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EXECUTIVE SUMMARY

BACKGROUND

The study described in this report was undertaken by the Nationa Telecommunications and
Information Adminigtration (NTIA) in response to a Federd Communications Commission (FCC)
Notice of Proposed Rule Making (NPRM) concerning the operation of anew class of spectrum-
dependent devices, designated as ultrawideband (UWB) devices under the FCC' s rules and regulations
in Part 15 of Title 47 of the Code of Federa Regulations (CFR). This NPRM raises a number of
questions and concerns regarding the electromagnetic compatibility (EMC) of the proposed UWB
transmitting devices to those spectrum-dependent systems currently in operation. The NTIA, asthe
Executive Branch agency principaly responsble for developing and articulating domestic and
internationa telecommunications policy affecting Federd Government spectrum users, is particularly
interested in the potentid for interference to teecommunications infrastructure utilizing Federd
Government spectrum for critica and/or safety-of-life functions, many of which operate in spectrum
designated asthe “restricted frequency bands.” These frequency bands have been designated as
restricted because the systems operating in them provide criticd safety functions. Before NTIA can
agree to emissons from UWB devicesin redtricted frequency bands used by critica Federa
Government radiocommunication systems, it must ensure thet there is no potentid interference
introduced from their proposed operations. The Globa Positioning System (GPS) is an example of a
critica radionavigation system that operatesin severd of the restricted frequency bands.

In recognition of the need to ensure protection of an existing spectrum asset as important as
GPS, NTIA accepted funding from the Interagency GPS Executive Board (IGEB) and the Federa
Aviation Adminigtration (FAA) to conduct an assessment of the EMC between proposed UWB
devices' and GPS receivers.

OBJECTIVE

The primary objective of this sudy is to define maximum alowable UWB equivaent
isotropicaly radiated power (EIRP)? levelsthat can be tolerated by GPS receivers, when used within
various operational applications, without causing degradation to GPS operations. These EIRP levels

1 The UWB emissions considered in this report are limited to those using a burst of a series of impulse-like
signals. However, there are several ways of defining UWB signals, one being an emission that has an instantaneous
bandwidth of at least 25% of the center frequency of the device. There are also several ways of generating very
wide signals, including the use of spread spectrum and frequency hopping techniques.

2 The computation of EIRP isinterms of the average power of the UWB signal for all cases considered in
thisreport. Thisaverage power isbased on root-mean-square (RMS) voltage.



will then be compared to the emisson levels derived from the limits pecified for intentiond radiatorsin
CF.R, Title 47, Part 15.209 to assess the applicability of the Part 15 limitsto UWB devices?

GPSSYSTEM DESCRIPTION

The GPSis a gpace-based radionavigation satellite system providing precise position, velocity,
and time information on a continuous, worldwide basis. The GPS space segment conssts of a 24-
satellite congtelation with the satellites digtributed in six orbital planes a an gpproximate atitude of
20,000 km. With the current configuration of the GPS congtdllation, there are typicaly from 6 tol1
satellites smultaneoudy visible from any point on the surface of the Earth. However, within a
metropolitan area, the number of visible satdlites is often reduced due to blockage from buildings or
other man-made structures. GPS satellites currently transmit a spread spectrum signd using amultiple
access cgpability known as code divison multiple access (CDMA) on two microwave frequencies:
Link 1 (L1) on 1575.42 MHz, and Link 2 (L2) on 1227.60 MHz. A civil coarse/acquisition (C/A)
code and a quadrature-phase precision (P) code are multiplexed on the GPS L1 frequency while only
the P-code is modulated on the L2 carrier. The C/A signa supports the standard positioning service
and the P signa supports the precise positioning service.

A modernization effort is currently ongoing that will add two new civil Sgnasto the GPS
sysem. A C/A-like signal has been proposed for addition on L2, and anew signa structure has been
defined for broadcast in arecently alocated Radionavigation-Satdllite Service frequency band (1164-
1188 MHz) and will be designated Link 5 (L5).

GPSAPPLICATIONS

GPS will become the cornerstone for air navigation for al phases of flight (en-route, precison
and non-precision gpproach) and is the preferred navigation system for maritime operations. In order
to meet the exacting standards required from a safety-of-life system, the U.S. Government has either
developed, or is developing augmentations to the basic GPS system for aviation, maritime, and land
use. The Wide Area Augmentation System (WAAS) and the Loca Area Augmentation System
(LAAS) are under development to enhance aviation uses of GPS. Differentid GPS (DGPS) has been
fielded to augment GPS to meet maritime harbor and harbor approach requirements, and for usein
intercoastd and inland waterways. GPSis aso fast becoming an integra component of position
determination gpplications such as Enhanced-911 (E-911) and persona location and medica tracking
devices. The telecommunications, banking, and power distribution industries represent another sector
that uses GPS for network synchronization timing. Moreover, GPS has proven to be a powerful
enabling technology that has driven the creation of many new industries. GPS aso provides the U.S.
military and its alies with pogitioning, navigation, and timing capabilities that are critical to peacetime
and wartime nationd and globa security operations.

3 The existi ng Part 15 measurement procedure uses an average logarithm detector process and is not
equivalent to measurements using an RM S detector process.
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APPROACH

A two-part approach congisting of both a measurement and an analysi's component was
adopted for this assessment. NTIA’s Indtitute for Telecommunication Sciences (ITS) measured the
interference susceptibility of various GPS receiver architecturesto a set of UWB waveforms. Utilizing
the measured GPS receiver interference susceptibility levels, analyses were performed by the NTIA
Office of Spectrum Management (OSM) for various operationa scenarios to determine the maximum
alowable UWB EIRP levd that can be tolerated by GPS receivers before performance degradation is
redized.

M easur ement Component

A measurement plan was developed to guide the measurement component of thisstudy. In this
plan, the performance criteriato be used to assess a performance degradation to the GPS recelvers
under measurement were established, alist of candidate GPS receivers to be measured was defined,
and the UWB dgnd structures to be consdered were identified. A set of proceduresto beused in
performing the measurements was adso developed. The plan was published in the Federa Regigter and
public comment was solicited. Comments were received from seven parties. Each set of comments
was considered and detailed responses provided. When deemed appropriate, the information
contained in the received comments was incorporated into the plan.

GPS Receivers Selected for Testing. Since GPS recaivers are used in many applications,
NTIA decided that rather than attempt to measure across the space of GPS agpplications, this study
would instead attempt to measure across the space of GPS recelver architectures. One receiver from
each of three basic GPS recelver architectures was identified for incluson in the measurements. The
receiver architectures represented are: C/A-code tracking receivers (which make up asignificant share
of the civil GPS receiversin use today), semi-codeless receivers (used in low-dynamic gpplications
requiring high precison), and C/A-code tracking receivers employing multiple, narrowly-spaced
correlators to enhance accuracy and mitigate the effects of multipath. These three GPS receiver
architectures encompass mog, if not al, of the existing GPS gpplications.* In order to address
particular concerns related to the aviation use of GPS, a Technical Standard Order (TSO)-C129a
compliant aviation receiver (currently used in en-route and non-precision gpproach gpplications) was
aso included as a part of this measurement effort.”

4 This effort did not consider the potential impact of UWB operations to military GPS receivers.
5 Due to unantici pated delays in the execution of the measurement component of this study, the measured
datafor the narrowly-spaced GPS correl ator receiver architecture and the TSO-C129a-compliant receiver were not

included in thisreport. Thisdatawill be provided as an addendum to this report as it becomes available.
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UWB Signals Examined. NTIA identified 32 UWB sgnd permutations for examination with
respect to their interference potentia to GPS receivers. These Sgnd permutations were judged to be
representative of those expected to be used in UWB applications. For each of four pulse repetition
frequencies (PRFs);100 kHz, 1 MHz, 5 MHz, and 20 MHz, eight distinct UWB waveforms were
generated by combining four modulation types (constant PRF, On-Off Keying (OOK), 2% relative
dither, and 50% &absolute dither) and two states of gating (100% and 20%). The PRF definesthe
number of pulses transmitted per unit time (one second). The PRF governs both the magnitude and
gpacing of the spectrd lines, and the percentage of time that pulses are present. Gating refersto the
process of distributing pulsesin bursts by employing a programmed set of periods where the UWB
transmitter is turned on or off for a period of pulses. For the measurements performed in this study, the
gated UWB dgnd utilized a scheme where aburst of pulses lasting 4 milliseconds (ms) was followed by
a 16 ms period when no pulses were transmitted. Thisis referred to as 20% gating, because the UWB
pulses are transmitted 20% of thetime. The signa permutations depicted within this report as 100%
gating, define asigna where pulses are transmitted 100% of thetime. OOK refersto the process of
sdectivdy turning off or diminating individuad pulses to represent data bits. Dithering refersto the
random or pseudo-random spacing of the pulses. Two forms of dithered UWB signaswere
consdered in this effort. These are an absolute referenced dither, where the pulse period isvaried in
relation to the absolute clock, and a relative referenced dither, where the pulse spacing is varied relative
to the previous pulse. The data collected from these measurements are gpplicable only to the UWB
sgnd permutations that were considered in this assessment. No attempt should be made to extrapolate
this data beyond these particular UWB parameters.

Performance Criteria Used. After researching available technical standards and other open
literature, a set of criteria that was not application specific was adopted for ng the performance
of the GPS receiversin this measurement effort. The two performance criteria examined were “ bregk-
lock” and “reacquisition.” Bresk-lock refersto the loss of sgna lock between the GPS receiver and a
GPS satdllite. This condition occurs when an interfering Sgnd reduces the carrier-to-noise densty
(C/Ny) rétio (i.e,, anincrease in the undesired Sgnd leve, N,, relative to the desired sgnd levd, C) to
such an extent that the GPS receiver can no longer adequately determine the pseudorange (the
initia/uncorrected measure of distance from asingle GPS sadlite to areceiver) for the given satdlite
sgnd.

The reacquistion threshold is defined as the UWB power leve that resultsin an arupt increase
in reacquidtion time. To determine the impact on reacquigition time, the sgnd from the GPS satellite of
interest was interrupted and a 50-meter step in pseudorange was introduced over a 10-second period.
This was done to smulate a GPS-equipped vehicle passing behind a building or other obstaclein the
satdllite-to-receiver path, causing atemporary loss-of-lock between the GPS recelver and the satdllite
of interest. Asthe vehicle clears the obstacle and again becomes visible, the GPS receiver must be able
to reacquire the logt satellite Sgna in the presence of UWB energy in atime consstent with that
associated with no UWB energy present.



M easurements Performed. ITS performed closed system (conducted) measurements to
assess the potential impact to each of the GPS receivers from both a single UWB tranamitter (one-on-
one) interaction from amultiple UWB tranamitter (aggregate) interaction. To examine the goplicability
of the conducted measurements, the effects of the GPS antenna on the radiated signals within the
frequency band of interest were measured. Measurements were performed wherein the UWB signd
was radiated and received within an anechoic chamber to prevent outside interference sources from
affecting the results. Amplitude probability digtribution (APD) measurements were aso performed for
each of the UWB signa permutations consdered in this effort, to ad in classifying the UWB sgnds.
The complete measurement data et is presented in a separate report published by ITS.

Analyss Component

The data collected from the measurements were used in a subsequent analysis effort performed
by the NTIA OSM to cdculate the maximum alowable EIRP that can be emitted from a UWB
transmitter without exceeding the measured interference susceptibility level. A source-path-receiver
andysis was performed to cd culate these maximum alowable EIRP leves for both asingle UWB
transmitter-to-GPS receiver interaction and for the case of an aggregate of UWB transmitters-to-GPS
recaiver interaction. In performing these analyses, related parameters were determined from
operationa scenarios, which define the conditions under which proposed UWB devices may bein
proximity to GPS receiversin operationa applications. These operational scenarios were developed in
open, public meetings with participation from UWB and GPS manufacturers and users. The specific
proposals for operational scenarios to be considered in the NTIA study included GPS recaivers used in
the following applications: terrestria® (e.g., public safety applications such as cdlular phone embedded
E-911 and emergency response vehicle navigation, geographic information systems, precision machine
control, and genera operations), maritime navigation (in congtricted waterways, harbors, docking, and
lock operations); railway operations (poditive train control), surveying, and aviation (en-route navigation
and non-precision approach). These scenarios do not represent al possible applications of GPS,
however, they do represent a reasonable bound on the parameters necessary to perform the broadly
based andlyses. For example, the separation distances represented in these scenarios range from a
minimum of 2 meters for the embedded E-911 scenario, to a maximum of gpproximately 300 meters
(1000 feet) for the en-route aviation scenario.

RESULTS

This report documents the results of the measurement and anadlysis program conducted by
NTIA. Policy recommendations and/or guidance with respect to proposed UWB operations are not
included within the scope of this effort. The following paragraphs discuss the findings of this program.

© Within the context of this report, terrestrial refersto land-based operations.
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M easur ement Results

The results from the measurement component of this study indicate that both the C/A-code
tracking GPS receiver and the semi-codeless GPS receiver demondtrate atolerance to al of the UWB
sgnd permutations examined with a PRF of 100 kHz. For the scenarios considered in this assessment,
agoregate effects were deemed not to be a concern with respect to those UWB waveforms with a PRF
of 100 kHz. When the PRF wasincreased to 1 MHz, the C/A-code receiver began to show
continuous wave (CW)-like interference susceptibility to the unmodulated UWB signd permutations at
low power levels. When the PRF was increased to 5 MHz and then to 20 MHz, CW-like interference
effects to the C/A-code receiver were observed to be more prevalent.

The measurements dso show that dithering of the UWB pulses in the time domain, using the
techniques consdered in this assessment, can be effective in spreading the spectrd linesin the
frequency domain, making the effective signa appear more noise-like. The GPS C/A-code receiver
showed gpproximately 10 dB less sengitivity to these noise-like UWB signds as compared to those
UWB signals deemed as CW-like. For PRFsof 1 MHz, 5 MHz, and 20 MHz, some of the UWB
waveforms caused an effect smilar to low duty cycle pulsed interference, to which the GPS C/A-code
recelver isrelatively tolerant. However, the multiple-entry (aggregate) measurements indicate that this
advantage islost when amultiple of asfew asthree of these UWB sgnds with equivaent power levels
at the GPS recelver input are considered in aggregation. The aggregate measurements aso verify that
when multiple noise-like UWB sgnals are consdered with equivalent power levels a the GPS recelver
input, the effective aggregate sgnd leve in the recaiver intermediate frequency (IF) bandwidth is
determined by adding the average power of each of the UWB signds.

The measured performance thresholds for the C/A-code GPS receiver were compared with
the interference protection criteria documented within the RTCA and the ITU-R. The results of this
comparison indicate agreement between the performance thresholds measured as a part of this sudy
and the protection criteria documented in the nationa and international standards.

The semi-codel ess receiver measured in this assessment showed a susceptibility smilar to what
would be expected from noise-like interference for al of the UWB sgna permutations employing PRFs
of 1, 5, and 20 MHz. The semi-codeless GPS receiver was aso observed to be more susceptible than
the C/A-code receiver to noise-like interference.

A comparison between the radiated and conducted path measurements of the APD and the
andyses of the magnitude digtortion and the variations in the group delay indicate that the GPS antenna
ganin the direction of the interference source is the only parameter that needs to be consdered in the
source-path-receiver analyses. The GPS antenna does not offer any additional mitigating effectsto the
portion of the UWB sgna within the GPS operating band.
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The measurements performed in this study assumed GPS operation in the tracking mode of
operation (i.e., the GPS receiver was alowed to acquire the satellites necessary to obtain anavigation
solution before UWB interference was introduced). Theinitid (cold-start) acquisition mode of GPS
receiver operation is known to be more sensitive to interference than the tracking mode. However,
measurements of GPS receiver susceptibility to interference when operating in the cold-gtart acquigition
mode are difficult to perform. Within RTCA and Internationa Telecommunication Union-
Radiocommunication Sector (ITU-R) working groups, the initid acquisition mode of operation is
accounted for by reducing the tracking mode interference protection levelsby 6 dB. Thisfactor was
not considered in the analyses performed as a part of this study.

Analysis Results

In the andlysis component of this study, NTIA determined the maximum alowable EIRP leve
for the different UWB dgna permutations, using the operationa scenarios proposed in the public
mesetings. The results of the analyss are summarized in Tables 1 through 4. Each table corresponds to
aUWB PRF examined in the analysis. The tables provide a description of the: operationa scenario;
UWB sgnd characterigtics, GPS recalver architecture; interfering sgna classfication; interference
threshold; and the computed vaues of maximum alowable EIRP. The vaues of maximum alowable
EIRP shown in the Tables 1 through 4 are for asingle UWB device interaction, and they represent the
highest EIRP at which UWB devices can operate without exceeding the measured performance
threshold of the GPS recelver architecture under consideration for the conditions specified by the
operationa scenarios.

Tables 1 through 4 aso include a comparison of the computed maximum alowable EIRP leve
with the current Part 15 leve of -71.3 dBW/MHz. When the interference effects are classfied as
pulse-like or noise-like, the maximum alowable EIRP level can be directly compared to the current
Part 15 levd. When the interference effect is classfied as CW-like, the maximum alowable EIRP leve
can be directly compared to the Part 15 level, only if it is assumed that thereis a single spectrd linein
the measurement bandwidth. For those entries where the difference between the current Part 15 leve
and the computed maximum alowable EIRP leve is shown as negative, no additiond attenuation below
the current Part 15 level is necessary. For those entries where the difference is shown as positive, the
va ue specifies the additiond attenuation below the current Part 15 level that is necessary to satisfy the
measured performance threshold of the GPS receiver architecture under consideration.



Tablel. Summary of Analysis Results (PRF = 100 kHZ)

. ) - UWB Signal Comparison
Operational Scenario Description Characteristics GPS Classification Maximum Maximum with the
. . Interference Allowable Current
Gat Receiver of Interfering Threshold EIRP Part 15
a ) h
GPS. uws uws | UWB uwB PRE |05 | moq, | AATChitecture Signal (dBW/MHz) | (dBW/MHZ) Level
Application Single Multiple Indoor Outdoor (MHz) % ’ (dB)
Terrestrial X X 0.1 100 | None C/A-code Pulse-Like -112.6 -73.2 1.9
Terrestrial X X 0.1 100 | None C/A-code Pulse-Like -112.6 -57.6 -13.7
Terrestrial X X 0.1 100 | None C/A-code Pulse-Like -112.6 -62.3 -9
Maritime X X 0.1 100 | None C/A-code Pulse-Like -112.6 -41.7 -29.6
Maritime X X 0.1 100 | None C/A-code Pulse-Like -112.6 -48.1 -23.2
Railway X X 0.1 100 | None CI/A-code Pulse-Like -112.6 -56.3 -15
Railway X X 0.1 100 | None CI/A-code Pulse-Like -112.6 -57.8 -13.5
Surveying X X 0.1 20 2% Semi-Codeless Noise-Like -138 -81.1 9.8
Rel.
Surveying X X 0.1 20 2% Semi-Codeless Noise-Like -138 -81.2 9.9
Rel.
Aviation- X X 0.1 100 | None C/A-code Pulse-Like -112.6 -52.9 -18.4
NPA
Aviation-ER X X Note 1 Not Note C/A-code Noise-Like -134.8 -76.62 5.3
el 1
Aviation-ER X X Note 1 Not Note C/A-code Noise-Like -134.8 -85.62 14.3
el 1

Notes: En-Route Navigation (ER), Non-Precision Approach (NPA)
1. In this operational scenario, it is assumed that there is alarge enough number of UWB devices such that independent of the individual UWB signal parameters, the aggregate effect
causes noise-like interference.
2. This maximum allowable EIRP is based on an assumed density of 200 UWB devices per square kilometer transmitting simultaneously .




Table2. Summary of Anal

ysis Results (PRF =1 MH?2)

Operational Scenario Description UWAB Signal Characteristics Maximum Maxi Comparison with
GPS Receiver Classification of Interference Al?é\'/;g%?; theCurrent
GPS UWB UWB UWB UWB PRF Gating Mod Architecture Interfering Signal Threshold EIRP Part 15 Level
Application Single Multiple Indoor Outdoor (MH2) % od. (dB)
Terrestrial X X 1 100 None C/A-code CW-Like -143.7 -104.3 33
Terrestrial X X 1 100 2% Rel. C/A-code Pulse-Like -131 -91.6 20.3
Terrestrial X X 1 100 None C/A-code CW-Like -143.7 -88.7 17.4
Terrestrial X X 1 20 & 100 Multiple C/A-code Noise-Like -134.5 -85.5 14.2
Terrestrial X X 1 100 None C/A-code CW-Like -143.7 -93.4 22.1
Terrestrial X X 1 20 & 100 Multiple C/A-code Noise-Like -134.5 -90.2 18.9
Maritime X X 1 100 None C/A-code CW-Like -143.7 -72.8 15
Maritime X X 1 20 & 100 Multiple C/A-code Noise-Like -134.5 -69.6 -1.7
Maritime X X 1 100 None C/A-code CW-Like -143.7 -79.2 7.9
Maritime X X 1 20 & 100 Multiple C/A-code Noise-Like -134.5 -76 4.7
Railway X X 1 100 None C/A-code CW-Like -143.7 -87.4 16.1
Railway X X 1 20 & 100 Multiple C/A-code Noise-Like -134.5 -83.0 11.7
Railway X X 1 100 None C/A-code CW-Like -143.7 -88.9 17.6
Railway X X 1 20 & 100 Multiple C/A-code Noise-Like -134.5 -84.5 13.2
Surveying X X 1 100 50%Abs. Semi- Noise-Like -151 -94.1 22.8
Codeless
Surveying X X 1 100 50%Abs. Semi- Noise-Like -151 -94.2 22.9
Codeless
Aviation- X X 1 100 None C/A-code CW-Like -143.7 -84 12.7
NPA
Aviation- X X 1 20 & 100 Multiple C/A-code Noise-Like -134.5 -80.8 9.5
NPA
Aviation-ER X X Note 2 Note 2 Note 2 C/A-code Noise-Like -134.8 -76.6° 5.3
Aviation-ER X X Note 2 Note 2 Note 2 C/A-code Noise-Like -134.8 -85.6° 14.3
Notes: En-Route Navigation (ER), Non-Precision Approach (NPA)
1. When the interference effect has been classified as pulse-like or noise-like, the value is expressed in units of dBW/MHz. The value is expressed in units of dBW when the interference effect has been cl
CW-like.
2. In this operational scenario, it is assumed that there is a large enough number of UWB devices, such that independent of the individual UWB signal parameters the aggregate effect causes noise-like inter|
3. This maximum allowable EIRP is based on an assumed density of 200 UWB devices per square kilometer transmitting simultaneously.

Table3. Summary of Analysis Results (PRF =5 MH2)
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Xii

Operational Scenario Description UWAB Signal Characteristics _ - Maximum Maximum Comparison with
GPS Receiver Classification of Interference Allowable the Current
GPS UWB uwB UWB UWB PRE Gating Mod. Architecture Interfering Signal Threshold EIRP Part 15 L evel
Application Single | Muiltiple | Indoor Outdoor (MH2) % (dB)
Terrestrial X X 5 100 None C/A-code CW-Like -1455 -106.1 34.8
Terrestrial X X 5 20 50% Abs. C/A-code Pulse-Like -105 -65.6 -5.7
Terrestrial X X 5 100 50% Abs. C/A-code Noise-Like -137 -97.6 26.3
Terrestrial X X 5 100 None C/A-code CW-Like -145.5 -90.5 19.2
Terrestrial X X 5 100 50% Abs. C/A-code Noise-Like -137 -88 16.7
Terrestrial X X 5 100 None C/A-code CW-Like -1455 -95.2 23.9
Terrestrial X X 5 100 50% Abs. C/A-code Noise-Like -137 -92.7 21.4
Maritime X X 5 100 None C/A-code CW-Like -145.5 -74.6 3.3
Maritime X X 5 100 50% Abs. C/A-code Noise-Like -137 -72.1 0.8
Maritime X X 5 100 None C/A-code CW-Like -145.5 -81 9.7
Maritime X X 5 100 50% Abs. C/A-code Noise-Like -137 -78.5 7.2
Railway X X 5 100 None C/A-code CW-Like -145.5 -89.2 17.9
Railway X X 5 100 50% Abs. C/A-code Noise-Like -137 -85.5 14.2
Railway X X 5 100 None C/A-code CW-Like -145.5 -90.7 19.4
Railway X X 5 100 50% Abs. C/A-code Noise-Like -137 -87.0 15.7
Surveying X X 5 20 & 100 50% Abs. Semi-Codeless Noise-Like -151 -94.1 22.8
Surveying X X 5 20 & 100 50% Abs. Semi-Codeless Noise-Like -151 -94.2 22.9
Aviation- X X 5 100 None C/A-code CW-Like -145.5 -85.8 14.5
NPA
Aviation- X X 5 100 50% Abs. C/A-code Noise-Like -137 -83.3 12
NPA
Aviation-ER X X Note 2 Note 2 Note 2 C/A-code Noise-Like -134.8 -76.6° 5.3
Aviation-ER X X Note 2 Note 2 Note 2 C/A-code Noise-Like -134.8 -85.6° 14.3
Notes: En-Route Navigation (ER), Non-Precision Approach (NPA)
1. When the interference effect has been classified as pulse-like or noise-like, the value is expressed in units of dBW/MHz. The value is expressed in units of dBW when the interference effect has been classifi
gv}/nlirl;es operational scenario, it is assumed that there is a large enough number of UWB devices, such that independent of the individual UWB signal parameters the aggregate effect causes noise-like interfer
3. This maximum allowable EIRP is based on an assumed density of 200 UWB devices per square kilometer transmitting simultaneously.



Table4. Summary of Analysis Results (PRF =20 MHZ

Operational Scenario Description UWB Signal Characteristics . o Maximum Maximum Comparison with the
. Aranteire | intarteringSonal | Thremoe | Alowable o BHETC
App?i'ze?tion gwg?e M%Y:ligle ILr:t\;\c/)Er Otd:/r\j/c?or (l\jﬁ'z:) G%;omg Mod. EIRP (dB)
Terrestrial X X 20 20 OOK C/A-code CW-Like -146.3 -106.9 35.6
Terrestrial X X 20 20 50% Abs. C/A-code Pulse-Like -135 -95.6 24.3
Terrestrial X X 20 100 50% Abs. C/A-code Noise-Like -138 -98.6 27.3
Terrestrial X X 20 20 OOK C/A-code CW-Like -146.3 -91.3 20
Terrestrial X X 20 100 50% Abs. C/A-code Noise-Like -138 -89 17.7
Terrestrial X X 20 20 OOK C/A-code CW-Like -146.3 -96 24.7
Terrestrial X X 20 100 50% Abs. C/A-code Noise-Like -138 -93.7 22.4
Maritime X X 20 20 OOK C/A-code CW-Like -145 -75.4 4.1
Maritime X X 5 100 50% Abs. C/A-code Noise-Like -138 -73.1 1.8
Maritime X X 20 20 OOK C/A-code CW-Like -145 -81.8 10.5
Maritime X X 20 100 50% Abs. C/A-code Noise-Like -138 -79.5 8.2
Railway X X 20 20 OOK C/A-code CW-Like -145 -90 18.7
Railway X X 20 100 50% Abs. C/A-code Noise-Like -138 -86.5 15.2
Railway X X 20 20 OOK C/A-code CW-Like -145 -91.5 20.2
Railway X X 20 100 50% Abs. C/A-code Noise-Like -138 -88.0 16.7
Surveying X X 20 100 50% Abs. Semi-Codel ess Noise-Like -149.5 -92.6 21.3
& 2% Rel.
Surveying X X 20 100 50% Abs. Semi-Codeless Noise-Like -149.5 -92.7 21.4
& 2% Rel.
Aviation- X X 20 20 OOK C/A-code CW-Like -145 -86.6 15.3
NPA
Aviation- X X 20 100 50% Abs. C/A-code Noise-Like -138 -84.3 13
NPA
Aviation-ER X X Note 2 Note 2 Note 2 C/A-code Noise-Like -134.8 -76.6° 5.3
Aviation-ER X X Note 2 Note 2 Note 2 C/A-code Noise-Like -134.8 -85.6° 14.3

Notes: En-Route Navigation (ER), Non-Precision Approach (NPA)
1. When the interference effect has been classified as pulse-like or noise-like, the value is expressed in units of dBW/MHz. The value is expressed in units of dBW when the interference effect has been classifi

like.

as CW-

2. In this operational scenario, it is assumed that there is a large enough number of UWB devices, such that independent of the individual UWB signal parameters the aggregate effect causes noise-like interfererjge.
3. This maximum allowable EIRP is based on an assumed density of 200 UWB devices per square kilometer transmitting simultaneously.
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Certain observations were made based on areview of the last column in Tables 1 through 4.
This column shows the difference between the current Part 15 level of -71.3 dBW/MHz (considered as
an average power limit) and the computed maximum dlowable EIRP levels necessary to achieve EMC
with the GPS receivers used in the applications represented by the operationa scenarios considered in

this study.

An examination of Table 1 (PRF = 100 kHz) reflects the measurement observation that a GPS
C/A-code receiver isrelatively tolerant to low-duty cycle pulsed interference. For the 100 kHz UWB
waveforms, the limiting-case operationa scenario involving a C/A-code GPS recaiver (i.e., aviation en-
route navigation assuming outdoor UWB device operations) indicates that a maximum alowable EIRP
levd of 14.3 dB below the existing Part 15 levd is necessary to satisfy the measured performance
threshold of the GPS receiver consdered within this scenario. This caculation is based on an assumed
density of active UWB devices on the order of 200/kn?. However, if UWB operations with a PRF of
100 kHz are limited only to applications such as ground penetrating and through-the-wall imaging, the
actud UWB device densty will likely be less than what was assumed in the anadlyss. For example, if the
actud UWB device density for these types of applicationsis assumed to be on the order of 20/kn, then
the calculated maximum dlowable EIRP levd will increase by 10 dB. Under these conditions, a
maximum alowable EIRP of 4.3 dB below the existing Part 15 leve for outdoor UWB operations would
satisfy the restrictions imposed by the aviation en-route navigetion operational scenario. Since this
scenario represents the limiting case for operations using GPS C/A-code receivers, this maximum
dlowable EIRP level would dso gpply to the use of GPS C/A-code receiversin the remaining
operationa scenarios consdered as a part of this study.

Table 1 dso shows the effect of the 100 kHz PRF UWB waveforms on the surveying operationa
scenario in which the semi-codeless GPS receiver architectureisused. It is noted that surveyors are not
the only users of GPS receiver employing semi-codel ess techniques, however, the operationa scenario is
consdered to be fairly representative of other uses of this recelver architecture. As observed from the
measurement results, the semi-codel ess receiver is more susceptible than the C/A-code receiver to
interference that is classified as pulse-like or noise-like. Asaresult, the andyss indicates thet for the
surveying operaiona scenario, the UWB dgnds examined in this study would require a maximum
dlowable EIRP that is 10 dB below the current Part 15 levd to satisfy the measured performance
threshold for the semi-codeless recelver architecture. In summary, when considering the 100 kHz PRF
UWB waveforms, amaximum alowable EIRP level on the order of 10.0 to 14.3 dB below the current
Part 15 level (depending on the assumed UWB device density associated with likely gpplicationsfor a
100 kHz PRF) is necessary to satisfy the performance criteriafor the GPS receiver architectures
associated with the operationa scenarios considered in this study.

Tables 2 through 4 (UWB waveforms with PRFs of 1, 5, and 20 MHZz) show that the maximum
dlowable EIRP level necessary to satisfy the measured GPS performance criteria must be less than the
current Part 15 level for most of the operationa scenarios consdered. Those interactions that involve
operationa scenario/UWB signa parameter combinations that require an attenuation of 20 dB or more
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below the Part 15 level were selected for closer ingpection. This examination indicates that in most of
these cases, the interactionsinvolve: 1) UWB waveforms that were deemed CW-like in thelr interference
effect to the GPS C/A-code receiver architecture, for which the measurements indicate a greater
interference susceptibility; 2) applications usng semi-codel ess receivers, which were determined from the
measurements to be more susceptible to UWB waveforms classified as noise-like or pulse-like
interference; or 3) operational scenarios in which the UWB transmitter is consdered to be operating a a
close distance (within severd meters) relative to the GPS recalver. This data suggests thet if the spectral
line content of the UWB waveforms could be removed from consideration, perhaps through regulation,
there till remains a number of interactions involving noise-like UWB waveforms at these PRFs for which
the EIRP levels would have to be attenuated to levels up to 27 dB below the current Part 15 levdl.

As shown in Tables 1 through 4, the results of the analysis indicates that the maximum alowable
EIRP necessary to satisfy the measured performance thresholds of the GPS receivers congdered in this
study isvery dependent on the UWB signd gructure. Thisis consstent with the findings of the
measurement effort where the performance of the GPS receivers tested was aso observed to be
dependent on the UWB signd structure. Figures 1 through 4 display computed maximum alowable
EIRP levesfor those UWB signa permutations that were classfied within this study as pulse-like, noise-
like, and CW-like with respect to their interference effects on the GPS C/A-code receiver. The values
reported in these charts represent the vaues of the maximum alowable EIRP level determined from an
andysis of each UWB dgnd permutation in potentid interactions with the GPS C/A-code receiver that
were defined by dl of the operationd scenarios considered in the study.

For the operationa scenarios that consdered multiple UWB devices, Figure 1 displays the range
of maximum alowable EIRP for the UWB signd structures that were classified within this study as pulse-
like. Figure 3 presents the range of maximum dlowable EIRP levels for those UWB waveforms that
were classified as noise-like when considered in the andysis based on the operationa scenarios. Figure 4
presents the range of maximum alowable EIRP leves for those UWB signds that were classfied as CW-
likein their effects on the GPS C/A-code receiver examined in this study. The labels on the y-axisin
Fgures 1 through 4 identify the various UWB dgnd sructuresin terms of PRF, percent gating, and type
of modulation. For example, aUWB signd structure with a PRF of 100 kHz, 100% gating, and no
modulation will have ay-axis labd of: 100 kHz, 100%, None.

Figure 2 shows those pulse-like interference cases for which arange of EIRP values was not
determined in the analyss. These cases involve UWB parameters that cause pulse-like interference in the
operaiond scenarios that consider asingle UWB device, but result in noise-like interference in the
operationa scenarios that consider multiple UWB devices. For the C/A code receiver architecture, there
was only one scenario conddered in the andyss (Single UWB Device Terrestrid Operational Scenario)
that involved asngle UWB device. Thusonly asingle EIRP vaue is shown in Figure 2.
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An examination of Figures 1 through 4 indicates that the maximum alowable EIRP levels required
to satisfy the measured performance threshold of the GPS C/A-code receiver, across dl of the
operationd scenarios, isafunction of the PRF of the UWB sgnd. Figure 1 shows the maximum
dlowable EIRP levels corresponding to those UWB signd permutations with a PRF of 100 kHz. The
EIRP leved shown in thisfigure for the unmodulated, 100% gated UWB waveform was computed based
on a measured break-lock threshold. For the remaining UWB signd permutations represented in the
figure, neither a break-lock nor areacquisition threshold could be measured for UWB power levels up to
the maximum power available from the UWB sgnd generator. For these cases, the maximum UWB
sgnd generator power level was used to compute the EIRP level. Thus, the reported EIRP leve
represents alower limit for these cases. That is, the actual maximum alowable EIRP level may be higher
than the level shown in the figure for these 100 kHz PRF UWB waveforms. From Figure 1, it can be
observed that the maximum EIRP levels necessary to satisfy the measured performance threshold for the
C/A-code GPS receiver over dl of the operationa scenarios considered in this study range from
-73.2t0-26.5 dBW/MHz.

Figure 3 shows that the maximum alowable EIRP levels necessary to satisfy the measured
performance thresholds over dl of the operationa scenarios considered in this study range from -98.6 to
-67.0 dBW/MHz for those UWB signals employing PRFs of 1 MHz, 5 MHz, and 20 MHz, that are
classfied as noise-like in their interference effects to the GPS C/A-code receiver.

The data presented in Figure 4 shows that the maximum alowable EIRP leves range from -106.9
to-70.2 dBW over dl of the operational scenarios considered for those UWB signasthat are classified
as CW-likein their interference effects on the GPS C/A-code receiver. These EIRP levels are based on
the power in asingle spectra line and in order to compare to the Part 15 levd, it must be assumed that
only asingle spectra line gopears in the measurement bandwidth.

Figures 5 and 6 present summary plots showing the maximum alowable EIRP caculated for the
surveying operationa scenarios assuming the use of the semi-codel ess receiver architecture measured in
thisstudy. The analysis results are presented as a function of the various UWB sgnd dructures
examined. For the semi-coddless receiver architecture, the interference effects of dl of the UWB signds
examined are classfied as ether pulse-like or noise-like. Figure 5 shows that for those UWB sgnds
examined with a PRF of 100 kHz, the calculated maximum alowable EIRP is above the current Part 15
emisson leve (i.e., no additiond attenuation is necessary) with one exception: the 20% gated, 2% relative
dithered sgnd.
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Figure 6 shows that for the PRFs of 1 MHz, 5 MHz, and 20 MHz, those UWB signd  structures
that were classfied as noise-like, the maximum alowable EIRP level must be as much as 23 dB below
the current Part 15 levd to satisfy the measured performance threshold of the semi-codeless GPS
recaiver in the applicable operationa scenarios. The measurements of the semi-codeless receiver
indicated arelative immunity to CW-like interference effects. Thisis because the semi-codeless receiver
architecture uses the P-code signad which, because of its longer code length, has essentidly no spectra
lines

CONCLUSIONS

The data collected in this assessment demondtrates that when considered in potentid interactions
with GPS receivers used in gpplications represented by the operationd scenarios considered in this study,
some of the UWB signa permutations examined exceeded the measured GPS performance thresholds at
EIRP leves well below the current Part 15 emisson level. Likewise, other UWB sgnd permutations
(e.g., the 100 kHz PRF UWB signals) only dightly exceeded, and in some cases did not exceed, the
measured GPS performance thresholds when considered in potentid interactions with GPS recelvers
defined by the operationa scenarios considered as a part of this sudy.

Thefollowing generd conclusons were drawn based on the findings of this study:

1) The GPSrecever performance thresholds measured within this study are congstent with the
interference protection limits developed within nationd and international GPS study groups.

2) When multiple noise-like UWB sgnds with equivaent power leves a the GPS recelver input are
consdered, the effective aggregate Ssgnd leve in the recaiver IF bandwidth is determined by adding the
average power of each of the UWB signals.

3) Within the limitations of this udy (i.e., the available number of UWB sgnd generators), it was found
that when multiple CW-like UWB signds are consdered, the effective aggregate interference effect to a
C/A-code GPS receiver isthe same as that of asingle CW-likesigna. The interference mechanismisa
result of the dignment of a UWB spectrd line with a GPS C/A-code line.

4) The CW-like interference effect is not applicable to the semi-codel ess receiver examined when
operding in the dud frequency mode.

5) A GPS antenna does not offer any additional attenuation to that portion of a UWB signd within the
GPS frequency band.

6) For those UWB signas examined with a PRF of 100 kHz, maximum permissible EIRP levels between
-73.2 and -26.5 dBW/MHz are necessary to ensure EMC with the GPS gpplications defined by the
operationa scenarios consdered within this sudy.



7) For those UWB sgnds examined with a PRF of 1 MHz, the maximum dlowable EIRP levels
necessary to achieve EMC with the GPS receiver applications consdered in this study range from -70.2
to -104.3 dBW for the CW-like (unmodulated) UWB waveforms, and -57.6 to -91.6 dBW/MHz for the
noise-like (modulated and/or dithered) UWB waveforms,

8) For those UWB sgnds examined with a PRF of 5 MHz, the maximum alowable EIRP levels
necessary to ensure EMC with the GPS receiver applications considered in this study range from -70.7
to -106.1 dBW for the CW-like (non-dithered) UWB waveforms, and from -49.6 to -97.6 dBW/MHz
for the noise-like (dithered) UWB waveforms.

9) For those UWB sgnds examined with a PRF of 20 MHz, the maximum dlowable EIRP levels
required to ensure EMC with dl of the GPS receiver applications considered in this study range from -
71.0t0-106.9 dBW for the CW-like (non-dithered) UWB waveforms, and from

-60.0 to -98.6 dBW/MHz for the noise-like (dithered) UWB waveforms.

It must be noted that these results are applicable only to those UWB signa permutations

examined within this study and to those gpplications of GPS that are defined by the operationa scenarios
presented for consderation herein.
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SECTION 1.0
INTRODUCTION

1.1 BACKGROUND

The Nationa Telecommunications and Information Adminigtration (NTIA) is the Executive Branch
agency principaly responsble for developing and articulating domestic and internationd
telecommunications policy. NTIA’s responsbilities include establishing policies concerning spectrum
assgnments, dlocation in use, and providing various departments and agencies with guidance to ensure
that their conduct of telecommunication activitiesis consistent with these policies.” Accordingly, NTIA
conducts technica studies and makes recommendations regarding telecommunication policies and
presents Executive Branch views on telecommunications matters to the Congress, the Federal
Communications Commission (FCC), and the public.

NTIA isrespongble for managing the Federal Government’ s use of the radio frequency spectrum.
The FCC is respons ble for managing the spectrum used by the private sector, and state and loca
governments. In support of its responghbilities, the NTIA has undertaken numerous spectrum-related
studies to assess gpectrum utilization, examined the feasibility of reallocating spectrum used by the Federd
Government or relocating Federd Government systems, identified existing or potentia eectromagnetic
competibility (EMC) problems between systems, provided recommendations for resolving any EMC
conflicts, and recommended changes to promote efficient and effective use of the radio frequency
spectrum and to improve Federa spectrum management procedures.

In February,1998, U.S. Radar Inc., Time Domain Corporation, and Zircon Corporation, each
petitioned the Commission for awaiver & of the Code of Federa Regulations, Title 47, Part 15 of the
FCC rules® The Part 15 rules authorize the operation of certain radio frequency devices without an
individua station license from the FCC or the need for frequency coordination.’® Within the Part 15
Rules, intentiond radiators are defined as transmitters that are permitted to operate under a set of genera

" NTIA, “Manual of Regulations and Procedures for Federal Radio Frequency Management”, U.S.

Department of Commerce, National Telecommunications and Information Administration (January 2000 Edition with
revisions).

8 U.S Radar Inc. Request for a Waiver of Part 15 for Ground Penetrating Radar (Jan. 28, 1998), DA 98-

221; Time Domain Corporation Request for Limited Waiver of Part 15 of the Commission’s Rules to Permit
Authorization of Ultra-Wideband Time Modulating Technology (Feb. 2, 1998), DA 98-222; and Zircon Corporation
Request for a Waiver of Part 15 for an Ultra-Wideband System (April 14, 1998), DA 98-924.

% Title 47 Code of Federal Regulations § 15.1 (hereinafter “47 C.F.R.").

1047 CER.§155.The primary operating conditions under Part 15 are that the operator must accept

whatever interference is received and must correct whatever interferenceis caused. Should harmful interference
occur, the operator isrequired to immediately correct the interference problem, even if correction of the problem
requires ceasing operation of the Part 15 system causing the interference.

1-1



emission limits™* or in some cases under provisionsthat alow higher emission levelsin certain frequency
bands.*? Intentiond radiators generdly are not permitted to operate in certain senditive or safety-related
frequency bands, designated as the restricted bands.* Because the waiver requests included Part 15
restricted frequency bands that are alocated for use by the U.S. Government, these requests were
closdly coordinated with NTIA. After discussions within the Interdepartment Radio Advisory Committee
(IRAC), NTIA informed the FCC that the waivers could be granted with conditions that, among other
things, required that: 1) al UWB operations be fully coordinated with the Frequency Assgnment
Subcommittee of the IRAC,; 2) there will be limited ditribution of the UWB equipment; and 3) records
will be maintained for dl users to whom the manufacturers sell, lease or otherwise distribute UWB
equipment.** Asaresult of the conditions specified by NTIA, the three waiver requests were granted on
June 25, 1999 by the Chief of the FCC's Office of Engineering and Technology.

In September 1998, the FCC issued a Notice of Inquiry (NOI) to investigate the authorization of
Ultrawideband (UWB) transmission systems on an unlicensed basis under the Part 15 rules™ The
responses to the NOI affirmed that recent advances in microcircuits and other technologies have resulted
in the development of pulsed radar and communication systems with very narrow pulse widthsin the time
domain and very wide bandwidthsin the frequency domain. These UWB transmisson systems may be
able to perform anumber of useful radiocommunication functions that could make them very gppedling
for both commercid and government gpplications. UWB transmisson systems can have very wide
information bandwidths, are capable of accurately locating nearby objects, and can utilize sgnd
processing technology with the UWB pulses to enable the devices to “ see through objects’ and to
communicate in severe multipath environments.

The responses to the NOI dso highlighted two primary obstacles that the current Part 15 Rules pose
on the implementation of UWB transmisson sysems. Firg, the wide bandwidth thet isintringc to the
operation of UWB transmisson systems can result in the transmission of the fundamental emissionin
restricted frequency bands, which is prohibited under the existing Part 15 Rules. Second, the current
emission measurement procedures specified in the Part 15 Rules
were developed for narrowband systems and therefore, may be ingppropriate for, and may even pose
unnecessary restrictions on UWB transmission systems, particularly impulse systems.

11 47 CFR. 815.200.

12 47 C.F.R. §§ 15.215-15.407. In some cases, operation at the higher emission levels within these designated
frequency bandsislimited to specific applications.

13 47 CF.R. §15.205.

14| etter to Mr. Dale Hatfield, Chief, Office of Engineering and Technology, Federal Communications

Commission from William T. Hatch, Acting Associate Administrator, National Telecommunications and Information
Administration, Office of Spectrum Management (Jun. 15, 1999).

15 Revisions of Part 15 of the Commission’s Rules Regarding Ultra-Wideband Transmission Systems,
Notice of Inquiry, ET Docket No. 98-153, 63 Fed. Reg 50184 (Sept. 21, 1998).
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The FCC initiated a process to develop policy and regulatory decisons by releasing a Notice of
Proposed Rulemaking (NPRM)*® proposing regulaions authorizing the operation of some UWB
transmission systems on an unlicensed basis under the Part 15 Rules. The UWB NPRM contains a series
of proposals and questions that can be grouped into the following broad categories. regulatory treatment,
UWB definition, frequency bands of operation, further testing and anadlys's, emission limits, measurement
procedures, prohibition againgt Class B damped wave emissions, and other maiters. The FCC has
specifically proposed that safety services, such as the Globa Positioning System (GPS), be protected
from harmful interference.’

GPSisan example of acritica radionavigation system that uses operating frequenciesin the restricted
frequency bands. GPS has become the preferred navigation system for aviation (en-route, precision and
non-precision approach) and maritime operations. In order to meet the exacting standards required from
a safety-of-life system, the U.S. Government has either developed or is developing augmentations to GPS
for aviation, maritime, and land use. The Wide Area Augmentation Sysem (WAAS) and the Locd Area
Augmentation System (LAAS) are under development to enhance aviation uses of GPS.*® Differentid
GPS (DGPS) has been fielded to augment GPS for maritime use in intercoastd and inland waterways.
GPSisdso fast becoming an integral component of position determination applications such as
Enhanced-911 (E-911) and persond location and medica tracking devices. The telecommunications,
banking, and power distribution industries represent another sector that uses GPS for network
synchronization timing. Moreover, GPS has proven to be a powerful enabling technology that has driven
the creation of many new indudtries. GPS dso provides the U.S. military and its dlies with positioning,
navigation, and timing capakilities that are critical to peacetime and wartime nationd and globa security
operations. Although these examples are not dl inclusive, they illugtrate the widespread use, and in many
cases, dependence on the uninhibited availability of the GPS sgnals®

Thus, NTIA accepted funding from the Interagency GPS Executive Board (IGEB) and the Federd
Aviation Adminigration (FAA) to perform an assessment of the EM C between proposed UWB devices
and GPS receivers.® The measurement component of this assessment was conducted by NTIA's
Ingtitute for Telecommunication Sciences (ITS) and the analyses portion was performed by the NTIA

16 Revisions of Part 15 of the Commission’s Rules Regarding Ultra-Wideband Transmission Systems,
Notice of Proposed Rulemaking, ET Docket No. 98-153, FCC 00-163 (rel. May 11, 2000) (hereinafter “UWB NPRM”).

1714, at 723, 28, and 29.

Bys Department of Transportation and U.S. Department of Defense 1999 Federal Radionavigation Plan
(Dec. 1999) at 1-11 (hereinafter “1999 FRP”).

¥ Gps currently emitsacivil signal centered at 1575.42 MHz (L 1); however, an ongoing modernization
effort will include new civil signals centered at 1227.60 MHz (L2) and 1176.45 MHz (L5).

20 The UWB emissions considered in this assessment are limited to those usi ng aburst of a series of
impulse-like signals. However, there are several ways of defining UWB signal's, one being emissions that have an
instantaneous bandwidth of at least 25% of the center frequency of the device. There are also several ways of
generating very wide signals, including the use of spread spectrum and frequency hopping techniques.

1-3



Office of Spectrum Management (OSM). This document provides a description of the methods used and
the results obtained from these measurements and analyses. A separate report, prepared by ITS, that
presents the measured data in post-processed format and provides details of the measurement
procedures and equipment used to acquire the data, is available and is referenced throughout this

report.?:
1.2 OBJECTIVE

The objective of this assessment was to define the maximum alowable UWB equivaent isotropicaly
radiated power (EIRP)?* levelsthat can be tolerated by GPS receivers used within various operationd
gpplications without causing degradation to their operations. These EIRP levels will then be compared to
the exigting Part 15 emission limits* to assess the applicability of these limitsto UWB devices.

1.3 APPROACH

A two-part gpproach congisting of both a measurement and an anadysis component was adopted for
this assessment. First, ameasurement effort was undertaken to determine the interference threshold for
different GPS receiver architectures to a set of UWB waveforms. Utilizing the measured GPS receiver
interference threshold, analyses were performed for various operationa scenarios to determine the
maximum alowable UWB EIRP leve, in the GPS frequency band, that can be tolerated by a GPS
receiver before a performance degradation is realized.

1.3.1 Measurement Approach

The firgt activity associated with this project was the development of a plan to guide the measurement
of GPS recaiver susceptibility to UWB signds. In the formulation of ameasurement plan, NTIA
congdered a number of factors including which GPS receivers to measure, what UWB signa parameters
to examine, and what GPS receiver performance metrics and criteriato apply. Also asapart of the
formulation of the measurement plan, a set of measurement procedures were developed with the intent
that if followed, these procedures would lead to repeatable measurement results.

2LNTIA Report 01-384 “Measurements to Determine Potential Interference to GPS Receiversfrom

Ultrawideband Transmission Systems’, U.S. Department of Commerce, National Telecommunications and
Information Administration, Institute for Telecommunication Sciences, (hereinafter “1TS Report™).

22 The computation of EIRP isin terms of the average power of the UWB signal for all cases considered in
thisreport. Thisaverage power is based on root-mean-square (RMS) voltage.

23 The existi ng Part 15 measurement procedure uses an average |ogarithm detector process and is not

equivalent to measurements using an RM S detector process. See NTIA Special Publication 01-43, “ Assessment of
Compatibility Between Ultrawideband Devices and Selected Federal Systems,” at 2-1 for discussion of the
differences in measuring average power vs. log average power.
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After the measurement plan was completed and made available to other Government agencies for
review and comment, NTIA sought public comment in anotice published in the Federal Register.* The
following seven parties submitted comments to the NTIA announcement;

* Air Transport Association

* ANRO Engineering, Inc.

» Multispectra Solutions, Inc.

* National Aeronautics and Space Adminigtration (NASA) Glenn Research Center
* RAND Science and Technology Policy Ingtitute

* Time Domain Corporation

* United States GPS Industry Council.

NTIA consdered the comments, made appropriate changes to the measurement plan, and provided
aresponse for each commenter for the public record. Theinitid measurement plan, the Federd Register
notice, the public comments received, and the NTIA responses to the comments can be obtained from
the NTIA webste or directly from NTIA/OSM upon request.

One of the immediate difficulties encountered in establishing a methodology for measuring the impact
of UWB emissions to GPS receivers was the lack of documented performance criteriafor GPS receivers
intended for applications other than aviation. After researching available technica standards and other
open literature, a set of criteria that was not application specific was adopted for ng the
performance of the GPS recelversin this measurement effort. The two performance criteria examined
were “break-lock” and “reacquisition.” Bresk-lock refersto the loss of signal lock between the GPS
receiver and a GPS satdllite. This condition occurs when an interfering signa reduces the carrier-to-noise
dengity (C/Ny) retio (i.e, an increase in the undesired sgnd leve, N,, rdative to the desired sgnd levd,
C) to such an extent that the GPS receiver can no longer adequately determine the pseudorange (the
initia/uncorrected measure of distance from a single GPS satdllite to areceiver) for the given satdlite
ggnd. Within this measurement effort, the occurrence of a break-lock condition was as reported by the
receiver. Depending on the receiver gpplication, this condition could be afunction of cycle dips, or aloss
of carrier or phase lock. The reacquigition threshold refers to the UWB power leve at which an abrupt
increase from the nomina reacquisition time was observed.

To determine the impact on reacquisition time, the Sgnd from the GPS satdllite of interest was
interrupted and a 50-meter step in pseudorange was introduced over a 10-second period. Thiswas
done to smulate a GPS-equipped vehicle passing behind a building or other obstacle in the satdllite-to-
recaver path, causing atemporary loss-of-lock between the GPS receiver and the satdllite of interest.
Asthe vehicle clears the obstacle and the satellite again becomes visible, the GPS recelver must be able
to reacquire the logt satellite in the presence of UWB energy in atime consstent with that associated with
no UWB energy present. In order to determine the maximum UWB leve a which this can be

24 National Telecommunications and Information Administration, Notice, Request for Comments on Global
Positioning System/Ultrawideband Measurement Plan, Federal Register, Vol. 65, No. 157 (Aug. 14, 2000), at 49544.
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accomplished, the UWB signd was reduced from the power leve a which break-lock occurred until the
receiver was able to reacquire the lost satdllite in a time correspondent with the nomina receiver
reacquisition time with no UWB signd present.

The UWB power level that resultsin receiver bresk-lock is not the preferred criterion for determining
the interference threshold because it represents an extreme pendty to the performance of a GPS receiver.
Thus, the interference threshold adopted for these measurements was the UWB signd level that resulted
in aabrupt increase in the reacquisition time® However, for some UWB signd permutations (e.g., those
deemed to be CW-like signals), a satistical parameter such as reacquisition time could not be obtained
due to limitations associated with the available test equipment (see discussion in Section 2.1.1 of this
report). For these cases, break-lock was the only criterion available to perform an andysis of the
measured results. Thus, for the subsequent evauation of the measured data, the break-lock interference
threshold was used in those cases where a reacquisition threshold could not be determined. This use of
break-lock as the bass for establishing an interference threshold was done solely to facilitate the
examination of potentia trendsin the data and should not be interpreted as an endorsement of the use of
bresk-lock as an interference threshold on which to establish fina rules for UWB operation.

The next challenge encountered was how to determine a representative sample of GPS receivers.
Since GPS receivers are used in amyriad of gpplications, including navigation (aviation, space, maritime,
rail, and vehicular), position determination (surveying, asset tracking, E-911), and timing (banking, power
distribution, Internet synchronization), to name but afew, it is not feasible to attempt to measure a
representative receiver from each possible gpplication. Instead, NTIA decided to select candidate GPS
receivers based upon the various available GPS receiver architectures. One receiver from each of three
basic recelver architectures were identified for inclusion in the measurements. coarse acquigtion (C/A)-
code tracking receivers, which make up a sgnificant share of the GPS recaivers in use today, semi-
coddess recaivers used in low-dynamic applications requiring high precison (e.g., surveying and
reference gtations), and C/A-code tracking receivers employing multiple, narrowly-spaced correlaorsto
enhance accuracy and mitigate the effects of multipath. These three GPS receiver architectures
encompass mog, if not al, of the existing civil GPS applications?® In order to address particular
concerns related to an aviation use of GPS, a Technical Standard Order (TSO)-C129a compliant
aviation receiver (as currently used in en-route and non-precision approach) was dso included.?” The
assessment of potentiad UWB interference to aviation precision approach operationsis currently being
addressed in a Department of Transportation sponsored study and therefore was not considered in the
scope of this effort.

25|t should be noted that initial acquisition of a GPS satellite signal isan even more stringent performance
criterion for GPS operations. However, thisis an extremely difficult criteriato measure and is also highly dependent
on manufacturer-specific receiver algorithms. Therefore, it was not considered feasible for usein thiseffort. A 6 dB
factor is often used in GPS interference analyses to account for the greater sensitivity of initial satellite acquisition
over the satellite tracking mode of operation.

26 This effort did not consider the potential impact of UWB operations to military GPS receivers.

2" Dueto unantici pated delaysin the execution of the measurement component of this study, the measured

datafor the narrowly-spaced GPS correlator receiver architecture and the TSO-C129a-compliant receiver were not
included in thisreport. Thisdatawill be provided as an addendum to thisreport asit becomes available.
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A third question to be addressed concerned defining the UWB signd(s) to be generated. Sincethere
was little information revealed in the public record with regard to the proposed signa structure of UWB
devicesintending to operate as an overlay on the GPS band, no single UWB signa structure could be
identified that would be representative of atypicad UWB transmisson syssem. Therefore, NTIA
identified 32 distinct UWB sgnd structures as being representative of those expected to be used in UWB
goplications. Those UWB signa permutations identified for examination considered various pulse
repetition frequencies (PRFs), modulation schemes, and gating percentages. Each combination of the
UWB signd parameters shown in Table 1-1 was used to represent adistinct UWB signal permuitation.

The PRF defines the number of pulses transmitted per unit time (one second). The PRF effects the
gpectrd line magnitude and spacing, and the percentage of time that pulses are present.

TABLE 1-1. UWB Permutations Considered in M easur ements

UWB Parameter Parameter Value
PRF 0.1, 1,5, and 20 MHz (nomind)
Modulation None, OOK, 2% relative dither, 50% absolute dither
Gding 100% (always on), 20% (4 mson, 16 ms off)

Gating refersto the process of digtributing pulsesin bursts by employing a programmed set of periods
where the UWB tranamitter is turned on or off for a period of pulses. For the measurements performed
in this assessment, the gated UWB signd utilized a scheme where aburst of pulses lagting 4 milliseconds
(ms) was followed by a 16 ms period when no pulses were tranamitted. Thisisreferred to as 20%
gating, because the UWB pulses are transmitted 20% of thetime. The signa permutations depicted
within this report as 100% geting, define a signa where pulses are transmitted 100% of the time.

On-Off Keying (OOK) refers to the process of sdlectively turning off or diminating individua pulses
to represent data bits.

Dithering refers to the random or pseudo-random spacing of the pulses. Two forms of dithered
UWB signads were considered in this effort. These are an absolute referenced dither, where the pulse
period is varied in relation to the absolute clock, and a relative referenced dither, where the pulse spacing
isvaried relaive to the previous pulse. The PRF of ardative dithered pulsetrain is equd to the
reciproca of the mean pulse period. Dithering of the pulses in the time domain spreads the spectrd line
content of a UWB signd in the frequency domain making the signd gppear more noise-like.

The data collected from these measurements are gpplicable only to the UWB signal permutations that

were conddered in this assessment. No attempt should be made to extrapolate this data beyond those
particular UWB parameters.
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A GPS satdllite smulator was used to provide smulated GPS sgnds from afour satdlite congtellation
based on ephemeris data taken from an actual GPS constellation present on December 16, 1999. In the
test congtellation, one satellite was located at or near the zenith while the remaining three satellites were
positioned near the horizon. The GPS recelver channe processing the signa from the near-zenith satellite
was monitored for these measurements. This satellite was selected as the satdllite to monitor because it
has the least Doppler shift during the duration of the measurements. For the measurements performed on
the C/A-code receiver, the power of the near-zenith satellite was set to the minimum specification level of
-160 dBW.% The remaining three satdllites were set to a power level 5 dB higher (-155 dBW). The
higher power level was used for the remaining satdllites so that a break-lock condition would not occur
for these signals prior to break-lock of the monitored signal. The value of 5 dB was selected so that
UWB power increments of 3 dB could be used to induce break-lock only on the receiver channel being
monitored. For the measurements of the semi-codeess GPS receiver, which utilizes the GPS precision
(P)-code, the GPS L1 and L2 power levels were set to -163 dBW. Except for the provison of an L2
sgnd and the power used, dl other congtdlation parameters were consstent. Al of the conducted
measurements in this effort were performed over a 55-minute evolution of the congdlaion. The
congtellation was then reset for the subsequent test condition (e.g., another UWB signa permutation.
More detailed information on this test constellation is presented in the ITS Report.?®

A broadband noise signd was generated using a noise diode to represent the noise contribution from
the cross-correlation phenomenon associated with the use of the relatively short Gold Codes in the GPS
C/A dgnd. This cross-correlation noise arises because within a GPS receiver channel, the signals
generated from GPS satellites other than the one being monitored by that channel, appear as undesired
noise. This phenomenon iswell documented in the open literature and the vaue used in thisandysisis
based upon work done within the Internationa Telecommunication Union-Radiocommunication Sector
(ITU-R).2® This broadband noise was input to the GPS receiver at aleve of -93 dBm/20 MHz (as
derived for the minimum C/N,, of 34 dB-Hz identified in the ITU-R work) in the measurements of al of
the GPS recaivers examined with the exception of the semi-codeless receiver. Since this receiver utilizes
the longer P-code GPS signason L1 and L2, the cross-correl ation noise attributed to the shorter Gold
codes used with the C/A signd is not applicable.

For the single source interaction (i.e., a single UWB transmitter-to-GPS receiver) measurements,
each UWB signd permutation was generated and combined with the smulated GPS sadlite sgnds, and
the broadband noise. The combined signa was injected into the GPS receiver at the antennainput. The
UWB power levd was increased until elther the receiver broke lock with the satdllite of interest or until
the maximum available output power level from the UWB generator was reached. Plots of GPS receiver
performance criteria (e.g., break-lock and reacquisition interference levels) were produced for each

28 Global Positioni ng System Standard Positioning Service Signal Specification, 2™ Edition, GPS
NAVSTAR, (June 2, 1995) at 18.

29 | TS Report at 4-3.

30 Recommendation ITU-R M .1477, Technica and Performance Characteristics of Current and Planned
RNSS (Space-to-Earth) and ARNS Receiversto be Considered in Interference Studiesin the Band 1559-1610 MHz, at
section 3.2, (hereinafter “ITU-R M.1477").
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UWB sgnd permutation measured. From these plots, the UWB average power leve a which the
performance criteriawas determined and recorded. Data for additional GPS performance parameters
(e.g., cycle dips and pseudorange error) were also recorded and are provided in the ITS Report.!

An additiond st of measurements was performed to provide data that will indicate: 1) how individua
UWB sgnds add to yied an effective aggregate power leve, and 2) whether multiple UWB transmitting
devices, each of which might be individualy tolerated by a GPS receiver, will combine to cregte an
aggregate interference level that will degrade the recelver performance. These aggregate measurements
consgsted of five measurement cases, each incorporating up to Sx UWB generators employing various
combinations of UWB signd parameters (e.g., PRF, gating, and dithering).

In both the single-source and the aggregate interaction measurements described thus far, al sgnds
were provided to the GPS recelver viaa conducted path. Under actua operationa conditions, both the
UWB tranamitting device and the GPS receiver will use antenna subsystems to transmit and receive radio
frequency sgnas. Inherent in the conducted measurementsiis the assumption that the magnitude and
phase distortion of the UWB signd isminima over the GPS L 1 band, for which the associated GPS
antenna and preamplifier are designed to operate. Thus, there should essentidly be no differencein the
UWB sgnd as seen by the GPS receiver over the frequency range of interest, whether the sgnd is
provided to the receiver through a conducted or radiated path. To verify these assumptions, a
measurement was performed to determine that the signal's passed through the two paths, conducted and
radiated, are consgtent. In dl of the conducted measurements performed in this effort, the preamplifier
recommended for use with the GPS receiver under test was modeled according to manufacturer
specifications.

Both the initid measurement plan and the I TS Report contain more detail on these measurement
procedures, including information on the measurement equipment used, test set-ups, and calibration
procedures. These are available on the NTIA and ITS websites or directly from NTIA upon request.

1.3.2 AnalyssApproach

In order to caculate the maximum alowable EIRP, referenced to the output of a UWB tranamit
antenna, atypica source-path-receiver analysis must be performed. The basic parameters that must be
defined for thistype of andysis are the receiver interference threshold, the source output power and
antenna gain, the propagation path between the transmitter and the receiver, and the antenna gain of the
receiver in the direction of the source transmitter. The data obtained from the ITS measurements defines
the interference threshold leved at the input of the GPS receiver as afunction of UWB signd structure
(e.g., power, PRF, modulation scheme) for each of the GPS receiver architectures examined. The UWB
output power and antenna gain combined define the EIRP, which isthe variable to be determined from
the anadlyss. In order to make reasonable assumptions regarding the remaining values needed for the
andysds, information regarding how the tranamitter and receiver can interact within their operating
environment is necessary. Callectively, this information defines an operationa scenario, which establishes
how close the two systems may come to one another under actua operating conditions, and the likely
orientation of the antennas. Thisinformation is then used to compute the propagation loss and the GPS

TS Report at Appendix F.



antennagain in the direction of the UWB transmitting device. The operationd scenario can dso be used
to determine the applicability of factors such as building attenuation, aggregate allowance, and safety
margins.

NTIA hosted a series of public meetings to develop scenarios for GPS and envisioned UWB
applications to define the applicable operationa scenarios to be considered. The mesetings were
announced in the Federal Register on August 31, 2000.3* Participation was encouraged within the UWB
and GPS communities and among representatives of the interested Federd Agencies. Multispectra
Solutions Inc., the Nationa Oceanic and Atmaospheric Adminigtration/National Ocean Service/Nationd
Geodetic Survey, Time Domain Corporation, the United States Coast Guard (USCG), the U.S. GPS
Industry Council, and NTIA submitted pertinent documents. Specific proposals for operationa scenarios
to be considered included GPS receivers used in the following applications: terrestrid™® (e.g., public
safety gpplications such as cdlular phone embedded E-911 and emergency response vehicle navigation,
geographic information systems, precision machine control, and generd operations), maritime navigation
(in condtricted waterways, harbors, docking, and lock operations); railway operations (positive train
control), surveying, and aviation (en-route navigation and non-precision gpproach). Theinput received at
these meetings was used to devel op the operationa scenarios that were then used in the andyses
documented in thisreport. These scenarios do not represent al possible applications of GPS, however,
they do represent a reasonable bound on the parameters necessary to perform the broadly based
andyses. For example, the separation distances represented in these scenarios range from a minimum of
2 meters for the embedded E-911 scenario, to amaximum of approximately 300 meters (1000 feet) for
the en-route aviation scenario.

32 National Telecommunications and Information Administration, Notice of Public Meeti ng to Develop
Global Positioning System/Ultrawideband Operational Scenarios, Federal Register Vol. 65, No. 170 (Aug. 31, 2000) at
52989 (hereinafter “NTIA Notice").

33 Within the context of this report, terrestrial refersto land-based operations.
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SECTION 2.0
MEASUREMENT RESULTS

2.1 SUMMARY OF MEASUREMENT RESULTS

The information presented in this section summarizes the data collected by I TS in the measurement
component of this program, including single-entry results, multiple-entry (aggregeate) results, radiated
results, amplitude probability distribution (APD) results, and comparisons of the measurement results to
exiding interference limits. This data was extracted from the measurement plots documented in areport
published by ITS*. There are two methods for performing radio interference measurements; those
where the desired and undesired signals are conducted into the test receiver via a cable connection, and
those where the Sgnds are radiated into the test receiver via the propagation medium and antenna
assembly. For this effort, conducted measurements were used to evauate the performance of the GPS
receivers.

2.1.1 Single-Entry Conducted M easurements

The datain Tables 2-1 and 2-2 summarize the receiver susceptibility measurements collected by ITS
to be used in this assessment. The table entries correspond to the maximum tolerable UWB interference
levels associated with the GPS recelver performance criteria adopted for this program. These points
were extracted from the data curves presented in the ITS Report. Although each individua dataplot is
not reproduced within this report, a representative plot is provided in Figure 2-1 to illustrate how the data
points associated with the GPS receiver performance criteria were obtained.

The break-lock and reacquisition threshold data points were taken from the ITS plots asillustrated
below. In Figure 2-1, the break-lock level is represented by the heavy vertical line. This value was read
directly from the scale on the horizonta axis, and has the units of dBm/20 MHz. There are two curves
which represent reacquisition data. The lower curve is the mean reacquisition time measured over 10
trids. The upper curve is the maximum reacquisition time measured within these 10 samples. The
interference threshold level for the reacquisition performance criterion was determined by locating the
point on the lower curve (mean reacquisition time) corresponding to a sharp increase in the reacquistion
time. Thethreshold level was then read directly from the scale on the horizonta axis, and has the units
dBm/20 MHz. The power levels are average vaues for dl single-entry UWB measurements except for
the 20% gated signa®* where the level represents the average power for the time when the signdl is gated
on. Inalimited number of cases, the reacquisition threshold leve that was determined by

TS Report at Appendix D.

35100% gating is a continuous uninterrupted PRF, 20% gating isa pulse train that ison for 4msina
20 ms period.
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Figure 2-1. Illustration of Power Levels Resulting in Break-lock and Reacquisition

these methods was a a higher interference signal level than the break-lock level. Thisis attributable to
the satigtical nature of these measurements where break-lock measurements involve alarger sample size
than reacquisition. If abreak-lock condition occurs at any time during the longer sampling period, bresk-
lock isdeclared. In theseinstances (when the measured break-lock point was at alower power than
reacquisition), the reacquigition level threshold was set equa to the break-lock threshold.

The data used in this assessment, collected by ITS, isrepresented in Tables 2-1 and 2-2. These
tables list the break-lock and reacquisition interference threshold levels for each UWB permutation
measured. The tables are organized according to the GPS receiver architectures considered in the
andyss.

For those UWB signa permutations that produced spectra lines within the GPS receiver passband,
the measurement of a statistica parameter such as reacquisition time, or pseudorange error was not
reliable or repeatable given the nature of the moving GPS congtdllation. To obtain 10 trials of
reacquisition time can take as long as 20 minutes. During this time period, the gatigtics of GPS
performance are non-stationary because the Doppler shift of the GPS C/A-Code lines causes them to, at
some point, dign with the UWB spectrd lines. A GPS smulator with the cgpability of setting the Doppler
shift to zero would facilitate collection of the reacquistion data for those UWB signd permutations
containing spectrd line components. The simulator
used in this measurement effort did not have this capability. For this reason, entriesin Tables 2-1 and 2-2
which contain an “x” indicate that the performance metric could not be measured with satistical reliability,
and thereforeis not reported.



TABLE 2-1. Measurement Resultsfor C/A-Code Receiver

I nter ference Susceptibility L evels*

Interfering Signal Structure (dBm/20 MH2)
Break-L ock Reacquisition

Broadband Noise -87 -915
0.1 MHz PRF, No Mod, 100% Gate -70 X
0.1 MHz PRF, No Mod, 20% Gate [-57] X
0.1 MHz PRF, OOK, 100% Gate [-60] X
0.1 MHz PRF, OOK. 20% Gate [-59.5] X
0.1 MHz PRF, 50% abs, 100% Gate [-57] [-57]
0.1 MHz PRF, 50% abs, 20% Gate [-56.5] [-56.5]
0.1 MHz PRF, 2% rel, 100% Gate [-57] [-57]
0.1 MHz PRF, 2% rel, 20% Gate [-57] [-57]
1 MHz PRF, No Mod, 100% Gate -100.5 X

1 MHz PRF, No Mod, 20% Gate [-47.5] X

1 MHz PRF, OOK, 100% Gate -78 X

1 MHz PRF, OOK, 20% Gate [-51] X

1 MHz PRF, 50% abs, 100% Gate [-47] -70
1 MHz PRF, 50% abs, 20% Gate [-47.5] [-47.5]
1 MHz PRF, 2% rel, 100% Gate [-47.5] -88
1 MHz PRF, 2% rel, 20% Gate [-47.5] -47
5 MHz PRF, No Mod, 100% Gate -108.5 X
5 MHz PRF, No Mod, 20% Gate -94.5 X
5 MHz PRF, OOK, 100% Gate -104.5 X
5 MHz PRF, OOK, 20% Gate -90.5 X
5 MHz PRF, 50% abs, 100% Gate -86.5 -94
5 MHz PRF, 50% abs, 20% Gate [-40] -55
5 MHz PRF, 2% rel, 100% Gate -85.5 -93.5
5 MHz PRF, 2% rel, 20% Gate [-39] [-39]
20 MHz PRF, No Mod, 100% Gate -115 X
20 MHz PRF, No Mod, 20% Gate -102 X
20 MHz PRF, OOK, 100% Gate -1115 X
20 MHz PRF, OOK, 20% Gate -99.5 X
20 MHz PRF, 50% abs, 100% Gate -89.5 -95
20 MHz PRF, 50% abs, 20% Gate [-34] -85
20 MHz PRF, 2% rel, 100% Gate -87 -93
20 MHz PRF, 2% rel, 20% Gate [-33] -83

* No measurable effect up to the power level shown in brackets.
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TABLE 2-2. Measurement Resultsfor the Semi-Codeless Receiver (Interference only on

L1 Frequency)
I nter ference Susceptibility L evels*
Interfering Signal Structure (dBm/20 MH2)
Break-L ock Reacquisition
Broadband Noise -102.5 -107
0.1 MHz PRF, No Mod, 100% Gate [-66] -75
0.1 MHz PRF, No Mod, 20% Gate [-66] [-66]
0.1 MHz PRF, OOK, 100% Gate [-69] [-68]
0.1 MHz PRF, OOK. 20% Gate [-69] [-68]
0.1 MHz PRF, 50% abs, 100% Gate -74 -78
0.1 MHz PRF, 50% abs, 20% Gate [-66] [-66]
0.1 MHz PRF, 2% rel, 100% Gate -75 -76
0.1 MHz PRF, 2% rel, 20% Gate [-66] -88
1 MHz PRF, 50% abs, 100% Gate -93.5 -108
1 MHz PRF, 50% abs, 20% Gate -73 -82
1 MHz PRF, 2% rel, 100% Gate -99.5 -106
1 MHz PRF, 2% rel, 20% Gate -81 -84
5 MHz PRF, 50% abs, 100% Gate -99 -108
5 MHz PRF, 50% abs, 20% Gate -96.5 -101
5 MHz PRF, 2% rel, 100% Gate -103 -106
5 MHz PRF, 2% rel, 20% Gate -92.5 -92.5
20 MHz PRF, No Mod, 100% Gate -102 X
20 MHz PRF, No Mod, 20% Gate -98 X
20 MHz PRF, OOK, 100% Gate -94 X
20 MHz PRF, OOK, 20% Gate -96 X
20 MHz PRF, 50% abs, 100% Gate -99.5 -106.5
20 MHz PRF, 50% abs, 20% Gate -92 -98
20 MHz PRF, 2% rel, 100% Gate -98.5 -106.5
20 MHz PRF, 2% rel, 20% Gate -93.5 -93.5
* No measurable effect up to the power level shown in brackets.

Other entries in these tables contain apower leve in brackets. Thisindicates that for some of the
UWB sgnd permutations, the totd available power from the UWB smulator was used without resulting
inaloss of lock or an impact on reacquisition time for the GPS receiver and the satellite of interest.
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2.1.2 Multiple-Entry (Aggregate) Conducted M easurements

As part of this measurement and analysis effort, alimited number of test cases were measured where
the interference Sgna was a composite representing severa UWB emiitters operating Smultaneoudly.
Table 2-3 provides alist of the UWB parameters considered in each aggregate measurement. During
these tests, there was no attempt to synchronize the transmissons of the UWB signd generators. NTIA
is not aware of any agpplications that uses synchronized UWB transmissons. For example, through-the-
wall imaging radars tranamit in bursts and wirdless loca area networks are packet radios that essentidly
trangmit in burgts. Although the measurement configuration may be used to synchronize the
transmissions from multiple UWB sources, NTIA believes that such a configuration is not of practica
interest or utility. That is, the UWB system hardware cost and/or data overhead to synchronize
emissions would seem to be prohihbitive for what is envisioned for alow cost syssem. Furthermore, for
the pulses from saverd synchronized UWB transmission systems to overlap at the GPS receiver would
require the distance to each UWB transmission system to be the same to within lessthan 1 meter
(assuming a 1 nanosecond pulse width). For the aggregate measurements, the unit-under-test was the
C/A-code receiver.

TABLE 2-3. UWB Signal Parametersfor Aggregate M easurements

UWB Signal Parameters
Measure combined interference power at receiver input over arange to obtain break-lock
and reacquisition data

M easur ement
Case

PRF: 10 MHz (#1); 10 MHz (#2); 10 MHz (#3); 10 MHz (#4); 10 MHz (#5); 10 MHz (#6)
I Gating: 100 %
Dithering: 2% Rel.

PRF: 10 MHz (#1); 10 MHz (#2); 10 MHz (#3); 10 MHz (#4); 10 MHz (#5); 10 MHz (#6)
I Gating: 20 %
Dithering: 2% Rel.

PRF: 10 MHz (#1); 10 MHz (#2); 3 MHz (#3); 3 MHz (#4); 3 MHz (#5); 3 MHz (#6)
1" Gating: 100 % (#1, #2, #3); 20% (#4, #5, #6)
Dithering: No dithering (#1, #2, #3), 2% Rel. (#4, #5, #6)

PRF: 3 MHz (#1); 3 MHz (#2); 3 MHz (#3); 3 MHz (#4); 3 MHz (#5); 3 MHz (#6)
v Gating: 20 %
Dithering: No dithering (#1, #2, #3, #4), 2% Rel. (#5, #6)

PRF: 1 MHz (#1); 1 MHz (#2); 1 MHz (#3); 1 MHz (#4); 1MHz (#5); 1MHz (#6)

Gating: 100 %

\% Dithering: 2% Rel.

Perform tests with only UWB signal generator #1on; with #1 and #2 on; with #1, #2 and #3
on and with all four on; etc. until all six generators are on.

In Measurement Cases | through 1V, the power leve of each UWB sgnd generator (with thesgnd
parameters of Table 2-3) was set such that they were equd at the input to the UWB signal combiner.
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The power level associated with each gated signdl (to determine equdity at the input to the UWB sgnd
combiner) was the average power during the time the UWB signa was gated on. The aggregate UWB
power (all signal sources turned on) into the GPS receiver was then controlled by attenuators after the
output of the UWB signd combiner. The aggregate UWB power shown on the measured data plotsis
the tota power without gating of any UWB sgna. The exact PRF of each UWB sgna generator that
caused CW-like interference was adjusted to assure that: 1) one spectra line from each generator was
within severd kHz of the GPS L1 center frequency of 1575.42 MHz, and 2) the spectrd lines, from
multiple sources, were not coincident in frequency. With the above conditions, the aggregate UWB
sggnd, noise and GPS sgnas were input to the GPS receiver. The aggregate Sgnd power level was
varied and the GPS receiver performance was measured.

In Measurement Case V, the power leve of each UWB signa was set such that they were equd a
the input of the UWB signd combiner when turned on. However, the first set of GPS receiver
performance tests within Measurement Case V was performed with only asingle UWB signd generator
turned on. The test was repeated with two UWB signd generatorsturned on. Tests were dso
performed with three, four, five and then sx UWB sgna generators turned on.

The break-lock and reacquisition threshold levels were extracted from the ITS plots for aggregate
measurements.*® The methods used to determine these threshol ds were the same as those outlined in
Section 2-1. The break-lock and reacquisition threshold levels are listed in Table 2-4.

2.1.3 Radiated (Anechoic Chamber) Measurements

To examine the gpplicability of the conducted measurements, the effects of the GPS antenna on the
radiated sgnals within the frequency band of interest were measured. Measurements were performed
wherein the UWB signd was radiated and received within an anechoic chamber. This characterized the
effects of the GPS antenna on the UWB signa. These measurements were performed in an anechoic
chamber to prevent outside interference sources from affecting the results. The test set-up isshownin
Figure 2-2.

A comparison between the radiated and conducted path measurements of the APD and the
andyses of the magnitude distortion and the variaionsin the group delay presented in the ITS Report®’
indicate that the GPS antenna gain in the direction of the interference source isthe only parameter that
needs to be considered in the source-path-receiver analyses. The GPS antenna does not cause any
additiond effectsto the portion of the UWB signd within the GPS operating band.

®Ts Report at Appendix F.

371 TSReport at 44.



TABLE 2-4. Resultsof Aggregate M easurementsfor C/A-Code Receiver

Interference Thresholds*
(dBm/20 MH2)
M easurement Case (combined interference power at receiver input as
measured without gating)
Break-L ock Reacquisition
I -87.5 -5
I -79.5 -86
1 -109 -109
\Y) -88 -90
V (One UWB Generator) [-48] -88
V (Two UWB Generators) [-62.5] -93
V (Three UWB Generators) -85 -93
V (Four UWB Generators) -835 -93
V (Five UWB Generators) -84 -4
V (Six UWB Generators) -835 -93

* No measurable effect up to the power level shown in brackets.

A & ]
ANTENNA ANTENNA

SCOPC
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Condocted pah
Figure2-2. Radiated Measurement Test Setup.
2.1.4 Amplitude Probability Digribution M easurements

The APD is used in radio engineering to describe signa amplitude gatistics. The APD contains
information on the percentage of time the envelope of UWB sgnds in a specific intermediate frequency

(IF) bandwidth exceeds various amplitudes. Statistics such as percentiles, deciles and the median can
be read directly from the APD. Other parameters such as average power can aso be computed from
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the APD. The APDs can dso be used in determining the interference effect characteristics of UWB
sgna permutations (e.g., CW-like, noise-like, or pulse-like).

In this effort, APDs were measured in 3 MHz and 20 MHz bandwidths (typica of GPS receiver IF
bandwidths), at the GPS L1 center frequency of 1575.42 MHz, for eeach UWB signa permutation
considered. A discussion on APDs, aswell asthe APDs measured as a part of this program are
presented in the I TS Report.®

2.2 COMPARISON OF MEASURED RESULTSWITH EXISTING GPS
C/A-CODE INTERFERENCE LIMITS

2.2.1 Discusson of Exiging GPS Interference Limits

NTIA compared the measured results with exigting interference limits applicable to C/A-code GPS
recavers. Thiswas doneto 1) determine whether the measured interference thresholds were
sgnificantly different than existing protection requirements and 2) assess the consistency of the
measured data.

The exigting interference limits for C/A-code GPS receivers have been developed by a body of
GPS experts within the RTCA and the ITU-R. The RTCA limits consder interference signasthat are
characterized as pulsed, CW, and broadband noise. The ITU-R Recommendation considers CW and
broadband noise-like interference signals. For the case of in-band pulsed interference, the RTCA
derived limit is a peak power of +20 dBm for pulse widths lessthan 1 ms and pulse duty cyclesless
than 10%. For the in-band CW interference case, both the RTCA and the ITU-R interference limits
are defined as-150.5 dBW for GPS receivers operating in the tracking mode. For in-band broadband
noise interference, both the RTCA and the ITU-R limits are -140.5 dBW/MHz for GPS receivers
when operating in the tracking mode.

The RTCA and the ITU-R interference limits are referenced to the input of the GPS receiver and
are based on aminimum available GPS C/A-code signd leve of -134.5 dBm (-130 dBm minimum
guaranteed signd leve into a-4.5 dBic antenna),* also referenced to the input of the GPS receiver.
Since the measurements reported in this effort are based on a GPS signd level of -130 dBm (i.e., GPS
antenna gain assumed to be 0 dBic), it was necessary to adjust the interference data by -4.5 dB to
account for the difference in desired Sgna level. The adjustment in this case takes into account that the
performance of GPS is dependent on the carrier to noise (including recelver thermd noise) ratio. That

®Ts Report at Appendix C.

39 Document Number RTCA/DO-229B, Minimum Operational Performance Standard for GPS/ Wide Area
Augmentation System Airborne Equipment (January.1996) at 38 (hereinafter DO-229B); ITU-R M.1477 at ANNEX 1,
Section 3-2.
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IS, over the range of parameters of interest, with CW-like and noise-like interference, performanceis
not afunction of absolute power levels. Thus, if the desired GPS signd is decreased by 4.5 dB, then the
effective interference needs to be decreased by 4.5 dB to maintain the same GPS performance for
comparison with existing limits.

2.2.2 Analyssof the Single-Entry Measured Data

The measured UWB interference effect on the GPS receiver for each UWB permutation
consdered was classified as either pulse-like, CW-like, or noise-like. The pulse-like category is
primarily developed as aresult of the bandlimiting filter in the GPS receiver. That is, the bandwidth of
the UWB sgnd istypicdly severd orders of magnitude wider than the bandlimiting filtersin the GPS
receiver. Thus, the pulse shape and bandwidth of the bandlimited pulse corresponds to the impulse
response of the recaiver filter. Pulses are independent when the filter bandwidth is greater than the
pulse repetition rate. That is consecutive independent pulses, at the output of the bandlimiting filter, do
not overlap in the time domain. Pulses that were independent without dithering can overlap when
dithering isintroduced. To remain independent, the minimum pulse repetition period of the dithered
sgnd must be greeter than the duration of the filter impulse response. If the bandlimited pulseis
independent and of sufficient amplitude, it will saturate one or more elements in the receiver during the
pulse period. Thiswill result in “holes’ in the GPS sgnd. If these“holes’ are rdatively short and of a
relatively low duty cycle, they will not serioudy degrade the GPS performance. Anincreasein the
amplitude of the pulse will not sgnificantly increase the width of the “holes’ and thus the interference
effect is somewhat independent of UWB signa strength as long as the amplitude is below the recelver
peak pulse power limit (. +20 dBm). These effects are represented in the RTCA interference limits for
pulsed interference.

Typica GPS receivers have an IF bandwidth on the order of severd MHz to 20 MHz, therefore,
the pulses for most of the 0.1 MHz and 1.0 MHz PRF UWB signd permutations are independent and
can be classfied as pulse-like. An examination of the datain Table 2-1 reveads only three UWB sgnd
permutations utilizing a0.1 or 1.0 MHz PRF where a break-lock condition could be measured. These
three specific permutations are defined by 0.1 MHz PRF, no modulation, 100% gating; 1 MHz PRF,
no modulation, 100% gating; and 1 MHz PRF, OOK, 100% gating. For two of these permutations
(0.1 MHz PRF, no modulation, 100% gating and the 1 MHz PRF, OOK, 100% gating), the break-
lock interference levels are rdatively high (-70 and -78 dBm/20 MHZz). An examination of the APDs
for these permutations showed signds of ardatively high leve for 10% or less of thetime. Thus, these
two permutations were aso considered to represent pulse-like interference conditions asindicated in
Table 2-5. Theinability to measure a break-lock condition within the available power of the UWB
generator, and the PRFs involved, was judged to be indicative of sgnals that appear pulse-like in the
GPSreceiver. Four other Sgnd permutations were dso judged to be indicative of pulse-like
interference sgnds. These four permutations dl employed dithering and geting. For dl four of these
permutations, break-lock could not be attained with the maximum signa power available from the
UWB generator.

2-9



The UWB signd permutations that had a pulse-like interference effect are shown in Table 2-5. A
direct comparison with the RTCA limit could not be made since bresk-lock was not atainable within
the output sgna power limits of the measurement set-up. Furthermore, a continued increase in sgnd
power for these permutations could result in damage to the front-end of the receivers via burn-out, and
thus was not pursued as a part of this effort. However, it can be seen from the last data point obtained
(i.e., the maximum available sgnd power) that for a UWB signa that causes pulse-like interference, the
GPS receiver performance was fairly robust.

The next category of UWB permutations examined were those that appeared to cause CW-like
interference. The decision to categorize a UWB permutation as CW-like was primarily based on
whether the UWB signa showed dominant linesin the spectra. This CW-like characteristic was then
confirmed by examining the APD for that Sgnd permutation. An additiond factor in determining
whether a particular UWB permutation demonstrated CW-like characteristics was the fact that a
reacquisition measurement could not be reliably performed due to the non-dationary satistics for this
GPS performance parameter when CW interference occurred. The obvious case of UWB signds that
are CW-like in their impact to GPS receivers are those UWB signa permutations with constant PRFs
(i.e., employing no modulation). The spectrd lines produced in the emissions of such UWB
permutations with PRFs of 1 MHz or greater, appear as CW interference to a C/A-code tracking GPS
receiver. If the spectrd lines contained in the UWB signd coincide with a dominant spectrd line of the
GPS C/A-code sgnd, the GPS receiver performance can be degraded at alow UWB power level.
Asaresult of the Doppler effects introduced by the motion of the GPS satellites, the C/A- code lines
will shift in frequency thus increasing the probability of a spectrd line contained within the UWB signa
coinciding with adominant C/A-code line. Based on the andlytical work performed within the RTCA
and the ITU-R, GPS receivers are most susceptible to CW interference. Other UWB signds with non-
dithered PRFs of 5 and 20 MHz employing OOK modulationf®, gating (20%)*, or combinations of
OOK modulation and gating will lso demondirate strong CW components. The existence of CW lines
for these casesisindicated in the ITS report. The UWB signd permutations consdered in this effort
that were determined to cause CW-like interference are shown in Table 2-5.

The remaining UWB signd permutations considered in this effort (5 and 20 MHz, 100% gated,
with 2% relative or 50% absolute dithering) were determined to cause noise-like interference based on
examingation of the associated APDs. These are shown asthe last of the entriesin Table 2-5.

40 TS Report at 59.

4L TSReport at 13.
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TABLE 2-5. Categorization of UWB Signal Permutations

Interfering Signal
Structure

Category Of
Interfering Signal Effect

Adjusted Interference
Threshold

2-11

>

0.1 MHz PRF, No Mod, 100% Gate Pulse-Like

0.1 MHz PRF, No Mod, 20% Gate Pulse-Like

0.1 MHz PRF, OOK, 100% Gate Pulse-Like

0.1 MHz PRF, OOK. 20% Gate Pulse-Like

0.1 MHz PRF, 50% abs, 100% Gate Pulse-Like

0.1 MHz PRF, 50% abs, 20% Gate Pulse-Like

0.1 MHz PRF, 2% rel, 100% Gate Pulse-Like Direct Comparison to existing GPS

0.1 MHz PRF, 2% rel, 20% Gate Pulse-Like ﬂ:gtgitti f:;tetvhe;;C:;Sr::;szmasifudp”e

1 MHz PRF, No Mod, 20% Gate Pulse-Like could not attain a power level of +20

Lo, oo v | i o e ek

1 MHz PRF, OOK, 20% Gate Pulse-Like subjected to low duty cycle pulsed

1 MHz PRF, 50% abs, 100% Gate Pulse-Like interfer.ence consistent with the existi
RTCA interference threshold.

1 MHz PRF, 50% abs, 20% Gate Pulse-Like

1 MHz PRF, 2% rel, 100% Gate Pulse-Like

1 MHz PRF, 2% rel, 20% Gate Pulse-Like

5 MHz PRF, 50% abs, 20% Gate Pulse-Like

5 MHz PRF, 2% rel, 20% Gate Pulse-Like

20 MHz PRF, 50% abs, 20% Gate Pulse-Like

20 MHz PRF, 2% rel, 20% Gate Pulse-Like

1 MHz PRF, No Mod, 100% Gate CW-Like -148.5 dBW

5 MHz PRF, No Mod, 100% Gate CW-Like -150.0 dBW

5 MHz PRF, No Mod, 20% Gate CW-Like -150.0 dBW

5 MHz PRF, OOK, 100% Gate CW-Like -149.0 dBW

5 MHz PRF, OOK, 20% Gate CW-Like -149.0 dBW

20 MHz PRF, No Mod, 100% Gate CW-Like -149.5 dBW

20 MHz PRF, No Mod, 20% Gate CW-Like -150.5 dBW

20 MHz PRF, OOK, 100% Gate CW-Like -149.0 dBW

20 MHz PRF, OOK, 20% Gate CW-Like -151.0 dBW

5 MHz PRF, 50% abs,100% Gate Noise-Like -141.5 dBW/MHz

5 MHz PRF,2% rel, 100% Gate Noise-Like -141.0 dBBW/MHz

20 MHz PRF, 50% abs, 100% Gate Noise-Like -142.5 dBW/MHz

20 MHz PRF, 2% rel, 100% Gate Noise-Like -140.5 dBW/MHz



2.2.2.1 Comparison of Single-Entry Measurementsto Existing Threshold Limits

For the UWB permutations that cause pulse-like interference effects, a direct comparison to
the exigting limit of +20 dBm (pulse pesk power) could not be made due to the fact that the
measurement set-up could not attain a power level of +20 dBm. However, at the maximum power
available from the UWB generator, the GPS receiver could not be made to lose lock with the satellite
of interest. For the two remaining cases, the power required to cause a bresk-lock was relatively high.
These resultsindicate a trend of relative GPS robustness when subjected to low duty cycle pulsed
interference consistent with the existing RTCA interference threshold.*2

For the case of CW-like interference, the power contained in the UWB spectra line within the
GPS passhand must be determined. Asaresult of the non-gationary characteristic of the statitical
measures of GPS receiver performance when the CW interfering signd isdigned (or nearly digned) in
frequency with adominant C/A-code spectra line, it was not possible to obtain ardiable reacquisition.
Thus, for the purposes of comparison to the existing interference criteria, the break-lock interference
threshold was used for the CW-like signal cases.

An example of the caculation used to adjust the measured data for UWB signd permutations that
cause a CW-like interference effect to the bas's represented in the development of the existing
interference limits is shown in Tables 2-6 through 2-9. The implicit assumption in these comparisonsis
that the interference mechanism involves one UWB spectrd line interfering with a dominant C/A-code
spectrd line. Table 2-6 shows the necessary adjustments to the measured thresholds for the CW-like
UWB sgnd permutations utilizing a constant PRF (i.e., no modul&tion).

The adjustment necessary for comparison between the measured interference threshold and the
exidting protection limitsfor aUWB sgnd that causes a CW-like interference effect utilizing OOK
modulation includes a3 dB factor for the division of power between discrete spectrd lines and
continuous spectrum.*® Table 2-7 shows the necessary adjustments to the measured threshold.

The adjustments necessary for a UWB sgnd permutation (causing a CW-like interference effect)
utilizing gating include additiond factors to account for 1) the average power over the gating period
since the power reported in the measurements is the power during the gate-on period (10log 0.2 = -7
dB for 20% gating), 2) the number of mgor spectrd lines contained in the measurement bandwidth (-
10log 5 for a5 MHz PRF), and 3) an adjustment for the spectra
Spreading due to gating. When gating is gpplied to sgnas with spectrd lines, the result isthe singleline
of the non-gated case (major spectrd lines) are soread into a number of lineswhere
the spacing between the linesis equd to the reciproca of the gating period (eg., /20 msor

42 DO-229B at 186.

BITs Report at Appendix B.
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TABLE 2-6. Adjustmentsto Measured Leve for a Constant PRF UWB Signal

UWB Signal Permutation iol\gf;g;'?rfg'\lo Mod,
Measured Break-Lock Level -108.5 dBm/20 MHz
Individual Power Adjustments
Conversion to dBW -30dB
Correction for GPS signd level (i.e.,.from -130 dBmusedin 45dB
measurements to -134.5 dBm used in threshold devel opment)
Povyer inasi r)gle s_pectral line (-10log 5, where 5 repre;:.ents the number 7dB
of lines contained in the 20 MHz measurement bandwidth)
Total Power Adjustment -41.5dB
Atk ko
Interference Threshold Developed in RTCA and ITU-R -150.5 dBW

TABLE 2-7. Adjustmentsto Measured Level for a OOK Modulated UWB Signal

. . 20 MHz PRF, OOK,
UWB Signal Permutation 100% Gating
Measured Break-Lock Level -111.5 dBm/20 MHz
Individual Power Adjustments
Division of power between discrete spectral lines and continuous
-3dB
spectrunt*
Conversion to dBW -30dB
Correction for GPS signal level (i.e., from -130 dBm used in measurements 4508
t0-134.5 dBm used in threshold devel opment) '
Power in asingle spectral line (-10log 1, where 1 represents the number of 0dB
lines contained in the 20 MHz measurement bandwidth)
Total Power Adjustment -37.5dB
Adjusted Break-Lock Level
(-1115dBm - 375 dB) -1490dBW
Interference Threshold Developed in RTCA and ITU-R -150.5 dBW

4 | TSReport at 59.
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spectrd lines are convolved with asinc? function® obtained from the gating envelope.®® The 50 Hz for
the 20% gating considered in this study) and the null spacing of the Sinc? function is equa to two times
the reciproca of the gated-on time (e.g., 2/4 ms or 500 Hz in this study). The half-power bandwidth of
this function is 250 Hz and will contain a significant mgjority of the totl power of the Sinc? spectrum.
Therefore, for a CW-like UWB sgna permutation using 20% gating, the half-power bandwidth (250
Hz) will contain 5 spectrd lines at 50 Hz spacing. Thus, the adjustment necessary to account for this
digtribution of power among the spectrd linesis-10log(5) =-7 dB in 250 Hz. The adjustments for a
CW-like UWB sgnd permutation using 20% gating are shown in Table 2-8.

The adjustments necessary for a UWB sgnd permutation (causing a CW-like interference effect)
using an OOK modulation and 20% gating are a combination of the adjustments discussed
in the previous two examples (Tables 2-7 and 2-8). These required adjustments for a UWB signd
permutation employing OOK modulation and 20% gating are summarized below in Table 2-9.

In order to compare UWB sgnal permutations (causing a noise-like interference effect) to the
exigting interference thresholds, the adjustments to the measured datainclude: 1) conversion of power
from dBm to dBW, 2) an adjustment to convert from a 20 MHz measurement bandwidth to a1l MHz
reference bandwidth, and 3) a correction of 4.5 dB to adjust for the difference in GPS sgnd levels.
The measured GPS parameter used as the basis of comparison is the reacquisition level. The
adjustments to the measured data for the broadband noise measurement are illustrated in Table 2-10.
The same process was used to adjust the noise-like UWB signa permutations for comparison to the
exiding interference limits.

The results shown in these tables and summarized in the last column of Table 2-5 show consistent
agreement with the existing protection limits developed within RTCA and ITU-R of -140.5 dBW/MHz
for noiselike interfering signas and -150.5 dBW for CW-like interfering Sgnas. The maximum
difference between the levels measured in this effort and the existing protection limitsis2 dB. This
indicates that the measured data set is congstent within the range of variations of UWB sgnd
permutations measured. It is noted that for the CW-like UWB signd permutations considered in this
effort, this comparison is based on break-lock levels rather than reacquisition levels (due to difficulties
discussed previoudy in this section). However, if it is assumed thet the reacquigition levd ison the
order of 2-3 dB lower than the break-lock level, then the consistency between the measured data and
the exigting protection limits remains strong.

45The sinc function is defined as si nc(argument)= Sin(argument)/argument.
46 | TS Report at 13.
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TABLE 2-8. Adjustmentsto Measured Leve for a 20% Gated UWB Signal

! . 5 MHz PRF, No Mod,

UWB Signal Permutation: 20% Gate
Measured Break-Lock Level: -94.5 dBm/20 MHz
Individual Power Adjustments

Conversion to dBW -30dB

Correction for GPS signal level (i.e., from -130 dBm used in measurementsto - 4548

134.5 dBm used in threshold development) '

Power in asingle spectral line (-10log 5, where 5 represents the number of 7dB

lines contained in the 20 MHz measurement bandwidth)

Adjustment for gate-on time relative to total time (-10 log 5) -7dB

Adjustment to compute power in asingle spectral line that is modulated by a

7 . ) . -7dB

sinc? function by the gating period
Total Power Adjustment -55.5dB
Adjusted Break-Lock Level
(-94.5dBm - 55.5 dB) -1500dBW
Interference Threshold Developed in RTCA and ITU-R -150.5 dBW

2.2.3 Analysesof Aggregate UWB M easurements

The results of Case | show tha, if the individud interference signas cause an effect that is noise-
like, the aggregate sgnd will be noise-like with the power of the effective aggregate interfering signd
determined by summing the average power of the individud UWB sgnas. For Casel, the measured
break-lock level was -87.5 dBm/20 MHz and the reacquisition threshold was -94.5 dBm/20 MHz.
These vaues can dso be adjusted for comparison to existing noise-like interference protection levels
using the procedures of Section 2.2.2. The adjusted reacquisition threshold is -142 dBW/MHz; that
compares to the existing limit of -140.5 dBW/MHz.

The results of the Case Il measurements show that an aggregate sgnd can “fill in” the off periods of
the low duty cycle interference at the IF filter output. Thisresultsin the UWB aggregate sgna of Case
[l showing an interference effect that isnoise-like. Thesnglesgnd
effect for the UWB parameters used was pulse-like. The power leve of the effective aggregate
interfering Sgnd is determined by summing the average power of theindividuad UWB sgnas.

For Case I1, the measured break-lock level was -79.5 dBm/20 MHz and the reacquisition threshold
was -86 dBm/20 MHz. These values can aso be adjusted for comparison to existing
noise-like interference protection levels. The adjusted, measured reacquisition threshold (including a
7dB factor to compute the average power for asigna with 20% gating) is -140.5 dBW/MHz; that
compares to the exiging limit for noise-like interference of -140.5 dBW/MHz.
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TABLE 2-9. Adjustmentsto Measured Leve for a UWB Signal Employing OOK

Modulation and 20% Gating

UWB Signal Permutation

5 MHz PRF, OCK,

20% Gate
Measured Break-Lock Level -90.5 dBm/20 MHz
Individual Power Adjustments
Conversion to dBW -30dB
Correction for GPS signal level (i.e., from -130 dBm used in measurements 4548
t0-134.5 dBm used in threshold devel opment) ’
Division of power between discrete spectral lines and continuous
-3dB
spectrum for OOK
Power in asingle spectral line (-10log 5, where 5 represents the number of 7dB
lines contained in the 20 MHz measurement bandwidth)
Adjustment for gate-on timerelative to total time (-10 log 5) -7dB
Adjustment to compute power in asingle spectral line that is modulated
S : . : -7dB
by a sinc” function by the gating period
Total Power Adjustment -58.5dB
Adjusted Break-Lock Level (-90.5 dBm - 58.5 dB) -149.0 dBW
Interference Threshold Developed in RTCA and ITU-R -150.5 dBW

TABLE 2-10. Adjustmentsto Measured Level for a Noise-Like Signal

Signal Permutation Baseline Noise
Measured Reacquisition -91.5dBm/20 MHz
Individual Power Adjustment
Conversion to dBW -30dB
Correction for GPS signal level (i.e., from -130 dBm used in measurements 4548
t0-134.5 dBm used in threshold devel opment) '
Conversion from 20 MHz measurement bandwidth to 1 MHz reference
. -13dB
bandwidth
Total Power Adjustment -47.5dB
Adjusted Reacquisition Level
(-915 dBm - 47.5 dB) -139.0dBW/MHz
Interference Threshold Developed in RTCA and ITU-R -140.5 dBW/MHz
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The results of the Case 111 aggregate measurements showed that line spectra, if produced by one or
more sources, can be the dominant cause of interference to GPS. The interference effect in Caselll is
CW-like; thisis further indicated by the CW lines gppearing in the measurements of the aggregate
spectrum for Case 111.4” Because the interference is attributable to a single interfering CW signd that is
coincident with adominant GPS C/A-code line the aggregate Sgnas do not add to determine the
effective interfering Sgna power. Of course, in the case of an aggregate interfering Sgnd that isa
compogte of severd sources having line spectra, the increased number of potentid interfering lines
would be expected to increase the probability of coincidence with a dominant C/A-codeline. Itisadso
expected that, if there were avery large number (centrd limit theorem) of sgnals with line spectra, one
would see an aggregate signd that would produce a noise-like effect. For this Case, the measured
break-lock level was-109 dBm/20 MHz and the reacquisition threshold was -109 dBm/20 MHz
These vaues can be adjusted for comparison to existing CW-like interference protection levels. The
adjusments consder that one of the lines from a 10 MHz PRF UWB sgnd will be the cause of the
interference and that three of the aggregated sgnas were gated on 20% of thetime. The adjusted
reacquisition threshold is-154.1 dBW; that compares to the existing limit of -150.5 dBW.

The results of the Case IV measurements again showed that line spectra are the dominant cause of
interference. The interference effect in Case IV is CW-like; thisis further indicated by the CW lines
appearing in the measurements of the aggregate spectrum for Case IV, Because theinterferenceis
atributable to asngle interfering CW signd that is coincident with a dominant C/A-code line, the
aggregate sgnds do not add to determine the effective interfering sgnd power. Of course, in the case
of an aggregate interfering signd that is a composite of saverd signas having line spectra, the increased
number of potentid interfering lines would be expected to increase the probability of coincidence with a
dominant C/A-code line. 1t isaso expected that, if there were avery large number (centra limit
theorem) of sgnaswith line spectra, one would see an aggregate Sgnd that would produce a noise-like
effect. For this case, the measured break-lock level was -88 dBm/20 MHz and the reacquisition
threshold was -90 dBm/20 MHz. These vaues can be adjusted for comparison to existing CW-like
interference protection levels. The adjustment consders that one of the lines from the 3 MHz PRF
sgnaswill be dominant. The adjusted reacquisition threshold is -148 dBW; that comparesto the
exiding limit of -150.5 dBW.

The results of the Case V measurements dso show that an aggregate signd condition can “fill in”
the off-periods of the low duty cycle pulses a the output of the GPS recaiver IF filter. Thisisfurther
illustrated by the step-by-step introduction of individua UWB sgnasto form the aggregate signd. This
resultsin the interference mechanism changing from pulse-like (in the sngle and two signd case) to
noise-like (in the three through sx UWB signd aggregate cases). The noise-like characterigtic isaso
caused by the dithering of the UWB signd as opposed to a constant PRF that would result in a CW-
like effect. Inthis case, the effective aggregate interference level isthe sum of the individud UWB
sgnd average power levels. The measured bresk-lock level was -83.5 dBm/20 MHz and the

4| TSReport at Figure 6.3.2.1.
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reacquisition threshold was -93 dBm/20 MHz for the find test where the aggregate condsted of six
individual sgnds. These vaues can be adjusted for comparison with existing RTCA and ITU-R
protection limits. Thiswould yield an adjusted measured vaue of -140.5 dBW/MHz that comparesto
the exigting limit for noise-like interference of -140.5 dBW/MHz.

In summary, the aggregate measurements are in keeping with what one would expect. They show
the “fill in” effect that causes atrangtion from pulse-like to noise-like interference. The data shows that
when the aggregate interference is noise-like, the effective aggregate interference power leve isthe sum
of theindividud UWB signd average power levels. When the aggregate interference, associated with a
somewhat limited number of UWB sources, is CW-like, the measured results show the interference
threshold power to be that associated with the power of asingle spectrd line. Although these results
are for asomewhat limited number of UWB signdss, they are directly gpplicable to most of the
scenarios consdered in this study. These aggregate measurements aso show results that are consistent
with existing GPS interference protection limits. The comparison of the adjusted aggregate interference
reacquigtion thresholds with the exigting limits of RTCA and ITU-R are summarized in Table 2-11.

Table2-11. Comparison of Adjusted Aggregate I nterference Thresholdswith Existing

Limits
Aggregate I nterference Category of Aggregate Adjusted Reacquisition Existing Limits

M easurement Case Interfering Signal Effect Threshold
| Noise-Like -142 dBW/MHz -140.5 dBW/MHz
Il Noise-Like -140.5 dBW/MHz -140.5 dBW/MHz
11 CW-Like -154.1 dBW -150.5 dBW
v CW-Like -148 dBW -150.5 dBW

(6 UWB (\B/enerators) Noise-Like -140.5 dBW/MHz -140.5 dBW/MHz
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SECTION 3.0
ANALYSISOVERVIEW

3.1 ANALYSISDESCRIPTION

The measurements performed by the ITS define the interference threshold of a UWB device asa
function of the UWB signd parameters (e.g., power, PRF, gating, modulation). Theinterference
threshold is measured at the input of the GPS receiver and is used in the analysis for each specific
GPS'UWB operationa scenario to caculate the maximum alowable emisson leve at the output of the
UWB device antenna. The following paragraphs describe the analyss method used.

The maximum alowable emisson levd from the UWB deviceisbased on an EIRP limit. The EIRP
is the power supplied to the antenna of the UWB device multiplied by the reative antenna gain of the
UWB device in the direction of the GPS recaiver. The maximum alowable EIRP is computed using the
following eguation:

EIRI:)max = IT - Gr + I—p - I—muIt - I—aIIot - I—man + I—AF + I—BA - I—safety (1)

where:
EIRP, . IS the maximum alowable EIRP of the UWB device (dBW or dBW/MH2z);
I+ istheinterference threshold of the UWB signd at the input of the GPS recaiver (dBW or
dBW/MH2);
G, isthe gain of the GPS antenna.in the direction of the UWB device (dBi);
L, isthe radiowave propagation loss (dB);
L, 1Sthe factor to account for multiple UWB devices (dB);
L.t isthe factor for interference dlotment (dB);
L,.an 1S the factor to account for manufacturer variations in GPS receivers (dB);

Lar ISthe ectivity factor of the UWB device (dB);
L, isthe building attenuation loss (dB);
L erery iSthe aviation safety margin (dB).

The following paragraphs explain each of the technicd factors used in the analyss.

311 UWB Interference Threshold (I1)

The UWB interference threshold referenced to the input of the GPS receiver is obtained from the
sngle source interference susceptibility measurements performed by ITS as discussed in Section 2.1.1
(Tables 2-1 and 2-2). Adjustments are made to the measured interference susceptibility levelsto
compute the UWB interference threshold. Asdiscussed in Section 3.3 (Tables 3-13 and 3-14), the
adjustments made to the measured interference susceptibility levels are based on the individud UWB
sgnd dructure.

3-1



3.1.2 GPSReceiver Antenna Gain (G,)

The GPS antennagain modd used in thisanalyssis provided in Table 3-1. The antenna gain used
is based on the position of the UWB device with respect to the GPS antenna and is determined from
the GPS'UWB operationa scenario under consideration.

TABLE 3-1. GPS Antenna Gain Based on UWB Device
Position With Respect to GPS Antenna

Off-axisAngle GPS Antenna Gain
(Measured with Respect to the Horizon) (dBi)
-90 degreesto -10 degrees -4.5
-10 degrees to 10 degrees 0
10 degrees to 90 degrees 3

The off-axis angle measured with respect to the horizon is computed by:
e = tan* [(hyws - heps)/D] )

where:
e is the angle measured with respect to the horizon (degrees);
h,we isthe UWB device antenna height (m);
hgps isthe GPS receiver antenna height (m);
D isthe horizontal separation between the GPS receiver and UWB device (m).

3.1.3 Radiowave Propagation Modd (L,)

The radiowave propagation loss is computed using the minimum distance separation between the
GPS receiver and the UWB device as defined by the GPS/UWB operational scenario. The radiowave
propagation model used aso depends on the GPS/UWB operationa scenario. By definition, “free-
gpace” assumes that there is aline-of-sight (LOS) path between the UWB device and the GPS
recaiver. The radiowave propagation mode described by the free-gpace loss equation is:

L,=20Log F+ 20 Log Dy, - 27.55 3
where:
L, isthe free-space propagation loss (dB);

F isthe frequency (MH2);
Dmin is the minimum distance separation between the GPS receiver and UWB device (m).
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Asareault of antenna heights and terrain conditions, free-goace conditions may not exist. Thereisa
phenomenon referred to as the propagation loss breskpoint, which conssts of a change in the dope of
the propagation loss with distance a aradia distance from the transmitter. It is caused by the reflection
of the tranamitted sgna by the ground. This multipath signd interferes with the direct path sgna and
usualy occurs only in areas with clear LOS and ground reflection paths.

For the frequency range of interest, the propagation loss changes by 20 dB/decade (i.e., free-space
loss) close to the tranamitter, and by 40 dB/decade after the propagation loss breskpoint occurs. The
propagation |oss breakpoint radius from the transmitter, R,, is caculated using the formula *;

R,=2.3x10°F (h h) 4

where:
R, isthe propagation loss bregkpoint radius (mi);
F isthe frequency (MH2z);
h isthe UWB device antenna height (ft);
h, isthe GPS receiver antenna height (ft).

When the minimum distance separation between the UWB device and the GPS receiver isless than
R,, the free-gpace propagation modd should be used. When the minimum distance separation between
the UWB device and the GPS receiver is greater than R, a propagation mode that takes into account
non-L OS conditions should be used.

3.1.4 Multiple UWB Devices (Lmur)

The GPSUWB operationd scenario determines whether single or multiple UWB devices should be
condgdered. The factor for multiple UWB devices was obtained from the multiple source (aggregate)
measurements performed by ITS. Section 2.1.2 of this report, discusses the multiple UWB devices
measurement results. Based on the multiple source measurements, the factor to be included in the
andysis for multiple UWB devices will depend on whether the interference effect has been
characterized as being pulse-like, CW-like, or noise-like. The exception is the en-route navigation
operationd scenario, where it is assumed that there are alarge enough number of UWB devices, such
that independent of the individuad UWB sgnal parameters, the aggregate effect causes noise-like
interference.

Asdiscussed in Section 2.2.3, Sgnals that were characterized as being pulse-like for sngle UWB
device interactions were characterized as being noise-like when multiple UWB devices are considered.
The occurrence of the trangtion from pulse-like to noise-like interference was verified in Measurement

B EN. Singer, Land Mobile Radio Systems (Second Edition) at 194.
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Case V. The number of UWB devices required for this transition to occur depends on the PRF. For
the 1 MHz PRF signas, the measurements show that three signds are required for the trangtion to
occur. Inthe case of the 100 kHz PRF signdss, the number of UWB devices necessary for the
trangtion to occur will be much larger than the number of UWB devices under considerdtion in the
operational scenarios. Based on the measurement results, afactor for multiple UWB devicesis not
included in this andlysis for sgna permutations that have been characterized as causing pulse-like
interference with a PRF of 100 kHz.

The interference effect for UWB signds that have been characterized as being CW-like is attributed
to the sngle interfering CW line that is coincident with a dominant C/A-code line. This was discussed
in Section 2.2.3, and confirmed in Measurement Cases I11 and 1. Multiple UWB sgndsthat are
characterized as causng CW-like interference, do not add to determine the effective interfering sgna
power. A large number of UWB devices producing spectral lines would be necessary before thereisa
trangtion to anoise-like interference effect. This trangtion from CW-like to noise-like will not occur
with the number of UWB devices under congderation in the operational scenarios. Based on the
measurement results, afactor for multiple UWB devicesis not included in this anaysis for UWB sgnd
permutations that have been characterized as causng CW-like interference,

UWB sgnds permutations with PRFs of 1 MHz, 5 MHz, and 20 MHz that have been
characterized as being pulse-like, will trangition to noise-like interference as the number of UWB
devicesisincreased. Thisisdiscussed in Section 2.2.3 and verified in Measurement Case V. For
these UWB sgnds permutations, afactor of 10 Log (number of UWB devices) isincluded in the
andyss.

Asdiscussed in Section 2.2.3, and verified in Measurement Case | and |1, if the individud sgnds
cause an interference effect that is noise-like, the interference effect of the multiple noise-like Sgnasis
noise-like. Based on the measurement results, for UWB signd permutations that have been
characterized as causing noise-like interference, afactor of 10 Log (number of UWB devices) is
included in the andlyss.

3.15 Interference Allotment (Lo

Severd potentia sources of interference to GPS receivers have been identified. These include but
are not limited to: 1) adjacent band interference from mobile satellite service (MSS) handsets; 2)
harmonics from televison transmitters; 3) adjacent band interference from super geostationary earth-
orhiting (super GEO) satdllite transmitters®®; 4) spurious emissions from 700 MHz public safety base,
mobile, and portable transmitters, and 5) spurious emissions including harmonics from 700 MHz
commercid base, mobile, and portable transmitters. Multiple sources of interference, which might

49 Super GEOs are geostationary earth orbiting satellites that are designed to employ a high transmit power
to communicate with mobile handsets.
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individually be tolerated by a GPS receiver, may combine to cregte an aggregate interference level
(e.g., noise and emissions) that could prevent the reliable reception of the GPSsignd. In the
GPS/UWB operationd scenario, a percentage of thetotd dlotment for dl interfering sources will be
attributed specificaly to UWB devices.

In this analysis the percentage of the tota interference alotment that is attributed to UWB devicesis
dependent on the minimum distance separation between the GPS receiver and the UWB device. The
minimum distance separation is established by each operational scenario. For operationa scenarios
where the minimum distance separation issmdl (e.g., on the order of severd meters), the UWB device
is expected to be the dominant source of interference, and 100% of the total interference is dlotted to
UWB devices. For operationd scenarios where alarger distance separation exigts, there is a greater
likelihood that other interfering sources will contribute to the tota interference leve at the GPS receiver.
In these operationa scenarios, 50% of the total interferenceis alotted to UWB devices. That is, one
haf of the total alowable interference is dlotted to UWB and the other hdf is alotted to dl other
interfering sources combined. For the aviation operationa scenarios, larger geographic areas are visible
to aGPS receiver onboard an aircraft. Thislarger fidd of view will increase the number of interfering
sources that can contribute to the totd interference level at the recaiver. In the aviation operationa
scenarios, 10% of the totd interferenceis alotted to UWB devices. The factor for UWB device
interference alotment is computed from 10 Log (UWB interference dlotment ratio). For example, if
the UWB device interference alotment is 50% ( aratio of 0.5), a3 dB factor isincluded in the anayss.

3.1.6 GPSReceiver Variation (Lman)

The ITS measurement effort did not consder multiple samples of each model of GPS receiver.
Therefore, it is not possible to determine if there isa Statidicad variation in the performance of GPS
recavers. Asan esimate, a3 dB factor has been included to take into account likely variations among
GPS receivers of the same modd aswell as variations in GPS recevers from different manufacturers,

3.1.7 UWB Device Activity Factor (Lar)

The activity factor represents the percentage of time that the UWB device is actudly tranamitting.
For example, a UWB device that is transmitting continuoudy will have an activity factor of 100%, no
matter what PRF, modulation, or gating percentage is employed. The activity factor is only applicable
when multiple UWB devices are consdered in the GPS'UWB operationa scenario. Some UWB
devices are expected to have inherently low activity factors such as those that are manudly activated
with atrigger or “deadman” switch. Otherswill likely have high activity factors such asa UWB loca
areanetwork. Since It was not possible to estimate practica values of activity factors for each
potentid UWB application, an activity factor of 100% (aratio of 1) was used in dl of the operationd
scenarios conddered in thisanalyss. Thus, the activity factor used is set equad to 0 dB (i.e,
10 Log (1)).
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3.1.8 Building Attenuation (Lga)

For GPSUWB operationa scenarios that consder the use of UWB devices operating indoors a
building attenuation factor isincluded. 1TS has conducted building attenuation |oss measurements at
912, 1920, and 5990 MHz.%° The measurements were performed for different buildings representing
typica resdentia and high rise office congtruction. Based on the results of these measurements,
whenever the UWB device is considered to be operating indoors an average building atenuation of 9
dB isused.

3.1.9 Aviation Safety Margin (Legey)

When the GPS'UWB operationa scenario involves aviation gpplications usng GPS (e.g., en-route
navigation and non-precision approach landing) a safety margin is gppropriate. The aviation safety
margin takes into account sources of radio-frequency interference that are red but not quantifiable (e.g.,
multipath). A safety margin of 6 dB isincluded for GPS receivers used in aviation gpplications.™

3.1.10 GPSRecaver Architecture

I nterference susceptibility measurements were performed on the C/A-code and semi-codeless GPS
receiver architectures. The GPS receiver architecture examined in the andysis are different depending
upon the operationa scenario under consderation. In those where the GPS receivers are used in
moving vehicles (terrestrid, maritime, and railway), the C/A-code architecture was used. Inthe
surveying operationa scenario, where the GPS receiver is not moving (or moving very dowly), the
semi-codeless recelver architecture was used. For the en-route navigation and non-precision approach
landing operationa scenarios a TSO-C129a compliant GPS receiver is used.>

3.2 DEVELOPMENT OF THE GPSUWB OPERATIONAL SCENARIOS

As discussed in the previous section, the measurements of the maximum tolerable interference
threshold at the input to the GPS recaiver is used in this andyss to compute the maximum dlowable

%0 National Telecommunications and Information Administration, Institute for Telecommunication Sciences,

NTIA Report 95-325, Building Penetration M easurements From Low-height Base Stations at 912, 1920, and 5990
MHz, at 43.

51 |ITU-R M.1477 a Annex 5.

52 The measurement results of the C/A-code TSO-C129a receiver are not available at thistime. The analysis

results that are presented are based on the measurements for the non-aviation C/A-code receiver. Although not
aviation certified, it isrepresentative of the architecture used by aviation in these applications. When dataon the

TSO-C-129areceiver is available, the results of the analysis may be revised.

3-6



EIRP of the UWB device. The operationa scenario is necessary to relate the interference level at the
input of the GPS receiver to the output of the UWB device. The GPS'UWB operationa scenarios
establish: the minimum distance separation between the GPS receiver and the UWB device; the
gppropriate antenna coupling; the applicable radio wave propagation modd; whether sngle or multiple
UWB devices should be consdered; and any other scenario specific factors (e.g., building attenuation
and aviaion safety margin).

On August 31, 2000, NTIA published a Notice in the Federd Register announcing a series of
public meetings to be held to gather information to be used by NTIA in developing the operationa
scenarios for assessing the potentia interference to GPS receivers from UWB devices>® Mestings
were held on September 7 and 27, and December 7 giving the Federd agencies and the public
opportunities to present documents related to the development of GPS/UWB operational scenarios.
Documents were submitted by: Multispectra Solutions Inc., the National Oceanic and Atmospheric
Adminigtration/National Ocean Science/Nationa Geodetic Survey, NTIA, Time Domain Corporation,
the USCG, and the U.S. GPS Industry Council. The specific proposds for operationa scenarios
included GPS receivers used in the following applications™:

- Public Safety (E-911 embedded in acdlular phone);

- Public Safety (emergency response vehicles);

- Geographic Information Systems;

- Precison Machine Contral;

- Maritime (constricted waterway navigation, harbor navigation, docking and lock operations;)
- Rallway (pogitive train control);

- Surveying;

- Aviation (en-route navigation and non-precision gpproach landings).

In addition to these specific GPS/UWB operationa scenarios, NTIA proposed a generd operationa
scenario for GPS receivers used for terrestrid applications that considered multiple UWB device
interactions.

Asareault of the three public meetings, five categories of GPS gpplications are conddered in the
development of the GPS'UWB operationd scenarios. terrestrid, maritime, railway, surveying, and
aviation. The operationa scenario proposals dso considered severd UWB device gpplications. The
UWB device applications include: embedded functions in a mobile phone, wireless loca area networks,
and short-range communication systems.

53 NTIA Noticeat 1.

5 All of the documents from the public meetings are avail able upon request from the NTIA Office of
Spectrum Management or from the NTIA website.
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321 Teredrial Applications

The specific operationa scenario proposas for the terrestria use of GPS recelversinclude: public
safety, geographic information systems, and precision machine control.>® The operationa scenario
proposas for terrestrial GPS recaivers are al based on a minimum distance separation between the
GPS recaiver and UWB device of 2 meters. Although this minimum distance separation may in some
cases be gpplicable for assessing interference from a single UWB device, it is not used when assessing
interference to GPS receivers from multiple UWB devices (10 meter minimum distance separation).
The single UWB device and multiple UWB device operationd scenarios for terrestria gpplications are
congdered inthisandysis.

3.2.1.1 Single UWB Device

In the terrestrid operationa scenario where asingle UWB device interaction is considered, a
minimum distance separation between the GPS receiver and the UWB device of 2 metersisused. Ata
minimum distance separation of 2 meters, it is appropriate to only consider the outdoor operation of
UWB devices.

In the single UWB device terrestrial operationa scenario, an antenna height of 3 metersis used for
the GPS receiver and the UWB device. Based on the antennamodd provided in Table 3-1, the
antenna gain for the GPS receiver used in this operationa scenario is0 dBi.

For the GPS recaeiver and UWB device antenna heights of 3 meters, the expected propagation loss
breakpoint radius is 568 meters. Since the minimum distance separation is much less than the expected
propagation loss breskpoint radius, the free-space propagation modd is applicable.

A summary of the technica factors associated with the sngle UWB device terrestrid operationa
scenario is provided in Table 3-2.

3.2.1.2 Multiple UWB Devices

After reviewing the operationa scenario proposasit is clear that the use of GPS for terrestria
goplicationsis extremdy diverse. Thismakesit difficult to identify a single representative operationa
scenario to be used in assessing the potentid interference to terrestrial GPS receivers from multiple
UWB devices. At the December 7, 2000 GPS/UWB operationa scenario meeting NTIA presented
an operational scenario proposal that considered interference to

aterrestrial GPS receiver from multiple UWB devices>® Inthe andysisof multiple UWB devices
both indoor and outdoor operation of UWB devicesis considered.

55 U.S. GPSIndustry Council Submission to NTIA GPS/UWB Operational Scenario Meeting (Sept. 7, 2000).

%6 National Telecommunications and Information Administration, Proposal for a General Operational

Scenario for Assessing Potential Interferenceto Terrestrial Global Positioning System Receiversfrom
Ultrawideband Transmission Systems (Dec. 7, 2000).
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TABLE 3-2. Technical Factorsfor the Sngle UWB Device Terredrial
Operational Scenario

Technical Factors | Value I
GPS Recaiver AntennaGain 0 dBi
GPS Antenna Height 3 meters
UWB Device Antenna Height 3 meters
Minimum Digtance Separation 2 meters
Propagation Model Free-space
Interference Allotment to UWB Devices 0 dB (100%)
Vaidionsin GPS Receivers 3dB
Multiple UWB Devices 1 UWB device
Activity Factor for Each UWB Device 0 dB (100%)
Building Attenuation 0dB
GPS Receiver Architecture C/A-code

In the multiple UWB device terrestrid operationa scenario, a minimum distance separation of 10
meters was established between the GPS receiver and a UWB device that is used outdoors. Thiswas
the distance separation that was presented at the GPSUWB operationa scenario meeting and isa
reasonable to use when multiple UWB devices are being considered. For indoor operation, the UWB
deviceis pogtioned above the GPS receiver (e.g., second floor of abuilding). The minimum distance
separation is computed from the dant range with the GPS receiver located 5 meters from the building
and the UWB device 10 meters above the GPS receiver. The following equation is used to compute
the minimum distance separation:

Dinin = ((heps - huwe)? + D?)°° ©®)
where:

hsps iSthe height of the GPS receiver antenna (m);
hywes isthe height of the UWB device antenna (m);
D isthe horizontal separation between the GPS receiver and UWB device antennas (m).

Based on the modd given in Table 3-1 the antenna gain for the GPS receiver is0 dBi and 3 dBi for
outdoor and indoor operation of UWB devices respectively.
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For adistance separation of 10 metersit is reasonable to consider multiple UWB devices. Four
UWB devices each located 10 meters from the GPS receiver are considered in the multiple UWB
terrestria operational scenario.

Based on the established operational scenario an antenna height of 3 meters for the GPS receiver is
used. An antennaheight of 3 meters (outdoor operation) and 10 meters (indoor operation) is used for
the UWB devices. Using these antenna heights the expected propagation loss breakpoint radii are 568
meters for UWB devices with a 3 meter antenna height and 1.9 kilometers for UWB devices with a 10
meter antenna height. Since the distance separation used in the multiple UWB generd terrestria
operationa scenario isless than the expected propagation loss breskpoint radii, the free-space
propagation modd is applicable.

A summary of the technicd factors associated with the multiple UWB device terrestrid operationd
scenario is provided in Table 3-3.

TABLE 3-3. Technical Factorsfor the Multiple UWB Device
Terrestrial Operational Scenario

Technical Factors (OutdO(;:a(l)upeeration) ( ndoo?l?)j;:ration)
GPS Recelver Antenna Gain 0 dBi 3 dBi
GPS Antenna Height 3 meters 3 meters
UWB Device Antenna Height 3 meters 10 meters
Minimum Distance Separation 10 meters 8.6 meters
Propagation Model Free-space Free-space
Interference Allotment to UWB Devices (3dB) 50% 3 (dB) 50%
Vaiaionsin GPS Receivers 3dB 3dB
Multiple UWB Devices 4 UWB devices 4 UWB devices
Activity Factor for Each UWB Device 0 dB (100%) 0 dB (100%)
Building Attenuation 0dB 9dB
GPS Receiver Architecture C/A-code

322 Maritime Applications

The operationd scenario proposds for the maritime use of GPS receivers include: navigation in
congtricted waterways, harbor navigation, docking operations, navigation around bridges, and lock
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operations.>” The USCG hasindicated that the limiting operational scenario for maritime applicationsiis
when the GPS recaiver is used for navigation in congtricted waterways. In this analys's, indoor and
outdoor UWB device operation is considered.

In the two operationa scenario proposals for navigation in congtricted waterways, the GPS
receiver antennais assumed to be mounted on the mast of the vessel. Therefore, the minimum distance
separation has both a horizontal and vertical component. The minimum distance separation between
the GPS recaiver and the UWB device is computed from the dant range using Equation 5.

Thefirg restricted waterway operationa scenario implementation uses an antenna height of 45 feet
(13.5 meters) and a horizontal separation from the UWB devices of 125 feet (37.5 meters). The
second implementation uses an antenna height of 25 feet (7.5 meters) and a horizonta separation from
the UWB devices of 170 feet (51 meters). An antenna height of 3 meters (outdoor operation) and 10
meters (indoor operation) is used for the UWB devices. The computed minimum distance separations
for the two implementations in the maritime navigation, congtricted waterways operationa scenario is
givenin Table 3-4.

TABLE 3-4. Minimum Distance Separationsfor the Maritime Navigation
in Constricted Waterways Operational Scenario

GPS Recelver Antenna UWB Device Minimum Distance
Height (M eters) Antenna Height (M eters) Separation (Meters)
135 3 38.9
7.5 3 51.2
135 10 37.7
7.5 10 51.1

For these minimum distance separationsiit is reasonable to consder multiple UWB devices. Four
UWB devices each located a the minimum distance separations are consdered in the maritime
navigation in congtricted waterways operational scenario.

Based on the mode given in Table 3-1, when the off-axis angle is greater than -10 degrees the
GPS antenna gain in the direction of the UWB deviceis 0 dBi. When the off-axis angle isless than
-10 degrees the USCG has specified that the GPS antenna gain in the direction of the UWB deviceis
-3 dBi.

57 United States Coast Guard Navigation Center Submission to NTIA GPS/UWB Operational Scenario
Meeting (Sept. 27, 2000).
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Based on the GPS receiver antenna heights and the UWB device antenna heights the expected
propagation loss breskpoint radii are computed and given in Table 3-5. Since the computed minimum
distance separations are much less than the expected propagation loss breakpoint radii the free-space
propagation modd is applicable.

TABLE 3-5. Expected Propagation L oss Breakpoint Radii for the Maritime Navigation in
Constricted Waterways Operational Scenario

GPS Receiver UWB Device Propagation L oss Breakpoint
Antenna Height (Meters) Antenna Height (Meters) Radii (Kilometers)
135 3 25
7.5 3 14
135 10 8.5
7.5 10 4.7

A summary of the technica factors associated with the maritime navigation in congtricted
waterways operationa scenario is provided in Table 3-6.

3.2.3 Railway Applications

The operationa scenario proposdl for the railway use of GPS receiversisfor postive train control
(PTC).%® The specifics of this operational scenario proposa were provided by the NTIA.> Inthis
anaysis, indoor and outdoor operation of UWB devicesis consdered.

In the operational scenario proposa for PTC the GPS receiver antennais mounted on top of the
train. Therefore, the minimum distance separation has both a horizontal and vertical component. The
minimum distance separation between the GPS receiver and the UWB device is computed from the
dant range using Equation 5.

The GPS receiver antennaiin the raillway PTC operationa scenario has an antenna height of 10
meters and a horizonta separation from the UWB devices of 7 meters. An antenna height of 3 meters
(outdoor operation) and 10 meters (indoor operation) is used for the UWB devices. The computed
minimum distance separations are 9.8 meters for
outdoor UWB device operation and 7 meters for indoor UWB device operation.

58 1999 FRP &t 2-25.

59 Summary of GRS'UWB Operational ScenariosPrepared by the NTIA (Nov. 20, 2000) (hereinafter “NTIA
Summary”).
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TABLE 3-6. Technical Factorsfor the Navigation in
Condtricted Waterways Operational Scenario

Technical Factors (OutdO(;:a(j)upeeration) { ndoo?l?)j;:ration)
GPS Receiver AntennaGain -3and 0 dBi 0 dBi
GPS Antenna Height 13.5 and 7.5 meters 13.5 and 7.5 meters
UWB Device Antenna Height 3 meters 10 meters
Minimum Distance Separation 38.9 and 51.2 meters 37.7 and 51.1 meters
Propagation Model Free-space Free-space
Interference Allotment to UWB Devices 3 dB (50%) 3 dB (50%)
Variationsin GPS Receivers 3dB 3dB
Multiple UWB Devices 4 UWB devices 4 UWB devices
Activity Factor for Each UWB Device 0 dB (100%) 0 dB (100%)
Building Attenuation 0dB 9dB
GPS Recelver Architecture C/A-code

Using the modd given in Table 3-1, the antenna gain for the GPS recelver antennaiis O dBi for
indoor UWB device operation and -4.5 dBi for outdoor UWB device operation.

For these minimum distance separations, it is reasonable to congder multiple UWB devices. Three
UWB devices each located a the minimum distance separation will be consdered in the railway PTC
operationa scenario.

Based on the GPS receiver antenna heights and the UWB device antenna heights the expected
propagation loss breakpoint radii are 1.9 kilometers for outdoor UWB device operation and 6.3
kilometers for indoor UWB device operation. Since the computed minimum distance separations are
much less than the expected propagation loss breakpoint radii the free-gpace propagation model is
gpplicable.

A summary of the technicd factors associated with the railway PTC operationa scenariois
provided in Table 3-7.
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TABLE 3-7. Technical Factorsfor the Railway PTC Operational Scenario

Technical Factors

Value
(Outdoor Operation)

Value
(Indoor Operation)

GPS Recaver AntennaGain -4.5 dBi 0 dBi
GPS Antenna Height 10 meters 10 meters
UWB Device Antenna Height 3 meters 10 meters
Minimum Distance Separation 9.8 meters 7 meters
Propagation Model Free-space Free-space
Interference Allotment to UWB Devices 3 dB (50%) 3 dB (50%)
Variationsin GPS Receivers 3dB 3dB
Multiple UWB Devices 3 UWB devices 3 UWB devices
Activity Factor for Each UWB Device 0 dB (100%) 0 dB (100%)
Building Attenuation 0dB 9dB

GPS Recever Architecture

3.24 Surveying Applications

C/A-code

Two operational scenario proposals were provided for the surveying use of GPS receivers® The
surveying operational scenarios consdered interference from both single and multiple UWB device

interactions.

In the surveying operationa scenarios the GPS receiver islocated below the antenna of the UWB
device. When asingle UWB device is consdered a minimum distance separation of 30 meterswas
proposed. For multiple UWB devicesit was proposed that the first UWB device be located 30 meters
from the GPS receiver. Two additional UWB devices are located at distances between 300 to 750

meters from the GPS receiver.

If an antenna height of 3 metersis used for the GPS recaiver and 10 metersis used for the UWB
device, the expected pathloss breakpoint radiusis 1.2 kilometers. For the surveying operationa
scenarios the minimum distance separation is less than the expected pathloss breakpoint radius,
therefore the free-space propagation model is applicable.

A summary of the technica factors associated with the surveying operationa scenarios is provided

in Table 3-8.

60 National Oceanic and Atmospheric Administration/National Ocean Service/National Geodetic Survey
Submission to NTIA GPS/UWB Operational Scenario Meeting (Sept. 27, 2000).
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TABLE 3-8. Technical Factorsfor the Surveying Oper ational Scenarios

Technical Factors (Single EJ/\E;JVuBe Device) | (M uItipIe\(Je:J/vE Devices)
GPS Recelver Antenna Gain 3 dBi 3 dBi, 0dBi
GPS Antenna Height 3 meters 3 meters
UWB Device Antenna Height 10 meters 10 meters
Minimum Distance Separation 30 meters 30, 300, 750 meters
Propagation Modd Free-space Free-space
Interference Allotment to UWB Devices 3 dB (50%) 3 dB (50%)
Vaiaionsin GPS Receivers 3dB 3dB
Multiple UWB Devices 1 UWB device 3 UWB devices
Activity Factor for Each UWB Device 0 dB (100%) 0 dB (100%)
Building Attenuation 0dB 0dB
GPS Receiver Architecture Semi-Codeless

3.25 Aviation Applications

The operational scenario proposals for the aviation use of GPS receivers include: en-route
navigation and non-precision gpproach landings.®? En-route navigation is a phase of navigation
covering operations between a point of departure and termination of the flight. Non-precison
gpproach landing is a standard instrument gpproach procedure using a ground-based system in which
no eectronic glide dopeis provided.®®

61 Another aviation application that was discussed at the NTIA operational scenario meetings, was the use
of GPSreceiversin airport surface movement operations. Sufficient information is not available at thistime to
include an assessment of this operational scenario in thisreport. This operational scenario isbeing actively
addressed within RTCA and the results will be made available when the study is complete.

62 NTIA Summary at 10.
= Glide slope is adescent profile determined for vertical guidance during afinal approach.
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3.25.1 En-Route Navigation

For the en-route navigation operationd scenario, the aircraft with the GPS receiver is at an dtitude
of 1,000 feet.** The maximum LOS distance (d, os) for an aircraft at an dtitude of 303 meters (1,000
feet) isgiven by:

dios =3.57 (k)o'5 ((hJWB)O'S + (erS)OE) (6)
where:

k isthe effective Earth radius factor;
h,we isthe antenna height of the UWB device (m);
hsps is the height of the GPS recalver antenna located on the aircraft (m).

Using an antenna height of 3 meters for the UWB device and atypicd vaue of k in atemperae
climate of 1.33, the computed LOS distance for the aircraft is 78.5 kilometers. Since such alarge
geographic areais visble to an arrcraft a this dtitude, the impact of multiple UWB devicesis
consdered for the aviation en-route navigation operationa scenario.

To compute the aggregate emisson level into the GPS receiver from multiple UWB devices a
computer model developed by NTIA isused. This computer mode computes the power-sum
aggregate emisson level from a surface dengity of UWB devices with the same emission frequency and
emisson leve. The computer mode assumesthat al of the UWB devices are radiaing in the direction
of the airborne GPS receiver. The UWB devices are distributed uniformly in concentric rings on a
gpherical dome of the Earth’s surface as shown in Figure 3-1 such that the distance from any UWB
deviceto its closest neighbor remains gpproximately congtant throughout the distribution. A 4/3 Earth-
radius modd is assumed for ray bending effects, and the free-space propagation modd is employed for
propagation loss computations. A detailed description of the computer modd is provided in a separate
NTIA report.%®

Determining the dengity of alarge number of UWB devices is akey factor affecting the aggregate
interference to a GPS receiver used for en-route navigation. Factors that should be considered when
estimating the dengity of alarge number of UWB devices include: population; assumed rate for
technology penetration; and activity factor. In the absence of such information, this andysis computes
the maximum alowable EIRP as a function of active UWB device density.

%4 Document No. RTCA/DO-235, Assessment of Radio Frequency I nterference Relevant to the GNSS (Jan.
27,1997) at A-2 (hereinafter “DO-235").

65 National Telecommunications and Information Administration, U.S. Department of Commerce, NTIA
Special Publication 01-43, Assessment of Compatibility Between Ultra-Wideband Devices and Selected Federal
Systems (Jan. 2001) at 5-5.
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Figure 3-1. Airborne Geometry for the NTIA Aggregate Emitter Model

Indoor and outdoor operation of UWB devices is consdered in the aviation en-route navigation
operationa scenario. Sinceit is not possible to estimate what percentage of the UWB devices are
operating indoor versus those operating outdoor, two cases are considered. In thefirst case dl of the
UWB devices are operating outdoors and in the second case dl of the UWB devices are operating
indoors.

In the en-route operational scenarios, the GPS recelver antennalis located on top of the aircraft. In
aprevious andysis of terrestrid interference to GPS receivers, an antenna gain below the aircraft of -10
dBi was used.®® Since there are no specifications on antenna gain below the aircraft and sufficient
ingalled antenna pattern data is lacking on civil aircraft the value of antenna gain of -10 dBi will be used
in the aviation en-route navigation operationa scenario.

Since en-route navigetion is a safety-of-life function it is gppropriate to include a 6 dB safety margin
in this operationa scenario.

A summary of the technicd factors associated with the aviation en-route navigation operationd
scenario is provided in Table 3-9.

% DO-235 at F-13.
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TABLE 3-9. Technical Factorsfor the Aviation En-Route Navigation Operational Scenario

Technical Factors (Outdo;a(l)u;eration) ( ndooyg]:gration)
GPS Recaiver Antenna Gain -10 dBi -10 dBi
GPS Antenna Height 303 meters 303 meters
UWB Device Antenna Height 3 meters 3 meters
Minimum Distance Separation 303 meters 303 meters
Propagation Modéel Free-space Free-space
Interference Allotment to UWB Devices 10 dB (10%) 10 dB (10%)
Vaiaionsin GPS Receivers 3dB 3dB
Avidion Sefety Margin 6dB 6 dB
Multiple UWB Devices Vaiadle Vaiadle
Activity Factor for Each UWB Device 0 dB (100%) 0 dB (100%)
Building Attenuation 0dB 9dB
GPS Receiver Architecture C/A-code

3.2.5.2 Non-Precison Approach Landing

The FAA digtinguishes a precision gpproach from a non-precision gpproach landing by requiring a
precision gpproach to have acombined laterd and vertica (glide dope) guidance. The term non-
precison approach refers to facilities without aglide dope. The FAA maintains the same levd of flight
safety for non-precision gpproaches asit does for precision approaches. They achieve this equity by
requiring a much larger displacement area at the missed gpproach point and a higher minimum descent
height (MDH) for the non-precision approach landings than they do for the precision approach
landings. The MDH isthe lowest dtitude to which descent shall be authorized for procedures not using
aglide dope (vertica guidance).

Associated with each non-precision gpproach landing segment thereisaMDH. The MDH is
computed by:

MDH = 250 feet + (Obstacle Height) @)

If there are no obstructions, then the MDH is 250 feet. Assuming that a UWB device can be
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located on top of an obstacle, or at ground leve within an obstacle-free zone, and assuming that the
GPS antennaiis located 7 feet above the aircraft control point, the following equation is used to
compute the minimum distance separation between the GPS receiver used for non-precision approach
landings and a UWB device:

Diin = 257 - TSE (8)
where TSE isthe Tota System Error.

The TSE comprises both the aircraft and its navigation system tracking errors. It isthe difference
between true position and desired position. The TSE is computed from the root-sum-square of the
Flight Technica Error (FTE) and the Navigation System Error (NSE):

TSE = ((FTEY + (NSE)°* ©

The FTE isthe error contribution of the pilot using the presented information to control aircraft position.
The NSE is the error atributable to the navigation system in use. It includes the navigation sensor
error, receiver error, and path definition error.

The 95% probability (26) vaue for the FTE is 100 feet.5” The NSE for the vertica guidance for
the 36 vaueis 103 feet corresponding to the minimum accuracy requirements for vertica guidance
equipment.® Based on the 36 value, the 26 value for NSE isthen 68.6 feet. Using Equation 9 the TSE
isthen 121.2 feet. Using Equation 8, the minimum distance separation between the GPS receiver used
for the non-precision approach landings and a UWB devices is 135.8 fest.

In the previous analyses that have been performed examining interference from terrestria emittersto
a GPS receiver used for precision gpproach landings it was assumed that a Sngle emitter was below the
arcraft and located at the Category | decison point. The effect of multiple interfering emitters was not
consdered in thisanadyss. A methodology was presented in RTCA Working Group 6 to address
multiple interfering sources® As an aircraft passes over the UWB devices, the antenna located on top
of the aircraft projects a plane on the surface of the Earth as shown in Figure 3-2. Asshown in Figure
3-2, point P represents the GPS receiver antenna. The surface E represents the plane containing the
interfering sources. The parameter his the minimum distance from point P to plane E. The parameter d
is the distance from points on plane E whose propagetion loss differs from the minimum loss at distance
h by afixed propagation lossratio (LR). The parameter r isthe radius of the plane (circle) containing
the points of the fixed propagation lossratio. The radius of thiscircle is given by:

r=h(LR-1)°° (10)

%7 Document No. RTCA/DO-208, Minimum Operational Performance Standards for Airborne
Supplemental Navigation Equipment Using GPS (July 1991) at E-4.

% |d, at 34.

69 R. J. Erlandson, Rockwell Collins, UWB Cumulative RF| Effects Aspects for Aviation Precision Approach
Scenarios, SC-159 WG 6 Presentation (Oct. 25, 2000).
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Projection Geometry

A derivation of Equation 10 is provided in Appendix A. Another factor to be consdered isthe
variation in antennagain. This can be examined from the angle & in Figure 3-2 using the following
equeation:

a = cos* (L/(LR)°9) (11)
A derivation for Equation 11 is aso provided in Appendix A.

In determining a representative vaue for LR, the variation in antenna gain should be taken into
consderation. Although the antenna gain specified in Table 3-1 shows a constant antenna gain in the
region of -90 to -10 degrees, the actua antenna pattern contains many peaks and nulls (maximum and
minimum values of antennagain).”® Therefore, the value of LR should be sdlected to minimize the
vaiation in antenna gan, thereby permitting the use of a Sngle representative antennagain in the
andyss. Usng Equation 10 with the minimum distance separation of 136 feet and a propagation loss
ratio of 0.1 dB, acircle with aradius of 20.7 feet (41.4 feet in diameter) is computed. For the fixed
propagation lossratio of 0.1 dB, the computed antenna cone angle (&) is 8.68 degrees. Thisangleis
assumed to be smdl enough to neglect antenna gain variaions and will permit the use of asingle vdue
of antennagain in the andyss

A circlewith adiameter of 41.4 feet islarge enough to contain severd UWB devices. Inthe
aviation non-precision gpproach landing operationa scenario four UWB devices are consdered.

0 D0O-235 at Appendix E Annex 2.
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In the non-precision approach landing operationa scenario, the GPS receiver antennalis located on
top of the aircraft. Asdiscussed in the en-route navigation operationa scenario, a previous andysis of
terrestrid interference to GPS recaivers used an antenna gain below the arcraft of -10 dBi. Since there
are no specifications on antenna gain below the aircraft and sufficient ingtaled antenna pattern datais
lacking on civil arcraft an antennagain of -10 dBi will be used in this operationa scenario.

In this operationad scenario, the minimum distance separation between the GPS recelver and the
UWB devicesis 136 feet. Typicaly, when the arcraft is at this dtitude there are no buildings or
dructures that are located aong the area gpproaching the runway. Therefore, thisandysis only
considers UWB devices that are operating outdoors.

Since non-precision approach landings are consdered a safety-of-life function it is appropriate to
include a6 dB safety margin in this operationd scenario.

A summary of the technica factors associated with the aviation non-precison approach landing
operationa scenario is provided in Table 3-10.

TABLE 3-10. Technical Factorsfor the Aviation Non-Precision
Approach Landing_; Operational Scenario

Technical Factors | Value I
GPS Recelver Antenna Gain -10 dBi
GPS Antenna Height 41.4 meters
UWB Device Antenna Height 3 meters
Minimum Distance Separation 41.4 meters
Propagation Model Free-space
Interference Allotment to UWB Devices 10 dB (10%)
Variationsin GPS Receivers 3dB
Aviation Safety Margin 6 dB
Multiple UWB Devices 4 UWB devices
Activity Factor for Each UWB Device 0 dB (100%)
Building Attenuation 0dB
GPS Recelver Architecture C/A-code
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3.3 ANALYSISRESULTS

Thereaults of the andyss are presented in this section. Prior to usng the measured interference
susceptibility levels (1) in the andyds, adjustments must be made based on the sgnd structure of the
interfering signa to compute the UWB interference threshold (1)

For sgnds that have been characterized as causng CW-like interference, the value of | used in the
andyssis based on the power in asingle spectrd line. As such, the computed vaues of maximum
alowable EIRP represents the power in asingle CW-line, independent of the modulation employed.

For interfering sSgnals that have been characterized as causing pulse-like interference, the value of
| mess USEd tO cOMpute |, was the average measured value. In those cases where neither a break-lock
(BL) or reacquisition (RQT) threshold could be measured, this was referred to as Did Not Break Lock
(DNBL). Thevaue of I, used in the andys's was the maximum available UWB power. 1t should be
noted that the maximum available UWB power was limited by the pesk power of the UWB generator.
In the case of UWB sgnas employing 20% gating, where neither aBL or RQT condition was
obtained, the maximum available UWB power was reduced by afactor of 10 Log (gating percentage)
to obtain an average vaue for |. This can result in an incongruous Stuation, where the computed vaue
of maximum alowable EIRP is lower for the gated UWB signd versus the non-gated sgndl.

The GPS receivers consdered in the andysis employ one of two receiver architectures. C/A-code
and semi-codeless. A GPS receiver that employs C/A-code architecture processes the transmitted
C/A-code signal, which has a null-to-null bandwidth of 2.046 MHz. A GPS receiver that employsthe
semi-codeless architecture, processes the transmitted P-code signds at the L1 and L 2 frequenciesto
provide ameasure of ionospheric delay. This permits a correction to psuedorange for ionospheric
effects. The P-code sgnd has a null-to-null bandwidth of 20.46 MHz. Since the signals processed by
the two GPS receiver architectures have different spectral characteristics, adjustments must be made to
the vaues of |, before they can be used in the analysis.

The C/A signd has an gpproximate Sinc? power spectra envelope with a null-to-null bandwidth of
2.046 MHz. GPS employs afamily of short pseudo-random codes known as Gold codes to generate
the different pseudo-random sequences of the C/A-code signal. Due to the short period (1 ms) length
Gold code there are ditinct spectral lines spaced 1 kHz gpart. The spectrd lines deviate from the sinc?
envel ope enough to create dominant spectrd lines that are more vulnerable to CW interference. Inthe
measurements when a UWB signd structure contains spectra lines, one of the linesis placed close
(nominaly 500 Hz) to a dominant GPS spectrd line. Asdiscussed in Section 2.2, when aUWB sgnd
gructure contains spectral lines an adjustment is made to the measured interference susceptibility level
to determine the power in the spectrd line prior to using thislevel inthe andyds. An adjustment is
meade to the measured interference susceptibility levels when gating is employed. When the UWB
sgnd appears noise-like an adjustment must so be made to the measured interference susceptibility
leve to correct for the difference in the measurement bandwidth (20 MHz) and the bandwidth used in
theandysis (1 MHz). Section 2.2.2.1 provides a more detailed discussion of the adjustments made to
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the measured susceptibility levels based on the UWB signd structure. Table 3-11 provides the
equations as a function of the interfering signa sructure that are necessary to compute the UWB
interference thresholds used in the andysis for GPS recelvers employing the C/A-code architecture.

The P-code sgnds a the L1 and L 2 frequencies have a chipping rate of 10.23 Mchips/sec and a
code repetition rate of 1 week. The P-code signals have a sinc® power spectra envelope with anull-
to-null bandwidth of 20.46 MHz. Unlike the C/A-code, the P-code signd has essentialy no spectra
lines. Asaresult of the correlation process al of the UWB signaswill appear to be pulse-like or
noise-like a the output of the correlator. Table 3-12 provides the equations as a function of the
interfering Sgna structure that are necessary to compute the UWB interference threshold used in the
andyss for GPS recaivers employing the semi-codeless architecture.

3-23



TABLE 3-11. Equations Used to Computethe Single-Entry UWB Interference Threshold for
C/A-code GPS Receiver Architecture

Interfering Signal Structure | UWB Interference Threshold Equation l

Broadband Noise I+ = | e (dBM/20MHZ) -30 (dBW/dBm) - 10 Log (20 MHz/1 MH2z)

PRF: 100 kHz It = e (ABM/20MH2) - 30 (dBW/dBm) - 10 Log (20 MHz/1 MH?z)
Modulation: None
Gating: 100%

PRF: 1, 5, and 20 MHz I+ = | nees (dBM/20MHZ) -30 (dBW/dBm) - 10 Log (# of linesin a20 MHz bandwidtj)
Modulation: None

Gating: 100% 1line (20 MHz), 5lines (5 MHz), and 21 lines (1 MHz)

PRF: 100 kHz and 1IMHz I+ = I s (ABM/20MHZ) - 30 (dBW/dBm) - 10 Log (20 MHz/1 MHz) +

Modulation: None 10 Log (Gating %)

Gating: 20%

PRF: 5 and 20 MHz I+ = lines (dBM/20MHZz) -30 (dBW/dBm) - 10 Log (# of linesin a20 MHz bandwidtp)
Modulation: None + 10 Log (Gating %) - 7 dB*

Gating: 20%

1line (20 MHz) and 5 lines (5 MHZz)

PRF: 100 kHz, 1, 5, and 20 MHz
Modulation: 2% Rel. and 50%
Abs. Dithering

Gating: 100%

I+ = s (ABM/20MHz) -30 (dBW/dBm) - 10 Log (20 MHz/1 MHz)

PRF: 100 kHz, 1,5,and 20 MHz | I = | (dBmM/20MHZz) -30 (dBW/dBm) - 10 Log (20 MHz/1 MHz) +
Modulation: 2% Rel. and 50% 10 Log (Gating%)

Abs. Dithering
Gating: 20%

PRF: 100 kHz and 1IMHz I1 = | e (ABM/20M HZ) -30 (dBW/dBm) - 10 Log (20 MHz/1 MHz)
Modulation: OOK
Gating: 100%

PRF: 5 and 20 MHz I+ = | ness (dBM/20MHZ) -3dB? - 30 (dBW/dBm) - 10 Log (# of linesin a20 MHz
Modulation: OOK bandwidth)

Gating: 100% 1line (20 MHz) and 5 lines (5 MHZz)

PRF: 100 kHz and 1IMHz I+ = | s (dBM/20MHZ) -30 (dBW/dBm) - 10 Log (20 MHz/1 MHZz) +
Modulation: OOK 10 Log (Gating %)

Gating: 20%

PRF: 5 and 20 MHz I+ = | ness (dBM/20MHZ) -3dB? - 30 (dBW/dBm) - 10 Log (# of linesin a20 MHz
Modulation: OOK bandwidth) + 10 Log (Gating %) - 7dB?

Gating: 20% 1line (20 MHz) and 5 lines (5 MHZz)

Notes:

1. Adjustment to compute the power in asingle spectral line that is spread in frequency by the gating period resultiggin a
sinc? shape around each line.

2. Adjustment for the division of power between discrete spectral lines and continuous spectrum for OOK modul atgd UWB
signal.
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TABLE 3-12. Equations Used to Compute the Single-Entry UWB Interference Threshold for
Semi-Codeless GPS Receiver Architectures

Interfering Signal Structure | UWB Interference Threshold Equation I

Broadband Noise I+ = | 1eas (ABM/20MHZ) -30 (dBW/dBm) - 10 Log (20 MHZz/1
MH2z)

PRF: 100 kHz, 1, 5, and 20

MHz I+ = | ess (ABM/20MHZ) -30 (dBW/dBm) - 10 Log (20 MHZ/1

Modulation: None MHz)

Gating: 100%

PRF: 100 kHz, 1, 5and 20

MHz I+ = lineas (ABM/20MHZ) -30 (dBW/dBm) - 10 Log (20 MHZz/1

Modulation: None MHz) + 10 Log (Gating %)

Gating: 20%

PRF: 100 kHz, 1, 5, and 20

MHz _

Modulation: 2% Rel. and 50% :\;”_I—Z)Imeas (dBm/20MHz) -30 (dBW/dBm) - 10 Log (20 MHZz/1
Abs. Dithering

Gating: 100%

PRF: 100 kHz, 1, 5, and 20
MHz

Modulation: 2% Rd. and 50%
Abs. Dithering

Gaing: 20%

l1 = | ess (ABM/20MHZ) -30 (dBW/dBm) - 10 Log (20 MHz/1
MH2z) + 10 Log (Gating %)

PRF: 100 kHz, 1,5, and 20
MHz I+ = | pess (dBM/20MH2z) - 30 (dBW/dBm) - 10 Log (20 MHZ/1
Modulation: OOK MHz)

Gating: 100%

PRF: 100 kHz, 1, 5, and 20
MHz I+ = | neas (ABM/20MHZ2) - 30 (dBW/dBm) - 10 Log (20 MHZz/1
Modulation: OOK MHz) + 10 Log (Gating %)

Gaing: 20%

Tables 3-13 and 3-14 provide the UWB interference thresholds for each of the GPS receiver
architectures measured. The single-entry UWB interference threshold and the GPS receiver criteria
used to determine the levels are shown for the different interfering sgnd structures considered in this
andyss.
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TABLE 3-13. Single-Entry UWB Interference Thresholdsfor
C/A-code Receiver Architectures

Interfering Signal Structure

UWB Interference

GPSReceiver Criteria

Threshold

Broadband Noise -134.5 dBW/MHz Reacquisition

0.1 MHz PRF, No Mod, 100% Gate -112.6 dBW/MHz Break-Lock

0.1MHz PRF,NoMod, 20% Gate -106.5dBW/MHZz Did Not Break-Lock At Maximum Available UWB Powe
0.1MHzPRF, OOK, 100% Gate -102.6dBW/MHZz Did Not Break-Lock At Maximum Available UWB Powel
0.1MHzPRF, OOK. 20% Gate -109.4dBW/MHZ Did Not Break-Lock At Maximum Available UWB Powe
0.1MHz PRF, 50% abs, 100% Gate -100dBW/MHZz Did Not Break-L ock At Maximum Available UWB Powe
0.1MHz PRF, 50% abs, 20% Gate -107dBW/MHZz Did Not Break-Lock At Maximum Available UWB Powel
0.1MHzPRF, 2%rel, 100% Gate -100dBW/MHZ Did Not Break-L ock At Maximum Available UWB Powe
0.1MHzPRF, 2%rel, 20% Gate -107dBW/MHZ Did Not Break-Lock At Maximum Available UWB Powel
1 MHz PRF, No Mod, 100% Gate -143.7 dBW Break-Lock

1MHzPRF, NoMod, 20% Gate -97.6dBW/MHZ Did Not Break-Lock At Maximum Available UWB Powel
1 MHz PRF, OOK, 100% Gate -121.2 dBW/MHz Break-Lock

1MHz PRF, OOK, 20% Gate -101.1dBW/MHZ Did Not Break-Lock At Maximum Available UWB Powel
1 MHz PRF, 50% abs, 100% Gate -113 dBW/MHz Reacquisition

1MHz PRF, 50% abs, 20% Gate -97.5dBW/MHZ Did Not Break-Lock At Maximum Available UWB Powel
1 MHz PRF, 2% rel, 100% Gate -131 dBW/MHz Reacquisition

1 MHz PRF, 2% rel, 20% Gate -97 dBW/MHz Reacquisition

5 MHz PRF, No Mod, 100% Gate -145.5 dBW Break-Lock

5 MHz PRF, No Mod, 20% Gate -145.2 dBW Break-L ock

5 MHz PRF, OOK, 100% Gate -144.5 dBW Break-Lock

5 MHz PRF, OOK, 20% Gate -144.2 dBW Break-Lock

5 MHz PRF, 50% abs, 100% Gate -137 dBW/MHz Reacquisition

5 MHz PRF, 50% abs, 20% Gate -105 dBW/MHz Reacquisition

5 MHz PRF, 2% rel, 100% Gate -136.5 dBW/MHz Reacquisition

5MHz PRF, 2%rel, 20% Gate -89dBW/MHZz Did Not Break-L ock At Maximum Available UWB Powe
20 MHz PRF, No Mod, 100% Gate -145 dBW Break-L ock

20 MHz PRF, No Mod, 20% Gate -145.8 dBW Break-L ock

20 MHz PRF, OOK, 100% Gate -144.5 dBW Break-Lock

20 MHz PRF, OOK, 20% Gate -146.3 dBW Break-L ock

20 MHz PRF, 50% abs, 100% Gate -138 dBW/MHz Reacquisition

20 MHz PRF, 50% abs, 20% Gate -135 dBW/MHz Reacquisition

20 MHz PRF, 2% rel, 100% Gate -136 dBW/MHz Reacquisition

20 MHz PRF, 2% rel, 20% Gate -133 dBW/MHz Reacquisition

Note: a. Interference threshold not reached at maximum available UWB generator power.
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TABLE 3-14. Single-Entry UWB Interference Thresholdsfor
Semi-Codeless Receiver Architectures

Interfering Signal Structure

UWB Interference

GPS Receiver Criteria

Threshold
Broadband Noise -150 dBW/MHz Reacquisition
0.1 MHz PRF, No Mod, 100% -118 dBW/MHz Reacquisition
Gate
0.1MHz PRF,NoMod, 20% Gate -116.5dBW/MHZz Did Not Break-Lock At Maximum Available UWB Powe
0.1MHzPRF, OOK, 100% Gate -112dBW/MHZz Did Not Break-Lock At Maximum Available UWB Powe
0.1MHzPRF, OOK. 20% Gate -1185dBW/MHZz Did Not Break-Lock At Maximum Available UWB Powe
0.1 MHz PRF, 50% abs, 100% Gate -121 dBW/MHz Reacquisition
0.1MHz PRF, 50% abs, 20% Gate -116 dBW/MHZz Did Not Break-Lock At Maximum Available UWB Powe
0.1 MHz PRF, 2% rel, 100% Gate -119 dBW/MHz Reacquisition
0.1 MHz PRF, 2% rel, 20% Gate -138 dBW/MHz Reacquisition
1 MHz PRF, 50% abs, 100% Gate -151 dBW/MHz Reacquisition
1 MHz PRF, 50% abs, 20% Gate -132 dBW/MHz Reacquisition
1 MHz PRF, 2% rel, 100% Gate -149 dBW/MHz Reacquisition
1 MHz PRF, 2% rel, 20% Gate -134 dBW/MHz Reacquisition
5 MHz PRF, 50% abs, 100% Gate -151 dBW/MHz Reacquisition
5 MHz PRF, 50% abs, 20% Gate -151 dBW/MHz Reacquisition
5 MHz PRF, 2% rel, 100% Gate -149 dBW/MHz Reacquisition
5 MHz PRF, 2% rel, 20% Gate -142.5 dBW/MHz Reacquisition
20 MHz PRF, No Mod, 100% Gate -145 dBW/MHz Break-Lock
20 MHz PRF, No Mod, 20% Gate -148 dBW/MHz Break-L ock
20 MHz PRF, OOK, 100% Gate -137 dBW/MHz Break-Lock
20 MHz PRF, OOK, 20% Gate -146 dBW/MHz Break-Lock
20 MHz PRF, 50% abs, 100% Gate -149.5 dBW/MHz Reacquisition
20 MHz PRF, 50% abs, 20% Gate -148 dBW/MHz Reacquisition
20 MHz PRF, 2% rel, 100% Gate -149.5 dBW/MHz Reacquisition
20 MHz PRF, 2% rel, 20% Gate -143.5 dBW/MHz Reacquisition

Note: a. Interference threshold not reached at maximum available UWB generator power.

Sections 3.3.1 through 3.3.5 present the results of the andysis. Each section givesthe andysis
results for one of the five categories of GPS receiver applications consdered. For each GPS recelver
gpplication severa operational scenarios were andyzed. The analysis results are presented in the form
of graphs where the bar represents the vaue of maximum dlowable EIRP (e.g., alonger bar represents
alower vaue of maximum dlowable EIRP). Both single and multiple UWB device interactions were
congdered. In amultiple UWB device interaction, the maximum dlowable EIRP levd of asngle UWB
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device as shown on the graph was determined by partitioning the totd interference dlotment in
accordance with the multiple (aggregate) UWB device factor as discussed in Section 3.1.4.

The maximum alowable EIRP (based on average power) of asingle UWB deviceis displayed on
the x-axis. The UWB signd permutations examined are displayed on the y-axis. Each UWB sgnd
permutation is identified by three parameters. PRF, gating percentage, and modulation type. For
example, aUWB sgnd employing a PRF of 1 MHz, 20% gating, and on-off keying modulation is
identified as: IMHz, 20%, OOK.

In addition to identifying the UWB signd parameters, each entry on the y-axis identifies the criteria
used in the Single-entry interference measurements, which were then used to compute the UWB
interference thresholds. Asdiscussed in Section 1.3.1, the two GPS receiver criteriaused in this
assessment are bresk-lock and reacquigition identified on the y-axis as BL and RQT respectively.

UWB signd permutations for which neither a break-lock or reacquisition condition could be measured
areidentified on the y-axisas DNBL. For these Sgna permutations, the maximum available UWB
sgnd power was used in the analyss. When multiple UWB devices were considered, resulting in noise-
like interference, the UWB interference threshold was computed based on the broadband noise
reacquidition threshold. Thisisidentified as NRQT on the y-axis.

The results of the spreadsheet analysis program used to generate the graphs are provided in
Appendix B.

Thereisaverticd dashed line shown on each graph that represents the current Part 15 level of -71.3
dBW/MHz. UWB sgndsthat have been characterized as causing noise-like or pulse-like interference
can be directly compared to the current Part 15 level. UWB signdsthat have been characterized as
causng CW-like interference can be compared to the current leve, if it is assumed that thereisonly a
sangle spectrd line in the measurement bandwidth. When the vaue of maximum dlowable EIRP
associated with aUWB signd permutation is located on the |eft Sde of the dashed line, additiond
attenuation below the current Part 15 level is not necessary in order to protect the GPS receiver
architecture under consideration. When the vaue of maximum alowable EIRP associated with a UWB
sgna permutation islocated on the right Side of the dashed line, additiona attenuation below the current
Part 15 level is necessary to protect the GPS receiver architecture under consideration. For example, if
the value of maximum alowable EIRP is-93 dBW/MHz, 21.7 dB of additiona attenuation below the
current Part 15 level is necessary to protect the GPS receiver architecture under consideration.

Three graphs are given for each of the operational scenarios that were andyzed. Thefirst graph
presents the analysis results for the UWB signa permutations that have been characterized as causing
pulse-like interference. The second graph presents the andysis results for the UWB signa permutations
that have been characterized as causing noise-like interference. The third graph presents the andys's
results for the UWB signa permutations that have been characterized as causing CW-like interference.
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331 Teredria Applications

In the operationa scenarios for the terrestrid gpplications, the C/A-code receiver architectureis
consdered. The analysisresults for the C/A-code receiver architecture are given in Figures 3-3 through
3-11. The operationa scenarios conddered both single and multiple UWB device interactions as well as
indoor and outdoor UWB device operation. The vaues of maximum alowable EIRP shown in Figures
3-3 through 3-11 are for asingle UWB device and are based on average power.

The values of maximum alowable EIRP that are required to protect the C/A-code receiver
architecture consdered in the terrestriad gpplication operationd scenarios will vary depending on the
UWB sgnd parameters, angle versus multiple UWB device interactions, and whether the UWB devices
are used indoors or outdoors. The analysis results for the operational scenarios associated with
terrestrial applications can be discussed in terms of the characterization of the UWB signd interference
effects. As shown in Figure 3-3 the maximum alowable EIRP for the UWB signds that have been
characterized as causing pulse-like interference range from -95.6 to -49.6 dBW/MHz for single UWB
device interactions. Figures 3-6 and 3-9 show that for multiple UWB device interactions resulting in
pulse-like interference, the vaues of maximum alowable EIRP range from -62.3 to -49.7 dBW/MHz for
outdoor UWB device operation and -57.6 to -45 dBW/MHz for indoor UWB device operation. As
shown in Figure 3-4 for UWB signds that have been characterized as causing noise-like interference, the
vaues of maximum alowable EIRP range from -98.6 to- 96.6 dBW/MHz for single UWB device
interactions. As shown in Figures 3-7 and 3-10, for multiple UWB interactions resulting in noise-like
interference, the vaues of maximum allowable EIRP range from -89 to -85.5 dBW/MHz for indoor
UWB operation and -93.7 to -90.2 dBW/MHz for outdoor UWB device operation. Figures 3-5, 3-8,
and 3-11 give the andysis results for the UWB signds that have been characterized as causng CW-like
interference. As shown in Figure 3-5, the values of maximum alowable EIRP range from -106.9 to -
104.3 dBW for single UWB device interactions. Figures 3-8 and 3-11 show that for multiple UWB
device interactions, the values of maximum alowable EIRP range from -91.3 to -88.7 dBW for indoor
UWB device operation and -96 to -93.4 dBW for outdoor UWB operation.
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Current Ii’art 15Level

Maximum Allowable EIRP of a Single UWB Device (dBWMHz)

Figure3-3. AnalysisResultsfor Terrestrial Operational Scenario: C/A-code Receiver and Single UWB
Device (Pulse-Like UWB Signals)
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Figure3-4. AnalysisResultsfor Terrestrial Operational Scenario: C/A-code Receiver and
Single UWB Device (Noise-Like UWB Signals)

Note: For CW-like interfering signals the current Part 15
level shown by the dashed line assumes there is only a single
spectral line in the measurement bandwidth.
Current Part 15 Level

1 MHz, 100%, None (BL)

5 MHz, 100%, None (BL)

5 MHz, 20%, None (BL)

5 MHz, 100%, OOK (BL)

5 MHz, 20%, OOK (BL)

20 MHz, 100%, None (BL)

20 MHz, 20%, None (BL)

20 MHz, 100%, OOK (BL)

20 MHz, 20%, OOK (BL)

0 -20 -40 -60 -80 -100 -120

Maximum Allowable EIRP of a Single UWB Device (dBW)

Figure3-5. AnalysisResultsfor Terrestrial Operational Scenario: C/A-code Receiver and Single
UWB Device (CW-Like UWB Signals)
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Current Part 15 Level

100 kHz, 100%, None (BL)

100kHz, 20%, None (DNBL)

100kHz, 100%, OOK (DNBL)

100kHz, 20%, OOK (DNBL)

100 kHz, 100%, 50% Abs. (DNBL)

100 kHz, 20%, 50% Abs. (DNBL)

100 kHz, 100%, 2% Rel. (DNBL)

100 kHz, 20%, 2% Rel. (DNBL)

0 -20 -40 -60 -80 -100

Maximum Allowable EIRP of a Single UWB Device (dBW/MHz)

Figure3-6. AnalysisResultsfor Terrestrial Operational Scenario: C/A-code Receiver and
Multiple UWB Devices- Indoor Operation (Pulse-Like UWB Signals)

Current Part 15 Level

1MHz,20%,None (NRQT)
1MHz,100%,00K (NRQT)
1MHz,20%,00K (NRQT)

1 MHz, 100%, 50% Abs. (NRQT)
1 MHz, 20%, 50% Abs. (NRQT)
1 MHz, 100%, 2% Rel. (NRQT)

1 MHz, 20%, 2% Rel. (NRQT)

5 MHz, 100%, 50% Abs. (RQT)
5 MHz, 20%, 50% Abs. (NRQT)
5 MHz, 100%, 2% Rel. (RQT)

5 MHz, 20%, 2% Rel. (NRQT)

20 MHz, 100%, 50% Abs. (RQT)
20 MHz, 20%, 50% Abs. (NRQT)
20 MHz, 100%, 2% Rel. (RQT)
20 MHz, 20%, 2% Rel. (NRQT)

-100

Maximum Allowable EIRP of a Single UWB Device (dBW/MHz)

Figure3-7. AnalysisResultsfor Terrestrial Operational Scenario: C/A-code Receiver and
Multiple UWB Devices - Indoor Operation (Noise-Like UWB Signals)

3-32




spectral line in the measurement bandwidth.

5 MHz, 20%,

5 MHz, 100%

5 MHz, 20%

20 MHz, 100%,

20 MHz, 20%,

20 MHz, 100%

1 MHz, 100%, None (BL)

5 MHz, 100%, None (BL)

None (BL)

, OOK (BL)

, OOK (BL)

None (BL)

None (BL)

, OOK (BL)

Note: For CW-like interfering signals the current Part 15
level shown by the dashed line assumes there is only a single

Current Part 15 Level

20 MHz, 20%, OOK (BL)

Maximum Allowable EIRP of a Single UWB Device (dBW)

Figure 3-8. AnalysisResultsfor Terrestrial Operational Scenario: C/A-code Receiver and Multiple
UWB Devices- Indoor Operation (CW-Like UWB Signals)
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100 kHz, 100%, 2% Rel. (DNBL)
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0 -20 -40 -60 -80 -100
Maximum Allowable EIRP of a Single UWB Device (dBW/MHZz)

Figure 3-9. Analysis Resultsfor Terrestrial Operational Scenario: C/A-code Receiver and Multiple
UWB Devices- Outdoor Operation (Pulse-Like UWB Signals)
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Current Part 15 Level

1MHz, 20%, None (NRQT)
1MHz,100%, OOK (NRQT)
1MHz, 20%, OOK (NRQT)

1 MHz,100%, 50% Abs. (NRQT)
1 MHz, 20%, 50% Abs. (NRQT)
1 MHz, 100%, 2% Rel. (NRQT)
1 MHz, 20%, 2% Rel. (NRQT)
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5 MHz, 100%, 2% Rel. (RQT)

5 MHz, 20%, 2% Rel. (NRQT)
20 MHz,100%, 50% Abs. (RQT)
20 MHz, 20%, 50% Abs. (NRQT)
20 MHz, 100%, 2% Rel. (RQT)

20 MHz, 20%, 2% Rel. (NRQT)

Maximum Allowable EIRP of a Single UWB Device (dBW/MHz)

Figure 3-10. AnalysisRResultsfor Terrestrial Operational Scenario: C/A-code Receiver and M ultiple

UWB Devices - Outdoor Operation (Noise-Like UWB Signals)

Note: For CW-like interfering signals the current Part 15
level shown by the dashed line assumes there is only a
single line in the measurement bandwidth.
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5 MHz, 20%, None (BL) -9419
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5 MHz, 20%, OOK (BL) -93.p
20 MHz, 100%, None (BL) -9417
20 MHz, 20%, None (BL) -95.5
20 MHz, 100%, OOK (BL) -94.p

20 MHz, 20%, OOK (BL) -9
-100

Maximum Allowable EIRP of a Single UWB Device (dBW)

Figure3-11. AnalysisResultsfor Terrestrial Operational Scenario: C/A-code Receiver and Multiple

UWB Devices - Outdoor Operation (CW-Like UWB Signals)
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332 Maritime Applications

In the operationa scenarios for the maritime gpplications, the C/A-code receiver architecture is
consgdered. The andysis results for the C/A-code receiver architecture are given in Figures 3-12
through 3-23. Two antennalocations for the maritime use of GPS recelvers were andyzed. The
operationa scenarios are designated as Maritime Operationa Scenario | and 1. The operationd
scenarios considered multiple UWB device interactions as well as indoor and outdoor UWB device
operation. The vaues of maximum alowable EIRP shown in Figures 3-12 through 3-23 arefor asingle
UWB device and are based on average power.

The values of maximum alowable EIRP that are required to protect the C/A-code receiver
architecture conddered in the maritime gpplication operationa scenarios will vary depending on the
UWB signa parameters and whether the UWB devices are used indoors or outdoors. The analyss
results for the operationa scenarios associated with maritime applications can be discussed in terms of
the characterization of the UWB signd interference effects. As shown in Figures 3-12, 3-15, 3-18, and
3-21, the vaues of maximum alowable EIRP for the UWB signds that have been characterized as
causing pulse-like interference range from -41.7 to -26.5 dBW/MHz for indoor UWB device operation
and -48.1 to -34.8 dBW/MHz for outdoor UWB device operation. Figures 3-13, 3-16, 3-19, and 3-
22 show that for the UWB signds that have been characterized as causing noise-like interference, the
vaues of maximum allowable EIRP range from -73.1 to -67.0 dBW/MHz and -79.5 to
-75.3 dBW/MHz for indoor and outdoor use of UWB devices respectively. Figures 3-14, 3-17, 3-20,
and 3-23 show that for the UWB signdls that have been characterized as causng CW-like interference,
the values of maximum alowable EIRP range from -75.4 to -70.2 dBW for indoor UWB operation and
-81.8to0 -78.5 dBW for outdoor UWB device operation.

Current Part 15 Level

100 kHz,100%, None (BL) -41.7
100kHz,20%, None (DNBL)
100kHz,100%,00K (DNBL)

100kHz,20%,00K (DNBL) -B8.5
100 kHz,100%, 50% Abs. (DNBL)

100 kHz, 20%, 50% Abs.(DNBL)

100 kHz, 100%, 2% Rel.(DNBL)

100 kHz, 20%, 2% Rel. (DNBL) -36.JL

0 -20 -40 -60 -80
Maximum Allowable EIRP of a Single UWB Device (dBW/MHz)

Figure3-12. AnalysisResultsfor Maritime Operational Scenario |: C/A-code Receiver and
Multiple UWB Devices- Indoor Operation (Pulse-Like UWB Signals)
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Current Part 15 Level

1MHz,20%,None (NRQT)
1MHz,100%,00K (NRQT)
1MHz,20%,00K (NRQT)

1 MHz, 100%, 50% Abs. (NRQT)
1 MHz, 20%, 50% Abs. (NRQT)
1 MHz, 100%, 2% Rel. (NRQT)

1 MHz, 20%, 2% Rel. (NRQT)

5 MHz, 100%, 50% Abs. (RQT)
5 MHz, 20%, 50% Abs. (NRQT)
5 MHz, 100%, 2% Rel. (RQT)

5 MHz, 20%, 2% Rel. (NRQT)

20 MHz, 100%, 50% Abs. (RQT)
20 MHz, 20%, 50% Abs. (NRQT)
20 MHz, 100%, 2% Rel. (RQT)

20 MHz, 20%, 2% Rel. (NRQT)

0 -20 -40 -60 -80
Maximum Allowable EIRP of a Single UWB Device (dBW/MHz)

Figure 3-13. AnalysisResultsfor Maritime Operational Scenario |: C/A-code Receiver and
Multiple UWB Devices - Indoor Operation (Noise-Like UWB Signals)

Note: For CW-like interfering signals the current Part 15
level shown by the dashed line assumes there is only a single
spectral line in the measurement bandwidth.

Current Part 15 Level
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5 MHz, 100%, None (BL)
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5 MHz, 100%, OOK (BL)
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20 MHz, 100%, None (BL)

20 MHz, 20%, None (BL)

20 MHz, 100%, OOK (BL)

20 MHz, 20%, OOK (BL)

0 -20 -40 -60 -80

Maximum Allowable EIRP of a Single UWB Device (dBW)

Figure3-14. AnalysisResultsfor Maritime Operational Scenario I: C/A-code Receiver and
Multiple UWB Devices - Indoor Operation (CW-Like UWB Signals)
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Current Part 15 Level

100 kHz,100%, None (BL)

100kHz,20%, None (DNBL)

100kHZz,100%,00K (DNBL)

100kHz,20%,00K (DNBL)

100 kHz,100%, 50% Abs. (DNBL)

100 kHz, 20%, 50% Abs.(DNBL)

100 kHz, 100%, 2% Rel.(DNBL)

100 kHz, 20%, 2% Rel. (DNBL)

0 -20 -40 -60 -80 -100
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Figure 3-15. AnalysisResultsfor Maritime Operational Scenario |: C/A-code Receiver and Multiple UWB
Devices- Outdoor Operation (Pulse-Like UWB Signals)

Current Parlt 15 Level
I I I I
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1MHZz,20%,00K (NRQT) -79.3
1 MHz, 100%, 50% Abs. (NRQT) -794.3
1 MHz, 20%, 50% Abs. (NRQT) -79.5
1 MHz, 100%, 2% Rel. (NRQT) -794.3
1 MHz, 20%, 2% Rel. (NRQT) -79.3
5 MHz, 100%, 50% Abs. (RQT) -F7.8
5 MHz, 20%, 50% Abs. (NRQT) -79.3
5 MHz, 100%, 2% Rel. (RQT) -17.3
5 MHz, 20%, 2% Rel. (NRQT) -79.3
20 MHz, 100%, 50% Abs. (RQT) 78.8
20 MHz, 20%, 50% Abs.(NRQT) -74.3
20 MHz, 100%, 2% Rel. (RQT) -716.8
20 MHz, 20%, 2% Rel. (NRQT) -79.3
0 -20 -40 -60 -80 -100
Maximum Allowable EIRP of a Single UWB Device (dBW/MHz)

Figure 3-16. AnalysisResultsfor Maritime Operational Scenario|: C/A-code Receiver and Multiple UWB
Devices- Outdoor Operation (Noise-Like UWB Signals)
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Note: For CW-like interfering signals the current Part 15
level shown by the dashed line assumes there is only a single Current Part 15 Level
spectral line in the measurement bandwidth. 1

1 MHz, 100%, None (BL)
5 MHz, 100%, None (BL) -80.3
5 MHz, 20%, None (BL) -80
5 MHz, 100%, OOK (BL) 179.3
5 MHz, 20%, OOK (BL) 79
20 MHz, 100%, None (BL) -79.8
20 MHz, 20%, None (BL) -80.6

20 MHz, 100%, OOK (BL) }79.3

20 MHz, 20%, OOK (BL) -81.1

0 -20 -40 -60 -80 -100

Maximum Allowable EIRP of a Single UWB Device (dBW)

Figure3-17. AnalysisResultsfor Maritime Operational Scenario |: C/A-code Receiver and Multiple UWB
Devices- Outdoor Operation (CW-Like UWB Signals)
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Figure3-18. AnalysisResultsfor Maritime Operational Scenarioll: C/A-code Receiver and Multiple
UWB Devices- Indoor Operation (Pulse-Like UWB Signals)
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Figure 3-19. AnalysisResultsfor Maritime Operational Scenario |l: C/A-code Receiver and
Multiple UWB Devices - Indoor Operation (Noise-Like UWB Signals)

Note: For CW-like interfering signals the current Part 15
level shown by the dashed line assumes there is only a single
spectral line in the measurement bandwidth.
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Figure 3-20. AnalysisResultsfor Maritime Operational Scenario | l: C/A-code Receiver and
Multiple UWB Devices - Indoor Operation (CW-Like UWB Signals)
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100kHz,100%,00K (DNBL)

100kHz,20%,00K (DNBL)

100 kHz,100%, 50% Abs. (DNBL)

100 kHz, 20%, 50% Abs.(DNBL)

100 kHz, 100%, 2% Rel.(DNBL)

100 kHz, 20%, 2% Rel. (DNBL)

0 -20 -40 -60 -80 -100
Maximum Allowable EIRP of a Single UWB Device (dBW/MHz)

Figure 3-21. AnalysisResultsfor Maritime Operational Scenario |l: C/A-code Receiver and
Multiple UWB Devices-Outdoor Operation (Pulse-Like UWB Signals)

Current Part 15 Level

1MHz,20%,None (NRQT)
1MHz,100%,00K (NRQT)
1MHz,20%,00K (NRQT)

1 MHz, 100%, 50% Abs.(NRQT)
1 MHz, 20%, 50% Abs. (NRQT)
1 MHz, 100%, 2% Rel (NRQT)

1 MHz, 20%, 2% Rel.(NRQT)

5 MHz, 100%, 50% Abs. (RQT)
5 MHz, 20%, 50% Abs. (NRQT)
5 MHz, 100%, 2% Rel. (RQT)

5 MHz, 20%, 2% Rel. (NRQT)
20 MHz, 100%, 50% Abs. (RQT)
20 MHz, 20%, 50% Abs. (NRQT)
20 MHz, 100%, 2% Rel. (RQT)
20 MHz, 20%, 2% Rel. (NRQT)

0 -20 -40 -60 -80 -100
Maximum Allowable EIRP of a Single UWB Device (dBW/MHz)

Figure3-22. AnalysisResultsfor Maritime Operational Scenarioll: C/A-code Receiver and
Multiple UWB Devices-Outdoor Operation (Noise-Like UWB Signals)
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Note: For CW-like interfering signals the current Part 15
level shown by the dashed line assumes there is only a single
spectral line in the measurement bandwidth.

Current Part 15 Level

1 MHz, 100%, None (BL)

5 MHz, 100%, None (BL)

5 MHz, 20%, None (BL)

5 MHz, 100%, OOK (BL)

5 MHz, 20%, OOK (BL)

20 MHz, 100%, None (BL)

20 MHz, 20%, None (BL)

20 MHz, 100%, OOK (BL)

20 MHz, 20%, OOK (BL)

Maximum Allowable EIRP of a Single UWB Device (dBW)

Figure 3-23. AnalysisResultsfor Maritime Operational Scenarioll: C/A-code Receiver and
Multiple UWB Devices - Outdoor Operation (CW-Like UWB Signals)

3.3.3 Railway Applications

In the operational scenarios for the railway applications, the C/A-code receiver architectureis
consdered. The analysisresults for the C/A-code receiver architecture are given in Figures 3-24
through 3-29. The operational scenarios consdered multiple UWB device interactions as well as indoor
and outdoor UWB device operation. The vaues of maximum alowable EIRP shown in Figures 3-24
through 3-29 are for asingle UWB device and are based on average power.

The values of maximum alowable EIRP that are required to protect the C/A-code receiver
architecture consdered in the railway operationa scenarios will vary depending on the UWB sgnd
parameters and whether the UWB devices are being used indoors or outdoors. The andlyss results can
be discussed in terms of the characterization of the UWB sgnd interference effects. Asshownin
Figures 3-24 and 3-27, the values of maximum alowable EIRP for UWB signds that have been
characterized as causing pulse-like interference range from -56.3 to -43.7 dBW/MHz for indoor UWB
device operation and -57.8 to -45.2 dBW/MHz for outdoor UWB device operation. Figures 3-25 and
3-28 show that for UWB signals that have been characterized as causing noise-like interference, the
vaues of maximum alowable EIRP range from -86.5 to -83.0 dBW/MHz for indoor UWB device
operation and -88 t0-84.5 dBW/MHz for outdoor UWB device operation. Figures 3-26 and 3-29
show that for UWB dgndsthat have been characterized as causng CW-like interference, the vaues of
maximum allowable EIRP range from -90 to -87.4 dBW for indoor UWB device operation and -91.5
to -88.9 dBW for outdoor UWB device operation.
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Current Part 15 Level

100 kiHz;100%, None (BL)

100kHz20%, None (DNBL)

100kHZ,100% 00K (DNBL)

100kHz20%600K (DNBL)

100 KHz, 100%, 50% Abs. (DNBL)

100 KHz, 20%, 50% Abs. (DNBL)

100 kHz, 100%, 2% Rel. DNBL)

100 kHz, 20%, 2% Rel. (DNBL)

0 20 40 60 80 -100
Maximum Allowable EIRP of a Single UWB Device (dBW/MHz)

Figure3-24. AnalysisResultsfor Railway Operational Scenario: C/A-code Receiver and
Multiple UWB Devices -Indoor Operation (Pulse-Like UWB Signals)

Current Part 15 Level

1MHz,20%,None (NRQT)
1MHz,100%,00K (NRQT)
1MHz,20%,00K (NRQT)

1 MHz, 100%, 50% Abs. (NRQT)
1 MHz, 20%, 50% Abs. (NRQT)
1 MHz, 100%, 2% Rel. (NRQT)
1 MHz, 20%, 2% Rel. (NRQT)

5 MHz, 100%, 50% Abs. (RQT)
5 MHz, 20%, 50% Abs. (NRQT)
5 MHz, 100%, 2% Rel. (RQT)

5 MHz, 20%, 2% Rel. (NRQT)
20 MHz, 100%, 50% Abs. (RQT)
20 MHz, 20%, 50% Abs. (NRQT)
20 MHz, 100%, 2% Rel. (RQT)
20 MHz, 20%, 2% Rel. (NRQT)

-100

-20 -40 -60 -80
Maximum Allowable EIRP of a Single UWB Device (dBW/MHz)

Figure 3-25. AnalysisResultsfor Railway Operational Scenario: C/A-code Receiver and
Multiple UWB Devices-Indoor Operation (Noise-Like UWB Signals)
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Note: For CW-like interfering signals the current Part 15
level shown by the dashed line assumes there is a single
spectral line in the measurement bandwidth.

Current Part 15 Level

1 MHz, 100%, None (BL)

5 MHz, 100%, None (BL)

5 MHz, 20%, None (BL)

5 MHz, 100%, OOK (BL)

5 MHz, 20%, OOK (BL)

20 MHz, 100%, None (BL)

20 MHz, 20%, None (BL)

20 MHz, 100%, OOK (BL)

20 MHz, 20%, OOK (BL)

-100
Maximum Allowable EIRP of a Single UWB Device (dBW)

Figure 3-26. AnalysisResultsfor Railway Operational Scenario: C/A-code Receiver and Multiple
UWAB Devices - Indoor Operation (CW-Like UWB Signals)

Current Part 15 Level

7.8

100kHz100%, None (BL)

100kHz20% None (ONBL)

100kHZI00%00K (ONBL)

100KHZ207600K (DNBL)

100kHz, 100%,50%Abs. (ONBL)

100kHz, 20%, 50% Abs. (DNBL)

100kHz, 100%, 2% Rel. DNBL)

100KHz, 20%, 2% Rel. ONBL)

0 -20 -40 -60 -80 -100
Maximum Allowable EIRP of a Single UWB Device (dABW/MHz)

Figure 3-27. AnalysisResultsfor Railway Operational Scenario: C/A-code Receiver and Multiple
UWB Devices- Outdoor Operation (Pulse-Like UWB Signals)
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Current Part 15 Level

1MHz, 100%, 50% Abs. (NRQT)
1 MHz, 20% 50% Abs. (NRQT)
1MHz, 100%, 296 Rel. (NRQT)
1MHz, 20% 2% Rel. (NRQT)
5MHz, 100%, 50%Abs. (RQT)
5MHz, 20%, 50% Abs. (NRQT)
5MHz, 100% 2% Rel. RQT)
5MHz, 207, 2% Rel. (NRQT)
20MHz, 100%, 50% Abs. (RQT)
20MHz, 20%, 50% Abs. (NRQT)
20MHz, 100%, 2% Rel. (RQT)

20MHz, 20% 2% Rel. (NRQT)

Maximum Allowable EIRP of a Single UWB Device (dBW/MHz)

Figure 3-28. AnalysisResultsfor Railway Operational Scenario: C/A-code Receiver and Multiple
UWB Devices- Outdoor Operation (Noise-Like UWB Signals)

Note: For CW-like interfering signals the current Part 15
level shown by the dashed line assumes there is only a single
spectral line in the measurement bandwidth. Current Part 15 Level

1 MHz, 100%, None (BL)

5 MHz, 100%, None (BL)

5 MHz, 20%, None (BL)

5 MHz, 100%, OOK (BL)

5 MHz, 20%, OOK (BL)

20 MHz, 100%, None (BL)

20 MHz, 20%, None (BL)

20 MHz, 100%, OOK (BL)

20 MHz, 20%, OOK (BL)

Maximum Allowable EIRP of a Single UWB Device (dBW)

Figure 3-29. AnalysisResultsfor Railway Operational Scenario: C/A-code Receiver and Multiple UWB
Devices- Outdoor Operation (CW-Like UWB Signals)
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3.3.4 Surveying Applications

In the operationa scenarios for the surveying applications, the semi-codeless receiver architecture is
consdered. The andysisresults are given in Figures 3-30 through 3-33. The operationa scenarios
conddered single and multiple UWB device interactions. The vaues of maximum alowable EIRP
shown in Figures 3-30 through 3-33 are for asingle UWB device and are based on average power.
For the semi-codel ess receiver architecture the UWB signds have been characterized as causing pulse-
like or noiselike interference. As shown in Figures 3-30 and 3-31, the values of maximum alowable
EIRP range from -94.1 to -55.1 dBW/MHz for single UWB device interactions. For multiple UWB

deviceinteractions, Figures 3-32 and 3-33 show that the values of maximum alowable EIRP range from
-94.2 to -55.2 dBW/MHz.

Current Part 15 Level

100 kHz, 100%, None (RQT)

100 kHz, 100%, 50% Abs. (RQT)

100kHz,100%,00K (DNBL)

100 kHz, 100%, 2% Rel. (RQT)

100kHz, 20%, None (DNBL)

100 kHz, 20%, 50% Abs. (DNBL)

100KkHz, 20%, OOK (DNBL)

100 kHz, 20%, 2% Rel. (RQT)

Maximum Allowable EIRP of a Single UWB Device (dBW/MH?z)

Figure 3-30. Analysis Resultsfor the Surveying Operational Scenario: Semi-Codeless Receiver
and Single UWB Device (Pulse-Like UWB Signals)
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Current Part 15 Level

-94.1

-92.1

5 MHz, 100%, 50% Abs. (RQT) -94.1

5 MHz, 100%, 2% Rel. (RQT)
5 MHz, 20%, 50% Abs. (RQT)
5 MHz, 20%, 2% Rel. (RQT)
20 MHz, 100%, None (BL)

20 MHz, 100%, 50% Abs. (RQT)
20 MHz, 100%, OOK (BL)

20 MHz, 100%, 2% Rel. (RQT)
20 MHz, 20%, None (BL)
20 MHz, 20%, 50% Abs. (RQT)
20 MHz,20%, OOK (BL) -89.1
20 MHz, 20%, 2% Rel. (RQT)

-92.1
-94.1

-92.6

Maximum Allowable EIRP of a Single UWB Device (dBW/MHz)

Figure 3-31. Analysis Resultsfor the Surveying Operational Scenario: Semi-Codeless Receiver
and Single UWB Device (Noise-Like UWB Signals)

Current Part 15 Level

100kHz, 100%, None (RQT)

100KHz, 100%, 50% Abs. (RQT)

100kHz, 1007600K (ONBL)

100kHz, 100% 2% Rel. (RQT)

100kHz, 207, None (ONBL)
100Kz, 20% 50% Abs. (ONBL)
100kHz, 20600K (ONBL)
100Kz, 20%, 2% Rel. (RQT) 812
0 -20 40 €0 80 -100

Maximum Allowable EIRP of a Single UAB Device (dBWMHz)

Figure 3-32. AnalysisResultsfor Surveying Operational Scenario: Semi-Codeless
Receiver and Multiple UWB Devices (Pulse-Like UWB Signals)
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Current Part 15 Level

1 MHz, 100%, 50% Abs. (RQT)
1 MHz, 100%, 2% Rel. (RQT)
1 MHz, 20%, 50% Abs. (RQT)
1 MHz, 20%, 2% Rel. (RQT)
5 MHz, 100%, 50% Abs. (RQT)
5 MHz, 100%, 2% Rel. (RQT)
5 MHz, 20%, 50% Abs. (RQT)
5MHz, 20%, 2% Rel. (RQT)
20 MHz, 100%, None (BL)
20 MHz, 100%, 50% Abs. (RQT)
20 MHz, 100%, OOK (BL)
20 MHz, 100%, 2% Rel. (RQT)
20 MHz, 20%, None (BL)
20 MHz, 20%, 50% Abs. (RQT)
20 MHz, 20%, OOK (BL)
20 MHz, 20%, 2% Rel. (RQT)

0 -20 -40 -60 -80 -100
Maximum Allowable EIRP of a Single UWB Device (dBW/MHz)

Figure 3-33. AnalysisResultsfor the Surveying Operational Scenario: Semi-Codeless
Receiver and Multiple UWB Devices (Noise-Like UWB Signals)

3.35 Aviation Applications

In the aviation non-precision approach landing operationa scenario, the C/A-code receiver
architecture isconsdered. The anaysis results for the C/A-code receiver architecture are given in
Figures 3-34, 3-35, and 3-36. The vaues of maximum alowable EIRP shown in Figures 3-34 through
3-36 are for asingle UWB device and are based on average power. Asshown in Figure 3-34, for
UWB sgnas that have been characterized as causing pulse-like interference, the vaues of maximum
alowable EIRP range from -52.9 to -40.3 dBW/MHz. For UWB signas that have been characterized
as causng noiselike interference, Figure 3-35 shows that the vaues of maximum alowable EIRP range
from -84.3 t0 -80.8 dBW/MHz. As shown in Figure 3-36, the values of maximum alowable EIRP for
UWB signdsthat have been characterized as causng CW-like interference range from -86.6 to -84
dBW.

In the aviation en-route navigation operationa scenario, the C/A-code recalver architecture is
consdered. The andysisreaults for the C/A-code receiver architecture are given in Figures 3-37 and 3-
38. The andydsresults are presented in terms of the maximum EIRP as a function of active UWB device
dengty. Inthisoperationa scenario, the aircraft is at an atitude of 1,000 feet. The operational scenarios
consder both the indoor and outdoor operation of UWB devices. In this operationa scenarioiitis
assumed that there is alarge enough number of UWB devices, such that independent of the parameters of
the individua UWB sgnds the aggregate effect causes noise-like interference. The values of maximum
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alowable EIRP shown in Figures 3-37 and 3-38 are for asingle UWB device and are based on average
power. Figure 3-37 showsthe andysis results when dl of the UWB devices are operating outdoor.
Figure 3-38 shows the andysis results when al of the UWB devices are operating indoors. As discussed
earlier, determining the active number of UWB devices to consder when establishing the maximum
dlowable EIRP levd is difficult and depends on factors such as population, the rate of penetration of the
technology, and the gppropriate activity factor. For example, assuming a population dengity of 2000
people per square kilometer and an assumed technology penetration of 10%, the UWB device density
would be 200 devices per square kilometer. Based on this UWB device density, the EIRP of asingle
UWB device would be -76.6 dBW/MHz for indoor UWB device operation (Figure 3-37) and -85.6
dBW/MHz for outdoor UWB device operation (Figure 3-38). These vaues of maximum alowable
EIRP assume that the UWB devices are tranamitting smultaneoudy. An appropriate vaue for the activity
factor could also be considered, depending on the UWB device gpplication.

Current Palrt 15 Level

100 kHz,100%, None (BL)

100kHz,20%, None (DNBL)

100kHz,100%,00K (DNBL)

100kHz,20%,00K (DNBL)

100 kHz, 100%, 50% Abs. (DNBL)

100 kHz, 20%, 50% Abs. (DNBL)

100 kHz, 100%, 2% Rel. (DNBL)

100 kHz, 20%, 2% Rel. (DNBL)

0 -20 -40 -60 -80 -100
Maximum Allowable EIRP of a Single UWB Device (dBW/MHz)

Figure 3-34. AnalysisResultsfor Aviation (Non-Precision Approach Landing) Operational Scenario:
C/A-code Receiver and Multiple UWB Devices (Pulse-Like UWB Signals)
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Current Part 15 Level

1 MHz, 20%, None (NRQT)

1 MHz, 100%, OOK (NRQT)

1 MHz, 20% OOK (NRQT)

1 MHz, 100% , 50% Abs. (NRQT)
1 MHz, 20%, 50% Abs. (NRQT)
1MHz, 100%, 2% Rel. (NRQT)

1 MHz, 20%, 2% Rel. (NRQT)

5 MHz, 100%, 50% Abs. (RQT)
5 MHz, 20%, 50% Abs. (NRQT)
5 MHz, 100%, 2% Rel. (RQT)

5 MHz, 20%, 2% Rel. (NRQT)
20MHz, 100%, 50% Abs. (RQT)
20MHz, 20%, 50% Abs. (NRQT)
20 MHz, 100%, 2% Rel. (RQT)

20MHz, 20%, 2% Rel. (NRQT)

Maximum Allowable EIRP of a Single UWB Device (dBW/MHz)

Figure 3-35. AnalysisResultsfor Aviation (Non-Precision Approach Landing) Operational Scenario:
C/A-code Receiver and Multiple UWB Devices (Noise-Like UWB Signals)

Note: For CW-like interfering signals the current Part 15
level shown by the dashed line assumes there is only a single

. . . Current Part 15 Level
spectral line in the measurement bandwidth.

1 MHz, 100%, None (BL)

5 MHz, 100%, None (BL)

5 MHz, 20%, None (BL)

5 MHz, 100%, OOK (BL)

5 MHz, 20%, OOK (BL)

20 MHz, 100%, None (BL)

20 MHz, 20%, None (BL)

20 MHz, 100%, OOK (BL)

20 MHz, 20%, OOK (BL)

-100

Maximum Allowable EIRP of a Single UWB Device (dBW)

Figure 3-36. AnalysisResultsfor Aviation (Non-Precision Approach Landing) Operational Scenario:
C/A-code Receiver and Multiple UWB Devices (CW-Like UWB Signals)
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Figure 3-37. AnalysisResultsfor Aviation (En-Route Navigation) Operational Scenario: C/A-code
Receiver and Multiple UWB Devices- Outdoor Operation
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Figure 3-38. AnalysisResultsfor Aviation (En-Route Navigation) Operational Scenario: C/A-code
Receiver and Multiple UWB Devices- Indoor Operation
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SECTION 4.0
SUMMARY/CONCLUSIONS

4.1 SUMMARY OF MEASUREMENT FINDINGS

In the measurement component of this assessment, 32 UWB signd permutations were identified for
examination with respect to the interference potentia to GPS receivers. For each of four pulse repetition
frequencies (PRFs);100 kHz, 1 MHz, 5 MHz, and 20 MHz, eight distinct UWB waveforms were
generated by combining four modulation types (constant PRF, On-Off Keying (OOK), 2% relative
dither, and 50% absolute dither) and two states of gating (100% and 20%). Each of these UWB
parameters are described in the paragraphs below.

The PRF defines the number of pulses transmitted per unit time (seconds). The PRF governs both
the magnitude and pacing of the spectrd lines. For example, a5 MHz PRF signa produces spectrd lines
that are spaced every 5 MHz in the frequency domain. Asthe PRF isincreased, the spectrd lines
become spaced further apart, but the energy contained in a each spectrd lineisincreased. Within the
context of this report, “constant PRF’ refers to an unmodulated UWB signdl.

Gdting refers to the process of distributing pulsesin bursts by employing a programmed set of periods
where the UWB transmitter is turned on or off for a period of pulses. For the measurements performed
in this study, the gated UWB signd utilized a scheme where aburst of datalasting 4 ms was followed by
a 16 ms period when no pulses were tranamitted. Thisisreferred to as 20% gating, because the UWB
pulses are transmitted 20% of thetime. The signa permutations depicted within this report as 100%
gaing, define a 9gnd where pulses are tranamitted 100% of the time.

OOK refersto the process of sdectively turning off or eiminating individua pulses to represent data
bits. With OOK modulation, the energy in the spectrum is equally divided between the spectrd line
components and the noise continuum component.

Dithering refers to the random or pseudo-random spacing of the pulses. Two forms of dithered
UWB signas were considered in this effort. These are an absolute referenced dither, where the pulse
period is varied in relation to the absolute clock, and ardative referenced dither, where the pulse spacing
isvaried relative to the previous pulse. The PRF of arddtive dithered pulsetrain is equd to the
reciproca of the mean pulse period. Dithering of the pulsesin the time domain spreads the spectrd line
content of a UWB signd in the frequency domain making the signd gppear more noise-like,

For illugtration, Figure 4-1 shows the spectra content for a1 MHz PRF UWB signd as measured in
a 24 MHz bandpass filter when: unmodulated, OOK modulated, 50% absol ute reference dithered, and
2% relative referenced dithered.



-4D

!
&R :
, i A :
% -BD | l l l J || |I ] 'U lJ | | | | | |1 MHz unifarmby pulzed
|,| dl 1i ,nr |I' '|l I| rl ll,l'-nil '|'| J'II"' ll',.lr-'“l i1 | lu
=100 AL B
'155".1 15I3I:I 1570 '15I]|'.'I 15910 1603 1610
-4D0 ; ; !
-&0 [ | | 1111 | =
EE Iill ” i—"’JHHI'”U ”./Huﬁ. H H h I |
T oaploo e 'l "r IMH.ZF'RF'D;‘-R
b ] R LLLE
18 i ! i
16RO 1560 1570 15840 169 100 1510
-4D ; ; !
) -...;""""""‘ e A i -,;.,-',.' il mm e . 1 MHz PRF. G0, dilhcred
g 0 Pk i “, :
) E Y . F. N =
im0 i L i
ARAL0 15AN ARTN 1RAL ARAL TR0 1611
=50 I ) N |
= -8l = " N UMl BRE. 2% ditharsd
g S
-T0
_A_...—"" -“'-u.\ﬁ_ :
LD 1 i e
15860 1560 1570 1580 1590 1600 1610

Figure4-1. lllustration of Modulation Effectson a UWB Signal asMeasured in a

The results of this measurement effort were found to be UWB signd-dependent and are strongly
related to the PRF examined. Thus, in this section, the summary of the measurement results, and the
conclusions drawn from them, will be grouped by UWB signd PRF for each of the GPS receivers

measured.

F-equency (MHz)

24 MHz Bandpass Filter

4.1.1 C/A-code GPS Receaver

Previous work in quantifying interference to GPS receivers has been performed in RTCA and ITU-R
technical working groups comprised of GPS experts. Much of thiswork has focused on the effect of
different interference typesto C/A-code GPS receivers, Snce these represent the most predominant GPS
architecture currently present in the civilian marketplace. Thiswork has determined that GPS C/A-code
receivers are most susceptible to CW-like interference. Thisis due to the potentid for interfering spectra
lines to become aligned with the 1 kHz spaced spectra lines of the GPS C/A-code, produced as a result
of the rdatively short, periodic nature of the Gold codes used to generate the pseudorandom sequences
necessary for code division multiple access (CDMA) operation. RTCA and ITU-R have documented an
interference protection level of -150.5 dBW, at the input of the GPS receiver, as necessary to protect
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GPS receivers from this type of interfering signd.”™ GPS C/A-code receivers are also susceptible to
broadband noise-like interference where the documented protection level, a the input of the GPS C/A-
code receiver, is-140.5 dBW/MHz."

RTCA has dso determined that GPS C/A-code receivers are less sengitive to low duty cycle pulse-
like interfering Sgnals. Theinterference protection level documented for this type of interferenceis +20
dBm (pesk pulse power), a the input to the receiver, for duty cycles lessthan 10%.7

The results of the measurements performed as a part of this assessment agree with the RTCA and the
ITU-R protection limits. In the analysis of the measurement results, NTIA found that the interference
effects on the GPS C/A-code receiver from each of the UWB signds considered in this assessment could
be classified as one of the three conventiona interference types, CW-like, noise-like, or pulse-like
interference. The APD measurements performed for each of the UWB signd permutations provide some
insight into the classification of the waveformsinto these three categories.™ Once the UWB signd was
determined to be characteristic of CW-like, noise-like, or low duty cycle pulse-like, a comparison of the
measured interference thresholds with the documented interference protection limits are consistent after
adjusments are made to account for the difference in GPS signd level assumed at the input to the
recaiver. The development of the interference protection limits within the RTCA and ITU-R assumed an
aviaion scenario in which GPS satellites located at or near the horizon are typicaly unobstructed with
respect to a GPS recaiver antenna a atitude, and thus can be used in the navigation solution. Within this
aviaion scenario, the minimum guaranteed GPS signd is assumed to be received through a sdelobe of
the GPS antenna, with an antennagain of -4.5 dBic. In establishing the GPS sgna power to usein this
measurement effort, aterrestria scenario was assumed in which those satellites on the horizon are
typically obstructed with respect to a GPS antenna. Thus, the minimum guaranteed GPS sgna was
assumed to be received by the GPS antennawith again of 0 dBic. Any applicable scenario-dependent
adjustment to the GPS antenna gain is then accounted for in the anadlysis. For this reason, the measured
interference thresholds presented in the following tables must be adjusted by -4.5 dB to account for
differencesin the antennagain in order to compare with the interference protection limits defined within
the literature.

Tables 4-1 through 4-4 ligt the measured interference thresholds for the GPS C/A-code receiver.
Depending on the UWB signal permutation under consideration, adjustments had to be made to: 1)
convert from a 20 MHz bandwidth to a1 MHz bandwidth, 2) convert from dBm to dBW, 3) determine

"L RTCA 229B a C-2; ITU-R M.1477 at Table 1.
2 4.
3 RTCA 229B a C-5.

" | TSReport at 55.



the power contained in a spectra line for CW-like signals, 4) account for the division of power between
the spectrd lines and the noise continuum for OOK modulated signds, and 5) to adjust for gate on-time
relative to totd time for the gated signals. These adjustments are discussed in detall in section 2.2.2.1 and
in Table 3-11 of this document. The adjusted interference threshold leve is presented in the last column
of thesetables. It isthisinterference threshold leve, that when adjusted by -4.5 dB (see discussion
above), compares favorably with the published interference protection limits (see Table 2-7).

The results from the aggregate measurements indicate the following with respect to the UWB
waveforms examined: 1) for those waveforms associated with a PRF greeter than 100 kHz, that were
classfied as pulse-like, atrandtion to a noise-like effect occurs when three or more UWB transmitters
are assumed to be operating with equivalent power levels at the input to the GPS receiver, 2) when UWB
waveforms characteristic of noise-like interference are considered in the aggregate, the effective sgnd a
the output of the GPS receiver IF is determined by adding the average power of each interference sgnd,
and 3) when those UWB signa permutations classfied as CW-like are aggregated, the interference
mechanism remains that of the individua CW-like sgnd, i.e., a spectrd line aignment between a UWB
gpectra line and a dominant GPS code line, where the amplitude in the UWB spectra line exceeds that of
the GPS code line. As such, the CW-like UWB signals do not add; however, an increase in the number
of spectrd lines present in the GPS passband, due to an aggregation of UWB devices, is expected to
increase the probability of the occurrence of spectra line coincidence. This result is based on the results
of the aggregate measurements performed as apart of this study, which was limited by the number of
available UWB signd sources.

In Table 4-1, the measured interference thresholds are shown for dl eight UWB signd permutations
operating a a PRF of 100 kHz. For these waveforms, with the exception of the unmodulated case, the
UWB signa generator could not produce enough power to cause the receiver to break-lock with the
satdlite of interest. Thisislikely dueto the lesser susceptibility of GPS C/A-code recaiversto low duty
cycle pulsed interference. In these cases, the highest attainable UWB generator power level was
recorded and used as the interference threshold in the subsequent analyses. The results shown in the
table are those obtained from the single-entry (one UWB transmitter-to-GPS receiver) interaction
measurements. The 100 kHz UWB sgnd permutations were not considered in the aggregeate
measurements for two reasons. First, a computer Smulation was performed to provide an insght into the
likely number of 100 kHz PRF UWB signas that would have to be present to produce an equivaent
received power a the GPS recaiver for an aggregate effect to be observed. The results of the smulation
indicated that it would take consderably more than the sx UWB generators available to this effort to
produce an aggregate effect to the GPS receiver under test for a 100 kHz PRF UWB signd. Second, it
is likely that the most probable UWB applications for a 100 kHz PRF signa are for radar or imaging such
as ground penetration and through the wall imaging. These types of applications are not expected to
result in an extremely large proliferation of UWB devices in the same geographic area, and thus, an
aggregate of alarge number of these types of devices was deemed unlikely.



TABLE 4-1. UWB Interference Thresholdsfor C/A-Code Receiver (100 kHz PRF)

UWB Signal Signal fnitﬁg?’nc’f Inens Ir
Permutation Description : 9 (dBm/20 MH2z) (seeTable 3-11)
Signal
o g:t;e coneant PR pulse like 700 -112.6 dBW/MHzZ
2'(; A)Mg‘;?é ggozséﬂ ;'EF; pulse-like 5700 -106.5 dBW/MHz ®
(1)(%5/; gte %}g;ﬁ%gg Modulated, pulse-like 600° -102.6 dBW/MHz ®
%3/':; o Sy Ot Keeying Modulated, pulse-like 595° -109.4dBW/MHz®
i%;%ime 2006 Absalute Dithered; pulselike 570° -100.0dBW/MHz "
0, - 0, i .
ggﬁagba; 2802’ OAnl?;’?T'] e Dithered; pulse-like 565° -107.0dBW/MHz ®
2ol e 2 Relative Dithered| pulse-like 570° -100.0dBW/MHz °
0, . 0, I i .
o %& . o /ORO‘?'ftti'r‘;eeD'mered’ pulse-like 570° -107.0dBW/MHz®
Notes:
3nterference threshol d not reached at maximum available UWB generator power.
P | computed from maximum UWB generator power reading.

Table 4-2 ligts the measured interference thresholds for the eight UWB signd permutations utilizing a
PRF of 1 MHz. At the 1 MHz PRF, CW-like degradation effects are first observed to the GPS receiver
a levels commensurate with the published interference protection limits. This occurs for the case of the
unmodulated UWB signd shown in thetable. For the remaining seven UWB signd permutations, the
interference effects are classfied as either pulse-like or noise-like, when considered in the Sngle-entry
measurements. However, based on the results of the aggregate measurements, for those 1 MHz PRF
UWB waveforms that were characterized as having a pulse-like interference effect to the GPS C/A-code
receiver, atrangtion to noise-like interference effects occurs when as few as three sgnas are considered.
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TABLE 4-2. UWB Interference Thresholdsfor C/A-Code Receiver (1 MHz PRF)

UWB Signal Signal ?nitﬁg?’n(’f e I
Permutation Description Signal 9 (dBm/20 MH2) (see Table 3-11)
No Mod; Constant PRF; .
100%gate 100% on-time CW-like -100.5 -143.7 dBW
H b
No Mod: Constant PRF: pulse-like? -475 -97.6 dBW/MHz ©
20% gate 20% on-time noise-like 915 1345 dBW/MHz
00K: On Off Keying Modulated: pulse-like -78.0 -121.2 dBW/MHz
100% gate 100% on-time noise like® 915 1345 dBW/MHz
i b
0OK: On-Off Keying Modulated; pulse-like? -51.0 -101.1 dBW/MHz
20% gate 20% on-time noise-like* 915 -134.5 dBW/MHz
50%abs; 50% Absol ute Dithered: pulse-like? -70.0 -113.0 dBW/MHz
100% gate 100% on-time noise-like® 915 -134.5 dBW/MHz
i b
50%abs; 50% Absolute Dithering; pulse-like® 475 -97.5dBW/MHz ®
20% gate 20% on-time noise-like® 915 -134.5 dBW/MHz
2%rel: 2% Relative Dithering; pulse-like? -88.0 -131.0 dBW/MHz
100% gate 100% on-time noise-like® 915 -134.5 dBW/MHz
2% rd: 2% Relative Dithering; pulse-like? -47.0 -97.0 dBW/MHz
20% gate 20% on-time noise-like® 915 -134.5 dBW/MHz
Notes:
2 Single-entry (one UWB transmitter-to-GPS receiver) interaction.
® Interference threshol d not reached at maximum available UWB generator power.
¢ 1+ computed from maximum available UWB generator power reading.
4 Aggregate (multiple ($3) UWB transmitters-to-GPS receiver) interaction, based on broad-band noise
measurement.

Table 4-3 ligs the measured interference thresholds for the eight UWB signd permutations
consdered that utilized a PRF of 5 MHz. As can be seen from this table, the CW-like impact to the GPS
C/A-code receiver becomes more prevaent at the higher PRF. At this PRF, four of these eight UWB
waveforms were classified as CW-like with respect to their impact to the GPS C/A-code receiver under
test. The results presented in this table dso indicate that the dithering techniques consdered in this effort
can be effective in improving the interference impact to the GPS C/A-code receiver. Thisislikely dueto
the spreading of the spectrd lines from dithering the sgnd in the time domain, making it gppear more
noise-like in the frequency domain. For the two UWB waveforms examined that employed a
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combination of dithering and gating, the impact observed to the GPS C/A-code receiver in the Sngle-
entry case was characteristic of low-duty cycle pulsed interference. However, based on the results of the
aggregate measurements, when amultiple of these UWB signds are considered with PRFs greeter than
100 kHz, the duty cycle of the effective aggregate Sgna at the output of the GPS C/A-code receiver IF
begins to trangition to a noise-like effect, for which the C/A-code receiver shows a greeter susceptibility.

TABLE 4-3. UWB Interference Thresholdsfor C/A-Code Receiver (5 MHz PRF)

UWB Signal Signal ?nitﬁg?’n(’f e I
Permutation Description Signal 9 (dBm/20 MH2) (see Table 3-11)

No Mod; Constant PRF; .
100%gate 100% on-time CW-like 1085 1455 dBW
No Mod; Constant PRF; .
20% gate 20% on-time CW-like -94.5 -145.2 dBW
OOK; On-Off Keying Modulated; .
100% gate 100% on-time CW-like 1045 144.5 dBW
OOK; On-Off Keying Modulated; .
20% gate 20% on-time CW-like -90.5 -144.2 dBW
50%abs; 50% Absolute Dithered; o
100% gate 100% on-time noise-like -94.0 -137.0 dBW/MHz
50%abs; 50% Absolute Dithered; pulse-like? -550° -105.0dBW/MHz ©
20% gate 20% on-time

noise-like® 915 -134.5 dBW/MHz
2%rd; 2% Relative Dithered; L
100% gate 100% on-time noise-like 93.5 136.5 dBW/MHz
2%rd; 2% Relative Dithered; pulse-like? -39.0° -89.0dBW/MHz ©
20% gate 20% on-time .

noise-like® 915 -134.5 dBW/MHz
Notes:
2 Single-entry (one UWB transmitter-to-GPS receiver) interaction.
® | nterference threshold not reached at maximum available UWB generator power.
¢ 1+ computed from maximum available UWB generator power reading.
4 Aggregate (multiple ($3) UWB transmitters-to-GPS receiver) interaction, based on broad-band noise
measurement.

Table 4-4 ligts the measured interference thresholds for the eight UWB waveforms using a PRF of 20
MHz. Theresults are Smilar to those of the 5 MHz PRF UWB signas. Four of the eight UWB
waveforms examined cause a CW-like interference effect to the GPS C/A-code receiver. Dithering of
the signd using the techniques consdered in this assessment gppears to continue to be effectivein
spreading the spectra lines and thus causing an effect to the GPS C/A-code recelver more characteristic
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of pulse-like interference when employed in combination with gating (in the sSingle-entry interaction), or
noise-like when gating is not used. For those UWB waveforms that were classified as pulse-like, the
aggregate measurement results suggest that when three or more of these UWB signdls are considered, the
effective pulse duty cycle increases to a point where the interference effect to the GPS receiver transitions
to that of noise-like interference.

TABLE 4-4. UWB Interference Thresholdsfor C/A-Code Receiver (20 MHz PRF)

UWB Signal Signal Category of e I
. o Interfering
Permutation Description Signal (dBm/20 MH2) (see Table 3-11)
No Mod; Constant PRF; .
100%gate 100% on-time CW-like 1150 145.0 dBW
No Mod; Constant PRF; .
20% gate 20% on-time CW-like -102.0 -145.8 dBW
OOK; On Off Keying Modul ated; .
100% gate 100% on-time CW-like -1115 -144.5 dBW
OOK; On-Off Keying Modulated; .
20% gate 20% on-time CW-like -995 -146.3 dBW
50%abs; 50% Absolute Dithered; o
100% gate 100% on-time noise-like -95.0 -138.0 dBW/MHz
50%abs; 50% Absolute Dithered; pulse-like? -85.0 -135.0dBW/MHz ©
20% gate 20% on-time
noise-like® 915 -134.5 dBW/MHz
2%rd; 2% Relative Dithered; L
’ . ' lik -93.0 -136.0 dBW/MH
100% gate 100% on-time noise-iike z
2%rd; 2% Relative Dithered; pulse-like? -83.0 -133dBW/MHz ©
20% gate 20% on-time .
noise-like® 915 -134.5 dBW/MHz

Notes: 2 Single-entry (one UWB transmitter-to-GPS receiver) interaction.

® | nterference threshold not reached at maximum available UWB generator power.

¢ 1+ computed from maximum available UWB generator power reading.

4 Aggregate (multiple ($3) UWB transmitters-to-GPS receiver) interaction, based on broad-band noise
measurement.

4.1.2 Semi-Codéeess GPS Recelver

In this section, the results from the measurement of the susceptibility of a GPS semi-codel ess receiver
to the set of UWB signd permutations are presented and discussed.
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A semi-codeless GPS receiver processes the transmitted GPS P-code signals at the L1 (1575.42
MHz) and L2 (1227.60 MHz) frequencies to provide an accurate measure of the ionospheric delay of the
signa received from the satellite. The GPS P-code signal employs alonger pseudorandom code as
compared with the Gold code used with the GPS C/A signal. Asaresult of the use of thislonger code,
the P-code signal has essentialy no spectra line content within its power spectrd envelope. Thus, it was
anticipated that the CW-like interference mechanism to which the GPS C/A-code tracking receiver is
most susceptible, would not be an interference mechanism of concern to the semi-codeless GPS receiver.
This premise was borne out in the measurement results for this recelver when an unmodulated 20 MHz
PRF and an OOK modulated UWB signd (known from the APDs to be CW-like) were introduced.
Therefore, having verified through messurement that spectrd line content in the UWB signdl is not of
particular concern to this GPS receiver architecture, and in an effort to expedite the measurement effort,
NTIA reduced the number of Sgna permutations examined, by diminating those UWB signa
permutations known to produce CW-like signals for the 1 MHz and 5 MHz PRFs. The full complement
of UWB sgnd permutations was retained for the 100 kHz and the 20 MHz PRFs.

Tables 4-5 through 4-8 list the measured semi-codeless receiver interference thresholds for each of
the eight UWB waveforms produced, grouped according to PRF.

The results presented in Table 4-5 indicate that the semi-codeless receiver shows a tolerance to low
duty cycle pulsed interference, smilar to that of the C/A-code tracking receiver. In four of the eight 100
kHz PRF UWB waveforms, the interference threshold was not reached at the maximum output power
available from the UWB generator. For the remaining four 100 kHz PRF UWB waveforms, the
interference threshold was redlized, but at relatively high UWB power levels.

The results presented in Tables 4-6 through 4-8 list the measured interference thresholds at the input
to the semi-codel ess GPS receiver when subjected to the UWB signd permutations at PRFsof 1, 5,
and 20 MHz. These results indicate that the UWB waveforms examined with a PRF greater than 100
kHz, impact the GPS semi-codd ess recaiver smilar to broadband noise-like interference. The results
presented in the table also support the observation thet this receiver architecture is more sengtive to
broadband noise-like interference than the C/A-code tracking GPS receiver. Thisincreased sensitivity to
noise-like interference was attributed to the following two factors. The GPS sgnd leve provided to this
receiver was 3 dB lower than what was provided in the measurement of the C/A-code receiver, in order
to represent the lower signal power of the L1 and L2 P-code signals. Also, semi-codeless processing is
inherently noisy and thusis likely more sensitive to an increase in additive noise. It should aso be noted
that these receiver architectures are not completely independent from C/A-code operation. Not only do
they rely on the C/A-code for initid acquidition, they aso typically default to C/A-code operations if the
P-code signa's become unavailable.



TABLE 4-5. UWB Interference Thresholdsfor Semi-Codeess Receiver (100 kHz PRF)

uws Sigrlal Sig.nall (I:nit;?‘g?/n(g Imees I

Permutation Description Signal (dBm/20 MH2) (dBW/MHZz)
N g;; oA PR pulse-like 750 1180
ot | Gt piiie | o
vl e o o Keing Modulated: pulse-like 680° 1120
S(fg/ljg e g)orl/g:]ﬁx ng Modulated; pulse-like -68.02 -1185
igg?/;at;me oo Absalute Dithered: pulse-like 780 1210
gg‘?zba?e 2822’ OAnt_J;cr)rl]zte Dithered; pulse-like -66.0° -116.0
2 e 20 e anve Dithered pulse-like 760 11190
;?A:eglg;te ;Zg A)R;I\f;lttiir\;e;Dithered; noise-like -83.0 -138.0
Notes: 2 Interference threshold not reached at maximum available UWB generator power.

TABLE 4-6. UWB Interference Thresholdsfor Semi-Codéeless Receiver (1 MHz PRF)

. . Category of

UWB Signal Signal | m:r?cer?’ng Iineas Ir

Permutation Description Signal (dBm/20 M H2) (dBW/MHZz)
50%abs; 50% Absolute Dithered; noise-like 1080 -151.0
100% gate 100% on-time '
50%abs; 50% Absolute Dithering; noise-like
20% gate 20% on-time 820 -1320
2%rd; 2% Relative Dithering; L
100% gate 100% ontime noise-like -106.0 -149.0
2%rd; 2% Relative Dithering; o
20% gate 20% on-time noise-like -84.0 -134.0
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TABLE 4-7. UWB Interference Thresholds for Semi-Codeless Receiver (5 MHz PRF)

UWB Signal Signal ?nitﬁg?’n(’f e I
Permutation Description Signal 9 (dBm/20 MH2) (dBW/MH2)
50%abs; 50% Absolute Dithered; noise-like -108.0 -151.0
100% gate 100% on-time
50%abs; 50% Absolute Dithered; noise-like -101.0 -151.0
20% gate 20% on-time
2%rd; 2% Relative Dithered; noise-like -106.0 -149.0
100% gate 100% on-time
2%rd; 2% Relative Dithered, noise-like -925 -1425
20% gate 20% on-time

TABLE 4-8. UWB Interference Thresholds for Semi-Codeless Receiver (20 MHz PRF)

uws Sigrlal Sig.nall (I:nit;?‘g?/n(g Imees I
Permutation Description Signal (dBm/20 MH2z) (dBWI/MHZz)
Iigae | 1sanime riseike 1020 1450
gc;mMg?é 552252?2; rZF;F; noise-like -98.0 -1480
L0004 gate Whontne noise-like 940 -137.0
%)Oz;gate Sogk;cg:\-griyei "o Modulated noise-like -96.0 -146.0
i%%ie iSé&‘L‘fﬁ'm“Le e noiselike -1065 -1495
T |Gt | wewe | w0 | e
i‘{{gi/“; ;gate iggozecljflt\.ﬁg e noiselike -1065 -1495

4.1.3 Measurement Conclusons

The measurements indicate that both the C/A-code tracking GPS receiver and the semi-codeless
GPS recelver demongdtrate atolerance to dl of the UWB signal permutations examined with a PRF of
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100 kHz. For the scenarios considered in this assessment, aggregate effects were deemed not to be a
concern with respect to those UWB waveforms with a PRF of 100 kHz. When the PRF was incressed
to 1 MHz, the C/A-code receiver began to show CW-like interference susceptibility to the unmodulated
UWB signa permutations at low power levels. When the PRF was increased to 5 MHz and then to 20
MHz, CW-like interference effects to the C/A-code receiver became more prevalent.

These measurements also show that dithering of the UWB pulsesin the time domain, using the
techniques considered in this assessment, can be effective in spreading the spectra linesin the frequency
domain, making the effective signa appear more noise-like. The GPS C/A-code receiver showed
gpproximately 10 dB less sengitivity to these noise-like UWB signals. For PRFs above 100 kHz, afew
of the UWB waveforms caused an effect smilar to low duty cycle pulsed interference, to which the GPS
C/A-code receiver isrelatively tolerant. However, the multiple-entry (aggregate) measurements indicate
that this advantage is lost when amultiple of as few as three of these UWB signds are consdered in
aggregation. The aggregate measurements o tend to verify that when multiple noise-like UWB sgnds
are consgdered, the effective aggregate sgnd level in the GPS receiver IF is determined by adding the
average power of each of the interfering Sgndls.

The semi-codeless receiver measured in this assessment showed a susceptibility smilar to what would
be expected from broadband noise-like interference for dl of the UWB signd permutations employing
PRFs of greater than 100 kHz. The semi-codeless GPS receiver was aso observed to be more
susceptible than the C/A-code receiver to noise-like interference.

The results of the radiated measurements verified that only the GPS antenna gain in the direction of
the UWB transmitting device need be consdered in the calculating the EIRP from the measured
interference thresholds. These results demondtrate that the UWB signals provided to the GPS receivers
via a conducted path were consstent with what the GPS receiver would see when the signals were
received by a GPS antenna and preamplifier via aradiated path as will be the case in actuad operationa
conditions.

The measurements performed for this assessment assumed GPS operation in the tracking mode of
opertion (i.e., the GPS receiver was alowed to acquire the satellites necessary to obtain anavigation
solution before UWB interference was introduced). The initia (cold-start) acquisition mode of GPS
receiver operation is known to be more senstive to interference than the tracking mode. However,
measurements of GPS receiver susceptibility to interference when operating in the cold-start acquisition
mode are difficult to perform. Within the RTCA and ITU-R working groups, mentioned previoudy in this
report, theinitia acquisition mode of operation is accounted for by reducing the tracking mode
interference protection levels by 6 dB.

Additionaly, for some of the UWB signd permutations considered in this assessment, a datidticdly
meaningful measurement of the preferred reacquisition interference threshold could not be made. The
reacquisition threshold is the UWB power leve that results in an abrupt increase in reacquisition time,
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For these cases, it was necessary to utilize the UWB power leve resulting in break-lock as athreshold.

A break-lock condition occurs when a GPS receiver can no longer adequately determine the
pseudorange for a given satdllite because of interference. Thiswas particularly true for those UWB
sgnalsthat caused a CW-like interference effect in the C/A-code GPS receiver. This does not condtitute
an endorsement of the use of break-lock as the preferred interference threshold on which to establish fina
rulesfor UWB operation.

4.2 SUMMARY OF ANALYSISFINDINGS

There areliterally hundreds of gpplications of GPS, with additiona gpplications being defined on a
seemingly daily bass. To attempt to define a unique operationa scenario for each of these gpplications
would be amassive, if not impossible undertaking. Therefore, within the context of this assessment, an
effort was made to define a set of operationa scenarios, in conjunction with the GPS user and UWB
communities, that could be used to bound the possible GPS applications.

The two main parameters needed to perform the andyses, which are defined by the operationa
scenarios, are the likely separation distance between a GPS receiver and UWB transmiitter, and the likely
orientation of the antennas with respect to one another. The likely separation distance is used to assess
the propagation path loss, to formulate an assumption as to the likelihood of multiple UWB devicesin
view of the GPS receiver, and to determine the interference alotment for UWB devices within the
congraints defined by the gpplication. The likely antenna orientation is used to estimate the antennagain
redlized by the GPS antennaiin the direction of the UWB devices.

In the public meetings that were held, a set of operationa scenarios were defined that NTIA accepts
as bounding the parameters of interest. For example, the terrestrid scenarios involving the public safety
use of GPS, define a minimum separation distance of 2 meters. The en-route aviation operationa
scenario defines a minimum separation distance of 1000 feet (gpproximately 300 meters). These two
cases bound the distance separation of the remaining operationa scenarios. Furthermore, it appears
reasonable that these two scenarios will aso bound operationa scenarios not specifically considered
within this effort, with respect to distance separation. Additiondly, it is reasonable to assume that there
will be alimited number of UWB devices operating at a distance of 2 meters from a GPS receiver, as
defined by the terrestrial operational scenario discussed in Section 3. However, when the en-route
aviation scenario is consdered, alarger number of UWB devices can be in view from an aircraft at an
atitude of 1000 feet. Therefore, it is believed that the operationa scenarios considered aso bound the
GPS application space with respect to the potential aggregation of UWB devices.

Inthisandyss, NTIA determined the maximum dlowable EIRP for the different UWB sgnd
permutations, using the operationa scenarios proposed in the public meetings. The results of the andlysis
are summarized in Tables 4-9 through 4-12. Each table corresponds to a UWB PRF examined in the
andyss. The tables provide a description of the: operationa scenario; UWB signd characterigtics, GPS
receiver architecture; interfering signa classfication; interference threshold; and the computed va ues of

4-13



maximum alowable EIRP. The vaues of maximum alowable EIRP shown in the Tables 4-9 through 4-
12 arefor asingle UWB device, and represent the highest EIRP & which UWB devices can operate and
gtill provide protection to the GPS receiver architecture under consideration for the conditions specified in
the operational scenarios.

Tables 4-9 through 4-12 dso include a comparison of the computed vaues of maximum alowable
EIRP with the current Part 15 level of -71.3 dBW/MHz. When the interference effects are classified as
pulse-like or noise-like, the vaues of maximum alowable EIRP can be directly compared to the current
Part 15 levd. When the interference effect is classified as being CW-like, the maximum alowable EIRP
can be compared to the Part 15 levd, if it is assumed thet there is only asingle specird linein the
measurement bandwidth. If the difference between the current Part 15 level and the computed maximum
alowable EIRP is negetive, no additiond attenuation below the current Part 15 leve is necessary to
protect the GPS receiver architecture under consideration. |If the difference is positive, this vaue specifies
the additiona attenuation below the current Part 15 leve that is necessary to protect the GPS receiver
architecture under consideration.

Table 4-9 summarizes the analysis results for UWB devices that operate with a PRF of 100 kHz.
For the C/A-code receiver architecture, when the operational scenario includes either asingle UWB
device or asmal number of UWB devices operating with a PRF of 100 kHz, the interference effect was
categorized as being pulse-like. The computed vaues of maximum alowable EIRP range from -73.2 to -
40.5 dBW/MHz depending upon the operationa scenario under consideration. In the aviation (en-route
navigation) operationa scenarios, it isassumed that thereis alarge number of UWB devices present such
that, independent of the individua UWB signd parameters, the interference effect can be classfied as
noise-like (i.e., centrd limit theorem). The computed values of maximum aloweable EIRP are -76.6
dBW/MHz when dl of the UWB devices were operating inside of abuilding and -85.6 dBW/MHz when
al of the UWB devices were operaing outside of abuilding.

In the surveying operationa scenarios the semi-codeless receiver architecture was considered. Asa
result of the correlaion process that uses the longer P-code signals, the interference effect was classified
asnoise-like. Asshown in Table 4-9, the vaues of computed maximum alowable EIRP are-81.1
dBW/MHz and -81.2 dBW/MHz for single and multiple (as defined by the operationa scenario) UWB
device interactions respectively.

Table 4-10 summarizes the analys's results for UWB devices that operate with a PRF of 1 MHz. For
the C/A-code receiver architecture, when the operationa scenario includes either a single UWB device
or asmdl number of UWB devices operating with a PRF of 1 MHz, the interference effect was classfied
as CW-like, pulse-like, or noise-like. This classfication depends on the modulation and gating
percentage employed. When the operationa scenario considered a single UWB device employing 100%
gating and no modulation, the interference effect was classfied as CW-like. For dl other sgnd
permutations, the single entry UWB device interaction interference effect was classified as pulse-like. For
the single UWB device operationa scenario, the interference effect was classfied as pulse-like, the
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maximum dlowable EIRP is-91.6 dBW/MHz. When the interference effect was classfied as CW-like,
the computed values of maximum alowable EIRP range from -104.3 to -71.6 dBW, depending on the
operationd scenario under consideration. In the operational scenarios where multiple UWB device
Interactions were consdered, the interference effect for 1 MHz, 100% gating, was still CW-like.
However, for dl other 1 MHz UWB sgnd permutations, the interference effect was classified as noise-
like. When the multiple UWB device interaction interference effect was classified as noise-like, the
computed vaues of maximum alowable EIRP range from -90.2 to -68.4 dBW/MHz, depending upon
the operationd scenario under congderation. In the aviation (en-route navigation) operationa scenarios,
there were alarge number of UWB devices assumed to be present, therefore the interfering sgnd was
classfied as noise-like. The computed vaues of maximum alowable EIRP are -76.6 dBW/MHz when
al of the UWB devices were operating ingde of abuilding and -85.6 dBW/MHz when dl of the UWB
devices were operating outsde of a building.

In the surveying operational scenarios, where the semi-codeless receiver architecture was analyzed,
the interference effect was classfied as noise-like. Asshown in Table 4-10, the values of computed
maximum alowable EIRP were -94.1 dBW/MHz and -94.2 dBW/MHz for single and multiple (as
defined by the operationa scenario) UWB device interactions respectively.

Table 4-11 summarizes the analysis results for UWB devices that operate with a PRF of 5 MHz. In
the terrestrial operational scenario where asingle UWB device is operating with a PRF of 5 MHz, the
interference effect was classfied as CW-like, pulse-like, or noise-like. This classfication depends on the
type of modulation and gating percentage that was employed. The computed values of maximum
alowable EIRP for the different interfering sgnd classfications were: -106.1 dBW (CW-like), -65.6
dBW/MHz (pulse-like), and -97.6 dBW/MHz (noise-like). In the operationa scenarios where a small
number of UWB devices with a PRF of 5 MHz were operating, the interference effect was classfied as
either CW-like or noise-like. This classification depends on the type of modulation and gating percentage
that was employed. When the interference effect was classfied as being CW-like, the vaues of
maximum alowable EIRP range from -95.2 to -73.4 dBW, depending on the operationa scenario under
condderation. When the interference effect was classified as noise-like, the values of maximum alowable
EIRP range from -92.7 dBW/MHz to -70.9 dBW/MHz, depending on the operational scenario under
consderaion. Intheaviation (en-route navigation) operationa scenarios, there were alarge number of
UWB devices assumed to be present, therefore the interfering Sgnd was classfied asnoise-like. The
computed values of maximum alowable EIRP are -76.6 dBW/MHz when dl of the UWB devices were
operating ingde of abuilding and -85.6 dBW/MHz when al of the UWB devices were operating outsde
of abuilding.

In the surveying operationa scenarios, where the semi-codel ess receiver architecture was considered,

the interference effect was classified as being noise-like. Asshown in Table 4-11, the vaues of
computed maximum alowable EIRP were -94.1 dBW/MHz and -94.2 dBW/MHz for single and multiple
(as defined by the operationa scenario) UWB device interactions respectively.
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Table 4-12 summarizes the analysis results for UWB devices that operate with a PRF of 20 MHz. In
the terregtrial operationd scenario where a single UWB deviceis operating with a PRF of 20 MHz, the
interference effect was classfied as CW-like, pulse-like, or noise-like. This classfication depends on the
type of modulation and gating percentage that was employed. The computed values of maximum
dlowable EIRP for the different interfering signa classifications were: -106.9 dBW (CW-like), -95.6
dBW/MHz (pulse-like), and -98.6 dBW/MHz (noise-like). In the operational scenarios where asmall
number of UWB devices with a PRF of 20 MHz are operating, the interference effect was classfied as
being either CW-like or noise-like. This classfication depends on the type of modulation and gating
percentage that was employed. When the interference effect was classified as CW-like, the vaues of
maximum alowable EIRP range from -96 dBW to —74.2 dBW, depending on the operationd scenario
under congderation. When the interference effect was classified as being noise-like, the values of
maximum alowable EIRP range from -93.7 to -71.9 dBW/MHz, depending on the operationa scenario
under consderation. In the aviation (en-route navigation) operationa scenarios, there were alarge
number of UWB devices assumed to be present, and the interference effect was classified as being noise-
like. The computed vaues of maximum dlowable EIRP are -76.6 dBW/MHz when dl of the UWB
devices were operating indgde of a building and -85.6 dBW/MHz when al of the UWB devices were
operating outside of a building.

In the surveying operationa scenarios, where the semi-codel ess receiver architecture was considered,
the interference effect was classified as being noise-like. Asshown in Table 4-12, the vaues of
computed maximum alowable EIRP were -92.6 dBW/MHz and -92.7 dBW/MHz for single and multiple
(es defined by the operationd scenario) UWB device interactions respectively.
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Table4-9. Summary of Analysis Results (PRF = 100 kHZ

Operational Scenario Description Cﬁ:ychtiirgilgt?lcs GPS Classification | Maximum Maximum Cc\)lvr?tpha”]seon
_ Receiver of Interfering rjl.tﬁ:fe(;%?ge A”g;NR?DbIe Current
Application sLin\é?e Mlﬂ‘l’:’iile JWB | JoWE (,\FA’F':FZ) Gating | yog, | Architecture Signal (BW/MHZ) | (dBW/MH2) Pa”éSB)L evel
Terrestrial X X 0.1 100 None CIA-code Pulse-Like -112.6 -73.2 1.9
Terrestrial X X 0.1 100 None CIA-code Pulse-Like -112.6 -57.6 -13.7
Terrestrial X X 0.1 100 None CIA-code Pulse-Like -112.6 -62.3 -9
Maritime X X 0.1 100 None CI/A-code Pulse-Like -112.6 -41.7 -29.6
Maritime X X 0.1 100 None CI/A-code Pulse-Like -112.6 -48.1 -23.2
Railway X X 0.1 100 None C/A-code Pulse-Like -112.6 -56.3 -15
Railway X X 0.1 100 None C/A-code Pulse-Like -112.6 -57.8 -13.5
Surveying X X 0.1 20 F%(ZO Semi-Codeless Noise-Like -138 -81.1 9.8
Surveying X X 0.1 20 égf) Semi-Codeless Noise-Like -138 -81.2 9.9
Aviation- X X 0.1 100 None CIA-code Pulse-Like -112.6 -52.9 -18.4
NPA
Aviation-ER X X Note 1 Note 1 Ni)te C/A-code Noise-Like -134.8 -76.62 5.3
Aviation-ER X X Note 1 Note 1 Ngte CIA-code Noise-Like -134.8 -85.62 143

Notes: En-Route Navigation (ER), Non-Precision Approach (NPA)

1. In this operational scenario, it is assumed that there is a large enough number of UWB devices such that independent of the individual UWB signal parameters, the aggregate effect causes
noise-like interference.
2. This maximum allowable EIRP is based on a density of 200 UWB devices per square kilometer transmitting simultaneously.
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Table4-10. Summary of Analysis Results (PRF =1 MHZ)

Operational Scenario Description UWB Signal Characteristics Maximum : Comparison with
. e Maximum
GPS Receiver Classification of Interference Allowable theCurrent
o UWB UWB UWB UWB PRF Gating Architecture Interfering Signal Threshold EIRP Part 15 L evel
Application f - Mod. (dB)
Single Multiple I ndoor Qutdoor MHZ %
Terrestrial X X 1 100 None C/A-code CW-Like -143.7 -104.3 33
Terrestrial X X 1 100 2% Rel. C/A-code Pulse-Like -131 -91.6 20.3
Terrestrial X X 1 100 None C/A-code CW-Like -143.7 -88.7 17.4
Terrestrial X X 1 20 & 100 Multiple C/A-code Noise-Like -134.5 -85.5 14.2
Terrestrial X X 1 100 None C/A-code CW-Like -143.7 -93.4 22.1
Terrestrial X X 1 20 & 100 Multiple C/A-code Noise-Like -134.5 -90.2 18.9
Maritime X X 1 100 None C/A-code CW-Like -143.7 -72.8 15
Maritime X X 1 20 & 100 Multiple C/A-code Noise-Like -134.5 -69.6 -1.7
Maritime X X 1 100 None C/A-code CW-Like -143.7 -79.2 7.9
Maritime X X 1 20 & 100 Multiple C/A-code Noise-Like -134.5 -76 4.7
Railway X X 1 100 None C/A-code CW-Like -143.7 -87.4 16.1
Railway X X 1 20 & 100 Multiple C/A-code Noise-Like -134.5 -83 11.7
Railway X X 1 100 None C/A-code CW-Like -143.7 -88.9 17.6
Railway X X 1 20 & 100 Multiple C/A-code Noise-Like -134.5 -84.5 13.2
Surveying X X 1 100 50%Abs. Semi- Noise-Like -151 -94.1 22.8
Codeless
Surveying X X 1 100 50%Abs. Semi- Noise-Like -151 -94.2 22.9
Codeless
Aviation- X X 1 100 None C/A-code CW-Like -143.7 -84 12.7
NPA
Aviation- X X 1 20 & 100 Multiple C/A-code Noise-Like -134.5 -80.8 9.5
NPA
Aviation-ER X X Note Note 2 Note 2 C/A-code Noise-Like -134.8 -76.6° 5.3
2
Aviation-ER X X Note Note 2 Note 2 C/A-code Noise-Like -134.8 -85.6° 14.3
2

Notes: En-Route Navigation (ER), Non-Precision Approach (NPA)

1. When the interference effect has been classified as pulse-like or noise-like, the value is expressed in units of dBW/MHz. The value is expressed in units of dBW when the interference effect has been cl
being CW-like.

2. In this operational scenario, it is assumed that there is a large enough number of UWB devices, such that independent of the individual UWB signal parameters the aggregate effect causes noise-like
interference.

3. This maximum allowable EIRP is based on a density of 200 UWB devices per square kilometer transmitting simultaneously.




Table4-11. Summary of Analysis Results (PRF =5MH?2z)

Operational Scenario Description UWB Signal Characteristics Maximum Maximum Comparison
GPS Receiver Classification of Interference Al?éwaltj)le with the Current
o UWB UWwWB UWB UWB PRF Gating Architecture Interfering Signal Threshold EIRP Part 15 L evel
Application g - Mod. (dB)
Single Multiple I ndoor Outdoor %
Terrestrial X X 5 100 None C/A-code CW-Like -145.5 -106.1 34.8
Terrestrial X X 5 20 50% Abs. C/A-code Pulse-Like -105 -65.6 -5.7
Terrestrial X X 5 100 50% Abs. C/A-code Noise-Like -137 -97.6 26.3
Terrestrial X X 5 100 None C/A-code CW-Like -145.5 -90.5 19.2
Terrestrial X X 5 100 50% Abs. C/A-code Noise-Like -137 -88 16.7
Terrestrial X X 5 100 None C/A-code CW-Like -145.5 -95.2 23.9
Terrestrial X X 5 100 50% Abs. C/A-code Noise-Like -137 -92.7 21.4
Maritime X X 5 100 None C/A-code CW-Like -145.5 -74.6 3.3
Maritime X X 5 100 50% Abs. C/A-code Noise-Like -137 -72.1 0.8
Maritime X X 5 100 None C/A-code CW-Like -145.5 -81 9.7
Maritime X X 5 100 50% Abs. C/A-code Noise-Like -137 -78.5 7.2
Railway X X 5 100 None C/A-code CW-Like -145.5 -89.2 17.9
Railway X X 5 100 50% Abs. C/A-code Noise-Like -137 -85.5 14.2
Railway X X 5 100 None C/A-code CW-Like -145.5 -90.7 19.4
Railway X X 5 100 50% Abs. C/A-code Noise-Like -137 -87 15.7
Surveying X X 5 20 & 100 50% Abs. Semi- Noise-Like -151 -94.1 22.8
Codeless
Surveying X X 5 20 & 100 50% Abs. Semi- Noise-Like -151 -94.2 22.9
Codeless
Aviation- X X 5 100 None C/A-code CW-Like -145.5 -85.8 14.5
NPA
Aviation- X X 5 100 50% Abs. C/A-code Noise-Like -137 -83.3 12
NPA
Aviation-ER X X Note 2 Note 2 Note 2 C/A-code Noise-Like -134.8 -76.6° 5.3
Aviation-ER X X Note 2 Note 2 Note 2 C/A-code Noise-Like -134.8 -85.6° 14.3

Notes: En-Route Navigation (ER), Non-Precision Approach (NPA)

1. When the interference effect has been classified as pulse-like or noise-like, the value is expressed in units of dBW/MHz. The value is expressed in units of dBW when the interference effect has been ¢

as CW-like.

2. In this operational scenario, it is assumed that there is a large enough number of UWB devices, such that independent of the individual UWB signal parameters the aggregate effect causes noise-like

interference.

3. This maximum allowable EIRP is based on a density of 200 UWB devices per square kilometer transmitting simultaneously.

Table4-12. Summary of Analysis Results (PRF =20 MHz)
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Operational Scenario Description UWAB Signal Characteristics Maximum Maxi Comparison with
GPS Receiver Classification of Interference aximum the Current
. R . " Allowable
o UWB UWwWB UWB UWB PRE Gating Architecture Interfering Signal Threshold EIRP Part 15 L evel
Application ! f Mod. (dB)
Single Multiple I ndoor Outdoor MHZ %
Terrestrial X X 20 20 OOK C/A-code CW-Like -146.3 -106.9 35.6
Terrestrial X X 20 20 50% Abs. C/A-code Pulse-Like -135 -95.6 24.3
Terrestrial X X 20 100 50% Abs. C/A-code Noise-Like -138 -98.6 27.3
Terrestrial X X 20 20 OOK C/A-code CW-Like -146.3 -91.3 20
Terrestrial X X 20 100 50% Abs. C/A-code Noise-Like -138 -89 17.7
Terrestrial X X 20 20 OOK C/A-code CW-Like -146.3 -96 24.7
Terrestrial X X 20 100 50% Abs. C/A-code Noise-Like -138 -93.7 22.4
Maritime X X 20 20 OOK C/A-code CW-Like -145 -75.4 4.1
Maritime X X 5 100 50% Abs. C/A-code Noise-Like -138 -73.1 1.8
Maritime X X 20 20 OOK C/A-code CW-Like -145 -81.8 10.5
Maritime X X 20 100 50% Abs. C/A-code Noise-Like -138 -79.5 8.2
Railway X X 20 20 OOK C/A-code CW-Like -145 -90 18.7
Railway X X 20 100 50% Abs. C/A-code Noise-Like -138 -86.5 15.2
Railway X X 20 20 OOK C/A-code CW-Like -145 -91.5 20.2
Railway X X 20 100 50% Abs. C/A-code Noise-Like -138 -88 16.7
Surveying X X 20 100 50% Abs. Semi- Noise-Like -149.5 -92.6 21.3
& Codeless
2% Rel.
Surveying X X 20 100 50% Abs. Semi- Noise-Like -149.5 -92.7 21.4
& Codeless
2% Rel.
Aviation- X X 20 20 OOK C/A-code CW-Like -145 -86.6 15.3
NPA
Aviation- X X 20 100 50% Abs. C/A-code Noise-Like -138 -84.3 13
NPA

Aviation-ER X X Note 2 Note 2 Note 2 C/A-code Noise-Like -134.8 -76.6° 5.3
Aviation-ER X X Note 2 Note 2 Note 2 C/A-code Noise-Like -134.8 -85.6° 14.3

Notes: En-Route Navigation (ER), Non-Precision Approach (NPA)

1. When the interference effect has been classified as pulse-like or noise-like, the value is expressed in units of dBW/MHz. The value is expressed in units of dBW when the interference effect has been cl
being CW-like.

2. In this operational scenario, it is assumed that there is a large enough number of UWB devices, such that independent of the individual UWB signal parameters the aggregate effect causes noise-like
interference.

3. This maximum allowable EIRP is based on a density of 200 UWB devices per square kilometer transmitting simultaneously.




Certain observations were made based on areview of the last column in Tables 4-9 through 4-12. This
column lists the difference between the current Part 15 level of -71.3 dBW/MHz (considered as an average
power limit) and the computed maximum alowable EIRP vadues. A postive number in the last column
indicates that the computed alowable EIRP is less than the current Part 15 leve.

An examination of Table 4-9 (PRF = 100 kHz) shows the effect of the C/A-code signal process being
farly robust to low-duty cycle pulsed interference. The worse-case comparison to the current Part 15 level
for the C/A-code architecture is the aviation en-route navigation operationd scenario with UWB devices
operating outdoors (14.3 dB below the Part 15 levd). Thisis based on adendty of active UWB devices of
200/kn?. If one considers the use of 100 kHz PRF could be of interest in only UWB device applications
such as ground penetrating radars and through-the-wall imaging radars, the projected density of UWB
devices may not be high, as the use of such devices could be limited. [If, for example, the density of UWB
devices operating at 100 kHz is 20/kn, the maximum alowable EIRP would increase by 10 dB. That is
the comparison to the Part 15 level would be 4.3 dB for the aviation en-route navigation operationd
scenario with UWB devices operating outdoors and alimit of 10 dB below the current Part 15 level could
be appropriate for all C/A-code uses a 100 kHz.

The 100 kHz PRF aso shows the effect of the use of semi-codeless receiver architecture in the
surveying operational scenario. It should be noted that surveyors are not the only users of GPS receiver
employing semi-coddess techniques. The result of the use of semi-codeless recaiversis extremey
beneficia in gpplications for GPS reference stations, high accuracy distance and location measurements
(i.e,, low dynamic applications). However, the semi-codeless process is inherently more susceptible to
interference that is classified as pulsed-like or noise-like, than the C/A-code process (the signa processing
is not usualy as effective and the P-code signds are not as strong as the C/A-code signal). The results of
the analysis for the surveying operationd scenario shows the UWB signals would need to be 10 dB below
the current Part 15 level to protect the semi-codel ess receiver architecture.

Tables 2 through 4 (UWB waveforms with PRFs of 1, 5, and 20 MHZz) show that the maximum
dlowable EIRP level necessary to satisfy the measured GPS performance criteria must be less than the
current Part 15 level for most of the operationa scenarios considered. Those interactions that involve
operationa scenario/UWB signa parameter combinations that require an atenuation of 20 dB or more
below the Part 15 level were selected for closer inspection. This examination indicates that in most of these
cases, the interactions involve: 1) UWB waveforms that were deemed CW-like in thelr interference effect
to the GPS C/A-code receiver architecture, for which the measurements indicate a greater interference
susceptibility; 2) applications using semi-codeless receivers, which were determined from the measurements
to be more susceptible to UWB waveforms classified as noise-like or pulse-like interference; or 3)
operational scenarios in which the UWB tranamitter is considered to be operating a a close distance (within
severd meters) reative to the GPS recaiver. This data suggests that if the spectrd line content of the UWB
waveforms could be removed from congderation, perhaps through regulation, there till remains a number
of interactions involving noise-like UWB waveforms a these PRFs for which the EIRP levels would have to
be attenuated to levels up to 27 dB below the current Part 15 level.
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As shown in Tables 4-9 through 4-12, the results of the analysis indicate that the values of maximum
dlowable EIRP that are necessary to preclude interference to GPS receiversis highly dependent on the
parameters of the UWB sgnd. Thisis conggtent with the findings from the measurement effort where the
performance of the GPS receiver in the presence of a UWB signd was aso found to be highly dependent
on the UWB sgnd dructure. Figures 4-2 through 4-5 display computed maximum alowable EIRP levels
for those UWB signd permuitations that were classfied within this study as pulse-like, noise-like, and CW-
like with respect to their interference effects on the GPS C/A-code receiver. The values reported in these
charts represent the maximum dlowable EIRP level determined from an andysis of each UWB sgnd
permutation in potentid interactions with the GPS C/A-code receiver that were defined by dl of the
operationa scenarios consdered in the study

For the operationa scenarios that considered multiple UWB devices, Figure 4-2 displays the range
maximum alowable EIRP for the UWB sgnd structures that were classified within this sudy as pulse-like.
Figure 4-4 presents the range of maximum alowable EIRP levels for those UWB waveforms that were
classfied as noise-like when considered in the analys's based on the operationd scenarios. Figure 4-5
presents the range of maximum alowable EIRP levels for those UWB signds that were classfied as CW-
likein their effects on the GPS C/A-code receiver examined in thisstudy. The labes on the y-axisin
Figures 4-2 through 4-5 identify the various UWB signd structures in terms of PRF, percent gating, and
type of modulation. For example, aUWB sgnd structure with a PRF of 100 kHz, 100% geating, and no
modulation will have ay-axislabd of: 100 kHz, 100%, None.

Figure 4-3 shows those pulse-like interference cases for which arange of EIRP vaues was not
determined in the analyss. These cases involve UWB parameters that cause pulse-like interference in the
operationa scenario that considered a single UWB device, but result in noise-like interference in the
operationa scenarios that consdered multiple UWB devices. For the C/A code receiver architecture, there
was only one scenario consdered in the analyss (Single UWB Device Terrestrid Operationa Scenario)
that involved asingle UWB device. Thus only asingle EIRP vdue is shown in Figure 4-3.
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Figure4-2. Range of Maximum Allowable EIRP for Pulse-Like UWB Signal Structuresfor the C/A-
code Receiver Architecture (Multiple UWB Device Operational Scenarios)
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Figure 4-3. Maximum Allowable EIRP for Pulse-Like UWB Signal Structuresfor the C/A-code
Receiver Architecture (Single UWB Device Operational Scenario)
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Figure4-4. Range of Maximum Allowable EIRP for Noise-Like UWB Signal Structuresfor the C/A-
code Receiver Architecture (Multiple UWB Device Operational Scenarios)

Note: For CW-like interfering signals the current Part 15
level shown by the vertical line assumes there is only a single
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Figure4-5. Range of Maximum Allowable EIRP for CW-Like UWB Signal Structuresfor the C/A-code
Receiver Architecture (Multiple UWB Device Operational Scenarios)
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An examindtion of Figures 4-2 through 4-5 indicates that the maximum alowable EIRP levels required
to satisfy the measured performance threshold of the GPS C\A-code receiver, across dl of the operationa
scenarios, isafunction of the PRF of the UWB device. Figure 4-2 shows that the maximum alowable
EIRP levels corresponding to those UWB sgnd permutations with a PRF of 100 kHz. The EIRP levels
shown in thisfigure for the unmodulated, 100% gated UWB waveform was computer based on a measured
break-lock threshold. For the remaining UWB sgna permuitations represented in the figure, neither a
break-lock nor areacquisition could be measured for UWB power levels up to the maximum power
available from the UWB sgnd generator. For these cases, the maximum UWB signd generator power
level was used to compute the EIRP level. Thus the reported EIRP leve represents alower limit for these
cases. That is, the actud maximum dlowable EIRP level may higher than the level shown in the figure for
these 100 kHz PRF UWB waveforms. From Figure 4-2, it can be observed that the maximum EIRP levels
necessary to satisfy the measured performance threshold for the C/A-code GPS receiver over dl of the
operational scenarios considered in this study range from
-73.2t0-26.5 dBW/MHz.

Figure 4-4 shows that the maximum alowable EIRP levels necessary to satisfy the measured
performance thresholds over dl of the operationd scenarios considered in this study range from -98.6 to -
67.0 dBW/MHz for those UWB signas employing PRFs of 1 MHz, 5 MHz, and 20 MHz, that are
classfied as noise-like in their interference effects to the GPS C/A-code receiver.

The data presented in Figure 4-5 shows that the maximum alowable EIRP levels range from -106.9 to
-70.2 dBW over dl of the operationa scenarios considered for those UWB signasthat are classified as
CW-like in their interference effects on the GPS C/A-code recaiver. These EIRP levels are based on the
power in asingle spectra line and in order to compare to the Part 15 leve, it must be assumed that only a
sangle spectrd line gopears in the measurement bandwidth.

Figures 4-6 and 4-7 present summary plots showing the maximum alowable EIRP calculated for the
surveying operationa scenarios assuming the use of the semi-codeless receiver architecture measured in this
sudy. The analysis results are presented as a function of the various UWB sgnd structures examined. For
the semi-codd ess receiver architecture, the interference effects of dl of the UWB signds examined are
classfied as @ther pulse-like or noise-like. Figure 4-6 showsthat for those UWB sgnds examined with a
PRF of 100 kHz, the calculated maximum level EIRP is above the current Part 15 emission leve (i.e. no
additiond attenuation is necessary) with one exception: the 20% gated, 2% relative dithered Sgnd.

Figure 4-7 shows the for the PRF s of 1 MHz, 5 MHz, and 20 MHz, those UWB signd structures that
were classfied as noise-like, the maximum alowable EIRP level must be as much as 23 dB below the
current Part 15 levd to satisfy the measured performance threshold of the semi-codeless GPS receiver in
the gpplicable operationa scenarios. The measurements of the semi-codeless recelver indicate arelative
immunity to CW-like interference effects. This is because the semi-codeless recelver architecture usesthe
P-code sgnd which, because of itslonger code length, has essentialy no spectra lines.
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Figure4-5. Maximum Allowable EIRP asa Function of UWB Signal Structurefor the Semi-
Codeless Receiver Architecture (Pulse-Like UWB Signals)
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Figure4-6. Maximum Allowable EIRP asa Function of UWB Signal Structurefor the Semi-
Codeless Receiver Architecture (Noise-Like UWB Signals)
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4.3 CONCLUSIONS

The data collected in this assessment demondirates that when considered in potentid interactions with
GPS receivers used in gpplications represented by the operationa scenarios consdered in this study, some
of the UWB signa permutations examined exceeded the measured GPS performance thresholds a EIRP
levelswell below the current Part 15 emission levd. Likewise, other UWB sgnd permutations (e.g..the
100 kHz PRF UWB signals) only dightly exceeded, and in some cases did not exceed, the measured GPS
performance thresholds when congdered in potentid interactions with GPS receivers defined by the
operationa scenarios consdered as a part of this study.

Thefollowing generd conclusons were drawn based on the findings of this study:

1) The GPSreceiver performance thresholds measured within this study are congstent with the
interference protection limits developed within nationd and international GPS study groups.

2) When multiple noise-like UWB sgnds with equivaent power leves a the GPS recelver input are
conddered, the effective aggregate Ssgnd leve in the recaiver IF bandwidth is determined by adding the
average power of each of the UWB signals.

3) Within the limitations of this sudy (i.e., the available number of UWB sgnd generators), it was found
that when multiple CW-like UWB signds are consdered, the effective aggregate interference effect to a
C/A-code GPS receiver isthe same as that of asngle CW-likesigna. The interference mechanismisa
result of the dignment of a UWB spectrd line with a dominant GPS C/A-code line.

4) The CW-like interference effect is not applicable to the semi-codel ess receiver examined when
operding in the dud frequency mode.

5) A GPS antenna does not offer any additional attenuation to that portion of a UWB signd within the
GPS frequency band.

6) For those UWB signds examined with a PRF of 100 kHz, maximum permissible EIRP levels between -
73.2 and -26.5 dBW/MHz are necessary to ensure EMC with the GPS applications defined by the
operationa scenarios consdered within this sudy.

7) For those UWB dgnds examined with a PRF of 1 MHz, the maximum alowable EIRP levels
necessary to achieve EMC with the GPS receiver gpplications consdered in this study range from -70.2 to
-104.3 dBW for the CW-like (unmodulated) UWB waveforms, and -57.6 to -91.6 dBW/MHz for the
noise-like (modulated and/or dithered) UWB waveforms.

8) For those UWB sgnds examined with a PRF of 5 MHz, the maximum dlowable EIRP levels
necessary to ensure EMC with the GPS receiver gpplications consdered in this study range from
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-70.7 t0 -106.1 dBW for the CW-like (non-dithered) UWB waveforms, and from -49.6 to
-97.6 dBW/MHz for the noise-like (dithered) UWB waveforms.

9) For those UWB sgnds examined with a PRF of 20 MHz, the maximum alowable EIRP levels required
to ensure EMC with al of the GPS recaiver applications considered in this study range from -71.0 to -
106.9 dBW for the CW-like (non-dithered) UWB waveforms, and from

-60.0 t0 -98.6 dBW/MHz for the noise-like (dithered) UWB waveforms.

It must be noted that these results are gpplicable only to those UWB sgnd permutations examined

within this study and to those applications of GPS that are defined by the operational scenarios presented
for congderation herein.
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APPENDIX A

Derivation of Equationsfor Aggregate Effects Of UWB Devicesin the
Non-Precison Approach Landing Operational Scenario

This gppendix provides the derivation of the equations used to compute the aggregate effects of UWB

devices in the non-precision approach operationa scenario. The parameters used to derive the equations
areshown in Figure A-1.

'[: @ ._'i" Tu B Vies

P
|'i-
! .I' Side X-Section
1

) : 1

FigureA-1

The parametersin Figure A-1 are defined as:
Point P isthe arborne GPS receiver antenng;
Surface E is the plane containing the interfering sources,
h is the minimum distance from point P to plane E

d isthe distance from points on plane E whose propagetion loss differs from the minimum lossa  distance
h by afixed pathlossratio LR;

r isthe radius circle containing the points of the fixed pathloss ratio; and
a isthe angle between linesh and d.
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Let dh = (LR)*®
Then
d>=r*+ ¥ =r(LR)

r’=h (LR) - i

2= (LR-1)
Theradius of the circle containing the interfering sourcesis given by:
r=h(LR-1)*°
To derive the equation for computing the angle a use the trigonometric relationship for the cosine:
cosa=h/d
a4 =cos? (h/d) = cos* (1/(LR)*)
The pathlossis proportiona to 20 Log d = 20 Log (h(LR)%®). This can be rewritten as

20Logd=20Logh+10LogLR
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Appendix B
Results of Spreadsheet Analysis Program
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Operational Scenario: Terrestrial GPS Receiver and Single UWB Device

GPS Receiver Architecture: C/A-code

Imax Hgps Huw Hsep Theta
(dBW/MHz) (m) b (m) (m) (deg)

Broadband Noise -1345 3 3 2 0
uwB UWB uwB Hgps Huw Hsep Theta

PRF Gating Mod "M (@BW) "N pimy (m) (deg)
1MHz 100% None -143.7 3 3 2 0
5MHz 100% None -145.5 3 3 2 0
20 MHz  100% None -145 3 3 2 0
5MHz 20% None -145.2 3 3 2 0
20MHz 20% None -145.8 3 3 2 0
5MHz 100% OOK -144.5 3 3 2 0
20 MHz 100% OOK -144.5 3 3 2 0
5MHz 20% OOK -144.2 3 3 2 0
20MHz 20% OOK -146.3 3 3 2 0

uwB UWB uwB Imax Hgps Huw Hsep Theta

PRF Gating Mod (dBW/MHz) (m) b (m) (m) (deg)
100 kHz 100% None -112.6 3 3 2 0
100 kHz 20% None -106.5 3 3 2 0
1MHz 20% None -97.6 3 3 2 0
100 kHz 100% OOK -102.6 3 3 2 0
1MHz 100% OOK -121.2 3 3 2 0
100 kHz 20% OOK -109.4 3 3 2 0
1MHz 20% OOK -101.1 3 3 2 0
100 kHz 100% 50% Abs. -100 3 3 2 0
1MHz 100% 50% Abs. -113 3 3 2 0
5MHz 100% 50% Abs. -137 3 3 2 0
20 MHz 100% 50% Abs. -138 3 3 2 0
100 kHz 100% 2% Rel. -100 3 3 2 0
1MHz 100% 2% Rel. -131 3 3 2 0
5MHz 100% 2% Rel. -136.5 3 3 2 0
20MHz 100% 2% Rel. -136 3 3 2 0
100kHz 20% 50% Abs. -107 3 3 2 0
1MHz 20% 50% Abs. -97.5 3 3 2 0
5MHz 20% 50% Abs. -105 3 3 2 0
20MHz 20% 50% Abs. -135 3 3 2 0
100kHz 20% 2% Rel. -107 3 3 2 0
1MHz 20% 2% Rel. -97 3 3 2 0
5MHz 20% 2% Rel. -89 3 3 2 0
20MHz 20% 2% Rel. -133 3 3 2 0

BL - Break-Lock
RQT - Reacquisition Time
DNBL - Did not break-lock at the maximum UWB generator signal power
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(dBic)

0
Gr
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UWB EIRP Receiver
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-95.1 RQT
UWB EIRP (dBW)
-104.3 BL
-106.1 BL
-105.6 BL
-105.8 BL
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-105.1 BL
-105.1 BL
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-106.9 BL
GPS
UWB EIRP h
Receiver
(dBW/MHz) Criteria
-73.2 BL
-67.1 DNBL
-58.2 DNBL
-63.2 DNBL
-81.8 BL
-70.0 DNBL
-61.7 DNBL
-60.6 DNBL
-73.6 RQT
-97.6 RQT
-98.6 RQT
-60.6 DNBL
-91.6 RQT
-97.1 RQT
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-67.6 DNBL
-58.1 DNBL
-65.6 RQT
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Operational Scenario: Terrestrial GPS Receiver and Multiple UWB Device
(Outdoor Operation)

GPS Receiver Architecture: C/A-code

Broadband Noise
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BL - Break-lock
RQT-Reacquisition Time
DNBL- Did not break lock at the maximum available UWB generator
signal power
NRQT - Broadband Noise Reacquisition
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2% Rel.
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UWB EIRP
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Single Entry GPS
Receiver Criteria
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GPS Receiver
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Operational Scenario: Terrestrial GPS Receiver and Multiple UWB
Device (Indoor Operation)

GPS Receiver Architecture: C/A-code

Broadband Noise

uwB
PRF
1 MHz
5 MHz
20 MHz
5 MHz
20 MHz
5 MHz
20 MHz
5 MHz
20 MHz
uwB
PRF

100 kHz
100 kHz
1 MHz
100 kHz
1 MHz
100 kHz
1 MHz
100 kHz
1 MHz
5 MHz
20 MHz
100 kHz
1 MHz
5 MHz
20 MHz
100 kHz
1 MHz
5 MHz
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uwB
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Gating

100%
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100%

100%

100%

100%
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100%

100%

100%
20%
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20%
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20%
20%

BL - Break-lock
RQT - Reacquisition Time
DNBL - Did not break lock at the maximum available UWB
generator signal power
NRQT - Broadband Noise Reacquisition

uwB
Mod.
None
None
None
None
None
OOK
OOK
OOK
OOK
uwB
Mod.

None
None
None
OOK
OOK
OOK
OOK

50% Abs.
50% Abs.
50% Abs.
50% Abs.

2% Rel.
2% Rel.
2% Rel.
2% Rel.

50% Abs.
50% Abs.
50% Abs.
50% Abs.

2% Rel.
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2% Rel.

Imax

Hg

(dBW/MHz) (m) b (m) (m)
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UWB EIRP
(dBW/MHz)
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-89.5
-89.5
-89.2
-91.3
UWB EIRP
(dBW/MHz)

-57.6
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-47.6
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Receiver
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Operational Scenario: Navigation in Constricted Waterways GPS Receiver and Multiple UWB Device

(Indoor Operation) (1)

GPS Receiver Architecture: C/A-code

Broadband Noise

UWB PRF UWB

Gating
1MHz  100%
5MHz  100%

20 MHz  100%
5 MHz 20%
20MHz  20%
5MHz  100%
20MHz  100%
5 MHz 20%
20MHz  20%
UWB PRF UWB

Gating
100 kHz 100%
100kHz  20%
1 MHz 20%
100 kHz 100%
1MHz  100%
100kHz  20%
1 MHz 20%
100 kHz 100%
1MHz  100%
5MHz  100%
20MHz  100%
100 kHz 100%
1MHz  100%
5MHz  100%
20MHz  100%
100kHz  20%
1 MHz 20%
5 MHz 20%
20MHz  20%
100kHz  20%
1 MHz 20%
5 MHz 20%
20MHz  20%

BL -Break-lock
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None
None
None
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2% Rel.
2% Rel.
2% Rel.
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RQT - Reacquisition Time
DNBL - Did not break lock at the maximum available

UWB generator signal power
NRQT - Broadband Noise Reacquisition
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Operational Scenario: Navigation in Constricted Waterways GPS Receiver and Multiple UWB Device (Outdoor Operation) (l)
GPS Receiver Architecture: C/A-code

Broadband Noise
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BL - Break-lock
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Operational Scenario: Navigation in Constricted Waterways GPS Receiver and Multiple UWB

Device (Indoor Operation) (II)

GPS Receiver Architecture: C/A-code

Broadband Noise
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PRF
1 MHz
5 MHz
20 MHz
5 MHz
20 MHz
5 MHz
20 MHz
5 MHz
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UWB
PRF

100 kHz
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BL - Break-lock
RQT - Reacquisition Time

DNBL - Did not break lock at the maximum
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NRQT - Broadband Noise Reacquisition
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GPS
Receiver
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RQT
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Receiver
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BL
DNBL
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Operational Scenario: Navigation in Constricted Waterways GPS Receiver and Multiple UWB Device (Outdoor Operation) (ll)

GPS Receiver Architecture: C/A-code

Broadband Noise
UWB UWB
PRF Gating

1 MHz 100%
5 MHz 100%
20 MHz  100%
5 MHz 20%
20 MHz 20%
5 MHz 100%
20MHz  100%

5 MHz 20%

20MHz  20%
uwB uwB
PRF Gating

100 kHz  100%
100 kHz  20%
1 MHz 20%
100 kHz  100%
1 MHz 100%
100 kHz  20%
1 MHz 20%
100 kHz  100%
1 MHz 100%
5 MHz 100%
20MHz  100%
100 kHz  100%
1 MHz 100%
5 MHz 100%
20MHz  100%

100 kHz  20%
1 MHz 20%
5 MHz 20%

20MHz  20%

100 kHz  20%
1 MHz 20%
5 MHz 20%

20 MHz 20%
BL - Break-lock
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Mod.
None
None
None
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None
None
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RQT - Reacquisition Time

DNBL - Did not break lock at the maximum

UWB generator signal power
NRQT - Broadband Noise Reacquisition
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-81.0 BL
-80.5 BL
-80.7 BL
-81.3 BL
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Operational Scenario: Railway GPS Receiver and Multiple UWB Device (Outdoor
Operation)
GPS Receiver Architecture: C/A-code
Imax Hgps Huw Hsep Theta Gr Dmin Lp Lmult Lallot Lman Laf Lba Lsm UWB EIRP GPS Receiver
(dBW/MHz) (m) b (m) (m) (deg) (dBic) (m) (dB) (dB) (dB) (dB) (dB) (dB) (dB) (dBW/MHz) Criteria
-4.5 9.9 4.8 3 3 0 0 0

Broadband -1345 10 3 7 -45 56.3 -84.5 RQT
Noise
uwB UuwB uwB Imax Hgps Huw Hsep Theta Gr Dmin Lp Lmult Lallot Lman Laf Lba Lsm UWB EIRP
PRF  Gating Mod. (dBW) (m) b(m) (m) (deg) (dBic) (m) (dB) (dB) (dB) (dB) (dB) (dB) (dB) (dBW)
1MHz 100% None -143.7 10 3 7 -45 -4.5 9.9 56.3 0 3 3 0 0 0 -88.9 BL
5MHz 100% None -145.5 10 3 7 -45 -4.5 9.9 56.3 0 3 3 0 0 0 -90.7 BL
20 MHz 100% None -145 10 3 7 -45 -4.5 9.9 56.3 0 3 3 0 0 0 -90.2 BL
5MHz  20% None -145.2 10 3 7 -45 -4.5 9.9 56.3 0 3 3 0 0 0 -90.4 BL
20MHz  20% None -145.8 10 3 7 -45 -4.5 9.9 56.3 0 3 3 0 0 0 -91.0 BL
5MHz  100% OOK -144.5 10 3 7 -45 -4.5 9.9 56.3 0 3 3 0 0 0 -89.7 BL
20 MHz  100% OOK -144.5 10 3 7 -45 -4.5 9.9 56.3 0 3 3 0 0 0 -89.7 BL
5MHz  20% OOK -144.2 10 3 7 -45 -4.5 9.9 56.3 0 3 3 0 0 0 -89.4 BL
20MHz  20% OOK -146.3 10 3 7 -45 -4.5 9.9 56.3 0 3 3 0 0 0 -91.5 BL
uwB uwB uwB Imax Hgps Huw Hsep Theta Gr Dmin Lp Lmult Lallot Lman Laf Lba Lsm UWB EIRP GPS Receiver
PRF  Gating Mod. (dBW/MHz) (m) b (m) (m) (deg) (dBic) (m) (dB) (dB) (dB) (dB) (dB) (dB) (dB) (dBW/MHz) Criteria
100 kHz 100% None -112.6 10 3 7 -45 -4.5 9.9 56.3 0 3 3 0 0 0 -57.8 BL
100 kHz  20% None -106.5 10 3 7 -45 -4.5 9.9 56.3 0 3 3 0 0 0 -51.7 DNBL
1MHz  20% None -134.5 10 3 7 -45 -4.5 9.9 56.3 4.8 3 3 0 0 0 -84.5 NRQT
100 kHz 100% OOK -102.6 10 3 7 -45 -4.5 9.9 56.3 0 3 3 0 0 0 -47.8 DNBL
1MHz 100% OOK -134.5 10 3 7 -45 -4.5 9.9 56.3 4.8 3 3 0 0 0 -84.5 NRQT
100 kHz  20% OOK -109.4 10 3 7 -45 -4.5 9.9 56.3 0 3 3 0 0 0 -54.6 DNBL
1MHz  20% OOK -134.5 10 3 7 -45 -4.5 9.9 56.3 4.8 3 3 0 0 0 -84.5 NRQT
100 kHz 100% 50% Abs. -100 10 3 7 -45 -4.5 9.9 56.3 0 3 3 0 0 0 -45.2 DNBL
1MHz 100% 50% Abs. -134.5 10 3 7 -45 -4.5 9.9 56.3 4.8 3 3 0 0 0 -84.5 NRQT
5MHz 100% 50% Abs. -137 10 3 7 -45 -4.5 9.9 56.3 4.8 3 3 0 0 0 -87 RQT
20MHz 100% 50% Abs. -138 10 3 7 -45 -4.5 9.9 56.3 4.8 3 3 0 0 0 -88 RQT
100 kHz 100% 2% Rel. -100 10 3 7 -45 -4.5 9.9 56.3 0 3 3 0 0 0 -45.2 DNBL
1MHz 100% 2% Rel. -134.5 10 3 7 -45 -4.5 9.9 56.3 4.8 3 3 0 0 0 -84.5 NRQT
5MHz 100% 2% Rel. -136.5 10 3 7 -45 -4.5 9.9 56.3 4.8 3 3 0 0 0 -86.5 RQT
20MHz 100% 2% Rel. -136 10 3 7 -45 -4.5 9.9 56.3 4.8 3 3 0 0 0 -86 RQT
100 kHz 20% 50% Abs. -107 10 3 7 -45 -4.5 9.9 56.3 0 3 3 0 0 0 -52.2 DNBL
1MHz 20% 50% Abs. -134.5 10 3 7 -45 -4.5 9.9 56.3 4.8 3 3 0 0 0 -84.5 NRQT
5MHz  20% 50% Abs. -1345 10 3 7 -45 -4.5 9.9 56.3 4.8 3 3 0 0 0 -84.5 NRQT
20MHz 20% 50% Abs. -134.5 10 3 7 -45 -4.5 9.9 56.3 4.8 3 3 0 0 0 -84.5 NRQT
100kHz 20% 2% Rel. -107 10 3 7 -45 -4.5 9.9 56.3 0 3 3 0 0 0 -52.2 DNBL
1MHz 20% 2% Rel. -134.5 10 3 7 -45 -4.5 9.9 56.3 4.8 3 3 0 0 0 -84.5 NRQT
5MHz  20% 2% Rel. -134.5 10 3 7 -45 -4.5 9.9 56.3 4.8 3 3 0 0 0 -84.5 NRQT
20MHz 20% 2% Rel. -134.5 10 3 7 -45 -4.5 9.9 56.3 4.8 3 3 0 0 0 -84.5 NRQT

BL - Break-lock
RQT - Reacquisition Time
DNBL - Did not break lock at the maximum UWB generator

signal power
NRQT - Broadband Noise Reacquisition
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B-10

Operational Scenario: Railway GPS Receiver and Multiple UWB
Device (Indoor Operation)
GPS Receiver Architecture: C/A-code

Imax Hgps Huw Hsep Theta Gr Dmin Lp Lmult Lallot Lman Laf Lba
(dBW/MHz) (m) b (m) (m) (deg) (dBic) (m) (dB) (dB) (dB) (dB) (dB) (dB)

Broadband -134.5 10 10 7 0.0 0 70 533 48 3 3 0 9
Noise
UwB uwB uwB Imax Hgps Huw Hsep Theta Gr Dmin Lp Lmult Lallot Lman Laf Lba
PRF  Gating Mod. (dBW) (m) b(m) (m) (deg) (dBic) (m) (dB) (dB) (dB) (dB) (dB) (dB)
1MHz 100% None -143.7 10 10 7 0.0 0 7.0 533 0 3 3 0 9
5MHz 100% None -145.5 10 10 7 0.0 0 70 533 0 3 3 0 9
20 MHz  100% None -145 10 10 7 0.0 0 7.0 533 0 3 3 0 9
5MHz  20% None -145.2 10 10 7 0.0 0 70 533 0 3 3 0 9
20MHz  20% None -145.8 10 10 7 0.0 0 7.0 533 0 3 3 0 9
5MHz  100% OOK -144.5 10 10 7 0.0 0 70 533 0 3 3 0 9
20 MHz  100% OOK -144.5 10 10 7 0.0 0 7.0 533 0 3 3 0 9
5MHz  20% OOK -144.2 10 10 7 0.0 0 70 533 0 3 3 0 9
20MHz  20% OOK -146.3 10 10 7 0.0 0 7.0 533 0 3 3 0 9
uwB uwB uwB Imax Hgps Huw Hsep Theta Gr Dmin Lp Lmult Lallot Lman Laf Lba
PRF  Gating Mod. (dBW/MHz) (m) b (m) (m) (deg) (dBic) (m) (dB) (dB) (dB) (dB) (dB) (dB)

100 kHz  100% None -112.6 10 10 7 0.0 0 7.0 533 0 3 3 0 9
100kHz 20% None -106.5 10 10 7 0.0 0 7.0 533 0 3 3 0 9
1MHz  20% None -134.5 10 10 7 0.0 0 70 533 48 3 3 0 9
100 kHz  100% OOK -102.6 10 10 7 0.0 0 7.0 533 0 3 3 0 9
1MHz 100% OOK -134.5 10 10 7 0.0 0 70 533 48 3 3 0 9
100kHz 20% OOK -109.4 10 10 7 0.0 0 7.0 533 0 3 3 0 9
1MHz  20% OOK -134.5 10 10 7 0.0 0 70 533 48 3 3 0 9
100 kHz 100% 50% Abs. -100 10 10 7 0.0 0 7.0 533 0 3 3 0 9
1MHz 100% 50% Abs. -134.5 10 10 7 0.0 0 70 533 48 3 3 0 9
5MHz 100% 50% Abs. -137 10 10 7 0.0 0 70 533 48 3 3 0 9
20MHz 100% 50% Abs. -138 10 10 7 0.0 0 70 533 48 3 3 0 9
100 kHz  100% 2% Rel. -100 10 10 7 0.0 0 7.0 533 0 3 3 0 9
1MHz 100% 2% Rel. -134.5 10 10 7 0.0 0 70 533 48 3 3 0 9
5MHz  100% 2% Rel. -136.5 10 10 7 0.0 0 70 533 48 3 3 0 9
20MHz  100% 2% Rel. -136 10 10 7 0.0 0 70 533 48 3 3 0 9
100kHz 20%  50% Abs. -107 10 10 7 0.0 0 7.0 533 0 3 3 0 9
1MHz 20% 50% Abs. -134.5 10 10 7 0.0 0 70 533 48 3 3 0 9
5MHz  20% 50% Abs. -134.5 10 10 7 0.0 0 70 533 48 3 3 0 9
20MHz 20%  50% Abs. -134.5 10 10 7 0.0 0 70 533 48 3 3 0 9
100kHz 20% 2% Rel. -107 10 10 7 0.0 0 7.0 533 0 3 3 0 9
1MHz  20% 2% Rel. -134.5 10 10 7 0.0 0 70 533 48 3 3 0 9
5MHz  20% 2% Rel. -134.5 10 10 7 0.0 0 70 533 48 3 3 0 9
20MHz  20% 2% Rel. -134.5 10 10 7 0.0 0 70 533 48 3 3 0 9

BL - Break-lock
RQT - Reacquisition Time
DNBL - Did not break lock at the maximum UWB generator signal

power
NRQT - Broadband Noise Reacquisition
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(dB)

Lsm
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[oNoNoloNoloNoNoNe)
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-88.9
-89.5
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-87.9
-90.0

UWB EIRP

(dBW/MHz)

-56.3
-50.2
-83
-46.3
-83
-53.1
-83
-43.7
-83
-85.5
-86.5
-43.7
-83
-85
-84.5
-50.7
-83
-83
-83
-50.7
-83
-83
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GPS
Receiver
Criteria

RQT

GPS
Receiver
Criteria
BL
DNBL
NRQT
DNBL
NRQT
DNBL
NRQT
DNBL
NRQT
RQT
RQT
DNBL
NRQT
RQT
RQT
DNBL
NRQT
NRQT
NRQT
DNBL
NRQT
NRQT
NRQT



Operational Scenario: Surveying GPS Receiver and Single UWB Device
GPS Receiver Architecture: Semi-

Codelss
(IénBe\\;\(” Hgps Huwb Hsep Theta Gr Dmin
Mbz) (M) (M)  (m) (deg) (dBic) (m)
Broadband Noise -150 3 10 30 13.1 3 30.0
UWB UWB UWB Imax

PRF  Gating Mod. (dBW/MHz)

100 kHz 100% None  -118.00 3 10 30 131 3 30.0
20 MHz  100% None  -145.00 3 10 30 131 3 30.0
100 kHz 100% 50% Abs. -121 3 10 30 131 3 30.0
1MHz 100% 50% Abs. -151 3 10 30 131 3 30.0
5MHz  100% 50% Abs. -151 3 10 30 131 3 30.0
20MHz 100% 50% Abs. -149.5 3 10 30 131 3 30.0
100 kHz 100% OOK -112 3 10 30 131 3 30.0
20 MHz  100% OOK -137 3 10 30 131 3 30.0
100 kHz 100% 2% Rel. -119 3 10 30 131 3 30.0
1MHz 100% 2% Rel. -149 3 10 30 131 3 30.0
5MHz 100% 2% Rel. -149 3 10 30 131 3 30.0
20MHz 100% 2% Rel. -149.5 3 10 30 131 3 30.0
100 kHz 20% None -116.5 3 10 30 131 3 30.0
20MHz  20% None -148 3 10 30 131 3 30.0
100kHz 20% 50% Abs. -116 3 10 30 131 3 30.0
1MHz  20% 50% Abs. -132 3 10 30 131 3 30.0
5MHz  20% 50% Abs. -151 3 10 30 131 3 30.0
20MHz 20% 50% Abs. -148 3 10 30 131 3 30.0
100 kHz 20% OOK -118.5 3 10 30 131 3 30.0
20MHz  20% OOK -146 3 10 30 131 3 30.0
100kHz 20% 2% Rel. -138 3 10 30 131 3 30.0
1MHz 20% 2% Rel. -134 3 10 30 131 3 30.0
5MHz  20% 2% Rel. -142.5 3 10 30 131 3 30.0
20MHz 20% 2% Rel. -143.5 3 10 30 131 3 30.0

BL - Break-lock
RQT - Reacquisition Time
DNBL - Did not break lock at the maximum UWB generator signal power

Lp Lmult Lallot Lman Laf @B
(dB) (dB) (dB) (dB) (dB)

(dB)
65.9

65.9
65.9
65.9
65.9
65.9
65.9
65.9
65.9
65.9
65.9
65.9
65.9
65.9
65.9
65.9
65.9
65.9
65.9
65.9
65.9
65.9
65.9
65.9
65.9
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(dB)
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3
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Lba

0

[eleololololololololololololololololololololoNeNe]

Lsm

0

[cNolololololololoolo oo oloolo oo oo ool o)

UWB EIRP GPS

W/MHz Receiver
) Criteria

-93.1 RQT
-61.1 RQT
-88.1 BL
-64.1 RQT
-94.1 ROR
-94.1 RQT
-92.6 RQT
-55.1 DNBL
-80.1 BL
-62.1 RQT
-92.1 RQT
-92.1 RQT
-92.6 RQT
-59.6 DNBL
-91.1 BL
-59.1 DNBL
-75.1 RQT
-94.1 RQT
-91.1 RQT
-61.6 DNBL
-89.1 BL
-81.1 RQT
-77.1 RQT
-85.6 RQT
-86.6 RQT
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Operational Scenario: Surveying GPS Receiver and Multiple UWB Devices
GPS Receiver Architecture: Semi-Codeless

Huw Hsep Theta Dmin Lp Hsep Theta Dmin Lp Hsep Theta Dmin Lp Lpa Lall Lma uws GPS Receive
Imax Hgps b #1 #1 Gr#l #1 #1 #2 #2 Gr#2 #2 #2 #3 #3 Gr #3 #3 #3 g ot n Laf Lba Lsm EIRP Criteria
(dBW/MHz) (m) (m) (m) (deg) (dBic) (m) (dB) (m) (deg) (dBic) (m) (dB) (m) (deg) (dBic) (m) (dB) (dB) (dB) (dB) (dB) (dB) (dB) (dBW/MHz)
Broadband Noise -150 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 65.8 3.00 3 0 0 0 -93.2 RQT
UwB UwB UwB Huw Vsep Theta Dmin Lp Vsep Theta Dmin Lp Vsep Theta Dmin Lp Lga Lall Lma
PRF Gating Modulation Imax Hgps b #1 #1 Gr#l #1 #1 #2 #2 Gr #2 #2 #2 #3 #3 Gr#3 #3 #3 gg ot n Laf Lba Lsm UWB EIRP
(dBW/MHz) (m) (m) (m) (deg) (dBic) (m) (dB) (m) (deg) (dBic) (m) (dB) (m) (deg) (dBic) (m) (dB) (dB) (dB) (dB) (dB) (dB) (dB) (dBW/MHz)
100 kHz  100% None -118.00 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 65.8 3.00 3 0 0 0 -61.2 RQT
20 MHz  100% None -145.00 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 6;.8 3.00 3 0 0 0 -88.2 BL
100 kHz  100% 50% Abs. -121 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 6:.8 3.00 3 0 0 0 -64.2 RQT
1 MHz 100% 50% Abs. -151 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 6;.8 3.00 3 0 0 0 -94.2 RQT
5 MHz 100% 50% Abs. -151 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 6:.8 3.00 3 0 0 0 -94.2 RQT
20 MHz  100% 50% Abs. -149.5 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 6;.8 3.00 3 0 0 0 -92.7 RQT
100 kHz  100% OOK -112 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 6:.8 3.00 3 0 0 0 -55.2 DNBL
20 MHz  100% OOK -137 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 655.8 3.00 3 0 0 0 -80.2 BL
100 kHz  100% 2% Rel. -119 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 655.8 3.00 3 0 0 0 -62.2 RQT
1 MHz 100% 2% Rel. -149 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 655.8 3.00 3 0 0 0 -92.2 RQT
5 MHz 100% 2% Rel. -149 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 655.8 3.00 3 0 0 0 -92.2 RQT
20 MHz  100% 2% Rel. -149.5 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 655.8 3.00 3 0 0 0 -92.7 RQT
100 kHz  20% None -116.5 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 655.8 3.00 3 0 0 0 -59.7 DNBL
20 MHz 20% None -148 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 655.8 3.00 3 0 0 0 -91.2 BL
100 kHz  20% 50% Abs. -116 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 655.8 3.00 3 0 0 0 -59.2 DNBL
1 MHz 20% 50% Abs. -132 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 655.8 3.00 3 0 0 0 -75.2 RQT
5 MHz 20% 50% Abs. -151 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 655.8 3.00 3 0 0 0 -94.2 RQT
20 MHz 20% 50% Abs. -148 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 655.8 3.00 3 0 0 0 -91.2 RQT
100 kHz  20% OOK -118.5 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 655.8 3.00 3 0 0 0 -61.7 DNBL
20 MHz 20% OOK -146 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 655.8 3.00 3 0 0 0 -89.2 BL
100 kHz  20% 2% Rel. -138 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 655.8 3.00 3 0 0 0 -81.2 RQT
1 MHz 20% 2% Rel. -134 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 655.8 3.00 3 0 0 0 -77.2 RQT
5 MHz 20% 2% Rel. -142.5 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 655.8 3.00 3 0 0 0 -85.7 RQT
20 MHz 20% 2% Rel. -143.5 3 10 30 13.1 3 30.0 65.9 300.0 1.3 0 300.0 85.9 750 0.5 0 750 93.8 652.8 3.00 3 0 0 0 -86.7 RQT

BL Break-lock
RQT - Reacquisition Time
DNBL - Did not break lock at the maximum UWB generator signal power



Operational Scenario: Aviation GPS Receiver Non-Precision Approach

and Multiple UWB Devices
GPS Receiver Architecture: C/A-code

Broadband

Noise

uwB

PRF

1 MHz
5 MHz
20 MHz
5 MHz
20 MHz
5 MHz
20 MHz

5 MHz
20 MHz
uwB
PRF
100 kHz
100 kHz
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20 MHz
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BL - Break-lock
RQT - Reacquisition Time
DNBL - Did not break lock at the maximum UWB generator signal
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Mod.
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None
OOK
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OOK
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-143.7
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NRQT - Broadband Noise Reacquisition
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41.4
41.4
41.4
41.4
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68.7
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