrate the discriminator.
The usual oscillator can be frequency-modulated by applying AC to the
bias port. While locked, the result will not be FM but ¢M; however,
this will be quite satisfactory for calibration purposes because a side-
frequency level of 50 to 60 dB below the carrier can be achieved with
a symmetrical spectrum indicating pure angle modulation.

A typical result reported by Ashley and Palka [23] is shown in
Figure 25. This oscillator could not have been measured without some
type of added amplification.

Some fear of attempting any kind of an injection phase-locking
experiment was noted when this technique was first proposed to someone
with a threshold problem. This fear of the unknown promptly receded
after the experiment was started, Viewing the output of the circulator
of Figure 24 with a signal frequency spectrum analyzer will show the
locking process most vividly and quickly gives the needed confidence
in the method. This technique has been used often @lso by Mr. Palka)
and no difficulty caused by injection phase-locking has been experienced.

The main idea that made this amplification method work was the
availability of theory and measurements for injection phase-locking. If
another amplificationmethod is to be used as a carrier frequency pre-
amplifier, then it must be understood as well as the injection phase-
locking. First, note that this is a high‘ level output and the usual
noise figure measurements and concepts must be used with caution if any
degree of output saturation exists., Second, this is a chicken and egg
problem because verification of the amplifier contribution requires a
known low noise drive signal. 1In the case of the injection lock noise
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experiment [24], the TE transmission cavity-stabilized, two-resonator

015
klystron oscillator was available to provide the 600 niW needed to make
a good measurement of driver source noise.

Reverting to the problem postulated at the end of Section VI, the
method of attack would be to obtain two 30-dB amplifiers, each capable
of approximately 1-W output power. The crystal oscillator would then
drive one amplifier which would in turn drive the second amplifier via
a 30-dB attenuator. Comparison of the two amplifier outputs with the
transmission line discriminator should indicate something about the FM
noise added (or hopefully not added) by the second amplifier.

VIil. BASEBAND NOISE ANALYSIS EQUIPMENT

The most frequent question asked about transmitter noise
measurements is: '"Are these measurements repeatable from one labora-
tory to another?" The answer to this can be only a qualified "yes",
with the qualification being that the personnel making the measurements
to be compared have at least several man=months of experience in what is

often regarded as a topic with more art than science. When differ- ’

ences are enumerated, the usual diagnosis is that the baseband equipment
is different. On many occasions in this laboratory, two different ana-
lyzers have been used to study the noise output of a common discriminator.
The answers were found to be several decibels different on first evalu-
ation. Only careful attention to detail in understanding and calibrat-
ing the baseband equipment will resolve these differences.

The signal coming out of either the amplitude or angle demodulator
is a function of time; however, the use of time domain analysis equip-
ment is not very coumon. The use of a storage oscilloscope [3] has
proved useful for medium term instability display and the display of
pathological misbehavior of signal sources.

Because the usual microwave radar or communications system employs
frequency domain processing of the demodulated signals, it is the fre-
quency domain analysis of the residual modulation noise which is most
significant to transmitter evaluation and specification. The equipment
used has evolved from the wave analyzers of the 1930's developed for
the study of audio frequency signals, harmonic distortion in amplifiers,
etc. In current terminology, an analyzer which is manually tuned (or
perhaps sweep-tuned with a motor drive) is called a wave anaiyzer, while
an analyzer which has an electronic sweep of frequency is called a spec-
trum analyzer. The obvious conflict of terminology is that a sweeping
analyzer for displaying the spectrum RF or microwave frequencies is also
called a spectrum analyzer. An idea of the frequency range of the input
signal (baseband, RF) is attempted whenever using the name spectrum
analyzer,
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Baseband analyzers operating in the frequency domain can be fur-
ther classified as either constant bandwidth (e.g. 100 Hz) or constant
percentage bandwidth (e.g. 1/3 octave.) Because the theory of noise
is rooted in the idea of constant measuring bandwidth and because sys-
tem noise performance depends on constant incremental bandwidth (i.e.,
multiplexing a number of 3-kHz channels into a broad baseband signal
for transmission) the constant bandwidth analyzers are more frequently
used, although some operating time convenience could be achieved by
correct use of constant percentage bandwidth equipment. In this last
category, measurement time can be tremendously reduced by operating
parallel banks of overlapping constant bandwidth filters. This equip-
ment is usually called a real-time analyzer.

Digital filtering and processing of noise data to obtain frequency
domain information (by use of correlation computation and fast fourier
transform methods) is gaining wide acceptance in environmental studies
but has not been used for analyzing modulation noise.

The constant bandwidth wave or spectrum analyzers are superhetero-
dyne receivers such as the one shown in Figure 26, This particular
equipment has been selected for discussion because it is typical of all
constant bandwidth analyzers and illustrates the basic concepts.* Other
equipments may use higher IF to accommodate wider input frequency range,
but the block diagrams will be remarkably similar.

The input circuits box contains three essential items:

a) Input attenuator system.
b) Amplification.
c) A low pass filter,

The input attenuator is needed when the analyzer is used for relatively
high level input such as during the calibrate or alignment stage of a
noise measurement. To minimize the noise contribution of the internal
stages of the analyzer, this attenuation must be adjusted to the minimum
possible loss for a measurement.

The amplifier is needed to allow measurement of lower level sig-
nals such as the noise output from a demodulator, Because the noise

figure for an amplifier can be made several decibels better than the noise

figure for the mixer, the noise performance of the analyzer can be
improved with at least 10 dB of gain in the input amplifier. The ampli=-
fier must be used with care'because it can be over driven (as can the
following mixer) to make a measurement invalid. An input stage over-
load indicator is a tremendous operational convenience,

*This discussion is not intended as an endorsement of any particular
commercially-available equipment.
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The low-pass filter is needed to reject signal components at IF
(100 kHz) and in the image band (200 to 250 kHz).

The mixer converts the input spectrum (0 to 50 kHz) to sidebands
above and below the local oscillator frequency (100 to 150 kHz). The
mixer is balanced to minimize the local oscillator component in the
output, The objective is to move the input spectrum past the fixed
frequency and relatively narrow bandpass of the IF amplifer and filter.
The dynamic range of the analyzer is set in the mixer. The mixer nor-
mally works so well that one is not appreciative of the design skill
required.

The stability and operational features designed into the local
oscillator system (a swept voltage tuned oscillator in this example)
are the biggest factors in determining the stability and operational
features of the analyzer. These features can be appreciated without
detailed study of the circuits,

The IF filter stage sets the measurement bandwidth which is crucial
to the accurate analysis of the noise signal. In this analyzer a five-
stage synchronously-tuned crystal filter has a bandwidth (between 3
dB points) of 1 Hz. By adding resistive losses and compensating the
interstage amplifer gains, the bandwidth can be swtiched in a 1-3-10
sequence to a maximum of 300 Hz. For this synchronous tuning, the fre-
quency response has the familiar bell shape of the Gaussian function,

The choice of filter shape is usually made on the basis of mea-
suring a spectrum consisting of a collection of discrete frequencies
(rather than noise.) The first decision is the choice of gaussian or
rectangular shape. In sweeping analyzers, the gaussian shape is pre-
ferred for nearly optimum buildup as a sinusoidal signal is swept past
the filter, For manually-tuned analyzers, the rectangular shape is pre-
ferred to allow a minor amount of frequency drift between the source
generating the spectrum and the local oscillator in the analyzer.

For noise analysis, the choice is not important, It is important
to know the noise bandwidth of the response shape - a number not normally
in the instruction manual. If the frequency response of the amplifier,
H(jf), is centered at fo and is down 40 dB at fLO and fHI’ then the noise

bandwidth is

1
2
LIGERY

B, = B incaryi” o .. (58)
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It has been found [25] that approximately 30 data points defining H(jf)
are sufficient for a very simple rectangular rule integration to deter-

mine BN* This must be done for each bandwidth of the analyzer.

Typically, the noise bandwidth is wider than the 3-dB bandwidth,
For this analyzer, it is typically 127 wider than the measured 3-dB
bandwidth.

Another specification of the IF filter shape relates the frequencies
at which the filter attenuation is 60 dB and 3 dB. The ratio of a 60-
dB bandwidth to a 3-dB bandwidth is called the shape factor and is
approximately 10 to 1 for gaussian shape filters. This factor deter-
mines the spacing between discrete frequencies which can be resolved
by the analyzer and the lowest frequency which can be measured without
interference from the zero response. As a good rule, discrete fre-
quencies spaced 15 times the bandwidth can be accurately measured. The
minimum frequency which can be measured is approximately eight times
the IF bandwidth, The cause of this limitation is the leakage of the
local oscillator output through the balanced mixer. As the analyzer is
tuned to low input frequency, the leaked local oscillator signal rides
up the skirts of the IF filter response and registers as an output of
the filter which must be classed as an error.

The output of the IF filter is amplified by a bandpass amplifier
to increase the voltage enough to adequately override dc drift in the
detector circuitry. To increase the dynamic range of the analyzer,
attenuators are again used to optimize signal levels in the amplifer.

The logarithmic compression of a decibel vertical scale is most
useful for first looks at a signal. The most stable and smooth way to
accomplish the logarithmic compression is to perform this operation in
the IF amplifier, Thus, the spectrum analyzer that has been described
in Figure 26 has a second IF amplifer, the LOG AMP, which has a dynamic
compression range of 120 dB., This amplifier causes no extra thinking
for sinusoidal signal measurement, but does exercise the brain cells
for noise measurement,

If tne input to the spectrum analyzer has a gaussian probability
density function, the output of the narrowband IF filter also has a
gaussian density function. The nonlinearity of the logarithmic com-
pression changes this density function and thereby changes the power
relationship. The result of the compression of the peaks is that a
true root mean square (RMS) detection circuit will read 1.45 dB less
than the correct value. If the LOG AMP is used, then noise readings
must be corrected by adding 1.45 dB while sinusoidal readings do not
require correction.
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After IF amplification, the detector stage produces a dc output
proportional tothe IF output voltage (or the logarithm for the decibel
output mode.)

In most analyzers, the detector responds to the time average of
the IF output voltage. This is solved in the calibration by the well
known ratio of average to RMS for a sinusoid. However, when used as a
noise analyzer this is in error by 1.05 dB, which must be added to the
output indication to obtain the effective time average (RMS) of the
noise. A true RMS detector would be better for a noise analyzer.

For the measurement of sinusoidal signals the dc from the detector
is a stable value; however, for noise measurement it bounces around with
the bigger bounces on the narrower IF bandwidths. Post-detection fil-
tering (the video filter of Figure 26) reduces the bounce of the output
at the expense of measurement time.

The detected output is used to drive some form of output indicator.
In the usual wave analyzer the indicator is a simple dc voltmeter cali-
brated to read RMS volts and possibly decibels with respect to a stated
reference, For the spectrum analyzer the output indicator is often
an oscilloscope with some form of memory. For the analyzer of Figure 26
the memory is digital with two sections; thus, two different frequency
sweeps of data can be compared.

All of this digression into nonmicrowave instrumentation must be
understood to make effective microwave transmitter noise measurements,

Before using a baseband spectrum analyzer, spend a few hours reading
the instruction book - it will be time well invested.

IX. EQUIPMENT OPERATION

Once one has decided to make a transmitter noise measurement,

decided on the methodology, acquired the necessary equipment, and located

a working space, a very significant question arises: What is the
sequence of operations? Intuition might guide one through the maze,

but it is doubtful that the path will be close to optimum; furthermore,
if it is hoped to automate the measurement, the sequence of operations
must be thought out in advance and worked through on a manual basis to
snderstand the development of automatic routines such as those presented
in the next section.

This experience is outlined in the operations flow chart of Figure
27. A similar operations sequence can be developed for AM noise mea-
surements, (This development is left as an exercise for the student,)
Discussion of this flow chart will be the basis for sharing laboratory
experience with the reader, }
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noise measurements.
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When the equipment is assembled and operating, all of the defec-
tive equipment has probably been found and repaired. Next, take the
time to verify the calibration of the RF spectrum analyzer, power meters,
audio oscillators, and precision attenuators. For the RF spectrum ana-
lyzer, determine if the IF attenuator calibration is correct, The
calibration of the baseband spectrum analyzer will not normally include
the noise bandwidth, so a separate project needs to be initiated to
take the data and do the numeric integration to determine this bandwidth
for each position of the bandwidth selector switch. While considering .
the baseband analyzer, check to see if the IF amplifier is linear or |
logarithmic and if the detector is average or RMS responding. Make
note of the necessary correction factors.

Once the source is working and the discriminator has been aligned,
a few checks will indicate if it is worthwhile to take detailed data.
With the calibrate side-frequencies on, tune the baseband analyzer to
this modulation frequency and check for overload. Operate the input
attenuator for maximum sensitivity without overload. If the analyzer
does not have an overload indicator, take 10 dB out of the IF attenuator
and put in 10 dB with the input attenuator. The output indicator should
remain unchanged. If a preamplifier is used ahead of the baseband ana-
lyzer, use an oscilloscope to look for clipping at the output. Inser-
tion of 3 dB at the input of the discriminator should make the output
indicator fall 3 dB if nothing is overloading.

Turn off the calibration signal and reduce the input attenuator
of the baseband analyzer as much as possible without overload. If the
output indication is not useful, then remove IF attenuation. If one
cannot achieve at least midscale indication at the analyzer output with
the minimum bandwidth to be used, then a preamplifier is needed for the
input of the baseband analyzer. After this check is passed, drop the
input power by 3 dB and note whether the output indicator also drops
3 dB. If it does, the threshold check routine to be performed later
will yield a negligible correction. If it drops at least 1 dB, there
is hope that the threshold check routine will allow correction of the
final data to reasonable accuracy. If it drops less than 1 dB, then
the threshold is not adequate and either a video preamplifier or the
injection-locked oscillator of Section VII must be added.

After it is known that the threshold is adequate, then it is
worthwhile to take detailed data, If the threshold is more than ade-
quate and data are being manually taken and recorded, the slope cali-
bration can be manipulated to make the full scale of the output indi-
cator a convenient deviation. For example, the 10-V full scale might
be made equivalent to 10-Hz deviation by clever manipulation of input
power and the variable gain knob on the analyzer. At each point where ;
noise data are to be taken the threshold equivalent deviation or actual i
voltage, the analyzer bandwidth, and the modulation frequency must be
recorded. The same data are taken to determine the noise. Several
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important factors were written into the step by step alignment and oper=-
ation instructions for the discriminators; steps V,d) through V,i) and v.d)
through V.i) of Sections V and VI,

The preceding recording of data is made most convenient if an X=-Y
recorder can be attached to the wave or spectrum analyzer. This raises
the question of how fast the frequency can be swept in taking the data.
For noise spectra, which are dominated by discrete frequencies (often
caused by power supply ripple), the rule is

Sweep rate = 0.5 (Bandwidth)2 Hz/sec >

where the bandwidth is also in hertz. The reason for this rule is that
time is required for the high-Q filter in the IF section to build up

to the steady state., If the noise spectrum is random and white or

pink in shape, then this sweep rate can be multiplied by a factor of
five which is an appreciable saving in data taking time,

Notice that the sweep rate goes as the square of bandwidth so the
largest possible bandwidth should be used. This is where judgement in
taking the data is required. If modulation frequencies below 1000 Hz
must be studied, a 10-Hz or smaller bandwidth is needed to resolve
power supply ripple components spaced at 50 or 60 Hz and to approach
zero frequency as closely as the baseband analyzer will allow. For
higher modulation frequency ranges, make a first sweep with a wider
bandwidth, e.g., 100 or 300 Hz. If the result is a white or pink spec-
trum with no significant humps, the data can be given the final pro-
cessing and used. If a hump is seen, make a second sweep with the
narrowest possible bandwidth and at a sweep rate appropriate for sinu-
soids. The reason for this advice is shown in Figure 15. The lump in
the curve taken with the 300-Hz bandwidth at 3700 Hz might normally be
disregarded as something mysterious in the TWT. Use of the 10-Hz band-
width and a much slower sweep rate shows that a fine structure related
to the 60-Hz power supply is the cause of this hump. Additional data
show that the same spectrum analyzer can detect the ripple components
in the TWT amplifier power supply. A look in the time domain showed
switching spikes from the silicon rectifiers were getting past the
regulator stage.

Figure 15 also illustrates several other important facts concern=-
ing spectrum analyzer operation and data interpretation. For the 300-
Hz bandwidth data, notice the similarity of the curve below 500 Hz and
the shape of the IF filter response. This is the zero response (helped
with a big spectral component at 120 Hz) of the analyzer. In the range
above 1500 Hz a pure random noise spectrum can be measured in one band-
width and mathematically transformed to another. For these two band-
widths the curve should be separated by 30 dB, which is not true in
Figure 15. Thus, before mathematically transforming bandwidth, take
a narrowband sweep to insure that the spectrum is that of random noise
only.
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The rules for mathematically transforming noise data to different
bandwidths are based on the fact that noise power through a linear
filter is proportional to the bandwidth. Thus, if data such as AM noise
. are taken in decibels with a measurement bandwidth, BN, transformation

to another band, BA’ is accomplished by adding 10 1og10 (BA/B An

N)'
RMS noise deviation is transformed by multiplying by ‘/BA/BN' Note,

these transformations are valid only when the noise spectrum is flat
over the larger bandwidth.

One block of Figure 27 which is often neglected, and later regretted,
is documentation. This is especially true when taking data with a
sweeping analyzer, record bandwidths, sweep rates, sweep ranges, and
something to indicate if the noise measurement threshold is low or must
be corrected, It is important that the curves for the deviation scale
be marked.

The decision block after completing one data run shows a path
around the data taking loop which does not include the calibration
block. When taking this shortcut, remember that the calibration remains
constant for 5% carrier frequency changes and for constant input power.
The preceding information applies to well-behaved portions of a trans-
mitter. While working with klystrons, backward wave oscillators (BWO),
IMPATT oscillators, TEO, and crystal-oscillator controlled sources,
pathological behavior typically in the form of big jumps in the output
of the baseband analyzer has been observed. The jumps seem to occur
at randomly-related bands of frequency, but are occuring over a wide
band of baseband frequencies and coming and going with time. A better
indicator is to use a preamplifier and storage oscilloscope to show
the time of occurrence of these noise bursts,

X. AUTOMATION OF FM NOISE MEASUREMENTS

After one has traversed the major and minor loops of Figure 27
it will be found that most of the time is spent taking, documenting, and
processing data. It is difficult to visualize the complete automation
of the noise measurement process, but not so difficult to visualize com-
puter control of the noise data taking and processing to significantly
reduce operating time,

The first decision is the choice of calculator, minicomputer,
microprocessor, or time-shared computer as the controller for the auto-
matic system, For this automation, only a few instruments are con-
trolled and the measurement time is set in the equipment; therefore,
blinding speed and large size are not needed in the controller. The
calculator has enough size and speed for this job. The task is similar
in size and speed to many other measurement systems. This class of sys-
tems brought about the development of the IEEE standard #488-1975
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interface bus for calculator or computer control of measurements and
data processing. Using the I1EEE standard #488-1975, the Hewlett-
Packard Loveland Instrument Division has developed a spectrum analyzer
system for the 10-Hz to 13-MHz range, the HP 3045A system.* The con-
troller is the HP 9830A calculator which is programmed in the computing
language BASIC. The software has been written to use this system in
partially automating transmitter noise measurements,

The organization first divides the tasks into manual or calculator
control as shown in Figure 28. Next, the programming is subdivided on
the basis of the operations sequence (Figure 27). In this sequence,
there are branching paths and even the possibility of branching within
blocks. Several of the blocks have enough work to be subprograms. One
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Figure 28, Automated measurement of near
carrier noise.

simple way to implement the calculator control is to use the 20 func-
tion keys to control the operation of various portions of the program;
then, much of the branching is accomplished by pressing the appropri-
ate function key. The following subprograms were written and stored
on the function keys,

*This discussion is not intended as an endorsement of any commercially
available equipment,

62




.

Name Function

CAL Calibrates all equipment

THRESH Stores threshold data

NOISE Takes and stores noise data

PLOT Processes and plots noise data
LINEAR GRID Draws a linear grid for plotted data

LOG GRID Draws a logarithmic grid for plotted data

The function keys with the appropriate overlay are shown in Figure 29.
Each of these subprograms can be operated independently as far as the
calculator is concerned; this makes possible several noise data runs
for one calibrate and threshold run.

MICROWAVE NOISE

r 's s e
FNF W FNM W ¥
fo fy 12 f3 t‘
LOCAL REMOTE FREQ MEAS CAL
Rz J _ J J
=)

St
( ( ( )
fs fs 4 fg fo
THRESH || LINEAR NOISE PLOT LOG

Figure 29. HP-9830 function keys used to sequence
the automated noise measurement.

Usually, the first step is operation of CAL. The calculator issues
control statements and takes data to calibrate the slope (hertz deviation
per volt of output) of the microwave discriminator. This is done by
applying a small angle modulation to the source under test and adjusting
for a known deviation. (The equations to use were given with the
discriminator theory.) The result of this calibration is stored in the
calculator memory and used in later data processing. The flow chart
for subprogram CAL is shown in Figure 30, and the BASIC program used
by the HP-9830A calculator is presented in List A-13, page 88.

The second step in the measurement sequence is operation of THRESH
to determine the noise floor or threshold of the discriminator. The
theory is presented in Sections Vand VI, but :he practice is very time
consuming because data for the threshold must be taken at each fre-
quency where noise is to be measured. The calculator is given the fre-
quency limits for which measurements are desired and the number of data
boints. The threshold data are then taken and the results stored in an
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STORE.

Figure 30. Flowchart, subprogram
CAL.

array variable which will be used later to correct actual noise data,
Thus, all of the measurements can be corrected for threshold before
Plotting 0

The third step is to use NOISE to take data at the same frequencies
where the threshold is known from the previous step. This is completely
under the control of the calculator which again stores the results in
its memory (as an array variable). During this step, the operator can
observe the operation of the source under test and the microwave dis-
criminator tuning. Those who have spent many hours of tuning a wave
analyzer and recording data with pencil and paper appreciate the ease
of this step.
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Probably the most enjoyable step is pushing the calculator key
labeled PLOT. This subprogram takes the arrays for threshold and noise, ;
calibration factors, and other corrections to compute threshold-
corrected noise deviation while the calculator-driven plotter plots
complete results, Documentation is made painless by answering 'yes"
to a displayed question, '"Do you want to label the axes?' The result
is a plot such as the one shown in Figure 14 where everything but the
caption was done by the plotter., The linear grid portion was plotted
by activating the proper function key. After years of doing noise
measurements the hard way, it is pleasure to watch the plotter deliver
the results of automated noise measurements,

Far more significant than the pleasure of the engineers is the
time savings and improved documentation that result from automation.
It has been proved by personal example that someone familiar with mak-
ing FM noise measurements manually can learn to operate the automated
system in less than 1 hour. For production line testing, test per-
sonnel can be taught to operate this automated equipment much easier
than one can be taught to make manual controlled noise measurements
and to performthe data processing calculations. If significant numbers
of noise measurements need to be made, then the extra equipment to
automate the system will quickly pay for itself.

At the time of this writing, we are at perhaps the 90% point on
the automation learning curve, It is premature to formally document
all of the subprograms and listings; however, this work has been
written as an appendix which includes all listings. Workers at the
Hewlett-Packard Loveland Instrument Division have prepared an appli-
cations note on the same topic [26].

Xl. CONCLUDING REMARKS

Ten conclusions have been listed at the end of the theoreti-
cal part of this report in SectionIII. The:following conclusions
regarding the experimental technique of making transmitter noise mea-
surements are a continuation of those listed in Section III.

a) The measurement of AM noise in all stages of a micro-
‘wave transmitter is best done with direct diode detectors. The worst
pitfall is failing to determine the measurement threshold.

b) The measurement of FM noise for carrier frequencies above
5 GHz is now a repeatable and reliable procedure using the discrimina-
tor of SectionVI. Be careful in calibrating and determining threshold.

c) The measurement of FM noise for carrier frequencies below
5 GHz can now be accomplished with the improved transmission line
discriminator of SectionVII, After a few months of operational experi=-
ence at frequencies between 30 MHz and 5 GHz, it is believed that the
technique is as repeatable and reliable as the methods above 5 GHz.
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d) The most difficult FM noise measurement problem is a
low-power, low-noise source. The use of an injection phase-locked
oscillator as a discriminator preamplifier (described in Section VII), ]
has proved a viable solution for the problem. 4
:

e) Most of the problems concerning lack of repeatability
from one laboratory to another can be resolved by understanding the
baseband analysis equipment.

£) The art of a transmitter noise measurement is in the
optimum use of various bandwidths in the wave analyzer.

g) Automation of the measurement is fun (and time consuming)
for those doing the work.

h) Not many transmitter noise measurements per month are
required to justify the cost of automation.

Two topics have not been discussed: first, the use of two
oscillator techniques for phase modulation noise measurement, and
second, pulsed-noise measurements. Two oscillator methods are well
described by Shoaf, et al., [27] and apply more to tite and frequency
applications than to microwaves. Itisbelieved that for submicrowave
portions of transmitters, the transmission line discriminator is a
more useful tool. No personal implementations have been made with
regard to pulsed-transmitter noise measurements and nothing can be
added to the work of Sann [19].
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Appendix. PROGRAM LISTINGS FOR THE HP-3045
AUTOMATED SPECTRUM ANALYZER

The information contained in this appendix provides a complete
listing of all programs and subprograms required to make and completely
document FM noise measurements in three different formats using the
HP-3045A automated spectrum analyzer., The program listed in Table A-1
under the column designated LIN-LIN tabulates all the subroutines,
including the calculator key that contains that subroutine, required
to acquire and document an FM noise measurement, The vertical scale is
calibrated in FM noise deviation (rms Hz per 1-Hz bandwidth)and the
horizontal scale is calibrated in modulation frequency (kHz)with both
scales plotted on a linear grid as shown in Figure A-1l,

The program listed in Table A-1 under the column designated
LOG-LIN tabulates all the subroutines required to acquire and document
an FM noise measurement with the vertical scale calibrated in a linear
format which is used to plot noise either in hertz deviation per 1l-Hz
bandwidth or in phase noise (dB WRT 1 mrad/l-Hz bandwidth)and the
frequency or horizontal scale is calibrated logarithmically in hertz,
The LOG-LIN grid plot is shown in Figure A-2,

The program listed in Table A-1 under the column designated LOG-LOG
tabulates all the subroutines required to acquire and document FM
noise measurements in logarithmic format for the FM noise magnitude and
the modulation frequency ranges in kilohertz. The LOG-LOG grid plot
is shown in Figure A-3.

. Figure A-4 provides a sample of data plot format in the LIN=-LIN
mode, Notice that the program includes all the data conversion calcu-
lations for scaling measurement to an equivalent per 1l-Hz bandwidth.
The printed data, numbers and alphabet, are also put on the plot.
These programs are all arranged in a question-answer format allowing
scale selection, the equipment nomeclature, and the date the test was
run. In addition, three types of data can be plotted:

1) The threshold level.
2) The raw noise measured data.

3) The calculated true noise corrected for threshold,

71




T

Ll Sadiiate, L4 o 4o

Ih-u-nnn-n-u---n-anun---uﬁ--unhn-u-ﬁnu..~

TABLE A-1, CALCULATOR PROGRAM STRUCTURES FOR MAKING

FM NOISE MEASUREMENTS

Function LIN-LIN LOG-LIN LOG-LOG

Key Number* 1) ) (3)

¥ z A-1

£g A-1 A-1
£ A-2 A-2 A-2
£, A-3 A-3 A-3
£, P A4 A=l
£ A-8 A-13 A-18
£ A-9 Ak A-19
& A-10 X X
£ A-11 A-15 A-15
£ A-12 A-16 A-20
£ X A-17 A-21
A A-5 A-5 A-5
B A6 A-6 A-6
£, A-7 &7 A=7

*See Figure 29

NOTES :

LIN-LIN(I)

LOG-LIN(Z)

LOG-LOG(3)

designates a program for FM noise measurement using
linear parameters for voltage in the vertical
dimension and frequency in the horizontal dimensiom.

designates a program for FM noise measurement using
linear parameters for voltage or dBC in the vertical
dimension and logarithmic parameters for frequency
in the horizontal dimension,

designates a program for FM noise measurement using
logarithmic parameters in the vertical dimension
(voltage) and logarithmic parameters for frequency
in the horizontal dimension.

designates an unused program key for a particular
program,

The quantities tabulated, i.e., A-1, A-2,,..A-2]1 are identified
in the appendix as List A~1 LOCAL (fo), List A-2 REMOTE (fl),

etc., The list identifies the program on a step by step basis.
A complete measurement program is contained in each columm,
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w0 00 by A Y N T
T !:.‘: &"o D) :"'l "":

10 QUTRUT 4 1% 20016243
20 FORMRT E

a8 END

List A-1 LOCAL (fo)'

16 QUTPUT <13.200768;

2& FORNAT B
30 ENT

List A-2 REMOTE (f,)

16 D1SP “FREGUENCY» BANDNIDTH"S
26 INPUT FAE

36 GOSUE FiHF<F: OF 36

€8 END

List A-3 FREQ (£,)

18 GOUE FoMd OF 18
&l FLORY &

a6 Dlsp v

4& ENL

List A-4 MEAS (£,)

16 FOR 2=1 T M+1

29 FEINT FLAJa NI J3#E+G0s R A% EvaE8 7R )
S8 NEXT J

198 EnND

List A-5 DIAGNOSTIC ()

& BEF.FNFECF S

B LRD 28

2 QUTRLT @ L Getis
t FORMAT "L° s Fiia@, 5.t =
CML “2ui”

DUTFUT <1570 "B s
c FORMAT Flbos &

? RETURN ©

+ END

List A-6 DEFINED FUNCTION FNF(F) (flz)
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DEF FHMOZD

0 ZE=4

LT Y W 5 W
Lo 100 == 00T S

DU IS A ]

-

3 CHMD 2"« "MiRL1SLT
FOR Zl=1 TO 22
HRIT lE+H3-E
cHD “2UL "y " T 300"
CHTER <i3s3832
FOREMAT 1#:F7V.2
W13 2T
MEST 21
RETLEN Y

EHD

List A-7 DEFINED FUNCTION FNM(Z) (f




N U 12201026

S LEG=D

& roRBRT =

B DIN RFLS el 38 038 10 TSL 251 o S LbJIT-
2 DIM ﬁ:[lm]-I@(E@]:lS[&fl]

@ DISF "WRAT I5 TODARY'S DATE"

3 INFUT D¥ :

ODISE “WHAT SOURCE ARE O MERSURIHG™:
THPUT II
DISF "H8S THE
IKFUT R¥
IF ﬂf—"Hﬂ" THEH S
LIS 15 THE REFERENCE FPUMER LORRECT™S
HEUT AF
CIF @F=TY"
Ligk

SIGMAL SOURCE WARMED UP“i

5 —~
SO R R

-
D)

3 SEFZFEHL: FOlER. LIMBULE"
HARIT Su

COTO 12@
nISP “1I5
IHFUT Af

IF gE="%" THEMN
DIZP "THITDDLE

FODOCE B SY08) I "SR N S I oD DA RO

%
!

SHIFTER"

KR

SOTo s

N g

O R R I e N S SO N x B B A O T AL B AN OO R oy

THPUT SYERLOARICS

ro

S e S reriezl o
T T T T DoUIDOOR A B IR W)

DU S0 LB S

QDA RN

-
Lot 0

DSDON OO 8 O N N £

e
AT

GUELE FHE:F: OF 320
B FHMCG: OF 338

; "HOW AN DB DM FFE Sivkb
2 INruT b

1c1

- ._[-+.--v=,
i ="THE I

Py
-

U O A A N R B R R R A}

" !

3 SV=IHT S=1E-D3r- 100
OC PRIKT 23,5704
19 FRINT _Ihias
2¢ DisF o
=0 WRIT 2853

444 DISF STICE

450 MALIT Soag

4EE Wi=g

478 L SP "CRLIERATION 1% CONWFLETE
ve ENML

List A-8 LIN-LIN CALIBRATE (f

A
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OUTPUT 133
LG=0

FORMAT E

IF K1=8 THEN
DISF “HaY
IHPUT A%

ISP “15 THE
IHFLT A%

L2000 =] T N QD Pl e

B
=

N

THFUT R¥
IF AF="HOQ"
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THFUT A$
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-
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S
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LI I A o & I T T T o B

PR FHF ¢

420 LO% FHiia
4z2 TL 1)=v

44 F=F+FZ

452 MEXT J

Joir GOTD 244
470 GOTD 248
Soet IF FISDD TH
492 IF F.o:250 7
S IF 200 T
S13 IF F SO0 T

IF ASL11="H"
DiSP "IS THE DISCRIMINATOR TUMED"

110243

Olu

IF A$="HO" THEN 22@

CALIERRTE
THEH =a

THEN 114@

THEH 144

DISP “HAYE U CHECKELD

THEH i7d
o cIE FE.E: s
15 SHEEFR 570

1% SMEES STOF FREBUENCY i

IS PLOT SIRET EREGUEHCY "8

M
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D]
il
da fa
[Ur—
DA

4
=
D
Deg
Dt
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0Ty D
M)

0l CALIBRATED";

SIGHAL OFF ™S

CHb O USE WP T 258 STERS.

1RHY FREGUEHZY STERZT

TE"WLINC]
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HET FREGUEHCY ™
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DARDAIDAR DA

0 =0 0 L e G P e T 0 = T
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QI

€

CZEAER THEW V24
£.iRgRag THEH TS
£ FoSlaaEn THEN 72d
LISk 'You HRYE ASRED F
WElT lwaa
ISP "SEVOMD THE RAMGE
WRIT i198a
SuTo 2589
B=S0R{2, 139
C=8

SOTD 2848
B=ZRFE<18.32:
|‘~1

iaTy 289
B=Z0R<32.2321)

C=2

COTo 288
E=SRRI 187,72
=3

e ™= o
GOTO 286
B=5OR<288.96)

SOTD 288

B=S0R{3452.9)

C=5

EETURHN

GOTO 248

DISP "PRESS CALIERRTE"
GOTO 3 51"

—_

iJFE A FREGUEHCY"

OF THE DISCEIM.”

DISP “THRESHOLD DATA ARE COMPLETE.”

END.
A-~9 LIN-LIN THRESHOLD (fS)
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18

=K

34

=)

L0 O
Lo

SCALE -1.2+18.3:-1.5:7.3

PLOT
Y=7

FLOT

A==

228 h=5
3 5T

o

KR WA
3O
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DLl

-

He'fa-2
Ha¥ae-1
HaWe-2
K!f!-l
Hye =2
Hyts-1
Ha'te =2
Hafa-1
gsTS’E

nats=1

e
o A B S

R (Lt
V=5 g
FLOT Ha'e-1
FLOT s e =2
=
PLOT “eile=1
a=id
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ESa PLOT Ha¥e-3
Se@ =3 :
S7R PLOT #:%+-1 :
Soa V=4

. 528 PLOT HeWe-2
EEB =5=1E
18 PLIT X:%e-1
628 V=
&SR PLAOT HaWs-2
4@ H=4
658 FPLOT Asvs-1
€68 Y=2

78 FLOT Hs%:-2
£28 x=18a

£33 PLOT =Es%s-1
782 V=1

710 FPLOT #s%e-2
720 E=8
738 FLOT He¥a-1
740 V=0

S8 PLOT HeWs-2
7EQ X=19

778 PLOT HsWs-1
720 PEN

7v33 END

List A-10 LIN-LIN PAPER (f6)
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20
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70
8
90
168
124
130
148
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PO O DU WD CR B0 RO 1 IR SN LSRR Y |
DADAININACDOGOAINATA R A IHA IDA RO ORI

=
.
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OUTPUT <13:.2021824;
IF L6=6 THEN 2c@
FORMAT B
PRINT LINC329"M = "3M
DISP -“15 THRESHOLD ATTEHUATOR OUT":
INFUT, R¥
IF R$="HE" THEN 38
DISF- "HAVE U CHECKED INFUT OVERLOAD™S
INFUT R¥
IF A¥L11="H" THEN v@&
QUTPUT (13:28)7885
MS=@
FOR J=1 TO M+l
F=FC.J]
E=El{ 1]
c=C0d]
GOSUB FHF«F> OF 179
GOSUE FHMCG) OF 188
HL 3=V
Kz=\-B
IF M3:KZ2 THEHW 248
M3=k2

HEXT J

SOaTD 214

Fir P=1 Ta 2

DISP "0 DIDN®T Rl THRESHOLD DARTA. "
WRIT 2868

HE=T F

SOTO 2ER

hesp

EHIi
A-11 LIN-LIN NOISE (£,)

DIZF "HOISE DATA ARE RERDY FOR PLOT."

PR SO SRS VORI
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16 ¥8=101¢2.5/28)

26 PRINT LINC3) s “MAXIMUM NOISE INFORMATION"sLIN{1) .

26 PRINT "MODULATION"s "MEASUREMENT ", “F.M.NOISE", “RANDOM OR™ )
48 PRINT “"FREGQUENCY"s "BAHDWIDTH"s “RHNS HZ-/1 HZ BW"y° COHERENT"sLINC1)

Sa IF 1.2:H[K+1)/BCK+1 I>DNLKJ-BLK-) THEN 100 g

€8 As="COH"

76 N?=NL[KJ1#K1 :

€8 GOTO 120 f

] 28 PRINT ’ ﬁ

3 1990 N7=NLK 1#K1#V¥S-BL[K] [
11@ R$E="RDM"

128 PRINT FLK):BLKI*2yH7sAS

1360 PRINT LIN(2)

145 SCALE @+ <FZ-F3)%11,.5-10:8:9

159 DISP "IS LINEAR PAFER IN THE PLOTTER"S

168 INFUT R$

170 IF R$L11="N" THEN 150

180 P8=(F2-F2)~10

190 PEN

298 DISF “I0 YOU WANT TO LABEL SCALES®S

218 INFUT HS$

220 IF AFC11="N" THEH Sé@

239 DISP "VERTICAL SCALE MAxIMUM SHOULD BE"

248 WAIT za0e

25 DISP .7 1.4:9R 3.5 # A FOWER OF i@."

260 WRIT Zoaa

278 DISF "WHAT IS VERTICAL SCALE MAXIMUM"S

288 INFUT %7

2993 OFFSET F9=1.2.8

200 PLOT 3+P0:0.8.1

219 LABEL {%#+2s1.790s7-102"MODILATION FREGUENCYs KHZ.®

329 FOR Ji=8 TO 19

338 PLOT <M1=Po-FB-1.%0s1.2»1

249 IF F2<18@1 THEN 429

3%3 IF F2716001 THEH 298

360 LABEL (370y1.8:1.7:08:s7-182(J1%P3-1000+F2-1200)3

37O FORMAT Fe.l -

288 GOTOD 4409

298 LABEL 490 1.5¢1,. 7207102 C )1 %#PD-10004F2-1000) %

488 FORMRT F&.2 7

418 COTO 4484 _

420 LREBEL :439:1.8:1.7:8:7-182(J1%P8-1200+F3.-1000)3

439 FORMAT Fe.2

449 HEXT N

450 OFFSET +9,1.5

460 PLOT +0.2*F0.0.0 ; 3
470 LAEBEL (%¢2¢1.7sPI-2:7.7187"F.M. HOISE DEVIATIONs RMS HZ PER 1 HZ BHW."
&l FOR Ji=0 TO 7

420 FLOT Q.13:P@ec J1=3.13+1"
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DOCISS B S N0R | B PR S R N Y]

=
DDA OO A T A N )

1F %7183 THEH 539
LRZEL (61651.851.7
GOTO S40

s B T1BNYTHEIL. TS

LABEL (62851.891.793:7-10047% 11773

HEXT J1

GDZUB 949 P

SCHLE Oy (FE-F23#11.5,718,0M7%3.-7

DISF "DO YOU WANT TO PLOT™

WARIT 1986 & ] i 4
DiSP "THRESHOLDCT s HOISECNY» CORCTDC(CH"S

) INPUT AF

FORMAT F7.3

1 FORMAT F/7.1

F=F(11
OFFSET P3#1.2:¥721.5-7
IF R$="T" THEH &&&

“IF R$="H" THEH 7oa

GOTO 728

HT=TC11#iX1-BL 1)

GOTO 738

H7Y=H[11=E1-B[1]

GOTO 724

HY=SERAEBSCHI L IPE-T0 1 Jvr2v o=kt ofgl 1 10
FLOT F-FRsH7T=VESe-2
HWRIT tae

FEM
FOF 1=2 TO M+1

IF A$f="T" THEH 334

IF HO JJ-BL 1371 3N J-1 J<BL 0-11 THEH =14
Wa=gl 1]

IF A$="H" THEH 354

SOTO =278

M7=TL 4=l B[ 1)=¥2

SQOTD 2239

HT=H[ 1]

SOTD 229

HY=SRRECRESCND J1r2-"[ 03122

M7 =H7*E1 B0 J =4S

FEH
coTO 1828

ZLALE -1.2418.3:-147.5
FLOT S.1:68.541

LABEL ©%+241,7s9:7-103"F.M. HOIZE DATA FOR"
FLOT S.1+6¢1

LAEBEL ©*s2+41,.7s03s7"100 1%




l 293 PLOT 5.1:5.5.1

] 10690 LABEL (#,241.7,@,7-102"DATA TAKEHN ON "iD¥
1619 RETURN g

1826 DISP "FETCH PLOTsCOHTSS6® TO PLOT AGAIN"
1936 GOTO 18359

16490 DISP "FRESS THREZHOLD"

165@ GO0TO 1968

1869 END

List A-12 LIN-LIN PLOT (f

g
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et a0

1@ CIH FS[ES!]’CSIZSI]183[251j1T8[251]sNS[2511935[14191513SJvLB;KsK1vF5{359ﬂ :
12 QUTRPUT <13,3011024;

20 LB=0

32 FORMAT B :

46 DIM ASL3 1 BSL36 1 CFL 361 TSL 251 15 NST 251 1, FSL 251 19 BSL 251
S8 DIM DS( 101, I1$L 381,CSL 2511 ¥
€6 DISP “WHAT 1S TODAY'S DATE"S

20 INPUT Ds$

80 DISF “WHAT SOURCE RRE U MERSURING™}

S8 IHFUT I$ - :

169 DISP “HAS THE SIGHAL SOURCE WARMED UP";
118 INFUT Af

128 IF A$="NO" THEN 106

13@ DISP “1S5 THE REFERENCE POMWER CORRECT"S
149 INPUT A

152 IF A$="Y" THEH 19@

168 DBISP “SET THE REFERENCE POWERs DIMEULB"
170 WAIT S908

18¢ GOTD 120

190 DISP “1S THE REFERENCE PHRSE CORRECT"S
200 INPUT A$

210 IF RA§="Y" THEN 24¢

220 DISP “TWIDILE THE FHASE SHIFTER"

238 GOTO 138 ;

248 DISP “HRAYE YOU CHECKED INPUT OVERLGAD™:
250 INFUT #s

262 IF A$="NQ" THEHN 182

278 OQUTPUT (13930278838

259 DISP "uHAT IS CALIERATE MOD FREQ™S

299 INFPUT A

389 C=2

218 B=30

328 F=h

338 GOSUEB FNFCF: OF 333

243 GOSUE FNM{OZ OF 242

535@ DISF “AOM MANY DE DTOWH ARRE SIDEEANDS®S
3@ INFUT I

370 S5=332x{181(-D-20) 1 (SAR(2V &Y

256 EF="THE LIZCRIMINATOR SLOPE IS”

29a CE="PK HZ - MICROYOLT"

4@9 ST=IHT(S*1E-93.-1200

310 FRINT E$37sL3

420 PRINT LINC3

429 DISP B3

330 WRIT 26080

450 DISP S7sC3

460 HAIT Soon

478 K==

320 DIep CCSLIEFRTION IS COMPLETE"

336 EnD

List A-13 LOG-LIN CALIBRATE (f

W)
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R R R R S R o o S T

29f F=FS<101: 1 J=1:#DS- N>

288 GDIUE 418

320 CL J2=C

228 FlLoI=r

232 B[ 1)=E

IS0 GOSUE FnroF: OF 3%a

6@ GOSUE FHMig: OF 2o

370 TLil=Y

330 NEXT J

498 GITO 770

418 IF F- 509 THEH S30

429 IF F.12%¢ THE! Se

433 IF FI25a0 THEH 5%

425 IF F. THEN €

454 IF F 25000 THEn €5

4e€d IF F laoons TREN th

479 IF F.oZ1oaae THEM Tla

428 LIZF "Yall HRYE Rbl:I cok £ FREDUENCY "

429 URLT 19090

Sea LISE CSEVOND TAE RAMSE OF THE DISCRINM.S
89

CON FSL2513:CS0251 198502513 TS 251 LNSL 251 1 IS0 1415 IS 3615 LBsKsKI»FS» D59 M
12 QUTPUT (13»28)18243% 3 y
28 L6=3

FORMAT B

IF K1=9 THEHN 7358
DISF "HAVE YOU CALIBRATED";

INPUT R$

IF A$="ND" THEN 758
DISP “15 THE CALIERATE SIGHAL OFF™3
IHFUT Af

IF A$L11="N" THEN S@

DISF IS THE DISCRIMINATOR TUNED":
INFUT H$

1E ﬁt‘ NO“ THEN t1@

nisp S THE THRESHOLD ATTEMUARTOR IN"3
INPUT HS

IF A$="NO" THEN 140

DISP “HAYE U CHECKED INFUT OVERLOAD"S
INFUT A$

IF A$L 1 1="H" THEN 7@

D OOUTFUT (12430376838

Lia=1
LISP “WHRT 12 THE START FREDUENCH"S
INFUT FS
DISP "HOoW MANY DECALES DO YOU WANT"S
INFUT DS

3 DISF CHOW MANYT POINTS DO YOU KARNTYS
INFUT B

A FIF d=1 Ta M+l




n
]

Do R0 0 RO RO
Do (IDOCED
A Ao R A

DN S5

T T

DAORT OO I SR I 8

DU IDARDN I M )

=J =) = RS NN Ty
O I AR B

DOCRY W 1Y

DS DD

-f =

E
2]
ct

=d

oT2 70

=SQRIn, 82

=1

aTo 720
=SORCEZ. 23510
2

1SMEOTMe o,

GOTO 738
E=S@R{1B7.73
c=3

cOTO 7ie
E=SRRISS. 265
=93

GOTO 728
E=50F{11293,.57)
=5

coT

E

=0
A

Pl |
IO
F O]
N

.

¥y

o

l
= Py 2

A I [T

ETURN

GOTOD 77

DISP "FRESz CRLIERATE"

GOTO 7s@

DISP “THFEZHOLD &53Th ARE COMPLETE. "
END b

A-14 LOG-LIN THRESHOLD (fs)

m
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‘g
i
|
|
i
|
|
E
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—
n

260
218a
z2za
238
248
256
20
2va

2ea

36h
31a
3z2e
339

- QUTPUT (13,20310243

290 !

List A-15 LOG NOISE (£,)

con FS{2511963[251]sES[ES!]pTS[?Sl]9NS[251]:D‘[14]tl§[36]qLBsKvK11F5'BSvﬂ

IF L@=8 THEN 260
FORMAT B
PRINT LIN(3)s."M = “5N
DISP “IS THRESHOLD RTTEHUATOR OUT"S :
INFUT R¥ - ’
IF A$="N@" THEN. 38 ;
DISF "HRAVE U CHECKED INPUT OVERLOAD"S k
INFUT A% i
IF A$L1)="N" THEN 79

QUTPUT (13520276835

M3=0

FOR J=1 TO M+1

F=r(J]

E=B[J]

c=Cr 4]

GOSUB FNFCF» OF 179

GOSUB FHM.3> OF 1395

NI )=

E2=\V<B -

IF M3:E2 THEW 248

Ma=p2

k=4

HEST 2

GOTO 31e

For P=1 TO 32

LISE “you DIDH'T FUH THRESHOLD DATH. "

WAIT 2068

MEHT =

GOYOD 138

Dlse

DISF "SOISI BaTR ASE RIalyY Fom PLOT.™
END
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R

1 o

05 FEL 293 0 CHLE%:

17 V&=18102,.5-200

310
960
984
96s
e1@
aza
930
946
9se
976
-1 )
«98
16vo
181C
1812
162
1059
165¢
16¢0
1670
lasd
1690
11a0
1124
11350

.E." k]

FORMHT FV.)

PRINT LIH(3>s" STRR17»" DE W.R.T.”
FRINT “FPEQUENCY" s “0HT HILLIRADIANTsLINCI?
F9=20:LGTCNM 1 J1#K1+5#1H00/FL 1I/EI 1 DD
FRINT FI23:sP9LIN-Z)

LISP "DO YOU WANT 7O LREBEL SCALES™S
IKPUT AS$ <

IF A&L13J="N" THEH il4a

VISP “WHAT IS VERT SCALE MAX DB
INPUT F7

COSUR 2000

SUALE -1.254168.25:-5.25:7.79

PLOT -3.85:,0,0

i AEEL €5:2s1.7¢F!-3:7710:"PHRSE NOISEs DB W.F.T. 1 MILLIRHL/1 HZ BN

SCALE =1.25110.325:-6.7990.25
"=-0.8%

~=06

FOR w=8 To -7.5 CTEP -7.5/7

PLOT e Y-6.€3521

| ABEL (1060 1.8+ 1,790+ 7.°100F 741832

NELT

GOSUT 1908

SOALE -1.25:18,25.-2.76,0.23

DISS DO YOU WANT 10 FLaT”

WR1T i@0@

DISF “THRESKOLDOT: sKIISECNI - COR*CTHCC) "3
INFUT A

Tt EA0CFT U0 ETE TR

AP . Sk

P

FLO NS IR B < PR

HERE J

FEhs

b!%ﬁ CFEVTLH FoOT  D2,73338 TD FLOT ASATIN.S
J-l

O Tahg

soTD oidee
sWhke sl 2uifl.dy=.v B
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1218 PLOT 3.3s8.2

: 1328 LAEEL (=222 1.7+8:7-185"F, M. HOISE DATH FOR"
1330 PLOT S.3+6.3:1

, 1340 LABEL (#:2:1.7+8+7-1831%

i 135a PLOT S.3:5.3:1 :
1568 LABEL (%:251.7:8,7-183"LATA TAKEH OH "3D%
1378 RETURH .
1259 DISP "FETCH FLOTSCOMT418 TO FLOT AGAINT
1833 GOTO 1928
1918 LISP “PRESS THRESHOLD®
1320 GOTO S8

: 2889 SCALE -1.25:10,25:8: 9

: 2818 PLOT 32,8.85s1

i 2030 LABEL (%52+1.7+8,7-103"MODULATION FREGUEHCYs KHZ.™

2049 ¥=9.35
2042 Z=0
2050 FOR #=8 TO 1@ STEP 10-D5
2068 PLOT (X-8.73)s%¥s1
2079 LABEL (318:1.3:1.7:89s7-100F( 1 J4¢ 1812310083
2AT2 Z=7+1
2828 NEXT X
2186 RETURN
2192 GOTO S@9@
2208 Y5=Y3
2202 IF A$="T" THEN 226@
221@ IF J=1 THEN 2268
2229 IF NCJ1/BLJ141.3%N0J-11-B0J-1] THEH 2268
2230 ¥5=B( J]
2260 IF A$="T" THEN 2309
2270 IF A$="N" THEN 2348
2276 N7=K1#Y5*S0R(ABSC(NLJIt2-TCJ112)>/BLJ]
2280 GOTD 2499
. 2390 N7=K1¥Y3:T(J1/BLJ]
2318 GOTO 2400
234G N7=K1*¥YS#N[.J1/B0.J]
2429 RETURN
5990 EMD

List A-16 LOG-LIN PLOT (f

g
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AD=-A036 389

UNCLASSIFIED

2.»2
=

ARMY MISSILE RESEARCH DEVELOPMENT AND ENGINEERING LAB=-ETC F/G 9/3

MEASUREMENT OF TRANSMITTER NOISE AT HIGH FREQUENCY THROUGH MICR=-=ETC(U)
SEP 76 T A BARLEYr G J RASTy» J R ASHLEY
RE=7T-8 NL

e e

END
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i il e

1 SCRLE ~1.25910.25+-1.25:7.75

V=@
DISP “HOM MANY DECADES HORIZONTALLY"S
INFUT H1

KS=18-(LDGC103#H1)

n FOR I=8 TOD H1

5 -y e &
2 ¥3=7.0

232

o Lo Ba Ba 0D 0D O 0D G ON G G 63 GO P PO P R DD P
00 000 Py e o0 00 =l ) B L0 [ e G0 0RD o0 D AT N 0 )
0O 0000 TR O 0T D 2 T Fad 0T o R 0T L

c=1at]

H=KS=L0OGLC?

PLOT Ha¥8

IF %>9,.929 THEM 258
IF %<5 THEHW 258

D% o’
¢ 9=5.5

FOr =& TO Y9 STEF Y9
PLOT Ha¥s2
tl'-\- L o '.l.'
FEH
Y=0
IFf I=H1 THEH 424
FOF Mi=2 TO 92
M2=M1=C
H=pES=L0GM2>
FOR ¥=d TO 8.1 STEF @.1
FLOT Ha¥a-23
HEﬁT e
=i
FEN
HEXT M1
HEST 1

8 =i

8 PLAOT HaYe-2
43: ¥=8
493 FLOT He'fe—-1
S8 FEM
18 FOR ¥=7.5+7 TQ &27.5-7 STEP V.57
dlh A=g
828 FPLOT He¥s-2

oS3 ?=B.1
S43 PLOT He%e-1
5544 NE A B
5?“ |-|-J
521 =0
Sag PLOT Keta~-1
€83 =16
610 PLOT Ha¥e2
&2 FEH
&2 r-E.:
43 PLOT He¥s
658 h=3

94
- i " T

\
1
|
1
1
|



|
i
;
1

78 PLGT Hava2
586 V=7.95
638 FLOT Hs's-1
708 PEN
756 END

List A-17 LOG-LIN PAPER (f
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1@
20
30
40
50
60
70
g0
96

a7

a4

160 DISPF "HAS THE SIGNAL SOURCE WAFMED UP”;
110 INPUT AS

126 1F R$="NO" THEN 100

130 DISP "IS THE REFERENCE FPOWER CORRECT"S
140 INPUT RS

158 IF A$="Y" THEN 1%0

160 DISP “SET THE REFERENCE POWEP. DIMBULER"
170 WRIT Soeo -

182 GOTO 130

150 DISP “IS THE REFERENCE PHARSE CORRECT"S

200 INFUT AS

218 IF As$="Y%" THEN 240

22@

230 GOTC 15@

329 LISP "HAYE YOU CHECKED INPUT OVERLOUAD":
%)

262 IF A$="NDO" THEN 1069

@ QUTPUT C(13+30>7€88

220 DISF "WHAT IS CALISRATE MCD FREG"S

299 INFUT R

306 C=2

318 E=20

3z& F=n

330 GOSUE FHFC(F: 0OF 2

348 GOSUE FHMCD:r OF 2

350 LISF "HOW MANY DB DOWH ARE SIDEERKISTS

368 INFUT D

378 S=R=2+018t =020 o (S0RI2T YD

320 BF¥="THE DISCRIMIHATOR SLOFe IS"

%@ ($="P" HZ -~ MICROYOLT"

438 ST=INT-S=1E-B3)-1000

410 FRINT E$.S7,C8

422 PEINT LIHC3)

430 DLIZF &g

& WAIT 28l

456 LizF SVsCE

454

478 kl=%

420 ISP CCACIEFATION IS COMFLETE"

4935 EHD

List A-18 LOG-LOG CALIBRATE (f,‘)

COM FS[2513:CSL2511sBSI 252 1> TSI 251 1sNSL 251 19 DSL 141+ TS 2€3sL0sKaK1s FS9 D5sM °
DIM A$C2).BSI361:CHI36] i

FORMAT B . - =
OUTPUT (13430510245~

LB=0

DISF “WHART 1S TGDAY®S DATE"S

INFUT DS

DISF “WHAT SOURCE ARE U MEASURING®S

INFUT 1S

DISF “TWIDDLE THE PHRSE SHIFTER®

INFUT RS

D

3
4 -

HATT Saoa

96




16 COM FS[2511,CSL251 1 BS02511sTSL251 J9NS[251 3. DSL 1415 ISI3635LOsKsK19FSs D59 M
12 OUTFUT ©13:30>1024;

20 Lg=2

36 FORMRT €&

40 IF K1=0 THEN 750

S@ DISF "HAVE YOU CALIERRTED"3

60 INPUT AS

70 IF A$="NO" THEN 750

8@ DISF "i1S THE CALIBRATE SIGHAL OFF

90 INPUT R$

100 IF RS$L1)="N" THEN £06

116 DISP "15 THE DISCRIMINARTOR TUNED";
126 INFUT RS

13e IF ﬂ#='N0 THEN 110

146 DISP IS THE THRESHOLD RTTENUATOR IN"3
15@ INFUT RS

168 1F A$="NO" THEN 140

170 DISF "HAVE U CHECKED IKPUT OVERLORL™3
180 INPUT R$

190 IF AsST{1)="N" THEN 17@

2aa JUTPUT (13,308)7683%

21a La=1

226 DISP “WHAT 15 THE START FREQUENCY™S

23@ INFUT FS

246 LISP "HOW NMAHY DECADES DO YOU KWANT"S

256 INPUT DS

269 DISF "HOW MANY POINTS 20 WOU WART™S
7a INPUT M

2gn FoR J=1 TO M+l

298 F=FS#181I04-1.2U5. iy

3\a COzUe 1€

3z@ CLJ)=C

339 FLJ)=F

34@ Bl J2=P

3%6 GOIuB FNF(F: OF 3%
366 GOSUE FNMND: OF 3co@
3ve TlJ)=v

392 NEMT

498 GO0 778

41¢ IF F.S306 THEN S30
423 IF F.12%0 THE! Sc@
430 if F.ZS00 THEN S%0

LS008 THER 820

3009 THEN %9

109008 THEN '*0

1 1E+86 THE?

484 [IF CVOU HAYE RS REF .7 A FREOUENCY"
420 L&IT 1000 !
S@a IISP CEEVOND TRE FANGE OF THE DISCRIN.®

s

£

D1

—

n
TTIAMMMTANTM
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S1a WAIT lags

S28 GOTY 724

S38 EB=SR<C3. 189
549 C=9

S5 GOTa 734

Sea B=SRR{18.32)
S79 Cc=1

538 S0T0 738

SS9 B=SOR{32.2331>
eda Cc=2

619 GOTD V3@

623 B=SOR{187.7>
€38 C=2

648 GOTO 738

658 B=SOR{223.98)
6cn C=4

678 GOTD 73v

638 B=S0R{1129.57>
698 C=5

783 GOTD 738

7?19 B=SQR{345&.9)
228 C=¢g

738 RETURH

740 GOTO 770

758 DBISP "PRESS CRLIERRTE"
768 GOTO.720

¢79 DISP “THRESHGLD DATR RFRE COMFLETE."
‘788 END

List A-19 LOG-LOG THRESHOLD (fs)
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10 COM FS[2511:CSL251 1BSI 251 1, TSL251 11 HSL 251 1, DS 1435 191 36 11L0+ K 13F 5+ DS+ H
14 PRINT LIN(3), “MAXINUM NOISE INFORNATION®sLINC1)

17 ¥8=101(2.5/20) _

20 PRINT "MODULATION"»“MERSUREMENT s “F.M.NOISE", “RANDOM -OR"

38 PRINT “FREQUENCY" »"ERNDMIDTH"» "RMS HZ/1 HZ BW"»" COHERENT»LINC1)
32 IF 1.2¥NIK+1 /BLK+1 DNLKJ/BLK) THEN 48

34 A$="COH"

36 N7=NLK3¥K1

38 GOTO 50

49 PRINT

48 N7=NIKJ#K1#V8/BIK)

49 A$="RDN"

56 PRINT FLK)sBIKI*2:N7sAS$

6@ PRINT LIN(2) ;
318 FORMAT Fé.1

800 LISP_"HOW MANY VERTICAL DECADES"}

810 INPUT W2

€40 DISP “DO YOU WANT FREQCF) OR PHASE(P)"}

50 INFUT A ,

§7@ IF AS="F" THEN 1300

839 1F AF="P" THEY 200

€93 -GUTO_540

908 PRINT LINuG)» "STRRT FREGUENCY", "MILLIRADIANS PHASE DEV."sLINC1)
916 PRINT FL1JsNL1J4K1£107(2.5 20151600, CFL 138l 11>

520 TiSP_"DO YOU WANT TQ LABEL SCALES'S

930 INPUT f$

94 IF R$[1)="N" THEN 1140

958 DISP_"WHAT 15 VERT SCALE MRZ MILLIRAD":

a7R INFUT FT

S8 GISUEB 2008

943 SCALE -1.29+10.25:-1.257.75

1960 PLOT -2,8%5.0.0 Z
A1 LAEZ. xe20t TeF1 2.7 1€ . "PHSEE NOISE. RMS MILLIRRDIANS FER 1 HZ BH."
1823 l==1.91

1939 Z=3

1650 FOF =7.3 TC 0 STEF -T.5.-H2

1060 FLCT ¥ (¥-0,8350s¢

1673 LSPEL 71082.1. 8sl.voe;:/lO)P’-lBT2

1885 FORNMART F7.2

1029 Z=Z-!

1180 HENT o

1184 =T=FT. 1000

1420 303de 13@9

1128 LRALE -1,2%54:2,25.-8.750.2%

1122 Le=s7,.€ LOG'~6):H‘

1440 DLI22 "I YOu WANT TO PLOTS

1142 wFIT t30e

1123 DI "THRESHOLD T sNIISECNY+COR’CTDCC "3
1122 11:8J7 RS

1129 J=1

1120 I0SUE 2200

99
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1182 P9=K6*LOG(N?/P7/FIJID)
1184 IF P9>-7.5 THEN 1190 :
1186 P9=-7.5
1190 PLOT (J-1)-N%10:P9s -2
1200 FOR J=2 TO N+l
- 1210 GOSUE 2200
1212- P9=K6*LOG(N?/P7/FLJD)
1214 1IF P9>-7.5 THEN 1226
1216 P9=-2.5
1220 PLOT (J-1)/1210:P9»2
1230 MNEXT J
1240 PEN
1248 .PRINT “FETCH PLOTs CONT1138 70 PLOT AGRIN."sLINC(2)
1256 GOT0 S0e00
1360 REM FM NOJSE PLOTTING WILL STAKRT HERE.
1310 DISP “DO YOU KANT TO LABEL SCALES"S
1320 INFUT R$
1340 IF AS[1)="N" THEN 1540
1350 DISP “WHAT IS VERT SCALE MAX HERTZ™S
1370 -IWPUT F? S
1386 GOSUE 2000
12398 SCALE -1.25:18.25:-1.2597.75
1400 PLOT -0.£5+0,0 :
1410 LABEL (33221.7sF1/2:7710)"F. M. NOISE DEVIATION RHS HZ PER 1 HZ BW”
1420 N=-1.01
1430 2=0
1450 FOF V=7.5 TC @ STEF -7.5-H2
14¢@ PLOT Mo (Y-0.085)s1
1570 LABEL <1050:1.8,1.7:@:7-10)P7#1012
1862 FIRNET FP.3
14%9 I=2-1
15€d HEXKT ¥
1520 SOSUE 1Sw0
1520 SUALE -1.255108.25:-8.75:0.25
1522 Ve=7.5/L0G(10)/H2
€30 DISF DO YOU WANT TO PLOT"
42 WRIT 1000
49 DISF ' THRESHOLDCT  «NOISECNYs COR’CTDC(C) ™3
S INPUT RE
Sed J=1
S20 GOSUE 2200

S8 Fe=hE*LOGINT 77

€54 Ir F5.-7.5 THEN 1530
&Co FO=-7.8 .

9@ FLOT (J=-1)/h210:55,-2
=L@ FOR J=2 TO M+1

6318 GISUER 2200

€12 Pa=i6*LOGIN?'P?)

cid4 IF P9-7.9 THEN i1c20
cle P5%=-7.8

100

S A L AL L

e o




o SIELE -1.32510.30-197.5

218 PLOT S.3e6.801

1523 LABEL <~=32s1.7s0:7-183"F.". HOIZE DRATR FOR®
1229 FPLOT S.396,.391

1290 LABEL (#4291.720,7710)18%

1658 FLOT S.3»5.861 i

1260 LAGEL (#,2,1.7,8,7-18)"DATA THKEN OH . 5 D$
12376 FETURN

1829 DISF “FETCH FLOT,COHT41©@ TO PLOT HGARIN®
1296 GJaT0 1920

12:6 DISF "PRESS THRESHOLD®

1220 °GOTO SO0

Zecd SCALE -1.25:18.25+0:5

zein PLOT SR, 55,1

2520 LABEL #5321, 7s@s 77102 "MODULATION FREQUENCYs KHZ. ™
2640 Y=a.9% e

2842 Z=8

zg%a FOR X=8 T0 18 STEF 16-05

FLOT {H-@.80sY%s1

LABEL (318s1.851.7+8:.7-165F[131%:16*25./10885
o=Z+1

HEXT =

RETURH

SOTO Spav

SERNE -

IF A5="T" THEH ZZz=8

IF J=i THEN 2Z¢8

IF HE G3-BLAJ<1. S+l J=3 )-BL J-1] THEN ZZ2&E
Wo=Br J)

IF R%="T" THEN Z:iE

IF Ar="HY THEM 233

b i EVSREQRCRBSCHT S 1TE-TD 421t oEBL 2D

|
) IR R SR L EFECENTS 1 KR e T s
$EC0 Ryt )
12402 30
ies LMt FETCH FLOT. CONT1S3G TO FLOYT AGAIM.
1233 2050 Sooes
175 S0T0 1858
1
1
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I

W= L as T Vet
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4Q fs" a7 = VEENL OISR R
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oad Eid

List A-20 LOG-LOG PLOT (fs)
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Za
30
So
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168
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128
136
148
156G
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Xy |

B a1 T e 0
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SCALE =1.25910.25+-1,25:7.75
Y'=0
DIZF “A0l MANY . DECRDES HORIZ20MTALLY "}
IHFUT Hi
ES=10-LOGC 1@ *HL )-
DISF “HOW MANY DECRDRES YERTICRLLY"S
INFUT HZ
Ké=7.5-CLOGC10*H2)
FOR I=6 TO Hi

Cc=161] 3

=R S*L0G(C)

FLOT @:Y206

FOF ¥=@ TO 7.5 STEP 7.5

IF X<S-THEN 17@

IF %<& THEN 17@

"f. = 5 . 5

FLOT Ns¥s2

HEXT Y

FEN’

'.;.' - ‘3

IF I=H1 THEH =Z@

For Me=Zz TG 2

M2=Ha>C

PERELOGINZ
For =2t TO 6.1 STEFR &.1
FLOT heTesn
=
Foi
KEXT "
HENT 1
=5
Foo Y=bob Fl D ShEEnE
B 0T HsYeZ
g ol S
B
=18

AT e e T
(|

L

- L':" S

TEp

yRey

Foe 1= TO RS

c=10td

LepeelaeC

E DT 2e'reid

Fop o f=0 TO 16 ZTEFR 10
s ‘5.5 THENM S2@
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o et I IR I I I W S A WA AN (A
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Dolr
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DN s DA

o.S THEH Sz

-.‘
"

FLOT Heva-g

NEST &

FEM

i=a

IF 1=HZ THEN €30
FOR 0=2 TO 9

M =HOC

V=N E#LOG M )

FOF #=0 TN @.15 STEP 6.1

FLCT #a¥s-2
HEST X

PEN

H=8

FLOT #ev's i
HE-T Ma
NEXT 1

FEN

==9

Y=7.5

FLOT Ha%a-2
s=1a

FLOT msfed
FESL

EHL

List A-21 LOG-LOG PAPER (£9)
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