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1 Overview

This application note describes in detail the steps required to make a noise figure measurement using a
spectrum analyzer and the “Y Factor” technique. Background equations are presented for each step of the
calculation. In addition, guidelines are provided to ensure a repeatable measurement. Measurement
uncertainty is then reviewed, including contributions due to the noise source, analyzer, and the DUT itself.

Finally, a software utility is presented that automates the noise figure calculation using four measurements
from a spectrum analyzer. The utility checks the measurement guidelines and highlights potential problem
areas. It then calculates the noise figure and gain of the DUT along with the measurement uncertainty.
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2 Introduction

This application note describes in detail the steps required to make a noise figure measurement using a
spectrum analyzer and the “Y Factor” technique. Background equations are presented for each step of the
calculation. In addition, guidelines are provided to ensure a repeatable measurement. Measurement
uncertainty is then reviewed, including contributions due to the noise source, analyzer, and the DUT itself.

Finally, a software utility is presented that automates the noise figure calculation using four measurements
from a spectrum analyzer. The utility checks the measurement guidelines and highlights potential problem
areas. It then calculates the noise figure and gain of the DUT along with the measurement uncertainty.

2.1 Definition of Noise Figure

The noise figure of a device provides a quantifiable measure of the noise that a device under test (DUT) adds
to a signal as that signal passes through it. Stated another way, noise figure quantifies how much a DUT
degrades the signal to noise ratio of a signal. It is a well defined, easy to measure, and common figure of
merit found on specification sheets for different types of RF and microwave devices.

Consider a device with an input consisting of signal Sin plus noise Nin and gain G. The signal to noise ratio
(SNR) at the input is S;,,/N;,,. Since S,,; = S;»G, the SNR at the output is S;,G/N,,; (see Figure 1).

& L

L i A o g b

*

Figure 1: Graphical Representation of Signal to Noise Ratios at the input and output of a DUT.

The linear ratio of these quantities is the noise factor F. Converting noise factor to the log domain gives the
more commonly used noise figure F .

. N,
Noise Factor: F = N”—”

inG

Noise Figure: F;3 = 10 log (M)

NinG

2.2 Overview

The measurement described in this application note uses the Y factor technique to measure noise figure with
a spectrum analyzer. This technique utilizes a characterized broadband noise source that contains two
temperature states: A high temperature state, T2V, with a higher output of noise power, and a low
temperature state, T2FE . with reduced noise output. The noise source is applied to the DUT input and the
noise power at the output of the DUT is measured for each of the two input noise states.

The noise figure and gain of the DUT are calculated from these measurements.
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2.3 Required Equipment

Fehler! Verweisquelle konnte nicht gefunden werden. shows a common setup for making a noise figure
measurement. The required equipment is a spectrum analyzer and a noise source. The spectrum analyzer
often contains a built in pre-amplifier. An integrated 28V DC port is a convenient addition to the spectrum
analyzer and facilitates automation of the measurement process. This DC supply is used to turn the noise
source on and off, switching it between its hot and cold states.

28V On/Off
Control

DUT

Amplifier

. Noise Source __

Figure 2: Common Setup to Measure Noise Figure.
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3 Background Theory and Equations

To make a manual noise figure measurement using a spectrum analyzer there is a need to convert between
different quantities such as noise figures, noise factors, noise temperatures, linear gain, log gain, linear
power and log power. The equations needed for these conversions are listed in this section for reference.

As a convention, log parameters will be denoted with the suffix “dB” in the variable name and also in the units
of the value. For an example, see

Starting with a linear power, P, in units of watts, the first conversion required is to express the linear power as
a log power. All log powers will be in units of dBm, which is a ratio of the linear power to 1 mW.

Fapm = 10log (0.001) @
The inverse relationship converts a log power “P;g,,,” to a linear power with units of watts.
Papm
P = (0.001) - 100 “*™10) 2)
In a similar way, linear noise factors “F” are converted to log noise figures:
Fa5 = 10log(F) 3)
And the inverse equation is given as
F = 10("*10) )
Gain conversion utilizes this equation for linear gain, G, to log gain:
Gaz = 1010g(G) (5)
And the inverse equation is given as
G
6 = 10("*/10) 6)
Noise Figure (log) is related to Noise Temperature by equation (7).
F
Tpyr = To (10( ®/10) _ 1) (7)
Where T, is the ambient temperature of the DUT. Noise Temperatures use the Kelvin scale.
The inverse equation follows as
TDUT
Fap = 10log (——+1 ®

0

Noise sources are commonly specified by their excess noise ratio, or ENR value, which is expressed in dB.
The relationship between noise temperature and ENR is shown in equation (9). The calibrated ENR values
supplied by the noise source manufacturer are generally referenced to T, = 290K.

Ts%ﬁrce - Ts%iice
ENRgp = 10log | —————— 9
0
The conversion from ENR to an “on” temperature is then given by:
ON [M OFF
Tsource = TO (10 10 ) + Tsource (10)

The remaining equations in this section are related to the Y factor method. The Y factor method uses the
measured noise power at the DUT output with a room temperature noise source (noise source off) at the
input, and with a high temperature noise source (noise source biased with 28V) at the input.
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ON

Amplifier
L
L Power Detector
/0— (Spectrum Analyzer)
NN\NN—
— OFF

source

Figure 3: Diagram showing the Y factor noise figure variables.

These two measurements establish a line (see Figure 4) from which the DUT gain, GDUT, can be
determined. The Y-intercept indicates the noise added by the DUT, NDUT. Figure 4 also includes variables
for the bandwidth (in Hz) of the noise measurement, B, and Boltzmann’s constant, k (1.38 x 10-23 Joules/*K).

Linear Noise
Power (W)

Non = KT BGDUT + NDUT

source

Slope = kBGpur

Noff = KTeure BGDUT + NDUT

source

NDUT = kTDUT BGDUT g

v

T OFF T ON

source source

Noise Temperature (°K)
Figure 4: Diagram showing the Y factor variables.

The Y factor term can be found by taking the ratio of the measured (linear) noise power at the DUT output
when the noise source is on and off.
Non

Y = 1D
Nogs

The Y factor can be used to calculate the noise temperature of the DUT with the following equation:
Ts%ﬁrce -Y. Ts%iice

Y-1

T =

(12)

Because the spectrum analyzer itself also contributes to the overall noise result (due to its own noise figure),
it is usually necessary to characterize the spectrum analyzer’s noise figure (or linear noise factor), and then
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subtract it from the overall measurement by using the cascaded noise factor equation. This is often called
second stage correction or calibration. In cases where the DUT has high gain and high noise figure and the
spectrum analyzer has low noise figure the second stage error is negligible and the calibration step can be
omitted. In most cases, however, second stage correction is recommended. Equation (13) is the linear form
of the cascaded noise figure equation.
Fgo—1
Fpyresa = Fpyr + G (13)
DUT
Both the noise figure of the spectrum analyzer and the noise figure of the cascade can be directly measured.
The linear equation for the gain of the DUT is:

DUT&SA DUT&SA
Non - Noff

Gpyr = (14)

N§& — Nty

Equation (15) is used to calculate the noise temperature of the DUT from the gain of the DUT and the noise
temperature of the second stage (which is the spectrum analyzer).

Tsa

GDUT

(15)

Tpyr = Tpyresa —

Equation (16) shows a simplified form of the noise figure equation which results from combining equations
(8), (9), and (12).

Fus = ENRyz — 10log(Y — 1) (16)

Where Y is the measured Y factor as a linear ratio.
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4 Detailed Measurement Steps

Noise Figure measurements with a spectrum analyzer consist of three main tasks: Calibration of the setup,
measurement of the DUT, and calculation of the Noise Figure and Gain of the DUT.

The steps are listed below, along with the results obtained by making an example measurement on a small
signal gain block at 1 GHz.

Calibration Measurement

/ F
/ , g onen puT
( on/off : [ _
\ Control { Amplitier
| \
L Noise Source \ Noise Source _— @
(a) (b)

Figure 5: Connection diagram for (a) the calibration step, and (b) the measurement of the DUT's noise figure.
There are three primary steps for making the measurement

1. Calibration where the noise figure of the test equipment is measured

2.  Measurement of the DUT cascaded with the test equipment.

3. Calculate of the DUT’s parameters by using the cascaded noise figure equation.

Each of these are covered in more detail in the next section.

4.1 Calibration Step

1. Connect the equipment as shown in Figure 5a. (No DUT)
— Connect the output of the noise source to the RF input of the spectrum analyzer.
— Connect the noise source control of the spectrum analyzer to the noise source.
2. Enter the following settings on the spectrum analyzer:

—  Set the spectrum analyzer to the desired test frequency
(For example: 990 to 1010 MHz)

— Setthe RBW to be less than the BW of the DUT
(For example: 1 MHz)

— Enable the preamplifier in the spectrum analyzer.
— Set the RF attenuator to 0 dB.

—  Set the Reference level to a fairly low value
(For example: -80 dBm.)

— Setthe Log range to a fairly low value
(For example: 30 dB.)
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— Select the RMS detector,

—  Select a slower sweep time to RMS average the results.
(For example: 1 second.)

Use equation (10) to find the temperature of the noise source when it is on. Generally, the ENR value of
the noise source is printed directly on the source in a table. Assume the room temp TO= 290K, and the
off state temperature is also 290K. As an example, the noise source used during this test has an ENR
value of 14.66 dB at 1 GHz.

Tsource = 290K
14.66

TON =T, <1 + 10[ 10 ]) = 8770.0K

Turn the noise source off and measure the noise power of the trace on the spectrum analyzer using a
marker. Convert to linear noise power using equation (2). Measurement on a Rohde & Schwarz
spectrum analyzer yielded -104.5 dBm of noise power. Note that 1 femtowatt (fW) =1 x 10-15 W.

le;cqf_dB = _104.5dBm
N(f;‘f = 35.48fW
Turn the noise source on, measure the noise power of the trace using a marker. Convert to linear noise

power using equation (2). An example measurement on a Rohde & Schwarz spectrum analyzer had a
noise power reading of -97.6 dBm during this step.

NS4 45 = —97.6dBm
NSA = 173.8fW

Calculate the linear Y factor using equation (11). Notice that the units and the impact of the selected
resolution bandwidth cancel out of the Y factor term. This is an advantage of the Y factor technique.

NSt
NG

. 173.8
547 35.48
Y54 = 4.898

Then use equation (12) to solve for the noise temperature of the spectrum analyzer

Ts%ﬁrce - YSA 290

Tsy =

Yoa—1
_ 8770.0 — 4.898 - 290
sa 4898 — 1
TSA = 1885.6K

Finally, convert the noise temperature of the spectrum analyzer into a noise figure by using equation (8).

1885.6 1)
290

NF38 =10 log(
NFj# = 8.75dB
Or use the ENR value and the Y factor along with equation (16) to calculate the NF directly

NF3 = 14.66 — 10 log(4.898 — 1)
NFj# = 8.75dB
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4.2 Measurement Step

In this step the cascaded noise figure of the device under test and the spectrum analyzer are measured.
Start by connecting the DUT between the noise source and the spectrum analyzer as shown in Figure 5b.

1. Turn the noise source off and measure the noise power of the trace. In this example, the small signal
amplifier connected to the Rohde & Schwarz spectrum analyzer had an output power level of -93.63
dBm.

Nt?fl;]‘T_gfi%l = —93.6dBm

NDHT&SA = 436.5fW
2. Turn the noise source on and measure the noise power of the trace. The DUT plus spectrum analyzer

had a level of -82.58 dBm in this step.

NRVTESA = —82.5dBm

NDUT&SA = 5623 FW
3. Use equation (11) to calculate the linear Y factor of the cascade.

5623

Youresa = m
Ypuresa = 12.88

4. Then use equation (12) to solve for the noise temperature of the cascade.

Ts?)ﬁrce - YDUT&SA - 290

Yoyresa — 1
8770.0 —12.88 - 290
Toyrasa = 12.88 — 1

TDUT&SA = 423.7K

Tpyresa =

5. Convert the cascaded noise temperature into a noise figure with equation (8).

T,
NF;5 =10 log( DUT&SA 1)
0

NFzp =101 (423'7 + 1)
B = %9390
NFgz = 3.91dB

6. Or use equation (16).

NF,; = 14.66 — 10 log(12.88 — 1)

4.3 Calculation Step

In the final step calculate the gain and the noise figure of the DUT by applying the cascaded noise figure
equations.

1. Use equation (14) to calculate the linear gain of the DUT. This is another equation where the units and
the impact of the selected resolution bandwidth cancel.
Gai _ 5623 —436.5
HMour = 1738 3548
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GainDUT = 37.51

Use equation (5) to convert to a log gain

Gainpyr = 101log(37.51)
GainDUT = 15.74dB

Use the equation (15) to calculate the noise temperature of the DU

DUT DUT&SA GainDUT
1885.6
Tour = 423.7 = =
Tpyr = 373.4K

And finally calculate the noise figure with equation (8)

NFgp =101 (373'4 +1)
B = %9390
NFgp = 3.59dB
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5 Selecting a Spectrum Analyzer and Noise Source

Below are three guidelines to use when selecting a noise source and a spectrum analyzer for making a noise
figure measurement. The purpose of the guidelines is to ensure there are adequate deltas between the four
individual measurements described in 4.1 and 4.2. This minimizes the effect of the inherent noise (non-
repeatability) of the individual measurements. Satisfying these guidelines will help ensure an accurate and
repeatable measurement.

1.

The first guideline addresses the two measurements of the calibration step. We would like the difference
between the noise source on and off measurements to be at least 3dB. To accomplish this we must
choose a noise source with ENR at least 3dB greater than the noise figure of the spectrum analyzer.

ENRgs > NF32 + 3dB

The section 3 example satisfies this criterion:
14.66dB > 8.75dB + 3dB »
14.66dB > 11.75dB (

The second guideline addresses the two measurements of the measurement step. Here, we would like
the difference between the noise source on and off measurements to be at least 5dB. To accomplish
this we must choose a noise source with ENR at least 5dB greater than the noise figure of the DUT.

ENRyg > NF2YT + 5dB

The section 3 example satisfies this guideline:
14.66dB > 3.59dB + 5dB A
14.66dB > 8.59dB {

The third guideline addresses the deltas between the measurement and calibration steps. We would like
these differences to be at least 1dB and this is done by choosing the spectrum analyzer and preamp
such that the noise figure of the DUT + the gain of the DUT is at least 1dB greater than the noise figure
of the spectrum analyzer.

NEDYT + GAINZYT > NF3f + 1dB

The section 3 example satisfies this guideline:
3.59dB + 15.74dB > 8.75dB + 1dB >
19.33dB > 9.75dB Y

Since all three guidelines were satisfied, the Y factor calculation should yield a repeatable result.
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6 Automating the Measurement

Most modern spectrum analyzers offer a personality that will make the noise figure measurement
automatically. It will take care of the calibration and measurement steps, solve the equations, and plot the
resulting noise figure and gain of the device under test on a frequency plot.

In addition to this, the Noise Figure personality from Rohde & Schwarz also factors in any losses at the input
and output of the DUT, compensating for items such as matching pads, isolators or attenuators. The impact
of the temperature of the noise source on the ENR value is also compensated automatically. And
measurements on frequency converting devices, such as a mixer or a receiver (RF to IF) front end, are also
supported.

Figure 6, Figure 7 and Figure 8 are screen shots that show a typical noise figure measurement from a Rohde
& Schwarz FSV spectrum analyzer.

Spectrum Noise Figure <

| 1 Schematic

Calibration
Frequency
Noise Spectrum sSettings
Source Analyzer
RF
Start : 990 MHz
Stop : 1.01 GHz
EMNR
Measurement Settings
Converting DUT
Loss
Noise Loss Loss Spectrum Settings
Source Input Qutput Analyzer
Meas
RF RF Settings
Start : 990 MHz Start : 990 MHz
Stop : 1.01 GHz Stop : 1.01 GHz Display
Settings

Measurement Complete I:l:l:l:l:l:l:lIl :: S :':

Figure 6: Configuration window for making noise figure measurements on a R&S®FSV spectrum analyzer
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Spectrum Noise Figure +

Auto Level Off RBW 1 MHz MNoise Source Constant  Mode Sch 0
Ref Level -80 dBm  SWT 100 ms Image Rej. chematic
Att Dde  AvE 1 ENR(Const) 14.66 dB  Fixed LO O ERIE
Preamplifier an 2nd Stage Corr On  LO Source
SGL PA Frequency
# 1Moise Figure SEttings
Markpr[MNoise]| 3.64dB 1 GHz
— 18 dB —
AT
— 16 dB — ENR
Settings
Loss
12 de —| settings
AT
— 10 dB - Meas
Settings
—a de —
Display
— 6 dB —| Settings
=4 db —
— 2 dB —
990 MHz 2 MHz /div (RF) 1.01 GHz

Figure 7: Resulting plot of the noise figure and gain of the DUT.

Spectrum Noise Figure < ==
Auto Level Off  RBW 1 MHz Moise Source Constant Mode Direct 5
Ref Level -80 dBm  SWT 100 ms Image Rej. SR
Att 0DdE  AVG 1 ENR(Const) 14.66 dB  Fixed LO RIS
Preamplifier on 2nd Stage Corr On  LO Source
SGL PA Frequency

Settings

Frequency List Results

_RF LN Noisetemn | Gain |

5950.000 MHz 3683 dB 367.224 K 15.489 dB
552.000 MHz 3672 dB 365458 K 15489 dB
554000 MHz 3672 dB 366,391 K 15518 dB ENR
556.000 MHz 3673 dB 365,553 K 15543 dB|| Settings
5958.000 MHz 3692 dB 366586 K 15.513 dE | o—
1.000 GHz 3640 dB 380492 K 15.591 dB oS
Settings
1.002 GHz 3707 dB 390.847 K 15536 dB
1.004 GHz 3642 dB 3E0.742K 15589 0B|(" mieas
1.008 GHz 3682 dB 366.979 K 15592 dB|| Ssettings
1.008 GHz 3657 dE SEA 0K ] p—
1.010 GHz 3650 dE 362.089 K 15567 dB|| Display
Settings

Fixed Frequency {Meter)
Frequency 1 GHz MNoise Figure 3.64 dB Gain 15,591 dB

Figure 8: Tabular summary of the noise figure, noise temperature and gain of the DUT.
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7 Calculating Measurement Uncertainty

Noise figure measurement uncertainty is a key consideration when making a noise figure measurement. The
noise figure measurement will be meaningless if the measurement uncertainty is too large. Knowing the
uncertainty of the noise figure measurement adds value especially when comparing measurement results.
Consider the two devices below. Which is preferred?

DUT Noise Figure
Supplier One 1.257 dB
Supplier Two 1.4dB

Seemingly the amplifier with the lower noise figure (and also listed with more digits of precision) would be the
obvious choice. But adding measurement uncertainty values to the table may change the natural conclusion.

DUT Noise Figure NF Uncertainty
Supplier One 1.257 dB +/- 0.5 dB
Supplier Two 1.4dB +/- 0.1 dB

Uncertainty can be calculated in either a worst case scenario by adding up all the contributions to the overall
uncertainty, or by using the Root of the Sum of the Squares (RSS) approach. In general, when the
contributions are independent from each other, the RSS approach is utilized in practice as a more realistic
bound on uncertainty. In a noise figure uncertainty calculation the contributions are independent making the
RSS approach the appropriate selection.

Several factors contribute to noise figure measurement uncertainty. The noise figure of the spectrum
analyzer, uncertainty of the noise source ENR value, and gain of the DUT have significant impact.
Impedance mismatches between noise source and DUT, DUT and spectrum analyzer, and noise source and
spectrum analyzer (during the calibration step) also add to the overall uncertainty.

While it is relatively easy to identify sources of measurement uncertainty, it is more difficult to distill the
effects down to an overall uncertainty equation. The work has been done in reference [3] by applying
differential analysis to the cascaded noise figure equation. The results are summarized in equation 17.

2
I DUT &SA
DUT &SA_dB

DUT

2

Fsa j
+| —=2  AF d
[FDUTGDUT Sh-aB

2
Fea —1
+(L AGDUTdBj

I:DUT G DUT

2
+ [[ I:DUT&SA _ I:SA jAENRdB ]
I:DUT I:DUT G DUT (17)

Measurement Uncertainty =

——

It is important to note that in equation 17 the four delta terms AFpyresa ap, AFsa_ap, AGpur_ap AENR4p are in
units of dB, and correspond to the four "primary contributions” of measurement uncertainty. The equations for
these terms are covered in detail in the next section.
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The remaining terms are combinations of the linear ratios of the measured noise factor and gain of the DUT,
noise factor of the spectrum analyzer, and the cascaded noise factor of the spectrum analyzer and DUT.
These values are all measured or calculated during the noise figure measurement process described in
section 4. Note that equation (17) assumes the calibration step is performed and that the DUT is a linear
device such as an amplifier. For frequency converting DUTSs the uncertainty of the noise source ENR at the
input and output frequencies must be taken into account and the measurement uncertainty equation is
slightly different. The remainder of this section applies to the linear (non-frequency converting) case.

7.1 Uncertainty in the Cascaded Noise Figure Result

The cascaded noise figure measurement consists of two measurements to determine the cascaded Y factor.
During these measurements two parameters dominate the error terms:

1. The mismatch between the noise source and the input of the DUT, which creates a standing wave on
the transmission line.

2. The uncertainty of the spectrum analyzer's reported noise figure results.
Mismatch calculations are well known, and the resulting error is understood to be:
mismatch_error = £201log(1 + Isourcelpur _input)
The reflection coefficients of the noise source and the DUT are usually specified or easily measured.
The noise figure uncertainty of the Spectrum Analyzer is specified by the spectrum analyzer manufacturer.

Since the mismatch error and noise figure uncertainty are independent from each other, the root sum square
(RSS) method is used to add them together. The resulting error term for the measurement of the cascaded
noise figure is show in equation (18). This result (in units of dB) is needed to complete equation (17).

2 2
AFpyresaas = \[(20 log(1— rsourcerDUTmput)) + (SANF_uncertainty 7dB) (18)

7.2 Uncertainty in the Calibration of the Spectrum Analyzer Noise
Figure

The next error term, uncertainty in the noise figure measurement of the spectrum analyzer during calibration,
is similar to the first term and follows as:

2 2
AFSA_dB = \/(20 lOg( 1- [;ourcteS‘A_input)) + (SANF_uncertainty 7dB) (19)

This term (in units of dB) is also needed to calculate equation (17).

7.3 Uncertainty in the Gain Measurement of the DUT

The third term is the uncertainty in the gain measurement of the DUT. This term is impacted by all three
combinations of mismatch between the noise source, the DUT input and output ports, and the spectrum
analyzer. Itis also affected by the noise figure uncertainty of the spectrum analyzer.

2 2
(20 lOg( 1- Gource[.'sA_input)) + (20 log( 1- FsourcerDUT_input))

) ) (20)
+(20 lOg( 1- rDUT?output[.'?Ajnput)) + (SAgain _uncertainty _ dB)

AGDUT,dB =
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7.4 Uncertainty in the ENR of the Noise Source

The fourth term is the uncertainty of the noise source ENR values supplied by the manufacturer. This
uncertainty is typically specified by the noise source supplier, and is generally in the area of 0.1 dB to 0.2 dB.

AENR 5 = 0.2

7.5 NF Measurement Uncertainty Example

Assume the following reflection coefficients:

noise source 0.05 (26 dB return loss)
DUT input 0.251 (12 dB return loss)
DUT output 0.316 (10 dB return loss)
SA input 0.2 (14 dB return loss)

Assume SA NF is measured as 12 dB.
Assume the DUT gain is 15 dB

Assume NF of DUT and SA cascade is 7.85 dB
therefore DUT noise figure is calculated as 7.5 dB

Assume SA noise figure uncertainty is 0.05 dB
Assume SA gain uncertainty is 0.059 dB
Assume the ENR uncertainty is 0.2 dB.

Using equation 18:

AFDUT&SA_dB = \/(0'1097)2 + (0'05)2
=0.1245dB

And from equation 19:

AFy, o =+(0.0873)* +(0.05)
~0.1053dB

Equation 20:

AGour 4 =+/(0.1097) +(0.0873)? +(0.567)° +(0.059)?
= 0.587dB

(21)

(noise factor of 15.85)
(gain of 31.62)

(noise factor of 6.095)
(noise factor of 5.62)
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And Equation 21:
AENR 5 = 0.2

The required linear ratios are:

FDUT&SA _ 6.095

=22 _ 1085
F. 15.85

2= = 0.0892

FourGour  (5.62)(31.62)

FSA - 1 15.85 - 1

= = 0.0836

FourGour  (5.62)(31.62)

FDUT&SA FSA _ 6.095 15.85

= 0.996

Fpur  FourGpur 562  (5.62)(31.62)

Substitution of the values into equation 17 results in an overall Noise Figure Uncertainty of:

= J((1.085)(.125) ) +((.0892)(.105))} + ((.0836)(.587) ) +((.996)(.2))’
=0.243dB
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8 The Rohde & Schwarz Noise Figure and
Uncertainty Calculator

While the measurement guidelines presented in Section 5 are fairly straightforward to evaluate, the noise
figure measurement uncertainty is very tedious to calculate manually. To make this task easier, Rohde &
Schwarz provides a Noise Figure and Uncertainty Calculator along with this application note (free-of-charge
from the R&S website). This calculator is intended for use on a Microsoft Windows 7 or Windows XP
operating system. It is a stand alone executable program and does not utilize an installer. The application
consists of a single window that calculates noise figure measurement uncertainty and evaluates the
measurement guidelines. The user simply enters the pertinent parameters for the noise source, DUT, and
analyzer. There is also the option to calculate noise figure and gain from the manual measurements
described in Section 4.

8.1 Basic Usage of the Calculator

The main function of the calculator is to estimate noise figure measurement uncertainty and to evaluate the
measurement guidelines. The measurement uncertainty is based on the following user-entered parameters:

Noise Source Output Match (VSWR or Return Loss)
Noise Source ENR Uncertainty (dB)
DUT Input and Output Match (VSWR or Return Loss)

>

>

>

» DUT Noise Figure and Gain (dB)

» Spectrum Analyzer Input Match (VSWR or Return Loss)
» Spectrum Analyzer Noise (Noise Figure or DANL)

>

Spectrum Analyzer Gain Uncertainty and Noise Figure Uncertainties (dB)

The measurement guidelines are based on these user-entered parameters:
» Noise Source ENR (dB)

» DUT Noise Figure and Gain (dB)

» Spectrum Analyzer Noise (Noise Figure or DANL)

The noise figure measurement uncertainty and measurement guidelines are updated immediately when any
parameter is changed.

The user may enter the noise source parameters manually (User) or choose a specific model from the noise
source drop down list (see Figure 9). When a model is chosen its specified output match and nominal ENR
will be automatically entered. The match is frequency dependent so it will change with the entered frequency.
The ENR value is device specific so only the nominal ENR for the selected model is set.

Similarly, the spectrum analyzer values may be entered manually (User) or a spectrum analyzer model may
be chosen from the drop down list. When a spectrum analyzer model is chosen the specified input match,
DANL, gain uncertainty and noise figure uncertainty are set. If the selected model has an internal preamp
option the “Int PA” checkbox will be enabled and, when checked, the proper DANL will be set accordingly.
The input match and DANL values are frequency dependent so they will change with the entered frequency.
In addition to the internal preamp selection, the user may evaluate the effect of an external preamp by
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selecting the Ext PA checkbox. When selected the user can enter the gain and noise figure of the external
preamp. Also, the Analyzer Input Match field becomes Ext PA Input Match.

When a noise source or spectrum analyzer model is selected the values set are guaranteed, not typical.
Actual performance will likely be better than these worst-case values.

The uncertainty calculation is slightly different when measuring a frequency converting device. The utility has
a check box to indicate this type of DUT. When the “Freq Conv” box is checked there will be two frequency
fields for input and output frequencies. Note that if the noise source and spectrum analyzer are both set to
“User” the Frequency field is irrelevant and will not be used in any calculations.

When analyzer noise is entered as DANL the utility converts it to equivalent noise figure for the uncertainty
calculation using the formula: NF = DANL + 173.98dBm + 2.51dB — 0.27dB (173.98dBm is kKTB at 290K,
2.51dB is the correction for sample detection and log averaging used for DANL specs, and 0.27dB is the
equivalent noise bandwidth correction for the 1kHz digital Gaussian RBW filter used for DANL specs).

Two additional, but usually small contributors to measurement uncertainty are the spectrum analyzer gain
and noise figure uncertainties. If a specific model spectrum analyzer is selected these values are entered
automatically. The user can hide these values by selecting Option 2Hide SA Uncertainties from the menu,
but they are still used in the uncertainty calculation.

Noise figure measurements of high-gain devices are sometimes done without calibration since the noise
added by the second stage (analyzer) is insignificant. The user has the option to view the effects of omitting
second stage correction by de-selecting “Enable 2nd Stage Correction” from the Option menu. This will
eliminate the calibration step from the uncertainty calculation and show the measurement offset error (always
positive) due to the uncorrected second stage. Note that when second stage correction is disabled the
measurement guidelines are not displayed.

. Rohde & Schwarz Noise Figure and Uncertainty Calculator 3.30 — hed
File Option Web Help
Noise Source DUT Analyzer
ENR DOutput Match Input Match Output Match Analyzer Input Match
= = {* VSWR VEWR (¥ ,— =
iE @] 115 1.3 " RL {d4B) RL (dB) {~ 14 1.87 9
Eff. ENR: 15.00dE
Pon: kTE+15.14dB Freq B GG
Noise Source 1 GHE -|.— ExtPA {G.lara:?e:'dﬂr!:\zlz\.r'e used)
NS3EE | * v [ FSW2E  «| W intea
Ambient Temp EMR Uncertainty MF Gain Analyzer Hoise
(" NF {dB)
1685 C 01 dB 8 dB 15 dB -166 (& DANL (dBmiHz)
Toff: 290.0K, [B2.3F] Met Anslyzer NF: 10.22dB
Tor: 9460.6K
NF Measurement Uncertainty Measurement Guidelines
Goal
+0.14 dB *3dB @ ENR -MFsa=4.78dB

*5dB @ ENR -MFdut=7dB

#1dB @ [NF+G)dut - NFsa=1278 dB ROH DE &SCHWARZ

Figure 9: Rohde & Schwarz Noise Figure and Uncertainty Calculator. NS346B Noise Source and FSW26 Spectrum Analyzer with
Internal Preamp are selected.

8.2 Showing Estimated Manually Measured Levels

The utility has the additional capability of showing estimated levels of the four underlying measurements
described in Section 4. These values are estimated from the Noise Source ENR, DUT Noise Figure and
Gain, and Analyzer Noise. Select “Show Manual Measurement Values” from the Options menu to view these
values (see Figure 10). Note that the four absolute levels are only estimates since the absolute levels are
dependent on spectrum analyzer resolution bandwidth, filter shape factor, losses, etc. However, the deltas
between the levels and correspondingly, Ycal, Ymeas, NFsa, NF(dut+sa) are accurate.
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. Rohde & Schwarz Moise Figure and Uncertainty Calculator 3.30 — x
File Option Web Help

Noise Source DUT Analyzer
ENR Output Match Input Match Output Match Analyzer Input Match
’—.. = {+ VEWR VSWR (& 'l
iE w115 13 e~ {dB) RL (4B} {~ 1.4 1.87 |~
Eff. ENR: 15.00dE
Pon: kTE+15.14dB Freq [ FreqZony,
. ,— - [~ ExtPa Analvzer
Noise Source 1 HiE - i {Guaranteed noise level used)
NSMER 4| . v [ FEWZ%  —| W imtea
Ambient Temp ENR Uncertainty NF Gain Analyzer Noise
16.85 C 01 dB 8 dB 15 dB 1022 ENes
(@BmiHz)
Toff: 290.0K [62.3F) Net Analyzer NF: 102248
Ton: 9460.6K
NF Measurement Uncertainty Measurement Guidelines Calibration Measurement
Gozl
R NS NS
+0.14 dB =3d8 @ ENR - NFsa= 472 dB o [-97.753 dBm on | -03176 dBm
= »508 @ ENR - NFdut =7 o " "
=1d8 @ [MF+G]dut - MFsa = 1278 dB NS NS
(D i [ 10378 dBm oif | -90.790 dBm
>
MFsa 10,22 dB MF{dut+sa): 8.20 dB
ROHDE&SCHWARZ

Enable manual entry of measurement values
[MFdut, Gdut, and MFza will be calculated)

Figure 10: Noise Figure and Uncertainty Calculator with estimated measurement values enabled.

8.3 Fully Manual Noise Figure Measurement

The utility can also perform the calculations described in Section 4 to implement a fully manual noise figure
measurement. The calibration and measurement fields will be enabled for user entry if the check box labeled
“Enable manual entry of measurement values” is checked (see Figure 11).

The parameters used to calculate the DUT noise figure, gain and analyzer noise are:
ENR value (dB)

Ambient Temperature of the Noise Source (degrees C)

Noise floor measurement of Analyzer with noise source “off” (dBm)

Noise floor measurement of Analyzer with noise source “on” (dBm)

Noise measurement of DUT output with noise source “off” (dBm)

vV vVv.v. v vy

Noise measurement of DUT output with noise source “on” (dBm)

DUT noise figure and gain are updated as these values are entered as well as noise figure measurement
uncertainty and measurement guidelines. In addition, the noise figure of the spectrum analyzer is displayed
in the bottom of the “Calibration” section and the cascaded noise figure of the DUT and the analyzer is
displayed in the bottom of the “Measurement” section.

ENR values provided by the manufacturer or calibration lab are referenced to an ambient temperature of
290°K. Often, however, the actual ambient temperature during a measurement is not 290°K. The “Ambient
Temp” field provides a means to enter the actual ambient temperature of the noise source so the noise figure
is correctly calculated using the effective ENR and Ton values (displayed in noise source area). Referring
back to Figure 4, the change in ambient temperature can be visualized by horizontally shifting the vertical
Toff and Ton points together, while the slope and y-intercept of the measured blue line remain unchanged.
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. Rohde & Schwarz Moise Figure and Uncertainty Calculator 3.30 - X
File Option Web Help
Noise Source DUT Analyzer
ENR Output Match Input Match Dutput Match Analyzer Input Match
ol (¥ VSWR VSWR (¥ o i
14.66 dB Elas 13 2 oy | 14 14 &
Eff. EMR: 14.66dE
Por: kTB+14.81dB Freq B Feg B
Noise Source 1  GHz r gnslze
I » ._|>. » T
Ambient Temp EMR Uncertainty HF Gain Analyzer Noise
" NF {dB)
16.85 C 01 dB 3.59dB 15.74 dB -167.47 B_NGL{_:EW_I.HZ}
Toff: 290.0K [E2.3F] Met Analyzer NF: B.75dB
Ton: 8770.0K
NF Measurement Uncertainty Measurement Guidelines Calibration Measurement
Goal
i NS NS
+0.14 dB =308 @ ENR - NFsa=531 dB on | 976 dBm on | 825 dBm
= =SB @ ENA - NFdut - 11.07 4B " "
=108 @ [NF+G]dut - NFsa=10.58 dB NS [ 1045 dom NS 936 dom
>
MFsa 8.75 dB MF(dut+sal: 3.91 dB
ROHDE & SCHWARZ

v Enable manual entry of measurement values
[NFdut, Gdut, and MFsa will be calculated)

Figure 11: Calculator with manual measurement entry enabled showing example from Section 4.

8.4 Using Measurement Guidelines to Ensure a Repeatable Result

The measurement guidelines presented in Section 5 are evaluated based on DUT noise figure and gain, and
analyzer noise figure, and ENR. These guidelines give an indication of the quality of the measurement. The
compliance to each of the guidelines is indicated as follows:

Green light: Guideline condition met
Yellow light: Guideline condition not met, but within 1dB of being met
Red light: Guideline condition not met

The goal for the user is to choose a noise source, spectrum analyzer, and preamp so that all three
Measurement Guidelines are marked with a green light. Note that the noise source ENR will affect guidelines
1 and 2 and the spectrum analyzer/preamp (internal or external) combination will affect guidelines 1 and 3. It
may appear that higher ENR is always better, however noise sources with higher ENR also have worse
VSWR which can degrade uncertainty so it's best to choose a noise source with the lowest ENR necessary
to satisfy the guidelines. For the spectrum analyzer, lower noise figure is always better. Figure 12 shows an
example where guidelines 1 and 3 are not being met. This is an indication that the noise figure of the
analyzer is not low enough to make a quality measurement and a preamp (internal or external) should be
considered.
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. Rehde & Schwarz Noise Figure and Uncertainty Calculator 3.30 - X
File Option Web Help
Noise Source DUT Analyzer
ENR Output Match Input Match Output Match Analyzer Input Match
,7 VSWR (% (¥ VSWR VSWR (* {+ VSWR
15 g RL {dB) 115 12 " RL(dB) RL {dB) (" 12 14 ™ RL (dB)
T :
are + req
™ Freq Canw.
Noise Source 1 GHz Analeey
[l &
Lzer z‘ | User Zl r
Ambient Temp ENR Uncertainty NF Gain Analyzer Noize
168 C 01 B 6.08 dB 9.05 dB 1502 SN
@ )
Toff: 230.0K [62.2F) Net Analyzer NF: 15.0248
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easurement Guidelines Calibration Measurement

Geoal

NF Measurement Uncertainty

NS NS
+0.29d8 oo nnpaiaem ) ol % el A o
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Ro H D E & s c H W R z “oal: 300 dB ‘Ymeas 7.00 dB

Enable manual entry of measurement values
[NFdut, Gdut, and NFsa will be calculated)

Measurement Guidelines

Figure 12: Example Demonstrating the use of the Measurement Guidelines.

8.5 Overview of Menus and Additional Features

In addition to calculating uncertainty and measurement guidelines, the utility makes it easy to evaluate the
sensitivity of the noise figure measurement uncertainty to each of the various contributors. Any parameter
may be incremented by highlighting the parameter and pressing the Cntl-Up Arrow (+0.01dB), Up Arrow
(+0.1dB), or Shift-Up Arrow (+1dB) keys. The down arrow key is similarly used to decrement the highlighted
parameter. By shifting individual parameters by 0.1dB and monitoring the uncertainty value the user may
quickly evaluate the sensitivity of measurement uncertainty to each parameter. This provides a simple
method for quickly determining which parameters have the most significant effect on the measurement
uncertainty and where improvements might be made.

The uncertainty result display has a default resolution of 0.01dB, but the user can choose resolutions from
0.1dB to 0.0001dB by clicking anywhere in the NF Measurement Uncertainty area and selecting the desired
resolution. Select Ul Hints in the Help menu to show all keyboard shortcuts (see Figure 13).

. Rohde & Schwarz Noise Figure and Uncerta & Hints X
File Option Web Help Press Action:
N Ul Hints Page Up or Up Arrow Increment Value 0.1
i About { Match Page Down or Down Arrow Decrement Value 0.1
15 dB ;‘E“:; :E 1.15 Shift + Page Up/Dn Ine/Dec Walue 1.00

Fi& FRIML 4 AnJn

Ctrl + Page Up/Dn Inc/Dec Yalue 0.01

Click Noise Source and Analyzer to select
Chick Uncertainty Result to set resolution
Hover over entiy boxes to see valid ranges

Use Option [in menu) to omit 2nd stage correction
[calibration stepl

Figure 13: Ul Hints are available under the Help Menu.
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Most user entered parameters are protected against invalid entries (e.g. VSWR < 1, ENR < 0, etc.), however,
error conditions can arise if certain combinations of values are entered. If an error does occur the utility will
indicate in red what the problem is and which parameter should be addressed (see Figure 14).

The situations that can cause such an error are:
» DUT Noise Figure < -DUT Gain (i.e. NF<LosSs)
» NS On Level < NS Off Level (Calibration or Measurement)

» Measurement NS Off Level < Calibration NS Off Level

The File menu has three selections. “Reset to Startup Values” resets the program to the original values

without changing any optional settings. “Preset” resets all aspects of the utility to startup conditions. “Exit”
closes the application.
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Figure 14: Example showing error condition (Calibration NS Off level > NS On level).

The Web menu contains a list of links for R&S Noise Figure option pages, Noise Source product pages, and
related Application Notes.

. Rohde & Schwarz Moise Figure and Uncertainty Calculator 3,30
File Option | Web  Help

R&5 Home Page
Ap Note: Y-Factor for Moise Figure Measurements (1MA178) Dutput Mats
Moisecom NC346 Series Moise Sources SRt

RL (dB) {~
Mercury Systems N5346 Series Moise Sources
Quinstar QNS Series Noise Sources "
Sage Millimeter Noise Scurces

Y

[ =1 I

Figure 15: The Web Menu contains links to some useful web sites related to noise figure measurements.
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9 Ways to Improve Noise Figure Results

There are several possible remedies if the calculated uncertainty does not meet the requirements of the
application. Usually, the largest contributor to measurement uncertainty is the noise figure of the spectrum
analyzer. Without a preamp, typical spectrum analyzers have over 20dB noise figure. Fortunately, most
spectrum analyzers offer an optional internal preamp that significantly improves the analyzer noise figure. In
fact, a preamp (internal or external) is almost always required for good noise figure measurements.

For example, if a DUT has 5dB noise figure and 10dB gain, a mid-range spectrum analyzer without a preamp
can result in a noise figure measurement uncertainty of more than 6dB! The internal preamp improves this to
0.7dB. An external preamp with high gain and low noise figure will yield even further improvement. The
preamp (internal, external, or both) is treated as part of the measurement system and is calibrated out of the
measurement along with the rest of the second stage contributions.

Mismatches also contribute to the uncertainty. Small attenuators or isolators may be added to minimize
mismatch and improve the uncertainty. These components must be included during the calibration step so
they will be accounted for in the measurement. Also, noise sources with lower ENR values generally have
better match performance.

In addition to minimizing measurement uncertainty, we want to maximize measurement repeatability. We do
this by ensuring that the measurement setup satisfies the three measurement guidelines presented in
Section 5. Using a spectrum analyzer and preamp to get a low resulting measurement system noise figure is
always desirable. However, choosing an optimum noise source takes a little more investigation since higher
ENR noise sources have worse match characteristics. Good match improves uncertainty, but high ENR
improves repeatability.

Rohde & Schwarz | Application Note The Y Factor Technique for Noise Figure Measurements 26



10 Conclusion

It is fairly straightforward to make noise figure measurements with a noise source and a spectrum analyzer.
The manual process may be tedious, but can yield accurate results. Guidelines are provided to ensure a
repeatable measurement with a known uncertainty. Rohde & Schwarz offers a software utility that calculates
the noise figure and the uncertainty based on the measurement conditions. The uncertainty calculator allows
many measurement scenarios to be quickly evaluated for accuracy.

In addition to the manual process, most modern spectrum analyzers (and all current Rohde & Schwarz
spectrum analyzers) offer a noise figure personality. The noise figure personality automates all the steps of
the measurement, providing the user with the noise figure and gain of the DUT in graphical and tabular form.
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Figure 16: The Rohde & Schwarz FSW spectrum analyzer. This is an ideal instrument for making Noise Figure measurements due to
its low noise figure, available built-in pre-amplifier and noise source control.
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12 Ordering Information

Designation Type Order No.

Signal and spectrum analyzer R&S®FSW 1331.5003.xx
Signal and spectrum analyzer R&S®FSV3000 1330.5000.xx
Signal and spectrum analyzer R&S®FSVA3000 1330.5000.xx
Real-time spectrum analyzer R&S®FSVR 1311.0006.xx
Phase noise analyzer and VCO tester R&S®FSWP 1322.8003.xx
Spectrum analyzer R&S®FSL18 1300.2505.xx
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