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1. Noise Characteristics of Two-port Networks

introduction-

Madern receiving systems must often process very weak
signals, but the noise added by the system components
tends to obscure those very weak signals. Sensitivity,
SINAD), and noise figure are popular system parameters
that characterize the ability to process low-level signals.
Of these parameters, noise figure is unique in that it is
suitable not only for charaeterizing the entire system but
also the system components such as the preamplifier,
mixer, and IF amplifier that make up the system. By con-
trolling the noise figure and gain of system components,
the designer directly controls the noise figure of the overall
syziem. Once the noise figureis known, system sensitivity
can be easily estimated from system bandwidth. Noise
figure is often the key parameter that differentiates one
system from another, one amplifier from another, and one
transistor from another. Such widespread application of
noise figure specifications implies that highly repeatable
and accurate measurements between vendors and their
customers are very important.

The reason for measuring noise properties of networks is
to minimize the problem of noise generated in receiving
systems. The noise obscures weak signals. One approach
to overcome noiseis to make the weak signal stronger. This
can be accomplished by raising the signal power transmit-
ted in the direction of the receiver, or by increasing the
amount of power the receiving antenna intercepts, i.e.,g]gy
increasing the aperture of the receiving antenna. Raising
antenna gain, which usually means a larger antenna, and
raising the transmitter power are eventually Limited by
government regulations, engineering considerations or
economics. The other approach is to minimize the noise
generated within receiver components. Noise measure-
ments are key to assuring that the added noiseis minimal.
Once noise joins the signals, receiver components can no
longer distinguish noise in the signal frequency band from
legitimate signal fluctuations. The signal and noise get
processed together. Subsequent raising of the signal level
with gain, for example, will raise the noise level an equal
amount.

The need for highly repeatable, accurate and meaning-
ful measurements has, over the years, revealed several
subtle measurement effects, that require correction fac-
tors, and a host of noise related terms. These have contrib-
uted to a mystigue about noise figure measurements that
brings anxiety to the neophyte. The HP 8970A Noise Fig-
ure Meter uses a microprocessor to perform the tedious
caleulations, and corrects for many subtle effects that were

formerly accepted as measurement rrors 0r were corrected

manually by highly skilled people. The major goal of this
application note is to develop the reader’s intuitive under-
standing of noise measurements and to build a general

knowledge about the effects of noise. Thus this note, along
with the 8970A Noise Figure Meter, hopes to remove the
mystique and replace the neophyte’s anxiety with confi-
dence, thereby enhancing the art of making proper noise
figure measurements.

This application note is the first of a series about noise
and its measurement in radic frequency equipment. This
firgt note discusses the fundamentals of noise measure-
ment. Much of what is discussed is either background
material or material that is common to most noise figure
measurements. Other application notes will discuss more
specific topics.

The introductory chapter discusses why noise and its
measurement are important, and the concepts that lead fo
the noise behavior of networks. The next chapter describes
varions measurement methods, 0ld and new, and discusses
the eguipment needed for noise characterization. The
appendix contains derivations of several noise figure rela-
tions that sometimes puzzle the newcomer. The last part of
this application note is an extensive glossary of noise
related terms.

The glossary serves several purposes. [t is a convenient
reference to noise figure terms which can be consulted as
needs arise. The more usual treatment, not followed here,
progresses from simple terms to more complicated terms or
most general terms to most particular. Such developments
pressure the inguisitive reader to read from beginning to
end rather than to look up terms as his needs arise. Some of
the terms in the glossary go beyond a dictionary type of.
definition te include considerable background and analy-
sis, e.g., available gain, insertion gain, power gain and
transducer gain. Some of the descriptions are paraphrased
from referenced documents in an attempt to increase
initial comprehension. The reader is encouraged to skim
through the glossary to see what terms are there and to
study the various entries in depth as necessary.

A list of references occurs at the end of the glossary.
Throughout the text of this note, numbers in rectangular
brackets pertain to that list of references.

Kinds of Noise

The noise being characterized by noise measurements
consists of spontaneous fluctuations caused by ordinary
phenomena in the elecirical equipment. Two principal_

o

types of such noise are thermal noise and shot noise.. -
Thermal noise arises from vibrations of conduction elec-

trons and holes due their finite temperature. Some of the
vibrations have spectral content within the frequency
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band of interest and contribute noise to the signals. Shot
noise arises from the quantized nature of current flow.

Thermal Noise

Thermal noise refers to the kinetic energy of a body of
particles as a result of its finite temperature. If some parti-
cles are charged (ionized), vibrational kinetic energy may
be coupled elecirically to another device if a suitable
iransmission path is provided. The power available, i.e.
the maximum rate at which energy can be removed from
the bedy, is kTB where k is Bolizmann’s constant (1.38
%1072 joules/kelvin), T'is the absolute temperature, and B
is the bandwidth of the transmission path {18, 26]. The
units of kTB are usually joules/second which are the
same as watts.

A brief examination of kTB shows that each of the fac:
tors makes sense. Bolizmann’s constant k gives the aver-
age mechanical energy per particle that can be coupled out
by electrical means per degree of temperature, Boltzmann’s
constant is related to the universal gas constant (R of the
gas law that states py=NRT). R gives the energy per mole
of gas per degree, but k gives the average energy per parti-
cle per degree. The ratio R/k is equal to the number of
particles in a mole which, of course, is Avogadro’s number
(6.02 x10728), Boltzmann’s constant is thus a conversion
constant between two forms of expressing energy — in
terms of absolute temperature and in terms of joules.

That the power available should depend directly oft
temperature is obvious. The more energy that is present in
the form of higher temperature or larger vibrations, the
more energy that it is possible to remove per second.

That bandwidth should be part of the expression is, per-
haps, not immediately obvious. Consider the example of a
transmission band Hmited to the 10 to 11 Hz range. Then
only that small portion of the vibrational energy in the 10
t0 11 Hz band can be coupled out. The same amount of
energy applies to the 11 to 12 Hz band (because the energy
is evenly distributed across the frequency spectrum). If,
however, the band were 10t0 12 Hz, then the total energy of
the two Hz range, twice as much, is available to be coupled
out. Thus it is reasonable to have bandwidth, B, in the
expression for available power.

Tt should be emphasized that kTBis the power availahle
from the device. This power can only be coupled outinto an
optimum load, i.e., a complex-conjugate impedance that is
at absolute zero so that it does not send any energy back.

The thermal noise power available, kTB, although de-
pendent on bandwidth, is independent of frequency. The
glossary gives a more exact expression that shows the very
slight frequency dependence of the power available. The
power density is constant to within 1% up to 100 GHz, and
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to within 10% up to 1000 GHz. Since 100 GHz covers most
electrical equipment, the simple expression, kTB, will be
used.

It might seem that the power available should depend on
the physical size or on the number of charge carriers, i.e.,
theresistance. A larger body, after all, contains movre total
energy per degree and more charged particles would seem
to provide more paths for coupling energy. It is easy to
show with a counter example that the power available is
independent of the size or of the resistance. Consider a
system consisting of a large object atl a certain tempera-
ture, electrically connected to a small object at the same
temperature. If there were a net power flow from the large
object to the small object, then the large object would
become cooler and the small object would become warmer.
This violates our common experience — not to mention the
second law of thermodynamics. So.the power from the
large object must be the same as that from the small object.
The same reasoning applies to a large resistance and small
resistance instead of a large and small object.

This brings up the point that if a source of noise is
emitting energy it should be cooling off. Such is generally
the case, but for the problems in electrical equipment, any
energy removed by noise power transfer is so small that it
is quickly replenished by the environment at the same rate.
This means that sources of noise are in thermal equili-
brium with their environment.

For a more thorpugh treatment of thermal noise, consult
the references by Johnson [18] and Nyquist [26].

Shot Noise

Shot noise is caused by the guantized and random
nature of current flow. Current is not continuous but
guantized, being limited by the smallest unit of charge
(e=1.6 x107"° coulombs). Particles of charge, furthermore,
also flow with random spacing. The arrival of one unit of
charge at a boundary is independent of when the previous
unit arrived or when the succeeding unit will arrive. When
de current I, flows, the average current is I, but that does
not indicate what the variation in the current is or what
frequencies are involved in the random variations of cur-
rent. Statistical analysis of the random occurrence of par-
ticle flow yields (see, for example, Van der Ziel [33]} that the
mean square current variations are uniformly distributed
in frequency and have a spectral density of

in2 () =2el, A%/Hz (1-1)
This formula holds for those freqilencies which have peri-
ods much less than the transit time of carriers across the
device. More exactly, the period must bemuch less than the
widih of each current pulse. The noisy current flowing




through a load resistance forms the power variations
known as shot noise.

Other random phenomena occur that are quantized in
nature and can be statistically analyzed in the manner of
shot noise. Examples are the generation and recombina-
tion of hole/electron pairs in semiconductors (G-R noise),
and the division of emitter current between the base and
collector in transistors {partition noise).

A very important source of noise oceurs in avalanche
diodes because such devices are used as reference sources
for measurement. Here a carrier achieves enough energy
g0 that, upon collision with the crystal lattice, it is ahle to
generate another hole/electron pair. Some mobile carriers
generate two pairs, some three, and then those can gener-
ate other pairs, etc. The multiplication factor for the free-
charge generation varies randomly and is also quantized.
The noise power associated with the avalanche diode tends
to be inversely proportional to current and somewhat
dependent on frequency. The noise power vs. frequency
relation depends on the current being conducted (see Haitz
[11,12]).

Thus there are many causes of random noisein electrical
devices. Noise characterization usually refers to the com-
bined effect from all the causes in a component. The com-
bined effect is often referred to as if it all were caused by
thermal noise. Referring to a device as having a certain
noise temperature does not mean that the component is
that physical temperature, but mevely that its noise power
is equivalent to a thermal source of that temperature.

The noise of this application note does not include
human generated interference, although such interference
is very important when receiving weak signals. This note
is not concerned with noise from ignition, sparks, or with
undesired pick-up of spurious signals. Nor is this note con-
cerned with erratic disturbances like electrical storms in
the atmosphere. Such noise problems are usnally resolved
by techniques like relocation, filtering, and proper shield-
ing. Yet these sources of noise are important here in one
sense — they upset the measurements of the spontaneous
noise this noteis concerned with. For this reason, accurate
noise figure measurements must often he performed in
shielded rooms.

The Cencept of Noise Figure

Before showing the importance of accurate noise mea-
surement, itis necessary to define the most popular quality
factor for noise performance, noise figure. Harold Friis [7]
defined the noise figure F of a network to be the ratio of the

signal—to-noise ratio atthe input to the signal-to-noiseratio

at the output. Thus the noise figure of a network is the
decrease or degradation in the signal-to-noise ratio as the
signal goes through the network. A perfect amplifier would
amplify the noise at its input along with the signal. (The
source of input noise is often thermal agitation of free
electrons in the atmosphere acting like signalto the ampli-

fier.) A realistic amplifier, however, also adds some exira

noise from its own components and degrades the signal-to-
noige ratio. A Jow noise figure means that very little noise
is added by the network. The concept of noise figure only
fits networks that process signals — ones thathaveatleast
one input port and one output port. This note is mainly
about two-port networks.

I+ might be worthwhile to mention whai noise figure
does not characterize. Noise figureisnotaquality factor of
networks with one port; itis not a quality factor of fermi-
nations or of oscillators. Oscillators indeed generate noise
and have their own quality factors like “carrier to noise
vatio” and “single-sideband phase noise in a one hertz
bandwidth, X hertz from the carrier”. But receiver noise
generated in the sidebands of the local oscillator that
drives the mixer, acts like noise that gets added by the
mixer. Such added noise increases the noise figure of the

recelver.

Noise figure also hasnothing todo withmodulation. Itis
independent of the modulation format and of the fidelity of
modulaters and demodulators. Noise figure is, therefore,
unlike SINAD, which is often used to indicate the gual-

ity of FM receivers.

Noise figure should be thought of as separate from gain.
Ounce noise is added to the signal, subsequent gain amplj;
fies signal and noise together and does not change the
signal-to-noise ratic.

Noise figure serves best for the low-signal-leve] portions
of a system. It is normally not a usefnl quality of high-
power stages. Once the signal level achieves a high level,
added noise is usually small in comparison and is no
longer a source of aggravation or uncertainty. In analysis
this shows up in the cascade effect (see glossary). The
effect on noise figure of noise added by a device toward the
output of a system is divided by the gain that precedes that
device. Since preceding gainis large by the timethe signal
reaches the high-power stages, the effect of added noiseis
small.

Figure 1-1(a) shows an example situation at the input
of an amplifier. The depicted signal is 40 dB above the
noise floor. Figure 1-1(b) shows the situation at the
amplifier output. The amplifier’s gain has boosted the sig-
nal by 20 dB. It also boosted the input noise level by 20 dB
and then added its own noise. The output signal is now

only 30 dB above the noise floor. Since the degradaticn,
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in signal-to-noise ratio is 10 dB, the amplifier has a 10 dB
noise figure.
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Figure 1-1. Typicalsignaland noise levels vs. frequency
fa) at an amplifier’s input and (b) at its output. Note that
the noise level rises more than the signallevel due to added
noise from amplifier circuits. This relative rise in noise
level is expressed by the amplifier noise figure.

Note that if the input signal level were 5 dB lower (35 dB
above the noise floor) it would also be 5 dB lower at the
output (25 dB above the noise floor), and the noise figure
would still be 10 dB. Thus noise figure is independent of the
input signal level.

A somewhat subtle effect will now be described. Tkgre
degradation in a network’s signal-to-noise ratio is depen-
dent on the temperature of the source that excites the
network. To see why that is true, the ratio of the signal-to-
noise ratios, i.e., the noise figure, is
8,/Ng

3i/N;
Gasi/(Na + Ga Ni)
N+ G.N;
= 2 = . (1-2)

GaNi "
where S; and N; represent the signal and noise levels
available at the input to the device under test (DUT), 5,
and N, represent the signal and noise levels available at
the output, N, is the noise added by the DUT, and G is the
available gain of the DUT. Equation (1-2) shows the
dependence on noise at the input N; . The input noise level
is usually thermal noise from the source and is referred to
by kTB. Friis | 7] suggested a reference source temperature
of 290K (denoted by T, ), which is equivalentto 16.8°C and
62.3°F. This temperature is close to the temperature seen
by receiving aniennas directed across the atmosphere at
the transmitting antenna. The power spectral density kT,
furthermore, is the even number 4.00 x1072" watts per hertz

of bandwidth (-174 dBm/Hz). The IRE (forcrunner of the
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IEEE) adopted 290K as the standard temperature |6] for
determining noise figure. Then equation (1-2) becomes

_ N, + kT, BG,
~ xT,BG,
which is the definition of noise figure adopted by the IRE.

(1-3)

Noise figure is generally a function of frequency but it is
usually independent of bandwidth {so long as the mea-
surement bandwidth is narrow enough to resolve varia-
tions with frequency). Noise powers N, and N; ofequation
(1-2) are each proportional to bandwidth. But the band-
width in the numerator of (1-2) cancels with that of the
denominator — resulting in noise figure being indepen-
dent of bandwidth.

In summary, the noise figure of a DUT is the degrada-

tion in the signal-to-noise ratio as a signal passes through

the DUT. The specificinput noise level for determining the
degradation is that associated with a 290K source temper-
ature. The noise figure of a DUT is independent of the
signal level so long as the DUT is linear. Because of the
need for lineariiy, any AGC circuitry must be deactivated
for noise figure measurementa.

The IEEE Standard definition of noise figure, eq (1-3),
gtates that noise figure is the ratio of the total noise power

output to that portion of the noise power output duetonoise

at the input when the input source temperature is 200K. It
is obviously related to the Friis definition by the above
arguments.

The importance of Noise Figure
Measurement |

The signal-to-noise ratio at the output of receiving sys-
tems is a very important criterion in communication sys-
tems. We frequently experience the difficulty oflistening to
a radio signal in the presence of noise. The ability to inter-
pret the audio information, however, is difficult to gquantify
because it depends on such human factors as familiarity
with language, the nature of message, fatigue, training,
and experience. Noise figure and sensitivity are measure-
able figures of merit. Noise figure and sensitivity are
closely related (see Sensitivity in the glossary). For digital
communication systems, a quantitative reliability mea-
sure is often stated in terms of bit error rate (BER) or the
probability Ple) that any received bit is in error. BER is
related to noise figure in a non-linear way. AstheS/N ratio
decreases gradually, for example, the BER increases sud-
denly near the noise level where 1’s and 0’s become con-
fused. Noise figure shows the health of the system but BER
shows whether the system is dead or alive, Figure 1-2,
which shows the probahility of error vs. signal-to-noise
ratio for several types of digital modulation, indicates that
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BER changes by several orders of magnitude for only a few
dB change in signal-o-noise ratio.

10-°
10"
10-F
108

]

Prohability .of Error - P (e}

1072

08

10-10 1

1 13 - 1 1
5 8 1012 14 16 1
Carrierto Noise Ratio - {dB) |

Figure 1-2. Probability of error, Pfe), as a function of
carrier-to-noise ratio, C/N (which can be interpreted as
signal-to-noise ratio), for various kinds of digital moditle-
tion. From Kamilo Feher, DIGITAL COMMUNICA-
TIONS: Microwave Applications, ©1981, p. 71 Reprinted
by permission of Prentice-Hall, Inc., Englewood Cliffe,
N J. et e

As explained above, the output signalto-noise ratio
depends on two things — the input signal-to-noise ratio
and the noise figure. In terrestrial systems the input
signal-to-noiseratiois a function ofthetransmiited power,
transmitter antenna gain, atmospheric transmission coef-
ficient, atmospheric temperature, receiver antenna gain,
and receiver noise figure. Lowering the receiver noise fig-
ure has the same effect on the output signal-to-noise ratio
as improving any one of the other quantities.

Atthe system design level, consider the example of low-
ering areceiver’s noise figure from 10 dBto7dB by adding
an ordinary-quality, low-noise preamplifier in front of the
raceiver’s mixer. This has the same effect on the signal-to-
noise ratio as doubling the transmitter power. Doubling
the transmitter power, if allowed, often doubles the price
—more expensive than the ordinary low-noise preamp.

In the case of a production line that produces receivers, it
may be guite easy to reduce the noise figure 1 dB by adjust-
ing impedance Vlevels or selecting transisters. That 1 dB

reduction in noise figure has about the same effect as
increasing the antenna diameter by 10%. But increasing
the diameter could change the design and significantly
raise the cost of the antenna steering mechanism and sup-

port structure.

Noise Characteristics of Linear
Two-Port Networks

Although noise figure was described above, a deeper
treatment of noise behavior is helpful to understand and
clarify the many noise figure texms and concepts in popu-
lar use, as well as to conceive, analyze, and refine noise
measurement setups.

At the low power levels of concern here, amplifiers,j mix-
ers, input stages of receivers, passive networks, and tran-
sistors operate in the linear region. This means the power
outis proportional to the power in. Iftheinput signalisset
to zero, but the source impedance remaing, the power input
to devices is thermal noise from the source impedance.
Linear devices will exhibit a straight line power output
characteristic vs. source temperature as pictured in
Figure1-3. InFigure 1-8,the Y axisindicates the noise
power at the output of a DUT and the X axis indicates the
absolute temperature of the source impedance that excites
the DUT. At the origin of the X axis, where the source

: o Puwér (.)_u‘tput iw
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Figure 1-3. The straight-line power output vs. source
temperaiure characteristic of linear, two-port devices. For
a source impedance with a temperature of absolute zero,
the power output consists solely of added noise Ng from the
device under test (D (YR For other source temperatures the
potwer oUEpUL L8 increased by thermalnoise from thesource .

amplified by the gain-bandwidth characteristic of the

DUT.



temperature is absolute zero, electron vibrations in the
source impedance are non-existent and the noise power
output from the DUT consists solely of noise generated
within or added by the DUT, N,. For any other source
temperature T, the electron vibrations in the source act
like signal to the DUT with available input noise power
density, kT, watts/Hz (k is Boltzman’s constant =1.38
%1072% joules/kelvin). kT; is about ~174 dBm/Hz at room
temperature. The input noise power gets amplified by the
gainbandwidth product of the DUT o form additional out-
put noise power, bringing the total output to N +kT.G.B.
The straight-line characterigiic of noise power output ver-
sugs source temperature has slope kGB and Y-axis intercept

N,.
Noise Figure With the Straight Line

The straight-line characteristic is a complete description
of noise performance. But such graphs are difficult fo
communicate. It is more common to find one or two figures
of merit. One obvious figure of merit for this case is gain
(proportional to the slope of the straight line). A second
figure of merit, popularized in the 1940’s and 50’s, is noise
figure. Systems of that era were terrestrial, and the noise
received by antennas corresponded to atmospheric temp-
eratures (about 200K). For this reason, noise figure concen-
trates on describing the noise chartacteristic at a source
ternperature of 200K (Figure 1-4). The basis for defining
noise figure is equation (1-3) which was already discussed

but is repeated here o
_ N, + kT, BG, 13)
kT BG,

This equation shows that noise figure F, is theratio oftotal
noise power output, to that portion of the power output

engendered by the 290K source temperature (the height of -

the shaded area in Figure 1-4). As indicated in the glos-

sary, the numerical ratio is sometimes called noise factor .

and the ratio in dB is called noise figure. More often, how-
ever, “noisefigure” is used for both forms. There should be
no confusion as to which is being considered because the
units “dB” accompany the result of taking 10log (ratio).

T. With the Straight Line .

Satellite receivers began to come into being in the 1960’s
and input noise levels to antennas fell toward the back-
ground temperature of deep space (~4K}. Device technol-
ogy, furthermore, improved to the point where the noise
added was less than 25% of kT,G,B (noise figures less than
1 dB). For some of these applications, noise figure and its
reference to 290K, has given way to another figure of merit,
T,, the effective input noise temperature. Consider that a
completely noise-free device, one that adds no noise of its
own, would have a straight-line noise characteristic that
goes through the origin as shown in Figure 1-5. If the

Y-axis intercept, Ny, of the actual DUT is projected Horiz-
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Figure 1-4. Noise figure shows the behavior at standard
temperature T, (=290K). Noise figure is the ratio of the total
power output (N, + kT, BG,) to that portion that is due to
the amplified input noise power (kT,BG,). Noise figure is

- usually expressed in dB.
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Figure 1-5. Effective input noise temperature T, shows
how hot the source impedance driving a perfect (noise-free)
device would have to be to contribute the same noise as the
added noise of the DUT. It also turns out that —T, is the
X-axis intercept of the straight-line noise characieristic.

zontally to the ideal device characteristic and then pro-
jected down, the point T, occurs on the X axis. In other
words, T, is the source temperature whose noise power,
multiplied by the gain-bandwidth product, equals the
noise added.

Another interpretation of T, is to translate the ideal
straight-line characteristic (the one that goes through the
origin) to the left until it is superimposed on the actual
DUT characteristic. The distance of left translation is T.
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This also means the extrapolated X-axis intercept of the
DUT straight-line characteristic is the negative of Te.

T, is a much betier quality factor pertaining to noise
than N, because Nyis directly dependent on the gain afthe
DUT. N, is affected, for example, by gain that occurs
toward the output of the DUT after a lot of gain at the
input. Such gain varies ihe slope of the straight line and
the Y-axis intercept, N, but not the ¥-axis intercept, ~Te.

The above descriptions of T, and F referred to the gain-
bandwidth product of the DUT. The power measurement
equipment at the output was assumed to be broadband.
Consider, however, having a narrowband, tunable power
meter. Then the bandwidth and frequency of measurement
are determined by the power meter. Different straight-line
noise characteristics would likely be measured for differ-
ent power meter frequencies ghowing that T, and F are
functions of frequency. The slope of the straight line is
proportional to the bandwidth of power meter, the gain of
the power meter, and the gain of the DUT. The characteris-
fic at an individual frequency is often emphasized by the

term “spot noise figure”. Very broadband noise figures are
sometimes distinguished by the term “average noise
figure”. -

Noise Figure and T, Compared

When people learn that noise figure and T, characterize
the noise performance of devices, they often feel compelied
1o select one of those figures of merit as the more useful. But
there is no dominant use of one term over the other. For
terrestrial applications, noise figure is almost universally
ased. This is probably due to tradition and dueto T, having
inconveniently large numerical values (=600 to 3000K).
For space applications, however, T, is more common. The
range of values for T (=35 10 150K)1s more convenientand
has adequate resclution. Noise figure is approximately 0.5
t0 1.5 dB for space applications. But noise figure needs to
be given to two decimal places to have the resolution that
people believe they need. The following table comparesthe
traits of each. ‘

F

Te

The concept of S/N degradation for a 290K source
temperature is sound, but it is only valid for terrestrial
systems.

]

The concept of effective input noise temperature is
comparable to the actual source temperature to judge
degradation. :

s

990K reference temperature for the source temperature
is not appropriate for deep space applications. '

No reference temperature is needed.

dB measurement gives a convenient range of numbers
(0.3 to 1.5 dB for deep space, 5 to 10 dB for terrestrial |
applications).

_ The numbers involved are sometimes inconveniently ... ...

large (~800 to 2500K) for terrestrial systems.

Measurement uncertainties are approximately constant
in dB for the usual range of noise figures.

Measurement uncertainties and their effect on system
operation depend on T, and the source temperature of
the application. .

Algebraic expressions for noise figure are complicated
by T,’s and -1’s.

Algebraic expressions for T, are simpler than for noise
figure. -

Input noise at spurious respohse frequencies obscures
weak signals and therefore degrades the noise figure.
The usual measurement techniques, however, measure
all responses as information bands instead of spurious
bands. Hence the measured noise figure must often be
corrected. :

Input noise at spurious response frequencies has no
divect effect on T, even though that noise degrades
weak signals in the information band. Measured values
of T, do not require correction.

A graphical interpretation of noise figure on the straight-
line noise characteristic is somewhat obscure.

Considering -T, as the X-axis intercept, the straight-line
noise characteristic is elegant and pleasing.




More needs to be said about degradation of the sighal-to-
noiseratio. In terrestrial systems, where the noise power at
the input corresponds to about 290K, noise figure properly
gives the degradation. Decreasing the noise figure by 0.1
dB, for example, has the same effect on signal fidelity as
increasing the transmitier power by 0.1 dB.

In earth station receivers for satellites, however, where
the noise power at the input corresponds to about 30K,
noise figure under-represents the signal-to-noise ratio deg-
radation. According to Figure 1-6, decreasing noise fig-
ure from 1.0 dB 10 0.9 dB (T, from 75K to 67K}, for example,
causes the signal-tonoise ratio degradation to change
from 5.44 dB 10 5.08 dB. This is equivalent to increasing the
transmitter power by 0.36 dB. The 290K reference tempera-
ture, inappropriate for space applications, is the cause of
nonequivalence. Another interpretation of this example is
that noise figure measurement accuracy is very important
for satellite receivers. A noise figure measurement uncer-
tainty of +0.1 dB, which requires the best of equipment, a
well-behaved DUT, and the most exacting technique, 1s
equivalent to a transmitter power variation of 0.35 dB,
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Figure 1-6. Degradation in the S/Nratio vs T,of a device
for various values of temperature for the source impe-
dance. Noise figure is defined for a source temperature of
290K. '

Gain and Available Gain

Each kind of gain is discussed in the glossary but some
comments about each may eliminate some confusion. The
popular types of gain are the forward transmission coeffi-
cient (S ]2, power gain G, available (power) gain G, , and
transducer (power) gain Gy. Insertion Gain G; will also be
discussed.

[Saq|2 is the ratio of power incident upon the load to the
powerincident upon the input of the DUT when the source

and load are nonreflecting (usually equal to 50 ohms).

10

Different source and load impedances generally give dif-
ferent incident powers.

Power gain G is the ratio of net power delivered to the
load to net power delivered to the input of the DUT, G

‘depends on the load impedance connected to the DUT but

noton the source impedance. Expressions for G contain Z;
or I'l butnot Z, or I'y. Although thenumerator and denom-
inator of G each depend on the source impedance, both
depend on ii in the same way and the effect cancels out.
Because power gain is independent of source impedance, it
is not very useful for noise characterization. Power gain
tends to be more useful for the output sections of systems,
where the load is already defined by the application.

Available gain G, is the ratio of the power available at
the output of the DUT to the power available from the
source. G, depends on the source impedance buinotonthe
load impedance. For measuring or calculating the power
available at the output of the DUT, the load must be
adjusted to be a complex conjugate match of the impe-
dance looking back into the DUT. Thus the load impe-
dance is set by the definition and is not & variable. The
power available at the output of the DUT, however, does
depend on how much power gets into the DUT. Thus the
power available at the cutput depends on the degree of

mismatch between the source and the input of the DUT

and consequently on the sourceimpedance. For the denom-
inator, however, finding the power available from the gen-

. erator requires that the generator’s load be adjusied to be

the complex conjugate of the source impedance. That
power is entirely independent of the DUT characteristics.
The available noise power from a source is often the well-
known kTB of thermal noise. This makes available gain
useful in noise characterization.

Available gain is also very useful when units are being
cascaded. G, of the cascaded combination is the product of
individual available gains. This is because the numerator
of G, for one stage (power available at the output) is the
same as the denominator of G, for the succeeding stage
(power available from the source). The available gain for
each stage must be for a source impedance that corres-
ponds to the output impedance of the preceding stage.

Transducer gain Gy is the ratio of power delivered to the
load to the power availabie from the source. An optimally
designed, passive, lossless matching network theoretically
delivers the power available from the generator to theload
and therefore has a transducer gain of 1 {(or 0 dB). The
transducer gain therefore tells how much more power the
transducer {DUT) delivers to the load than the theoretical
optimum, passive, lossless matching network. Transducer
gain is a function of both the load impedance and source




impedance. Each value of transducer gain appliesonlytoa
specific load impedance and a specific source impedance.
Transducer gain has the disadvantage that it is not con-
venient when cascading.

Insertion gain G is the gain that is almost always mea-
sured. The numerator consists of the power delivered to the
load by the DUT and the denominator is the pbwer deli-
vered without the DUT, i.e., directly from the generator to
theload. Ifthe DUT performs frequency translation, e.g., a
receiver or mixer, the generator for the numerator isata
different frequency than the generator for the denom-
inator.

Which gain is being measured and which gain is desired
is often crifical in noise figure measurement situations.
Casnal observation may lead one to think he is measuring
the forward transmission coefficient |Sg|2 when he is
actually measuring insertion gain. For amplifiers or other
non-frequency translating devices, the ratio of the gaingis

|Sg1|% (dB) - G; (dB)

518912 (dB) =
S 2
— 101og [Sg1]
Gy
1-T:8112 |1 g2
— 101og [1-TSyl* | ‘ Lzl (14)
|1-Tgl?

Fi
where I' refers to measurement system input, I's refers to
the source used for measurement, S1; refers to the DUT,
and I'; refers to the reflection coefficient looking back into
the output of the DUT while the sourceis connected to the
input, For a source SWR. of 1.25, a system (load) SWRof 2.0,
aDUTinput SWR of 1.2,and a DUT output SWR of 2.0, the
worst case uncertainty in |Sg;|2is +1.3dB and —1.5 dB. The
RSS uncertainty is 1.1 dB.

Even though insertion gain is usually measured, it
would be most desirable to measure available gain. Avail-
able gain, however, requires power measurements at two
points, and each measurement requires adjusting or tun-
ing the load impedance to be a conjugate match to the port
being measured. For simplicity, therefore, insertion gainis
usually measured and assumed to be equal to available
gain. Theerror in this assumption when measuring ampli-
fiers is

AG,(dB) = Go(dB) - Gy(dB)

ll

G

10log "

Gy
1—|T?) |1 -Tylg2

101og ( [Tgl ) 1 2| (1-5)
{1- 79 |1 -Dll?
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For a source SWR of 1.25, asystem {load)SWRof2.0,anda
DUT output SWR of 2.0, the worst case uncertainty in
available gainis+1.1 dBand-0.2dB. This analysis shows
thatthe available gain is usually larger than the insertion

gain.

Measurement of Noise Figure and
Te

Noise figure and effective input noise temperature are
usually determined by measuring two points along the
straight-line noise characteristic. Figure 1-7 showsthose
two points corresponding to two noise source temperature -
theinput — one hot(Ty,) and one cold (T¢). Although many
different types of noise sources are used, most measure-
ments use an avalanching semiconductor diode for T}, with
an effective temperature of about 10000K. For T the biasis
removed from the diode so0 that avalanching ceases and
the effective temperature corresponds to the physical
temperature of the source. Manufacturers of noise sources
usually specify the excess noise ratio (ENR) instead of T},
The relationship between the two terms is

' Ty -T,

ENR = 10log (1-6)

o -

Sometimes Ty, and Tograre used instead of Ty, and T,. The
noise powers at the output of the DUT are often labeled Ng
{corresponding to Ty,) and N {corresponding to T.). The
ratio No/Ny, is called the Y factor.
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Figure 1-7. The straight-line noise characteristic s usu-
elly determined by measuring two points along the straight
dine.



Once the two points along the straight line are deter-
mined, ordinary algebra can be nsed to find noise figure F,
effective input noise temperature Te, and the gain-hand-
width product. The HP 8970A Noise Figure Meter performs
the algebra with a microprocessor. The results are

T, - YT,
T = —— 1'7)
t.Y-1 (
B T+ T, .
F=10log —— (1-8)
T
Ny—N
kGB= — L (1-9)
Th - Tc

Older style noise figure meters, without a microproces-
sor, display results that are regtricted in several ways.
Most of them don’t display Ts, for example, and they only
allow cerlain values of Ty, and T,

In summary, the noise quality factors of a linear two port
are easy to interpret from the straight-line noise character-
igtic. In most practical situations, the bandwidth and the
frequency of measurement are determined by the noise
measurement equipment. As the noise figure or effective
input noise temperature increases, but with gain remain-
ing constant, the straight line {ranslates upward. A noise-

free amplifier (T,=0K and F=0 dB) has a characteristic

that goes through the origin.

#‘.’ .
If the gain changes, but the noise figure and T, remain

constant, the slope of the straight line changes but the

X-axis intercept at X=— T, remains fixed.

Some Typical Noise Figures

When people begin to consider noise figure measure-
ments, they wonder if their application is typical or ifit is
at the state-of-the-art. This section discusses typical and
state-of-the-art performance in the early 1980°s. The
numbers are approximate and should not be considered as
absolute. They should not be used as specifications.

The state-of-the-art in transistors is shown in Figure
1-8.The very low noise figures on that graph are achieved
by cooling the devices with liquid helium, thatis, cryogenic
cooling. Well-designed, low-noise amplifiers for a specific
communication band using those transistors would likely
have a noise figure from 0.2 to 0.5 dB larger than the
transistor noise figure due to network losses and theinabil-
ity of creating an optimum noise environment at all
frequencies.

Non-cooled, low-noise amplifiers for satellite reception
in the 3.710 4.2 GHz band have noise figures on the order of
1.0 to 1.6 dB (T, from 75 to 130K). A non-cooled, low-noise
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Figure 1-8. The state-of-the-art noise figure und effective
input noise temperature in transisiors. From Sander Wein-
reb, LOW-NOISE COOLED GASFET AMPLIFIERS,
©1980, IEEE Trans. on Microwave Theory and Tech-
nigues, Vol. 28, No. 10, Cet., 1980, p. 1041, Some recent
advertisements for 300K FET’s have shown T,’s that are
about 50K lower than shown here.

amplifier designed for the broad 6to 18 GHzband can have
anoise figure on the order of 7 dB across that entire band.

" At lower frequencies, lower noise figures are possible. At

144 MHz, radio amateurs have been using non-cooled
amplifiers with noise figures down to 0.3 dB (T=21K).

Before discussing mixer noise figures, it is necessary to
discuss single sideband (S8B)and double sideband (DSB).
An ordinary mixer, in combination withitslocal oscillator -
and IF amplifier, accepts input signals and noise fromtwo
frequency bands (DSB) corresponding to {frotHr) and
(fLo-f1F)- Communication systems, however, normally
have usefal signal in only ene-of those bands. The other
band or other response is often referred to as the image
band or image response. According to the rigorous defini-
fion of noise figure (see glossary), the DSB mixer’s noise
figure is the wrong one to predict 8/N degradation in a
system where signal comes in only one gideband (SSB).
The image response is a spurious response. The noise of
the image response tends to obscure weak signals in the
desired sideband and the noise figure should reflect this
less-than-perfect performance. But the noise figure mea-
surement system normally hasno way ofknowing thatthe
extra rgsponseis not a desired response. A correction must
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be applied after the measurement. The measured DSB
noise figure should be increased by 3 dB for direct use in
SSB applications (assuming equal GB for the signal band
and image band). A convenient method of remembering
the correction is to “penalize” the system for too great a
bandwidth, e.g., the measured noise figure is 8 dB low
when measured DSB but used SSB. The 8970A Noise Fig-
ure can malke the correction.

If the gain or conversion loss of a DSB (or image
responding) mixer or receiver is measured by using the
glope of the straightlinein Figure 1-4,themeasured gain
will also bein error. The slope measurement actually char-
acterizes the gain-bandwidth product (GB). TFor a DSB
mixer or receiver, the indicated gain is actually about 3dB
too large because the mixer input bandwidth is twice as
large as the bandwidth at the input to the measurement
system. The operator can direct the microprocessor in the
HP 8970A Noise Figure Meter to correct the output read-
ings for such effects.

If a mixer includes a preselecting filter, or has built-in
image rejection, so that input noise from the undesired

_sideband is not processed, the measured noise figure (38B8)

and gain require no correction.

There are occasions, however, when the information in
both sidebands is desired and processed. Then the mea-
sured DSB noise figure is proper and no correction should
be performed. In many of those applications, the signal
being measured is radiation so the receiver is called a
radiometer. Radiometers are very common in radic
astronomy.

Mixers form part of the down-converter used to measure
microwave amplifiers. The down-converter is part of the
meagurement system, converting the microwave output
frequencies of the DUT amplifier to a convenient fre-
quency range for noise measurement. When making such
measurements, it normally makes little difference whether
the measurement systemn is SSB or DSB — providing the
noise figure and gain of the DUT are constant across the
frequency range of measurement. For a DSB down-
converter, information in both sidebands is desired and
processed. No 3 dB correction should be made. A SSB
measurement for the amplifier should givethe same result.
But because the DSB measurement consists of average
power readings in the upperand lower sidebands, the DSB
result could be in error because of fine-grain variations
with frequency. In other words, the DSBresult mightbein
error only because itis measuring in two windows and the
result is an average in those windows.

Noise figure measurements of mixers may be confusing
‘and deserve some special discussion. DSB mixer noise fig-
ares can be about 3 dB although 5 to 9 dB seems more

-typical of general purpose devices. A mixer with a filter on. .

its input to remove noise in the undesired sideband would
yield a combined noise figure thatis about 3 dB higher plus
the loss of the filter. The noise figure and conversion loss of
an SSB mixer are usually quite close but can beaboutldB
apart in either direction. The local oscillator drive power
needed for lowest noise figure is nsually smaller than that
needed for lowest conversion loss. The higher drive power
associated with the lowest conversion loss leads to some-
what higher shot noise.

IF amplifiers that follow mixers are often integrated
with the mixer to control mismatch effects. Off-the-shelf
IR amplifier noise figures of 1.5 dB are common. IF ampli-
fiers with 0.2 dB noise figure are possible.

Combining noise figures of several components con-
nected fogether is discussed in the glossary under “Cas-
cade Effect”. The noise figure of most communication sys-
tems is roughly equal to the noise figure of the first
amplifier in the system added to any loss between the
antenna and the amplifier. Consider the example of a
receiving antenna connected through a cable with 0.5 dB
loss to theinput of a mixerthathasan8 dbnoisefigureand
8 dB conversion loss. If the IF amplifier has 1.5 dB noise
figure, the overall receiver noise figure would be about 10
dB. By merely adding a small-size, high-gain, 1.2 dB noise
figure preamplifier at the antenna (go cable loss comes
after the amplifier), the receiver noise figure is reduced to
about 1.2 dB. The noise added by the components of the
original 10 dB system gets divided by the gain of the
preamplifier of the new system.

The ability to economically reduce system noise figures*
with preamplifiers hag gHimulated the need for accurate
noise figure measurements at every level of use, This
includes measurements of transistors, amplifiers and re-
ceiving systems. Such measurements are usually needed
in most functional areas — research and development,
production, quality assurance, and maintenance.
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> The Measurement of Noise Characteristics

The purpose of this chapter is to discuss the methods of
measuring noise figure, both old and new, and the mea-
surement equipment. Noige figure meters will receive the
most atiention. Many microwave components require
noise characterization as a function of frequency. Much
discussion will occur about down converters to translate
the frequency of the noise power output from the DUT to
the input frequency range of the noise figure meter.

The description of the various measurement techniques
in this chapter will often refer to the straight-line noise
characteristic discussed in the first chapter. The signal
generator method, to be discussed at the end of the chapter,
basically measures the slope of the straight line (or the
gain-bandwidth product) and then one point along the
line. From that slope and the one peint, the noise figure can
be calculated. The other methods of measuring the noise
characteristics depend on measuring two points along the
straight line. The two points correspond to two different
source temperatures that are referred to as Ty, and T..

Noise Sources

The measurement of two points along the straight line
requires two different temperatures for the source impe-
dance at the input of the DUT. The devices used to achieve
the effect of two source temperatures include temperature-
limnited vacuium diodes {(also called thermionic diodes)fzas-
discharge tubes, and avalanche diodes, as well as physi—
cally heated and cooled terminations. Most noise sources,
but not heated and cooled terminations, are specified by
their Excess Noise Ratio (see glossary). Each kind of noise
source will now be discussed.

In the 1950’s noise sources whose characteristics counld
be theoretically derived were the most popular, Calibration
techniques for measuring noise sources were not very well
developed. Vacuum diodes depend on shot noise generated
by the guantized and random flow of electrons going from
the cathode to the plate when the vacuum diode is operated
in the temperature-limited region. The fluctuating’ plate
current from the diode passes through a resistor and thus
generaies a fluctuating voltage drop. From the temperature-
Jimited current and the resistance, the noise power output
can be determined theoretically. The noise power output
can also be varied by varying the diode current. By the end
of the 1970's, noise source calibration techniques had been
developed and the vacuum diode lost favor to the
avalanche-diode noise source. The vacuum diode has a
limited frequency range because of the cathode to plate
transit time. For this reason vacuum diodes were used
mainly in the IF and VHF ranges. Even in the VHF range
correction factors were usually needed for transit-time
effects. The vacuum-diode noise source, furthermore, re-

quires a high-voltage power supply not common in mod-
ern, solid-state instruments and systems.

The gas-discharge tube noise source | 22] has been popu-
lar in upper VHT, microwave, and millimeter frequency
ranges. Noise is usually coupled from the electron stream
into rectangular waveguide by placing the gas-discharge
tube across the waveguide at a slight angle. Itis coupled to
coax line by means of a helix. Gas-discharge tubes require
a power supply of several thousand volts to initiateioniza-
{ion of the gas. Onceionized, however, only 100 to 300 volts
are needed to sustain the discharge at the best current (50
10 200 mA). Gas-discharge noise source tubes come in two
varieties — those with cold cathodes and those with hot
cathodes. Noise figure meters that use gas-discharge tubes
usually use cold-cathode tubes. Those meters depend upon
turning the gas-discharge noise tube on and off at a 500 to
1000 Hz rate. Hot-cathode tubes, when turned on and off at
such rapid rates, were short lived because at turn on, the
ions in the gas discharge bombarded the cathode. Bom-
bardment deteriorates the cathode. When the United States
National Bureau of Standards (NBS} tried to calibrate a
cold-cathode gas-discharge tube, they found that the noise
power output was unstable. The initial gas-discharge
breakdown spike would have long ringing effects on the
noise power output. It was difficult for the people at NBSto
know when to begin the measurement of power output.
Such instabilities have not been noticed in recent years at
Hewlett-Packard. A cold-cathode tube, for example, has
been compared to a hot-cathode tube and there has beenno
noticeable change in the noise power generated over more
than 10 years. The gas-discharge tube is being replaced by
the avalanche solid-state diode noise source wherever pos--
sible because of a broader frequency range and simpler
power supply requirements. The avalanche diode ecan
cover many waveguide bands. The power supply for gas-
discharge tubes is a serious problem because the several-
thousand volt spike needed for turn-on can feed through
into the signal output port and damage sensitive, high-
frequency transistors in the devices that are being tested.

The avalanche solid-state diode noise source depends
upon noise generated by the spontaneous generation of
charge in the avalanche region. For many years, the ava-
lanche diode noise source suffered from poor stability with
time. The poor stability has been largely alleviated by the
use of guard rings, good heat sink design, and constant
current drive |4]. The guard rings and heat sink assure a
uniform and repeatable breakdown potential and current.
The Hewlett-Packard 346B Noise Source has such improve-
ments. The advantages of the avalanche diode noise
source include small size, light weight, and low power
requirements. They can also be broadband — the HP 346B,
for example, covers 10 MHz to 18 GHz and has a very low
reflection coefficient.

S 15,,



Physically heated and cooled terminations are used as .

noise sources in calibration laboratory applications. These
noise sources serve as fundamental physical standards.
The cold noise source usually consists of a termination
that is placed in ligmd nitrogen and thus has a tempera-
ture of about 77K. The hot noise source is usually a termi-
nation kept in an oven that is regulated to 373K. The
measurement technique with a hot/cold noise source is
very tedious. Measurement with such noise sources is usu-
ally reserved for calibrating other noise sources by highly-
skilled, calibration laboratory personnel. Measurement
with hot/cold sources will be discussed later.

The calibration of noise sources is based on two kinds of
standards. The first kind includes transfer standard noise
sources measured by NBS. The second kind depends on
comparison to a primary physical standard, thatis, a hot/
cold load. NBS calibration of noise sources is only availa-
ble at certain frequencies. These presently include 30 and
60 MHz, 2.65 to 3.95 GHz, 8.2to 18 GHz, and some millime-
ter waveguide bands. At other frequencies calibration
must be done without reference to NBS by comparison of
the DUT noise source to a hot/cold termination operated at
known temperature.

Noise Figure Meters

Noise figure meters became popular in the late 1950s.
Then, as now, noise figure meters operated by turning a
noise source on and off and measuring the corresponding
power outputs from the device under test (DUT), Ny and Ny.
There are two different kinds of noise figure meters. The

_ first is the traditional type that was initiated in the late
1950’s and gradually improved over the years. The second

type is more modern and takes advantage of the available
microprocessor technology to increase accuracy and con-
venience. Each type will be considered.

The traditional noise figure meter is an analog instru-
mentthat displays noise figure on ameter. The noisefigure
is usually found by using automatic gain control circuits, a
non-linear meter scale, and several power measuring

* detectors. These instruments all assume that the cold

temperature of the noise source is equal to the standard
temperature of 290K. The traditional instruments use only
one value of excess noise ratio (ENR), thatis, T},. Theinput
frequency range is normally limited to one or perhaps a
few frequencies. Many of the traditional noise figure
meters have low sensitivity and can only measure devices
with a gain of about 30 dB or higher. These noise figure
meters, furthermore, indicate the overall noise figure —
including not only the DUT but also the noise contribution
of the measurement equipment connected to it. The noise
contribution of the measurement equipment can be signif-
icant and will soon bediscussed. ‘
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Figure 2-1. The HP 8970A Noise Figure Meter that
includes a microprocessor to relieve the many operations
involved in. data collection and manual error correction
that traditionally accompanied accurote noise figure
measurements.

The modern noise figure meter, such as the HP 8970A
shown in Figure 2-1 |32], can use modern tuning tech-
niques and a microprocessor to overcome many of the dis-
advantages of traditional noise figure meters. The in-
creased capability reflects the recent needs to measure
receivers and components such as preamplifiers, mixers,
and transistors. The microprocessor can control mea-
surements and make calculations. The random access
memory (RAM), for example, can handle a broad range of
values for T}y, and T.. The calculations can account for
several effects that were accepted as errors with tradi-
tional noise figure meters. The microprocessor also can
calculate the slope of the straight-line noise characteristic
and hence find the gain of the DUT. The input frequency
can be tuned across the VHF/UHF range, which is conven-
ient for SSB meagsurements and avoiding transmissions
that interfere with measurements. By including an inter--
nal, low-noise preamplifier, the modern noise figure meter
is sensitive enough to measure low-gain and even lossy
devices. Three forms of error correction will now be dis-
cussed separately, ENR variations with frequency, the
cold noise source temperature, and the measurement sys-
tem noise contribution. '

ENR Variations with Frequency

Noise sources usually have an ENR that varies by sev-
eral tenths of a dB across their frequency range. A table of
ENR values may be stored in the noise figure meter’s RAM.
As noise power measurements are made at various fre-
guencies, the 8970A looks up the ENR data for the noise
source at the closest two frequencies and interpolates the
proper value for the measurement frequency. It nges that
value to calculate the DUT noise figure. Once the operator
enters the ENR values for the noise source being used, the
corrections are made automatically unless the operator
averrides them.

Cold Noise Source Temperature

For most noise figure measurements, the cold source
temperature is the physical temperaturé’of the noise
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source. Traditional noise figure meters assume the physi-
cal temperature is 290K to simplify finding noise figure.
The HP 8970A uses a value selected by the operator (the
default value is 296.5K) when calculating T, and F.

Second Stage Noise Contribution

Noise measurement tends to characterize all the noise
that is added including that added by the measurement
equipment. The measurement equipment includes notonly
the noise figure meter, but any other equipment added
after the DUT, such as a down converter to convert the
output frequency from the DUT to the frequency range of

‘the noise figure meter. Let F, denote the noise figure of the

DUT, G its gain, and Fy the noise figure of the measure-
ment system,i.e., the second stage. The noise powers that
are measured, No and N, include noise added by the DUT
and measurement system. The relationship between the
overallnoise figure Fy s (expressed asa numerical ratio and
not in dB) and the individual parameters (as a ratio) is
given by

Fo-1

Gy

F12 = Fl + (2“1)

This relation is derived in the Appendix and is discussedin
the glossary under Cascade Effect. Note that the mea-
surement system noise figure Fy is divided by G;. For
receiver measurement, where Gy is often 1000 or more, the
second term is usually insignificant. For amplifiersyor

devices where (3; is on the order of 10 or less, the second

term hecomes very significant.

Until the HP 8970A Noise Figure Meter, noise figure

. meters only indicated F1zand notFy. Finding Frequired a

solution of equation (2-1) by hand caleulation. Separate
measurements would have to be made of Fy and Fpg. Fur-
thermore, G; would often have to be measured on a com-
pletely separate measurement system. The measured data
would then be inserted into equation (2-1) to calculate Fy.
This process was not only very tedious but required skilled
personmnel. ‘

With the 8970A the operator measures Fain a separate
step, called calibration, when the 8970A stores the noise
characteristics of the system in its memory. Then for later
measurements, with the DUT inserted between the noise
source and the measurement system, the 8970A measures
Fy4 and Gy, looks up the stored value of Fy, and uses equa-
tion (2-1) to solve for ¥y. The correction is done auto-
matically.

Frequency Converters

Receivers almaost always contain frequency conversion

to an IF. Noise figure meterz are designed to receive the IF

output signals from receivers. Thus noise figure meters
tend to work with signals that are already down converted
to the IF range. Although the HP 8970A Noise Figure
Meter internally performs the necessary frequency con-
version for frequencies below 1500 MHz, a down converter
is needed for measuring microwave componenis that do
not translate frequency, including preamplifiers and tran-
sistors. In this case the down converter becomes a part of
the noise figure measurement system. This section will
discuss the selection of equipment to construct a down
converter that will become a part of the measurement
system. ' ‘

A down-converter consists of a mixer, local oscillator
(LO), and sometimes an [F amplifier (Figure 2-2). Each
element of the down converter will soon be discussed
separately. Of the many frequencies where noise power is
available at the input of the down converter, the down
converter takes those frequencies that satisfy the equation

fueas = fLo * fip (2-2)

(where fi ¢ is the local oscillator frequency) and converts
them to fi the actual input frequency of the noise figure
meter. Measurements where the plus sign of equation (2-2)
applies are called upper sideband (USB) measurements
because the measurement frequency is above the local
oscillator frequency. Measurements where the minus sign
of equation (2-2) applies are called lower sideband (LSB)
measurements because the measurement frequency is
below the local oscillator frequency. When gither the upper
orlower sideband applies, the system is referred to as single
gideband (SSB). The other gideband, usually suppressed
by the network design, is often referred to as the “image”
response. If both the plus and minus sign apply, the mea-
surement actually consists of two frequency bandsthatare
separated by twice the IF. Such measurements are referred
to as double sideband (DSB). Single sideband (SSB) mea-
surements, that is USB or LSB, will be discussed later.
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Figure 2-2. The general block diagram of a down conuver-
ter to be used as part of anoisefigure measurement system.
The IF amplifier is outlined in dashes because the high
sensitivity of the 8370A Noise Figure Meter means the IF
ampliﬁer'is usually not necessary. The 89704, because of

its tunable inpul frequency or variable IF, allows swept

Frequency measurements with a fixed-frequency local

oscillator. C -
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Noise contributed by the down-converter is included as
part of the second stage noise contribution (Iy in the pre-
vious discussion). The modern 8970A Noise Figure Meter
can back out the noise contribution of the second stage,
including the down-converter, o give the noise figure and
gain of the DUT by itself.

It is very(important o have a low-noise contribution
from the down converter. Noise and spurious signals
added by the down converier can degrade measurements
in two ways. One is increased second stage noise figure.
The second is the total power at sorne point in the system
may get so high that circuit non-linearities occur (clipping,
saturation, gain compression, etc.).

High second stage noise figure, even when corrected by a
microprocessor controlled noise figure meter, can be a
problem. Rearranging eq (2-1) as

Fp-1
Gy

(2-3)

F;=F9-

shows that the final DUT noise figure is the difference
between two numbers. If those two numbers are approxi-
mately the same size, small errors or jitterin either number
lLas a large effect on DUT noise figure Fy. The second term.
on the right of eq (2-3) can become large either by large Fa
or small G; or both. It is therefore important to keep Fg as
small as practical. Forthe 89704, the effects of jitter can be
reduced at the expense of measurement time using the
builtin smoothing function where several measurements
are averaged before displaying the final result. The opera-
tor can select the 8970A tomake 1 t0 512 measurements for
each result. If 16 or more measurements must be averaged
while the DUT s being measured to have jitter in Iy be less
that 0.1 B, the measurement is probably too sensitive to
Fs and the down converter should beimprovedif practical.

The second possible problem, high total power causing
non-linearities, usually occurs ahead of the filters that
defermine the measurement bandwidth. Test pro cedurede-
signers should be aware ofthe total power at every pointin
the system. When powers get up to approximately-30dBm,
linearity tests should be made. The broadband power can
usually be lowered by filters, attenuation, or reduced gain.

The 8970A solves its own problem by monitoring the
total power from 10 to 1500 MHz near its input. It automat-
ically removes some of its gain or adds attenuation to
preventnon-linearities. During calibration, the 8970A rou-
tinely measures its noise contribution at each frequency
for three configurations of its broadband input cireuits: 20
dB gain, 10 dB gain (20 dB gain followed by 10 dB of
attenuation), and 0 dB gain (10dB attenuation, 20 dB gain,
end 10 dB attenuation). It is then ready for higher total

~power at its input. If the poweris so high that the 8970A
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still cannot cope, appropriate error messages are displayed
instead of an erroneous measurement result.

Increasing attenuation in the 8970A raises second stage
noise figure Fo. This would normally tend to cause large
second stage corrections. If the cause of high total poweris
high G, however, the large Gy in the denominator of eq
(2-3) compensates for the larger Fa and the total second
stage term is hardly changed. There is only a problem
when the large power, which resultsin reduced 8970A gain
or increased attenuation, is caused by excessive added
noise from the mixer or local oacillator of the down
converter.

Mixers

A mixer to be used in a general-purpose down converter
to cover many measurement situations, should have the
proper frequency range, low conversion loss, low noise

figure, low input reflection coefficient, and high noise
rejection. )

A very important quality of a mixzer for general purpose
noise measurement is that it reject noise coming from the
1.0. Balanced and double-balanced mixers are designed to
have this quality. Such mixers contain at least two diodes
arranged so that down-converted power at the measure-
ment frequency, that entered through the 1O port, com-
hines out of phase. Thus there is much smaller IF output
due to signal at the L.O port of the mixer. Broadband,
double-balanced mixers, in the frequency band where they
are balanced, have 20 dB or more extra conversion loss for
signals that enter through the LO port than for signals
that enter through the normal signal port. :

Low conversion loss usually corresponds 10 a low noise
figure for the mixer. Mixer noise figure directly affects Fy,
the noise figure of the measurement system (the second
stage), As discussed above, 8 large F; could mean that Fy is
found by taking the difference hetween two numbers of
about the same size (the two terms on the right side of
equation (2-3)). Such subtractions malke the final answer
extremely sensitive to small measurement variations and
to uncertainty in Fyg, Fa, and G;. Thus low mixer noise
figure and loss are jmportant. ‘

The SWR. of & mixer at the signalinput portis irnportarit
because it contributes to re-reflections. The effect of the
re-reflections is often called mismatch uncertainty and is
discussed in the glossary. Mismatch uncertainty affects
the accuracy of the second stage noise characterization
and the accuracy of the gain measurement. The input
reflection coefficient of the mixer is the load reflection
coefficient, T for the DUT. The meagured gain is actually
the insertion gain (see glossary) rather than the available '




gain. A ratio of available gain to insertion gain from equa-
tions in the glossary is

Ga _1-1Ts i1-1

8 _ =, ‘ (2-4)
Gi 1-Irgl? [1-TiTsl?

" where I'] isthe reflection coefficient Jooking into the mixer,

I'c is the noise source reflection coefficient, and I'y is the
veflection coefficient looking back into the output port of
the DUT with the noise source connected to the input. Eq
(2-4) shows that if ' is zero, G, and Gj are more nearly
equal.

The SWR at the mixer inpul can usually be improved by
placing an attenuator, an isolator, or a circulator at the
mixer input. Theloss of any of these devices directly raises
the noise figure of the second stage. An igolator or circula-
tor is preferred to the attenuator because it has less loss
and causes less degradation in the second stage noise fig-
ure. An attenuator should be added when more accuracy is
to be gained from improved mismatch than is lost due to
poorer second-stage noise figure. Using a 3dB attenuator
resultsin a larger second stage correction butitcancovera
broad frequency range. Isolators and circulators are more
limited in frequency range.

Local Oscillators

The local oscillator for the system down converter
should cover a broad frequency range, have enough pdwer
output to properly drive the mixer, and have a low level of

_noise output in the form of a low broadband noise floor.

. Many noise figure measurement systems need to cover 2

" broad frequency range so they can measurea large variety

of devices. A broad-range LO that can be electronically
tuned is therefore convenient. Using, for example, the HFP
8672A Synthesized Signal Generator, covering 2 to 18

(GHz, with the HP 8970A Noise Figure Meter allows device

measurements from 10 MHz to 18 GHz. The frequency
rangeis covered in three steps. 1) The 8970A Noise Figure
Meter covers the 10 to 1500 MHzrange by itself; 2) for 1.5t0
2 (3Hz, the 86724, operating above 2 GHz, a mixer, and a
low-pass filter (like the HP 360C with a 2.2 GHz cutoff
frequency) can be nsed to make lower sideband measure-
ments as described in HP Product Note 8970A-1 and 3) for 2
to 18 GHz, the 8672A and amixer form a down converter to
be used with the 8370A.

Most double-balanced mixers require an LO drive of
about 7 dBm for lowest mixer noise figure. A slightly
smaller power output, like 5 dBm, degrades the noise fig-
ure, but usually not enoughto beimportantif second stage
correction is used. The HP 8672A-Option 008is guaranteed
to have at least 8 dBm output across the band and would
thus be ideal for driving mixerss~Yet using standard

8672A’s, with at least 3 dBm output, usually works very
satisfactorily. Certain advanced mixers, such as some
designed for an especially good match or designed to reject
ihe image frequencies, contain eight or more diodes and
can require LO drive powers of about 20 dBm. Still other
mixers are biasable with DC and require LO drive powers
of only about 0 dBm.

Thenoise level, including spurious output, that emerges
from the LO is important hecause the noise can be down
converted to the IF rarige and cause either or both of the
problems mentioned earlier — high second stage noise
figure or high total power {hat could lead to non-linearities.
Reducing the high total power with attenuators could lead
to high second stage noise figure. The noiseis added atthe
mixer and can cause a very large second stagenoise figure.
This note will now discuss some properties of oscillators,
then seme noise rejection properties of mixers, and then
the performance of certain types of LO sources.

Woise Floar | .’

Figure 2-3. The power spectrum of @ typical microwave
oscillator. At frequencies close to fro, the desired output
frequency, the noise power output is determined by the
noise properties of modulating circuitry and the @ of the
oscillator, Modulating circuitry includes frequency control
loops and level control loops. At frequencies further re- .
moved from fro, modulation effects decrease and the
resonant circuit in the oscillator filters noise from the
active oscillating device. At tens of megahertz from Lo,
the noise power declines t0 the broadband noise floor. The
noise floor is often determined by thermal noise and sub-
sequent power amplifier noise contributions.

The frequency bands of importance are the measure-
ment bands — frequencies spaced from the LO frequency
by the IF frequency. The power spectrum of a typical oscil-
lator is sketched in Figure 2-3. Besides the operating
frequency, f o, there is noise power output at other fre--
quencies. The noise power per hertz of bandwidth falls off
as the frequency becomes further removed from fro. The
rate of fall-off depends on parameters like oscillator @, and,,
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the gain and noise characteristics of frequency and level
control loops. At frequencies tens of MHz away from fi o,
the gain and added noise of oscillator cireuitry and of
control loops has likely fallen to levels close to thermal
noige. Thismeans the hroadband noise floor of many oscil-
lators will only be slightly larger than the limit

NLQmm=-Jﬁ4dBm/H2+GMB)+mdB) (2-5)

where G and F refer to the gain and noise figure of amplifi-
ers that {follow the oscillator.

Balanced and double-balanced mixers have more than
one diode to perform the frequency conversion. The circui-
try for the diodes is specially arranged so that the con-
verted LO noise from one diode is in the opposite polarity
than for another diode. The result is that LO noise is
rejected — at least to the extent of proper circuitry and
similarity of the diodes. LO noise rejection is not a specifi-
cation of most mixers, but LO to IF isolation is frequently
specified. LO to IF isolation does not refer to frequency
conversion of signalsin the LO port —only to actual signal
feedthrough from the LO to the IF port. Still LO to IF
isolation is usually a good indicator of LO noise rejection.
Broadband mixers typically have at least 20 dB rejection
of LO noise although 30 or 40 dB is not uncommon — espe-
cially near the center frequency of design for the mixer.

Clertain kinds of LO sources tend to work well in noisé
figure systems and other kinds donot. The ultimate test as
to whether an oscillator/mixer combination is suitable or
notis to try the system to see if the noise figure is satisfac-

tory (using the jitter test explained near eq.(2-3)). Cavity.

oscillators and others with high-Q resonant circuits are
usually OK. An oscillator followed by a broadband, high-
gain amplifier will havea high noige floor. For thisreason,
signals generated by down converting a higher frequency
and then amplifying (sometimes called heterodyning) are
usually not satisTactory unless conditioned. This type of
oscillator includes many of the microwave oscillators that
have extended coverage below 2 GHz. One conditioning
method is to follow the oseillator with narrow-band track-
ing filter, such as a YIG filter. The broadband noise flooris
filtered and the oscillator will usually be satisfactory.
Another method of conditioning is to place a bandpass
filter {with, for example, a 10 MHz bandwidth) at the mizer
output to allow the desired IF to pass but to filter the
broadband noise floor. Lowering the noise floor with filters
reduces the need for preventing non-linearities with an
attenuator.

IF Amplifiers

Systems which use a high-sensitivity noise figure meter
like the HP 8970A do not normally require an IF amplifier,

VOther noise figure meters often specify a minimum net
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external gain {usually about 30 dB) for proper measure-
ments, An IF amplifier of 3¢ dB or more gain is often used
for this purpose. The bandwidth of the IF amplifer should
Dbe larger than the bandwidth of the noise figure meter to
minimize the effect of noise contributions from the noise
figure meter. If the IF gainis oo large, more than about 70
dB, there is danger of saturating or clipping on noise
peaks, resulting in added measurement errors. Clipping
and saturation can occur in Jater stages of the IF amplifier
or in the noise figure meter.

Y-Factor Measurement

V factor refers to the ratio of noise power outputs
(Ng/Nj) corresponding to the two source temperatures Ty,
and T,. In traditional noise figure measurements, the Y
factor was the raw experimental data. This was the mea-
surement result that was taken before Ty and T, were
included in caleulations and before corrections were made
for second stage noise confribution. From the Y factor,
noise figure can be calculated according to

Th . Tc
1) v —1)
.\ 280 290 :
F = (2-6}
Y-1

V factor technically refers to the ratio Ny/N; as dis-
cussed above. But many metrologists also consider that
V-factor measurement implies that the measurement set-
up ie that depicted in Figure 2-4. The more general tech-
nigue for measuring power ratios or attenuation with that

kind of equipment is often referred to as “IR substitution.” . . ...

That term describes the condition that IF attenuation is
increased or decreased with a precision attenuator to com-
pensate for increasing or decreasing power at the RF port
of the system to keep the power to the detector constant.
The first step of the measurement procedure is to connect
the cold source and to set a convenient level of detector
output by adjusting the precision attenuator. Then the hot
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Figure 2-4. The Y-factor measurement technique often
refers to using a precision attenuator to substitute for the
increase or decrease in the power at the output of the DUT.
The change in attenuation necessary 1o keep the detector
at the same output level for Tj, and T is the Y factor.
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noise source is connected to the input of the DUT and the
precision attenuator is varied to bring the detector output
to the same reading. The change in the precision attenua-
tor is equal 1o the Y factor.

The advantage of the measurement set up ghown in
Figure 2-4 is that the detector operates at the same level
for both Ty, and T, thus avoiding detector linearity errors.
The accuracy of measuring the Y factor depends on the
accuracy of the precision attenuator. Piston atienuators,
using waveguide beyond cutoff, can be very accurate. A
commercially available 30 MHz attenuator intended for
noise figure work has a specified uncertainty of 0.03 dB +
0.005 dB/10 dB increment. Other causes of instrumenta-
tion uncertainty (gain instability, non-linearities, detector
vesolution, ete.) must be combined with the atienuator
uncertainty. As a comparison, the total worst-case instru-
mentation uncertainty of the modern HP 8970A Noise
Figure Meteris+0.1dB. In either case, this error is usually
smaller than other canses of uncertainty, especially mis-
match effects. In the 1950’s, noise figure meter instrumen-
tation uncertainty was approximately = 1 dB — a domi-
pant source of error. It was during that era that the
V-factor technigue with a precision attenuator offered a
distinct advantage.

Although the instrumentation uncertainty is often
smaller for the Y-factor technique than for the modern
noise figure meter, other causes of measurement uprcer-
tainty usually dominate noise figure measurements. The
Y factor technigue does nothing to reduce those uncertain-
ties and even has an additional potential uncertainty that

_ will sqon be discussed. The usua] uncertainties includethe

accuracy of knowing Ty, and T in equation (2-8), mismatch
uncertainty between the noise source and the DUT, and
the second-stage noise contribution (although the second-
stage effect can be removed by further measurement and
calculation with the Y-factor technique).

A variation on the Y-factor technique is the “twice
power”’ method. It uses a 3 dB attenuator at the IF and a
calibrated RF attenuator on the noise source to vary the
ENR. The procedure is tofirst establish a reference level at
the detector without the 3 dB attenuator and with the noise
source turned off. Thus N7 is established. Then the 3dBIF
attenuator is inserted so the detector reference NOw cOYres-
ponds to 2N;. The noise source isturned on and the ENR1s
adjusted untilthe detector reads the referencelevel. At this
point, the ENR of the noise source/attenuator combina-
tion is the same as the DUT noise figure (assuming T, =
290K), This correspondsto Y =2 andT.=290Kineg (2-6) s0
that F = ENR.

The major disadvantage of the Y-factor technique of
Figure2-4isthe extensive effort in time and energy needed

to make a measurement. The minimun time to collect the
daiais on the order of one minute per frequency — too long
for adjusting noise figure in real time. Such long times
have an additional potential problem. The gain of the
measurement equipment and DUT must be stable during
the entire time. A 0.2dB change in gain will causea 0.2 dB
change in the Y-factor. Such gain changes might be the
result of ambient temperaturé variations or of power
supply variations. The caleulations involved to find an
accurate value of noise figure demand highly skilled peo-
ple, even if graphical aids are used.

A modern noise figure meter with fast detection capabil-
ity, and the ability to change rapidly from T} to T, is
replacing the Y-factor technique in most applications. By
including the noise figure meter’s ability to correct for the
second-stage noise contribution, and T}, and T, variations,
the accuracy balance often favors the noise figure meter.
Measurements in real time, and the real-time solution of
equation {2-6) greatly enhance convenience and add to the
popularity of the microprocessor hased noise figure meter.

Hot/Cold Measurement

Noise figure measurements using a noise figure meter or
the Y-factor technique are actually hot/cold measure-
ments. The term “hot/cold” reflects thattwo known source
temperatures, Ty, and T, are used at the input of the DUT.
Among metrologists, however, hot/cold measurements
commonly refer to using a physically hot termination for
Ty, and a physically cold termination for T The hot termi-
nation is usually in an oven at 373K, The cold termination
iz usually immersed in liquid nitrogen, resulting in a
temperature of about 77K. Tn this section “hot/cold” will'
mean such physically hot and cold terminations.

Because hot/cold measurements require connecting first
one termination, then the other for each measurement,
measurements take a long time. Automation with a switch
isusually not practical because of errors introduced by the
additional losses and reflections of the switch. Further-
more, the Y-factor technique of Figure 2-4 would be used
along with equation (2-6) to calculate noise figure. The
2970A Noise Figure Meter, however, saves much of the
tedium by already being programmed to solve equation
(2-6) using proper hot and cold source temperatures. When
the 8970A is used with an external computer, the noise
power measurements can bemade at many frequencies for
Ty, then at many frequencies for Tg, fransferring each
measurement to the computer. When all the data is taken,
the computer calculates the noise figure and gain of the
DUT. This saves connecting each termination at each
measurement frequency.

Hot/cold measurements require great skill for accurate
resulis. To show the need for skill, refer again to the
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straight-line characteristic of Figure 1-7. ‘When a straight
line is determined by measuring two points that are very
close together, the parameters of theline, n oise figure or T';
and gain, are very sensitive to small errors in the coordi-
nates of the two points. Errors might be caused, for exam-
ple, by jitter, non-linearities, and gain or power supply
drift. For the hot/cold method, the abscissas of the points
are about 80K and 378K — much closer than the=295K and
~10000K of usual noise figure measurements.

Hot/cold measurements are saved for the most critical
situations because of the skill and large amount of time
needed to achieve accurate results, The goal of hot/ cold
measurements is usually to save at least one echelon inthe
traceability calibration path of noise sources. Manufac-
turers of noise sources must often use hot/cold measure-
ments to calibrate the excess noise ratio of their noise
sources because NBS offers no noise source calibration
service at many frequencies. The hot/ cold method is used
to relate noise measurements to a fundamental physical
standard.

Certain hot/cold measurements are subject fo extra
sources of measurement error. Some cold terminations are
not designed to avoid condensation so that condensation
forms and then freezes in the termination or the connect-
ing transmission line. The presence ofice affects propaga-
tion and loss and therefore the noise figure measurement
aceuracy. Another source of error is the temperature gra-z
dient along the transmission line from the cold termina-
tion to the DUT. The temperature gradient affects the loss
of the line and the measurement accuracy. Still another
source of error might be heating and cooling ofthe DUT by
the terminations. o o

‘Signal Generator Method

In the 1930°s and 1940’s, when noise figure was first
being measured, there were no calibrated noise sources
available. The only convenient noise source was a termi-
nation at room temperature. The signal-generator method
of measuring noise figure was used because it did not need
2 hot and cold noise source. This method requires using a
signal generator to measure the gain vs. frequency charac-
teristic of the DUT or of the DUT and the bhand-limiting
fitter. The gain vs. frequency curve is then integrated,
usually by graphical methods, to find the gain-bandwidth
product of the DUT. Up to this point, the measurement
procedureis equivalent to finding the slope ofthe straight-
line noise characteristic discussed in the previous chapter.
The signal generator is then removed from the DUT and a
room temperature termination is placed at the input. The
output noise power, N, is measured with a power meter or

"'suitable substitute. Thus the coordinates of one point
(Tamb: No) of the straight line noise characteristic axp
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known along with the slope. If the ambient temperature is
assumed to be the standard temperature of 290K, noise
figure is given by

N,
kGBT,

where k is Boltzmann’s constant and GB is the ahove
measured gain-bandwidth product.

I = (2-7)

There are several problems with the signal generator
method. Measuring the gain-bandwidth product is a
tedious, time-consuming process. Measurement time is too
long to make tuning adjustments that minimize noise fig-
are of the DUT. The accuracy of measuring the gain-
bandwidth product and N, is about + 1 dB at best. This
gives a 1 dB uncertainty in the noise figure —large com-
pared to modern noise figure meter methods.

The signal generator method has one advantage that
sometimes applies when measuring very large noise fig-
nres (greater than about 30 dB). Noise figure meters havea
problem measuring very large noise figures because the Ny
and N; noise powers measured for T}, and for T, are almost
identical. Ordinary jitter effects can, for example, some-
times cause N, to be larger than Ng, making noise figure
calculations meaningless. Thenoise power outputis almost
totally due to noise added and hardly at all due totheinput
noise for either T, or T Thus the Y factor (and Ng/Njin
the straight-line characteristic) is very nearly one. The
denominator of equation (2-6), (Y-1), becomes very small
and isthe difference between two numbers of the same size.

The result is poor measurement accuracy. The signal-

generator method, on the other hand, does not sufier from
such a degraded accuracy at large noise figures. The gain-
bandwidth product and a singie value of power out can be
measured to the same aceuracy for large noise figures as
for small noise figures.

This chapter has briefly discussed the traditional and
modern methods of measurement. Other methods of meas-
uring noise figure are variations on one of the above
methods. A description of several of these variations is
contained in NBS Monograph 142(24] In the early days of
noise figure, noise source calibration was poor. The popu-
lar noise sources used a physical temperature or sources
whose output was known theoretically. The once popular
signal generator method uses only one source, the ambient
temperature. More modern requirements demand more
accurate measurements, often by semi-skilled people, tobe
performed on many devices at many frequencies. Thus the
modern trend has been toward equipment with bhuilt-in
accuracy, that is convenient to operate and does not
require a lot of theoretical knowledge and mathematical
manipulation. There is often at least one person, however,
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in each organization that measures noisefigure, whomust
be aware of the myriad of terms, error corrections, and
derivations that have taken place over the years. The

Hy

background material is often diffieult to find. The follow-
ing appendix and glossary were written to simplify the
 task. References are given at the end of the glossary.
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3. Appendix

Noise Relations

Relation I.
Fe (S8/N);
(8/N),

(3-1)
T=T, :
. yields

o N, + kT,BG,

kTBG, {3-2)

Eq (3-1) is more precisely written as
5;/N;

{3-3)
So/No Ts = To

< =

S; and 8, refer to the signal power available from the
source and the DUT output, and N; and N, refer to the
noise power available from the source and the DUT output.
From the definition of available gain

Se=15i Ga

The noise power available atthe outputis composed of two
uncorrelated components, amplified input noise and noise
added by the DUT. Thus

(3-4)

ND = Na + Ni Ga | T5 — Tu (8-5)
Substitution of eq (3-4) and (3-5) in (3-3) gives :
CF= Si . Na + GaNi (3-6)
G,5; N; T, =T,

- The input noise power that gets amplified is over the noise

bandwidth B (the bandwidth of either the DUT or the
power measuring equipment, whichever is narrower) so
that

Ni Ts - TQ = kToB {3'7)
Qubstituting eq (3-7) into (3-6) gives
N + kT BG
S Q.E.D.
kT, BG,

Relation Il
1 ”.TI .N.a (38)
£ kG,B

Figure 1-5, repeated here, shows that the slope of the
general noise characteristic of a two-port device and the
slope of the noise characteristic for a noise-free device are
both equal to kG,B. But the slope of the noise-free charac-
teristic, i.e., the rise/run, is also equal to N /T, The two
expressions for slope must be the same so that

Na
kG,B= —— 39
8 T (3-9)

This is obviously the same as eq (3-8), Q.E.D.

| Py
P ' 1 |
i
3 :
= slope=kGgB 1. .
=
L ‘
G-
: Nl P
N D _Ta_ SRR Sdura'eTemeemme u(']_'-' B Ts

Figure 1-5. Effective input noise temperature T, shows
how hot the source impedance driving o perfect (noise-free)
device would have to be to contribute the same noise as the
added noise of the DUT. It also turns out that ~ T, Is the
X-gxis intercept of the straight-line noise characteristic.

Relation lil.

T+
= L 3-10
T, (8-10)
Eq (3-9) can be rearranged to give
N, = TekG,B (3-11)
Substituting this into eq (3-2) gives
T kG, B+ kT ,G.B
_ ~eta oYa (312)
kT, G.B
or
T,+T
Fe 22 QED.
Ty



Relation IV.

L TR=YT,
. e 3-13
} =Ty (3-13)
| where
: N
y= —=2 (3-14)
. Ni

The noise power available at the output of the DUT is
composed of two parts, amplified input noise and noise
added by the DUT. The amplified input noise available at
the output is the product of available gain and noise power
available at the input. Thus .

N
v=*
Ny
N, +¥XI,BG :
_ a h a (3-15)
N, + kT BG,
By substituting in eq (3-15) from {3-11) for N
kT.BG, + kTLBG
_ KTBG, + kTyBG, (3-16)
kT BG, + KTBG,
or
T.+T
_ Lty (3-17)
T.+ T, .
;
Solving this equation for T, gives
T™—-YT
Te:ﬁ_i
¥-1 Q.E.D.
Relation V.
BRI = B P
TR To ) Ao 7 318
1* ;' NoT - (3-18)
Using eq (3-10) and substituting (3-13) for Te gives
Ty-YT,
po 21 b (3-19)
T, . )
or
Ty - YT+ YT, —-Ta
F= {3-20)
T, (Y-1)
Cor '
Th T,
Y (1)
= Q.ED.
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Figure 3.1. A cascade of two stages where each stage
contributes its own noise (represented by Tej o7 Te2) and
processes {amplifies) the noise power available from the

previous stage.

Relation VI. The Cascade Effect
O Tas =Tat ——

Figﬁre 3-1 shows cascéded stages where each stage has
an input composed of the sum of two effects: {1) The T, of
that stage, and (2) the noise power available at the input.
The power available from the source is kT B where the
bandwidth, B, is assumed to be determined by the power
meagurement. The power available at the output of the

first stage is (using eq (3-9) for Ny

(3-21)

P,; = kTyBGy + kTe;BGua1 (3-22)

The power available at the output of the second stage is

PaZ = PalGaQ + kTe2BGa2 (3-23)

ar
P, = KT BGayGan + kTeBG21 Gz + KTezBGaz  (3:24)

But P, can also be written considering thetwo stagesasa
single entity with available gain G, and effective input
noise temperature Tey2

P o = KT BG.z + KTe12BGar2 (3-25)

But G,1gis the equivalenttothe product G, Gag. Using this
equivalence and equating (3-24) to (3-25) ’

kBGaZ(TsGaI + TelGal + Te.'Z) = kBGaz(TsGal + TelZGal)
. (3-26)




L

Solving for Te1p gives

Topg=Tor 2
4277 G QED.
Relation VII.
; " Fy—1
: F12 = F1 ‘+ ) (3-27)
e Gal

Eq (3-10) can be solved. for T, to give

T, =T, F-1) . . (3-28)

Substituting this equation into (3-21) several times while
denoting the individual T¢'s and F’s by the appropriate
subscripts gives

T (Fa2-1)
Ty (F-1)=ToF-D+—— (3-29)
Gai
which simplifies to
Fy-1
Fio=F1+—— Q.ED.
Gal

G
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4. Gﬁcws;sary

Symbols and Glossary Terms

B Noise Bandwidth

hel? Power delivered Iy a generator to a non-
reflecting load

DSB  Double Sideband (see Single Sideband)

ENR IExcess Noise Ratio

F Noige Figure

Foin  Minimum Noise Figure
/1 Flicker Noise

G Power Gain

Gaes  Associated Gain

Ga Available Gain

G; Insertion Gain

Gs Signal Gain

Gy Transducer Gain

G/T  (iain to Temperature Ratio

K Kelvins (Unit of Temperature)

k Roltzmann’s Constant
M . Noise Measure
M

u Mismatch Uncertainty

N, Noise Added

NF Noise Figure

Ny  =Nj(seeY Factor)

Non =Ny (see Y Factor)

N; N gy for T, (see Y Factor)

Ny Ny for Ty, {see Y Factor)

R, Equivalent Noise Resistance

Tn Equivalent Noise Resistance &

RSS  Root Sum-of-the-squares

SSB  Single Sideband

Sy Forward Transmission Coefficient

Ta Noise Temperature

Tg, T, Cold Temperature (see T,)
T, Tffective Input Noise Temperature

Tg, Ty, Hot Temperature (see Ty)

The Effective Noise Temperature

Tost Off Temperature (see Tofp)

Ton On Temperature (see Tyn)

Top Operating Noise Temperature

T, Standard Noise Temperature (290K)
. Topt  Optimum Reflection Coefficient

Associated Gain {G,g). The available gain of a device
when the source reflection coefficient is the optimum
reflection coefficient Tgpt.

Available Power Gain {G,).|2]| Theratio, at a specific
frequency, of power available from the output of the net-
work P, to the power available from the source |

Pao

Ga== 1
2 Pae ‘ W

For a source with output |be|? and reflection coefficient I'g

|bs|*
= "7 2
T T-In @
2 21— 112
P = bs] 1321\'( ITsl J- i @)
(1 - TgSy11) (1 - T*Sea) — I I'e*S10821 |
where
81055
Py Sgnt 1252178 , @
1-5111%

An alternative expression for the available output poweris
- IR
21— TS A1 - M)

(5)

These lead to two expressions for Ga.
(11152 (1 = 10
(1 - I"S1q) (L = I'g*Spg) ~ T2 B125m 2
1- >
1~ DSy~ T2/

(6)

Ga: 1S2I|2

Ga= 8112 (7)

NOTE: Gaisa function of the network parameters and of
the source reflection coefficient I's. (,isindependentofthe
load reflection coefficient I,

G, is often expressed in dB

Pao
G,(dB)=10log: (8)
PB.E

Avalanche Diode Noise Source.[10,11, 12,14,19,20]A
noise source that depends on the noise generated in a solid
state diode that is reverse biased into the avalanche
region. Such noise sources have become very popular
because of their small size and low power requirements.
Recent design advances have produced noise sources that
are stable with time, have a broad frequency range and a
low reflection coefficient. Excess noise ratios of well
matched devices are usually about 15 dB (T, =10000K).
Higher excess noise ratios are possible by sacrificing
impedance match and flat frequency response.

Bandwidth [B). See noise bandwidth.
Boltzmann’s Constant (k). 1.38 %1073 joules/kelvin.

Cascade Effect. |7). The relationship, when several
networks are connected in cascade, of the noise characteris-
tics (For Teand G,) of each individual network to the noise
characteristics of the overall or combined network (see
Appendix). fFy, Fa, .. o F, (humerical ratios, not dB) are
the individual noise figures and Gga1, Gazr - - = Gan
(numerical ratios) are the individual available gains, the

_combined noise figure is




P, -1
GralG:ﬂ G:a(n—l,‘;

Fo-1 Fg-1

— (1)
Gal ‘GalGaZ

F=F1+

the cornbined available gain is

Gy= GalGaE'"Gan 2)

‘Tn terms of individual effective input noise temperatures

T, Tetyeres Ten the overall effective input noise temperature
is
Te2 Te2 Ten (3)

Ty = Ty + 2 4 et
Ga1  GaiGaz Ga1Ga2 - Gam-1)

NOTE: Each F;, Te, and Gy above refers to the value for
the source impedance that corresponds to the output impe-
dance of the previous stage.

Diode Noise Source. See #Avalanche Diode Noise
Source” for a solid state noise source and “Thermionic
Diode Noise Source” for a vacuum diode nolse source.

Double Sideband [DSB). See Single Sideband (S5B).

Effective Input Noise Temperature {T.}. 1161 The noise
temperature assigned tothe impedance at theinput portof
a DUT which would, when connected to a noise-free equi-
valent of the DUT, yield the same output power as the
actual DUT when itis connected to a noise-free input poré
impedance. Thesame temperature applies simultaneously
for the entire set of frequencies that contribute to the out-
put frequency. If there are several input ports, each having
a gpecified impedance, the same temperature applies simul-
taneously to all the ports. All ports except the output areto
be considered input ports for purposes of defining Te.

NOTE 1: A noise-free equivalent of the DUT is one for
which all internal (inaccessible) noise sources are removed,
and for which the termination at the output is noise free.

NOTE 2: T, depends on the impedance at the output port
and the noise temperature of the impedance at frequencies
other than the specified output frequency although the
effect is usually very smail.

NOTE 3: For a two-port transducer with a single input
and a single cutput frequency, Te is related fo the noise
figure F by '

T, = 290(F-1) L

Effective Noise Temperature [Tne). 1] (This is a prop-
erty ofaonep ort,i.e., anoisesource.) The temperature that
yields the power emerging from the output port ofthenoise

s wj source when itis connected to a nonreflecting, nonemitting

a0

load. The relationship between the noise temperature T,
and effective noise temperature Tne is

The=Ta (1~ T'% 1)

where Iis the reflection coefficient of the noise source. The
proportionality factor for the emerging power is kB sothat

Pe

The = — (2)
"® (kB)

where P, is the emerging power, kis Boltzmann’s constant,

and B is the bandwidth of the power measurement. The

power spectral density across the measurement band-

width is assumed to be constant.

Equivalent Noise Resistance [r, or Ry). See “Noise Fig-
ure Circles”.

Excess Noise Ratio [ENR).[1] A noise generator property
caleulated from the effective noise temperature (T},) using
the equation

Tne _To

Te

ENR =10log (1)

where T, is the standard temperature of 290K. Note well
that this definition refers, through Ty, to the emerging
powerintoa nonreflecting, nonemitiing load and does niot
refer to the power delivered to a conjugateload. Many noise
figure experts have used a different definition (see, e.g.,
[22)). They tend to use eq (1) with noise temperature Tas
instead of T, because T, can often be found, at least in

principle, from the physical temperature or calculations.. coooeoo oo

T, and ENR is what is calibrated by the United States
National Burean of Standards!NBS). Most engineers work-
ingin noise figure interchangeablyuse Tand Ty, ineq (1).
They refer to both as Th. ’

A few examples of the relationship between ENRand Ty
may be worthwhile. An ENR of 0 dB corresponds to Tpe= -
580K. T, of 100°C (873K} corresponds to an ENR of -5.43
AB. Ty of 290K corresponds to an ENR of —= dB.

Flicker Noise and 1/f Noise. [29,33] Any noise whose
power spectral density varies inversely with frequency:
Especially important at audio frequencies or with
GASFETs below about 100 MHz. Most causes of 1/f noise
are not well understood. One cause of 1/f noise in vacuum
tubes is the slowly varying condition of the cathode. In
transistors 1/f noise is thought to be partially due to
inhomogeneities and surface effects.

Forward Transmission Coefficient [S2y). The ratio, at a
specific frequency, of the power delivered by the outputofa
network, to the power delivered to the input of the network




when the network is terminated by a nonreflecting load
and excited by a nonreflecting generator.

The magnitude of this parameter is often given in dB.
18512 (dB) = 101og |Sy!? (1)
Friis Formula. See Cascade Effect.

Gain to Temperature Ratio {G/T). |28,34] A figure of

'7 metit for a satellite or radio astronomy receiver system,
including the antenna, that portrays the operation of the

total system. The numerator is the antenna gairn, the
denominator is the operating noise temperature of the
receiver. The ratio is usually expressed in dB, i.e,
10log(G/T). G/T is often measured by comparing the
veceiver response when the antenna inputis a “hot” celes-
+ial noise source to the response when the input is the
background radiation of space (=3K).

Gas Discharge Noise Source.| 22,23 A noise source that
depends on the temperature of an ionized noble gas. This
type of noise source usually requires several thousand
volts to begin the discharge but only about a hundred volts
to sustain the discharge. Components of the high turn-on
voltage sometimes feed through the output to damage cer-
tain small, frail, low-noise, solid-state devices. The gas
dischargenoise source has been replaced by the avalanche
diode noise source in most applications. Gas dischdrge
noise sources, however, are still used for calibration pur-
poses at the United States National Bureau of Standards
because of low measurment uncertainty and proven Jong-

term stability. Gas discharge tubes are still widely used af.

millimeter wavelengths. Excess noise ratios (ENR) for
argon tubes is about 15.5 dB (10000K).

Gaussian Noise, |5] Noise whose probability distribu-
tion or probability density function is gaussian, thatis, it
has the standard form

N

o 1w | sy
x =
P o+ Zm

where o is the standard deviation. Noise that is steady or
stationary in character and originates from the sum of a
large number of small events, tends to be gaussian by the
central limit theorem of probability theory, Thermal noise
and shot noise are gaussian.

Hot/Cold Noise Source. In one sense most noise figure
measurements depend on noise power measurements at
two source temperatures — one hot and one cold. The
expression “Hot/Cold,” hawever, frequently refers tomeas-
surements made with a cold termination at liquid nitrogen

- temperatures (77K) or even liquid helium {4K), and a hot

termination at 373K (100°C). Such terminations are some-
times used as primary standards and for highly accurate
calibration laboratory measurements.

Insertion Gain [G;). The gain thatis measured by insert-
ing the DUT between a generator and load. The numerator
of theratiois the power delivered to the load while the DUT
is inserted, Pg. The denominator, or reference power Py, is
the power delivered to the load while the source is directly
connected. Measuring the denominator might be called the
calibration step.

P .
G=—" &
Py
The load power while the source and load are directly
connected is

|2 1—1F1|2 (2)

P. = |b,
[P I1-MTel®

where the subscript “r” denotes the source characteristics
while establishing the reference power, i.e., during the cal-
ibration step. The load power while the DUT is inserted is

1-11Ty? 3)
Py = [bal®8a!? -
& = Ibal*1821” 8, 0 18 — MiTsaS128a1
or
1- 02
Pa=bal® 80 s P T @
where
819821 Tsa
_— T‘é'ﬁ'822'+ 1202211 50 . . . . _(5)
1-TeaSn

In equations (3,4, and 5) the subseript “d” denotes the
gource characteristics while the DUT is inserted. The S
parameters refer to the DUT. The source characteristics
while calibrating and while the DUT is inserted are some-
times different. Consider that the DUT, for example, is &
microwave receiver with a waveguide input and an IF
output at 70 MHz. During the calibration step, the source
has a coaxial output at 70 MHz, but while the DUT is
inserted the source has a waveguide output at the micro-
wave frequency. Using the above equations, insertion gain
is

bal? 1— Dl 2

Gi= ]Szl|2 l d|2 ] 1 srl - (6)
b2 1(1-TsgS11)(1-TiS20) ~ Tl 5512591 |

or -
bal? 11— [T 12

G = 1Sl O a 7

|oal® M 77Verl
by 1-ToaS11l” 3Tl
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In those situations where the same source at the same
frequency is used during the calibration step and DUT
ingertion, [bg 2= by )% and Mg ="ed- Thisis usually thecase
when measuring amplifiers.

Instrumentation Uncertainty. The uncertainty caused
by errors within the circuits of electronic instruments. For
noise figure meters this includes errors due to the detector,
A/D converter, math round-off effects, any mixer non-
linearities, saturation effects, and gain instability during
measurement. This uncertaintyis ofien mistakingly taken
as the overall measurement accuracy because it can be
easily found on specification sheets. With modern tech-
niques, however, itis seldom the most significant cause of
uncertainty.

Johnson Noise. [18] The same a8 thermal noise.

Minimum Noise Figure [Fmpnl- See “Noise Figure
Circles”.

Mismatch Uncertainty (Myl Mismatch uncertainty is
caused by rereflections between one device {the source)
and the device that follows it (the load). The re-reflections
cause the power emerging from the source (incident to the
Joad) to change from its value with a reflectionless load.

ll{  Refiirm Loss:
i o d.B =20 qu B
%' " Mismatch Loss: ..
[ dB =10.log (372
[ swh
ﬁ . Reflestion Goefiicié
! SR

|

E

!

L

!

Example: 29 dB Return joss corresponds
to a Mismatch Loss of 0.0055 dB, a SWR
of 1.074, and a refieciion coefficien! of

R o 0.035.

- Mismatch Uncertalaty
\ Limits R —0.01
. 4B =720%og (I-piga) -
| dp=20i0g [vherpr) - 00O
1 . v R
I ’ .
[ Example: Consider a load p of 0.25 and a
I! - generator p of 0.45. The power incldent
R upon a Zg load could be 1.03 48 lower
‘|_ than 1o 0.83 dB higher than for the
i p=0.25 load. .
1 " Reflection Coefficlent: p - - 0.01 0.2 203
[~ SWRio=(I't pM{1-n) - 1.02

~0.081

AR R

_\,—‘Q———Q——H—FH‘H’%——"_—H—" —-\JrH—‘—'l__lV_‘LrlrlTL’_\H T 1 T] T
0.01 2

An expression for the power incident upon the load,
which includes the effects of re-reflections, is

L (1)
ST W i

where |bg|? is the power ihe source delivers to a nonreflect-
ingload, T'sis the source reflection coefficient, and I is the
load reflection coefficient. 1f accurate evaluation of the
power incident is needed when |b5|2 is given or vice Versa,
then the phase and magnitude of I's and T 18 needed —
probably requiring a vector network analyzer.

When the phase of the reflection coefficients is mot
known, the extremes of |1 - Tl 2 can be caleulated from
the magnitudes of I's and Ty, i.e., pg and p;. The extremes of
|1-Tgl! 2in dB can be found from the nomograph (Figure
4-1)or fromthe HP Reflectometer/Mismatch Error Limits
Calculator.™

The effect of mismatch on noise figure measurements is
extremely complicated to analyze. Consider, for example, a

#4 complimentary HP Reflectometer/Mismateh Frror Limits Caleulatoris
available from any Hewleti-Packard sales office, ox write to Inquiry Mgr. at
1820 Embarcadero Road, Palo Alto, CA 94503, Ask for Literature No.
£052-0948.

0.4 -1 -2 -5

0.1 i1

0.2 0.4 05 0.1

Figure 4-1. This nomograph gives the extreme effects of re-reflections when only the reflection coefficient magniiudes
are Enown. Mismatch uncertainty limits of this nomograph apply to noise figure measurernent aceuracy for devices

_that include an isolator at the input.
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noise source whose impedance is not quite 50 ohms. The
source takes part in re-reflections of its own generated
noise, butit alsoreflects noise originating in the DUT and
emerging from the DUT input (noise added by a DUT, after
all, is a function of the source impedance). The changed
source impedance also causes the DUT’s available gain to
change (remember that available gain is also a function of
source impedance). The situation can be complicated
further becanse the source impedance can change between
the hot state and the cold state. Many atiempts have been
made io establish a simple rule-of-thumb for evaluating
the effect of mismatch — all with limited snccess. One very
important case was analyzed by Strid [30]tohavea partic-
wlarly simple result. Strid considered the DUT to include
an isolator at the input with sufficient isolation to prevent
interaction of succeeding devices with the noise source.
The effect of noise emerging from the isolator input and
re-reflections between the isolator and noise source are
included in the final result. The result is that the error in
noise figure is

AF (dB) = Fact(d-B) - Find(dB) (2)
(3)

2101og o
11 -8l

where Fyq is the noise figure for a reflectionless noise
source, Fing is the measured noise figure, 8;; is the reflec-
tion coefficient looking into the DUT', i.e., into the isolator
input, and 'y, is the reflection coefficient looking back into
the noise source when in the hot or on condition. Strid also

_assumed that the isolator and Teqg are hoth 290K. Note

that the result is independent of the DUT noise figure, Y
factor, and the noise source reflection coefficient for Telg.

Mismatch uncertainty may also occur while characteriz-
ing the noise contribution of the measurement system and
also at the output of DUT during gain measurement. Gain
measurement mismatch effects can Le calculated by eval-
uating the difference between available gain and insertion
gain.

Mismatch uncertainty is often the most significant
uncertainty in noise figure measurements. Correction
usually requires full noise characterization (see “Noise
Figure Circles”) and measurement of phase and amplitude
of the reflection coefficients.

N;. See “Y Factor™.
N.. See “Y Factor”.
N Same as Ny. See “Y factor”.

. MNop. Same as Ny. See “Y ‘factor.”

Noise Added [N,). The component of the output noise
power that arises from sources within the network under
test. This component of output noise is usually differen-
tiated from the component that comes from amplifying the
noise that originates in the input source for the network.
Occasionally the noise added is referred to the input port,
i.e., the added noise power at the output is divided by G, or
Gy,

Noise Bandwidth {B). [17, 23] An equivalent rectangu-
lar pass band that passes the same amount of noise power
as the actual system being congidered, The height of the
pass band is the transducer power gain at some reference
frequency. The reference frequency is usually chosen to be
either the band center or the frequency of maximum gain.
The area under the equivalent (rectangular) gain vs. fre-
guency curveis equal to the area under the actual gain vs.
frequency curve. In equation form

= G(fydf
=) G W

where G, is the gain at the reference frequency. For a
multistage system, the noise bandwidth is nearly equal to
the 3 dB bandwidth. ‘

Noise Figure and Noise Factor {NF and F). [6] Ata
specified input frequency, noise figureis theratio of (1} the
total noise power/hertz at a corresponding output fre-
quency availableatthe output port when thenoise temper-
ature of the input termination is standard (290K} at all-
frequencies, to (2) that portion of the output power engen-
dered by the input termination.

The output noise power is often considered to have two
components — added noise from the device, N, and ampli-
fied input noise, i.e., the output power from the input ter-
mination amplified by the DUT, kT, BG,. Then noise fig-
ure can be written

N, +KT,BGa
KT,BG,

(-

NOTE 1: For heterodyne systems, there will be, in prinei-
ple, more than one input frequency for a single output
frequency and vice versa. For each pair of corresponding
frequencies a noise figure is defined. The denominator, (2)
above, includes only that noise from the input termination
which appears in the output via the principal frequency
transformation of the system, i.e., via thesignal-frequency
transformation(s). It does not include spurious contribu-
tions such as those from an unused image-frequency or an

unused idler-frequency transformation. e :



NOTE 2: The phrase «qvailable at the output port” may be
replaced by “delivered by system into an output termina-
tion”. Using the «delivered power” instead of the “‘availa-
ble power,” however, complicates the use of the Friis for-
mula for cascaded devices.

NOTE 3: Characterizing a system by noise figure is mean-
ingful only when the impedance (or its equivalent) of the
input termination is sp ecified.

Noise figure and noise factor are sometimes differen-
tiated by [27]

Noise Figure = 10log (Noise Factor) (1)

so that noise figure is in dB and noise factor is the numeri-
cal ratio. Other times the terms are used interchangeably.
There should be no confusion, however, because the sym-
bol “dB” seems to be invariably used when 10log (NF)has
been taken. No “dB” symbol implies that the numerical
yatio is meant.

Noise Figure Circles. [8,17) This refers to the contours
of constant noise figure for a network when plotted on the
complex plane of the source impedance, admittance, or
reflection coefficient seen by the network. The general
equation expressing the noise figure of a network as a
function of source reflection coefficient I'g 18 7

4 Topt~ Tl
F=me+ Rm. 1@2 s] 5
Zo |1+ Topl?@- 17619

where I'qpt 15 the souree reflection coefficient that resultsin
the minimum noise figure of the networlk, Fyin is the min-
smum neise figure, Z, is the reference impedance for defin-
ing T (usually 50 ohms) and Ry, is called the equivalent
noise resistance. Sometimes Rn/Z, is given as the single
parameter Iy, called the normalized equivalent noise res-
istance. Loci of constant ¥, plotted asa function of I'y, form
circles on the complex plane. Noise figure circles with
available gain circles are highly useful for circuit designer
insight into optimizing the overall network for low roise
figure and flat gain.

Noise Measure {M}. {13] A quality factor that includes
both the noise figure and gain of 2 network as follows

_F-
T, _ 1 L
1-a

If two amplifiers with different noise figures and gains
are to be cascaded, the amplifier with the lowest M should
be used at the input to achieve the smallest overall noise
figure. Like noise figure and available power gain, 2 net-

“work’s noise measure generally varies with source impe-
- dance [8} To make the decision a¥ to which amplifier to
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place first, the source impedances must besuch thatF and
G for each amplifier are independent of the order of
cascading.

Noise measure is also used to express the overall noise
figure of an infinite cascade of ;dentical networks. The
overall noise figure is

-1 F-1 F-1 ' (2)
Fyp = F +—— et o
Ga Gag Gﬂs
P =1+ ik
tol — 1 1_-_1_ (3)
a
Fiu=1+M | (4)

Sometimes Figt of equation (2) is called the noise measure
instead of M in equation (1). Careshould he exercised asto
which definition is being used — they differ by 1.

Noise Temperature (T.}. 1] The temperature thatyields
the available power spectral density from a source. It is
obtained when the corresponding reflection coefficients
for the generator and load are complex conjugates. The
relationship to the available power Py 18

Pa

T, =— ' 1
a8 o

where k is Boltzmann’s constant and Bistheban dwidth of
thepower measurement. The power gpectral density across
the measurementbandisto be constant. Alsosee Effective
Noise Temperature {The)-

Noise temperature can be equivalently defined {23] as
the temperature of a passive source resistance having the
same available noise power spectral density as that of the
actual source.

Nyquist's Theorem. See “Thermal Noise”.

Operating Noise Temperature [Top)- [6] The tempera-
fure in kelvins given by:
Ty ®
P kG

where N, is the output noise power/hertz from the DUT at
a specified output frequency delivered into the output cir-
cuit under operating conditions, k is Boltzmann's con-
gtant, and G is the transducer power gain for the signal.

NOTE: Inezlinear two-port transducer with a singleinput
and a single output frequency, Top 18 related to the noise
temperature of the input termination T,, and the effective
input noise temperature T, by:




Iy
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Top=Ta+ T @

Optimum Reflection Coefficient [Top). See “Noise Fig-
ure Circles”.

partition Noise. |23,33] An apparent additional noise
source due to the random division of current among var-
ious electrodes or elements of a device.

Pink Noise. A noise spectrum whose power spectral den-
gity on a log frequency basis (i.e., watts/decade) is con-
gtant. The power spectral density varies as 1/f. Pink noise
is often formed by passing white noise through a filter with
a 3 dB per octave rolloff. It is primarily used for testing
systems with multi-decade bandwidths guch ag audio
systems.

Power Gain [G).|2] Theratio, ata specific frequency, of
power delivered by anetwork to an arbitrary load Py to the
power delivered to the network by the source Pg.

c- D W

=3

The words “power gain” and the symbol G are often care-
lessly used when referring to noise, but what is probably
intended is “available power gain (G,)”, or “transducer
power gain (Gy)”, or “ingertion power gain (Gy)”.
For an arbitrary source and load, the power gain of a
network is given by

_ 1- Ty
G = |8y L ] ) @)
11 —P]Szzl (1 - [T‘ll )
where _
515851
Fl - Sll + 1272171 (8)

1-TSgee

NOTE 1: G is function of the load refiection coefficient
and the scattering parameters of the network but is inde-
pendent of the source reflection coefficient.

NOTE 2: The expression for Gisthesameas that for Gy if
I is substituted for I's and 8y, is substituted for Sas.

G is often expresed in dB

I )
G(dB) =10 logP—] | (4)

1

Root sum-of-the-squares uncertainty {RSS). A method
of combining several individual uncertainties of known
limits to form an overall uncertainty. If a particular mea-
gurement has individual uncertainties +4A, =B, *=C, ete,
then the RSS uncertaintyis . . . T

Upgs = (A% 4+ B? + C2 4 .12 {1

The RSS uncertainty is based on the fact that most of the
errors of measurement, although systematic and not ran-
dom, are independent of each other. Since they are inde-
pendent they are random with respect to each other and
combine like random variables.

Second-Stage Effect. A reference to the cascade effect
during measurement situations where the DUT is the first
stage and the measurement equipmentisthe second stage.
The noise figure measured is the combined noise figure of
the DUT cascaded to the measurement equipment. If Fpis
the noise figure of the measurement system alone, and s
is the combined noise figure of the DUT and system, then
F,, the noise figure of the DUT, is

(1)

where G, is the available gain of the DUT.

NOTE: Fy in equation (1) is the noise figure of the mea-
surement system for a source impedance corresponding to
the output impedance of the DUT.

Sensitivity. The smallest sigmal that a network can reli-
ably process. Sensitivity sp ecifies the strength of the smal-
lest signal at the input of a network that causes the cutput
signal power to be M times the output noise power where M
must be specified. M=1 is very popular. For a source
temperature of 29CK, the relationship of sensitivity to
noise figure is -

S; = MkT BF . (1)

In dBm

S; (dBm) =-174 dBm + F(dB) + 10 _1og B+10log M (2)

Thus sensitivity is directly related to noise figurein terres-
trial systems once the bandwidth is known.

Shot Noise. [5, 33] Noise caused by the quantized and
random nature of current flow. Carriers are emitted,
injected or otherwise cross boundaries of devices in aran-
dom manner — giving rise to the noise. Shot noise, arising
from a large number of gmall events, exhibits a gaussian
probability distribtion. The power spectral density is pro-
portional to the current flowing and is often flat with fre-
quency up to the frequency that is the reciprocal of the
transit time. i

signal Gain (G). [6] Theratio of signal power delivered
into the oufput circuit P1to the signal power available at
the input Pag ST

9



Gy= ey

Thus signal gain is the same as transducer gain.

Single-sideband {SSB). Refers to using only one of the
two main frequency bands that get converted to an IF. In
noise figure discussions, single-sideband is derived from
the meaning attached to modulation schemes in commun-
jeation systems where energy on one side of the carrier is
guppressed to more optimally utilize the radio spectrum.
Many noise figure measurements are in systems that
include down conversion using a mixer and local oscillator
at frequency f o to generatean intermediate frequency fiv.
The IF power from the mixer is usually increased by an
amplifier having bandwidth B. Some of these down con-
verting systems respond only to gignals over handwidth B
centered at f1o + fip. These are gingle-sideband measure-
ments at the upper sideband (USB). Some other systems
respond only 1o gignals over bandwidth B centered at
fr o - frp- These are single-sideband measurements at the
lower sideband (LSB). Other systems respond to signalsin
both bands. Such measurements are called double side-
band (DSB}. 88B systems usually use pre-selection filter-
ing orimage rejection to eliminate the unwanted sideband.

Confusion often arises when DSB noise figure mea-
gurement results for receivers or mixers are to be intét-
preted for single-sideband applications. The cause of the
confusion is that the definition of noise figure (see the
notes under “Noise Figure” in this glossary) states that the

- pumerator should include noise from all frequency trans-

formations of the system, including the image frequency
and other spurious responses, but the denominator should
onlyincludethe principal frequency transformation of the
system. For systems that respond equally to the upper
gideband and lower sideband, but where the intended fre-
guency translation is to be for only one gideband, the
denominator noise power in the definition should be half
the total measured output power engendered by the input
(assuming gain and bandwidth are the same in both
bands). Double-sideband noise figure measurements nor-
mally do not make the distinction, Since the noise source
contains noise at all frequencies, all frequency transfor-
mations are included in both the numerator and denomi-
nator. Thus, if the final application of the network being
measured has desired signals in only one sideband but
responds to noise in both sidebands, the denominator of
DSB measurements is too large and the measured noise
figure is too small — usunally a factor of about two {3 dB).

There are occasions when the information in both side-
bands is desired and processed. The measured DSB noise

figure is proper and no correction should be performed. In

36

many of those applications, the signal being measured is
radiation so the receiver ig called a radiometer. Radio-
meters are very common in radio astronomy.

Noige figure measurements of amplifiers made with
measurement systems that respend to hoth sidebands
should not include a 3 dB correction factor. This was dis-
cussed in Chapter 1under «Qame Typical Noise Figures”,
In this case, the noise figure measurement system is oper-
ating as aradiometer becauseitis using theinform ationin
both sidebands.

Spot Noise Figure and Spot Noise Factor.A term used
when it is desired to emphasize that the noise figure or
noise factor pertains to a single frequency as opposed to
being averaged over a broad band.

Standard Noise Temperature [T.).- 161 The standard
veference temperature for noise figure measurements. Itis
defined to be 28CK.

Te. T oF Teold- The colder of two noise source tempera-
tures, usually in kelvins, used to measure a network’s noise
characteristics.

Ty, The OF Thot- T0€ hotter of two noise source tempera-
tures, usually in kelvins, used to measure a network’s noise
characteristics.

Ty The temperature, usuzlly in kelvins, of a noise
source when it is biased off. This corresponds to Teola-

Tone The tempgrature, usunaily in kelvins, of a noise

source when it is biased on. This corresponds t0 That-

Thermal Noise. | 18,23,26] The fluctnating voltage across
a resistance due to the random motion of free charge
cansed by thermal agitation. The probability distribution
of the voltage is gaussian with mean square voltage

— f,
0.2 = 4kT ff R(Ep(F)3L )
! |
for bt
hf =
= (o KT 7y1
) kT(e 1) (2)

where k is Boltzmann’s constant (1.38 10723 joules/kel-
vin), T is the absolute temperature in kelvins, R is the
resistance in ohms, fis the frequency in hertz, f; and fy
specify the band over which the voltage iz observed, and h
i the Planck’s constant {6.62 %1073 joule seconds! For
frequencies below 100 GHz and for T = 290K, 1>p({f}>0.992,
so p(f)=1 and equation (1) becomes -

@

F O
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el = 4 XTRfp ~ ;)

=4 XTRB (3)

The power available, that is, the power delivered to a com-
plex conjugate load at absolute zero, is

=kTB (4)

The available power spectral density is kT watts/hertz.
Although this development appears to make eq (3} more
fundamental than (4), Nyquist[26] first arrived at the
value of power spectral density (eq {4)) and then calculated
the voltage and current involved (eq {3}). The expression
for the voltage generator is

e,2 df =4 RKT df (5)

Equation (5) is frequently referred to as Nyquist’s Theo-
rem. This should not be confused with Nyquist’s work in
other areas such as sampling theory and stability criteria
where other relations may also be referred to as Nygujst’s
Theorem. When T is equal to the standard temperature Ty
(290K), kT, = 4 x107%' W/Hz = -174 dBm/Hz.

Thermionic Diode Noise Source. [5, 23, 29, 33] A noise-

source that depends on the shot noise in a vacuum diode
operated in the temperature limited region. In the 1950’s
and 60°s the thermionic diode noise source was popular for
the IF and VHF ranges but since then has been largely
replaced by the avalanche diode noise source. Excessnoise
ratios (ENR) tend to be about 5 dB (Th,. =1200K).

Transducer Power Gain [Gy). [2] Theratio, ata specific
frequency, of power delivered by a network to an arbitrary
load P, to the power available from the source Pas

G=1 @)
PaS

For a source of strength |bg % and reflection coefficient I',
and for a load reflection coefficient I'.
L0 :
1T
[bg|? 1S9 [* (1~ ITW?)

P = - )
(1 TeS11)(1 — T1Sg2) — TsS128m °

@

where the S parameters refer to the DUT. An eguivalent
expression for Py is

N )

= : . 4)
1-TeSp |2 11 - Nl

]

where
g =Sgp + %_Z—S::S—E' (5)
Transducer gain is then
(1 - re? (= 1)
|(1 — PgS11) (1~ TSpp) ~ NTeS12821 |
(1- 0 (-T2

|1~ PeSyy (2 11 - Tyl

Gy = |Sg 2 (6)

Gy= .|521|2 7

Transducer gain is a function of the source and load reflec-
tion coefficients as well as the network parameters.

The term “transducer” arises because the result com-
pares the power delivered to an arbitrary load from an
arhitrary generator through the DUT with the power deli-
vered to the load through a jogsless transducer which
transfers all of the available generator power to the load.

Transducer gain is often measured in dB

G, (dB)=101log )

as

White Noise. Noise whose power spectral density (watts/
hertz) is constant for the frequency range of interest. The
term “white” is borrowed from the layman’s concept of
white light being a composite of all eolors, hence contain-
ing all frequencies.

Worst Case Uncertainty. A conservative method of
combining several individual measurement uncertainties
of known limits to form an overall measurement uncer-
tainty. Each individual uncertainty is assumed to be at its
limit in the direction that causes it o combine with the
other individua) uncertainties to have the largest effect on
the measurement result. The deviation of the calculated
measurement result from theresult that would be achieved
if each individual cause of uncertainty were totally re-
moved is the worst case uncertainty.

Y Factor. The ratio of N to Ny in noise figure measure-
ments where Ny is the measured noise power output from
the network under test when the source impedance is
turned ON or at its hot temperature and Ny is the measured
power output when the source impedanceis turned OFF or
at its eold temperature.

g7
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CHECKLIST, WATCH OUTS, BE CAREFULS, ADVICE FOR THE LEERY,
WHOOPS

SUBJECT AREA : COMMON TROUBLE

EMI Tnterference from TV, FM, nearhy microprocessors, etc.
Only single shield on IF cable (use double shield such as HP 111704, B, or C if BNC).
Unshielded HP-IB cable and/or connector.
Unshielded HP-IB interface card on controller.
Dirty or loose connectors.
Uncovered circuifry.
Transistor chips exposed to light.
Dirty electromagnetic environment (shielded room needed?).

Connector Wear Improper torque.
and Damage Turning entire component to tighten connector.
Mating with already worn connector.

Mismatch High DUT 311
High DUT Sgp.
High input SWR for measurement system.
High noise source SWR.
Large Mhot — [eotal for noise source (not a problem for DUT’s with isclators).

Non-linearities High spurious power, perhaps cutside the measurement range, causing compression.
Rroad bandwidth causing high power and compression. ‘
DUT or measurement syst;ﬁm not warmed up.
Power supply drift.
Oscillating DUT (probably outside measurement range).
Regeneration somewhere.
Giain too high {add attenuation at DUT putput).
Trying to measure a logarithmic amplifier.

Down converter High mixer conversion loss.
Mixer not balanced.
Mixer diodes not well matched.
High LO noise at the IF away from the LO frequency.
Perhaps a preamp is needed for lower and constant system F.
IF too high for mixer design.
1.0 drive power too low.
1.0 drive power drifts.

Loss of adapters, Tmproper available gain (should be |821|2/(1 - |822L2). isolators, tuners, etc.
isolators, tuners, etc.

ENR calibration Improper correction for isolator attached 10 noise sOUrce.
Worn connector on noise sOUrce.

DSB or 388 DUT G, or ¥ vary too much with frequency for DSB.
System noise figure too high for SSB {(perhaps use preamp).
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