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Chapter 1.
What is Noise Figure?

Introduction

Modern receiving systems must often process very
weak signals, but the noise added by the system
components tends to obscure those very weak signals.
Sensitivity, bit error ratio (BER) and noise figure are
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
characterizing the entire system but also the system
components such as the pre-amplifier, mixer, and IF
amplifier that make up the system. By controlling the
noise figure and gain of system components, the designer
directly controls the noise figure of the overall system.
Once the noise figure is 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
suppliers 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. One approach to overcome noise is to make
the weak signal stronger. This can be accomplished by
raising the signal power transmitted in the direction of
the receiver, or by increasing the amount of power the
receiving antenna intercepts, for example, by 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
measurements are key to assuring that the added

noise is 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.

This application note is part of a series about noise
measurement. Much of what is discussed is either mate-
rial that is common to most noise figure measurements
or background material. It should prove useful as a
primer on noise figure measurements. The need for highly
repeatable, accurate and meaningful measurements of
noise without the complexity of manual measurements
and calculations has lead to the development of noise
figure measurement instruments with simple user
interfaces. Using these instruments does not require

an extensive background in noise theory. A little noise
background may prove helpful, however, in building
confidence and understanding a more complete picture
of noise in RF and microwave systems. Other literature
to consider for additional information on noise figure
measurements is indicated throughout this note.
Numbers appearing throughout this document in square
brackets [ ] correspond to the same numerical listing

in the References section. Related Agilent Technologies
literature and web resources appear later in this
application note.

NFA simplifies noise figure measurements



The Importance of Noise in

Communication Systems

The signal-to-noise (S/N) ratio at the output of receiving
systems is a very important criterion in communication
systems. Identifying or listening to radio signals in the
presence of noise is a commonly experienced difficulty.
The ability to interpret the audio information, however,
is difficult to quantify because it depends on such human
factors as language familiarity, fatigue, training, experi-
ence and the nature of the message. Noise figure and
sensitivity are measurable and objective figures of

merit. Noise figure and sensitivity are closely related
(see Sensitivity in the glossary). For digital communication
systems, a quantitative reliability measure is often stated
in terms of bit error ratio (BER) or the probability P(e)
that any received bit is in error. BER is related to noise
figure in a non-linear way. As the S/N ratio decreases
gradually, for example, the BER increases suddenly near
the noise level where I's and 0’s become confused. Noise
figure shows the health of the system but BER shows
whether the system is dead or alive. Figure 1-1, which
shows the probability of error vs. carrier-to-noise ratio
for several types of digital modulation, indicates that
BER changes by several orders of magnitude for only

a few dB change in signal-to-noise ratio.
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Figure 1-1. Probability of error, P(e), as a function of carrier-to-noise ratio,
C/N (which can be interpreted as signal-to-noise ratio), for various kinds
of digital modulation. From Kamilo Feher, DIGITAL COMMUNICATIONS:
Microwave Applications, ©1981, p.71. Reprinted by permission of
Prentice-Hall, Inc., Englewood Cliffs, NJ

The output signal-to-noise ratio depends on two
things—the input signal-to-noise ratio and the noise
figure. In terrestrial systems the input signal-to-noise
ratio is a function of the transmitted power, transmitter
antenna gain, atmospheric transmission coefficient,
atmospheric temperature, receiver antenna gain, and
receiver noise figure. Lowering the receiver noise figure
has the same effect on the output signal-to-noise ratio
as improving any one of the other quantities.

In satellite systems, noise figure may be particularly
important. Consider the example of lowering a direct
broadcast satellite (DBS) receiver’s noise figure from

2 dB to 1dB by improving the LNA (low noise amplifier)
in the receiver. This can have nearly the same effect on
the signal-to-noise ratio as doubling the transmitter
power. Doubling the satellite transmitter power, if
allowed, can be very costly compared to the small

cost of improving the LNA.

DBS receiver

In the case of a production line that produces satellite
receivers, it may be quite easy to reduce the noise figure
1 dB by adjusting impedance levels or carefully selecting
specific transistors. A 1dB reduction in noise figure has
approximately the same effect as increasing the antenna
diameter by 40%. But increasing the diameter could
change the design and significantly raise the cost

of the antenna and support structure.

Sometimes noise is an important parameter of transmitter
design. For example, if a linear, broadband, power ampli-
fier is used on a base station, excess broadband noise
could degrade the signal-to-noise ratio at the adjacent
channels and limit the effectiveness of the system. The
noise figure of the power amplifier could be measured

to provide a figure of merit to insure acceptable noise
levels before it is installed in the system.



Sources of Noise

The noise being characterized by noise measurements
consists of spontaneous fluctuations caused by ordinary
phenomena in the electrical equipment. Thermal noise
arises from vibrations of conduction electrons and holes
due to their finite temperature. Some of the vibrations
have spectral content within the frequency band of
interest and contribute noise to the signals. The noise
spectrum produced by thermal noise is nearly uniform
over RF and microwave frequencies. The power deliv-
ered by a thermal source into an impedance matched
load is kTB watts, where k is Boltzmann’s constant
(1.38 x 10-23 joules/K), T is the temperature in K, and B
is the systems noise bandwidth. The available power is
independent of the source impedance. The available
power into a matched load is directly proportional to
the bandwidth so that twice the bandwidth would

allow twice the power to be delivered to the load.

(see Thermal Noise in the glossary)

Shot noise arises from the quantized nature of current
flow (see Shot Noise in the glossary). Other random
phenomena occur in nature that are quantized and
produce noise in the manner of shot noise. Examples
are the generation and recombination of hole/electron
pairs in semiconductors (G-R noise), and the division
of emitter current between the base and collector in
transistors (partition noise). These noise generating
mechanisms have the characteristic that like thermal
noise, the frequency spectra is essentially uniform,
producing equal power density across the entire RF
and microwave frequency range.

There are many causes of random noise in electrical
devices. Noise characterization usually refers to the
combined effect from all the causes in a component.
The combined 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 merely that
it’s noise power is equivalent to a thermal source of that
temperature. Although the noise temperature does not
directly correspond with physical temperature there
may be a dependence on temperature. Some very low
noise figures can be achieved when the device is cooled
to a temperature below ambient.

Noise as referred to in 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 concerned with erratic disturbances

like electrical storms in the atmosphere. Such noise
problems are usually resolved by techniques like relocation,
filtering, and proper shielding. Yet these sources of noise
are important here in one sense—they upset the meas-
urements of the spontaneous noise this note is concerned
with. A manufacturer of LNAs may have difficulty
measuring the noise figure because there is commonly

a base station nearby radiating RF power at the very
frequencies they are using to make their sensitive
measurements. For this reason, accurate noise figure
measurements are often performed in shielded rooms.



The Concept of Noise Figure

The most basic definition of noise figure came into
popular use in the 1940’s when Harold Friis [8] defined
the noise figure F of a network to be the ratio of the
signal-to-noise power ratio at the input to the signal-to-
noise power ratio at the output.

S/N,
/N
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F= -1

o

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, maintaining
the same signal-to-noise ratio at its input and output (the
source of input noise is often thermal noise associated
with the earth’s surface temperature or with losses in
the system). A realistic amplifier, however, also adds
some extra noise from its own components and degrades
the signal-to-noise ratio. A low noise figure means that
very little noise is added by the network. The concept of
noise figure only fits networks (with at least one input
and one output port) that process signals. This note is
mainly about two-port networks; although mixers are in
general three-port devices, they are usually treated the
same as a two-port device with the local oscillator
connected to the third port.

It might be worthwhile to mention what noise figure
does not characterize. Noise figure is not a quality factor
of networks with one port; it is not a quality factor of
terminations or of oscillators. Oscillators have their own
quality factors like “carrier-to-noise ratio” and “phase
noise”. But receiver noise generated in the sidebands of
the local oscillator driving the mixer, can get added by
the mixer. Such added noise increases the noise figure
of the receiver.

Noise figure has nothing to do with modulation or
demodulation. It is independent of the modulation format
and of the fidelity of modulators and demodulators.
Noise figure is, therefore, a more general concept than
noise-quieting used to indicate the sensitivity of FM
receivers or BER used in digital communications.

Noise figure should be thought of as separate from
gain. Once noise is added to the signal, subsequent gain
amplifies signal and noise together and does not change
the signal-to-noise ratio.

Figure 1-2(a) shows an example situation at the input
of an amplifier. The depicted signal is 40 dB above the
noise floor: Figure 1-2(b) shows the situation at the
amplifier output. The amplifier’s gain has boosted the
signal 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
degradation in signal-to-noise ratio is 10 dB, the
amplifier has a 10 dB noise figure.
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Figure 1-2. Typical signal and noise levels vs. frequency (a) at an amplifier's
input and (b) at its output. Note that the noise level rises more than the
signal level 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 more subtle effect will now be described. The degrada-
tion in a network’s signal-to-noise ratio is dependent on
the temperature of the source that excites the network.
This can be proven with a calculation of the noise figure
F, where S; and N; represent the signal and noise levels

SiN;
S/N,

o SN
- GSi/(Na + GNI)

_N, +GN,
GN;

available at the input to the device under test (DUT),

S, and N, represent the signal and noise levels available
at the output, N, is the noise added by the DUT, and G
is the gain of the DUT. Equation (1-2) shows the depend-
ence on noise at the input N;. The input noise level is
usually thermal noise from the source and is referred to
by kT B. Friis [8] suggested a reference source tempera-
ture of 290K (denoted by T, ), which is equivalent to
16.8° C and 62.3° F. This temperature is close to the
average temperature seen by receiving antennas directed
across the atmosphere at the transmitting antenna.

F:

(1-2)



The power spectral density kT, furthermore, is the

even number 4.00 x 10721 watts per hertz of bandwidth
(=174 dBm/Hz). The IRE (forerunner of the IEEE)
adopted 290K as the standard temperature for determin-
ing noise figure [7]. Then equation (1-2) becomes

_ N, +KkT,BG

KT .BG (1-3)

which is the definition of noise figure adopted by the IRE.

Noise figure is generally a function of frequency but it
is usually independent of bandwidth (so long as the
measurement bandwidth is narrow enough to resolve
variations with frequency). Noise powers N, and N; of
equation (1-2) are each proportional to bandwidth. But
the bandwidth in the numerator of (1-2) cancels with
that of the denominator—resulting in noise figure being
independent of bandwidth.

In summary, the noise figure of a DUT is the degradation
in the signal-to-noise ratio as a signal passes through

the DUT. The specific input noise level for determining
the degradation is that associated with a 290K source
temperature. The noise figure of a DUT is independent
of the signal level so long as the DUT is linear (output
power vs. input power).

The IEEE Standard definition of noise figure, equation
(1-3), states that noise figure is the ratio of the total
noise power output to that portion of the noise power
output due to noise at the input when the input source
temperature is 290K.

While the quantity F in equation (1-3) is often called
“noise figure”, more often it is called “noise factor” or
sometimes “noise figure in linear terms”. Modern usage
of “noise figure” usually is reserved for the quantity NF,
expressed in dB units:

NF = 10 log F (1-4)

This is the convention used in the remainder of this
application note.

Noise Figure and Noise Temperature
Sometimes “effective input noise temperature”, T,

is used to describe the noise performance of a device
rather than the noise figure, (NF). Quite often
temperature units are used for devices used in satellite
receivers. T, is the equivalent temperature of a source
impedance into a perfect (noise-free) device that would
produce the same added noise, N,. It is often defined as

N,
Te = kGB (1-5)
It can be related to the noise factor F":
T.=T,(F-1), where T, is 290K (1-6)

The input noise level present in terrestrial VHF and
microwave communications is often close to the 290K
reference temperature used in noise figure calculations
due to the earth’s surface temperature. When this is the
case, a 3 dB change in noise figure will result in a 3 dB
change in the signal-to-noise ratio.

In satellite receivers the noise level coming from the
antenna can be far less, limited by sidelobe radiation and
the background sky temperature to values often below
100K. In these situations, a 3 dB change in the receiver
noise figure may result in much more than 3 dB signal-
to-noise change. While system performance may be
calculated using noise figure without any errors (the
290K reference temperature need not correspond to
actual temperature), system designers may prefer

to use T, as a system parameter.
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Figure 1-3. Degradation in the S/N ratio vs T, of a device for various values
of temperature for the source impedance. Noise figure is defined for a
source temperature of 290K.



Chapter 2.
Noise Characteristics of
Two-Port Networks

The Noise Figure of Multi-stage Systems
The noise figure definition covered in Chapter 1 can be
applied to both individual components such as a single
transistor amplifier, or to a complete system such as a
receiver. The overall noise figure of the system can be
calculated if the individual noise figures and gains of the
system components are known. To find the noise figure
of each component in a system, the internal noise added
by each stage, N,, must be found. The gain must also be
known. The actual methods used to determine noise and
gain are covered in Chapter 3: The Measurement of
Noise Figure. The basic relationship between the indi-
vidual components and the system will be discussed
here.

R 2nd Stage
= Naz Total ?
IstStage ... Noise Jg}g:e
N Na1 G Ad;ied Power
al Output
ITOB["" kT, BG, kT, BG1G2 *

N, = (F-1) kT,BG Noise Input x System Gain

Figure 2-1. The effect of second stage contribution.

For two stages see Figure 2-1, the output noise will con-
sist of the kT B source noise amplified by both gains,
GGy, plus the first amplifier output noise, N,;, amplified
by the second gain, Gy, plus the second amplifiers out-
put noise, N_,. The noise power contributions may be
added since they are uncorrelated. Using equation (1-3)
to express the individual amplifier noise contributions,
the output noise can be expressed in terms of their
noise factors, F.

N, = KT,BG,Gs [F, + @2

Fo-1
ol

With the output noise known, the noise factor of the
combination of both amplifiers can be calculated using
equation (1-1). This is the overall system noise figure of
this two-stage example.

Foo = Fy + 121 (2-2)

Gy

The quantity (Fy-1)/G; is often called the second stage
contribution. One can see that as long as the first stage
gain is high, the second stage contribution will be small.
This is why the pre-amplifier gain is an important param-
eter in receiver design. Equation (2-2)can be re-written
to find Fy if the gain and overall system noise factor is
known. This is the basis of corrected noise measure-
ments and will be discussed in the next chapter.

This calculation may be extended to a n-stage cascade of
devices and expressed as

Fy—1 Fy—1 F,-1

F..=F 2-3
RAE * GGy G &

Gl G1G2+,..

Equation (2-3) is often called the cascade noise
equation.



Gain and Mismatch

The device gain is an important parameter in noise
calculations. When an input power of kT B is used in
these calculations, it is an available power, the maximum
that can be delivered to a matched load. If the device
has a large input mismatch (not unusual for low-noise
amplifiers), the actual power delivered to the device
would be less. If the gain of the device is defined as the
ratio of the actual power delivered to the load to the
maximum power available from the source we can ignore
the mismatch loss present at the input of the device
since it is taken into account in our gain definition. This
definition of gain is called transducer gain, G,. When
cascading devices, however, mismatch errors arise if

the input impedance of the device differs from the load
impedance. In this case the total gain of a cascaded
series of devices does not equal the product of the gains.

Available gain, (G,), is often given as a transistor
parameter, it is the gain that will result when a given
source admittance, Yy, drives the device and the output
is matched to the load. It is often used when designing
amplifiers. Refer to the glossary for a more complete
description of the different definitions of gain.

Most often insertion gain, G, or the forward transmission
coefficient, (Sg;)2, is the quantity specified or measured
for gain in a 50 ohm system. If the measurement system
has low reflection coefficients and the device has a good
output match there will be little error in applying the
cascade noise figure equation (2-3) to actual systems. If
the device has a poor output match or the measurement
system has significant mismatch errors, an error between
the actual system and calculated performance will occur.
If, for example, the output impedance of the first stage
was different from the 50 ohm source impedance that
was used when the second stage was characterized for
noise figure, the noise generated in the second stage
could be altered. Fortunately, the second stage noise
contribution is reduced by the first stage gain so that in
many applications errors involving the second stage are
minimal. When the first stage has low gain (G<F,), second
stage errors can become significant. The complete
analysis of mismatch effects in noise calculations is
lengthy and generally requires understanding the
dependence of noise figure on source impedance. This
effect, in addition to the gain mismatch effect, will be
discussed in the next section (Noise Parameters). It is
because of this noise figure dependence that S-parameter
correction is not as useful as it would seem in removing
the errors associated with mismatch [4]

10

Noise Parameters

Noise figure is, in principle, a simplified model of the
actual noise in a system. A single, theoretical noise
element is present in each stage. Most actual amplifying
devices such as transistors can have multiple noise
contributors; thermal, shot, and partition as examples.
The effect of source impedance on these noise generation
processes can be a very complex relationship. The noise
figure that results from a noise figure measurement is
influenced by the match of the noise source and the
match of the measuring instrument; the noise source

is the source impedance for the DUT, and the DUT is
the source impedance for the measuring instrument.
The actual noise figure performance of the device when
it is in its operating environment will be determined by
the match of other system components.

Designing low noise amplifiers requires tradeoffs
between the gain of a stage and its corresponding noise
figure. These decisions require knowledge of how the
active device’s gain and noise figure change as a function
of the source impedance or admittance. The minimum
noise figure does not necessarily occur at either the
system impedance, Z,, or at the conjugate match
impedance that maximizes gain.

To fully understand the effect of mismatch in a system,
two characterizations of the device-under-test (DUT)
are needed, one for noise figure and another for gain.
While S-parameter correction can be used to calculate
the available gain in a perfectly matched system, it can
not be used to find the optimum noise figure. A noise
parameter characterization uses a special tuner to present
different complex impedances to the DUT. [29]



The dependence of noise factor on source impedance
presented by the tuner is described by

4R, Ty — Tl )

F=F . +
M 2y ML+ T (1- TP

24

where the Gq is the source reflection coefficient that
results in the noise factor F. In the equation, F|;, is the
minimum noise factor for the device that occurs when
Gg= Ggpt- Ry is the noise resistance (the sensitivity of
noise figure to source admittance changes). F,;,, R,,, and
Gopt are frequently referred to as the “noise parameters”,
and it is their determination which is called “noise
characterization”. When Gy is plotted on a Smith chart
for a set of constant noise factors, F, the result is “noise
circles”. Noise circles are a convenient format to display
the complex relation between source impedance and
noise figure.

Fmin=1.1dB
F=12dB
N\ F=16dB
< \__F=21dB
F=31dB
_F=41dB

Figure 2-2. Noise circles

The available gain, G,, provided by a device when it is
driven by a specified source impedance, can be calculated
from the S-parameters of the device [35, 40] and the
source reflection coefficient, Gy using equation (2-5).
S-parameters are commonly measured with a network
analyzer.

(1= IT )18y, 12
S12521T 2
1-S,.T,

G, =

- (2-5)
11— 81142 (1- ISy, +

When the source reflection coefficient, G, is plotted on a
Smith chart corresponding to a set of fixed gains, “gain
circles” result. Gain circles are a convenient format to
display the relation between source impedance and gain.

"

The Effect of Bandwidth

Although the system bandwidth is an important factor in
many systems and is involved in the actual signal-to-noise
calculations for demodulated signals, noise figure is
independent of device bandwidth. A general assumption
made when performing noise measurements is that the
device to be tested has an amplitude-versus-frequency
characteristic that is constant over the measurement
bandwidth. This means that noise measurement band-
width should be less than the device bandwidth. When
this is not the case, an error will be introduced [34]. The
higher end Agilent NFA series noise figure analyzers
have variable bandwidths to facilitate measurement of
narrow-band devices, as do spectrum analyzer-based
measurement systems.

Most often the bandwidth-defining element in a system,
such as a receiver, will be the IF or the detector. It will
usually have a bandwidth much narrower than the RF
circuits. In this case noise figure is a valid parameter to
describe the noise performance of the RF circuitry. In
the unusual case where the RF circuits have a band-
width narrower than the IF or detector, noise figure
may still be used as a figure of merit for comparisons,
but a complete analysis of the system signal-to-noise
ratio will require the input bandwidth as a parameter.



Chapter 3.
The Measurement of Noise Figure

Noise Power Linearity

The basis of most noise figure measurements depends
on a fundamental characteristic of linear two-port
devices, noise linearity. The noise power out of a device
is linearly dependent on the input noise power or
temperature as shown in Figure 3-1. If the slope of this
characteristic and a reference point is known, the output
power corresponding to a noiseless input power, N, can
be found. From N, the noise figure or effective input
noise temperature can be calculated as described in
Chapter 1. Because of the need for linearity, any auto-
matic gain control (AGC) circuitry must be deactivated
for noise figure measurements.

Power Qutput (W)

|
Source Temperature (K) Ts

Figure 3-1. The straight-line power output vs. source temperature character-
istic of linear, two-port devices. For a source impedance with a tempera-
ture of absolute zero, the power output consists solely of added noise N,
from the device under test (DUT). For other source temperatures the power
output is increased by thermal noise from the source amplified by the gain
characteristic of the DUT.
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Noise Sources

One way of determining the noise slope is to apply two
different levels of input noise and measure the output
power change. A noise source is a device that will pro-
vide these two known levels of noise. The most popular
noise source consists of a special low-capacitance diode
that generates noise when reverse biased into avalanche
breakdown with a constant current [5]. Precision noise
sources such as the Agilent SNS-series have an output
attenuator to provide a low SWR to minimize mismatch
errors in measurements. If there is a difference between
the on and off state impedance an error can be intro-
duced into the noise figure measurement [23]. The
N4000A noise source has a larger value of attenuation to
minimize this effect.

When the diode is biased, the output noise will be
greater than kT B due to avalanche noise generation in
the diode [11, 12, 13, 15, 20, 21]; when unbiased, the
output will be the thermal noise produced in the attenu-
ator, kT B. These levels are sometimes called T}, and T,
corresponding to the terms “hot” and “cold”. The
N4001A produces noise levels approximately equivalent
to a 10,000K when on and 290K when off. Diode noise
sources are available to 50 GHz from Agilent.

SNS-Series Noise Source

To make noise figure measurements a noise source
must have a calibrated output noise level, represented
by excess noise ratio (ENR). Unique ENR calibration
information is supplied with the noise source and, in the
case of the SNS-Series, is stored internally on EEPROM.
Other noise sources come with data on a floppy disk,

or hard-copy. ENR 4 is the ratio, expressed in dB of the
difference between T, and T, divided by 290K. It should
be noted that a 0 dB ENR noise source produces a
290K temperature change between its on and off states.
ENR is not the “on” noise relative to kTB as is often
erroneously believed.

ENRys = 10 log(¥9 3-1)
o)



T. in equation (3-1) is assumed to be 290K when it is
calibrated. When the noise source is used at a different
physical temperature, compensation must be applied to
the measurement. The SNS-Series noise sources contain
a temperature sensor which can be read by Agilent’s
NFA analyzers. The temperature compensation will be
covered in the next section of this chapter.

In many noise figure calculations the linear form of ENR
will be used.

ENR4B

10
ENR =10

(3-2)

Noise sources may be calibrated from a transfer standard
noise source (calibrated traceable to a top level National
Standards laboratory) or by a primary physical standard
such as a hot/cold load. Most noise sources will be
supplied with an ENR characterized versus frequency.

Hot and cold loads are used in some special applications
as a noise source. Ideally the two loads need to be kept at
constant temperatures for good measurement precision.
One method immerses one load into liquid nitrogen at

a temperature of 77K, the other may be kept at room
temperature or in a temperature controlled oven.

The relatively small temperature difference compared
to noise diode sources and potential SWR changes
resulting from switching to different temperature

loads usually limits this method to calibration labs

and millimeter-wave users.

Gas discharge tubes imbedded into waveguide structures
produce noise due to the kinetic energy of the plasma.
Traditionally they have been used as a source of millime-
ter-wave noise. They have been essentially replaced by
solid-state noise diodes at frequencies below 50 GHz.
The noise diode is simpler to use and generally is a

more stable source of noise. Although the noise diode is
generally a coaxial device, integral, precision waveguide
adapters may be used to provide a waveguide output.

R/Q 347B waveguide noise sources
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The Y-Factor Method

The Y-Factor method is the basis of most noise figure
measurements whether they are manual or automatically
performed internally in a noise figure analyzer. Using a
noise source, this method allows the determination of
the internal noise in the DUT and therefore the noise
figure or effective input noise temperature.

With a noise source connected to the DUT, the output
power can be measured corresponding to the noise
source on and the noise source off (N, and N;). The
ratio of these two powers is called the Y-factor. The
power detector used to make this measurement may be
a power meter, spectrum analyzer, or a special internal
power detector in the case of noise figure meters and
analyzers. The relative level accuracy is important. One
of the advantages of modern noise figure analyzers is
that the internal power detector is very linear and can
very precisely measure level changes. The absolute
power level accuracy of the measuring device is not
important since a ratio is to be measured.

y= N

- (3-3)

Sometimes this ratio is measured in dB units, in this
case:

Y(

b
y=10" (3-4)

The Y-factor and the ENR can be used to find the noise
slope of the DUT that is depicted in Figure 3-1.

Since the calibrated ENR of the noise source represents
a reference level for input noise, an equation for the
DUT internal noise, N, can be derived. In a modern
noise figure analyzer, this will be automatically
determined by modulating the noise source between
the on and off states and applying internal calculations.

ENR

N, = KTBG(Z— -1) (3-5)



From this we can derive a very simple expression for
the noise factor. The noise factor that results is the total
“system noise factor”, Fy.. System noise factor includes
the noise contribution of all the individual parts of the
system. In this case the noise generated in the measuring
instrument has been included as a second stage contri-
bution. If the DUT gain is large (G;>>F,), the noise
contribution from this second stage will be small. The
second stage contribution can be removed from the
calculation of noise figure if the noise figure of the second
stage and the gain of the DUT is known. This will be
covered in the section on corrected noise figure and

gain. Note that the device gain is not needed to find F.

ENR

Y1 (3-6)

Fsys =

When the noise figure is much higher than the ENR,
the device noise tends to mask the noise source output.
In this case the Y-factor will be very close to 1. Accurate
measurement of small ratios can be difficult. Generally
the Y-factor method is not used when the noise figure is
more than 10 dB above the ENR of the noise source,
depending on the measurement instrument.

This equation can be modified to correct for the
condition when the noise source cold temperature, T,
is not at the 290K reference temperature, T,.

ENR - Y(% 1)
o

Fsys = Y1 3-D

This often used equation assumes that T}, is unaffected
by changes in T, as is the case with hot and cold loads.
With solid-state noise sources, Ty, will likely be affected
by changes in T.. Since the physical noise source is at a
temperature of T, the internal attenuator noise due to
T. is added both when the noise source is on and off.
In this case it is better to assume that the noise change
between the on and off state remains constant (T}-T,.).
This distinction is most important for low ENR noise
sources when Ty, is less than 10 T.. An alternate
equation can be used to correct for this case.

ENR (1)
sys — Y1 (3-8)

F
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The Signal Generator Twice-power Method
Before noise sources were available this method was
popular. It is still particularly useful for high noise figure
devices where the Y-factors can be very small and difficult
to accurately measure. First, the output power is
measured with the device input terminated with a load
at a temperature of approximately 290K. Then a signal
generator is connected, providing a signal within the
measurement bandwidth. The generator output power is
adjusted to produce a 3 dB increase in the output power.
If the generator power level and measurement band-
width are known we can calculate the noise factor.

It is not necessary to know the DUT gain.

F. = Pgen

sys W@B (3'9)

There are some factors that limit the accuracy of this
method. The noise bandwidth of the power-measuring
device must be known, perhaps requiring a network
analyzer. Noise bandwidth, B, is a calculated equivalent
bandwidth, having a rectangular, “flat-top” spectral
shape with the same gain bandwidth product as the
actual filter shape. The output power must be measured
on a device that measures true power since we have a
mix of noise and a CW signal present. Thermal-based
power meters measure true power very accurately but
may require much amplification to read a low noise level
and will require a bandwidth-defining filter. Spectrum
analyzers have good sensitivity and a well-defined band-
width but the detector may respond differently to CW
signals and noise. Absolute level accuracy is not needed
in the power detector since a ratio is being measured.

The Direct Noise Measurement Method
This method is also useful for high noise figure devices.
The output power of the device is measured with an
input termination at a temperature of approximately
290K. If the gain of the device and noise bandwidth of
the measurement system is known, the noise factor
can be determined.

N,

— o -
Fovs = T BG (3-10)

Again with this method the noise bandwidth, B, must be
known and the power-measuring device may need to be
very sensitive. Unlike the twice-power method, the DUT
gain must be known and the power detector must have
absolute level accuracy.



Corrected Noise Figure and Gain

The previous measurements are used to measure the
total system noise factor, Fy, including the measure-
ment system. Generally it is the DUT noise figure that

is desired. From the cascade noise-figure equation it can
be seen that if the DUT gain is large, the measurement
system will have little effect on the measurement. The
noise figure of high gain DUTs can be directly measured
with the previously discussed methods. When a low gain
DUT is to be measured or the highest accuracy is needed,
a correction can be applied if we know the gain of the
DUT and the noise figure of the system. Using equation
(2-2) and re-writing to solve for F; gives the equation
for the actual DUT noise factor.

F, -1
F)=Fyps -2
Sys G1

(3-11)
Both the gain of the DUT and the measurement system
noise factor, Fy, can be determined with an additional
noise source measurement. This step is called a system
calibration. With a noise-figure analyzer this calibration
is usually performed before connecting the DUT so that
all subsequent measurements can use the corrections
and the corrected noise figure can be displayed. The
necessary calculations to find the gain and the corrected
noise figure are automatically performed internally.
When manual measurements are made with alternative
instruments, a calibrated noise figure measurement can
be performed as follows:

1. Connect the noise source directly to the measure-
ment system and measure the noise power levels
corresponding to the noise source “on” and “off”.
These levels; Ny and N, respectively, can then be
used to calculate the measurement system noise
factor Iy using the Y-factor method.

2.The DUT is inserted into the system. The noise
levels N,' and N;' are measured when the noise
source is turned on and off. The DUT gain can be
calculated with the noise level values.

Gl i Nzr _ Nl/

3-12
N, N, (3-12)

The gain is usually displayed in dB terms:
Gdb: 1 0 log G

3.The overall system noise factor, Fy, can be
calculated by applying the Y-factor method to the

values N,' and N,!

4.The DUT noise factor, F';, can be calculated with
equation (3-11). The DUT noise figure is 10logF;.
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Jitter

Noise can be thought of as a series of random events,
electrical impulses in this case. The goal of any noise
measurement is to find the mean noise level at the
output of the device. These levels can be used, with
appropriate corrections, to calculate the actual noise
figure of the device. In theory, the time required to find
the true mean noise level would be infinite. In practice,
averaging is performed over some finite time period. The
difference between the measured average and the true
mean will fluctuate and give rise to a repeatability error.

l_ Variation (dB)

Noise
Signal
Amplitude — T Mean

Time

Figure 3-2. Noise jitter

For small variations, the deviation is proportional to
1/Y(t) so that longer averaging times will produce better
averages. Because the average includes more events it is
closer to the true mean. The variation is also proportional
to 1/Y(B). Larger measurement bandwidths will produce
a better average because there are more noise events
per unit of time in a large bandwidth; therefore, more
events are included in the average. Usually noise figure
should be measured with a bandwidth as wide as
possible but narrower than the DUT.



Frequency Converters

Frequency converters such as receivers and mixers
usually are designed to convert an RF frequency

band to an IF frequency band. While the noise figure
relationships discussed in this application note apply to
converters as well as non-converters, there are some
additional characteristics of these devices that can affect
noise figure measurements. In addition to DUTs that are
frequency converters, sometimes the noise measurement
system uses mixing to extend the measurement
frequency range.

Loss

Amplifiers usually have a gain associated with them,
while passive mixers have loss. All the equations for
noise figure still apply; however, the linear gain values
used will be less than one. One implication of this can
be seen by applying the cascade noise figure equation;
the second stage noise contribution can be major

(See equation 2-2). Another is that passive mixers, if
measured using the Y-factor technique, can have small
Y-factors owing to their high noise figures. This may
increase measurement uncertainty. High ENR noise
sources can be used to provide a larger Y-factor.

LO Noise

Receivers and mixers have local oscillator (LO) signals
that may have noise present. This noise can be converted
in the mixer to the IF frequency band and become an
additional contribution to the system’s noise figure. The
magnitude of this effect varies widely depending on the
specific mixer type and how much noise is in the LO. It
is possible to eliminate this noise in fixed frequency LO
systems with a band-pass filter on the LO port of the
mixer. A filter that rejects noise at fj o+/-fip, fir, and frp
while passing f; o will generally eliminate this noise.
There may also be higher order noise conversions that
could contribute if the LO noise level is very high. A
lowpass filter can be used to prevent noise conversions
at harmonics of the LO frequency.

LO Leakage

A residual LO signal may be present at the output (IF)
of a mixer or converter. The presence of this signal is
generally unrelated to the noise performance of the DUT
and may be acceptable when used for the intended
application. When a noise figure measurement is made,
this LO signal may overload the noise measurement
instrument or create other spurious mixing products.
This is most likely to be an issue when the measuring
system has a broadband amplifier or other unfiltered
circuit at it’s input. Often a filter can be added to the
instrument input to filter out the LO signal while
passing the IF.
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Unwanted Responses

Sometimes the desired RF frequency band is not the
only band that converts to the IF frequency band.
Unwanted frequency band conversions may occur if
unwanted frequencies are present at the RF port in
addition to the desired RF signal. Some of these are:

the image response (f o + fjp or 1o — fir depending on
the converter), harmonic responses (2f; g + fip, 3f1o = fip,
etc.), spurious responses, and IF feed-through response.
Often, particularly in receivers, these responses are neg-
ligible due to internal filtering. With many other devices,
especially mixers, one or more of these responses may
be present and may convert additional noise to the

IF' frequency band.

(n @ Noise from @
[ | noise source ]
I[)e'vice < \\\
Input
% %
N\ N | N
fIF fw'flr fLo fw"lr 3'Ln"lr 3an 3'10"|r
Frequency
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Figure 3-3. Possible noise conversion mechanisms with mixers and
converters. (1) IF feedthrough response, (2) double sideband response,
(3) harmonic response.

Mixers having two main responses (i + fir and fj 5 — fip)
are often termed double side-band (DSB) mixers. fj 5 +
fyr is called the upper side-band (USB). ;o — fip is called
the lower side-band (L.SB). They convert noise in both
frequency bands to the IF frequency band. When such

a mixer is part of the noise measurement system, the
second response will create an error in noise figure
measurements unless a correction, usually +3dB, is
applied. Ideally filtering is used at the RF port to
eliminate the second response so that single side-band
(SSB) measurements can be made.

When a DSB mixer is the DUT we have a choice when
measuring the noise figure. Usually the user wants to
measure the equivalent SSB noise figure. In passive
mixers that do not have LO noise, the equivalent SSB
noise figure is often close in value to the conversion loss
measured with a CW signal. There are two ways to make
this measurement; an input filter can be used, or the
+3dB correction can be applied. There are accuracy
implications with these methods that must be considered
if precision measurements are to be made; an input filter
will add loss that should be corrected for, the +3dB
correction factor assumes equal USB and LSB responses.

Converters used in noise receivers, such as radiometers
and radiometric sensors are often designed to make use
of both main responses, in which case it is desirable to
know the DSB noise figure. In this case, no correction or
input filter is used; the resulting noise figure measured
will be in DSB terms.



Noise Figure Measuring Instruments

Noise Figure Analyzers

The noise figure analyzer represents the most recent
evolution of noise figure measurement solutions. A

noise figure analyzer in its most basic form consists of

a receiver with an accurate power detector and a circuit
to power the noise source. It provides for ENR entry and
displays the resulting noise figure value corresponding
to the frequency it is tuned to. Internally a noise figure
analyzer computes the noise figure using the Y-factor
method.

A noise figure analyzer allows the display of swept
frequency noise figure and gain and associated features
such as markers and limit lines. The Agilent NFA series
noise figure analyzers, combined with the SNS-Series
noise sources offer improvements in accuracy and
measurement speed, important factors in manufacturing
environments. The NFA is specifically designed and
optimized for one purpose: to make noise figure meas-
urements. Combination products that must make other
measurements usually compromises accuracy to

some degree.

- - A -
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NFA Series noise figure analyzer

Features: e Flexible, intuitive user interface makes
it easy to characterize amplifiers and
frequency-converting devices

e Measurement to 26.5 GHz in a single
instrument eliminates the need for a
separate system downconverter

e Accurate and repeatable results
allow tighter specification of device
performance.
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Spectrum Analyzers

Spectrum analyzers are often used to measure noise
figure, because they are already present in the test
racks of many RF and microwave production facilities
performing a variety of tasks. With software and a
controller they can be used to measure noise figure
using any of the methods outlined in this product note.
They are particularly useful for measuring high noise
figure devices using the signal generator or direct
power measurement method. The variable resolution
bandwidths allow measurement of narrow-band devices.

The 8590-series, option 119 spectrum analyzers were
the first to provide built-in noise figure measurements
with downloadable personality software, performing the
measurement and calculations internally, allowing the
user to measure noise figure directly.

8591E Spectrum analyzer

One of the advantages of a spectrum analyzer-based
noise figure analyzer is the multi-functionality. It can,
for example, make distortion measurements on an
amplifier. Also it can locate spurious or stray signals
and then the noise figure of the device can be measured
at frequencies where the signals will not interfere with
noise measurements.

Spectrum analyzers generally require the addition of a
low noise pre-amplifier to improve sensitivity. The user
must take care not to overload the system with broad-
band noise power or stray signals. The firmware-based
measurement algorithms of a noise figure analyzer can
be faster than external software control of a spectrum
analyzer, and the detector accuracy is not as good as
the best dedicated noise figure analyzers/meters [24].



Network Analyzers

Like spectrum analyzers, network analyzers are common
multi-use instruments in industry. Products are available
that offer noise figure measurements in addition to the
usual network measurements. An advantage is that they
can offer other measurements commonly associated
with devices: such as gain and match. Because network
measurements are usually made with the same internal
receiver architecture, there can be some performance
limitations when used in noise figure applications.

Often the receiver is of the double side-band (DSB)

type, where noise figure is actually measured at two
frequencies and an internal correction is applied. When
a wide measurement bandwidth is used this may result
in error if the device noise figure or gain is not constant
over this frequency range. When narrow measurement
bandwidth is used to measure narrow-band devices, the
unused frequency spectrum between the upper and
lower side-band does not contribute to the measurement
and a longer measurement time is needed to reduce
jitter (see Jitter in this chapter).

Network analyzers have the ability to measure the
S-parameters of the device. It has been considered that
S-parameter data can reduce noise figure measurement
uncertainty by offering mismatch correction. Ideally this
mismatch correction would provide a more accurate
gain measurement of the device so that the second stage
noise contribution can be subtracted with more precision.
Unfortunately, the mismatch also effects the noise
generation in the second stage which cannot be corrected
for without knowing the noise parameters of the device.
The same situation occurs at the input of the device
when a mismatch is present between the noise source
and DUT input. (see noise parameters in Chapter 2 of
this note) [4]. Network analyzers do not, by themselves,
provide measurement of the noise parameters. The
measurement of noise parameters generally requires a
tuner and software in addition to the network analyzer.
The resulting measurement system can be complex and
expensive. Error correction in a network analyzer is
primarily of benefit for gain measurements and
calculation of available gain.
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Noise Parameter Test Sets

A noise parameter test set is usually used in conjunction
with software, a vector network analyzer and a noise
analyzer to make a series of measurements, allowing the
determination of the noise parameters of the device [29]
(see Noise Parameters in Chapter 2). Noise parameters
can then be used to calculate the minimum device noise
figure, the optimum source impedance, and the effect
of source impedance on noise figure. The test set has an
adjustable tuner to present various source impedances
to the DUT. Internal networks provide bias to semi-
conductor devices that may be tested. A noise source is
coupled to the test set to allow noise figure measurements
at different source impedances. The corresponding
source impedances are measured with the network
analyzer. From this data, the complete noise parameters
of the device can be calculated. Generally the complete
device S-parameters are also measured so that gain
parameters can also be determined. Because of the
number of measurements involved, measurement of the
full noise parameters of a device is much slower than
making a conventional noise figure measurement but
yields useful design parameters. Noise parameters are
often supplied on low-noise transistor data sheets. Noise
parameters are generally not measured on components
and assemblies that are intended to be used in well
matched 50 (or 75) ohm systems because the source
impedance is defined in the application.

Power Meters and True-RMS Voltmeters

As basic level measuring devices, power meters and
true-RMS voltmeters can be used to measure noise
figure with any of the methods described in this note
with the necessary manual or computer calculations.
Being broadband devices, they need a filter to limit their
bandwidth to be narrower than the DUT. Such a filter
will usually be fixed in frequency and allow measurements
only at this frequency. Power meters are most often used
to measure receiver noise figures where the receiver has
a fixed IF frequency and much gain. The sensitivity of
power meters and voltmeters is usually poor but the
receiver may provide enough gain to make measurements.
If additional gain is added ahead of a power meter to
increase sensitivity, care should be taken to avoid
temperature drift and oscillations.

ol
m_R
=

alln oilik
B0

EPM Series Power Meter



4. Glossary

Symbols and abbreviations

B
BER
Ibgl2

C/N
DBS
DSB
DUT
ENR g5
F

Fy

FM

F

Fsys

1/f

min

Tor

Noise Bandwidth

Bit Error Ratio

Power delivered by a generator to a non
reflecting load

Carrier to Noise Ratio

Direct Broadcast by Satellite
Double Sideband

Device Under Test

Excess Noise Ratio

Noise Factor

First Stage Noise Factor
Frequency Modulation
Minimum Noise Factor
System Noise Factor

Flicker Noise

Power Gain

Associated Gain

Available Gain

Insertion Gain

Transducer Gain
Gain-to-Temperature Ratio
Institute of Electrical and Electronics Engineers
Intermediate Frequency
Institute of Radio Engineers
Kelvins (Unit of Temperature)
Boltzmann’s Constant

Low Noise Amplifier

Lower Sideband

Noise Measure

Mismatch Uncertainty

Noise Added

Noise Figure

=N, (see Y Factor)

=N, (see Y Factor)

N,y for T, (see Y Factor)

N,y for T, (see Y Factor)
Input Noise Power

Output Noise Power

Radio Frequency

Root Mean Square

Equivalent Noise Resistance
Equivalent Noise Resistance, normalized
Root Sum-of-the-Squares
Signal to Noise Ratio

Single Sideband

Forward Transmission Coefficient
Input Signal Power

Output Signal Power

Noise Temperature

Cold Temperature (see T.)
Effective Input Noise Temperature
Hot Temperature (see T})
Effective Noise Temperature
Off Temperature (see T )
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Ton On Temperature (see T,,,)

Top Operating Noise Temperature

T, Standard Noise Temperature (290K)
Ty Effective Source Noise Temperature
USB Upper Sideband

Gopt Optimum Source Reflection Coefficient
Gq Source Reflection Coefficient

Gy, Load Reflection Coefficient
Glossary Terms

Associated Gain (G,g). The available gain of a device
when the source reflection coefficient is the optimum
reflection coefficient G, corresponding with F;,.

Available Gain (G,). [2, 35, 40] The ratio, at a specific

frequency, of power available from the output of the

network P, to the power available from the source Pq.
P

G, = —80 ()
: Pas

For a source with output Ibg|2 and reflection coefficient G

p, = Ibs)? i @
1-1T)
- Ibs|? 189112 (1 - 1T91?) ®
% J(1-TgSyy) (1 - Tg*Sgp) — TgTy*S9S9 2
where
My= S22+512521Fs @
1-S;1T

An alternative expression for the available output power is
Ibs? 1Sg 12

T 1= NSy - TP ®
These lead to two expressions for G,
G, = ISy 2 (1- frs|23 (1~ Tgl?) e
I(1 = T¢S1y) (1 = T™Sg) ~ T'slp"S12801 |
Gy = I8y/? Lo In ™

[1-TSy11%(1-Tg?)

NOTE: G, is a function of the network parameters and of
the source reflection coefficient G4. G, is independent of
the load reflection coefficient Gi..

G, is often expressed in dB

G,(dB) = 10 log —llja" ®

as



Bandwidth (B). See Noise Bandwidth.
Boltzmann's Constant (k). 1.38 x10-23 joules/kelvin.

Cascade Effect. [8]. The relationship, when several
networks are connected in cascade, of the noise charac-
teristics (I or T, and G,) of each individual network to
the noise characteristics of the overall or combined
network. If Fy, Fy, . . ., F;; (numerical ratios, not dB)
are the individual noise figures and G, Gy, -..,Ga,
(numerical ratios) are the individual available gains,

the combined noise figure is

Fo-1 F3-1 F,-1
F=Fj+ %— + 20—t ——2 (1)
Gal ) GalGa2 GaIGaZ Ga(n—l)
the combined available gain is
Gy= Ga1GazGan (2)

In terms of individual effective input noise temperatures
Te1, Teo, ..., Tep the overall effective input noise
temperature is
T, T T
Te=Tel+_e.2_+_§.2_ o — 3)
Gal Ga1Ga_2 GalGaZ Ga(n—l)
NOTE: Each I}, Ty, and G,; above refers to the value for
the source impedance that corresponds to the output
impedance of the previous stage.

Diode Noise Source. [11, 12, 13, 15, 20, 21] A noise
source that depends on the noise generated in a solid
state diode that is reverse biased into the avalanche
region. 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.

Double Sideband (DSB). See Single-sideband (SSB).

Effective Input Noise Temperature (T,). [17] The
noise temperature assigned to the impedance at the
input port of a DUT which would, when connected to a
noise-free equivalent of the DUT, yield the same output
power as the actual DUT when it is connected to a
noise-free input port impedance. The same 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 specified impedance,
the same temperature applies simultaneously to all the
ports. All ports except the output are to be considered
input ports for purposes of defining T,. For a two-port
transducer with a single input and a single output
frequency, T, is related to the noise figure I by

T, = 290(F-1) )
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Effective Noise Temperature (T,,). [1] (This is a
property of a one-port, for example, a noise source.)
The temperature that yields the power emerging from
the output port of the noise source when it is connected
to a nonreflecting, nonemitting load. The relationship
between the noise temperature T, and effective noise
temperature T, is

Tpe =Ta (1~ T1? ®

where G is the reflection coefficient of the noise source.
The proportionality factor for the emerging power is kB
so that

P,

The= &B) @

where P, is the emerging power, k is Boltzmann’s
constant, and B is the bandwidth of the power
measurement. The power spectral density across the
measurement bandwidth is assumed to be constant.

Equivalent Noise Resistance (r, or R;). See Noise
Figure Circles.

Excess Noise Ratio (ENR). [1] A noise generator
property calculated from the hot and cold noise
temperatures (T}, and T,) using the equation

Th - Tc
ENR 45 =10 log ——— €Y)
TO

where T, is the standard temperature of 290K. Noise
temperatures T}y, and T, should be the “effective” noise
temperatures. (See Effective Noise Temperature) [25].
The ENR calibration of diode noise sources assumes
T.=T,.

A few examples of the relationship between ENR and

T}, may be worthwhile. An ENR of 0 dB corresponds to
T}y, = 580K. T}, of 100°C (373K) corresponds to an ENR of
-5.43 dB. T}, of 290K corresponds to an ENR of —e dB.



Flicker Noise and 1/f Noise. [33, 39] Any noise whose
power spectral density varies inversely with frequency.
Especially important at audio frequencies or with
GASFET’s below about 100 MHz.

Forward Transmission Coefficient (Sy¢)2. The ratio,
at a specific frequency, of the power delivered by the
output of a 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.
1S (dB) = 10 log ISy (D

Gain to Temperature Ratio (G/T). [32, 41] A figure of
merit for a satellite or radio astronomy receiver system,
including the antenna, that portrays the operation of
the total system. The numerator is the antenna gain, the
denominator is the operating noise temperature of the
receiver. The ratio is usually expressed in dB, for example,
10log (G/T). G/T is often measured by comparing the
receiver response when the antenna input is a “hot”
celestial noise source to the response when the input

is the background radiation of space (=3K).

Gas Discharge Noise Source. [25, 26] 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 certain small, frail,
low-noise, solid-state devices. The gas discharge noise
source has been replaced by the avalanche diode noise
source in most applications. Gas discharge tubes are
still used at millimeter wavelengths. Excess noise ratios
(ENR) for argon tubes is about 15.5 dB (10000K).

Gaussian Noise. [6] Noise whose probability
distribution or probability density function is gaussian,
that is, it has the standard form

%2

1 "‘2:2' . (1)

e
oV 2r

where sis 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.

p(x) =
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Hot/Cold Noise Source. In one sense most noise
figure measurements depend on noise power measure-
ments at two source temperatures—one hot and one
cold. The expression “Hot/Cold,” however, frequently
refers to measurements 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 sometimes used as primary
standards and for highly accurate calibration
laboratory measurements.

Insertion Gain (G;). The gain that is measured by
inserting the DUT between a generator and load. The
numerator of the ratio is the power delivered to the
load while the DUT is inserted, P4. The denominator, or
reference power P,, is the power delivered to the load
while the source is directly connected. Measuring the
denominator might be called the calibration step.

P
Gi=—2 (1)
|
The load power while the source and load are directly
connected is
il @)

2
= |by| T

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

- 02 &)
= 2 2
Py = |bg|®Sa| [(1-T'sgS11)(1-TSeg) - MTsgS12521 12
or
-0y
2 2 4)
Pq=|bg|” Sz [1-T'sgS1112 11-Tyg)?
S T
— Sy + 12521Tsd %)
1-Tg4S1;



In equations (3,4, and 5) the subscript “d” denotes the
source 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
a 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 microwave frequency. Using the above equations,
insertion gain is

bgl? I1- Mg 12

G’i= |S21|2 | d|2 14 sr = ©
[bel® |(1-TsaS11)(1-TiSg9) — I''sgS125211

or
bgt? 1-T |2

G = 1Sy 2 4 e (7)

[byl? |1-TsaSp1l% [1-Tyla|2

In those situations where the same source at the same
frequency is used during the calibration step and DUT
insertion, Ibyl2= b2 and Gy= Gy,. This is usually the case
when measuring amplifiers.

Instrument Uncertainty. The uncertainty caused

by errors within the circuits of electronic instruments.
For noise figure analyzers/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 uncertainty

is often mistakingly taken as the overall measurement
accuracy because it can be easily found on specification
sheets. With modern techniques, however, it is seldom
the most significant cause of uncertainty.

Johnson Noise. [19] The same as thermal noise.

Minimum Noise Factor (F,;,). See Noise Figure
Circles.

Mismatch Uncertainty (M,)). Mismatch uncertainty

is caused by re-reflections 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 load) to change from its value with a
reflectionless load.

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

= ————

11— ?
where Ibgl2is the power the source delivers to a non-
reflecting load, G, is the source reflection coefficient, and
G, is the load reflection coefficient. If accurate evaluation
of the power incident is needed when Ibg/2 is given or
vice versa, then the phase and magnitude of G, and G is
needed—probably requiring a vector network analyzer.

When the phase of the reflection coefficients is not
known, the extremes of 11- G,G|I2 can be calculated from
the magnitudes of G, and G, for example, P, and P, The
extremes of |1- G,G|12 in dB can be found from the
nomograph (Figure 4-1).

M,=20 log(1+P.P))
The effect of mismatch on noise figure measurements is

extremely complicated to analyze. Consider, for example, a
noise source whose impedance is not quite 50 ohms.

Return Loss: 40 35 30 25 15 10 ] 0
dB =20log » VA S T T S s o | Lt 1 ] I N T T O o I I |
[ I i T ||IIII| T T ¥ ]llll[ 3 T l]llllll||l| |I[ ||
Mismatch Loss: 0.001 ' 0.01 0,1 1 2 5 1020
dB =10 log (1-02) I
I
I
SWR: o = (1 + p)/(1-p) 1.02 1.05 1 1.1 1.2 1.5 2 3 45 10 ©
L ] ] ] TR L N N B [ | [P B S | PR e Y R T |
) I Y T T T T { i T T 1 t
Reflection Coefficient: p 0.01 0.02 0.03 0.04 0.05 0.1 0.2 03 04, 05 1.0
’
II
Example: 29 dB Return loss corresponds /
to a Mismatch Loss of 0.0055 dB, a SWR !
of 1,074, and a reflection coefficient of /
0.035. /
1
Mismatch Uncertainty H
Limits ~0.001 —0.01 Y -1/ -2 -5 =10 —20m
dB =20 log (1-p102) | ) [ B ! el ) T S N S AN 2 S I S 1 1
| 1 T 1T I TT] T T I IT] T R AR R A R T L
dB = 20 log (1+p1p2) 0.001 0.01 0.1 1 2 6
‘ /
!
Example: Consider a load p of 0.25 and a )
generator p of 0.45. The power incident ’
upon a Zg, load could be 1.03 dB lower K
than to 0.93 dB higher than for the /
p =0.25 load. ;
II
Reflection Coefficient: o 0.01 0.02 0.03 004 0.05 0.1 0.2 / 03 04 05 0.1
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Figure 4-1. This nomograph gives the extreme effects of re-reflections when only the reflection coefficient magnitudes are known. Mismatch uncertainty
limits of this nomograph apply to noise figure measurement accuracy for devices that include an isolator at the input.
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The source takes part in re-reflections of its own
generated noise, but it also reflects 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 because the
source impedance can change between the hot state
and the cold state. [23] Many attempts have been made
to establish a simple rule-of-thumb for evaluating the
effect of mismatch—all with limited success. One very
important case was analyzed by Strid [36] to have a
particularly 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) = F,(dB) - Fing(dB) @)
1
=10log ——— 3
o8 11 ’Sllpshlz

where F, is the noise figure for a reflectionless noise
source, 4 is the measured noise figure, S;; is the
reflection coefficient looking into the DUT, for example,
into the isolator input, and Gy, is the reflection coefficient
looking back into the noise source when in the hot or on
condition. Strid also assumed that the isolator and T,
are both 290K. Note that the result is independent of
the DUT noise figure, Y factor, and the noise source
reflection coefficient for T, 4.

Mismatch uncertainty may also occur while characterizing
the noise contribution of the measurement system and
also at the output of DUT during gain measurement.
Gain measurement mismatch effects can be calculated
by evaluating 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 N1. See “Y factor”.
N,,  Same as N2. See “Y factor.”
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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, the added noise power at the output is
divided by G.

Noise Bandwidth (B). [18, 26] An equivalent rectangu-
lar pass band that passes the same amount of noise power
as the actual system being considered. 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.
frequency curve is equal to the area under the actual gain
vs. frequency curve. In equation form

® G(f)df
B=
J, G (1)

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). [7] At a
specified input frequency, noise factor is the ratio of (1)
the total noise power/hertz at a corresponding output
frequency available at the output port when the noise
temperature of the input termination is standard (290K)
at all frequencies, to (2) that portion of the output
power due to the input termination.

The output noise power is often considered to have two
components—added noise from the device, N, and
amplified input noise, for example, the output power
from the input termination amplified by the DUT, kT BG.
Then noise figure can be written

N, + kKT,BG
kT ,BG

F= €y)

Note: Characterizing a system by noise figure is meaning-
ful only when the impedance (or its equivalent) of the
input termination is specified.

Noise figure and noise factor are sometimes differentiated
by [31]

Noise Figure = 10 log (Noise Factor) 2)

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



Noise Figure Circles. [9, 18] 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
factor of a network as a function of source reflection
coefficient Gy is

4Rn lFopt - I"s|2

. 6))
Zo |1+Topl>@-ITs®

F=Fmin+

where G, is the source reflection coefficient that
results in the minimum noise figure of the network,
Fnin 1s the minimum noise figure, Z, is the reference
impedance for defining G, (usually 50 ohms) and R, is
called the equivalent noise resistance. Sometimes R, /Z,,
is given as the single parameter r,, called the normalized
equivalent noise resistance. Loci of constant F, plotted
as a function of G, form circles on the complex plane.
Noise figure circles with available gain circles are highly
useful for circuit designer insights into optimizing the
overall network for low noise figure and flat gain.

Noise Measure (M). [14] A quality factor that includes
both the noise figure and gain of a network as follows

(F-1)
M=TT1 )
G

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, a network’s noise measure generally varies
with source impedance [9]. To make the decision as to
which amplifier to place first, the source impedances
must be such that F 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 identical networks. The
overall noise figure is

F-1 F-1 F-1 (2)
Fit = F + o + .z + G33+---
F-1
Fi =1+ — @
Ga
Ft0t=1+M (4)

Sometimes F,; of equation (2) is called the noise
measure instead of M in equation (1). Care should be
exercised as to which definition is being used because
they differ by 1.
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Noise Temperature (T,). [1] The temperature that
yields 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 P, is

= (1)
kB

Ta

where k is Boltzmann’s constant and B is the bandwidth
of the power measurement. The power spectral density
across the measurement band is to be constant. Also see
Effective Noise Temperature (T,.)

Noise temperature can be equivalently defined [26] 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 (Tg). (7] The tempera-
ture in kelvins given by:

No

=_9° (1
P kG,

T,

where N, is the output noise power/hertz from the DUT
at a specified output frequency delivered into the output
circuit under operating conditions, k is Boltzmann's
constant, and Gy is the transducer power gain for the
signal. NOTE: In a linear two-port transducer with a
single input and a single output frequency, T, is related
to the noise temperature of the input termination T,,
and the effective input noise temperature T,, by:

Top=Ta+Te @)

Optimum Reflection Coefficient (G ). See Noise
Figure Circles.

Partition Noise. [26, 39] An apparent additional noise
source due to the random division of current among
various electrodes or elements of a device.



Power Gain (Gp). [2, 35, 40] The ratio, at a specific
frequency, of power delivered by a network to an arbitrary
load P, to the power delivered to the network by the
source Pq.

Pl
Py

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

Gp= €y)

; _ 2
Gyp= 1S, 1 -Gy 2)
11— 1GSas2(1 = Igy)
where
G =8y + DG 3)
1 -GSy

NOTE 1: Gp is function of the load reflection coefficient
and the scattering parameters of the network but is
independent of the source reflection coefficient.

NOTE 2: The expression for Gp is the same as that for G,
if G, is substituted for G, and S;; is substituted for So,.

Gp is often expressed in dB
Py

S

Gp(dB) =10 log (€))
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 measurement has individual uncertainties

+A, £B, +C, etc, then the RSS uncertainty is

Upgs = (A24B24+C24 ..)12 )

The RSS uncertainty is based on the fact that most of
the errors of measurement, although systematic and not
random, are independent of each other. Since they are
independent 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 equipment is
the second stage. The noise figure measured is the
combined noise figure of the DUT cascaded to the
measurement equipment. If Fy, is the noise factor of the
measurement system alone, and F is the combined
noise factor of the DUT and system, then F,, the noise
factor of the DUT, is

Fy—1
Flesys_zT M

where Gis the gain of the DUT.
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NOTE: F, in equation (1) is the noise factor of the meas-
urement system for a source impedance corresponding
to the output impedance of the DUT.

Sensitivity. The smallest signal that a network can reli-
ably detect. Sensitivity specifies the strength of the
smallest signal at the input of a network that causes the
output 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 290K, the relationship of
sensitivity to noise figure is

S; = MkT BF @Y
In dBm
S; (dBm) =-174 dBm + F(dB) + 10log B+ 101log M (2)

Thus sensitivity is related to noise figure in terrestrial
systems once the bandwidth is known.

Shot Noise. [6, 39] Noise is caused by the quantized
and random nature of current flow. Current is not con-
tinuous but quantized, being limited by the smallest unit
of charge (e=1.6 x 10-19 coulombs). Particles of charge
also flow with random spacing. The arrival of one unit of
charge at a boundary is independent of when the previ-
ous unit arrived or when the succeeding unit will arrive.
When dc current Io flows, the average current is o but
that does not indicate what the variation in the current
is or what frequencies are involved in the random varia-
tions of current. Statistical analysis of the random occur-
rence of particle flow yields that the mean square
current variations are uniformly distributed in frequency
up to the inverse of the transit time of carriers across
the device. Like thermal noise, the noise power resulting
from this noise current, produces power in a load resist-
ance that is directly proportional to bandwidth.

1,2 (f) = 2el, AY/Hz @)

This formula holds for those frequencies which have
periods much less than the transit time of carriers
across the device. The noisy current flowing through a
load resistance forms the power variations known as
shot noise.



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
communication systems where energy on one side of
the carrier is suppressed 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 fj 5 to generate an
intermediate frequency fjr. The IF power from the mixer
is usually increased by an amplifier having bandwidth B.
Some of these down converting systems respond only
to signals over bandwidth B centered at f; 5 + fjp. These
are single-sideband measurements at the upper sideband
(USB). Some other systems respond only to signals over
bandwidth B centered at {5 — fijr. These are single-
sideband measurements at the lower sideband (LSB).
Other systems respond to signals in both bands. Such
measurements are called double-side-band (DSB). SSB
systems usually use pre-selection filtering or image
rejection to eliminate the unwanted sideband.

Confusion often arises when DSB noise figure
measurement results for receivers or mixers are to be
interpreted 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 numerator should include noise from all
frequency transformations of the system, including the
image frequency and other spurious responses, but the
denominator should only include the principal frequency
transformation of the system. For systems that respond
equally to the upper sideband and lower sideband, but
where the intended frequency translation is to be for
only one sideband, the denominator noise power in the
definition should be half the total measured output
power due to the input noise (assuming gain and band-
width are the same in both bands). Double-sideband
noise figure measurements normally do not make the
distinction. Since the noise source contains noise at all
frequencies, all frequency transformations are included
in both the numerator and denominator. 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—usually 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 many of those applications, the signal
being measured is radiation so the receiver is called a
radiometer. Radiometers are used in radio astronomy.
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Noise figure measurements of amplifiers made with
measurement systems that respond to both sidebands
should not include a 3 dB correction factor. In this case,
the noise figure measurement system is operating as a
radiometer because it is using the information in 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). [7] The standard

reference temperature for noise figure measurements.
It is defined to be 290K.

Te. Ter or Tegyg- The colder of two noise source tempera-
tures, usually in kelvins, used to measure a network’s
noise characteristics .

Ty Thoor T The hotter of two noise source temperatures,
usually in kelvins, used to measure a network’s noise
characteristics .

To The temperature, usually in kelvins, of a noise source
when it is biased off. This corresponds to T .q-

Ton- The temperature, usually in kelvins, of a noise source
when it is biased on. This corresponds to Ty,.

Thermal Noise. [19, 26, 30] Thermal noise refers to
the kinetic energy of a body of particles as a result of
its finite temperature. If some particles are charged
(ionized), vibrational kinetic energy may be coupled
electrically to another device if a suitable transmission
path is provided. The probability distribution of the
voltage is gaussian with mean square voltage

— f,
e,2 = 4kT ff R(Dp(Hdf (1)
1
hf
=—(p KT —1)-1
P (e KT 1) (2)
=]

where k is Boltzmann’s constant (1.38 x10-23
joules/kelvin), T is the absolute temperature in kelvins,
R is the resistance in ohms, f is the frequency in hertz,
f; and f; specify the band over which the voltage is
observed, and h is the Planck’s constant (6.62 x10-34)
joule seconds.



For frequencies below 100 GHz and for
T = 290K, 1>p(£)>0.992, so p(f)=1 and equation (1)
becomes

en2 = 4 kTR(f, - f})
=4kTRB (3

The power available, that is, the power delivered to
a complex conjugate load at absolute zero, is

ey

=KkT (fo- ;)

=kTB 4

The units of kKTB are usually joules/second, which are
the same as watts.

The available power spectral density is KT watts/hertz.
Although this development appears to make equation
(3) more fundamental than (4), Nyquist [30] first arrived
at the value of power spectral density (equation (4))
and then calculated the voltage and current involved
(equation (3)). The expression for the voltage

generator is

e,2 df = 4 RKT df 5)

Equation (5) is frequently referred to as Nyquist’s
Theorem. 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
Nyquist’s Theorem. When T is equal to the standard tem-
perature T, (290K), kT, = 4 x10-21 W/Hz = -174 dBm/Hz.

A brief examination of kTB shows that each of the
factors makes sense. Boltzmann’s constant k gives

the average mechanical energy per particle that can

be coupled out by electrical means, per degree of
temperature. Boltzmann’s constant is thus a conversion
constant between two forms of expressing energy—

in terms of absolute temperature and in terms of joules.

The power available depends directly on temperature.
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.
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It might not be apparent that bandwidth should be part
of the expression. Consider the example of a transmis-
sion band limited to the 10 to 11 Hz range. Then only
that small portion of the vibrational energy in the 10

to 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 10 to 12Hz, 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.

It should be emphasized that kTB is the power available
from the device. This power can only be coupled out
into the optimum load, a complex-conjugate impedance
that is at absolute zero so that it does not send any
energy back.

It might seem like the power available should depend
on the physical size or on the number of charge carriers
and therefore the resistance. A larger body, contains
more total energy per degree and more charged particles
would seem to provide more paths for coupling energy.
It is easy to show with an example that the power
available is independent of size or resistance. Consider
a system consisting of a large object at a certain
temperature, 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—
and 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 is because sources of noise are in
thermal equilibrium with their environment.



Transducer Power Gain (G;). [2, 35, 40] The ratio, at
a specific frequency, of power delivered by a network to
an arbitrary load P, to the power available from the
source P,

Gi=— 1)

as
For a source of strength Iby2 and reflection coefficient
G, and for a load reflection coefficient G;.

|bgl?

Ppe=—— 2
as 1—|FS|2 @)

P, = Ibs)? [Sg11% (1 - 1T/ ©
" T6S11)(1 - I'S22) — IsS128s, |2

where the S parameters refer to the DUT. An equivalent
expression for P is

po = Ibsl? 1S/ (1 - 1M
|1-TSy11? 11 - Mlgl?

4

where

512501Ts
g =899 + e 5)
2592 T 7T TSt
Transducer gain is then
(1 -1rg®a-1n?
(1 ~TsS1y) (1 - TySg9) = ITsS19S2 12
(1- T3 (1 - 11y)2)
I1-TsSyy)2 11 - ITgf?
Transducer gain is a function of the source and load

Ge =[Sy 2 (6)

Gi= 1Sx/?

(7)

reflection coefficients as well as the network parameters.

The term “transducer” arises because the result
compares the power delivered to an arbitrary load from
an arbitrary generator through the DUT with the power
delivered to the load through a lossless transducer
which transfers all of the available generator power to
the load.

Transducer gain is often measured in dB

G, (dB) = 10log ®)

as
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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 colors,
hence containing 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 to combine with
the other individual uncertainties to have the largest
effect on the measurement result.

Y Factor. The ratio of N, to N; in noise figure measure-
ments where Nj is the measured noise power output
from the network under test when the source impedance
is turned on or at its hot temperature and Nj is the
measured power output when the source impedance

is turned off or at its cold temperature.
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6. Additional Agilent Resources,
Literature and Tools

10 Hints for Making Successful Noise Figure
Measurements, Application Note 1341,
literature number 5980-0288E

Noise Figure Measurement Accuracy,
Application Note 57-2, literature number 5952-3706

Calculate the Uncertainty of NF Measurements
(software and web-based tool available via web)
www.agilent.com/find/nfu

User guides for Agilent noise figure products.

Noise figure analysis web site:
www.agilent.com/find/nf

Component Test web site:
www.agilent.com/find/component_test
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Agilent Technologies’ Test and Measurement
Support, Services, and Assistance

Agilent Technologies aims to maximize the value you receive,
while minimizing your risk and problems. We strive to ensure
that you get the test and measurement capabilities you paid
for and obtain the support you need. Our extensive support
resources and services can help you choose the right Agilent
products for your applications and apply them successfully.
Every instrument and system we sell has a global warranty.
Support is available for at least five years beyond the
production life of the product. Two concepts underlay
Agilent's overall support policy: “Our Promise” and

“Your Advantage.”

Our Promise

Our Promise means your Agilent test and measurement
equipment will meet its advertised performance and
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performance specifications and practical recommendations
from experienced test engineers. When you use Agilent
equipment, we can verify that it works properly, help

with product operation, and provide basic measurement
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Your Advantage

Your Advantage means that Agilent offers a wide range

of additional expert test and measurement services, which
you can purchase according to your unique technical and
business needs. Solve problems efficiently and gain a
competitive edge by contacting us for calibration, extra-cost
upgrades, out-of-warranty repairs, and on-site education
and training, as well as design, system integration, project
management, and other professional services. Experienced
Agilent engineers and technicians worldwide can help

you maximize your productivity, optimize the return on
investment of your Agilent instruments and systems,

and obtain dependable measurement accuracy for

the life of those products.

By Internet, phone, or fax, get assistance

with all your test and measurement needs

Online assistance:
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Phone or Fax
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