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National Advanced Spectrum and Communications Test Network (NASCTN)

Mission Statement: The National Advanced Spectrum and Communications Test Network
(NASCTN) provides, through its members, a network for robust test processes and validated
measurement data necessary to develop, evaluate and deploy spectrum sharing technolo-
gies that can improve access to the spectrum by both federal agencies and non-federal
spectrum users.

NASCTN originated in 2015 as a multi-agency chartered partnership and as of 2022, is a
congressionally mandated function of the National Institute of Standards and Technology
(NIST). NASCTN is coordinated with the National Telecommunications and Information
Administration (NTIA) and other Federal agencies, as appropriate. NIST hosts the NASCTN
capability at the Department of Commerce Boulder Laboratories in Boulder, Colorado.

The NASCTN program office facilitates and coordinates the use of intellectual capacity,
modeling and simulation, and laboratory and test facilities to meet national spectrum in-
terest and challenges.

NASCTN test projects follow a transparent framework including public dissemination of
test plans, adjudicated comments to the test plans, formal reports containing test meth-
ods, data, and software to the maximum extent permissible.

The NASCTN provides an impartial, scientifically rigorous forum for addressing spectrum-

sharing challenges in an effort to accelerate the deployment of wireless technologies among
commercial and federal users and to measure the impacts of spectrum dependent systems

deployments. NASCTN provides robust test processes, validated measurements data, and

statistical analysis necessary to develop, evaluate, and deploy spectrum sharing technolo-

gies that can improve access to the spectrum by both federal agencies and non-federal

spectrum users.

»

NASCTN

National Advanced Spectrum and
Communications Test Network
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NASCTN CBRS SEA

This work is a result of the NASCTN Citizens Broadband Radio Service (CBRS) Sharing Ecosys-
tem Assessment (SEA) program. The NASCTN CBRS SEA program was requested and spon-
sored by Defense Information Systems Agency (DISA) to measure emissions in the CBRS
band. These emissions would be analyzed to ascertain the effectiveness of the sharing
ecosystem between CBRS systems as managed by Spectrum Access Systems (SASs), and
Department of War (DoW) systems as monitored by Environmental Sensing Capabilities
(ESCs). The collected data will be used by DoW to provide insight into the sharing ecosys-
tem’s effectiveness, and track changes in the spectrum environment over time. This docu-
ment explains the calibration process of sensors that recorded that data. Test members are
drawn from government, academia, and/or industry and are the foundation to NASCTN'’s
coordinated, national testing and evaluation capability to enable the improvement and
expeditious addressing of national spectrum test interest and challenges.

¢ Provide expertise and capabilities to cooperatively enable NASCTN studies;

e Work as a partnership to address the interests and equities of all spectrum stake-
holders in a fair, equitable, and non-preferential manner; and

¢ Through sharing of technical resources, with consideration for cost, provide for, liai-
son, or coordinate access to testing and evaluation capabilities.

Test Members to the CBRS SEA Program are (in alphabetical order):
e Department of Defense (DoW), Chief Information Officer (CIO)
e MITRE Corporation
¢ National Aeronautics and Space Administration (NASA), Langley Research Center

e National Institute of Standards and Technology (NIST), Communications Technology
Laboratory

¢ National Telecommunications and Information Administration (NTIA), Institute for
Telecommunication Sciences (ITS)

Other collaborative partners to CBRS SEA are:
e Hampton University, Norfolk VA.
¢ Naval Surface Warfare Center, Dahlgren Division
e University of Colorado, Boulder CO.
e United States Coast Guard, C5ISR Program, Rescue 21
¢ United States Marine Corps, IC4
¢ United States Navy, Naval Base Pt Loma

¢ Virginia Department of Transportation
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Abstract

This technical report details approaches to the amplitude calibration and noise characteri-
zation of frequency-dependent power sensors. The frequency range of sensing addressed
is between 1 and 6 GHz and calibrations are performed via the Y-factor technique. The
Y-factor technique relies on noise with a known power spectral density to extract the sen-
sors’ effective gain and noise figure. This technique, including its limitations, is reviewed.
The construction and characterization of a programmable noise source or calibration probe
is also documented. In addition, methods to transfer the known power of a commercial
noise diode to the calibration probe are discussed. Measurements of commercial noise
diodes and the calibration probe in by the NIST radiometer noise service are detailed. Fi-
nally, results from the NASCTN CBRS SEA project are presented. This program involved an
extended large-scale sensor deployment monitoring the electromagnetic environment in
the 3530 - 3710 MHz range. These deployed sensors were calibrated hourly over multiple
years. The calibration was traceable to NIST through a radiometer measurement of the
installed noise diode. The uncertainty of the gain and noise figure for multi-sensor field
calibrations is developed under multiple assumptions.

Keywords

Advanced Communications;CBRS;CBSD;DPA;ESC;GAA;NASCTN;PALS;RADAR;SAS;Sharing Ecosys-
tem Assessment
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Executive Summary

This technical note serves as a collection of practical techniques and results for noise based
power calibrations. In particular, this note focuses on sensors that are designed to de-
tect power in the 1-6 GHz frequency range. It simultaneously acts as documentation of
methodology and as a specific supplement to a larger body of work, driven by the National
Advanced Spectrum and Communications Test Network (NASCTN) Citizens Broadband Ra-
dio Service (CBRS) Sharing Ecosystem Assessment (SEA) project. The purpose of the NASCTN
CBRS SEA project is to provide data-driven insight into the CBRS sharing ecosystem’s effec-
tiveness between commercial and Department of War (DoW) incumbent systems, and to
track changes in the spectrum environment over time. CBRS is the “first of a kind” nation-
wide shared spectrum ecosystem in the 3550-3700 MHz band. The implementation of this
project included a sensor network that required calibration.

1. Introduction: A description of the Y-factor method, sensor definition and the NASCTN
CBRS SEA program.

2. General Discussion: An extended discussion of the statistics and common issues
with the Y-factor calibration.

3. Calibration Probe: An example of the design and characterization of an amplified
noise source for calibrations.

4. Transfer System: The setup and use of a system to transfer calibrations to other
systems.

5. Noise Source Radiometer Characterization The use of the National Institute of Stan-
dards and Technology (NIST) radiometer measurement to characterize noise diodes
and calibration probes.

6. SEA Sensor Results The results of laboratory and field calibrations of sensors used
in the NASCTN CBRS SEA program.

7. Conclusion: Asummary of the findings from previous chapters including an estimate
of calibration times and uncertainties.

This calibration report is not designed to be a comprehensive document about the NASCTN
CBRS SEA project. Detailed information about the project’s goals, sensor construction, data
manual, and ecosystem analysis can be found at https://www.nist.gov/programs-project
s/cbrs-sharing-ecosystem-assessment. Access instructions for data, documentation and
code produced by this project can be found at https://pages.nist.gov/SEA-DATA.

This calibration report is targeted at commercial, military, and civilian stakeholders who
would benefit from calibration of sensors in midband frequencies. To access the data and
detailed analyses produced by this program, email nasctn@nist.gov.


https://www.nist.gov/programs-projects/cbrs-sharing-ecosystem-assessment
https://www.nist.gov/programs-projects/cbrs-sharing-ecosystem-assessment
https://pages.nist.gov/SEA-DATA
mailto:nasctn@nist.gov
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1. Introduction

The understanding of the electromagnetic environment surrounding us is an endeavor as
natural as using our eyes to appreciate a sunrise. However, understanding the electromag-
netic environment that we are not naturally sensitive to requires some sort of enhance-
ment to our senses. Therefore, it isimportant to understand how to link that enhancement
to physical units, allowing us to share our observations with others. Here we discuss how
to transform measurements made by a radio-frequency sensitive transducer to physical
power units. There are many ways to accomplish this feat, however in this technical note
we limit the discussion to a noise-based procedure. This procedure relies on the basic
physical principal that at thermal equilibrium, energy distributes itself equally among the
avenues available to it. This is known as the equipartition theorem, and it implies that
all things at a finite temperature will have fluctuations in all degrees of freedom. When
the system is electrical in nature, these fluctuations manifest as small random changes in
voltage. These random changes are used to link measured voltages from sensors to equiv-
alent temperatures. This technical note is dedicated to the specific use of the results from
this to determine the value of power for a mid-band radio-frequency sensor. For the pur-
pose of this technical note, a mid-band radio-frequency sensor is a device that is sensitive
to electromagnetic radiation with frequencies between 1 GHz to 6 GHz. This note will pay
special attention to the frequency range around 3550 - 3700 MHz known as the CBRS band.
Including a detailed analysis of several different configurations of sensor deployed across
the continental United States. Using a noise diode to characterize a sensor or measure-
ment system is a well understood process and a plethora of technical notes, documents,
and tutorials exist describing both techniques and uncertainties[1-6]. Although the tech-
niques in this note build upon well established procedures, several key aspects required
enhanced documentation:

1. The construction and use of a programmable amplified noise source.
2. The use and application of a transfer system to characterize unknown noise sources.

3. The use of a primary noise source and radiometer to characterize a large number
of commercially available noise sources and realizations of amplified programmable
noise sources.

4. Alongitudinal study of field integrated noise sources in multiple sensors, installed in
three distinct geographic situations.

1.1. Basics of The Y-Factor Technique

Since the calibrations in this technical note are variations on the well known Y-factor tech-
nique, it is instructive to reiterate the general workflow. The workflow can be summarized
as:

1. Connect a noise diode with a known excess noise ratio (ENR) to the port of interest
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2. Measure the noise power with the noise diode off (unplugged or de-energized)

3. Measure the noise power with the noise diode on (energized)

Pon

4. Calculate the ratio of powers or Y-factor y = Py

ENR
-1

6. Calculate the effective gain using G.sr =

5. Calculate the noise factor using NF =

Pon
ksTB(ENR+NF)

7. Convert to logarithmic units decibel (dB) and report the results

This experimental procedure is based on the premise that at a physical temperature a ran-
dom voltage in a sensor will have a total power of

P = GkgTB (1)

where k;, is Boltzman’s constant 1.380649 x 10*23%, B is the effective bandwidth of the
observation in Hz, G is the effective gain of the detector and T is the temperature in Kelvin.
This relationship is an approximation of the one-dimensional Planck law for thermal radi-
ation [7] in the classical or long-wavelength limit. In this limit, the characteristic energy of
single photons, or if is small compared to the thermally available energy or k;,T. Specif-
ically, the fluctuation of charge carriers in resistive devices, known as Johnson-Nyquist
noise, states that for a resistor of resistance R we expect [8].

Vyms = \/4kgTRB (2)

If we devise a circuit with maximum energy transfer (matched resistance), we find that
the total noise power available is the power flowing to a resistor from a source with open-
circuited voltage given by equation 2, and internal resistance R [9].
1V2
P:— rms:k TB 3
2R ® (3)
If an ideal sensor that has a power gain (G),) is used to amplify the signal across the matched
resistor we now have
P=G,kgTB (4)

Of course, an ideal sensor is an approximation of a real sensor. This approximation is fur-
ther improved by introducing an excess noise term from the sensor. This excess noise is
equivalent to a temperature (Tseu50r) SO the amplified power from an external, matched-
load after amplification is:

P= kaBB(Tsensor + ’Ehermal) (5)

Tsensor is commonly identified as the noise temperature of the sensor. Another way to
frame this, is by quantifying the degradation of signal-to-noise ratio caused by the sensor
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Sinput | Ni . . L - .
F = M, where F is known as the noise factor (or noise figure in linear units), and
Soutpul /Noutput

its value in dB is known as the noise figure. It can be shown that if the input noise is due
to a 290K source (T jerma = 290K) that the noise factor is

_ kaBBTsensor + kaBBTthermal

F
kaBBEhermal

(6)

and the noise figure (NF) is:
NF = 10Logo(F) (7)

for more complete derivations see [2, 10]. To characterize the noise temperature, noise
factor or noise figure of a sensor, the temperature of the matched resistor network can be
changed from T..,;4 to T,,; and then the results compared. This is the essential premise of
the Y-Factor method, and the hot and cold loads can be realized in a number of ways. For
example, in the NIST radiometer, it is a precisely matched impedance held at a constant
temperature (see section 5). In a system calibrated by a noise diode, T}, is the energized
state of the noise diode and T,,;; is the off state, assumed to be at ambient tempera-
ture (= 290K). For the noise diode, the hot state is not at the actual temperature, but
is electronic noise with the same properties as thermal noise with a very high equivalent
temperature (normally > 8,000K). Specifically, shot noise from a reverse-biased Zener
diode creates a source of noise equivalent to resistors at thousands of degrees Kelvin [11].
This substitution of shot noise for thermal noise is possible because the statistics of the
random voltage produced by both are similar in time and frequency.

It is important to note the limitations of the approximations used in this section. First, the
assumption that we are monitoring a pair of perfectly matched resistors is an approxima-
tion that can easily be violated. If the source of noise comes from a device with impedance
that changes with frequency, some of the power will be reflected away. A common way
to approach this problem in cabled systems, where most devices are well matched, is to
characterized any impedance mismatch and use it in an uncertainty analysis. If the discrep-
ancy is large, the previous equations can be modified to general complex impedance [10]
or multi-port formulation even for nonreciprocal networks [12]. In addition, as indicated
earlier, the basic equations that link noise power with temperature are derived from the
one dimensional Planck’s law. Planck’s law requires that quantization of energy from each
mode is taken into account at high energies or low temperatures. In particular equation 2
more generally reads [8]:

hf/ksT — hf
ehf/kBT —1 2kBT

Svvn(f) = 4ksT|Re(Z)|B (8)

where S,, ,, (f) is the power spectral density of the series noise voltage, |Re(Z)| is the

magnitude of the real part of the complex impedance, and e,%,{gﬁ: + 2Z£T is the occupa-

tion of the electromagnetic mode with frequency f at a temperature T. This is very close
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to 1if hf << kgT, and so does not normally appear in the room temperature analysis of
frequencies lower than one terahertz. The equivalent rms voltage from equation 8 is:

i)
Vims = \//f1 Svmvn (f)df (9)

In conclusion, the standard Y-factor procedure is a powerful technique to determine the
noise performance and gain of sensors, with limitations based on the assumptions of spe-
cific approximations.

1.2. Sensor Definition

The word sensor is an ambiguous term. In this technical note, we define the term sen-
sor to mean a one-port device that measures power in a frequency selective manner.
In practical terms, we can subdivide the sensor into two main components, the signal
processing unit (SPU) and the preselector. The SPU is frequently a commercial off-the-
shelf (COTS) spectrum analyzer, software defined radio (SDR), or fast analog-to-digital con-
verter (ADC). The preselector is a set of attenuators, filters and amplifiers arranged to
create the gain, noise performance and isolation desired. This type of sensor acquires in-
phase and quadrature (1Q) information that can be further processed into power statistics
with varying time and frequency characteristics. In Figure 1, the basic design is illustrated.
In addition to the assorted radio frequency (RF) electronics, monitoring external signals re-
quires an antenna. The common approach is to attach an antenna with known properties
to the preselector. In order to accommodate the practical limitations of field installations,
a coaxial cable of site-specific length and purpose-selected composition will normally be
used to connect the antenna to the preselector. It is notable that the antenna will have an
impedance that matches the preselector impedance (50 Q) to that of free space (377Q)
over a certain frequency range. The coaxial cable will have a loss (and phase that is ignored
in this note) based on its construction. These characteristics of the antenna and its "feed”
need to be accounted for. There are many ways to accomplish this accounting task, one
being to measure the impedance (or scattering parameters) of the antenna directly with
a vector network analyzer or equivalent device. The cable loss can be characterized in a
similar manner, or by using a noise calibration from the end of the cable.
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1.3. NASCTN CBRS SEA Project

This technical note presents a synopsis of techniques employed in and results derived from
a multi-year project of NASCTN to monitor an existing ecosystem, known as the NASCTN
CBRS SEA project. The purpose of the NASCTN CBRS SEA project is to provide data-driven
insight into the CBRS sharing ecosystem’s effectiveness between commercial and DoW in-
cumbent systems, and to track changes in the spectrum environment over time. CBRS is
the “first of a kind” nationwide shared spectrum ecosystem in the 3550-3700 MHz band.
The implementation of this project included the installation of sensor systems at selected
sites on the east and the west coast of the United States, along with a control and prototyp-
ing system in Boulder, Colorado. In Figure 2, the sensor’s locations are visualized. The sen-
sor in Boulder, Colorado, provides a non-Environmental Sensing Capability (ESC) controlled
reference point, monitoring an area not covered by a Dynamic Protection Area (DPA).

This document is not designed to be a comprehensive document about the NASCTN CBRS
SEA project. Several documents are available in draft form [13, 14], published [15, 16] or
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Fig. 2. Map of Deployed Sensors

are in preparation. In Figure 3, the theme, publication status at the time of this publication,
and responsible agency are shown. This document supplements the series of previous and
pending publications. The currently published material is summarized below.

1. NASCTN CBRS SEA Website: NASCTN Project Website Hosted by NIST,
https://www.nist.gov/programs-projects/cbrs-sharing-ecosystem-assessment.

2. NASCTN CBRS SEA Data Manual: NIST technical note that describes data storage,
format and calculation in detail,

https://nvlpubs.nist.gov/nistpubs/TechnicalNotes/NIST.TN.2359.pdf

3. NASCTN CBRS SEA Sensor Development: The MITRE Corporation (MITRE) report
that describes the sensor construction and characterization in detail.
https://www.mitre.org/sites/default/files/2026-01/PR-25-3159-spectrum-monitoring-
sensor-radio-service-assessment.pdf

4. NASCTN CBRS SEA Data: Web portal with data access instructions.
https://pages.nist.gov/SEA-DATA/
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2. General Discussion

2.1. Statistics of Noise Calibration

The derivation reiterated in section 1 implies for small excursions in frequencies each mode
of the electromagnetic spectrum is uniformly occupied. This leads to a summation of
modes each with a random phase, each with a uniform power spectral density versus fre-
guency characteristic. This "flat” power spectral density versus frequency is colloquially
know as white noise. Although the power spectral density of perfect white noise is flat
everywhere, real sensor systems have different frequency characteristics, see figure 4

In the time domain, white noise has a voltage that is a random variable with a normal or
Gaussian distribution with a zero mean 1 (0, ¢), see figure 5.

|
prob(v) = \/ﬁe 202 (10)

The rms voltage is then proportional to the standard deviation ¢ of the distribution. The
power from two channels with a 90 phase difference, |Q, that are not correlated, is propor-
tional to the sum of the variances 2. This power distribution is itself a random variable
with an exponential distribution, see equation 11.

prob(P) = Ae™*P (11)

It should be noted that in this case the amplitude is a Rayleigh distributed random variable
[17].

The procedure of calibration using a noise source is then one of specifying the variance of
the voltage in units related to the macroscopic temperature. Specifically, if the variance of

8
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Fig. 4. Power Spectral Density of Noise Signal. The IQ used was an acquisition of a
terminated receiver, demonstrating an instrumentation based roll-off at the edges of the
acquisition frequency and local oscillator correction at 0 Hz.

I and the variance of Q are equal 6; = 0p = 0 and the impedance is 50€2 then the power
is

P2+0* of+o; o2
_ 07 _91T9% 0" _ o opr
2 x50 100 50

—> 0 = /50GkpBT

Furthermore, equation 11 can be rewritten in terms of the standard deviation of the volt-
age distribution

100 _ 100P
rob(P) = —se 202 12
This leads to an interesting property of the power histogram when shown with a y-axis
log(P) and an x-axis of linear power. The histogram will be a line with slope —21%2, see

figure 6.

Additionally, a few ways to estimate the value ¢ present themselves. We could take the
standard deviation or variance of the | or Q values. We could fit the linear slope of the
power histogram. Or we could estimate it from the amplitude (|/Q]), but that requires
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Fig. 5. In-phase voltage as a function of time (top) and as a histogram in voltage (bottom).
The voltage is a random variable with a Gaussian distribution. Data is measured while the
receiver is terminated.

knowledge of the Rayleigh distribution ¢ = \/variance(|IQ|)4_L7r [18, Chapter 33, pg 618].
In Figure 7, the results of those calculations are presented graphically.

The exponential power distribution has several properties that are sometimes overlooked.
First, the expected value of the Peak-to-Average Power Ratio (PAPR) depends only on the
number of samples measured [17].

PAPR =~ In(n) +7vy (13)

where [n(n) is the natural log of the number of samples and 7 is Euler’s constant 0.577....
A large deviation from this curve indicates an issue in the acquisition of IQ. In particular,
it indicates a distortion in the shape of the probability distribution function of the power.
Although the PAPR does not indicate the cause of this distortion, the most common causes
are the presence of an interference signal, the sensor being too sensitive (overload), the

10
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Fig. 6. Histogram of Power for Noise. The exponential probability distribution in power
leads to a log-linear characteristic with slope —21%2, where sigma is the standard
deviation of the voltage of | or Q, data is measured with receiver terminated.

sensor not being sensitive enough (quantization error) or distortion from digital signal pro-
cessing. This is a powerful indication if non-exponentially distributed samples are present.
The median and mean (average) of the exponential distribution are closely related, and are
within a constant factor. This means that if the Average-to-Median Power Ratio (AMPR) is
sampled over a period being used to calibrate the ratio should approach the constant value
ﬁ ~ 1.443, or in decibels 10 Log(ﬁ) ~ 1.592. To illustrate this point, a simulation of
power calibration results is presented in Figure 8 . We first assume that the 1Q captured
for calibration has the following properties:

¢ A bandwidth of 10 MHz
¢ Alength of capture of 1 second
e Atotal number of 107 1Q points

¢ A standard deviation of 10 uV, or equivalently a gain of 40 (16 dB), and a Tye;50r +
Tthermal of 362°K

11



NIST TN 2391
October 2026

17.150
17.125
17.100

M1V

17.050
17.025
17.000

17.0751

Noise-Based-Calibration

Oy

Oo Oamp

Ofit

Fig. 7. Comparison for Estimating the o Parameter. Each estimate is derived from a
different source, oy is the standard deviation of |, oy is the standard deviation of Q, G,

2
v

power probability distribution.

Peak

%
7
VI

9 b‘
P o)

/s 7

Power (dBm)

PAPR

L
N

0 \ |\ “‘I\

12 13
Ratio (dB)

14

Average

is \/variance(]IQDr and oy;; is derived from the slope of the log-linear fit of the

Median

;
%

y u

QQ

5 5
X % P
o o0 o
/ / /
Power (dBm)
PMPR

L) N \e)
‘b?;b ‘b(?(b ‘b?;\

P L
Power (dBm)

AMPR

A

13 14 15
Ratio (dB)

a4

1.590 1.595
Ratio (dB)

Fig. 8. Distribution of Simulated Power and Ratios. Each histogram is the result of ten
thousand Monte Carlo simulated measurements assuming 10’ points in each

measurement.

12



NIST TN 2391
October 2026 Noise-Based-Calibration

2.2. Presence of Interfering Signals

Whenever a calibration is performed, it is important that the only signal received by the
sensor system is the noise from the thermal source or the calibration noise diode. In the
modern world, other signals abound, especially in the mid-band region. The frequency
ranges around Wi-Fi systems (2.4 GHz and 5 GHz) are a particular issue (these are known
as the industrial, scientific and medical (ISM) bands). Even in the most isolated labora-
tory environments, the sensor itself can create sources of interference. These sources of
interference can cause a spurious signal to overtake the desired source of noise and lead
to a poor calibration. Fortunately, most signals due to communication systems, the most
prolific culprit, are not exponentially distributed in power, and hence violate the expected
values of PAPR, Peak-to-Median Power Ratio (PMPR) or AMPR. For example, data with 10°
points was taken from several different IQ sources and plotted in figure 9. The exponential
simulation shows the expected PMPR and AMPR for an exponentially distributed power
(the calibration signals). The conducted long-term evolution (LTE) are calculated from the
experiment documented in [19], and are of a cell phone and base station emulator coaxi-
ally connected, and represent different configurations documented in the technical report.
The radiated LTE represents 25 randomized samples of a single configuration documented
in [20]. The experimental noise data represents a terminated measurement using the ap-
paratus documented in [21] The practical observation is that the average to median ratio
should always be within 4.5 dB of 1.592. A more stringent criteria would put a limit on
the either the PAPR or PMPR.

Acceptable Calibration vs.Unwanted Interference

)
¢

o
S - ’
P 25 'y
b . .
2 20 Acceptable Calibration . Py
] L
g 15 1
o
c 6 L Simulation
5 104 X "m:"‘f‘ \ } Noise
% ' ¢ ¢ Conducted LTE
S 51 x  Radiated LTE
- Single Tone
v 0
ﬂ_ T T T T T T

0 2 4 6 8 10

Average-to-Median Power Ratio (dB)

Fig. 9. Using PMPR and AMPR to Determine Acceptable Calibrations. A region around
1.592 in AMPR and between 11.5-18.5 dB in PMPR for 10° points can be used to reject
interference corrupted IQ measurements
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2.3. Effects of Saturation

When a signal has sufficiently high amplitude, it can cause errors to occur in the sensor. The
incident power at which this occurs can be determined by introducing a progressively more
intense signal at the input and recording the measured output power derived from the
sensor. The measured output power should be a linear function of the power of the input
signal. If the input signal does not exceed the intrinsic noise of the system there will be
no response, which is not an error. However, if the signal exceeds the linear amplification
region of the preselector, the calculated power will no longer conform to the equation 4.
In Figure 10 each of these cases are visualized. The determination of Py, is subjective,
but is frequently chosen to be 1 dB gain compression point (P1dB) or the point that the
measured power is 1 dB lower than expected from the equation 1. Additionally, if the
voltage of the signal arriving at the ADC in the SPU exceeds the reference voltage of the
ADC, the ADC will either return the maximum allowed voltage or enter into an error state,
see for example [16, Figure 13.]. To record accurate power values, the sensor must always
be in a linear region, or extreme caution and extra characterization must be preformed.
Techniques that correct for non-linear behavior, while possible, are not best practice and
are not addressed in this technical note.

Psat

-110 —
N R4
L —1201
E Pout = GkBB{TSEnSDr + Tfn:' Pin = Psat
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=
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Fig. 10. Sensor Measured Power Showing Saturation
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2.4. Quantization Errors

In general, the digitization of the IQ voltage is a process in which a reference voltage is sub-
divided by the number of bits in the ADC. If this reference voltage is very large compared
to the noise signal, effects of the digitization process become apparent. In figure 11, an
example of the in-phase voltage for a terminated input of a vector signal transceiver (VST)
are shown. In the left panel of Figure 11, the reference power (which determines the
reference voltage) is chosen to be 20 dBm. This value is very large compared to the thermal
noise power leading to discrete values of the voltage. In the right panel, a reference power
of -50 dBm is chosen and the quantization error disappears. This type of error typically
results in a reduced peak value, and thus reduced PAPR and PMPR, a detailed effects are
covered in [17, Section IV. A].

Quantization Error: No Error:
Sensitivity Too Low Proper Sensitivity
2 M- H H

o 1.5 M4

c .

SRn | | ﬂﬁh

500 ki i m]w -
O220mv oV 20mv -2000v. OV 200 pV
Voltage (V) Voltage (V)

Fig. 11. Comparison of Signal with and Without Quantization Error

2.5. Distortion Due to Signal Processing

In our definition of a sensor, see section 1.2, we defined the SPU to be some sort of device
that records 1Q data. We did not, however specify that it be free of post-processing math
(digital signal processing (DSP)), or pre-processing from elements contained in the SPU.
In rare occasions, this processing can cause issues with calibration. If, for example, the
processing changes the measured IQ in a way that affects the root mean square (RMS)
voltage, the calibration can be erroneous. Most DSP techniques are focused on averaging
or frequency selection and these techniques may linearly affect the measured signal, but

15
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will be compensated for by the calibration process. However, if one is using the techniques
described in section 2.2, the signal processing can cause spurious results.

3. Calibration Probe

A noise source with a fixed noise temperature has several limitations. This section is de-
voted to the construction and characterization of a calibration probe, or amplified pro-
grammable noise source, that addresses many of these limitations. For example, one clear
limitation is the range over which one can use that diode to characterize the noise floor of
a device like the one shown in Figure 1. The Y-factor measurement requires a differential
change in the sensor reading for an active noise diode and a room temperature load. This
difference is used with the absolute ratio of the noise temperature of the diode to the am-
bient temperature to characterize the noise floor (noise figure, noise temperature, etc),
hence if the noise temperature of the system is significantly higher than the noise temper-
ature of the diode while active, the characterization starts to falter. In the case that the
system to be characterized has a much higher noise temperature there can be a null re-
sponse and the method fails all together. This means for noisy systems, like non-amplified
broadband signal analyzers or software defined radios in low-gain states, the typical noise
diode that has an ENR of 15 dB might not be intense enough to measure the noise and
gain. The common solution is to either move to a tone-based approach or use a much
more intense noise source. To optimize for both low and high noise figure, the calibration
probe uses a programmable attenuator that is added to an amplified source. In addition,
the source impedance of some noise diodes can be non-ideal matches to the network to
be characterized [22], to improve this an inline attenuator or isolator can be added. Finally,
some noise diodes and their respective power supplies can be slow to respond to power
cycling. This can cause a reading of the energized state of the diode to be extremely slow
for all the frequencies of interest, or erroneous when done too fast. To avoid this, the
calibration probe’s noise source can be always on and for ambient noise measurements a
large attenuation can be set, causing the thermal noise to br dominant. In figure 12, a sim-
plified block diagram of the calibration probe is shown. Two designs of calibration probe
have been constructed and characterized with the transfer system outlined in Section 4.
The components used in the first design are detailed in Table 1, three devices of this de-
sign were realized (see Figure 13), referenced as probe 1, probe 2 and probe 3. In Figure
15, the ENR of these probes at a programmable attenuator setting of 30 dB are shown.
Similarly, the components used in the second design are detailed in Table 2, two devices
of this design were realized (see Figure 14, referenced as probe 4 and probe 5. In Figure
17, the ENR of these probes at a programmable attenuator setting of 30 dB are shown.

The calibration probe generates a known noise temperature for a given attenuation level
at a given frequency. This allows for an extended power out versus input temperature
characterization for instance a curve like the one in Figure 10 can be generated with a
single connection.
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Table 1. Probe 1,2,3 Components
Designator Description Manufacturer Part Number
AMP ;‘;‘gon&i;ez icr)n;lsigg?vmz Minicircuits ~ ZX60-3800LN-S+
Isolator 'zs‘jag:l; CentricRF C12040
Noise Diode Tg i:AeHszotugcleé hy Keysight 346B
Programmable  Programmable AMEPUZION \jiicrcits  RUDAT6000-110
Table 2. Probe 4,5 Components
Designator Description Manufacturer Part Number
AMP ;‘;‘gon&i;i i?g(l)igg?\/le Minicircuits ~ ZX60-63GLN
Isolator I;_%'ZCEZ Fairview SFI0206S
Noise Diode Tgi:ﬂeHszo':gCleg' GHz Keysight 346B
Programmable Programmable Attenuator, Minicircuits RUDAT6000-110
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Fig. 12. Block Diagram of Amplified Programmable Noise Source

Fig. 13. Image of Realized Calibration Probe for 3-4 GHz
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Fig. 14. Image of Realized Calibration Probe for 2-4 GHz
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Fig. 15. ENR of Calibration Probes 1,2,3 at 30 dB attenuation
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Fig. 17. ENR of Calibration Probes 4,5 at 30 dB attenuation

20



NIST TN 2391

October 2026 Noise-Based-Calibration
1 By
40 O O Probe 4
O}
35 @@ © Probe5
G
&)

@ 307 S5

el a,,
25 O]

% @@@@
20 @@

(o]
Pl

15+ {d
10{ Frequency = 4000 MHz

20 25 30 35 40 45
Attenuation (dB)

Fig. 18. ENR of Calibration Probes 4,5 at 4000 MHz for Attenuations 20 to 46 dB

21



NIST TN 2391
October 2026 Noise-Based-Calibration

4. Transfer System

A transfer system is any system capable of relating a measurement of a standard to an
unknown. Here we explain how to use a single artifact ( a noise diode) to then measure the
noise temperature of another device, such as the amplified programmable noise source.
A viable realization of a transfer system is a combination of an amplifier and a software
defined radio or spectrum analyzer. For example in Figure 19, a block diagram of a transfer
system is shown. The definition of sensor presented in section 1.2, is also an example of a
transfer system.

Spectrum
Analyzer

IN AMP

Fig. 19. Block Diagram of Transfer System

The system can first be calibrated using the Y-factor method. In order to accomplish this,
a mechanism for energizing and de-energizing the noise diode is required. In this exam-
ple, a programmable power supply is used for automation, but a manually operated switch
would also be suitable. The frequencies of interest are selected, along with the operational
bandwidth 1. Here we performed measurements of four noise diodes to both calibrate and
and form an uncertainty estimate. The manufacturer calibration data for each noise diode
is shown in Figure 20. The four noise diodes were measured as outlined in section 1 for
each frequency and at a sample rate of 10’ w for a period of 100 ms. The power for
the on and off state of the noise diode was recorded, and is shown in Figure 21. Using the
formulas in section 1 the gain and noise figure was calculated, the result of these calcu-
lations are shown in Figure 22. The uncertainty of this process is dictated by the transfer
system configuration and the device used to calibrate it. In section 6.7, a full accounting of
uncertainties for deployed sensors is outlined, including frequency dependence. In most
situations that require a transfer system, multiple years of calibrating every hour is not
practical, so the uncertainty needs a different approach. In order to estimate the total
uncertainty as a single number for all frequencies, multiple measurements of different ar-
tifacts (noise diodes and calibration probes), the frequency variation of the gain, and the
reported manufacturer’s uncertainty for the calibration device are all considered. Here any

INote the sample rate of the IQ collection might not be the effective noise bandwidth due to rf front-end and
processing in the system
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gain values failing an outlier rejection step were removed. Outliers are gains falling outside
of the 25th percentile minus 1.5 times the interquartile range and the 75th percentile plus
1.5 times the interquartile range, following the Tukey fence method [23]. Most outliers
were caused by the noise diode not turning on due to command and control issues with
the programmable power supply. The estimated uncertainty was calculated as follows:

1. the maximum of the maximum of the difference of gain for neighboring frequencies
was calculated for each noise diode (0.44 dB)

2. twice the maximum standard deviation of the difference of gain for different noise
diode calibrations was calculated (0.08 dB)

3. the manufacturers estimate for all frequency uncertainty (0.2 dB)

The total uncertainty is determined by Monte Carlo simulation [24], with 10,000 trials.
Errors are assumed to be multiplicative so that they are additive under log transformations.
The simulation used a uniform probability distribution for elements 1 and 3 with endpoints
equal to & Error, and a normal distribution for 2 with zero mean and standard deviation
of 0.08 dB. The resultant distribution is normal with a standard deviation of 0.29 dB. We
therefore estimate the total error as twice the standard deviation or 0.6 dB. This estimate
is of maximum total error for all frequencies.
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Manufacturer Calibration Data
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Fig. 20. Noise Diode Manufacturer Data. Markers have been horizontally offset for clarity,
reference temperature is T=290K.
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Fig. 21. Y-Factor of Transfer System from Multiple Noise Diodes . Data is acquired at
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Fig. 22. Gain and Noise Figure of Transfer System
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5. Noise Source Radiometer Characterization

Each source of noise used to calibrate a device must be measured to determine its ef-
fective noise temperature. In the previous section, section 4, methodology to create a
transfer system from COTS components was discussed. This type of transfer system, while
effective, has limited temporal stability and needs frequent calibration. In addition, the
system is dependent on the calibration artifacts selected, which are themselves transfer
standards from the manufacturer of choice’s calibration laboratory. An important goal of
the NASCTN CBRS SEA project was to minimize the uncertainty of the project’s sensors
and provide traceability. In order to accomplish this, the calibration artifacts used in the
sensors were independently characterized by the NIST noise calibration service. This pro-
vides two benefits, a reduction of uncertainty, and the traceability of the artifacts to a
temperature standard. For the NASCTN CBRS SEA project, 15 commercial noise diodes
and 2 calibration probes were characterized. 10 of the commercial diodes were installed
into the preselectors of sensors deployed, see Figure 2. The NIST radiometers are double-
sideband, total-power radiometers. The IF frequency is O (i.e., the LO frequency is set to
the measurement frequency), and the IF bandwidth (BIF) ranges from 5 MHz to 20 MHz,
depending on the particular radiometer. Thus the reported noise temperature represents
an average over a frequency range of 2BIF centered at the measurement frequency. The
noise-temperature measurements are performed using two thermal noise standards [25],
one of which is at ambient temperature and one of which is at cryogenic (liquid nitro-
gen) temperature. These national standards served as primary standards traceable to the
Sl unit kelvin (through calibrated thermistors and the boiling temperature of liquid nitro-
gen) before its redefinition in May 2019 [26]. Any adapter required in the measurement is
characterized and corrected for using the methods in [27, 28]. The two characterized cali-
bration probes were measured at a set of attenuation values for frequencies of interest, In
Figures 23 and 24 the result for calibration probes 1 and 3 respectively, see Section 3, are
reported. The noise diodes characterized for deployed sensors are summarized in Table
3 along with the manufacturers ENRs at 3000 and 4000 MHz. These noise diodes were
characterized in three separate measurement batches. Batch 1, measured in December,
2022, are summarized in Table 4. Batch 2 measured in October, 2023 are summarized in
Table 5. Batch 3 measured in August, 2024 are summarized in Table 6.
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Fig. 23. Measured ENR for Calibration Probe 1 from NIST Radiometer
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Fig. 24. Measured ENR for Calibration Probe 3 from NIST Radiometer
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Table 3. Noise Diode Manufacturers ENR for Comparison
Sensor Name Noise Diode SN | 3000 MHz 4000 MHz
ENR (dB)+0.20 dB
Midway MY61410090 14.87 14.78
NA MY61410089 14.99 14.89
NA MY61410080 14.84 14.71
NIT MY58230806 14.74 14.64
HU MY61410041 14.70 14.67
GMM (pre-production) MY61410032 14.64 14.58
Catalina SG61410026 15.04 14.93
CBBT SG61410024 14.91 14.81
Oceana SG61410023 15.18 15.13
Pendleton $G61410021 14.96 14.85
GMM (production) SG61410011 14.77 14.72
NA S$G61410012 14.85 14.78
NA SG61410016 15.05 14.95
NA SG61410017 14.84 14.81
NA SG61410019 14.93 14.81

Table 4. Batch 1 Radiometer Noise Diode Characterization

Z2 2 2 2 2z %
R
Frequency v A v, ) 2 E S
(2] ) (2] (7) C (2]
2 % % & 3%
2] ) (7] () 1’ ©
MHz ENR (dB) +0.05 dB
3500 14.77 14.90 14.74 14.64 14.66 14.54
3550 14.81 14.94 14.78 14.68 14.70 14.58
3600 14.78 14.91 14.75 14.65 14.68 14.55
3650 14.78 14.91 14.74 14.65 14.68 14.55
3700 14.76 14.90 14.73 14.63 14.67 14.54
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Table 5. Batch 2 Radiometer Noise Diode Characterization

% % % % %
%4 [ [ [ [
Frequency v, ke 2 ke ke
2 2 & 2| %
P v X v {4

MHz ENR (dB) +0.05 dB

3535 15.00 14.89 15.17 14.92 14.77
3545 15.01 14.89 15.17 14.92 14.77
3555 15.00 14.89 15.17 14.92 14.77
3565 15.00 14.89 15.17 14.92 14.77
3575 14.99 14.88 15.16 14.91 14.76
3585 14.99 14.88 15.15 14.90 14.75
3595 14.98 14.86 15.14 14.91 14.75
3605 14.98 14.86 15.14 14.89 14.74
3615 14.96 14.85 15.13 14.89 14.74
3625 14.97 14.86 15.13 14.89 14.73
3635 14.97 14.85 15.13 14.89 14.73
3645 14.98 14.87 15.14 14.90 14.75
3655 14.97 14.86 15.14 14.90 14.75
3665 14.99 14.88 15.15 14.90 14.75
3675 14.98 14.87 15.15 14.90 14.75
3685 14.97 14.87 15.14 14.89 14.74
3695 14.96 14.85 15.13 14.88 14.73
3705 14.95 14.84 15.12 14.87 14.72
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Table 6. Batch 3 Radiometer Noise Diode Characterization

B 0% % B B %
v v (e v (e v
Frequency ke 2 ke % ke oS
AR
© © ° = Ca o

MHz ENR (dB) +0.05 dB

3535 14.87 14.83 15.02 14.85 15.15 14.88
3545 14.87 14.83 15.02 14.85 15.16 14.88
3555 14.87 14.83 15.02 14.85 15.15 14.88
3565 14.86 14.82 15.01 14.85 15.14 14.87
3575 14.85 14.81 15.00 14.84 15.13 14.87
3585 14.84 14.81 15.00 14.84 15.13 14.86
3595 14.84 14.81 15.00 14.82 15.12 14.85
3605 14.83 14.80 14.99 14.82 15.12 14.85
3615 14.82 14.79 14.98 14.81 15.12 14.84
3625 14.83 14.79 14.98 14.82 15.11 14.84
3635 14.83 14.80 14.99 14.81 15.11 14.84
3645 14.84 14.80 14.99 14.83 15.12 14.85
3655 14.84 14.80 14.99 14.82 15.12 14.85
3665 14.85 14.81 15.00 14.84 15.13 14.86
3675 14.85 14.81 15.00 14.83 15.13 14.85
3685 14.84 14.80 14.99 14.83 15.13 14.85
3695 14.83 14.79 14.97 14.81 15.11 14.83
3705 14.82 14.78 14.96 14.81 15.10 14.82
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6. SEA Sensor Results

As noted in the section 1.3, the NASCTN CBRS SEA program deployed a series of sensor
nodes in three broad geographical locations in contiguous United States (CONUS). The
locations were chosen to be aligned with DPAs on the east coast and west coast. In ad-
dition, Boulder Colorado was chosen as a prototyping and control location, for detailed
location information see [15, Table 1.]. Each sensor node was equipped with a switch and
a radiometer characterized noise diode (see section 5) located in the preselector, see [16,
Table 16.]. Every sensor was set to calibrate on an hourly basis by switching to the path
with the radiometer characterized noise diode and performing the standard Y-factor mea-
surement outlined in section 1. The manufacturer specification for temperature variations
of the noise diode ENR is 0.01 E,i—g , and variations in the gain greater than this are assumed
to be real changes in system gain and not a change in power emitted from the noise diode.
In addition, at the installation site, the antenna was removed and a calibration probe was
used to preform a Y-factor measurement that included any extra cabling from the antenna
to the preselector of the sensor, see Section 6.1. This value translates the reference plane
of the noise diode to the attachment site of the antenna and is included in the values re-
ported, approximating the results of Section 6.1. The hourly on-sensor calibration leads
to approximately 8,760 Y-factor measurements per 10 MHz channel per sensor per year.
These Y-factor measurements are further separated by the state of the sensor. For the sen-
sor nodes in this report, the states are described by the attenuation and reference level of
the spectrum analyzer found in the SPU, see [16, Section 2.1.7] for specifics. Addition-
ally, the antenna the system was using has been used to logically divide data for the three
sensors with dual antenna configurations. All calibration data is available in the data repos-
itory detailed by [15]. Specifically, the calibration information is saved in the metadata [15,
Section 3.3] of each signal metadata format (SigMF) that are found as zip archives in the
Raw Data folder [15, Section 2.2.1]. For reference, the calibration field is contained in cap-
tures located with the key ntia-sensor:sensor_calibration, or metadata/captures/capture
x/ntia-sensor:sensor_calibration where x is a number between 0 and 17. A summary of
all calibration results from sensors with a spectrum analyzer reference level of -19 dBm
and internal attenuation of 6 dB are shown in Appendix C, refer to [16, Section 2.1.7] for
specifics. It should be noted that not all the calibrations are done with the same reference
level and attenuation, therefore for a full accounting of every calibration it is necessary to
access the full data set [29].

6.1. Dual Calibration Using an Onboard Noise Diode and The Calibration Probe

This section describes the parameters of importance to a dual calibration. For simplicity,
these parameters are grouped into the form of equation 5, and in practice we calculate the
gain from the onboard noise diode and calibration probe separately, applying a constant
difference to the gain values to account for the path difference. In Figure 25, a simplified
block diagram of the sensor is shown. The antenna port is labeled as reference plane
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1, the output of the onboard noise diode is labeled as reference plane 2. To accurately
measure power arriving at the calibration plane labeled C from the plane marked 1, we
need to calculate the transducer gain ratio G%%C/GIT’HC. Both the probe and the noise
diodes are calibrated with noise temperatures, T, and Typ respectively. Note that the
noise diode (ND) has two known states; hot and cold (ambient). The power measured by

the signal analyzer is given by the equations [30]

Py =ksB |G Ty + Mc Ty + (Mcp — G )T | G (14a)
Pypi, = kB [G%%CTNDh +Mc_npinTs + (Mc—Npin — G%“%C)Ta} G (14b)
Pyvpe = kgBMc_npe (T3 +T,) G (14c)

o
0 - .

L :
ml 1o @
| TR

! 2 ' Sensor

Fig. 25. The calibration block diagram, identifying the reference plane of antenna input
(1), the reference plane of the calibration diode (2) and the calibration plane (C). The
probe is inserted into the antenna port with reflection I';, and then is replaced by the
antenna in the field with reflection I', the reflection of the sensor inputis I'

Here kp is the Boltzmann constant. B is the bandwidth set by the signal analyzer or the
post-processing DSP (usually the frequency bin size). T is the equivalent noise temper-
ature of the sensor at plane ‘C’. G is the deliverable gain from ‘C’ to the signal analyzer.
The inclusion of the isolator (the green component in Figure 25) allows us to approximate
the mismatch factors at plane ‘C’ for dissimilar input terminations Mc_, ~ Mc_npy =
Mc_npe = M. As a result, (14) can be approximated as

P, = kgBGP (T, — T,)G + kgBM (T, + T,)G (15a)
Pypn = kgBG> " (Typy — T,)G + kgBM(T; +T,)G (15b)
Pyvpe = kgBM (Ts + Ta) G (15c¢)

2—C
The three linear equations in (15) provide a solution of the transducer gain ratio %
G

T
We label it as 3.
(Pvph — Pvpe) (T, — To)
(Pp - PNDC)(TNDh - Ta)

B = (16)
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In the field, the calibration probe is replaced with the antenna to monitor CBRS emissions.
The parameter of interest is T, the field radiation temperature measured at the antenna
port. When the antenna is connected to the sensor, the transducer gain from ‘1’ to ‘C’ is
GIT‘HC. Similar to (15a), the power measured at signal analyzer in the field is

P, = kgBGY¥ (T, — T,,)G + kgBM(T, +T,)G (17)
In combination with the measurements of the noise diode in the field, we obtain:

25C
GT_> Py — Pype
G1*7C Pyph — Pype
1p—C
_ﬁGTp Px_PNDc
G3#7C Pypn — Pnpe

T, =

(TNDh_Ta) + T (18a)

(TNDh - Ta) + 1y (18b)

Note that the 7,’s in (16) and the T,’s in (20) may be drastically different. T,’s in (16) are
measured in the laboratory. 3 is determined in the lab experiments prior to the sensor
deployment. T,’s in (20) are frequently updated by temperature monitoring devices in the
field. In addition, Pypy, and Pyp. in (20) are calibrations performed in the field.

1p—C
We determine the ratio % From network analysis, the transducer gain relates to the

T
reflection coefficients of the input termination and the receiver. We can express the ratio
by [31]

1p—C
Gy’ (1= )/ =TI

= 19
GE T~ (1= |LuP)/I—TL,P 1)
In virtue of (19), we represent (20) by
1—|T,2)|1 =T I5? (P—P

(1—1Ta)?)|1 —=TpX|? (Pypn — Ppe)

To estimate the variation due to mismatch between the antenna when compared with the
variable noise source the term

(1= 0,21 =Ly

(1—|Tu?)[T—T,T, 2

is calculated using multiple measurements of the antenna in different laboratory locations.
These locations were chosen at random to reflect an potential installation in an uncon-
trolled environment. In Figure 26, the result of this calculation can be seen. This ratio
varies from 0.98 to 1.07. This term has a frequency dependence that varies between sen-
sor deployments and configurations. To account for this, we introduce a scalar error term
Ar = 0.2 dB. Although the algebra can obscure it, the power reading on the sensor is
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Fig. 26. Comparison of Antenna Mismatches. The calibrated noise temperature reading
requires adjusting for the antenna ¥, and that of the probe 7, every installation potential
has a slightly different antenna mismatch. To assess the impact of this difference an
antenna was measured in four locations.

linearly related to the impinging signal temperature. To facilitate understanding, we may
combine and regroup Equation 20, as a simple linear equation 21. We begin by defining
LT[ 1-Tuls[* (Typn—Ta)

1—|Ca?)[1=TpLs|? (Pvpr—Pvpc)

the term ¢ equal tothe o« = f3 E after algebraic manipulation we

are left with
Po= 25 4 Pype— 2% (21)
Ba ¢ Ba
or more succinctly
P.=AT.+B (22)

Where A is related to the effective gain and B is a gain scaled constant that represents
the ambient noise temperature and the noise temperature of the sensor. The calibration
procedure quantifies A and B at a given moment in time at a specific temperature. It is
assumed that both of these coefficients can change with time (due to ageing and finite
system stability) and with temperature (changes to system gain). The noise diode inte-
grated into the sensor allows us to quantify these changes. The more common linear form
is

P, = GefkaBTx + GefkaBTYensor (23)
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Where P is the reading of the power sensor, G,y is the effective gain in linear units, B is
the bandwidth, kg is Boltzmann’s constant, 7, is the signal noise temperature and Ty ,50r
is the noise temperature added by the sensor. This is the same as Equation 5 with a signal
term instead of thermal noise.

6.2. Overview of Field Measurements

Each Y-factor measurement of a sensor node returns the gain and noise figure at that
moment in time. The gain and noise figure are dominated by the temperature response
of the amplifiers located in the preselector and SPU. There are two primary configura-
tions of sensor nodes deployed. One configuration has a preselector located outside in
an National Electrical Manufacturer’s Association (NEMA) rated box and the SPU in a cli-
mate controlled location. In the second configuration both the preselector and SPU are
located outside without building climate controls, however the SPU has a thermo electric
heater/cooler (TEC) that prevents temperature over-ranging. In the case that only the pre-
selector is allowed to vary in temperature we expect the gain to change exponentially with
temperature due to the semiconductor components or in logarithmic units to follow the
equation 24.

G(T)=0oT+Go+¢& (24)

Where « is the change in log gain versus temperature, Gy is the gain at 0° C, and €, is a
normally distributed variable with zero mean. Similarly, the noise figure is modeled by

NF(T) = a"FT + NFy+ N (25)

Where oV is the change in noise figure versus temperature, NF, is the noise figure at
0° C, and eﬁ\’F is a normally distributed variable with zero mean.

6.3. Variation of Calibration from Input Port

The calibration probe detailed in section 3, whose programmable noise temperature values
were determined by a radiometer measurement outlined in section 5, was connected to
a production sensor in a laboratory environment. Multiple data points were taken at each
calibration probe attenuation of 20 dB, 30 dB, 40 dB, and 110 dB to give the linear trend
as well as the matched “0 dB ENR”. To confirm each of these measurements was free of
other signals, the process suggested in 2.2 using AMPR, was employed, in Figure 27 the
results for each frequency channel and all measurements are shown. The above process
was then carried out for all permutations of these data points to indicate the variability
in the verification bench testing and acceptance (VBA) calibration process. In Fig. 28, the
results of fitting each permutation are shown.

With nearly 45,000 iterations, the total standard deviation of offset gains around the mean
value was 0.025 dB, or an estimated 95% confidence interval of 0.05 dB. The total standard
deviation of noise figures around the mean value was 0.034 dB, or an estimated 95% con-
fidence interval of 0.07 dB. These values represent the smallest random uncertainty due
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Fig. 27. Confirmation of Calibration Probe Measurements using AMPR

to multiple laboratory based Y-factor calibrations one could expect in these type of sen-
sors. It should be noted that for the channels centered at 3695 MHz and 3705 MHz, the
filter in the preselector causes a large frequency dependent loss, violating the criteria for
accurate noise calibrations. These channels were included in the variational analysis, but
have much larger uncertainties than the variational analysis would indicate. In Figure 29,
the linear fits for each channel are shown. For a detailed accounting of the filter affect on
gain and noise figure as a function frequency consult [16, Figure 5].

6.4. Pre-production Field Testing

The NASCTN CBRS SEA project was phased in its approach to sensor deployment. Initial
sites were chosen for testing based on RF field of regard, location and expediency. The
first sensors deployed were located at GMM, HU and NIT [15, Table 1.]. These early de-
ployments have a slightly different configuration from the production sensors that are ad-
dressed in [14] with updates being noted in [13]. The most important difference for our
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Fig. 28. Variability of gain and noise figures for 45352 iterations of four point fits

purposes is that the frequency range is 150 MHz, and a different filter in the preselector is
utilized. The inclusion of this pre-production sensor calibration responses are meant as a
guide to demonstrate methodology, and do not represent the final uncertainty estimates.
The temperature variation of the gain for a coastal region (east coast of CONUS) can be
assessed from field data from the sensor deployed at Hampton University. Data from the
time period 10/06/2022 - 10/26/2022 is shown in Figure 30 for a single 10 MHz channel,
identified as channel 7 with the center frequency of 3615 MHz. Each gain and noise figure
value is accessed at every measurement [15], but the calibration procedure happens on
a longer time interval, causing values to be repeated. It can be seen that the gain follows
equation 24, a fit using this model displays a slope of 0.06 il—g. When the linear trend of
gain values for temperature are subtracted from the data, an estimate of the residual gain
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Fig. 29. Programmable Noise Source Calibration with Linear Fit for Each Channel

&, distribution remains. The residual gain is shown in Figure 31. To better represent the to-
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tal of gain variations for the sensor that are not corrected for, this process was repeated for
all 15, 10 MHz channels, and aggregated. By aggregating all residual distributions across all
channels a maximum channel random uncertainty is estimated. In Figure 32, the results of
this process can be seen. The residuals for 597540 measurements shows a standard devi-
ation of 0.15 dB, which leads to an estimate of the expanded uncertainty due to variability
of the sensor to measure a known, fixed power and any time and temperature variations
unaccounted for as +0.30 dB.

Channel 7
Fit m = -0.057 dB/° C,
b= 32.223 dB
32.0
__ 315
m
°
ES
QU
O 31.0
30.5
30.0

5 10 15 20 25 30
Temperature (°C)

Fig. 30. Gain (logarithmic units) versus temperature of channel 7 (center f = 3615 MHz)
shows a clear linear trend, this is repeated for all channels
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Fig. 31. Residual Gain After Detrending of Channel 7, Hampton University Sensor.
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Fig. 32. Residual Gain after Detrending Temperature Dependence of All Channels,
Hampton University Sensor. Histogram of the residual gain after detrending temperature
dependence.

6.5. Limited Time Fielded Sensor Calibration Results

After the pre-production period discussed in section 6.4, sensors at the remaining sites
were deployed, see Figure 2 for location and naming. These sensors represent a statistical
sample of similar, but not identical, realizations of the general sensor design discussed in
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section 1.2. The official operational period for production sensors began mid-2024 and
ended March, 2026. Results of periodic calibrations over the an extended period are cov-
ered in section 6.6. In this section, we analyze a limited amount of data from the time
period between October 6th and October 12th 2025 assuming equation 24 is valid.For ev-
ery sensor, antenna and each 10 MHz frequency span from 3530 MHz to 3710 MHz, the
gain versus temperature was least squares fit to a line and the residuals found by taking
the difference between the linear fit and the data. In Figure 33, an example of the fit
process is shown for HU at 3635 MHz. As stated in 6.2 the residuals are approximated as
a normal distribution with zero mean and a standard deviation of og,.. As with the pre-
production analysis in section 6.4, the slope is the change of gain with temperature in
logarithmic units and the intercept is the gain at zero degrees C. We expect similar results
to the pre-production, however since this analysis encompasses all sensors we can use
it to develop an understanding of the variation between different realizations and instal-
lation locations of sensors. In Figure 34, the results for all sensor-antenna combinations
and for all monitored frequencies are shown. The large reduction of G for frequencies
greater than 3685 MHz is due to the filter in the preselector. Higher than this frequency,
the assumptions made in equation 24 are affected by the presence of the filter, and the
temperature slope of the gain and the standard deviation of the residual distribution all
change. For a reduced frequency range from 3555 to 3645 MHz, the frequency dependent
difference in ot and o, is very small compared to the value measured.

HU: 3635 MHz

oY)
[l

Gain (dB)

30

Temperature (C)

— o

Number

-0.3 -0.2 -0.1 0.0 0.1 0.2
Residual (dB)

Fig. 33. Example of Fit for Reduced Time Linear Fit of Gain
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6.6. Long Term Production Sensor Calibration Results
6.6.1. All Field Calibration Results

As noted above, every 10 MHz channel for every sensor generates 8,760 calibration mea-
surements per year. This has generated in excess of 2 million measurements of gain and
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noise figure during the NASCTN CBRS SEA program. This has revealed that temperature
drives the primary change in gain and noise figure in time. The magnitude of this change
varies from sensor to sensor and we hypothesize that it is a combination of intrinsic tem-
perature variation coefficient in the amplifiers present and the external temperature sen-
sitivity specific to installation site. For example, in Figure 37, it can be observed that o is
approximately -0.05 ff—g for most East Coast sensors. However, we observe extremes for
the sensors installed on the USS Midway and at PtLoma. Although the preselectors in both
sensors are similar, the SPUs are installed in different locations. The Midway installation
is in a shaded but an environmentally uncontrolled setting without a TEC. In contrast, the

Pt. Loma installation is in a temperature controlled space.

6.6.2. Long Term Temperature Trends

When considering the long term range of calibrations from the NASCTN CBRS SEA pro-
gram, an interesting feature arises. Unlike the limited time calibration results in section
6.5, some of the extended range calibrations show a bilinear trend (see Figure 38). This
trend is a result of the preselector and SPU being at different temperatures. In particular,
the design covered in [16], regulates the temperature of the SPU using a TEC. The TEC is
used to prevent exceeding temperature ranges for components in the SPU. For ambient
temperatures that do not cause the internal SPU temperature to exceed these criteria, the
TEC remains inactive. For a synopsis of the internal temperatures of the preselector and
SPU see [16, Figures 22 and 32]. To be more precise, a model that accounts for both the
temperature of the preselector and SPU is required. Our model is a bilinear extension of
equations 24 and 25. Equations 26 and 27 represent this model.

G(Tpreselectoru TSPU) = anreselector + ﬁTSPU +Go+ & (26)

Where « is the change in log gain versus preselector temperature, 8 is the change in log
gain versus SPU temperature, Gy is the gain at 0° C, and €, is a normally distributed variable
with zero mean.

NF(Tpreselecmm TSPU) - aNF Tpreselector + ﬁNF TSPU + NFO + 8;{VF (27)

Where o™ is the change in noise figure versus preselector temperature, BV is the change
in noise figure versus SPU temperature, NF is the noise figure at 0° C, and €"* is a nor-
mally distributed variable with zero mean.

To create a long time perspective the calibration results were organized by schedule id, or
the set of instructions that dictate the capture parameters. The schedule id is found in
the metadata/global/ntia-scos:schedule/id field. In Figures 39 and 40, the fitting results
for most sensors for all frequencies are displayed, see Table 11 and Table 12 for all resid-
ual standard deviations. In Figures 41 and 42, the results for the frequency range 3550-
3650 MHz are displayed. The residual standard deviations from the linear and bi-linear
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fits are compared for selected sensors in Figures 43 and 44. The resulting residual distri-
butions are in good agreement for all but the Pt. Loma sensor. The standard deviation of
the residuals for the Pt. Loma sensor is approximately 0.01 dB for the short-term linear fit
and 0.15 dB for the extended-time bilinear fit for frequencies 3550-3650 MHz. In this case,
the sensor does not experience enough temperature variation to accurately capture the
true field deployed variance. This illustrates that in situations with small temperature ex-
cursions the residual distribution can have a very small standard deviation (<0.03 dB). We
therefore conclude a short-term linear fit is an accurate estimate of the uncertainty and
temperature behavior as long as excursions of the temperature are sufficient. The mag-
nitude of this temperature excursion is estimated to be >12 °C with multiple instances of
rates of change of >1 ;l—c; It is notable that the temperature dependent coefficients in both

type of fits is typically between 0.04?—5 and 0.0721—5, indicating that calibrations preformed

with temperature difference of 1 C° would result in a gain difference of 0.04 dB to 0.07 dB,
roughly the uncertainty of the radiometer characterized noise diodes.

33 6.00

32 5.75 1

31 ~ 5.50 -
= % 5.25 1
s 30 5
c _ug_w 5.00 1
© 291
O & 4.75-

281 2

4.50
27' 425 4 ¥ o
V.
26 | | | | 4.00 -4 | | |
—-20 0 20 40 —-20 0 20 40
Temperature (°C) Temperature (° C)

Fig. 38. Gain Values for GMM Versus Preselector Temperature. Red dashed lines are
guides for the eye.
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6.7. Uncertainty of Power Measurements

The point of calibrating any sensor system is to be confident of the returned value from that
sensor system. This returned value cannot be perfect, that is, it always has some uncer-
tainty. For example, the minimum uncertainty that is expected from a Y-factor measure-
ment, is never smaller than the uncertainty of the calibration artifact (noise diode). This
is approximately 0.2 dB for COTS devices characterized by the manufacturer, and 0.05 dB
for the same device characterized by the NIST radiometer, see section 5. The total uncer-
tainty in the logarithmic gain is the uncertainty in the logarithmic power for the NASCTN
CBRS SEA sensors. This uncertainty is dependent on the system and the frequency of the
band being monitored. The uncertainty in noise figure represents the minimum trusted
power measurement of the sensors. The noise figure analysis is included in Appendix A
for completeness. The major sources of gain uncertainty of this type of sensor are:

e The uncertainty of the calibration standard. The radiometer standard uncertainty
was 0.05 dB. We assume this to be a (log) uniformly distributed uncertainty.

¢ The band flatness change in gain or noise figure across the calibration bandwidth.
For gain in the frequency range of 3550-3650 MHz this value is typically between
0.1 dB and 0.6 dB. The complete frequency dependent table is available in Appendix
A Table 13. This table uses the maximum of the difference of the median values for
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Fig. 42. Summary of Fit Parameters for Extended Time Bi-Linear Fit of Noise Figure for
3550-3650 MHz

-19 dBm reference value and a 6 db Attenuation in adjacent bands. We assume this
to be a (log) uniformly distributed variable. This is frequently the largest source of
uncertainty.

Changes in temperature between calibrations. We use the error function in the tem-
perature dependent fit to estimate this. For gain in the frequency range of 3550-
3650 MHz this value is typically between 0.1 dB and 0.2 dB. The complete frequency
dependent table is available in Appendix A Table 11. We assume this to be a (log)
normal distribution.

The uncertainty of a Y-factor type calibration. This includes the random variation
in measurements estimated in Section 6.3 0.05 dB and any unaccounted network
mismatch estimated in Section 6.1 as 0.20 dB. We assume the random variation
to be a (log) normal distribution and the network mismatch to be a (log) uniform
variable.

To estimate the total uncertainty, the values above were used in a Monte Carlo simulation
with 10,000 trials. The total uncertainty for gain for each sensor in the 3550-3650 MHz
frequency range is shown in Figure 45. Similarly, the total uncertainty for noise figure for
each sensor in the in the 3550-3650 MHz frequency range is shown in Figure 46. The un-
certainty for all sensors and frequencies for gain is reported in Table 7, and for noise figure
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Fig. 43. Comparison of Standard Deviation of Residuals From Linear and Bi-Linear Fits for
Gain for 3550-3650 MHz

is reported in Table 8, in Appendix A. The total uncertainty in the 3550-3650 MHz range is
~ 0.5 dB for gain and =~ 0.35 dB for noise figure in most sensor-frequency combinations.
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7. Conclusion

In conclusion, this technical note provides techniques and data related to y-factor calibra-
tions of sensors in the 1-6 GHz operating frequency range. Section 1 provides an introduc-
tion to the y-factor method, the definition of sensor used in the note, and the program
that deployed sensors over extended periods of time. Section 2, is a general discussion of
the properties of noise based calibrations. It also identifies common issues with this type
of calibration. Section 3 describes how to build an amplified programmable noise source.
Section 4, describes common methods of transferring power measurements from a cali-
brated noise source to an unknown. Section 5 documents the characterization of many
noise diodes and calibration probes using a radiometer. Section 6, is an extensive review
of the calibration of field deployed sensors. These sections provide a variety of insights,

e Section 2 : The AMPR can be used to eliminate calibrations contaminated by un-
wanted signals.

e Section 3 : An amplified programmable noise source provides a way to calibrate in
the field for a sensor with large gain differences.

e Section 5 : NIST traceable measurements of a large number of noise diodes shows
agreement with the manufacturers specifications and reduces the uncertainty.

e Section 6 : Temperature is the primary driver for gain and noise figure differences in
field sensors.

e Section 6 : The temperature dependence in gain for the sensors in this report is
~ 0.06 ff—g, indicating a calibration every 1 C° would be required to match the ap-
proximate uncertainty of a radiometer calibrated noise diode (0.05 dB).

e Section 6 : Frequency dependent changes in gain and noise figure dominate the
uncertainty in most cases. This could be decreased by decreasing the bandwidth of
channelization (10 MHz) or taking great care to reduce frequency variations in the
RF front-end.

e Section 6 : Short-time linear fits to temperature behavior creates an accurate rep-
resentation as long as as excursions of the temperature are sufficient, estimated for
these sensors and hourly calibration schedules to be >12 °C with multiple instances
of rates of change of >1 h—g

e Section 6 : The total uncertainty in the 3550-3650 MHz range is =~ 0.5 dB for gain
and = 0.35 dB for noise figure in most sensor-frequency combinations.
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Appendix A. Parameters Used in Uncertainty Analysis

The uncertainty analysis for gain and noise figure uses a combination of type A (random
uncertainty) and type B (systematic or determined by another method uncertainty) [32].
The tables that follow are summaries of the uncertainties that are sensor and frequency
dependent. The short-term linear residual fits for gain (Table 9) and noise figure (Table 10
are included for comparison, however the long-term bi-linear residuals for gain (Table 11)
and noise figure (Table 12) are used in the final uncertainty analysis. The band-flatness for
gain (Table 13) and noise figure (Table 14) are found to be the largest contribution to un-
certainty for most sensor-frequency combinations. There are a few exceptions to this, the
next largest uncertainty tends to be a combination of impedance mismatch and extended
bi-linear residuals. The uncertainties that are not dependent on sensor and frequency are:

e Calibration Artifact Uncertainty (0.05 dB gain and noise figure), assumed to be (log)
uniformly distributed.

* Impedance Mismatch Difference Between Calibration Probe and Antenna (0.2 dB
gain and noise figure). Although this mismatch term is frequency dependent, it is
also location dependent and not always easily accounted for because of uncontrolled
changesinthe location of installation. Thus a single value that represents the median
value of the correction using multiple measurements has been adopted. Assumed
to be (log) uniformly distributed.

e Uncertainty in y-factor Calibrations (0.05 dB gain and 0.07 dB noise figure). Assumed
to be (log) normally distributed.

These uncertainties represent an estimate and uncertainties are assumed symmetric in log
space. This approximation has limitations, specifically for powers close to the saturation
point or very close to the noise floor the sensor.

57



NIST TN 2391
October 2026

Noise-Based-Calibration

zz9l | sT9T v68 | OU'T vv0 | 980 | 980 | 890 | 280 180 | vv0 | w0 | vv0 | 600 6v°0 750 | 690 69°0 JUWO-ewoTid
vToT | oT'ot 806 | SOT Sv'0 z80 | 180 | o0 | 080 180 | 670 | 6v0 0 | 990 90 | wvro | z60 760 | |euoudaig-ewond
€0°'ST | 00°ST v68 | €0 €80 | 860 | 60 o | wo 150 s90 | s90 €90 | €90 550 ze0 | ST STT uoy|puad
€9€T | 8SET 6e8 | 16T 090 €80 | 80 10 | 160 z60 | 890 | 890 (50 | 90 690 | 6v0 | vET vE'T euea20
€9°'ST | L§ST €58 | SL0 620 | 890 | 890 | ov0 | 0rO z€0 z€0 | 620 z€0 | 6v0 6v0 | 6£0 | €50 | v50 1N
it | eret v9°L L0 850 | 50 | €90 610 | 640 20 €50 | 050 610 | 080 19°0 190 | €90 290 Aempin
STST | T0ST zes | v60 | w0 | o050 | oso | vEO | vEO €0 | 690 | 690 520 | sLo 560 se0 | 850 | 850 NH
6781 | €8T 0g'L 96°0 €0 | 880 | 880 | 00 | 680 | v50 | vs0 | 150 150 | vv0 | wv0 syo | €T vTT )
SEET | 20HT geg | 29T 80 | 650 | 850 | vs0 | 90 | v90 | 950 | 50 | s8v0 | 050 | 050 sv0 | 660 660 Juwo-eurjeled
90vT | TTHT seg | 19T 850 190 | o 2o | 9o €0 | 50 | 950 | vs0 | 950 (50 | wvro | €01 €0T | [euondaug-eunered
€8T | ¥8TI €6 | 9ve wo | vro | €0 | ogo | seo | ovo wo | €vo wo | €0 L£°0 z€0 | 19T 091 uwWo-1989
8811 | 0611 vee | evz | wwo | oo | oro | veo | 6£0 | wvvo | w0 | /v0 | 9v0 | 6£0 ge0 | veo | z91 €91 [eUouY3.1q-1882

J0suas
S0LE | S69E | S89E | OL9E | S99€ | SS9E | Sv9E | SE9€ | Sz9€ | ST9E | SO9E | S6SE | S8SE | SLSE | S9SE | SSSE€ | SvSE | SESE (zH) Aouanbaiy

Auienadun uleo |elol *Z ajqeL

58



NIST TN 2391
October 2026

Noise-Based-Calibration

vS'ST | 16ST 9T 9,0 | o0g0 €50 | €50 wo | €v0 €0 T€0 | 620 | 0€0 | 1£0 T€0 | 950 | €50 €50 JUWO-ewoTid
(zst | eTst 0E'L 0L°0 870 | 6v0 | 6v0 660 | zv0 €70 | 9g0 | 9€0 €0 | 80 8v0 | 620 | L0 £2°0 | |euoudaig-ewonid
00'ST | TO'ST se'L 69°0 750 zs0 | 150 | 9g0 | g0 g€0 | o0 | o | w0 | Svo 8€°0 €e0 | 80 80 uoy|puad
9E'€T | 8EET 9'9 Se'T 260 €0 | 50 | 8o | 90 | 90 o | zo | oego | 80 8€°0 €e0 | 80 | 8.0 euea20
6T'ST | 90°ST 889 90 z€0 | 6v0 | 60 | s8e0 | 80 €0 ze0 | 180 | vEO | zv0 sv0 | ovo | v 10 1N
(891 | 204t 18 250 se0 | 8€0 | L£0 L0 | 8€0 8€°0 s€0 | €0 s€0 | €0 €0 €60 | 650 | 850 Aempin
09T | ¥9bT 199 69°0 62°0 150 | o050 | ogo | ogo | ogo | vvo | w0 | wvvO | €vO 8e0 | €0 | 650 650 NH
v8'or | /89T 509 (90 | ogo | 090 | 650 z€0 | €0 €0 €0 | €0 €0 | w0 | 0¥ €0 | €01 €01 )
S8'ET | 86ET 969 80'T €0 €€0 | €£0 €0 | ovo | ovo | 8€0 | 6€0 €0 | 1€0 430 1€0 | sco | wLo Juwo-eurjeled
07T | 96°€T 96'9 T 0£°0 s€0 | vvo sv0 | 050 | 050 | 680 | 6£0 g0 | Lg0 €60 | 620 | 60 | 080 | [euondsug-eunered
SSTT | Tt 9L v8'T €0 250 | 50 620 | 870 9€0 | €0 | €0 620 | 1€0 €0 €0 | szT vzT uwWo-1989
SSTT | 6T v9'L 16T se0 | 80 | 8v0 620 | 8z0 g0 | e6s0 | 80 | ogo | 1e0 | ogo | ogo0 | szt ST [eUouY3.1q-1882

J0suas
S0LE | S69€ | 89 | 0495 | 99§ | SS9t | sv9g | €98 | Se9g | ST9E | SO09E | S6SE | S8SE | SLSE | S9S€ | SSSE | SvSE | SESE (zHW) Aouanbaiy

Ajuiensaoun 2undi4 SsIop |elol '8 d|qel

59



NIST TN 2391
October 2026

Noise-Based-Calibration

800 | €00 100 | 100 100 100 | 100 100 | 100 100 100 | 100 100 | 100 100 100 | 100 100 JUWO-ewoTid
800 | €00 100 | 100 100 100 | 100 100 | 100 100 100 | 100 100 | 100 100 100 | 100 100 | |euoudaig-ewond
600 | 600 00 | 100 00 | 00 | 200 00 | 00 00 | 00 | ¢00 (00 | 00 00 | 900 | ¢00 £0'0 uoy|puad
0€0 | T sto | sto | v1o | 1o | vTo | 10 | IO €10 €10 | €10 €10 | €10 €10 €10 | €10 | 10 euea20
o010 | 600 | 900 | 900 900 | 900 | 900 | 900 | 900 900 | 900 | 900 | 900 | 900 900 | 900 | 900 | 900 1IN
wo | er0 | svo | sto 8T0 | 8r0 | sto | sro | s8I0 (ro | 1o | T (vo | 110 (vo | sto | sto | sto Aempin
810 | €10 o | o o o | o o | o o o | o o | o o o | o 450 NH
€0 | v1o | 9to | 910 9t0 | 910 | sTO sTo | sT0 ST0 sTo | sT0 sto | sT0 ST0 sto | sT0 | 910 )
(o | 10 (ro | o910 9t0 | o9ro | 9to | 9r0 | STO ST0 sto | sT0 sTo | sT0 ST0 sto | sT0 ST'0 Juwo-eurjeled
(o | 10 (ro | 910 o0 | o9to | oro | 9r0 | sTO ST'0 S0 | sTo S0 | sTO ST0 sT0 | sTo ST'0 | [euondaug-eunered
o | 110 o | 110 o o | 110 o | 110 0 1o | oro | oto | oro | oto | oro | oto | oro uwWo-1989
1o | 110 1o | 110 170 1o | 1T0 1o | 1r0 170 1o | oro | oro | oro | oro | oro | oro | oro [eUouY3.1q-1882

J0suas
SOLE | S69E | S89E | OL9E | S99€ | SS9E | Sv9E | SE9€ | Sz9€ | ST9E | SO9E | S6SE | S8SE | SLSE | S9SE | SSSE€ | SvSE | SESE (zH) Aouanbaiy

sjenpisay 14 UleD wia) 33Ul Jo UoneInaQ plepuels *6 d|qel

60



NIST TN 2391
October 2026

Noise-Based-Calibration

0600 | €200 | S000 | €000 | ¥000 | $000 | ¥000 | Y000 | ¥000 | ¥OOO | ¥00'0 | Y000 | YOO | ¥000 | ¥000 | vOOO | ¥00D | S00°0 JUWO-ewoTid
0600 | €200 | S000 | €000 | v000 | ¥00'0 | v000 | ¥00'0 | ¥000 | ¥OO'O | ¥000 | $OO'O | ¥000 | ¥OO'O | ¥00D | ¥OO'O | ¥00D | SO0 | [euomdenq-ewond
7500 | €500 | €100 | TI00 | zIo0 | zIo0 | o100 | TT00 | 0100 | 6000 | OTO0 | TIO0 | 0100 | 0T00 | TIo0 | 0100 | 1100 | 2100 uoy|puad
s8z’0 | 8600 | 6200 | 200 | 9200 | vzoo | €200 | Seo0 | szo0 | ozoo | 1200 | zzoo | Tzo0 | 1200 | €zo0 | €200 | €200 | 9700 euea20
€800 | 95000 | 6100 | 100 | £100 | 100 | Tzo0 | Tzoo | zzoo | vi00 | ¥T0'0 | 8600 | ¥10'0 | vzo0 | ¥I00 | ¥100 | ¥I00 | 100 1N
9950 | 8500 | 2€00 | £800 | 00 | €00 | S900 | 6900 | 89000 | 1800 | 800 | 1800 | ¢800 | 8900 | €500 | 6200 | 0£00 | 0£00 Aempin
0510 | 2800 | 1900 | 0900 | €900 | 0900 | ¥900 | 9900 | 1800 | 0800 | €800 | €00 | €800 | ¥800 | 6900 | 8900 | 6900 | 0200 NH
8910 | 9500 | ¥S00 | €500 | £500 | ¥5000 | TS00 | 8600 | 9500 | 9200 | 6200 | 6200 | 6200 | 0€00 | T€00 | z€00 | €00 | £€0O )
€500 | 8v00 | 0£00 | 8200 | 8200 | 8200 | (200 | 6200 | 6200 | €200 | veo0 | vzoo | €200 | v2o0 | Szo0 | Szo0 | Szo0 | Lzo© Juwo-eurjeled
¥500 | 8v0'0 | 0£00 | 8200 | 8z00 | 8200 | £Lzo0 | 6200 | 6200 | €200 | vZ00 | veo0 | €200 | ¥e00 | SZ00 | S200 | SZO0 | Lzoo | |euowdsig-euiered
€00 | 8200 | zzo0 | 6100 | Tzo0 | Tzoo | 0zo0 | 0Z00 | 0zo0 | 0zZ00 | 0200 | 0Zo0 | 6100 | 6100 | 0Zo0 | 0z00 | 8100 | TZOO uwWo-1989
(00 | 8200 | zzoo | 6100 | teoo | tzoo | ozoo | ozoo | ozoo | ozoo | ozo0 | ozoo | 6100 | 6100 | 0200 | ozoo | 8100 | 1200 [eUouY3.1q-1882

J0suas
S0LE | S695 | S89€ | 0495 | S99€ | SS9 | Sv9€ | SE9E | S29€ | STI9E | SO9E | S6SE | S8SE | SLSE | S9SE | SSSE | SSE | SESE (zH) Aouanbaiy

sjenpisay 14 a4nSi4 9sION W3] 9|8uIS Jo uoneInsQg pJepuels ‘0T d|qeL

61



NIST TN 2391
October 2026

Noise-Based-Calibration

810 | 910 ST0 S0 ST0 | S10 ST0 | 910 STO | 9r0 | 9T0 | 910 | 910 9T0 | 9r0 | 910 | 910 ST0 IUWo™gpg zg8opeas ST/0S70Z JUWO-ewoTid
810 | 910 ST0 ST'0 sto | sT0 sT0 | 9r0 sTo | oro | 9to | 9r0 | 910 o0 | oro | 9to | 9r0 ST0 |ouedgpg z€80peas ST/05Z07 |  [euOwdaIIa-eWOTAd
o010 110 | 600 800 | 800 | 800 | 800 | 800 800 | 800 | so0 | 800 | 800 800 | 800 | 800 | 800 | 800 1npouderep™godopeas 61405207 uoy|puad
vE0 (o | sto 610 610 | 610 | 8T0 | 610 810 | 10 | sto | sro | <10 (o | s8to | (10 (vo | 10 1npouderep 0130peas 61505207 euea20
600 | o0T0 | 900 v00 | v00 | 00 | %00 | 00 v00 | v00 | ¥00 | %00 | vo0 | vo0 | %00 | 00 | 00 SO0 | S080PeasaINsEaNSNONUNUCD 8ZOYZOT 1N
09°0 €0 | zo 4l o | o 1o | 170 120 two | 170 1o | 170 120 1o | o 1o | 10 Pnpoidelep™g0dopeas 6Tv05202 Aempin
(10 zro | 800 00 | 200 | c00 00 | 00 00 | 00 | ¢00 00 | 100 00 | 00 | c00 00 | 800 1npoudelep”y080peas 6Tv0SZ0T NH
(50 | 9ro | 910 ST°0 sTo | sT0 | #T0 sto | vro | vro | vro | vro | vro | vvo | vI0 | vro | vT0 ST'0 1npouderep”yT0peas 6Tv0SZ0T WD
0z°0 610 | 610 610 | o0zo | 610 610 | 610 gT0 | 8r0 | s8to | 8r0 | <10 8T0 | 8r0 | s8to | 810 | 810 1npouderep”z180peas 6Tv0SZ0T Juwo-eurezed
0z°0 610 | 610 610 | o0zo | 610 610 | 610 8T0 | 8r0 | sto | 810 | <10 8T0 | 8r0 | s8to | 810 | 810 wnpoudelep”zz3opeas 6Tv0SZOZ | [euoudsiig-euljered
100 00 | 900 900 | 900 | 900 | 900 | 900 900 | 900 | 900 | 900 500 s00 | 900 | 00 s00 | 900 1npouderep”9pdopeas y2z0570T uwWo-1989
oo | oro | o010 oo | oro | otro | oro | o010 010 600 | 600 600 | 600 600 600 | 600 600 | 600 1npoudelep”910peas 6Tv0SZ0T [eUouY3.1q-1882

3|npayds 105U
S0LE | S695 | S89E | OL9E | S99€ | SS9E | Sv9E | SE9€ | Sz9€ | SI9E | SO9E | S6SE | S8SE | SLSE | S9SE | SSSE | SvSE | SESE (zH) Aouanbaiy

sjenpisay 114 UleD WI9) OM] JO UOheIAaQ PAepUElS “TT 3|qeL

62



NIST TN 2391
October 2026

Noise-Based-Calibration

€10 100 €00 €00 €00 | €00 €00 200 200 €00 | €00 €00 €00 €00 €00 | €00 €00 €00 IUWo™gpg zg8opeas ST/0S70Z JUWO-ewoTid
€1°0 £0'0 €00 €00 €00 | €00 €00 | 200 200 €00 | €00 €00 €00 €00 €00 | €00 €00 €00 |ouedgpg z€80peas ST/05Z07 |  [euOwdaIIa-eWOTAd
100 00 | zo0 200 z200 | z00 200 | 00 200 z00 | 00 z00 | 00 200 z00 | 00 z00 | 00 1npouderep™godopeas 61405207 uoy|puad
1€0 100 €00 €00 | v00 | €00 €00 | 00 €00 €00 | €00 €00 €00 €00 €00 | €00 €00 €00 1npouderep 0130peas 61505207 euea20
600 600 | 100 €00 €00 | €00 €00 | 00 €00 €00 | €00 €00 €00 €00 €00 | €00 €00 | 00 | S030peasainsEsNSNONUNUCT8ZBOYZOT 1N
85°0 800 | 00 o 600 | 600 | 800 | 800 800 | oro | oro | oro | oro 800 | 00 | 800 00 | t00 Pnpoidelep™g0dopeas 6Tv05202 Aempin
810 o 500 00 500 | $00 500 500 500 s00 | 900 | 900 | 900 900 500 | $00 s00 | 900 1npoudelep”y080peas 6Tv0SZ0T NH
85°0 800 | 900 500 500 | 00 500 | v00 | 00 €00 | €00 £€0'0 £0°0 €00 €00 | €00 €00 | 00 1npouderep”yT0peas 6Tv0SZ0T WD
900 | 900 €00 €00 €00 | €00 £€0'0 €00 £€0°0 €00 | €00 £€0'0 €00 €00 €00 | €00 £€0'0 €00 1npouderep”z180peas 6Tv0SZ0T Juwo-eurezed
900 | 900 €00 €00 €00 | €00 £€0'0 €00 €00 €00 | €00 £€0'0 €00 €00 €00 | €00 £€0'0 €00 wnpoudelep”zz3opeas 6Tv0SZOZ | [euoudsiig-euljered
00 €00 | 00 100 100 | 100 100 | 100 100 100 | 100 100 | 100 100 100 | 100 100 | 100 1npouderep”9pdopeas y2z0570T uwWo-1989
500 500 €00 700 z00 | 700 z00 | 00 700 z00 | 700 700 | 00 700 200 | zo0 z00 | 00 1npoudelep”910peas 6Tv0SZ0T [eUouY3.1q-1882

3|npayds 105U
S0LE | S695 | S89E | OL9E | S99€ | SS9E | Sv9E | SE9€ | Sz9€ | SI9E | SO9E | S6SE | S8SE | SLSE | S9SE | SSSE | SvSE | SESE (zH) Aouanbaiy

s|enpisay 114 a4nSi4 9SION WI3L OM] JO UoleIAdQ pJepuels “ZT

alqeL

63



NIST TN 2391
October 2026

Noise-Based-Calibration

sovl | sovT | cec | 680 | 910 | 990 [ 990 [ <0 [ 190 | 190 | €10 | vro | vro | €zo | €zo | 8zo | ev0 | 600 luWQ-ewoTd
96'€T | 96°€T | 98'L | ¥80 | LT0 | 290 | 790 | 60 | 090 | 090 | €20 | €0 | 0zO | S0 | S0 [ ¥IO [ 20 | 20 | [euondang-ewonid
€0'€T | €0€T | L4 | S80 | (90 | 180 | 180 | 950 | 950 | TEO | 050 | 050 | 80 | 80 | Or0 [ 800 | L60 | 60 uoa|puad
9LTT | 94TT | TTL | 29T | €€0 | 190 | 190 | 8¥0 | 00 | 00 | 9v0 | 9y0 | z€0 | 9¥0 | 9¥0 | 020 | 60T | 60T euR220
TS'€T | TS€T | 8€L | 190 | 600 | SSO | SSO | SZO | SZO | ¥T0O | ¥T0 | 00 | STO | SE0 | SEO | STO | 6€0 | 6€0 LN
OT'ST | OT'ST | €99 | v¥0 | ¥Z0 | vZ0 | ¥€0 | ¥S0 | ¥S0 | S0 | STO | 900 | ¥S0O | ¥S0O | OE€0 | OE0 | €E€0 | €€0 Aempii
80'ET | 80°ET | STL | LLO | 670 | SEO | SEO | 9T0O | 9T0 | €0 | S0 [ ¥SO | 090 | 090 | 9T0 | 9T0 | €70 | €40 NH
16'ST | 16'ST | £€9 | SL0 | €10 | 890 | 890 | IS0 | 800 | €0 | €O | 620 | 620 | 610 | 6T0 [ 07O | 260 | 260 WIND
€171 | €TTT | 8TL | YET | 110 | TEO | T€0 | vZO | OO | OyO | TEO | T€0 | 810 | 0TO | 0Z0 | 00 | 90 | 90 luwo-euered
6171 | 6121 | OTL | 9€T | 010 | SEO | 6v0 | 60 | S0 | ¢S50 | T€0 | T€0 | £z0 | T€0 | T€0 | $00 | 180 | 180 | |euondauig-eurered
9z'0T | 92°0T | S0'8 | OT'Z | (0 | 650 | 650 | 800 | 810 | SZO | 920 | (zO | £z0 | Tzo | 120 | €10 | LET | LET uWO-188)
€201 | €201 | (08 | STz | SzO | v50 | vS0 | 00 | 610 | 9z0 | szo | 0g0 | 0g0 | 0zo | 0z0 | 010 | LET | (LET [euon23410-188)

J0SUas
soze | s69e | s89€ | 0/9¢ | S99¢ | SS9¢ | Sv9€ | S€9€ | Sz9€ | ST9E | S09¢ | sese | s8Se | s/Se | s95€ | sSS€ | SbSE | SESE |  (zHW) Aouanbaiy

ssauje|4 pueg uleo “€T d|qeL

64



NIST TN 2391
October 2026

Noise-Based-Calibration

evel | ev'el | zz9 | 190 | 600 | 660 | 660 | 920 | 620 | 6z0 | TT0 | 00 | 80 [ Tr0o | 10 | OzO | 660 | 6€0 IUWO-ewoTd
€E'€T | EEET | 2€'9 | SS0 | 200 | SEO | SEO | €20 | 820 | 820 | 610 | 6T0 | IO | €€0 | €€0 [ £00 | 290 | 790 | [euondang-ewonid
LOET | LO€T | T¥'9 | ¥S0 | 8E0 | 8E0 | LEO | 610 | STO | STO | €€0 | €€0 | 0€0 | 0€0 | zzo [ 9T0 [ 0L0 | 0L uoja|puad
197D | ISTT | €4S | ¥I'T | 210 | Ov0 | Ov0 | 220 | 6v0 | 6v0 | 820 | 870 | 600 | €20 | €20 [ STO [ €90 | €90 euR220
00'€T | 00°€T | 26'S | 0S50 | €10 | SE0 | S€0 | Tzo | Tzo | vLO | $IO | OTO | 9T0 | £zO | TE0 | TE0 | €E0 | €E0 LN
99'vT | 99'vT | €0°'S | S€0 | ZT0 | 9T0 | 9T0 | 910 | 9T0 | 9T0 | 600 | 600 | 800 | 800 | 900 | 900 | v¥0 | w0 Rempii
€971 | €971 | 8L'S | ¥S0 | 200 | 9€0 | 9€0 | €00 | v00 | v0O | 820 | 820 | LzO | £zO | TZO | 0TO | w0 | vvO NH
LSV | LSPT | €T'S | 2SO0 | SO0 | vvO | w0 | 10 | zT0 | ¢T0 | STO | STO | STO | STO | STO | U0 | 980 | 980 WIND
£0TT | L0TT | 109 | 060 | 600 | ¥1°0 | 10 | ST'0O | SZO | SZO | €0 | €0 | zT0 | ¢T0 | TT0 [ TT0 | 090 | 090 luwo-eurjeie)
€TCT | €1CT | 209 | €60 | 600 | 80 | OE0 | OE0 | 9€0 | 9€0 | €20 | €0 [ 0TO | 0ZO [ STO | £00 | ¥90 | ¥9°0 | [euoudaiig-euljered
90°0T | 900T | 299 | 85T | 810 | 8€0 | 8€0 | 800 | $00 | 0Z0 | 20 | TZ0 | (0O | €10 | €0 | U0 | SOT | SOT IuWO-188)
€001 | €00T | 99 | €9T | 810 | ¥€0 | ¥€0 | 900 | S00 | Tzo | €0 | €0 | 010 | TT0 | T10 | 600 | 90T | 90T [euon22.10-188)

10SUdS
soce | se9€ | s89e | os9t | s99g | ss9e | sv9e | se9e | szoe | s19e | sooe | sese | ssse | sese | s9se | ssse | spse | S€SE | (zHWN) Aduanbauy

ssauje|4 pueg ainSi4 3SION “vT 3|qeL

65



NIST TN 2391
October 2026 Noise-Based-Calibration

Appendix B. Example Radiometer Calibration of Noise Diode

NST

National Institute of Standards and Technology
Communications Technology Laboratory
325 Broadway
Boulder, CO 80305-3328

Report of Special Test

Noise Source

Device Description: Keysight
Model 346B
Serial No. SG61410009

Submitted by: National Advanced Spectrum and Communication Test Network
National Institute of Standards and Technology
325 Broadway
MS 67501
Boulder CO 80305

Quantity Measured: Noise Temperature
Measurements Performed by: Verified by:
Xifeng Lu Dazhen Gu
303-497-3049 303-497-3939
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Keysight
Model 346B, SN SG61410009

The measurements were performed at 23.0 °C £ 5 °C and 40 % + 5 % relative humidity. The applied DC voltage was
28 V £ 0.03 V (expanded uncertainties). The estimated uncertainty in the center calibration frequency is 0.01 %. If
the submitted noise source is an assembly, composed of a noise source plus an adapter, the assembly must remain
intact for the results to be valid. Reported in Table 1 are the Noise Temperature (T), the Excess Noise Ratio (ENRy),
and the associated expanded uncertainties (U) of the device. These results are traceable to the SI (International System
of Units) Kelvin through NIST Primary-Standard Noise Sources. The results exclude any contribution of the output
connector except as it differs from the NIST primary standard's connector. The results reported here reflect the
measurements and our state of knowledge at the time of this calibration or test.

INFORMATION SHEET

The noise temperature measured and reported is the available noise temperature, defined to be the available noise
power per unit bandwidth divided by Boltzmann's constant. For noise temperatures above To =290 K, we also report
the excess noise ratio delivered into a reflectionless load (ENRy). It is defined by

—~Ir12)=
ENRo(dB) = 10log;o [T
0

where T is the available noise temperature, and T is the reflection coefficient of the device under test. If the available
ENR is desired, it can be computed directly from the available noise temperature by

ENR,,(dB) = 10logy, (T;OT").

For most devices, the difference between ENR( and ENRy, is very small. NIST noise-temperature measurements are
performed on total-power radiometers, using two primary thermal noise standards, one of which is at ambient
temperature and one of which is at cryogenic (liquid nitrogen) temperature. These national primary standards are
traceable to the SI unit kelvin (through calibrated thermistors and the boiling temperature of liquid nitrogen). For
measurements at 30 MHz and 60 MHz, tunable coaxial standards [1] are used. From 1 GHz to 12.4 GHz, coaxial
standards [2] are used, and for 12.4 GHz and above, waveguide/horn standards [3, 4] are used. The radiometers
themselves are described in references [1, 5-7]. The NIST radiometers are double-sideband, total-power radiometers.
The IF frequency is O (i.e., the LO frequency is set to the measurement frequency), and the IF bandwidth B;- ranges
from 5 MHz to 20 MHz, depending on the particular radiometer. Thus the reported noise temperature represents an
average over a frequency range of 2B,r centered at the measurement frequency.

>

At least three independent measurements (including separate system calibrations, where applicable) of the noise
temperature are made at each frequency. The noise source is allowed to warm up before any measurements are made.
For many connector types and frequencies, the measurements are made through adapters. The procedure for
characterizing the adapter and removing its effect is described in references [8, 9].

The combined standard uncertainty is composed of type-A and type-B uncertainties [10, 11]. Type-A uncertainties
(uy) are those that are measured and determined by statistical methods, such as the standard deviation of the mean of
several independent measurements of the quantity of interest. Type-B uncertainties (up) are those determined by other
means, such as estimates of systematic uncertainties. The uncertainty reported is the expanded uncertainty, given by

U=2ui+u3

This corresponds approximately to a 95% confidence level. Details of the uncertainty analysis can be found in
references [5-7, 12].
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Center Calibration
Frequency
GHz
3.535
3.545
3.555
3.565
3.575
3.585
3.595
3.605
3.615
3.625
3.635
3.645
3.655
3.665
3.675
3.685
3.695
3.705

T
Kelvins

9190.39
9193.51
9194.08
9172.71
9157.18
9141.88
9135.08
9116.99
9101.7
9112.38
9111.46
9127.49
9124.48
9144.02
9148.53
9128.88
9107.52
9085.71

Table 1
Measurement results for
Noise Source
Model 346B, S/N SG61410009

u ENRO
Kelvins dB
96.72 14.87
97.42 14.87

97.1 14.87
97.1 14.86
96.62 14.85
98.14 14.84
99.15 14.84
96.52 14.83
97.25 14.82
101.72 14.83
96.52 14.83
98.53 14.84
96.68 14.84
97.14 14.85
97.27 14.85
98.23 14.84

97 14.83
96.53 14.82

dB

0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
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HU: gain
Frequency

_(lVIHz) Distribution Min_(_dB) Median (dB) Mean (qg&) Max (dB) IQR (dB) _ Count

3535 M 28.28 30.21 30.29 31.92 1.01 17341
__3545 A 2_5748 30.64 30.7;_ 32.68 1.16 ) 17341
“3555 A 2_8747 30.65 30.7;_ 32.72 117 _ 17341
“3565 k 2-8765 30.81 30.9;- 32.88 117 ) 17341
--3575 “ 2-9735 30.93 31.1;- 33.06 1.26 ) 5425
“3585 W 2_9748 30.33 30.3;._ 31.10 0.39 _ 1694
“3595 M 2-9731 30.17 30.1;- 30.99 0.42 ) 1698
--3605 ‘I 2-9711 30.70 30.8;- 32.82 1.25 ) 5425
“3615 h' 2_9707 30.74 30.9:1_ 32.94 1.29 _ 5425
“3625 ‘l 2_9T02 30.62 30.8._3_ 32.84 1.30 ) 5425
--3635 ‘I 2-9728 30.78 31.0:)- 32.93 1.28 ) 5425
“3645 “I 2_9725 30.88 31.1;)_ 33.11 133 _ 5425
“3655 A 2_BT16 30.48 30.5;_ 32.73 1.28 ) 17341
--3665 u 2-8764 30.24 30.4;- 32.38 1.26 ) 5425
“3675 “ 2;50 30.27 30.4;3_ 32.54 134 ) 5425
“3685 “ 2;?25 29.50 29.7._3_ 32.19 1.64 ) 5425
--3695 ‘ 1-7TBZ 22.25 ZZ.E;.- 27.21 2.96 ) 5425
__3705 A 3?3_1 9.10 9.30__ 14.15 2.76 ) 17341

Fig. 47. Gain Distribution of HU Sensor
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HU: noise_figure

Frequency
(MHz) Distribution Min (dB) Median (dB) Mean (dB) Max (dB) IQR (dB) Count

Fig. 48. Noise Figure Distribution of HU Sensor
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NIT: gain

Frequency
(MHz) Distribution Min (dB) Median (dB) Mean (dB) Max (dB) IQR (dB) Count

Fig. 49. Gain Distribution of NIT Sensor
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NIT: noise_figure

Frequency
(MHz) Distribution Min (dB) Median (dB) Mean (dB) Max (dB) IQR (dB) Count

Fig. 50. Noise Figure Distribution of NIT Sensor
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CBBT-Omni: gain

Frequency
(MHz) Distribution Min (dB) Median (dB) Mean (dB) Max (dB) IQR (dB) Count

Fig. 51. Gain Distribution of CBBT-Omni Sensor
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CBBT-Omni: noise_figure

Frequency
(MHz) Distribution Min (dB) Median (dB) Mean (dB) Max (dB) IQR (dB) Count

Fig. 52. Noise Figure Distribution of CBBT-Omni Sensor
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Oceana: gain

Frequency
(MHz) Distribution Min (dB) Median (dB) Mean (dB) Max (dB) IQR (dB) Count

Fig. 53. Gain Distribution of Oceana Sensor
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Oceana: noise_figure

Frequency
(MHz) Distribution Min (dB) Median (dB) Mean (dB) Max (dB) IQR (dB) Count

Fig. 54. Noise Figure Distribution of Oceana Sensor
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Pendleton: gain

Frequency
(MHz) Distribution Min (dB) Median (dB) Mean (dB) Max (dB) IQR (dB) Count

Fig. 55. Gain Distribution of Pendleton Sensor
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Pendleton: noise_figure

Frequency
(MHz) Distribution Min (dB) Median (dB) Mean (dB) Max (dB) IQR (dB) Count

Fig. 56. Noise Figure Distribution of Pendleton Sensor
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Midway: gain

Frequency
(MHz) Distribution Min (dB) Median (dB) Mean (dB) Max (dB) IQR (dB) Count

Fig. 57. Gain Distribution of Midway Sensor
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Midway: noise_figure

Frequency
(MHz) Distribution Min (dB) Median (dB) Mean (dB) Max (dB) IQR (dB) Count

Fig. 58. Noise Figure Distribution of Midway Sensor
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Catalina-Omni: gain

Frequency
(MHz) Distribution Min (dB) Median (dB) Mean (dB) Max (dB) IQR (dB) Count

Fig. 59. Gain Distribution of Catalina-Omni Sensor
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Catalina-Omni: noise_figure

Frequency
(MHz) Distribution Min (dB) Median (dB) Mean (dB) Max (dB) IQR (dB) Count

Fig. 60. Noise Figure Distribution of Catalina-Omni Sensor
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PtLoma-Omni: gain

Frequency
(MHz) Distribution Min (dB) Median (dB) Mean (dB) Max (dB) IQR (dB) Count

Fig. 61. Gain Distribution of PtLoma-Omni Sensor
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PtLoma-Omni: noise_figure

Frequency
(MHz) Distribution Min (dB) Median (dB) Mean (dB) Max (dB) IQR (dB) Count

Fig. 62. Noise Figure Distribution of PtLoma-Omni Sensor
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GMM: gain

Frequency
(MHz) Distribution Min (dB) Median (dB) Mean (dB) Max (dB) IQR (dB) Count

Fig. 63. Gain Distribution of GMM Sensor

86



NIST TN 2391
October 2026 Noise-Based-Calibration

GMM: noise_figure

Frequency
(MHz) Distribution Min (dB) Median (dB) Mean (dB) Max (dB) IQR (dB) Count

Fig. 64. Noise Figure Distribution of GMM Sensor
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