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Preface

The work described herein was performed as a result of a spectrum sharing project request submitted to the National
Advanced Spectrum and Communications Test Network (NASCTN). NIST is a founding charter member of NASCTN.
This work was sponsored by Edwards Airforce Base, and conducted by NIST with support by NTIA, NASA, and
MITRE. A summary of each organization’s technical contributions follows.

The project underwent formal screening and approval by the NASCTN Steering Committee. A description of NASCTN
and listing of Charter Members at the time of publication of this report follows.



National Advanced Spectrum and Communications Test Network (NASCTN)

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

NASCTN is a member organization under a charter agreement. Members

e Facilitate and coordinate work with federal, academic, and industry spectrum users to rapidly and cooperatively
facilitate spectrum sharing and co-existence studies;

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

e Through sharing of technical resources, with consideration for cost, provide liaison and support to coordinate and
leverage existing national capabilities supporting government, academic, and industry testing and evaluation known
to improve and expedite spectrum sharing and coexistence.

Charter members at the time of publication of this report are (in alphabetical order):

Department of Defense Chief Information Officer (DoD CIO)
National Aeronautics and Space Administration (NASA)

National Institute of Standards and Technology (NIST)

National Oceanic and Atmospheric Administration (NOAA)

National Science Foundation (NSF)

National Telecommunications and Information Administration (NTIA)

NIST hosts the NASCTN capability at the Department of Commerce Boulder Laboratories in Boulder, Colorado.
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Executive Summary

Representatives from Edwards Air Force Base (EAFB) submitted a proposal to National Advanced Spectrum and
Communications Test Network (NASCTN) to measure the impacts of long-term evolution (LTE) user equipment (UE)
emissions in the United States advanced wireless services 3 (AWS-3) frequency band (1755 MHz - 1780 MHz) and
aeronautical mobile telemetry (AMT) systems in the adjacent L band (1780 MHz - 1850 MHz). The primary goal of
the proposal is to investigate potential impacts of LTE adjacent band emissions to the AMT systems.

The NASCTN steering committee accepted the EAFB proposal, and the test plan development team delivered and
circulated a test and metrology plan for public comment. Upon finalizing the plan based on the received feedback, the
test execution began in March of 2019. The test plan, comments matrix and other supporting material are available on
the NASCTN website!.

The objective of this NASCTN effort is to design, demonstrate, and validate a test methodology to measure the im-
pacts of LTE UE emissions on the adjacent AMT band. Impacts are assessed by collecting and analyzing performance
measures, such as bit error rate (BER) and E}, /Ny, generally referred to as key performance indicators (KPIs). The
validation process includes the capture and analysis for multiple adjacent band emissions (ABE) and AMT transmis-
sion combinations and conditions. The analysis here centers around BER behavior with and without the presence of
ABE.

A key part of the experiments is determining how close the AMT center frequency can be located to the band-edge
of 1780 MHz for a variety of AMT modulation formats and bit rates, with several representative waveforms in the
adjacent band. This information is helpful in establishing and confirming frequency edge back-off recommendations
in the Inter-Range Instrumentation Group (IRIG) 106 Standard [1]. In addition, the concept of Gaussian "equivalent
in-band noise" is proposed to aid interpretation of the non-linear effects in AMT receiver response caused by some of
the LTE ABE waveforms.

The design, development, execution, and data analysis of this test support several general and specific observations.

e Proper consideration of out of band emissionss (OOBEs) is important to understanding the impacts due to adja-
cent band signals. Simulations or emulations of ABEs do not generally represent real-world OOBEs, and those
differences can have a significant impact on the adjacent band receiver.

o Automated testing allows for detailed and highly-controlled investigations of the impacts due to ABEs. In this case,
the automation allows for the comparison of impacts from a wide variety of waveforms. Note that running a similar
testing campaign in the field will, in general, result in higher measurement uncertainties than using a laboratory
settings such as in this investigation.

e Two ABE waveforms with nearly equivalent average powers but with seemingly inconsequential differences in
OOBE behavior can cause very different impacts on the AMT system. This is clearly evident in the frequency
offset results in Section 5.2.2.

e The main experiment frequency back-off results suggest that the IRIG back-off calculations work for most of the
test ABE types. In the main experiment results, the only ABE type and AMT modulation combinations that exceed
aBER = 107° (i.e., exceed the desired threshold), are the multi-UE at azimuth of 198° (37 MHz filter) for shaped
offset quadrature-phase shift keying (SOQPSK) bit rates of 5 Mbps and 10 Mbps, and the multi-UE at azimuth of
198° (37 MHez filter) and a single-UE with 100 RB (37 MHz filter) for an Advanced Range Telemetry continuous
phase modulation (ARTM CPM) bit rate of 5 Mbps.

e For the single UE cases tested, the ABE OOBE profile correlates to the LTE resource block (RB) allocations.

'NASCTN Project page: https://www.nist.gov/programs-projects/aws-3-lte-impacts-amt
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e The impacts due to ABEs are dominated by the frequency overlap of the intermediate frequency (IF) filter bandwidth
and the adjacent band LTE and LTE OOBE activity.

e The use of the ABE root mean square (RMS) power value in the signal to adjacent band emitter power ratio (SABE)
calculations can lead to misrepresentation in predicting impact of a particular waveform, when compared to the no
ABE condition?.

e The concept of an equivalent in-band white Gaussian noise is proposed as a way to interpret the impacts on Ej/Ny.
These results demonstrate non-linear effects across a range of BER values that fall in the desired operating region
of better than BER = 10~ for several of the tested ABE and AMT signal combinations.

e In-field measurements serve as surrogates and may not replicate the exact adjacent band deployment parameters
(e.g., 20 MHz versus 10 MHz allocations, LTE versus 5G technology). In general, deployments that allow increased
RB activity or power at the band edge closest to AMT may require an increase in the band edge frequency offset.

e As demonstrated in Appendix D scatter plots, receiver-reported /Ny is not a reliable indicator of BER perfor-
mance in the presence of ABE. Since E}, /Ny is a ratio of in-band quantities, this observation is expected.

The investigation and test methodology demonstration takes place on two testbeds, one located at the MITRE facility
in Bedford, MA, and the other at the NASCTN facility in Boulder, CO. The benefits of running multiple testbeds
are the ability to validate and trouble shoot test runs, as well as increase the confidence in the reproducibility of
results. Leveraging two testbeds allows the development of the automation code and framework while simultaneously
prototyping testing methodologies and protocols (i.e., the main and frequency offset experiments). The two testbeds
allow the concurrent investigation of concepts such as the Gaussian equivalent in band noise on the NASCTN testbed
without disrupting the Bedford testbed generation of the primary experiment data.

Finally, the use of automated testbeds improves the rigor of the measurement process by allowing collection of statisti-
cally rich data sets and the ability to investigate behaviors that might initially appear anomalous. Accompanying these
measurements is rigorous uncertainty analysis that includes an uncertainty budget and calculation of overall measure-
ment uncertainty. The combination of automation and remote access allows testing to continue with very minimal
on-site interaction with the testbed and measurement equipment.

The complete set of test data for this project is publicly available at https://doi.org/10.18434/M32279.

2Section 1.4 of the ITU-R SM.1541-6 defines the adjacent band power ratio as the ratio between a transmitter mean power and the mean power
in the adjacent frequency band. However, it should not be assumed that adjacent band interference measurements are commonly referenced to RMS
power.
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Chapter 1

Introduction

The demand and evolution of frequency spectrum access requires a clear understanding of the impacts to incumbent
systems as new entrants utilize the spectrum and incumbents must compress historical access requirements. Rigorous
testing is a crucial element in quantifying and evaluating the potential impacts as new technologies are introduced to
this increasingly congested spectrum environment. This effort, while focused on adjacent band long-term evolution
(LTE) impacts on aeronautical mobile telemetry (AMT) systems, typifies the general need for rigorous evaluation of
new technologies on incumbent operations.

1.1 Objective

The objective of this project is to design, demonstrate, and validate a test methodology to measure the impacts of LTE
user equipment (UE) emissions into the adjacent AMT band. Impacts are assessed by collecting and analysing a range
of performance measures, such as bit error rate (BER), received power, and Ej,/Ny. These performance measures are
generally referred to as key performance indicators (KPIs).

The validation process will include the rebroadcast and impact analysis of in-field and laboratory captures of adjacent
band emissions (ABE) from LTE UEs for several AMT transmission conditions. It is important to recognize that in-
field measurements serve as surrogates and may not replicate the exact deployment parameters (e.g., 20 MHz versus
10 MHz allocations, LTE versus 5G technology) in the adjacent band. However, the in-field captures include impacts
of actual telemetry receive antennas, the radio frequency (RF) connecting cables, and in-line filters. Thus, the in-
field captures [2] incorporate RF characteristics beyond the scope of simulation environments or typical bench-top
conducted-path tests.

The analysis here focuses on BER behavior with and without the presence of ABE. A key investigation into how close
the AMT frequency can be located to the band-edge of 1780 MHz for various AMT modulation formats and bit rates,
with several representative ABE. This information is helpful in establishing frequency edge back-off recommenda-
tions in the IRIG 106 Standard [1]. In addition, we explore the concept of Gaussian "equivalent noise" to aid the
interpretation of the non-linear effects in AMT receiver response caused by some of the LTE waveforms.

The investigation and methodology demonstration is conducted at two testbeds, one located at the MITRE facility
in Bedford, MA, and the other at the National Advanced Spectrum and Communications Test Network (NASCTN)
facility in Boulder, CO. The benefits of running multiple testbeds are the ability to validate and trouble shoot test runs,
as well as increase the confidence in the reproducibility of results. A comparison between selected response curves
generated by the two testbeds is found in Section 6.4.

The testbed located at the MITRE facility is considered the lead testbed as it incorporates the AMT receiver analyzer
and has the most flexibility with respect to AMT modes of operation, as well as the ability to interrogate the receiver
under test. The receiver analyzer is a dedicated piece of test equipment for evaluating AMT receivers. Automation
code and framework development takes place on the Bedford testbed. The primary investigation data are generated on
the Bedford testbed.



The NASCTN testbed is used to prototype testing methodologies and investigate proposed testing protocols (i.e., the
main and frequency offset experiments discussed below). This testbed offers greater flexibility in the monitoring
and analysis of the base RF signaling conditions and also makes use of an AMT transmitter (TX) that is commonly
used in telemetry operations and is able to generate most of the AMT signal conditions of interest. The investigation
and concept development of Gaussian equivalent in band noise uses the NASCTN testbed, and it provides secondary
investigations on several of the experiments conducted with the Bedford testbed.

In order to conserve overall testing time, the Bedford testbed is used for a side experiment focused on space-time
coding (STC), while the NASCTN testbed is used for a side experiment on AMT receiver (RX) equalizer settings.

Finally, the development of automated testbeds improves the rigor of the measurement process by allowing collection
of statistical rich data sets and the ability to investigate behaviors that might initially appear anomalous. Accompanying
these measurements is rigorous uncertainty analysis that includes an uncertainty budget and calculation of overall
measurement uncertainty. The combination of automation and remote access allows testing to continue with very
minimal on-site interaction with the testbed and measurement equipment.

1.2 Background

In the 2010 Presidential Memorandum on Unleashing the Wireless Broadband Revolution [3], the National Telecom-
munications and Information Administration (NTIA) was tasked to identify underutilized spectrum suitable for wire-
less broadband use. In the subsequent NTIA Fast Track Report [4], many federal bands were identified as commer-
cially viable. From this report, the Federal Communications Commission (FCC) identified 1695 MHz to 1710 MHz,
1755 MHz to 1780 MHz, and 2155 MHz to 2180 MHz together as the advanced wireless services 3 (AWS-3).

Through Auction 97 [5], the FCC auctioned the AWS-3 band for commercial mobile broadband usage in the United
States. The auction raised $41B in revenue for the United States Treasury and required federal agencies in the AWS-3
band to look for other ways to accomplish their missions. In the 1755 MHz to 1780 MHz portion of the AWS-3 band,
the Department of Defense (DoD) is using a combination of sharing, compression, and relocation to other bands
(including the 2025 MHz to 2110 MHz band) to adapt to the change in the spectrum allocations.

In 2017, NASCTN conducted a test campaign for Edwards Air Force Base (EAFB) measuring the out-of-band emis-
sions of commercial LTE smartphones and an evolved node B (eNB) [6]. This report serves as a follow-on to that work
in which the in-band and out-of-band LTE uplink emissions are directly injected into an AMT link in a controlled en-
vironment to evaluate the impact.

1.3 Overview

The collection of KPI data takes place in a laboratory environment which allows strict control over the LTE waveforms
and AMT link conditions. The range of ABE waveforms includes in-situ single and multi-UE captures, Gaussian noise
surrogates, and laboratory-generated, radiated LTE UE emissions. Different resource block (RB) usage allocations are
tested for the single UE in-situ and laboratory-generated captures.

For this report, a subset of the collected KPIs, such as BER, are analyzed and presented. The complete set of test data
for all experiments, which includes a much larger set of KPIs, is publicly available at https://doi.org/10.
18434/M32279. Other analysis approaches and presentation formats of the data are possible and may provide ad-
ditional insight into ABE impacts. Accompanying these measurements is a rigorous uncertainty analysis that includes
an uncertainty budget and calculation of overall measurement uncertainty.

The remainder of this report is laid out as follows. Chapter 2 discusses the experiment design. Chapter 3 provides
details on the testbed implementations and test execution. Chapter 4 covers data and statistical analysis methods used
here. Chapter 5 presents primary data analysis results, while Chapter 6 presents some secondary analysis results. The
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report concludes with a summary of the results, a discussion on their interpretation, and ideas for future work that
expands on these measurements. There are several appendices that provide additional information on measurement
uncertainty (Appendix A) and additional data and analysis results (Appendix B through Appendix G).



Chapter 2

Experimental Design

2.1 Overview

This chapter details the objectives, controlled factors, and settings for each experiment. The AMT receiver susceptibil-
ity testing included a total of seven different experiments: two pilot experiments, a main characterization experiment, a
frequency-offset experiment, and three side experiments, labeled A, B, and C. The factors and settings for each exper-
iment are summarized in Tables 2.1-2.9. Because changing AMT or signal generator settings required more testbed
time than changing attenuation values, AMT and signal generator factors are labeled ‘“hard-to-change” and factors
depending on attenuation values are labeled “easy-to-change.”

Six of the seven experiments (all except the frequency-offset experiment) include both hard-to-change and easy-to-
change factors. Consequently, to efficiently utilize test time in these experiments, the number of modifications to
hard-to-change factors was minimized by using a split-plot experimental design [7, 8, 9]. To execute this design, the
test configurations were changed in two nested loops, where the hard-to-change factors were modified in the outer
loop and the easy-to-change factors were modified in the inner loop. In the experimental design literature, blocks of
hard-to-change factor configurations are called “whole-plots” and blocks of easy-to-change factors configurations are
called “split-plots” [7, 8, 9].

The following sections provide specific details for each experiment.

2.2 Pilot Study

Prior to finalizing the main experimental design and implementation, we conducted a pilot study. The goals of the pilot
study were to (i) verify the implementation of the testbed automation (across two testbeds) and (ii) obtain preliminary
data to inform subsequent experimental design.

The pilot study included two experiments, a baseline experiment and a characterization experiment. The experimental
factors and settings used for baseline and characterization experiments are listed in Table 2.1 and Table 2.2, respec-
tively. Overall, there were six experimental factors for the pilot study: modulation type, bit rate, frequency offset
between the AMT band and ABE allocation, ABE type, ABE level, and AMT signal level. These factors are labeled
A-F, respectively. Note that factors A-D are denoted as hard-to-change and factors E and F are denoted easy-to-change.

The aim of the baseline experiment was to verify testbed repeatability, e.g., to verify that signal and ABE levels did
not drift in time. For the baseline experiment, factors A through D were held constant with the settings listed in
Table 2.1, and all combinations of factors E and F were tested for a total of 33 unique configurations. In other words,
the baseline experiment tested a single whole-plot configuration over a split-plot configuration block. The baseline
test was repeated seven times on the Bedford testbed.

The aims of the characterization experiment were to verify testbed operation and to collect preliminary data to inform
subsequent experiments. As indicated in Table 2.2, there were a total of 40 whole-plot configurations of hard-to-change
factors and 33 split-plot configurations of easy-to-change factors, yielding a total of 1320 unique test configurations.
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Table 2.1: Factors and settings for pilot study phase 1: baseline experiment

] o | i b Lo | Eeynd o e

A Modulation Type SOQPSK 1 Hard

B BitRate 10 Mbps 1 Hard

C Frequency Offset 0 MHz 1 Hard

D ABE Type AWGN (BW =20 MHz) 1 Hard

E ABE Level None, Mid, High 3 Easy

F AMT Signal 1 dB steps on grid spanning a 11 Easy
Level 10 dB range with config-dependent shift

Table 2.2: Factors and settings for pilot study phase 2: characterization experiment

I N 7 T

A Modulation Type PCMFM, SOQPSK, SOQPSK-FEC, STC, STC-FEC Hard

B Bit Rate 1, 10 Mbps 2 Hard

C Frequency Offset 0,2.5 MHz 2 Hard

D ABE Type AWGN (BW =20 MHz), in situ LTE capture (single-UE Full) 2 Hard

E ABE Level None, Mid, High 3 Easy

F AMT Signal 1 dB steps on grid spanning a 11 Easy
Level 10 dB range with config-dependent shift

Due to their preliminary nature, the results of the pilot study are not presented in this report. However, the results
of the pilot study provided important insights to improve the reliability of testbed automation and for the selection of
signal level ranges in the main characterization experiment, described next.

2.3 Main Characterization Experiment

The objective of the main characterization experiment was to assess the impact of different ABE types on AMT
receiver performance. In particular, the experiment aimed to test a range of conditions including the transition from a
strong link (BER < 10~7) to a poor link (BER > 107%).

The factors and settings used for the experiment are summarized in Table 2.3. Four factors were varied: modulation
type, bit rate, ABE type, and AMT signal level. The first three factors are hard-to-change (whole-plot) factors and the
last factor is an easy-to-change (split-plot) factor.

One of the lessons-learned from the pilot study was that the factors could be combined and organized differently
to reduce the total number of factors and better focus the experimental design on relevant test conditions. Namely,
compared to the pilot study design (Table 2.2), the number of factors was reduced from six to four by making the
following adjustments. First, the frequency offset factor in the pilot study was removed and instead folded into the
ABE type. For example, the additive white Gaussian noise (AWGN) ABE type included three bandwidths, 20, 18, and
16.5 MHz, corresponding to three different frequency offsets, 0, 2, and 3.5 MHz, respectively, from the AMT band.
Second, the ABE level factor was eliminated, the baseline no-ABE condition was instead included as an ABE type,
and a single testbed attenuator setting was used for all ABE waveforms.

5



Table 2.3: Factors and settings for main characterization experiment

i h L e e |

A Modulation Type PCM/FM, SOQPSK, SOQPSK-FEC, ARTM-CPM Hard
B Bit Rate 1,5, 10,20 Mbps 4 Hard
C ABE Type None, AWGN (BW=20, 18, 16.5 MHz), in-situ LTE 10 Hard

captures: single-UE (92 RB, Full), multi-UE (EAFB
Az76, EAFB Az198, Lang Az140, Lang Az165)

D AMT Signal Level 1 dB steps on grid spanning a 11 Easy
10 dB range with config-dependent shift

Table 2.4: Modulation and bit rate combinations for main characterization experiment. Priority configurations shown
in yellow. Only the priority configurations are tested for the frequency offset experiment.

Modulation Type Bit Rate (Mbps)

PCM/FM 1 5 10

SOQPSK 1 5 10 20
SOQPSK- FEC 1 5 10 20
ARTM CPM 5 10 20

The fourteen combinations of modulation type and date rate listed in Table 2.4 were tested. Note that atypical config-
urations (pulse code modulation/frequency modulation (PCM/FM) 20 Mbps, Advanced Range Telemetry continuous
phase modulation (ARTM CPM) 1 Mbps) were excluded. Further, the combinations highlighted in yellow were prior-
itized for testing because they are of highest interest to AMT operators.

Apart from modulation type and date rate settings, all other combinations of the settings listed in Table 2.3 were tested.
Overall, there were 140 whole-plot configurations and 11 split-plot configurations, yielding a total of 1540 unique test
configurations.

All configurations were tested twice on the Bedford testbed. In addition, a subset of configurations (all except with
shaped offset quadrature-phase shift keying (SOQPSK)-forward error correction (FEC)), were tested twice on the
Boulder testbed.

2.4 Frequency Offset Experiment

The aim of the frequency offset experiment was to characterize the impact on AMT receiver performance when the
AMT center frequency is shifted relative to ABE. More specifically, a key goal was to assess the effectiveness of the
frequency back-off distances recommended in the IRIG 106 standard [1, Sec. A.12] for operation near the telemetry
band edge as a method for mitigating receiver impacts from ABE.

The factors and settings for the frequency offset experiment are listed in Table 2.5. There are four factors: modulation
type, bit rate, ABE type, and frequency offset between the AMT signal and ABE. Only the seven modulation and bit
rate combinations shown in yellow in Table 2.4 were tested for the frequency offset experiment, yielding a total of
7 % 10 x 12 = 840 unique test configurations.

All configurations were tested twice on the Bedford testbed, and a subset (all except with SOQPSK-FEC) were tested
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Table 2.5: Factors and settings for frequency offset experiment

mm“m

A Modulation Type PCM/FM, SOQPSK, SOQPSK-FEC, ARTM-CPM Hard
B Bit Rate 1, 5, 10 Mbps 4 Hard
C ABE Type AWGN 20 MHz, in-situ LTE captures: single-UE (92 RB, 10 Hard

Full, 92 RB filtered, Full filtered), multi-UE: (EAFB Az76,
EAFB Az198), lab LTE captures (20 MHz Full, 20 MHz
upper 10 RB blanked, 5 MHz Full)

D Frequency Offset 1 MHz steps on grid including IRIG-recommended offset 12 Hard

twice on the Boulder testbed.

2.5 Supplemental Experiments

To supplement the primary experiments described above, three additional side experiments were performed that in-
clude an additional receiver feature, modulation format, and potential performance evaluation method. These ad-
ditional experiments address emerging aspects of AMT receiver operations and susceptibility testing. This section
describes the purpose and details for each side experiment.

2.5.1 Side Experiment A: Equalizer

The aim of side experiment A was to evaluate the impact of enabling the equalizer on the AMT receiver performance
in the presence of ABE. The factors and settings are listed in Table 2.6. Only one modulation and bit rate configuration
was tested: SOQPSK at 5 Mbps, with the equalizer enabled. The remaining factor settings were the same as for the
main characterization experiment. The 110 unique test configurations for this experiment were tested twice on the
Boulder testbed.

2.5.2 Side Experiment B: Space-Time Coding

The purpose of side experiment B was to assess the effect of utilizing the STC option on the AMT system in the
presence of ABE. The factors and settings for this experiment are given in Table 2.7. Specifically, the STC option was
tested with and without FEC for 5 Mbps and 10 Mbps bit rates. The remaining factors and settings were the same as
the main characterization experiment. In total, 440 unique configurations were tested twice on the Bedford testbed.

2.5.3 Side Experiment C: Excess Noise

The aim of side experiment C was to evaluate the impact of in-band excess white noise on AMT performance. Here,
excess noise was injected into the testbed with a noise diode, as explained in Chapter 3.

The factors and settings for this experiment are listed in Table 2.9. Four factors were varied: modulation type, bit rate,
excess noise level, and AMT signal level. Ten combinations of modulation type and bit rate were tested, as shown in
Table 2.9. Also, in addition to a baseline with no excess noise, three levels of excess noise were tested, denoted Low,
Mid, and High. In total, 440 unique configurations were tested twice on the Boulder testbed.



Table 2.6: Factors and settings for side experiment A (Equalizer)

i S e Eaird sl

A Modulation Type SOQPSK with equalizer enabled Hard
B Bit Rate 5 Mbps 1 Hard
C ABE Type None, AWGN (BW=20, 18, 16.5 MHz), in-situ LTE 10 Hard

captures: single-UE (92 RB, Full), multi-UE (EAFB
Az76, EAFB Az198, Lang Az140, Lang Az165)

D AMT Signal Level 1 dB steps on grid spanning a 11 Easy
10 dB range with config-dependent shift

Table 2.7: Factors and settings for side experiment B (STC)

B S Py Y

A Modulation Type STC, STC-FEC Hard
B Bit Rate 5, 10 Mbps 2 Hard
C ABE Type None, AWGN (BW=20, 18, 16.5 MHz), in-situ LTE 10 Hard

captures: single-UE (92 RB, Full), multi-UE (EAFB
Az76, EAFB Az198, Lang Az140, Lang Az165)

D AMT Signal Level 1 dB steps on grid spanning a 11 Easy
10 dB range with config-dependent shift

Table 2.8: Factors and settings for side experiment C (Excess Noise)

T S Ty S v

Modulation Type PCM/FM, SOQPSK, ARTM-CPM Hard
B Bit Rate 1, 5, 10, 20 Mbps 4 Hard
C Excess Noise Level None, Low, Mid, High 4 Easy
D AMT Signal Level 1 dB steps on grid spanning a 11 Easy

10 dB range with config-dependent shift

Table 2.9: Modulation and bit rate combinations for side experiment C. Priority configurations shown in yellow.

Modulation Type Bit Rate (Mbps)

PCM/FM 1 5 10
SOQPSK 1 5 10 20
ARTM CPM 5 10 20



2.6 Implementation Details

2.6.1 Randomization

To alleviate the influence of uncontrolled factors, sound experimental practice dictates that the test order of experi-
mental configurations should be randomized [8, 9]. Indeed, our intention was to randomize the order of tests to the
extent possible. However, due to implementation complexities and post-hoc adjustments that were necessary for some
ABE waveforms, the test order was not randomized in an ideal manner.

Specifically, in the split-plot experiments, the order of the split-plot configurations was randomized, but the order of
the whole-plot configurations was not randomized, The frequency offset experiment, which only included hard-to-
change factors, randomized the test order for one factor (frequency offset), but did not randomize over the remaining
factors. In addition, for all ABE experiments, due to modifications to some ABE waveforms as well as adjustments to
the range of AMT signal levels, a subset of configurations was retested at the end of the experiment.

Although we cannot rule out a bias in the results due to incomplete test randomization, any such bias is likely to be
small for the following reasons. First, as noted in Chapter 3, the test equipment was reset each time a new whole-plot
configuration was loaded onto the testbed, which should mitigate potential hysteresis (memory) effects of the testbed.
Second, although the whole-plot configuration order was not randomized, repetitions of each configuration were tested
on different days at different times. Third, as shown in Chapter 6, repeated tests indicated strong reproducibility across
the two testbeds, which used different test equipment.

2.6.2 ABE Waveform Selection and Conditioning

The in-situ LTE waveform captures from two geographically disparate sites [2] present a large raw data set of UE
uplink band (UL) activity in the advanced wireless services 1 (AWS-1) band for potential playback in the testbeds.
Here the AWS-1 collection is a stand-in for probable user activity in the AWS-3 band. The waveforms collection is
categorized: first, a single UE, where NASCTN researchers collect radiation from a test UE in near proximity to the
AMT asset, and second, the emissions of the LTE UL allocation inherently observable by the AMT asset (that contain
multiple UE emissions).

Of the single UE waveforms, we select a scenario with an 10 Mbps upload rate, a very large bit rate that exercises the
100 RB allocation bandwidth. The high bit rate is necessary to ensure persistent observable activity in the upper RBs,
as these RBs represent the smallest frequency separation to the AMT band of interest.

Down selected waveforms of the multi-UE category exhibit a combination of consistency in RB activity over all
available resource blocks within an approximately 500 ms playback time window and greater than 20 dB in LTE power
per RB above the noise floor in the recordings. The selections for the measurement campaign here exhibit waveform
properties such as over all RB activity and power levels, that were likely to cause impact on the AMT receiver.

The LTE ABE waveforms captured in the controlled laboratory anechoic environment are of a single UE in the AWS-3
band. This methodology for the laboratory acquisition is outlined in an accompanying document [10]. Here the single-
UE in-situ test scenarios informed the laboratory controlled LTE network parameters, RB activity, and link budgets. In
addition, waveforms with RB blanking settings, which is a feature not typically employed in live networks but touted
to be an efficient method to mitigate adjacent band interference by not scheduling or using RBs while transmitting, are
exercised in the testbeds.

The ABE Gaussian noise waveforms are generated with software over bandwidths of 16.5, 18, and 20 MHz for
comparison purposes. These bandwidths and center frequencies of 1770 MHz (for 18 MHz and 20 MHz cases) and
1769.25 MHz (for the 16.5 MHz case) are chosen for comparison to LTE scenarios (See figure 3.11). The 20 MHz case
covers the upper 20 MHz portion of the 1755 MHz - 1780 MHz AWS-3 Band. This represents LTE activity closest

9



to the lower edge of the AMT band but not necessarily representative of actual LTE implementations. The 18 MHz
represents the occupied bandwidth of fully utilized RBs within a 20 MHz LTE allocation. 3rd-generation partnership
project (3GPP) defines a one MHz guard band on either side of a 20 MHz allocation. Finally, the 16.5 MHz case is
same as 18 MHz case but leaves the equivalent of approximately eight RBs unused at the upper portion of the LTE
band along with the one MHz guard band requirement.

After down selection, the ABE waveforms are filtered in with either a 20 MHz or 37 MHz filter to replicate the fun-
damental LTE (with its inherent guard band) portion of the waveform, or the LTE with captured out of band emis-
sions (OOBE) that extends beyond the 20 MHz LTE allocation, respectively. The first case is useful to investigate the
impacts of the fundamental LTE allocation and is intended to mimic software-simulated LTE or laboratory-emulated
LTE equipment (e.g., a vector signal analyzer (VSA) with an LTE emulation package). In these cases, real-world
OOBE is not part of the waveform. The 37 MHz filtering includes both the allocated LTE and the OOBE beyond
the fundamental LTE allocation. Testing with this case helps determine how the overall in-situ LTE waveforms im-
pact the AMT receivers. The main experiment utilizes the 20 MHz filtering and the frequency offset experiments use
both the 20 MHz and the 37 MHz filtering. Section 3.5 provides additional details on processing specifics and ABE
waveforms.
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Chapter 3

Test Implementation and Execution

3.1 Overview

Testbed design and test execution are inherently linked. Testbed features determine the translation from theoretical
design of experiments to practical testing implementation. This chapter describes the testbed design, including the
RF circuity, instrumentation, and automation framework. In addition, the details on the execution processes and
configurations for the tests in Chapter 2 are provided.

3.2 Testbed Design

The design of the testbed is derived to achieve multiple objectives. First, the testbed must support a high degree
of automation, requiring the incorporation of instruments and devices that may not have a well-functioning machine
interface. Second, the testbed needs to cover a wide range of test conditions in RF signaling, AMT signal scenarios,
and ABE conditions. Third, the testbed ought to be implemented with easily reproducible components, for the most
part commercial off-the-shelf (COTS) hardware to aid in making the test campaign approachable in replication.

The test RF circuit diagram is shown in Figure 3.1. This circuit allows for combining and level setting several RF
sources, while taking into account measurement and RF test circuit design best practices with regards to isolation,
added RF noise, shielding, and adequate number of test ports for calibration investigations. Table 3.1 list the devices
used in the two testbeds constructed for the testing done here. The number of particular devices used, such as the
number of programmable attentuators, is not shown.

The testbed allows for combining three signal sources: the AMT signal, the ABE waveforms, and calibrated RF ther-
mal noise from a noise diode. The combination of relative signal strengths at the plane of the receiver are achieved
through varying settable inline attenuators controlled by the automation software. Automation of the testbeds, includ-
ing the software architecture and interfacing to COTS equipment, is discussed in Section 3.6.

3.3 AMT Signals

The two testbeds use two different transmitters: the Boulder testbed has a 5 W output power, field-deployable AMT
transmitter that could be used in a DoD test article, while the Bedford testbed transmitter uses a receiver analyzer
that contains an AMT transmitter as well as other supporting hardware such as a noise source. In each testbed, the
transmitters function as AMT signal generators to create an AMT link to the AMT receiver. The testbeds use AMT
receivers, of the same model and firmware, that would be deployed at a DoD test range for a closer representation to
fielded systems and due to the wide variety of KPI available on the receivers. Both sets of AMT hardware comply
with the DoD telemetry standards [1].

In addition, parameters such as the receiver intermediate frequency (IF) filter response and distance from the frequency
band edge (i.e., distance from the ABE) are important considerations in the test setup. Details on how those parameters
are determined for the testing are discussed in Sections 3.3.1 through 3.3.3.
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Figure 3.1: Test circuit for the susceptibility study. Two circuits are deployed, one at MITRE in Bedford, MA and one
at NASCTN in Boulder, CO.

3.3.1 Receiver IF Filter Response

The AMT receivers under test have a selectable IF filter bank that is automatically set based on the receiver’s modula-
tion, coding and bit rate configuration. The IF filters have nominal bandwidths ranging from 70 kHz to 40 MHz. Table
3.2 lists the IF filters that are automatically selected for each combination of modulation, coding and bit rate used in
this study.

The IF filter, which largely dictates the selectivity of the receiver, has a significant impact on the performance of the
receiver in the presence of ABE. For this study it is important to examine the frequency response of the filters to help
understand the receiver performance and explain test results. Therefore the frequency responses of all IF filters listed
in Table 3.2 are measured.

The filters are measured by connecting a wideband noise source to the RF input of the receiver and examining the re-
ceiver’s IF output spectrum on a Keysight MXA-Series spectrum analyzer. The analyzer measures the absolute power
of the IF output, (which is a function of the input signal level and receiver gain), but for the purpose of filter character-
ization, the relative power is appropriate. Therefore the spectrum analyzer traces are post-processed to normalize the
responses. As a benchmark the 3 dB bandwidths are calculated as well. The results are shown in Figure 3.2. Note that
during these measurements the receiver’s automatic gain control (AGC) function remains active. As the bandwidth of
the IF filter increases, the in-band power increases as well because more of the wideband noise in the receiver signal
path is allowed to pass through the filter. The AGC responds by reducing its gain. When the spectrum analyzer traces
are normalized as shown in Figure 3.2, this gives the false impression of an increase in the measurement noise floor.
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Figure 3.2: Measured receiver IF filter response.

3.3.2 Center Frequency Selection

DoD test ranges that support missions requiring aeronautical telemetry frequently use the "upper" L band. After the
FCC Auction 97, the upper L band now occupies 1780 MHz to 1850 MHz [11]. Thus, the 1780 MHz frequency is now
a border between commercial mobile broadband in the AWS-3 band (currently LTE UL) and DoD mobile allocations.
If an AMT link operates using frequencies close to the LTE UL band, there is a risk that the UL power could enter
the AMT receiver as an unwanted signal and adversely affect AMT receiver performance. The adjacent band signals
injected into the NASCTN testbeds occupy spectrum up to 1780 MHz (including the inherent guard band when testing
LTE uplinks). Depending on the testing scenario, the AMT signals’ center frequencies were either held at a fixed

distance from the band edge (determined by AMT transmit power, modulation formats, and bit rates) or stepped over
a range of center frequencies.

3.3.2.1 AMT Occupied Bandwidth and Minimum Test Frequency

The center frequency of the AMT signal must also account for the AMT signal occupied bandwidth (OBW). A signal’s
99% OBW is defined as the the bandwidth containing 99% of its total transmitted power. The OBW of the AMT signal
is measured and used to determine the minimum frequency at which less than 1% of the transmitted AMT signal power

extends beyond the lower limit of the upper L band, and into the adjacent band AWS-3 band. This minimum AMT
frequency is given by

Fayrimin = Fupper Limin + OBW/2 (3.

where Fypprr_rjmin is the lower limit of the upper L band, or 1780 MHz. Figure 3.3 illustrates the resulting
alignment of the transmitted AMT signal with the band edge.

For the OBW measurements, the AMT signal is generated by the receiver analyzer listed in Table 3.1 at a center
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Figure 3.3: Alignment of AMT signal with band edge.

frequency of 1780 MHz. The receiver analyzer output is connected directly to the input of a Keysight MXA-Series
spectrum analyzer, and the spectrum analyzer’s built-in OBW measurement mode is utilized. Figure 3.4 shows an ex-
ample OBW measurement for a SOQPSK 5 Mbps AMT signal. A summary of measured OBW and the corresponding
minimum AMT frequencies for various modulations and bit rates is given in Table 3.3.

3.3.3 IRIG Band Edge Backoff Frequencies

In DoD test and training missions that require telemetry, frequency assignments are provided by a test range frequency
manager to minimize interference. In the bands used for telemetry, spectrum managers implement guard bands in
frequency using the frequency assignment rules defined in the Inter-Range Instrumentation Group (IRIG) standards
[1]. Table A-5 in section A.12 of the IRIG provides a spreadsheet calculator to determine valid telemetry frequency
assignments when operating close to the 1780 MHz band edge. These assignments are a function of the AMT transmit
power, bit rate, and modulation type. A sample screenshot of the IRIG spreadsheet calculation is shown in Figure 3.5,
the values in red text show that, for example, a center frequency of 1782.5 MHz is appropriate for PCM/FM at a power
of 37 dBm, and a bit rate 1 Mbps at the lower edge of 1780 MHz - 1850 MHz band. If transmitting a SOQPSK 5 Mbps
AMT signal, a center frequency of 1784.5 MHz is assigned. The tests here cover back-off frequency ranges that
include those prescribed by the IRIG from the 1780 MHz band-edge for a variety AMT and ABE signal combinations.

3.4 Adjacent Band Emissions

ABE testing is defined in the IRIG-118 Telemetry Test Standard, Volume 2, Chapter 4.22 TEST: Receiver Adjacent
Channel Interference and Chapter 7.5 TEST: Demodulator Adjacent Channel Interference Test, [12]. The IRIG-118
adjacent band testing methods are to measure effects of additional AMT transmissions in spectrum above and below
the intended AMT transmission. However, the methods do not include specifics for testing against LTE adjacent band
transmissions or surrogate waveforms.

The IRIG-118 states "a specialized test set can replace most of this test equipment if one is available" [12], page
601. The NASCTN testbeds, which generate LTE from in-phase and quadrature (IQ) recordings and digital signal
processing (DSP) synthesized Gaussian noise ABE waveforms from vector signal generator (VSG)s, are a specialized
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Figure 3.4: Measurement of 99 % occupied bandwidth of SOQPSK 5 Mbps AMT signal.

test setup for adjacent band testing. Note that for this test campaign the NASCTN ABE waveforms require additional
signal processing before playback on the testbed’s vector signal transceiver (VST) as described in Section 3.5.1.

3.5 Testbed Differences for AMT and ABE Test Frequencies

The main experiment tests call for the AMT center frequency set as close as possible to the band edge, Faprriarin,
and the ABE center frequency set nominally to 1770 MHz. However, differences in AMT transmitters between the
Bedford and Boulder testbeds leads to slight differences in AMT test frequencies. The Bedford testbed uses a receiver
analyzer to generate the AMT signal. The receiver analyzer output frequency is tunable in 1 kHz steps, so it is set to
the exact frequency. However, the Boulder testbed uses an AMT TX, which is tunable in steps of 0.25 MHz, so it was
set to the closest possible value within that resolution. To maintain the same separation between the AMT and ABE
signals, the ABE center frequency in the Boulder testbed is offset accordingly. A summary of the AMT and ABE
center frequencies used in the Bedford and Boulder testbeds is provided in Table 3.4. Note that testing using SOQPSK
low-density parity-check (LDPC) and either of the STC modes is only performed in Bedford.

3.5.1 LTE Waveform Processing

ABE waveforms generated in the testbeds are one of three types:
1. software generated shaped Gaussian noise,
2. an in-situ capture of LTE uplink activity, or

3. an anechoic chamber capture of laboratory-controlled LTE uplink activity.

The LTE waveforms captured in-situ and in the anechoic chamber require various forms of processing prior to usage
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Valid Center Frequency, Band Edge Back-Off
Carrier Power or EIRP (dBm): 37 Input Number
Mask floor (at this nominal TX power): 62 dBe
PCM/FM SOQPSK/FQPSK ARTM CPM
Bit Rate (Mbps): 1 5 1.00E+01 Input Number
K= -28 -61 -73
m= 2 4 4
Bit Rate (bps)  1.00E+06 5.00E+06 1.00E+07
Mask hits floor at offset of (MHz) 2.19 4.36 6.17
| Band-edge backoff (MHz, rounded to nearest 0.5 MHz) 25 45 6.5 |Result
Band Edge, Lower (MHz) 1780
L-Band Band Edge, Upper (MHz) 1850
Lower center freq. at this bit rate (MHz)] 17825 | 1784.5 | 1786.5
Upper center freq. at this bit rate (MHz) 1847.5 1845.5 1843.5

Figure 3.5: Sample of back-off frequency calculations using the spreadsheet provided by IRIG telemetry standards
group.

in the testbed. This processing is necessary to optimize the VSG playback of the waveforms, and, in some cases,
to achieve the waveform characteristics needed to meet the experiment objectives. The subsections 3.5.1.1 through
3.5.1.5 describe the processing performed universally on all waveforms, as well as the processing specific to the in-situ
LTE captures. Additional processing needed for the frequency offset experiment is also discussed.

3.5.1.1 Scaling and Data Type Conversion

The VSGs that generate the ABE waveforms require the IQ components of the waveforms to be represented by 16-bit
signed integers. The VSGs have a fullscale magnitude equal to the maximum value for a 16-bit signed integer, or
32,767. To optimize the use of the instrument’s available dynamic range, the waveforms must be scaled such that the
peak magnitude of the waveform is slightly below the fullscale value. Determining the peak magnitude involves a
balance of dynamic range and distortion. For this experiment a peak magnitude of -6 dBFS is chosen to achieve low
distortion while maintaining sufficient dynamic range.

The VSAs that capture the LTE signals save IQ waveform data to files. However the range of values in these waveforms
is dependent on the input signal level and instrument settings such as the reference level, and are not optimized for
the VSG. The raw capture data can also be in various formats. Therefore, in preparation for use in the testbed, all
waveforms are scaled and converted into binary files as required by the VSGs.

The target peak magnitude for the waveforms is given by

Vpeak = Vpg X 10(%) (3.2)

where Vg is the fullscale magnitude of the instrument, or 32,767, and A is the target peak magnitude relative to
fullscale in logarithmic terms, or -6 dBFS. The waveform is then scaled by

X
Xscae = ea TR 33
=Yook () e

where X is the raw complex waveform. Note that | X | in Equation 3.3 returns the complex magnitude.
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Figure 3.6: Comparison of LTE single-UE full and 92 RB allocation waveforms.

Finally Xcqieq 1S rounded to the nearest integer, and the waveform values are converted to 16-bit signed integers and
saved to a binary file. The waveform in this state is compatible with the National Instruments PXIe-5673E VSG used
in the Bedford testbed. However, an additional conversion step is needed for compatibility with the Rhode & Schwarz
SMW200A VSG used in the Boulder testbed. Rhode & Schwarz "ARB Toolbox" software is used to convert the
binary file to the file format needed by the instrument. Also, due to differences in how the the output power is set on
the two VSGs, care is taken to ensure that the output power of the two instruments was consistent.

3.5.1.2 In-Situ LTE Captures, Single-UE

The in-situ LTE single-UE capture obtained at EAFB is approximately 5s in length. The experimental design calls
for two subsets of this waveform, one with LTE uplink activity in all RBs and another with uplink activity in only the
lower 92 RBs. To identify appropriate waveform segments, spectrograms of the entire waveform are computed and the
RB allocation for each subframe is cataloged. From this RB allocation catalog, waveform segments are identified that
meet the criteria. Test efforts target an interval within the single-UE uplink recording that did not utilize the upper RB
regions while maintaining the same uplink data rate. This subset is selected to investigate the possibility for additional
frequency separation by means other than frequency shifting.

Figure 3.6 shows spectrograms of the resulting waveform segments. The white dashed lines mark the frequency limits
of the resource grid at 9 MHz. Note that an LTE waveform with a nominal bandwidth of 20 MHz utilizes an actual
bandwidth of 18 MHz, with a guardband of 1 MHz at either end. The figure on the left shows the Full RB Allocation
waveform segment, which has activity spanning nearly the full range of RBs. The figure on the right shows the 92 RB
Allocation waveform segment, with activity spanning only the lower 92 RBs. In this figure, the white hatched lines
mark the region of the resource grid corresponding with the upper 8 RBs. An LTE RB is 180 kHz wide, so this 8RB
region encompasses the upper 1.44 MHz. The waveform segments are also chosen such that they begin and end on
empty subframes to minimize the impact of any phase discontinuity in the transition from the end of one one cycle to
the beginning of the next cycle. During playback these waveforms repeat every 30 ms and 34 ms for the Single UE
92 RB and Single UE Full RB allocation, respectively.

Finally, as discussed in Section 2.6.2, the in-situ LTE captures are filtered to isolate the fundamental LTE portion of
the waveform. A bandpass finite impulse response (FIR) filter with a passband of £9 MHz and stopband of +-10 MHz
is applied to the waveforms. Figure 3.7 shows the persistence spectra for the waveform before and after the filter is
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Figure 3.7: Comparison of LTE single-UE unfiltered and filtered waveforms.
applied.

3.5.1.3 In-Situ LTE Captures, Multi-UE

In-situ multi-UE captures are processed in largely the same way as the in-situ single-UE captures. The only difference
is that the waveform segment is longer and is selected without targeting any particular RB allocation. The raw captures
are either 2 s or 55 in length. Shorter testbed waveform segments for playback are extracted from these raw captures.
The waveform segments begin approximately 5 ms into the raw capture and have a duration of 500 ms. The exact
times are chosen such that the waveform segments begin and end on empty subframes. As with the other waveforms,
the in-situ multi-UE waveforms are scaled and converted for optimization and compatibility with the VSGs.

3.5.1.4 Anechoic Chamber LTE Captures

As with the in-situ multi-UE captures, the processing performed on the anechoic chamber captures is extraction of
500 ms waveform segments and scaling for optimization with the VSGs.

3.5.1.5 Frequency Offset Experiment Noise Extension

For all main experiment tests, the AMT frequency is set such that the 99 % occupied bandwidth of the AMT signal
aligns with the lower edge of upper L band as shown in Figure 3.3. For these tests, the nominal ABE bandwidth (set
by the bandwidth of the waveform capture equipment) spans the the entire AMT receiver passband. The impact of any
in-band component of the ABE waveform on receiver performance can be examined. For example, this AMT in-band
component can be the wideband noise floor of an antenna feed network or may include emissions in the band adjacent
to the LTE band at the time of waveform capture.

For the frequency offset experiment the AMT frequency is varied throughout the test run. As the separation between
the AMT and ABE signal increases, the ABE bandwidth no longer spans the entire AMT receiver passband. When
the ABE band edge falls within the receiver’s passband, this creates an invalid test condition that is illustrative more of
test equipment limitations than actual emissions in the AMT environment. This condition is illustrated in Figure 3.8.
The figure on the left is an example of a main experiment test. The shaded region represents the approximate passband
of the AMT receiver, which typically extends slightly into the AWS-3 band as noted by the dashed line. Due to the
minimal frequency separation the in-band component of the ABE waveform, which in this case is the noise floor of
the AMT antenna feed network, extends through the entire passband of the AMT receiver. This in-band component
of ABE is well defined and its impact on receiver performance can be examined. The figure on the right represents
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Figure 3.8: AMT and ABE frequency separation for main experiment and frequency offset experiment.

a frequency offset experiment test, where the AMT frequency varies throughout the test run. In this case the in-band
component of ABE changes with frequency separation, which is not representative of the actual AMT environment.

To address this, the ABE waveforms for the frequency offset experiment are modified to extend the noise floor, such
that a constant noise floor exists for all frequency separations. The process for extending the noise floor is illustrated in
Figure 3.9. Figure 3.9(A) shows the persistence spectrum for the original ABE waveform. The maximum bandwidth
of this waveform is limited by the sample rate that the waveform was captured at 46.08 mega samples per second
(Msps). In order to extend the noise floor, the sample rate first needs to be increased. Figure 3.9(B) shows the
waveform after it has been resampled by a ratio of 13/6, resulting in a new sample rate of 99.84 Msps. At this
point the spectral characteristics of the waveform have not changed, it’s just sampled at a higher rate to allow higher
frequency components to be added without aliasing. Next, the waveform is filtered with either a 37 MHz bandpass
filter (Figure 3.9(C)) or 20 MHz bandpass filter (Figure 3.9(D)). The filter selection depends on the objectives of the
experiment, as discussed in Section 2.6.2. If the objective is to evaluate the impact of the just the fundamental LTE
signal, and exclude any emissions adjacent to the LTE signal that might have been captured, then the 20 MHz filter is
applied. However, if the objective is to include emissions adjacent to the LTE band, then the 37 MHz filter is applied.
Outside of a bandwidth of approximately 37 MHz, the performance of the VSA used to capture the waveforms is not
considered a calibrated capture, and thus is not used. Next, a shaped Gaussian noise waveform is created that matches
the ABE noise floor and complements the filter cutoff. Figure 3.9(E) shows an example of a shaped noise waveform
for the 37 MHz filtered waveform. Finally the filtered waveform and shaped noise are combined, resulting in an ABE
waveform with extended noise as shown in Figure 3.9(F).

Figure 3.10 shows the ABE waveform and receiver passband, represented by the shaded region, for an example
frequency experiment test using an extended noise ABE waveform. The figure illustrates that the ABE noise floor
remains constant in the receiver passband for any frequency offset.

3.5.2 Shaped Gaussian Noise Waveforms

As discussed in Section 2.6.2, shaped Gaussian noise waveforms with bandwidths of 20 MHz, 18 MHz and 16.5 MHz
are created to compare receiver performance with the LTE ABE waveforms. To create these shaped waveforms, a
wideband complex noise waveform is first generated that consists of uniquely random real and imaginary time series
each with a normal distribution. This non-shaped noise waveform is scaled to a peak magnitude -6 dBFS. Finally,
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Figure 3.9: Process for extending noise floor of ABE waveforms.
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Figure 3.10: AMT and ABE frequency separation for frequency offset experiment with extended noise ABE waveform.

complex lowpass filters are applied with cutoff frequencies of 10 MHz, 9 MHz and 8.25 MHz to create the 20 MHz,
18 MHz and 16.5 MHz variants of the shaped Gaussian noise waveform, respectively. During testing, the 20 MHz and
18 MHz waveforms are generated with a center frequency of 1770 MHz, and the 16.5 MHz waveform is generated with
a center frequency of 1769.25 MHz. Figure 3.11 shows the resulting spectrum analyzer traces for these waveforms.

3.5.3 Summary of ABE waveforms

The selected ABE waveforms, their classification, and origin are tabulated in Table 3.5. Note that, as discussed in
previous sections, there are various degrees of filtering applied to the waveforms, altering the spectral content of the
LTE out of band (OOB) portion, but preserving the in-band content. This distinction owes to the type of measurement
the ABE waveforms are being used for.
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Table 3.1: Test equipment used in the testbed at Bedford, MA and Boulder, CO.

Item

| Purpose

| Instrument!

Boulder

AMT TX

AMT RX

VSG

VSA

power meter

programmable
variable attenuator

AMT signal

DUT

ABE waveform

diagnostic

diagnostic

signal level setting

Semco/Emhiser Research

ESTI Series

Serial# 001015D2D502-01057000
Version: 03.89

Quasonix

3rd Gen RDMS 1U

Serial Number: 3636

Firmware: 16.3

Channel: 2

Rhode & Schwarz

Model: SMW200A

Serial Number 1412.0000K02/105322
Rhode & Schwarz

Model: FSW-26

Serial Number: 1312.8000K26/104639
Keysight Technologies

Model: U2044XA

Serial Number: SG56400003
Minicircuits

Model: RUDAT 6000-110

Bedford

AMT TX

AMT RX

VSG

VSA

power meter

programmable
variable attenuator

AMT signal

DUT

ABE waveform

diagnostic

diagnostic

signal level setting

Quasonix receiver analyzer
QSX-RXAN-281D-Al1-1111
Serial Number: H3590031
HW Rev: B

Firmware Rev: RA V1.205
Quasonix receiver

3rd Gen RDMS 1U

Serial Number: 3764
Firmware: 16.3

Channel: 1

National Instruments

Test Set: PXIe-5673E

Serial Number: F644A2
Agilent Technologies

Model: N9020A

Serial Number: SG49100043
ANRITSU

Model: ML2496A

Serial Number: 6K00004154
Minicircuits

Model: RUDAT 6000-110

Model: QSX-RDMS-3R1D-E1-1111-00-EQ-14-CS

Model: QSX-RDMS-3R1D-E1-1111-00-EQ-14-CS

t Certain commercial equipment, instruments, or materials are identified in this report in order to specify the experimental procedures adequately.
Such identification is not intended to imply recommendation or endorsement by National Institute of Standards and Technology (NIST)
nor is it intended to imply that the materials or equipment identified are necessarily the best available for the purpose.
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Table 3.2: Receiver IF filter selection for various modulations and bit rates.

Modulation bit rate | Nominal IF Filter Bandwidth
PCM/FM 1Mbps | 2MHz
PCM/FM 5 Mbps 10 MHz
PCM/FM 10 Mbps | 20MHz
PCM/FM 20Mbps | 40 MHz
ARTM CPM 1 Mbps 1 MHz
ARTM CPM SMbps | 6 MHz
ARTM CPM 10Mbps | 10 MHz
ARTM CPM 20 Mbps | 20 MHz
SOQPSK 1 Mbps 1.4 MHz
SOQPSK 5Mbps | 6 MHz
SOQPSK 10Mbps | 14 MHz
SOQPSK 20 Mbps | 28§ MHz
SOQPSK LDPC (K=4096 R=2/3) | 1 Mbps | 2MHz
SOQPSK LDPC (K=4096 R=2/3) | 5Mbps 10 MHz
SOQPSK LDPC (K=4096 R=2/3) | 10 Mbps | 20 MHz
SOQPSK LDPC (K=4096 R=2/3) | 20 Mbps | 40 MHz
STC 1 Mbps 1.4 MHz
STC SMbps | 6 MHz
STC 10Mbps | 14 MHz
STC 20Mbps | 28§ MHz
STC LDPC (K=4096 R=2/3) 1Mbps | 2MHz
STC LDPC (K=4096 R=2/3) 5 Mbps 10 MHz
STC LDPC (K=4096 R=2/3) 10 Mbps | 20 MHz
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Table 3.3: 99 % occupied bandwidth and corresponding minimum frequency for various AMT modulations and bit
rates.

Modulation bit rate | 99% Occupied | FaniTivIN
(Mbps) | Bandwidth (MHz)
(MHz)
PCM/FM 1 1.11 1780.56
PCM/FM 5 5.54 1782.77
PCM/FM 10 11.10 1785.55
PCM/FM 20 22.20 1791.10
ARTM CPM 1 0.56 1780.28
ARTM CPM 5 2.83 1781.41
ARTM CPM 10 5.65 1782.83
ARTM CPM 20 11.29 1785.65
SOQPSK 1 0.79 1780.39
SOQPSK 5 3.94 1781.97
SOQPSK 10 7.89 1783.94
SOQPSK 20 15.77 1787.88
SOQPSK LDPC (K=4096 R=2/3) | 1 1.23 1780.61
SOQPSK LDPC (K=4096 R=2/3) | 5 6.14 1783.07
SOQPSK LDPC (K=4096 R=2/3) | 10 12.28 1786.14
SOQPSK LDPC (K=4096 R=2/3) | 20 24.64 1792.32
STC 1 0.82 1780.41
STC 5 4.09 1782.04
STC 10 8.19 1784.10
STC 20 16.39 1788.19
STC LDPC (K=4096 R=2/3) 1 1.28 1780.64
STC LDPC (K=4096 R=2/3) 5 6.37 1783.18
STC LDPC (K=4096 R=2/3) 10 12.76 1786.38
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Table 3.4: AMT and ABE test frequencies used in Bedford and Boulder testbeds.

Bedford Boulder

Modulation bit rate FAMT FABE FAMT FABE

(Mbps) | (MHz) | (MHz) | (MHz) | (MHz)
PCM/FM 1 1780.56 | 1770 1780.5 1769.94
PCM/FM 5 1782.77 | 1770 1782.75 | 1769.98
PCM/FM 10 1785.55 | 1770 1785.5 1769.95
PCM/FM 20 1791.10 | 1770 1791 1769.9
ARTM CPM 1 1780.28 | 1770 1780.25 | 1769.97
ARTM CPM 5 1781.41 | 1770 1781.5 1770.09
ARTM CPM 10 1782.83 | 1770 1782.75 | 1769.92
ARTM CPM 20 1785.65 | 1770 1785.75 | 1770.1
SOQPSK 1 1780.39 | 1770 1780.5 1770.11
SOQPSK 5 1781.97 | 1770 1782 1770.03
SOQPSK 10 1783.94 | 1770 1784 1770.06
SOQPSK 20 1787.88 | 1770 1788 1770.12
SOQPSK LDPC (K=4096 R=2/3) | 1 1780.61 | 1770 N/A N/A
SOQPSK LDPC (K=4096 R=2/3) | 5 1783.07 | 1770 N/A N/A
SOQPSK LDPC (K=4096 R=2/3) | 10 1786.14 | 1770 N/A N/A
SOQPSK LDPC (K=4096 R=2/3) | 20 1792.32 | 1770 N/A N/A
STC 1 1780.41 | 1770 N/A N/A
STC 5 1782.04 | 1770 N/A N/A
STC 10 1784.10 | 1770 N/A N/A
STC 20 1788.19 | 1770 N/A N/A
STC LDPC (K=4096 R=2/3) 1 1780.64 | 1770 N/A N/A
STC LDPC (K=4096 R=2/3) 1783.18 | 1770 N/A N/A
STC LDPC (K=4096 R=2/3) 10 1786.38 | 1770 N/A N/A
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Table 3.5: ABE waveforms names, properties, and experiments

Name | Type | Source | Experiments | Notes
AWGN 20MHz | 20 MHz wide AWGN DSP generated Main, Frequency Offset, | matches 20 MHz LTE allocation
Side A, & Side B
AWGN 18 MHz | 18 MHz wide AWGN DSP generated Main, Side A, & Side B matches bandwidth of 100 RBs
AWGN 16.5MHz | 16.5 MHz wide AWGN DSP generated Main, Side A, & Side B | approx. bandwidth of lower 92 RBs
Single-UE Full 100RB | 20 MHz LTE allocation, full | IQ capture at EAFB; filtered for | Main, Side A, & Side B | 34 TTI waveform snippet of UE
(EAFB, 20 MHz Filter) | RB usage LTE in-band portion streaming at 10 Mbps
Single-UE Lower 92RB | 20 MHz LTE allocation, ac- | IQ capture at EAFB; filtered for | Main, Side A, & Side B | 30 TTI waveform of UE streaming
(EAFB, 20 MHz Filter) | tivity in lower 92 RB LTE in-band portion at 10 Mbps
Single-UE Full 100RB | 20 MHz LTE allocation, full | IQ capture at EAFB; LTE in- | Frequency Offset Main experiment version with ex-
(EAFB, 20 MHz Filter) | RB usage band & ext. noise floor tended noise floor
Single-UE Lower 92RB | 20 MHz LTE allocation, ac- | IQ capture at EAFB; LTE in- | Frequency Offset Main experiment version with ex-
(EAFB, 20 MHz Filter) | tivity in lower 92 RB band & ext. noise floor tended noise floor
Single-UE Full 100RB | 20 MHz LTE allocation, full | IQ capture at EAFB; LTE in- | Frequency Offset
(EAFB, 37 MHz Filter) | RB usage band, OOBE & ext. noise floor
Single-UE Lower 92RB | 20 MHz LTE allocation, ac- | IQ capture at EAFB; LTE in- | Frequency Offset
(EAFB, 37 MHz Filter) | tivity in lower 92 RB band, OOBE & ext. noise floor
Multi-UE Az-76° 100RB | 20 MHz LTE allocation, full | IQ capture at EAFB; filtered for | Main, Side A, & Side B AMT asset antenna trained at
(EAFB, 20 MHz Filter) | RB usage LTE in-band portion 76° azimuth, 0° horizon
Multi-UE Az-198° 100RB | 20 MHz LTE allocation, full | IQ capture at EAFB; filtered for | Main, Side A, & Side B AMT asset antenna trained at
(EAFB, 20 MHz Filter) | RB usage LTE in-band portion 198° azimuth, 0° horizon
Multi-UE Az-140° 100RB | 20 MHz LTE allocation, full | IQ capture at LARC; filtered for | Main, Side A, & Side B AMT asset antenna trained at
(LARC, 20 MHz Filter) | RB usage LTE in-band portion 140° azimuth, 0° horizon
Multi-UE Az-165° 100RB | 20 MHz LTE allocation, full | IQ capture at LARC:; filtered for | Main, Side A, & Side B AMT asset antenna trained at
(LARC, 20 MHz Filter) | RB usage LTE in-band portion 165° azimuth, 0° horizon
Multi-UE Az-76° 100RB | 20 MHz LTE allocation, full | IQ capture at EAFB; LTE in- | Frequency Offset
(EAFB, 37 MHz Filter) | RB usage band, OOBE & ext. noise floor
Multi-UE Az-198° 100RB | 20 MHz LTE allocation, full | IQ capture at EAFB; LTE in- | Frequency Offset
(EAFB, 20 MHz Filter) | RB usage band, OOBE & ext. noise floor
Single-UE Full 100RB | 20 MHz LTE allocation, full | IQ capture at NBIT; LTE in- | Frequency Offset UE streaming at 10 Mbps
(Lab, 49 MHz Filter) | RB usage band, OOBE & ext. noise floor
Single-UE Lower 90RB | 20MHz LTE allocation, | IQ capture at NBIT; LTE in- | Frequency Offset RB blanking eNB function; UE
(Lab, 49 MHz Filter) | lower 90 RB activity band, OOBE & ext. noise floor streaming at 10 Mbps
Single-UE Full 25RB (Lab, | 5SMHz LTE allocation, full | IQ capture at NBIT; LTE in- | Frequency Offset UE streaming at 1 Mbps

49 MHz Filter)

RB usage

band, OOBE & ext. noise floor




3.6 Test Automation

The data collected for this study is encompasses 10,222 individual measurements made over a six month period at
two locations. The measurements require the coordination of a number of pieces of test equipment with many critical
parameters to set. To ensure consistency of the measurement process, minimize opportunities for human error and
optimize the use of the available test time, the test process is fully automated. This section describes the testbed
software architecture and test process.

3.6.1 Software Architecture

The test automation software is built using a MITRE-developed test automation framework (TAF) used for several
previous measurement campaigns. The framework provides a standard process flow and extensible instrumentation
interface that can be applied to a wide variety of automated measurement applications.

Figure 3.12 shows the TAF system architecture and top level process flow for a test run. Test runs are configured
by two input files: the Test Configuration File (TCF) and the Test Parameter File (TPF). The TCF defines the test
instruments to be used in the run along with their initial conditions. It also specifies general settings for the test run,
such as the location of the output data and the option to enable (or disable) the randomization of the test execution
order. During the initialization process the system reads this file and initializes itself accordingly. This includes
establishing communication with all instruments and configuring them to the specified initial conditions.

The TPF defines the unique parameters for each individual test. For each iteration of the test execution process, the
framework reads one line from this file and configures the instruments as specified. The framework then executes the
test and saves the output data to a dedicated subfolder in the output folder structure. When execution of all tests in the
TPF are complete, the test run ends.

Interfaces between the framework and test instruments, known as components, enable the framework to configure the
instruments. The components also enable the instruments to optionally provide output data to the framework, as well
as status information. TAF components are developed for all instruments listed in Table 3.1. In cases where different
instruments are used in the Boulder and Bedford testbeds, separate versions of the components are developed. The
following is an overview of the components:

o AMT Receiver
The AMT receiver serves as the reference receiver in the testbed. The TAF AMT receiver component interfaces with
the receiver to configure parameters of the AMT signal such as frequency, modulation and bit rate, as well as receiver
settings such as AGC time constant and equalizer state. It also configures parameters for the receiver’s built-in BER
measurement capability, which include the pseudorandom data pattern and measurement length. The component
outputs a configurable list of receiver system status parameters (also referred to as KPIs). These parameters are
reported as time series with a 200 ms period. A complete list of KPIs is provided in Table G.1.

o AMT Transmitter
The AMT transmitter generates the reference AMT signal in the testbed. The TAF AMT transmitter component
interfaces with the transmitter to configure parameters of the AMT waveform such as frequency, modulation, bit
rate, pseudorandom data pattern and output power level. There are two versions of the component to support the
different instruments used in the Bedford and Boulder testbeds, both with a common set of configuration parameters.

e Vector Signal Generator
The VSG is used in the testbed to generate various ABE waveforms. Inputs to the component include the waveform
filename, I/Q sample rate, output frequency and output power level. There are two versions of the TAF VSG
component due to the different instruments used in the Bedford and Boulder testbeds.
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Figure 3.12: Test automation framework architecture and top-level process flow.
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e Vector Signal Analyzer
The VSA is used to capture the power spectra of the AMT and ABE signals at certain stages of the test process.
This data is used to monitor health of the testbed and to help diagnose issues. The component configures the
instrument’s center frequency, span, resolution bandwidth and reference level, and returns the power spectrum. The
power spectrum is provided by the component as both trace data and an instrument screen capture. There are two
versions of the TAF VSA component due to the difference in VSAs used in the Bedford and Boulder testbeds.

o Power Meter
The power meter is used to measure the average power of the AMT and ABE reference signals at certain stages of
the test process. These measurements are combined with known losses in the signal paths to determine signal power
levels at the plane of the receiver. The components configure the measurement settings such as measurement units,
calibration factor frequency and averaging settings, and return the measured average power. There are two versions
of the TAF power meter components due to the different instruments used in the Bedford and Boulder testbeds.

e Programmable Attenuator
Two programmable attenuators are used in the testbed to set the power levels of the AMT and ABE signals at the
plane of the receiver. The TAF attenuator component configures the attenuators to the nearest actual values to those
requested by the system, using calibration data specific to each device. The component returns the actual attenuation
values per the calibration data.

3.7 Test Process

The overall test process can be broken down into two levels: a test and a run. A test is a single measurement with a
fixed set of test conditions. A run is a series of tests, optionally executed in random order, with unique test conditions
for each iteration. The framework provides complete flexibility to vary any number of test parameters on a per-test
basis and execute any number of tests in a run. The following sections describe the process for an individual test
execution, and how tests are organized into runs.

3.7.1 Run Organization

The framework provides complete flexibility to vary any number of test parameters on a per-test basis. However,
the time required to configure the various instruments must be considered to optimize overall test time. For this
experiment, configuration changes to the receiver and VSG are known to be costly in terms of test execution time,
whereas changes to the attenuators are known to be inexpensive. Therefore it is advantageous to minimize config-
uration changes to the receiver and VSG during the run. The tests are organized into runs separately for the main
experiment and frequency offset experiment with this in mind.

3.7.1.1 Main Experiment

Main experiment test runs are organized such that the time-intensive configuration operations, namely the receiver and
VSG configuration, are required just once at the beginning of the run. During the iterative test executions only the
programmable attenuators require reconfiguration on a per-test basis.

At the start of each run, prior to test execution, the AMT receiver, AMT transmitter and VSG are configured according
to the test configuration file. These settings remain fixed for the duration of the test run. The unique parameters for
each test execution and the order of test execution are defined in the test parameter file. For each test iteration in the
run, the framework reads a single line from the test parameter file and configures the system accordingly. Table 3.6 is
an example of test parameters for a main experiment test run.

The tests begin with reference power measurements of the AMT and ABE signals (test_num 1 and 2). For these
measurements the attenuator for the signal being measured is set to 0 dB to maximize the power level and ensure that
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Table 3.6: Example main experiment parameter file.

test_num | attn_amt attn_abe pow_met.disabled | randomize
1 0 110 FALSE FALSE
2 110 0 FALSE FALSE
3 Baseline 1 110 TRUE FALSE
(no ABE)
4 Baseline 2 110 TRUE FALSE
(no ABE)
5 AMT Level 1 | Fixed ABE Level | TRUE TRUE
6 AMT Level 2 | Fixed ABE Level | TRUE TRUE
X AMT Level N | Fixed ABE Level | TRUE TRUE
Y 0 110 FALSE FALSE
Z 110 0 FALSE FALSE

the signal power within the measurement range of the power meter. The attenuator for the other signal is set to the
maximum value of 110 dB so that it does not impact the measurement. The setting of pow_met.disabled = FALSE in
the test parameter file causes the testbed to execute a power measurement. The setting of randomize = FALSE forces
the testbed to execute these tests in the order specified in the file. Following the reference power measurements, two
baseline measurements are performed with no ABE signal present (test_num 3 and 4). The baseline measurements
collect receiver KPIs with a known AMT signal level and no ABE signal, and are used for diagnostic purposes. As with
the reference power measurements, these tests execute in a fixed order also. After the four verification measurements
the randomized test run begins (test _num 5 through X). N tests are executed in random order, with the AMT signal at
various power levels and the ABE signal at a fixed level. Finally an additional set of reference power measurements
are made at the end of the run (test_num Y and Z) to monitor for any drift in signal power levels.

Prior to running the main experiment, data is manually captured to characterize the onset of a measurable BER, e.g., a
BER on the order of 10~9, as a function of the AMT signal attenuation for the full set of permutations of modulation,
bit rate, and ABE waveform. The attenuation levels where these transition points occur, along with their respective
whole plot variables, are then fed to an automatic configuration file generator. The configuration file generator created
unique TPFs for each whole plot configuration, with the measurement points expanded around the transition point.

3.7.1.2 Frequency Offset Experiment

The frequency offset experiment differs from the main experiment in that the AMT signal level remains constant
while the AMT frequency offset from the band-edge is varied on a per-test basis. At the start of each run, prior to
test execution, the AMT receiver, AMT transmitter and VSG are still configured according the test configuration file.
However, since the AMT receiver and AMT transmitter frequencies change for each test iteration, the TPF includes
fields that specify the unique frequency values per test. Aside from that, the test run organization for the frequency
offset experiment is largely the same as for the main experiment. Table 3.7 is an example of test parameters for a
frequency experiment test run.

As in the main experiment, a frequency offset experiment test run begins with two power measurement tests (test_num
1 and 2) and two baseline measurements (test_num 3 and 4). For these tests the AMT frequency is set to the minimum
value per Table 3.4, while the AMT and ABE attenuators are set to the specified values for each measurement. After
the four verification measurements the randomized test run begins (test _num 5 through X). N tests are executed in
random order, with the AMT and ABE signals at fixed power levels, and the AMT frequency is varied. An additional
set of reference power measurements are made at the end of the run (test_num Y and Z).
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Table 3.7: Example frequency offset experiment parameter file.

test_num | attn_amt attn_abe amtrx. amttx. pow_met. | randomize
frequency frequency disabled

2 110 0 FAMT|MIN FAMT‘MIN FALSE FALSE

3 Baseline 1 110 FAMTU\/IIN FAMT\MIN FALSE FALSE
(no ABE)

4 Baseline 2 1 ]O FAMT|MIN FAIWTU\IIN FALSE FALSE
(no ABE)

5 Fixed AMT | Fixed ABE | AMT Freq1 | AMT Freq1 | TRUE TRUE
Level Level

6 Fixed AMT | Fixed ABE | AMT Freq2 | AMT Freq2 | TRUE TRUE
Level Level

X Fixed AMT | Fixed ABE | AMT Freq N | AMT Freq N | TRUE TRUE
Level Level

Z 110 0 Fapmrimin Faymrmin FALSE FALSE

Prior to testing, manual measurements are performed in order to determine the minimum AMT frequency offset at
which the ABE signal no longer had an impact on the AMT BER. This frequency is used as the upper frequency limit
of the test run, and additional test points covering the range of frequency values are added. The configuration file
generator is used to create the TCF and TPFs.

3.7.2 Test Execution Process

For each test iteration in a run, the same test execution process is followed. Figure 3.13 shows the process for a main
experiment test. The test execution process can be described in 4 phases:

Initialize testbed under ideal conditions

Check for errors in configuration and assess data streaming capability, reboot if necessary
Level set AMT signal to test level and evaluate if it results in a valid test

Level set ABE to test level and record data

il

Initialization Each iteration of the test execution begins by setting the AMT and ABE attenuators to their test
initialization values. These settings are selected such that the initialization sequence exhibits a high signal to noise
ratio (SNR) and negligible ABE level at the plane of the receiver, this ensures that we intialize the testbed under optimal
optimal receiver performance conditions. These initial values are configurable in the TCF, but for these experiments
the AMT attenuator was always initialized to 30 dB and the ABE attenuator to 110 dB.

Error check and resolution Next, on the first test of a test run the receiver is rebooted, and for subsequent tests
reboot occurs as needed. This step is necessary to resolve a known issue with the receiver that results in erroneous
characters being sent over the Telnet interface, which corrupts the KPI data logged by the testbed. In addition to the
reboot the TAF mitigates data corruption. Examples of observed data corruption include a letter appearing where a
number is expected, or an incorrect number of field separators (commas). For occasional erroneous characters the
TAF inspects the incoming alphanumeric data, discards lines containing invalid characters, and logs the number of
invalid lines. However, we’ve observed the data streaming error to worsen until the TAF obtains little or no valid
data. To recover, the receiver is rebooted. As the TAF receiver component logs KPI data during each iteration of the
test execution, the number of invalid lines of data is counted. When the number of invalid lines reaches a specified
threshold, the receiver will be rebooted on the next iteration.

32



Begin test execution

Set attenuators to initial levels
(AMT =30, ABE = 110)

Receiver
reboot Reboot and configure receiver
needed?

Receiver
pass lock, DOM
checks?

Set AMT attenuator to test level

Receiver
pass lock, DOM
checks?

Set ABE attenuator to test level

Log receiver KPIs

KPI logging
complete?

End test execution

Figure 3.13: Main experiment test execution process flow.
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With the signals set to their initialization levels, the TAF receiver component next confirms that the receiver is reporting
positive signal lock and that the data quality metric (DQM) exceeds a specified threshold. DQM is a proprietary
method developed by Quasonix that enables the receiver to determine bit error probability (BEP) in real time. Further
details can be found in the Quasonix RDMS Installation and Operation Manual [13]. During the initialization phase
the receiver should always report positive signal lock and an ideal DQM of 10. While not shown in Figure 3.13,
the signal lock and DQM check is set to time out if positive signal lock and DQM of 10 are not met within 5s. A
timeout indicates an abnormal condition, and causes the entire test run to be aborted. Once conditions are met, the
TAF component waits an additional 5 s before proceeding.

Test level evaluation The TAF receiver component then sets the AMT attenuator to the unique value specified for
the test, while leaving the ABE attenuator at the initialization level. This results in a lower SNR at the plane of the
receiver, but still with a negligible ABE level. The TAF component again establishes a DQM check and waits for the
receiver to report positive signal lock and a DQM threshold of 2 or above. Note that measurements involving AMT
modulations with FEC required for lowering the DQM to 0 in order to obtain sufficient data to establish test curves.

The TAF component will wait and check several times until these conditions are met, and then wait an additional 5 s
before proceeding. If conditions are not met within the timeout period, the current test iteration is aborted and the
framework will proceed to the next test in the run. Unlike the prior signal lock and DQM check (with the AMT signal
set to its initialization level), a timeout at this point in the process does not indicate an abnormal receiver condition. It
simply means that the SNR for this particular test is too low, and there is no reason to proceed because the data would
have little experimental value.

Test execution Following the receiver settling period with only the AMT signal present, the ABE signal is introduced
to the receiver. At this point the correct signal to adjacent band emitter power ratio (SABE) test condition exists at the
plane of the receiver. The TAF component immediately starts logging KPI data from the receiver, and continues to do
so until the test is complete. The overall KPI logging period is driven by the length of the BER measurement. The
BER measurement continues until a specified number of bits has been transmitted. The number of bits is configurable,
but for this experiment the BER measurement length is always 3 x 108 bits. The resulting KPI logging period ranges
from 300 s for the lower bit rate tested (1 Mbps) to 15s for the highest bit rate tested (20 Mbps). When the BER
measurement is complete, a flag in the receiver KPI data changes state and the TAF component stops logging data. At
this point the test execution is complete, and the framework proceeds to the next test iteration.

For BER tests, it is important to balance the individual test length (total bits) with BER measurement fidelity. The
main experiment objective is to characterize conditions where BER transitions from 10~* (a poor link) to 10~7 (a
strong link), where a BER of 10~7 represents a 100-fold decrease from the 10~ BER threshold value. An individual
test length of 3 x 108 bits allows for a reasonable confidence interval length in the BER range of interest. However,
relative precision decreases considerably at BERs less than 10~7. A good rule of thumb is to size the test, i.e., select
the total number of bits, so that the lowest BER of interest results in at least 30 bit errors on average. For example, 30
bit errors in 3 x 10® total bits results in a BER of 1077,

Frequency Offset Experiment The text execution process is largely the same for the frequency offset experiment,
except each test requires a unique AMT frequency. Therefore both the AMT receiver and transmitter are reconfigured
to the required frequency at the start of each iteration of the test execution.

3.7.3 Testbed data output

The following is a summary of data products generated by the testbed. Data products can be either run-level (one data
product for the entire test run) or test-level (one data product for each test iteration).

o Receiver KPI Log Files (Test-Level)
During each test iteration the receiver outputs a configurable list of KPIs. The KPIs are reported every 200 ms for
the duration of test and saved to a plain text file. A complete list of KPIs collected in this experiment is provided in
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Table G.1.

Spectrum Analyzer Data (Test-Level)

The spectrum analyzer in the testbed is used to monitor the signal near the input plane of the receiver. For each test
iteration the spectrum analyzer data can optionally be saved. The spectrum analyzer data includes both a capture
of the screen image in portable network graphics (PNG) format and the trace data in plain text format. For normal
tests the spectrum analyzer measurement is disabled because the AMT and ABE signals levels at the plane of the
receiver are below the noise floor of the instrument. However, test runs typically include several tests where the
AMT or ABE attenuator is set to 0dB to produce stronger signals (test_num 1, 2, Y and Z in the example test
parameter files given in Tables 3.6 and 3.7). These tests allow spectrum analyzer data to be obtained to support data
analysis.

Receiver Configuration Files (Test-Level)
At the start of each test iteration the TAF receiver component queries the receiver for the states of its configurable
settings. These settings are saved in a plain text file, which is primarily used for diagnostic purposes.

Test Summary File (Run-Level)

A test summary file in plain text format is generated for the test run. Each line of the test summary file lists the inputs
and outputs for each TAF component for a single test iteration. Component inputs captured in the test summary
file include AMT settings such as frequency, modulation and bit rate; VSG settings such as waveform, frequency
and sample rate; and settings for both attenuators. Component outputs include receiver KPI data, power meter
measurements and actual attenuator values based on calibration data. Since the KPI data is provided by the receiver
in the form of a time series for each test iteration, each KPI must be reduced to a single value to report in the test
summary. The value reported in the test summary is either the median or final value of the time series, whichever is
more relevant for each particular KPI.

The same data reported in the test summary file is also entered into a SQLite database. This provides an alternate
means to aggregate data across test runs, facilitating data analysis.

TAF Test Configuration File (Run-Level)

The test configuration file is an input to the test automation framework that defines the test instruments to be used
in the run along with their initial conditions. It also specifies general settings for the test run, such as the location
of the output data and the option to enable (or disable) the randomization of the test execution order. A copy of this
file is saved with the test run for archival purposes.

TAF Test Parameter File (Run-Level)

The test parameter file is an input to the test automation framework that defines the unique parameters for each
individual test. For each iteration of the test execution process, the framework reads one line from this file and
configures the instruments as specified. The test parameters for each individual iteration of the test are saved
separately in the test-level test parameter file. A copy of this file is saved with the test run for archival purposes.

TAF Log File (Run-Level)

Information produced by the framework during test execution which includes execution status, test equipment
status, warning messages and error messages is saved to a log file. This information is intended for system diagnostic
purposes.
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Chapter 4

Data Analysis Methods

4.1 Bit Error Rate (BER) Analysis

The primary response variable used to assess impacts to the AMT link was BER. This section describes the methods
used to analyze the BER response.

4.1.1 Point and Interval Estimation

As explained in Chapter 3, each test transmitted 3 x 108 bits to the AMT receiver, which reported the number of bit
errors over the test interval. Assuming that bit transmissions are statistically independent, it follows that the number of
bit errors for a given test follows a binomial distribution, with parameters n and p, where n = 3 x 10 and the binomial
proportion (or success probability), p, is equal to the BER. A point estimate of BER was obtained by dividing the
number of reported bit errors by the total number of bits sent per test.

Because the number of reported bit errors for a test is random, the point estimate described above for BER is a random
variable. One way to quantify uncertainty in the BER estimate is with a confidence interval. Confidence intervals
for binomial proportions have been thoroughly studied, e.g., see [14] for a review. Methods for estimating binomial
proportion confidence intervals include approximations based on a normal distribution and more exact methods based
on the binomial distribution [14].

When n = 3 x 108, rules of thumb for the validity of the normal approximation to the binomial distribution, e.g., [15,
p. 222][16], indicate that the normal approximation breaks down for BER values less than 10~%. Since the range of
interest for BER in our testing was between 10~8 and 102, we avoided approximate methods and instead used the
Clopper-Pearson confidence interval [17], which is derived directly from the discrete binomial distribution. Clopper-
Pearson confidence intervals are known to be conservative, i.e., their coverage probability is always at least the desired
nominal value [14]. In all cases, we selected the nominal coverage of the BER confidence interval to be 95%.

Since the number of transmitted bits per test was 3 x 10%, tests where the estimated BER is less than 108 have a large
relative uncertainty (compared to the mean value). For example, if there are zero bit errors, then the 95% Clopper-
Pearson confidence interval is [0, 1.2 x 10~%]. This large relative uncertainty for small BER values is reflected in the
log-scale plots of BER response presented later.

4.1.2 Nonparametric Regression

To help characterize the BER response in the main experiment, we fit a regression curve to the estimated BER as
a function of the AMT signal power. Note that the purpose of the regression curve is to identify trends and that it
is not intended for prediction or extrapolation. To avoid modeling assumptions, we chose to use a flexible nonpara-
metric approach. Specifically, we used locally estimated scatterplot smoothing (LOESS) [18], a popular method for
nonparametric regression [19].

Prior to performing the regression fit, the logit transformation, log(xz/(1 — x)), was applied to the BER estimates.
This transformation was used because (i) it helps to stabilize the variance of binomial proportions, i.e., makes the

36



variance more uniform, and (ii) it transforms the interval [0, 1] to the real line [20]. After applying the LOESS method
in the logit-transformed domain, the logistic transformation (the inverse logit function) was applied to transform the
regression fit back to the range [0, 1].

To perform one-dimensional LOESS regression, we utilized a Python wrapper [21] around the original Fortran code
[22]. Model parameters were specified as follows: family = ‘gaussian’, span = 0.55, degree = 1, normalize =
False. The family parameter specifies the assumed distribution of errors. The span parameter, taking values between
zero and one, controls the amount of smoothing. The degree parameter (either 1 or 2) is the degree of the locally-
fitted polynomial. The normalize parameter determines whether the independent variables should be normalized to
a common scale and is only useful for more than one dimension. For additional details, see the LOESS software user
documentation [21].

Note that measurement uncertainties were not used to weight the LOESS fits. Because the BER response and its
uncertainty varied across several orders of magnitude, we found that weights inversely proportional to the estimated
variance of each data point led to poor fits in many circumstances. For that reason, we opted to use unweighted
LOESS.

When zero bit errors were recorded for a test, the estimated BER is zero, and the logit transformation is undefined,
since logit(0) = —oo. Moreover, as mentioned above, when the estimated BER is zero, the upper bound on the 95%
Clopper-Pearson confidence interval is approximately 10~8. For these reasons, prior to fitting the regression curve,
BER estimates less than 10~® were set equal to 10~8. Empirical testing indicated that this choice had a limited impact
on the regression curve, as opposed to setting zero BER estimates to a smaller value, e.g., 10~1°.

4.1.3 Plot Examples

Here, we review plot types that are used later to present experimental results for BER. An example plot for a single
whole-plot test configuration in the main experiment is shown in Figure 4.1. In this figure, BER is plotted versus
AMT signal power at the receiver input, where the test results were collected on the Bedford testbed with PCM/FM
at a 5 Mbps bit rate and no ABE. Because the test was repeated, there are separate markers for each repetition at each
power level. Observe that the repeated test results agree, but that there is a missing result for Repeat 1 near -97 dBm,
due to an undetermined testbed issue.

In Figure 4.1, test cases with zero observed bit errors are denoted on the y-axis as v. Although v appears to be located
at the y-axis position corresponding to 10~9, these points actually had an estimated BER of zero (a broken y-axis was
not used to simplify the plot appearance). As mentioned above, if the estimated BER is zero, the upper bound on the
95% Clopper-Pearson confidence interval is approximately 10~2. In other words, the true BER is between zero and
10~8 with 95% confidence.

The gray boxes in Figure 4.1 indicate 90% confidence regions for each measurement. Specifically, the vertical span
of the confidence region is the 95% Clopper-Pearson confidence interval for BER; see discussion and references in
Section 4.1.1. The horizontal span of the confidence region is the 95% confidence interval for AMT signal power,
modeled as a normal distribution with mean equal to the calibrated AMT signal power at the receiver input and
standard deviation equal to 0.49 dB, as specified in Appendix A, Table A.3, for the Bedford testbed.! By the Bonferroni
inequality [23, p. 13], it follows that the confidence region covers the true BER with at least 90% probability.

The black curve is the nonparametric LOESS regression fit; see Section 4.1.2. As stated above, estimated BER values
of zero were set to 10~2 prior to performing the fit. This choice is reflected in the regression curve, which passes near
the upper boundary of the confidence region for zero BER estimates. More generally, because the regression curve is
a best fit, and not an interpolation, the curve may not perfectly follow the upper bound of the zero BER confidence

Note that uncertainties for the Bedford and Boulder testbed are different; see Appendix A.
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region since it depends on other nearby measurements.

An example plot comparing the BER response from multiple ABE types in the main experiment is shown in Figure 4.2.
This plot presents results collected on the Bedford testbed with PCM/FM at a 5 Mbps bit rate. Note that the results
for the no-ABE condition correspond to those given in Figure 4.1. To help make the plot easier to read, only eight of
the ten ABE types are shown, with the multi-UE in-situ captures from NASA-Langley omitted. The regression fits for
each ABE type are shown, along with markers for individual measurement results. For readability, uncertainty regions
for individual measurements are not shown in this plot.

Note that the region corresponding to BER < 107 is shaded in Figure 4.2. This shading was added to de-emphasize
BER estimates less than 1077, because (i) they have a higher relative uncertainty, and (ii) due to their lower practical
interest. However, the full range of data and their corresponding fits are shown to (i) illustrate the full extent of testing,
and (ii) show all data points in cases where the observed BER values change abruptly and the fit depends strongly on
BER estimates below 10~7.

As specified in the IRIG standard [1], an important performance threshold occurs at BER = 1075, Therefore, it is
useful to compare the impact of different ABE types in the main experiment with a scatterplot of the AMT signal level
corresponding to BER = 10~°. Figure 4.3 contains an example of such a scatterplot for the PCM/FM test results. To
make this plot, the AMT RX power thresholds at BER = 10~5 were estimated by inverting the respective regression
fits. Note that the 5 Mbps results in Figure 4.3 correspond to the BER = 10~° thresholds observed in Figure 4.2.

PCM/FM 5 Mbps No ABE

1072 4
1073 3
1074 3

103 3

BER

10°6 3

1077 3

10°8 3

—].IOO —58 —I96 —I94 —I92 —I90
AMT RX Power (dBm)
0 Testl Test 2 ]

Figure 4.1: Example plot of BER vs AMT RX Power for a single whole-plot test configuration measured in Bedford.
The gray boxes are 90% confidence regions for each measurement. Note that v on the y-axis denotes test cases with
zero observed bit errors.
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Figure 4.2: Example ABE comparison plot: BER vs RX Power. The region BER < 107 is shaded to indicate high
relative uncertainty. Note that  on the y-axis denotes test cases with zero observed bit errors.
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Figure 4.3: Example AMT RX power threshold plot
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4.2 Equivalent Impact from White Ambient Noise
4.2.1 Definition of Effective Noise Level

Since the impact of ambient white noise on AMT receiver performance is well-understood, it is natural to ask if it is
possible to characterize the impact of adjacent band emissions on AMT performance in terms of an equivalent level of
ambient white noise, i.e., a rise in the noise floor. Next, we describe an analysis method that addresses this aim.

From digital communication theory [24, 25], for an ideal receiver in an AWGN channel, BER is a monotonic function
of Ej,/Ny, the ratio of energy per bit, Ej, to noise power spectral density referred to the receiver input, Ny. Thus, at
each BER value there is a corresponding FEj /Ny value. We use this one-to-one relationship to define an equivalent
impact from ABE.

The noise density Ny includes contributions from the incident wave that carries ambient noise from the outside, IV,,
as well as noise added inside the receiver itself. This intrinsic receiver noise is typically characterized by the noise
factor, F' [26]. In terrestrial laboratory environments, the two are related closely with2

No =~ N,F. 4.1

Because F' is an unknown characteristic of the receiver under test, the characterization that follows is intended to
depend only on the incident noise power density, N,. Experimental results concerning the noise characteristics of the
receiver in the Boulder testbed are given in Appendices C and F, but these results are provided for completeness, and
are not used to asses impact from ABE.

At a given BER level, denoted BER", let E; be the corresponding energy per bit. Because this value is different
without and with ABE, we will denote it as £’ when there are no ABE and Ej ,pr when ABE are present. For an
ABE test case, we define the effective ambient noise power density, N, aeff, such that the F} /Ny ratio is the same with
and without ABE, i.e.,
B E;
b _ b,ABE 7 ( 4.2)

FN, FNeft
BER*

BER*

taking the denominator terms from (4.1). In other words, N is defined to be the power density that yields the same
BER as thermal noise at the ambient physical temperature.

We use the above definition to obtain an explicit expression for N¢. As depicted in Figure 4.4, let S} and S denote
the signal power corresponding to BER = BER™ for no-ABE and ABE cases, respectively. Also, recall that the energy
per bit is equal to the signal power, S, divided by the bit rate, R, i.e., F}, = S/R. Using this fact, substituting S;; and
S’ into equation (4.2), and simplifying, we obtain

*

o
*
n

NCT(BER*) = N, (4.3)

BER*

Thus, N¢ is equal to the in-band noise spectral density, N, scaled by the ratio of signal powers at BER* in the ABE
and no-ABE cases, respectively. Note that if there are no ABE, then S} = S} and Ngff = N,. In this report, all
N plots are calculated with the ambient noise level N, = —174.0 dBm/Hz, corresponding to thermal noise at the
standardized reference temperature, 290 K.3

2This notation may be confusing to some readers familiar with microwave noise measurement. We encapsulate all incident (and input-referred
noise added inside the receiver) in Ny, following communications convention so that Ej, /Ny represents actual receiver SNR. This No is nor meant
to indicate idealized blackbody noise at 290 K.

3 Analysis at other temperatures near room temperature shift £ /No by no more than 0.2 dB, and only when N gff is within 2dB of N,
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4.2.2 Examples
4.2.2.1 Excess Noise Tests

First, using results from the excess noise experiment (side experiment C), we illustrate the consistency of the Nt
concept for in-band noise. Recall from Section 2.5.3 that side experiment C evaluated the impact of in-band excess
white noise on AMT performance. In particular, tests were executed with zero, low, mid, and high excess noise power
levels, Ng,.

To apply the definition of N& from the previous subsection, we add excess thermal noise conditions for ABE. Fig-
ure 4.5 shows results from tests with PCM/FM modulation at a 5 Mbps bit rate. The left plot shows the BER response
for the four noise levels, and the right plot presents N for a range of BER* values. In this plot, BER* is shown on the
y-axis, N is given on the top x-axis, and the equivalent Ej, /Ny loss relative to the baseline no excess noise condition
is provided on the bottom x-axis.

The fact that the N curves are nearly vertical indicates that the BER response curves for the excess noise conditions
have roughly the same shape as the BER response curve in the baseline condition with no excess noise.

In this case, we can check the results in Figure 4.5 by predicting N from Ng, and the receiver noise figure. Since
the excess thermal noise is additive, the total effective noise density of the input-referred noise density in (4.1) is

NO|Excess noise — FNa + NR:L’ ~ FN;“; (44)
as long as the receiver responds to varied thermal noise as a function of Ej/Ny. Thus, solving for N,

NRe
N;ﬁ%Na—k R

(additive thermal noise case only). 4.5)

Taking F' = 2.2 (3.4 dB) from Appendix F, the predicted values for N are -168.3 dBm/Hz for N, = —166.2 dBm/Hz,
-162.6 dBm/Hz for N, = —159.5dBm/Hz, and -158.2 dBm/Hz for N, = —154.9dBm/Hz. Each of these values
agrees closely with the plots in Figure 4.5.

No ABE With ABE

B
™
£
=

*

| a

AMT RX power

>

Figure 4.4: Notional plot illustrating quantities used to calculate N¢.
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Figure 4.5: Example N, effective plot for an excess noise test (side experiment C).
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4.2.2.2 ABE Tests

Next, we illustrate the utility of N¢ for ABE test conditions. Figure 4.6 shows results from ABE tests with PCM/FM
modulation at a 5 Mbps bit rate. The left plot shows the BER response for select ABE types, and the right plot presents
NET for a range of BER* values. Here, BER* is shown on the y-axis, N< is given on the top x-axis, and the equivalent
Ey /Ny loss relative to the baseline no-ABE condition is presented on the bottom x-axis.

In the N&T plot, we see that for all of the LTE ABE types, the equivalent /Ny loss varies with BER*. For example,
for the Multi-UE LTE Az-76° ABE type, the equivalent Ej, /Ny loss ranges from 5.5 dB to less than 2 dB for BER*
between 107 and 104, respectively. Hence, the equivalent impact of this ABE type changes non-uniformly with BER
relative to the baseline no-ABE condition. On the other hand, two of the AWGN ABE conditions, AWGN 18 MHz
and AWGN 20 MHz, have a fairly uniform impact across different BER™ values, as evidenced by their nearly vertical

NET curves.
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Figure 4.6: Example NN, effective plot for ABE test conditions in the main experiment.
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Chapter 5

Primary Data Analysis Results

5.1 Main Experiment

This chapter presents results for the highest-priority modulation and bit rate configurations collected in Bedford (see
Table 2.4). BER plots of the individual configurations from the main experiment are provided in Appendix B. Anoma-
lous and notable results are discussed at the end of the chapter in Section 5.3. Please note that the complete set of test
data for all experiments is publicly available at https://doi.org/10.18434/M32279.

5.1.1 ABE Power level table

The power relationship between the ABE waveforms and the AMT signal may be described with an SABE ratio.
Typically this definition assumes a ratio of root mean square (RMS) power of the two non co-located but adjacent
bands. However, the comparison of SNR type of quantities in adjacent band susceptibility studies are incomplete
without considering both peak and RMS power values. Thus we identify, where applicable, the peak, or RMS value.
Note that some power representations, such as the peak power of AWGN waveforms, are not meaningful.

Table 5.1 lists the peak and average power of the ABE waveforms used in the testbeds to generate the results in
Section 5.1.2. The AMT average power levels are swept across a range of values as depicted in the x-axis in the BER
versus AMT RX power. For example, see the left-side plot in Figure 5.1.

The calculated values refer to the ABE and AMT power levels at the plane of the AMT RX. The process for calculating
these values are outlined in Section A.2 and Section A.1.

5.1.2 ABE Comparison Plots

The ABE comparison plots, Figures 5.1 through 5.7, show results of BER versus AMT RX power (left-side plots)
and the BER* versus N< and Ej, /Ny Loss (right-side plots). The primary region of interest lies between BER values
of 10~7 and 104, which is also the range of the y-axis on the BER* plots. The black curve represents the baseline
conditions where no ABE is present. For the plots in this section, the multi-UE cases of "Multi-UE-LTE-az-198" and

Table 5.1: ABE Power level table, Main Experiment campaign conducted at the MITRE Bedford, MA testbed.

Single-UE Full 100 RB (EAFB, 20 MHz Filter)
Single-UE Lower 92 RB (EAFB, 20 MHz Filter)
Multi-UE Az-76° 100 RB (EAFB, 20 MHz Filter)
Multi-UE Az-198° 100 RB (EAFB, 20 MHz Filter)
Multi-UE Az-140° 100RB (LARC, 20 MHz Filter)
Mult-UE Az-165° 100RB (LARC, 20 MHz Filter)

-69.9dBm +1.1dB
-72.8dBm +1.1dB
-84.6dBm +1.1dB
-86.5dBm +1.1dB
-80.3dBm +1.1dB
-78.9dBm +1.1dB

Waveform Name Average Power Peak Power
AWGN 20 MHz -75.8dBm +0.9dB | N/A
AWGN 18 MHz -76.4dBm +£0.9dB | N/A
AWGN 16.5 MHz -76.8dBm +£0.9dB | N/A

-61.8dBm +1.1dB
-62.3dBm +1.1dB
-62.1dBm +1.1dB
-62.1dBm +1.1dB
-62.1dBm +1.1dB
-62.1dBm +1.1dB
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"Multi-UE-LTE-az-76" are shown as those waveforms are in-situ captures from the EAFB telemetry site.

Figures 5.1 through 5.7 show that the AWGN ABE waveforms produce a response in the expected manner, with the
16.5 MHz AWGN waveform producing the least impact and the 20 MHz AWGN yielding the most impact. This is
evident by the amount of AMT RX power required to maintain the same BER. Observe that the N< plots are generally
vertical for the AWGN ABE types, indicating a uniform impact relative to the baseline no-ABE condition.

The responses due to the other ABE waveforms varies. Figure 5.1 shows very little impact for the case of PCM/FM
modulation at 1 Mbps. However, at 5 Mbps, differences start occurring. One general trend is that the "Single-UE-LTE
Full" waveform causes the largest impact. This could be attributed to the higher average power, but this would not
completely explain the differences since the two multi-UE cases both cause more impact than the "Single-UE-LTE
92RB" yet have average powers that are at least 10 dB below the "Single-UE-LTE 92RB" waveform.

Another behavior of note are the rapid transitions from 10~7 to 10~* shown in the FEC cases, Figure 5.5 and Figure
5.6, for the AWGN waveforms. In contrast, except for the for the SOQPSK 5 Mbps result, the single and multi-UE
show a slower, non-linear transition. In addition, there is a noticeable separation on the AMT RX axis between the
AWGN and the single and multi-UE curves. These factors are an indication that the FEC algorithm does not work as
well to correct errors caused by non-AWGN noise or interference.
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Figure 5.1: BER vs AMT RX power and BER* vs N, Effective for selected ABE types: PCM/FM 1 Mbps. The region
BER < 1077 is shaded in the left plot to indicate high relative uncertainty. The anomalous responses at -98 dBm in
the left plot are discussed in Section 5.3.
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Figure 5.2: BER vs AMT RX power and BER* vs NV, Effective for selected ABE types: PCM/FM 5 Mbps. The region
BER < 1077 is shaded in the left plot to indicate high relative uncertainty.
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Figure 5.3: BER vs AMT RX power and BER* vs N, Effective for selected ABE types: SOQPSK 5 Mbps. The region
BER < 1077 is shaded in the left plot to indicate high relative uncertainty.
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Figure 5.4: BER vs AMT RX power and BER* vs N, Effective for selected ABE types: SOQPSK 10 Mbps. The
region BER < 1077 is shaded in the left plot to indicate high relative uncertainty.
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Figure 5.5: BER vs AMT RX power and BER* vs N, Effective for selected ABE types: SOQPSK-FEC 5 Mbps. The
region BER < 1077 is shaded in the left plot to indicate high relative uncertainty.
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Figure 5.6: BER vs AMT RX power and BER* vs N, Effective for selected ABE types: SOQPSK-FEC 10 Mbps. The
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5.1.3 RX Power Threshold Plots

An AMT link with a BER less than 10~° is considered an acceptable link. Figure 5.8 shows the AMT RX power that
result in a BER = 1072 based on the results in 5.1.2, with some additional bit rates, e. g., 20 Mbps, results included. As
expected, the general trend is that increasing bit rates require increasing AMT RX power to maintain a BER = 1075,
Though not pursued here, additional analysis on the slope of the increases might provide additional insight of the

impact differences due to ABE type.

PCM/FM SOQPSK
_80 4
o -75 1 Q
_gs | €
85 " D -80 O
? EIA
a (m] 3
-90 1 A 1 851 &
A @ (] ]
1 8 N A A
g —90 1 £
—95 4 0o % 90 o
& a "
% Oy
E =95
—100 <
D3 —100 1 (@@
1 Mbps 5 Mbps 10 Mbps 1 Mbps 5 Mbps 10 Mbps 20 Mbps
Bitrate Bitrate
SOQPSK-FEC ARTM CPM
o lo]
—80 A o
y ~70
&
-85 p cl A
‘u“o -75 4
—90 T A
DA % A m]
95 8 2 a0l
72 8 N (o
A o @
A 2 3
~100 O < —85 - 8
3 "f O
= (0
—105 < S
_90 4
OB Dtt
_110 1 T T T T
1 Mbps 5 Mbps 10 Mbps 20 Mbps 5 Mbps 10 Mbps 20 Mbps
Bitrate Bitrate
£ No ABE A AWGN 20 MHz Multi-UE Az-198° (EAFB)
AWGN 16.5 MHz Single-UE Lower 92 RB Multi-UE Az-76° (EAFB)
AWGN 18 MHz Single-UE Full 100 RB

Figure 5.8: Scatter plots of AMT RX Power at corresponding to a BER of 10~° vs AMT modulation and bitrate
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5.1.4 No-ABE Comparison plots
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Table 5.2: ABE Power level table, for the Frequency Offset Experiment as conducted at MITRE Bedford, MA

Waveform Name

Average Power

Peak Power

AWGN 20 MHz

Single-UE Full 100 RB (EAFB, 20 MHz Filter)
Single-UE Lower 92 RB (EAFB, 20 MHz Filter)
Single-UE Full 100 RB (EAFB, 37 MHz Filter)
Single-UE Lower 92 RB (EAFB, 37 MHz Filter)
Multi-UE Az-76° 100 RB (EAFB, 37 MHz Filter)
Multi-UE Az-198° 100 RB (EAFB, 37 MHz Filter)
Single-UE Full 100 RB (Lab, 49 MHz Filter)
Single-UE Lower 90 RB (Lab, 49 MHz Filter)
Single-UE Full 25 RB (Lab, 49 MHz Filter)

-59.6dBm +0.9dB
-60.5dBm +1.1dB
-63.5dBm +1.1dB
-60.5dBm +1.1dB
-63.4dBm +1.1dB
-70.6dBm +1.1dB
-82.5dBm +1.1dB
-66.0dBm +1.1dB
-65.4dBm +1.1dB
-70.7dBm +1.1dB

N/A

-52.2dBm £1.1dB
-52.7dBm £1.1dB
-524dBm £1.1dB
-52.8dBm +1.1dB
-48.0dBm £1.1dB
-53.9dBm +1.1dB
-52.9dBm £1.1dB
-52.9dBm +1.1dB
-52.9dBm +1.1dB

5.2 Frequency Offset Experiment

The frequency offset experiments are designed to investigate if the band edge back-off frequency calculation specified
in [1] provides sufficient placement of the AMT signal with respect to the ABE. The goal is to provide assurance that
the ABE will not impact the AMT link, balanced with utilizing as much of the allocated AMT band as possible.

5.2.1 ABE Power level table

Table 5.2 contains the RMS average and peak powers for the ABE waveforms tested here. Note this subset of wave-
forms focuses on EAFB conditions and several in-situ and laboratory LTE RB blanking conditions.

5.2.2 Frequency Offset Results

Figures 5.10 through 5.16 show results based on Table 5.2 ABE power levels and filtering. These power levels are
set to match the peak power of the in-situ captures. The black, dashed vertical line represents the center frequency of
the AMT signal when 1780 MHz is the lowest frequency of the 99 % occupied bandwidth. The red, dashed vertical
line represents the AMT center frequency as calculated to meet the IRIG recommendations for a 10 W transmitter
operating and a 1780 MHz band edge.

In order to meet the IRIG recommendations, the curve due to the presence of ABE should be below a BER value
of 10~5 when crossing the red, dashed vertical line. Alternatively, the distance between where the curves cross the
BER=10"" point and the red, dashed vertical line implies the frequency margin of the IRIG recommendations when
ignoring the AMT transmitter’s emission profile. Note that the IRIG recommended lowest frequency is based on AMT
transmitter performance.

The observed results show that there is a distinct change in receiver behavior when subjected to ABE waveforms that
are comprised of a single UE versus the multi-UE, and again when the waveform was derived from laboratory or
in-situ recordings, Figures 5.10-5.16 highlight the laboratory waveform results on the left, and the in-situ waveform
results on the right.

In-situ multi-UE waveforms exhibit a more frequency persistent response (i.e., slow convergence to the BER=10"%
level) as compared to the single-UE recordings. With the single-UE waveforms, the in-situ recordings elicit a more
persistent response as compared to the laboratory captures.

In terms of AMT modulation formats, the receiver response is traced to the bit rate and its implicit relation with receiver
IF bandwidth. Most notably however, FEC has a significant impact in altering the receiver behavior as compared to the
non-FEC counterparts. Furthermore, ARTM CPM exhibits a similar response as the SOQPSK modulation, however,
the IRIG recommended center frequency is shifted compared to the SOQPSK case.

51



BER

Finally, the convergence below a BER value of 1075 is slower than anticipated for several combinations of multi-
UE waveforms with different AMT modulation formats, e.g., mutli-UE-LTE az-198° and SOQPSK 5 Mbps. This

non-intuitive behavior is discussed in Section 5.3.
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Figure 5.10: BER vs AMT Offset Frequency for all ABE types: PCM/FM 1 Mbps, (left) response due to laboratory
ABE types, (right) due to in-situ ABE types. Note that points and curves for different ABE types may be identical or
nearly identical, which makes the results on the plots difficult to distinguish.

52




BER

BER

PCM/FM 5 Mbps PCM/FM 5 Mbps

10° ; T 10° T T
1 ) 1 |
1 ) 1 |
101 4 ! I --- IRIG 10-1 1 ! I --- IRIG
: : --- 99% OBW : : -=-- 99% OBW
1072 A ! 1 1072 A 1 1
i | i |
o
103 1 : ! 107 i i
1 ) 1 ]
1 | 1 |
10741 AN : o 107 ? :
1 | ] L} |
1 ) 1 ]
1075 t t m 10-5 4 1. t
1 ) [0 |
l | 6 i l
107 ~ 1076 4
i ¢ | i |
-7 4 : : 10-7 : :
10 I\S\ | 1
1 ) 1
1078 4 i ! 1078 1
i I i .
v i Bmomodomodododon v A HrE+BABABABATANABR O 0 O
1780 1782 1784 1786 1788 1790 1792 1794 1780 1782 1784 1786 1788 1790 1792 1794
AMT Offset Frequency (MHz) AMT Offset Frequency (MHz)
Single-UE Full 100 RB (37 MHz Filter) —— Multi-UE Az-76° (EAFB) (37 MHz Filter) —— Lab-UE Full 100 RB (49 MHz Filter)
—— Single-UE Lower 92 RB (37 MHz Filter) ~——— Multi-UE Az-198° (EAFB) (37 MHz Filter) —— Lab-UE Lower 90 RB (49 MHz Filter)
——— Single-UE Full 100 RB (20 MHz Filter) —— AWGN 20 MHz Lab-UE Full 25 RB (49 MHz Filter)
—— Single-UE Lower 92 RB (20 MHz Filter)
Figure 5.11: BER vs AMT Offset Frequency for all ABE types: PCM/FM 5 Mbps, (left) response due to laboratory
ABE types, (right) due to in-situ ABE types.
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Figure 5.12: BER vs AMT Offset Frequency for all ABE types: SOQPSK 5 Mbps, (left) response due to laboratory
ABE types, (right) due to in-situ ABE types.
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Figure 5.13: BER vs AMT Offset Frequency for all ABE types: SOQPSK 10 Mbps, (left) response due to laboratory
ABE types, (right) due to in-situ ABE types.
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Figure 5.14: BER vs AMT Offset Frequency for all ABE types: SOQPSK-FEC 5 Mbps, (left) response due to labora-

tory ABE types, (right) due to in-situ ABE types.
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Figure 5.15: BER vs AMT Offset Frequency for all ABE types: SOQPSK-FEC 10 Mbps, (left) response due to
laboratory ABE types, (right) due to in-situ ABE types.
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Figure 5.16: BER vs AMT Offset Frequency for all ABE types: ARTM CPM 5 Mbps, (left) response due to laboratory

ABE types, (right) due to in-situ ABE types.
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5.3 Discussion of Notable and Anomalous Results

The measurement data reveal several results warranting additional discussion. Notable and anomalous results include

unexpected receiver-under-test behavior, impacts due to the presence of spurious OOBEs, and differences due to ABE
waveform processing.

5.3.1 Unexpected Receiver Response

Figure 5.1 shows an anomalous response near -98 dBm AMT RX power. This phenomena can be observed in greater
detail by examining Figures B.1,B.2,B.7, and B.8. The unexpected response is exhibited by AMT data rates of 1 Mbps
and is observed for PCM/FM and the SOQPSK AMT signals. The impact of this effect is most pronounced in de-
scending order for ABE waveforms and correlates well with the ABE RMS power tabulated in Table 5.1:

Single-UE Full 100 RB (EAFB, 20 MHz Filter),
Single-UE Lower 92 RB (EAFB, 20 MHz Filter),
AWGN 18 MHz,

Multi-UE Az-76° 100 RB (EAFB, 20 MHz Filter),
AWGN 16.5 MHz,

Multi-UE Az-140° 100 RB (LARC, 20 MHz Filter), and
Multi-UE Az-165° 100 RB (LARC, 20 MHz Filter).

Figure 5.17 shows results from additional test runs on the Bedford testbed for the AWGN 18 MHz ABE waveform,
with with a smaller step-size for the AMT RX power sweep. These additional tests include results for both AMT RX
input channels. The effect is present in both channels but is shifted by 2 dB in Channel 2.

Note that the NASCTN Boulder testbed does not demonstrate the behavior as evidenced by Figure 5.18. The measure-

ments occur over several different rounds, ruling out non-systematic issues within testbed automation. The AMT RX
implementation is possibly the cause of the anomalous behavior.

10 PCM/FM, 1 Mbps, AWGN 18 MHz
—#—— Receiver Channel 1
—+*— Receiver Channel 2
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Figure 5.17: In depth investigation of the anomalous results observed at the Bedford testbed for 1 Mbps data rate

PCM/FM waveform. The median of two consecutive test runs on AMT RX channel 1 and on AMT RX channel 2
shows a clear effect on the receiver performance.
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Figure 5.18: Anomalous Results Investigation: Boulder Testbed. BER vs AMT RX Power for ABE types: Single-UE
Full 100 RB (left) and AWGN 18 MHz (right). Note that the Boulder testbed does not exhibit the anomalous behavior
near -98 dBm.

5.3.2 Spurious OOBE Activity

Another observed anomaly is the slow convergence to a BER= 1072 in several of the frequency offset results for
the Multi-UE Az-198° (EAFB, 37 MHz Filter). For example, see Figures 5.11 and 5.14, where the curves for the the
Multi-UE Az-198° (EAFB, 37 MHz Filter) case do not converge as rapidly to a BER= 10~% as compared to the Multi-
UE Az-76° (EAFB, 37 MHz Filter) cases. This is due to additional OOBEs that do not correlate with the fundamental
LTE emissions.

Figure 5.19 and Figure 5.20 show the persistence spectra and spectrograms with the LTE resource grid overlaid for
these ABE waveforms. A close examination of the persistence spectra reveals the presence of spurious OOBEs in the
AMT band for the Multi-UE Az-198° waveform, whereas spurious OOBEs for the Multi-UE Az-76° waveform are
barely discernable. However, in both figures, the time segments do not show correlation between the OOBE in the
AMT band and the LTE transmissions as delineated by the LTE grid overlays. Since these are in situ waveforms, these
spurious OOBEs could be due to an unidentified, non-LTE transmitter. (These waveforms are translated from the in
situ baseband captures to a center frequency of 1770 MHz for playback in the testbed.)

5.3.3 ABE Waveform Processing

Finally, besides the choice of which ABE waveforms to test against, processing decisions are necessary to prepare the
ABE waveforms for playback in the testbed. The differences between a 20 MHz and a 37 MHz filtering of the in-situ
captures are significant in some of the results due to the OOBE associated with the captures.
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Figure 5.19: Persistence spectrum and LTE timing grid overlay for the in-situ Multi-UE Az-198° (EAFB, 37 MHz
Filter). (Different color scales are used for the persistent spectrum on the left and the time segment on the right to

improve visualization of the OOBEs)
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Figure 5.20: Persistence spectrum and LTE timing grid overlay for the in-situ Multi-UE Az-76° (EAFB, 37 MHz
Filter). (Different color scales are used for the persistent spectrum on the left and the time segment on the right to

improve visualization of the OOBEjs)
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Chapter 6

Secondary Data Analysis Results

This chapter presents additional results beyond the primary results in Chapter 5, including additional bit rates and side
experiment investigations on the impacts due to equalization and space-time coding.

Finally, Section 6.4 compares results from the Bedford and Boulder testbeds for several select cases. Most of the
results between the testbeds are consistent. However, some example cases of inconsistency between the testbeds are
shown as well.

6.1 Main Experiment: Additional Configurations

This section presents results for the configurations collected in Bedford that were not presented in the prior chapter.
Namely, results for the non-highlighted configurations in Table 2.4 are given, including additional bit rates of 10 Mbps
for PCM/FM, 1 and 20 Mbps for SOQPSK, 1 and 20 Mbps for SOQPSK-FEC, and 10 and 20 Mbps for ARTM CPM.
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Figure 6.1: BER vs AMT RX power and BER* vs N, Effective for selected ABE types: PCM/FM 10 Mbps. The
region BER < 1077 is shaded in the left plot to indicate high relative uncertainty.
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Figure 6.2: BER vs AMT RX power and BER* vs NV, Effective for selected ABE types: SOQPSK 1 Mbps. The region
BER < 1077 is shaded in the left plot to indicate high relative uncertainty.
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Figure 6.3: BER vs AMT RX power and BER* vs N, Effective for selected ABE types: SOQPSK 20 Mbps. The
region BER < 107 is shaded in the left plot to indicate high relative uncertainty.
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SOQPSK-FEC 1 Mbps
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Figure 6.4: BER vs AMT RX power and BER* vs N, Effective for selected ABE types: SOQPSK-FEC 1 Mbps. The
region BER < 1077 is shaded in the left plot to indicate high relative uncertainty.
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Figure 6.5: BER vs AMT RX power and BER* vs N, Effective for selected ABE types: SOQPSK-FEC 20 Mbps. The
region BER < 1077 is shaded in the left plot to indicate high relative uncertainty.
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ARTM CPM 10 Mbps
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Figure 6.6: BER vs AMT RX power and BER* vs N, Effective for selected ABE types: ARTM CPM 10 Mbps. The
region BER < 1077 is shaded in the left plot to indicate high relative uncertainty.
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Figure 6.7: BER vs AMT RX power and BER* vs N, Effective for selected ABE types: ARTM CPM 20 Mbps. The
region BER < 1077 is shaded in the left plot to indicate high relative uncertainty.

62



BER

1072

1073

1074 4

10-°

10-°

1077

10-8

6.2 Side-Experiment A: Equalizer Test

This section presents results for Side Experiment A, described in Section 2.5.1, which investigates the impacts of
turning on equalization in the AMT receiver. Only the 5 Mbps case is covered. The differences between between
when the equalizer is on or off is most noticeable in the Mutli-UE and Single-UE Full 100 RB ABE cases.
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—— AWGN 18 MHz —— Single-UE Full 100 RB

Figure 6.8: Equalizer On. BER vs AMT RX power for selected ABE types: SOQPSK 5 Mbps. The region BER <
1077 is shaded in the left plots to indicate high relative uncertainty.
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Figure 6.9: Equalizer Off. BER vs AMT RX power for selected ABE types: SOQPSK 5 Mbps. The region BER <

10~ 7 is shaded in the left plots to indicate high relative uncertainty.
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6.3 Side-Experiment B: Space-Time Coding

The results presented here are from Side Experiment B, described in Section 2.5.2, which investigates the impacts
when using STC for the AMT modulation. These results can be compared to the same set of ABE impacts for
PCM/FM, SOQPSK, and ARTM CPM at bit rates of 5, 10 and 20 Mbps.
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Figure 6.10: BER vs AMT RX power and BER* vs NN, Effective for selected ABE types: STC 5 Mbps. The region
BER < 1077 is shaded in the left plot to indicate high relative uncertainty.
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Figure 6.11: BER vs AMT RX power and BER* vs N, Effective for selected ABE types: STC 10 Mbps. The region
BER < 1077 is shaded in the left plot to indicate high relative uncertainty.
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Figure 6.12: BER vs AMT RX power and BER* vs N, Effective for selected ABE types: STC 20 Mbps. The region
BER < 1077 is shaded in the left plot to indicate high relative uncertainty.
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Figure 6.13: BER vs AMT RX power and BER* vs N, Effective for selected ABE types: STC-FEC 5Mbps. The
region BER < 1077 is shaded in the left plot to indicate high relative uncertainty.
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Figure 6.14: BER vs AMT RX power and BER* vs N, Effective for selected ABE types: STC-FEC 10 Mbps. The
region BER < 1077 is shaded in the left plot to indicate high relative uncertainty.
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6.4 Testbed Comparison

The two testbeds were designed to share as many parts as feasible in their implementation. Notable differences are
in the AMT TX and the VSG for ABE playback. Here we show the data products of the two testbeds side by side.
The majority of results show a high degree of consistency in AMT RX reported susceptibility to the ABE. Though
there were a few inconsistent results, these have been investigated and are shown to be repeatable. These outliers in
response are likely attributable to inherent variances in the AMT RX implementation.

6.4.1 Examples of Consistent Test Results
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Figure 6.15: Examples showing consistent results between Bedford and Boulder testbeds.
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6.4.2 Examples of Inconsistent Test Results
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Figure 6.16: Examples showing inconsistent results between Bedford and Boulder testbeds.
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Chapter 7

Conclusions

The goal of NASCTN is to develop rigorous test methodologies and generate trusted data. To that end, some important
observations from the test development and execution include the following:

e Proper consideration of OOBEs is important to understanding the impacts due to adjacent band signals. Currently-
available tools to simulate or emulate ABEs are not generally representative of real-world OOBEs, and those dif-
ferences can have a significant impact on the adjacent band receiver.

o Automated testing allows for detailed and highly-controlled investigations of the impacts due to ABEs. In this case,
the automation allows for the comparison of impacts from a wide variety of waveforms. Note that running a similar
testing campaign in the field will, in general, result in higher measurement uncertainties than using a laboratory
settings such as in this investigation.

e Two ABE waveforms with nearly equivalent average powers but with seemingly inconsequential differences in
OOBE behavior can cause very different impacts on the AMT system. This is clearly evident in the frequency
back-off results.

e The main experiment frequency back-off results suggest that the IRIG back-off calculations work for most of the
test ABE types. In the main experiment results, the only ABE type and AMT modulation combinations that ex-
ceed a BER = 107° (i.e., exceed the desired threshold), are the multi-UE at azimuth of 198° (37 MHz filter) for
SOQPSK bit rates of 5 Mbps and 10 Mbps, and the multi-UE at azimuth of 198° (37 MHz filter) and a single-UE
with 100 RB (37 MHz filter) for an ARTM CPM bit rate of 5 Mbps.

e For the single UE cases tested, the ABE OOBE profile correlates to the LTE RB allocations.

e The impacts of the ABEs are dominated by the frequency overlap of the IF filter bandwidth and the adjacent band
LTE and LTE OOBE activity.

o The use of the ABE RMS power value in the SABE calculations can lead to misrepresentation in predicting impact
of a particular waveform, when compared to the no ABE condition.

e As demonstrated in Appendix D scatter plots, receiver-reported Ej, /Ny is not a reliable indicator of BER perfor-
mance in the presence of ABE. Since Ej, /N is a ratio of in-band quantities, this observation is expected.

Beyond the specific test implementation and results discussed there are some identified topics that warrant further
investigation that are listed here.

e The concept of an equivalent white ambient noise is proposed as a way to interpret the impacts on E,/Ny. This
may provided a convenient way to relate ABE impacts to theoretically based models.
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e The test results demonstrate non-linear effects across a range of BER values that fall in the desired operating region
of better than BER = 10~° for several of the tested ABE and AMT signal combinations. This suggests the need for
further investigation on the approach of extrapolating performance behaviors based on higher BERs to lower BERs
when the OOBE is non-Gaussian.

e The in-field measurements serve as surrogates and may not replicate the exact adjacent band deployment parameters

(e.g., 20 MHz versus 10 MHz allocations, LTE versus 5G technology). In general, changes that allow increased RB
activity or power at the band edge closest to AMT may require an increase in the band edge frequency offset.
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Appendix A

Measurement Uncertainty

This measurement campaign measures adjacent band emissions impact on an AMT link between an AMT TX and
AMT RX. The AMT componentry used in this campaign is recognized as non-metrology grade equipment. Hence,
conservatism in the assessment of uncertainties is warranted. To this end the authors make the following decisions in
the uncertainty estimation:

e The signal level data presented in this document is referenced to the plane of the device under test (DUT) input
connector.

e In the absence of carefully characterized transmitting elements and receiving DUT, we reference the signal and
ABE power uncertainties at the testbed reference planes to a matched 50 €2 load.

e We present expanded uncertainties in the dB scale by a factor of 2 multiplication of standard uncertainties, which
is an overestimate of uncertainty due to non-linearity in log-space.

e We assume uncorrelated uncertainties and perform the conservative uncertainty budget calculations.

A.1 AMT transmitter signal power at the AMT receiver input
Srx = Stx — Spr — ATx, (A.1)

Where Srx denotes the AMT signal power at the plane of the receiver input, S7x is the measured output power of the
AMT transmitter at the face of the transmitter assembly, Spy, the calibrated path loss of the testbed along the signal
path at zero attenuation of the AMT signal-path attenuator, and AT; which is the calibrated value of the AMT signal
path attenuator reported value.
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Table A.1: Power meter measurements at the face of the transmitter assembly. Note: LDPC waveforms were at code
rate of 2/3 and 4096 bits.

Testbed Modulation Data Rate  Signal (dBm)
PCM/FM 1 Mbps -1.6£0.3
Boulder PCM/FM 5 Mbps —-1.6+0.3
PCM/FM 10 Mbps —1.5+0.3
PCM/FM 20 Mbps —1.5+0.3
SOQPSK 1 Mbps —-1.6+£0.3
Boulder SOQPSK 5 Mbps —-1.6+0.3
SOQPSK 10 Mbps —1.6+0.3
SOQPSK 20 Mbps —1.5+0.3
ARTM CPM 5 Mbps —-1.6+0.3
Boulder ARTM CPM 10 Mbps —-1.5+0.3
ARTM CPM 20 Mbps —-1.5+£0.3
PCM/FM 1 Mbps —4.6 +0.3
PCM/FM 5 Mbps —4.6£0.3
Bedford by pem 10Mbps ~ —4.6+£0.3
PCM/FM 20 Mbps —4.6 £0.3
SOQPSK 1 Mbps —4.6 +0.3
Bedford SOQPSK 5 Mbps —4.6 +0.3
SOQPSK 10 Mbps —4.6+0.3
SOQPSK 20 Mbps —4.6 £0.3
ARTM CPM 1 Mbps —4.6 +0.3
Bedford ARTM CPM 5 Mbps —4.6 +0.3
ARTM CPM 10 Mbps —4.6£0.3
ARTM CPM 20 Mbps —4.6+0.3
SOQPSK LDPC 1 Mbps —4.6+0.3
Bedford SOQPSK LDPC 5 Mbps —4.6 +0.3
SOQPSK LDPC 10 Mbps —-4.6 +0.3
SOQPSK LDPC 20 Mbps —4.6 £0.3
STC 1 Mbps —4.9+0.3
Bedford STC 5 Mbps —4.9+0.3
STC 10 Mbps —-4.9+0.3
STC 20 Mbps —4.9+0.3
STC LDPC 1 Mbps —4.9+0.3
Bedford STC LDPC 5 Mbps —4.9+0.3
STC LDPC 10 Mbps —4.9+0.3
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Table A.2: Sources of uncertainty and uncertainty budget for the AMT signal power at the plane of the receiver at the Boulder Test Site.

Classification Factor Probability  Evaluation Designator Uncertainty Correction for Standard
Distribution Type (dB) Distribution Uncertainty (dB)

Instrumentation Power Meter Normal B P1 0.11 0.11
"% Measurement standard deviation Normal A PM1 0.10 0.10
Testbed Network Analyzer Calibration Normal B Tl 0.14 1 0.14
esibe Attenuator Calibration Normal B T2 0.14 1 0.14
Frequency Flatness Normal A T3 0.07 1 0.07
Mismatch & Connector Repeat ~ Normal B T4 0.05 1 0.05

Total Combined standard uncertainty 0.45dB

Expanded uncertainty (k=2) 0.90dB

Table A.3: Sources of uncertainty and uncertainty budget for the AMT signal power at the plane of the receiver at the Bedford Test Site.

Classification Factor Probability  Evaluation Designator Uncertainty Correction for Standard
Distribution Type (dB) Distribution Uncertainty (dB)

Instrumentation Power Meter Normal B P1 0.15 1 0.15
SUMENTALON » 102 surement standard deviation  Normal A PM1 0.07 1 0.07
Testbed Network Analyzer Calibration Normal B T1 0.14 1 0.14
esibe Attenuator Calibration Normal B T2 0.14 1 0.14
Frequency flatness Normal A T3 0.11 1 0.11
Mismatch & Connector Repeat ~ Normal B T4 0.05 1 0.05

Total Combined standard uncertainty 0.49dB

Expanded uncertainty (k=2) 0.98dB

Note, where the Expanded Uncertainty (k=2) for AMT signal power at the receiver is:

2% \/(P1+ PM1)2+ (T1+ T2 + T3 + T4)2

(A2)



A.2 ABE power at the AMT receiver input

ABE power at the plane of the receiver input is defined as the in-band power of the ABE signal. We make use of two
descriptions of power, the peak power and the RMS power. Typical adjacent band power levels are described in terms
of the RMS power internal to the ABE allocation. To make the assessment of the ABE power at the plane of the AMT
receiver input, we characterize the power output of the VSG for the AWGN waveforms with a power meter (ABErx),
and subsequently take into account calibrated gain of the ABE path in the testbed (ABFEpy,), and the corresponding
variable attenuator calibrated value (AT3).

ABEawan|rx = ABErx — ABEpr, — AT, + C, (A.3)

where C' is a correction factor that takes into account the offset between calculated AW GN waveform RMS dB
relative to full scale (ABFS) and power meter measured output power.

Recorded structured waveforms such as the in-situ or lab captured LTE UL waveforms used for playback in this test
were referenced to the calculated dBFS power from scaled versions of their IQ recordings.

ABErx = ABEygrs — ABEp;, — ATy + C (A4)

The final, calibrated ABE power values and uncertainties for the two testbeds are given in Table A.6 and Table A.7.
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Table A.4: Sources of uncertainty and uncertainty budget for the ABE power at the plane of the receiver at the Boulder Test Site.

Classification Factor Probability  Evaluation Designator Uncertainty Correction for Standard
Distribution Type (dB) Distribution Uncertainty (dB)
VSG Level Error Normal B V1 0.25 1 0.25
VSG IQ Level Error Normal B V2 0.15 1 0.15
Instrumentation or
Power Meter Normal B P1 0.11 1 0.11
Measurements standard deviation ~ Normal A PM2 0.08 1 0.08
Testbed Network Analyzer Calibration Normal B T1 0.14 1 0.14
s Attenuator Calibration Normal B T2 0.14 1 0.14
Frequency flatness Normal A T3 0.07 1 0.07
Mismatch & Connector Repeat Normal B T4 0.05 1 0.05
Totall Combined standard uncertainty 0.44dB
AWGN Expanded uncertainty (k=2) 0.89dB
Totall Combined standard uncertainty 0.57dB
LTE Expanded uncertainty (k=2) 1.13dB

and for the structured 1Q waveforms it is:

Note, where the Expanded Uncertainty (k=2) for ABE power at the plane of the receiver of AWGN waveforms is,

2% \/(P1+ PM2)2+ (T1 + T2+ T3+ T4)2

2%/ (V1+V2)2 + (T1+ T2+ T3+ T4)2

(A.5)

(A.6)
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Table A.5: Sources of uncertainty and uncertainty budget for the ABE power at the plane of the receiver at the Bedford Test Site.

Classification Factor Probability  Evaluation Designator Uncertainty Correction for Standard
Distribution Type (dB) Distribution Uncertainty
VSG Level Error Normal B Vi 0.40 1 0.40
Instrumentation or
Power Meter Normal B P1 0.15 1 0.15
Measurements standard deviation =~ Normal A PM2 0.11 1 0.11
Testbed Network Analyzer Calibration Normal B T1 0.14 1 0.14
esie Attenuator Calibration Normal B T2 0.14 1 0.14
Frequency flatness Normal A T3 0.11 1 0.07
Mismatch & Connector Repeat Normal B T4 0.05 1 0.05
Totall Combined standard uncertainty 0.51
AWGN Expanded uncertainty (k=2) 1.02dB
Totall Combined standard uncertainty 0.59dB
LTE Expanded uncertainty (k=2) 1.19dB

Table A.6: ABE Power level table, Main Experiment campaign conducted at the MITRE Bedford, MA testbed and NASCTN Boulder, CO testbed.

MITRE Bedford, MA NASCTN Boulder, CO
Waveform Name Average Power Peak Power Average Power Peak Power
AWGN 20 MHz -75.8dBm +1.0dB N/A -75.6dBm +0.9dB N/A
AWGN 18 MHz -76.4dBm +1.0dB N/A -76.1dBm +0.9dB N/A
AWGN 16.5 MHz -76.8dBm +1.0dB N/A -76.5dBm +0.9dB N/A

Single-UE Full 100 RB (EAFB, 20 MHz Filter)
Single-UE Lower 92 RB (EAFB, 20 MHz Filter)

-69.9dBm +1.2dB
-72.8dBm +1.2dB

-61.8dBm +1.2dB
-62.3dBm +1.2dB

-69.6dBm +1.1dB
-72.6dBm +1.1dB

-61.6dBm +1.1dB
-62.0dBm +1.1dB

Multi-UE Az-76° 100RB (EAFB, 20 MHz Filter)

Multi-UE Az-198° 100 RB (EAFB, 20 MHz Filter)
Multi-UE Az-140° 100 RB (LARC, 20 MHz Filter)
Mult-UE Az-165° 100 RB (LARC, 20 MHz Filter)

-84.6dBm +1.2dB
-86.5dBm +1.2dB
-80.3dBm +1.2dB
-78.9dBm +1.2dB

-62.1dBm +1.2dB
-62.1dBm +1.2dB
-62.1dBm +1.2dB
-62.1dBm +1.2dB

-84.4dBm +1.1dB
-86.3dBm +1.1dB
-80.0dBm +1.1dB
-78.6dBm +1.1dB

-61.8dBm +1.1dB
-61.8dBm +1.1dB
-61.8dBm +1.1dB
-61.8dBm +1.1dB
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Table A.7: ABE Power level table, for the Frequency Offset Experiment conducted at the MITRE Bedford, MA testbed and NASCTN Boulder, CO testbed.

MITRE Bedford, MA NASCTN Boulder, CO
Waveform Name Average Power Peak Power Average Power Peak Power
AWGN 20 MHz -59.6dBm +1.0dB N/A -60.0dBm +0.8 dB N/A

Single-UE Full 100 RB (EAFB, 20 MHz Filter)
Single-UE Lower 92 RB (EAFB, 20 MHz Filter)
Single-UE Full 100 RB (EAFB, 37 MHz Filter)
Single-UE Lower 92 RB (EAFB, 37 MHz Filter)

-60.5dBm +1.2dB
-63.5dBm +1.2dB
-60.5dBm +1.2dB
-63.4dBm +1.2dB

-52.2dBm +£1.2dB
-52.7dBm £1.2dB
-52.4dBm +1.2dB
-52.8dBm +1.2dB

-60.5dBm +1.1dB
-63.5dBm +1.1dB
-60.5dBm +1.1dB
-63.5dBm +1.1dB

-52.2dBm +1.1dB
-52.7dBm +1.1dB
-52.4dBm *+1.1dB
-52.8dBm *+1.1dB

Multi-UE Az-76° 100 RB (EAFB, 37 MHz Filter)
Multi-UE Az-198° 100 RB (EAFB, 37 MHz Filter)

-70.6dBm +1.2dB
-82.5dBm +1.2dB

-48.0dBm +1.2dB
-53.9dBm +1.2dB

-70.5dBm +1.1dB
-82.3dBm +1.1dB

-47.9dBm +1.1dB
-53.8dBm +1.1dB

Single-UE Full 100 RB (Lab, 49 MHz Filter)
Single-UE Lower 90 RB (Lab, 49 MHz Filter)
Single-UE Full 25 RB (Lab, 49 MHz Filter)

-66.0dBm +1.2dB
-65.4dBm +1.2dB
-70.7dBm +1.2dB

-52.9dBm +£1.2dB
-52.9dBm +£1.2dB
-52.9dBm +£1.2dB

-65.4dBm +1.1dB
-64.8dBm +1.1dB
-70.0dBm +1.1dB

-52.3dBm +1.1dB
-52.3dBm +1.1dB
-52.2dBm +1.1dB




A.3 Noise at the AMT receiver input

We define here the derivation for the noise due to the test noise diode at the input connector of the RX. Lowercase
symbols denote power-scaled quantities in linear units, whereas upper case symbols denote units in decibel.

The noise calibration procedure is referenced against a calibrated noise diode. In the first step, this reference noise
diode is attached to the input connector of the VSA. This test configuration makes the noise power available to the
instrument equal to

nysali = ketpb + kgtab, (A7)

where tp is the excess noise temperature of the reference noise diode, ¢, is the ambient physical temperature of the
measurement apparatus, kg ~ 1.38 x 103> mW/Hz/K is Boltzmann’s constant, and b is the bandwidth of interest.

The excess noise temperature of the reference diode can be determined from the excess noise ratio (ENR) specified by
its manufacturer. This is specified in decibels relative to a reference temperature, which is conventionally ¢y = 290K
(271,

t
ENR = 10log, (tD) . (A.8)
0
This, together with effective diode noise temperature defined as,
_ ta ENR/10 | _ la
tpe = to + 10 =ty + enr (A9)
to tO
simplifies (A.7) to
nysal1 = kstpeb. (A.10)

The second measurement of the calibration procedure adjusts the attenuation of the testbed noise path to match the
VSA power reading to that of the reference diode. These readings include different external noise conditions, but the
same gain and added noise characteristics of the VSA. At this balance point, the power gain between the testbed and
the VSA is defined as g..

The noise output by the testbed is a lossy microwave network driven by a noise source. The fraction of incident power
lost to dissipative heat in the lossy network is [. The output noise power n, is then

now = (1 — ) kptsb + lkpt,b, (A.11)
where tg is the temperature of the noise source inside the testbed.
In this second calibration measurement, g. = 1 — [, and tg — tp is the noise temperature of the source inside the

testbed. Hence, we find that

n = g.kptTb + (1 — g.)kptyb
VSA|2 gcRBUlT ( Q)B (A12)

The noise calibration measurement procedure balances the VSA input noise levels as
nysalz = nvsali. (A.13)
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The output noise temperature of the testbed is therefore

gckBth + (1 - gc)kBtab = kBtDeba

getr + (1 = ge)ta = tpe, (A.14)
1
tr = — (tpe — (1 — ge)ta) -
Substituting A.9 into A.14 yields

1 ta

tr = — ((t + enr) to— (1 - gc)ta) ,
9e 0 (A.15)

enr
tr =t, + 1o

c

To estimate the noise at the input connector of the receiver under test at an arbitrary testbed insertion loss I, we
combine A.15, A.11, and gr = (1 — I7) to arrive at:

Npro = (1 —lp)kptrb + lrkptab

enr

Ng, = grks (ta +to ) b+ (1= gr)kstab (A.16)

(6]

t
Ngz = kptob (a + gTenr) .
to Je

Performing the measurement in a controlled indoor laboratory sets ¢, /to = 1. Since 9T enr > 1, then at standardized
(&
to = 290 K, there is a negligibly small error in estimating N g, in decibel units as:

Ngg ~ —174.0dBm/Hz + ENR + Gp — G.. (A.17)

We decompose the gain through the testbed path, G, into a fixed minimum path loss (PL) at 0 dB variable attenuation
and added variable attenuation, with calibrated value Ar, so that Gy = —(PL + Ar). At the calibrated variable
attenuation A7 — A, that balances the testbed output noise and the reference diode, the total testbed gain is G, =
—(PL + A,.). In these terms, A.17 reduces further to

Np; =~ —174.0dBm/Hz + ENR + G — G,

(A.18)
Npe ~ —174.0dBm/Hz + ENR — PL — A — G..

Specifically for the Boulder testbed we can fill in the values in A.18 with

e the ENR of the reference diode is 14.7dB ,
e unattenuated path loss was measured as PL = 29.0dB,
e the gain at the calibration point measured G, = —68.7 dB.
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The itemized standard uncertainty components are tabulated in A.8.

Nra|pouder = —174 dBm/Hz + B — Ap + 14.7 dB — 29.0 dB + 68.7dB
Nra|pouder = —119.6 dBm/Hz + B — Ar (A.19)
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Table A.8: Sources of uncertainty and uncertainty budget for applied incident noise power at the plane of the receiver at the Boulder Test Site.

Classification ~ Factor Probability  Evaluation Designator Uncertainty Correction for Standard
Distribution Type (dB) Distribution Uncertainty (dB)
Instrumentation VSA measurement standard deviation (STD) Normal A VSAl 0.14 1 0.14
" 1O Reference noise diode ENR Normal B ENR1 0.15 1 0.15
Network analyzer measurement Normal B Tl 0.14 1 0.14
Testbed Attenuator calibration Normal B T2 0.14 1 0.14
Frequency flatness Normal A T3 0.07 1 0.07
Mismatch & Connector Repeat Normal B T4 0.05 1 0.05
Noise diode Level offset (A.) Normal A T5 0.35 1 0.35
calibration Network analyzer measurement Normal B T1 0.14 1 0.14
Environmental Temperature Normal B El 0.08 1 0.08
Total Combined standard uncertainty 0.92dB
Expanded uncertainty (k=2) 1.83dB
The expanded uncertainty is calculated as follows:
2%/VSAI2Z+ ENR12 + (2« T1 4+ T2+ T3 + T4+ T5)? + F12 (A.20)



A.4 Uncertainty for ratio quantities
A4.1 Eb/No

The expanded uncertainty for Ej, /Ny calculations in the case of applied excess noise in the measurement system,
where the excess noise is an experimental factor:

2%\/(P1+PM1)2+ VSAI2 + ENRIZ+ (3% T1+2%T2+2+T3+2+TA+T5)2 + E12  (A21)

In the case that E;, /Ny calculations are performed without added excess noise, the expanded uncertainty reduces to

2% \/(P1+PM1)2 + (T1+ T2+ T3+ T4)? + F12 (A.22)

A4.2 S/ABE

The signal power here is defined as the AMT Power at the plane of the receiver (Sgyss) and the ABE is defined as
either ABE awgn or ABE g, where the various uncertainty factors are respective to the testbeds and waveform
types.

The expanded uncertainty for the SABE is derived below.

S/ABE| 1 = 2%/ (P1+ PM1)2 + (VSG1 + VSG2)2 + (2% T1+ 2% T2+ 2+ T3+ 2% T4)2 (A.23)
S/ABE|awen = 2% /(2% P1+ PM1+ PM2)2 + (2+T1+2+ T2+ 2+ T3+ 2+ T4)? (A.24)

A.5 Summary of Uncertainty Values

Table A.9: Summary of expanded uncertainty values for the various test conditions referenced to the N-type RF input
connector of the AMT receiver

Testbed | AMT Signal Power at RX | ABE Signal Power at Rx | SABE at RX

Location | Uncert. (dB) ABE Type Uncert. (dB) | Uncert. (dB)
AWGN +1.02 +2.00

Bedford | £0.98 LTE +£1.19 +£1.98
AWGN +0.89 +1.79

Boulder | +0.90 LTE +1.13 +1.84

Table A.10: Summary of expanded uncertainty values for the various test conditions referenced to the N-type RF input
connector of the AMT receiver

Testbed EbNO at RX
Location | Applied Noise Uncert. (dB)
Bedford | No +0.91
Boulder | No +0.83

Yes +2.65
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Appendix B

Individual Test Plots for Main Experiment

PCM/FM 1 Mbps No ABE

o ©o o o
-108 -106 -104 -102 -100 -98 -96
AMT RX Power (dBm)

O Testl

Test 2 l

PCM/FM 1 Mbps AWGN 18 MHz

(ABE RMS Power = -76.4 = 0.9 dBm

T T T T T
—108 -106 —104 -102 —100

-98
AMT RX Power (dBm)
O Testl

Test 2 |

BER

BER

PCM/FM 1 Mbps AWGN 16.5 MHz

2]
10 [ABE RMS Power = -76.8 + 0.9 dBm |
1073 4
1074 4
10—5 i SEGE SN IS NI, VIS I TR mRe —~,
1076 4
107 e N

-8 J
10 =

V4 el le] a

-108 -106 -104 -102 -100 -98 -96
AMT RX Power (dBm)
o Testl Test 2 ]
PCM/FM 1 Mbps AWGN 20 MHz
10—2 4
(ABE RMS Power = -75.8 = 0.9 dBm|

1073 4
1074 4
105 e N\
1070 4
1077 === — A e
10—8 4

o o
T T T T T T
-98 -96 —-94 -92 -90 —88
AMT RX Power (dBm)

O Testl

Test 2 |

Figure B.1: Main Experiment configurations of PCM/FM 1 Mbps with No ABE and AWGN ABE.
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Figure B.4: Main Experiment configurations of PCM/FM 5 Mbps with single-UE and multi-UE LTE ABE.
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Figure B.5: Main Experiment configurations of PCM/FM 10 Mbps with No ABE and AWGN ABE.
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Figure B.7: Main Experiment configurations of SOQPSK 1 Mbps with No ABE and AWGN ABE.
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Figure B.8: Main Experiment configurations of SOQPSK 1 Mbps with single-UE and multi-UE LTE ABE.
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Figure B.9: Main Experiment configurations of SOQPSK 5 Mbps with No ABE and AWGN ABE.
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Figure B.10: Main Experiment configurations of SOQPSK 5 Mbps with single-UE and multi-UE LTE ABE.
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Figure B.11: Main Experiment configurations of SOQPSK 10 Mbps with No ABE and AWGN ABE.
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Figure B.12: Main Experiment configurations of SOQPSK 10 Mbps with single-UE and multi-UE LTE ABE.
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Figure B.13: Main Experiment configurations of SOQPSK 20 Mbps with No ABE and AWGN ABE.
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Figure B.14: Main Experiment configurations of SOQPSK 20 Mbps with single-UE and multi-UE LTE ABE.
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Figure B.15: Main Experiment configurations of SOQPSK-forward error correction (SOQPSK-FEC) 1 Mbps with No

ABE and AWGN ABE.
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Figure B.16: Main Experiment configurations of SOQPSK-FEC 1 Mbps with single-UE and multi-UE LTE ABE.
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Figure B.17: Main Experiment configurations of SOQPSK-FEC 5 Mbps with No ABE and AWGN ABE.
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Figure B.18: Main Experiment configurations of SOQPSK-FEC 5 Mbps with single-UE and multi-UE LTE ABE.
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Figure B.19: Main Experiment configurations of SOQPSK-FEC 10 Mbps with No ABE and AWGN ABE.
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Figure B.20: Main Experiment configurations of SOQPSK-FEC 10 Mbps with single-UE and multi-UE LTE ABE.
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Figure B.21: Main Experiment configurations of SOQPSK-FEC 20 Mbps with No ABE and AWGN ABE.
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Figure B.22: Main Experiment configurations of SOQPSK-FEC 20 Mbps with single-UE and multi-UE LTE ABE.
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Figure B.23: Main Experiment configurations of ARTM CPM 5 Mbps with No ABE and AWGN ABE.
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Figure B.24: Main Experiment configurations of ARTM CPM 5 Mbps with single-UE and multi-UE LTE ABE.
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Figure B.25: Main Experiment configurations of ARTM CPM 10 Mbps with No ABE and AWGN ABE.
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Figure B.26: Main Experiment configurations of ARTM CPM 10 Mbps with single-UE and multi-UE LTE ABE.
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Figure B.27: Main Experiment configurations of ARTM CPM 20 Mbps with No ABE and AWGN ABE.
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Figure B.28: Main Experiment configurations of ARTM CPM 20 Mbps with single-UE and multi-UE LTE ABE.
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Appendix C

Results for Side Experiment C: Excess Noise

Study

This appendix presents results for side experiment C, the excess noise study. Only results for the five priority configu-

rations are given here; see Table 2.9.
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Figure C.1: BER vs AMT RX power and BER* vs N, Effective for all Noise types: PCM/FM 1 Mbps. The region
BER < 1077 is shaded in the left plot to indicate high relative uncertainty.
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Figure C.2: BER vs AMT RX power and BER* vs N, Effective for all Noise types: PCM/FM 5 Mbps. The region
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Appendix D

Receiver-Reported Eb/No Scatterplots

In this appendix, we present scatterplots of receiver-reported Ej /N for the priority main experiment configurations
collected in Bedford; see Table 2.4. We include these plots to demonstrate that receiver-reported Ej,/Ny is not a
reliable indicator of BER performance in the presence of ABE. Since E}/Nj is a ratio of in-band quantities, this
observation is expected.

In each figure, the points in the time-series for reported Fj, /Ny are plotted versus AMT signal power. To convey
the uncertainty in the AMT signal power at the input to the receiver, the x-axis coordinate is drawn from a normal
distribution with mean equal to the calibrated value and standard deviation equal to 0.43 dB, the testbed uncertainty
given in Table A.3. The median RX-reported E} /Ny for each test condition is denoted with a black circle, and the
medians are connected with lines that are the same color as the point clouds for each ABE type.

From these plots, it can be seen that many ABE types yield RX-reported Ej, /Ny responses that are inconsistent with
BER impact relative to the no-ABE case. For example, in Figure D.3 for SOQPSK 5 Mbps, the AWGN 18 MHz
case indicates a large impact, with negative reported E}, /N, following a nonlinear response versus AMT power. By
contrast, Figure 5.3, which presents the BER response for this condition, shows that AWGN 18 MHz has only a small
relative impact that is uniform with AMT power.
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Appendix E

BER vs Eb/No in the Baseline no-ABE Case

Plots of BER versus F} /Ny are a traditional way to assess receiver performance. Here, we present such plots for the
baseline no-ABE condition in the main experiment as a check on system performance.

For an ideal receiver in an AWGN channel, there is a well-understood theoretical relationship between BER and
Ey, /Ny for many commonly-used modulation schemes. Namely, for quadrature-phase shift keying (QPSK) [24, 25],

_ L) _ 1 [ Eb
BER_Q< 2NO>_2erfc< No>’ (E.1)

where Q(-) is the complementary cumulative distribution function (CDF) of the standard normal distribution, and
erfc(+) is the complementary error function. As noted by Simon [28], the above relationship also holds for offset
quadrature-phase shift keying (OQPSK), a close relative of SOQPSK. For PCM/FM, a similar optimal result given by

Punnoose [29] is
4.86 E 1 Ey
BER = — — | = —erfi 1.22— | . E.2
Q(\/ 2 N0> 2er°< NO> E2)

Below, for the priority configurations in the main experiment, BER is plotted against E}, /Ny at the input to the receiver
and the receiver-reported Fj,/Ny. For PCM/FM and SOQPSK cases, the ideal theoretical curves given above are
also plotted for reference. In linear units, F} /Ny at the input to the receiver is calculated by dividing the AMT
signal power at the plane of the receiver by the bit-rate to get £, and then dividing by the thermal noise floor,

Ny = —174.0 dBm/Hz.

In addition, each figure contains a plot comparing median receiver-reported E; /Ny to E}, /Ny at the receiver input.
Since receiver-reported Ej, /Ny is estimated at an unknown plane inside the receiver, we expect these values to be
approximately offset by the noise figure of the receiver.
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Figure E.2: BER vs. RX-Reported E}, /Ny and Ej, /Ny at RX-Input: PCM/FM 5 Mbps with No ABE
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Figure E.3: BER vs. RX-Reported E}, /Ny and Ejp, /Ny at RX-Input: SOQPSK 5 Mbps with No ABE
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Figure E.4: BER vs. RX-Reported E}, /Ny and Ej,/Ny at RX-Input: SOQPSK 10 Mbps with No ABE
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Figure E.6: BER vs. RX-Reported E}, /Ny and Ej, /Ny at RX-Input: SOQPSK-FEC 10 Mbps with No ABE
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Appendix F

AMT Receiver Noise Figure

The noise figure (NF) of the receiver under test characterizes the reduction in Ej,/Nj attributable to thermal noise in
the receiver. This is an auxiliary parameter needed to model separable sources of noise in the receiver.

The NF approximation given by the the linear regression offset on (Figs. E.1 — E.7) is an effective way to correct for
the physical differences between the Ej, /N input conditions and RX-reported E;/Ny. A physical NF measurement
helps to ensure that (a) any differences in the receiver paths that produce the RX-reported Ej /Ny compared to the
symbol decoding process are included, and (b) errors from any bias or non-linearity in the RX-reported Ej; /Ny are
mitigated. The measurement also serves as a verification of the NF specification given by the receiver manufacturer.

Receiver response data like BER or RX-reported Ej, /Ny with possibly non-linear and/or biased response to input
Ey /Ny are supported by a new NF measurement technique that was recently developed at NIST. We follow this
procedure, which is specified in [30]. The approach is to assess any SNR-dependent receiver output across randomized
levels of both incident AMT signal and incident excess noise calibrated at the receiver input. A post-analysis regression
identifies the additive noise power that aligns the receiver output with and without excess noise. The regression result is
determined relative to the calibrated levels of excess noise, and can therefore be traceable to physical noise standards.
The NF measurement result can be thought of as the equivalent incident AWGN required to reproduce all additive
noise inside the receiver.

The NF measurement results are given by Table F.1. The AMT signaling conditions tested are PCM/FM 1 Mbps
and SOQPSK 10 Mbps, in order to cover the bandwidth extrema of the principal AMT modulation schemes under test.
Measurements are shown based on separate analysis of the same data in based on perturbing (a) the BER measurement
result that is the main subject of this report as well as (b) the RX-reported Ej,/Ny. These are both valid data sources
for blind NF measurement, because we expect these outputs to respond as functions of SNR. In order to maximize the
sensitivity of the measurement, only the subset of data at which BER < 10~ were used.

The given intervals validate the measurement by overlapping across all tested conditions RX outputs. The 0.4 dB half-
widths are dominated by the reference noise diode calibration. This dominant uncertainty is caused by interpolating
between calibration data provided at 1 GHz and 2 GHz frequency points. It is unclear whether the NF interval specified
by the manufacturer also includes measurement uncertainty. However, a degree of cross-validation was achieved here,
since the uncertainty intervals of all measurements overlapped with specification except the near-miss with SOQPSK
10 Mbps BER.

Table F.1: AMT Receiver Noise Figure

Measured Noise Figure (dB) Specified Noise Figure (dB)
AMT Signaling From BER  From RX-reported Ey, /Ny By manufacturer
PCM/FM 1 Mbps  3.4+04 34+04 3.5t05
SOQPSK 10 Mbps 2.9+ 0.4 3.3+04 3.5t05
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Appendix G

Test Run Parameters and Key Performance Indicators

The measurement campaign acquired and paired data outputs from the units within the testbed as outlined in Section 3.7.3. The following table outlines the
numerous test run parameters and AMT KPIs that are compiled in our data product.

Table G.1: List of Test Run parameters and AMT KPIs as reported in the test summary files

Class Source Field Name Description Additional Notes
Test Run Exp. Design wp id Whole-plot identifier Specifies experimental configuration
Test Run Exp. Design Repeat Number Repeat number
Test Run Exp. Design Test Number Test execution order number
Test Run Testbed Test Start Test start time
Test Run Testbed Test End Test end time
Test Run AMT RX amtrx bitrate AMT RX-reported bit rate (Mbps)
Test Run AMT RX amtrx mode AMT RX-reported modulation type
Test Run VSG abe waveform Adjacent band emission waveform type
KPI Test Analysis | abe peak power Ajdacent band emission waveform peak
power at Rx-input (dBm)
KPI Test Analysis | abe RMS power Ajdacent band emission waveform RMS
power at Rx-input (dBm)
Test Run VSG abe frequency Set adjacent band emission waveform cen-
ter frequency (Hz)
Test Run Testbed amt attenuation AMT Signal Attenuation (dB) Testbed attenuator value for AMT signal.
Does not include calibrated pathloss.
Test Run Testbed abe attenuation ABE Signal Attenuation (dB) Testbed attenuator value for ABE. Does
not include calibrated pathloss.
Test Run Test Analysis | rx power AMT Signal power at the receiver input | Estimated from testbed calibration mea-

(dBm)

surements.

Continued on next page
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— continued from previous page

Class Source Field Name Description Additional Notes
KPI AMT RX amtrx Bits AMT bits received Cumulative sum of bits received by AMT
reciever
KPI AMT RX amtrx Errors AMT bit errors Cumulative sum of errors received by
AMT reciever
KPI Test Analysis | estimated BER Estimated Bit error rate (BER) Calculated as bit errors divided by bits
KPI Test Analysis | Eb Calculated energy per bit at the receiver in- | Calculated as AMT signal power (rx
put power) divided by bit rate (amtrx bitrate)
Test Run Testbed noise diode Noise Diode on status (True/False)
Test Run AMT RX amtrx frequency Frequency of AMT RX component
KPI AMT RX amtrx FPGATemp Temperature of AMT RX FPGA
KPI AMT RX amtrx DemodTemp Temperature of AMT RX Demodulator
KPI AMT RX amtrx InputdBm Receiver estimated Incident Power
KPI AMT RX amtrx AttendB Internal Attenuator
KPI AMT RX amtrx BulkAttenuation Internal Combined Attenuation
KPI AMT RX amtrx SignaldBm Receiver estimated demod signal power
(dBm)
KPI AMT RX amtrx AdjusteddBm Attenuator adjusted signal level
KPI AMT RX amtrx EbNOdB Receiver estimated Eb/NO (dB)
KPI AMT RX amtrx SatCount Saturation Count
KPI AMT RX amtrx DSPSNR Digital Signal Processor SNR
KPI AMT RX amtrx AGCSNR Automatic Gain Control SNR
KPI AMT RX amtrx AFCDetectOffKhz Automatic Frequency Control offset in
kHz
KPI AMT RX amtrx AFCMode Automatic Frequency Control mode Off, Hold, Track, or Acquire
KPI AMT RX amtrx AFCCompensatekHz | The AFC compensation applied
KPI AMT RX amtrx AGCEntZero Automatic Gain Control Entered zero
KPI AMT RX amtrx AGCIntZero Automatic Gain Control internal zero
KPI AMT RX amtrx BitrateMbps Receiver estimated Bitrate of the AMT link
KPI AMT RX amtrx Lock Boolean if AMT RX met the lock require-
ment
KPI AMT RX amtrx Enabled Boolean if Bit Error Rate Test is enabled
KPI AMT RX amtrx Running Bit indicates that the test is currently run-

ning

Continued on next page
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— continued from previous page

Class Source Field Name Description Additional Notes

KPI AMT RX amtrx Restart Boolean if BER Test restarted in a given
test

KPI AMT RX amtrx Inverted Bit Inversion

KPI AMT RX amtrx Resync BER Test resync’d in this interval

KPI AMT RX amtrx Sync-Loss Sync-Loss reported in this interval

KPI AMT RX amtrx Delta-Errors AMT RX change in errors between last
two rx reports

KPI AMT RX amtrx Error-Seconds Count of AMT RX error-seconds

KPI AMT RX amtrx SDIInt Signal degradation information internal
threshold

KPI AMT RX amtrx SDIExt Signal degradation information external
threshold

KPI AMT RX amtrx SDILock SDI Lock active/inactive

KPI AMT RX amtrx DQDatapathBits BEP bit count for this interval for the data-
path

KPI AMT RX amtrx DQDatapathErrors BEP error count for this interval for the
datapath

KPI AMT RX amtrx DQDecodeBits BEP bit count for this interval for the de-
coder

KPI AMT RX amtrx DQDecodeErrors BEP error count for this interval for the de-
coder

KPI AMT RX amtrx DQOutputBits BEP bit count for this interval for the out-
put

KPI AMT RX amtrx DQOutputErrors BEP error count for this interval for the
output

KPI AMT RX amtrx PCMLock "PCM Framing lock state O=unlocked, 1=locked" Only applies to

PCM/FM mode

KPI AMT RX amtrx FEDOffsetkHz The frequency loop offset in kHz

KPI AMT RX amtrx AvgTRL Receiver Calculated Average Trellis Run
Length

Test Run AMT TX amttx data pattern Set point internal data pattern

Test Run AMT TX amttx bitrate AMT TX bitrate

Test Run AMT TX amttx mode AMT TX modulation type

Continued on next page
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— continued from previous page

Class Source Field Name Description Additional Notes
Test Run AMT TX amttx frequency Frequency of AMT TX component
Test Run AMT TX amttx output power Output power set point of amttx
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