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RECEIVED

Ms. Magalie Roman Salas

Secretary 14

Federal Communications Commission AUG 2000

The Portals, TW-A325 “EDERAL COMMUMICATIONS COBMMISSIBN
SPFCE OF THE SECARTARY

445 12th Street, SW

Washington, DC 20554 a3- /5 3

Re:  Ex parte Notification - ET Docket No. 964153 -
Ultra-Wideband (UWB) alnny

Dear Ms. Salas:

On August 11, 2000, Paul Withington, Jeff Ross and Rachel Reinhardt of Time Domain
Corporation, John Kuzin of Wiley, Rein & Fielding and I met with Mr. John Reed and Mr. David
Means of the Commission’s Office of Engineering and Technology to discuss Time Domain’s
progress regarding the testing being done by the University of Texas (“UT”). We explained to
the Commission’s staff that Time Domain has begun discussions with GPS experts regarding the
analysis of the data from the UT testing. We informed the Commission’s staff members that
Time Domain submitted extensive comments on both the test plan that has been released by
NTIA regarding potential UWB effects on existing federal systems and the test plan released by
the Department of Transportation regarding potential UWB interference to GPS systems (copies
of both sets of comments are attached). We also noted that Time Domain is participating in the
deliberations of the Radio Technical Commission for Aeronautics ("RTCA") concerning UWB

and GPS.

Should any question arise concerning this matter, please do not hesitate to contact me.

Sincerely,

XZC_ o z,zr.-v/ | ; .,'/;JZ/‘{&)L/
David E. Hilliard

Counsel for Time Domain Corporation

Enclosures

cc: Messrs. Reed and Means (w/encls.) )+
0.0 JQ}; o3 186 d // ;
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Time Domain Corporation
7057 Old Madison Pike
Huntsville, AL 35806
256-922-9229

July 17, 2000

Mr. Paul Roosa

Office of Spectrum Management

Room 4099

National Telecommunications and Information Administration
HCHB

1401 Constitution Ave., NW.

Washington, DC 20230

Re: Ultra-Wideband Testing by NTIA
Dear Mr. Roosa:

Time Domain Corporation submits these comments in response to the invitation issued by the National
Telecommunications and Information Administration (NTIA), 65 FR 40614 (June 30, 2000). As an
initial matter, Time Domain appreciates that both the Office of Spectrum Management of NTTIA and -
NTIA's Institute of Telecommunications Sciences are staffed by highly competent and credible
engineers Time Domain personnel have had the opportunity to meet with and to work with many of
these individuals in the course of the proceeding on Time Domain's Limited Waiver before the FCC
and in the discourse that led to the FCC's issuance of its Notice of Proposed Rule Making, ET Docket
No 98-153. released May 11, 2000. Given its expertise, Time Domain encourages NTIA to discuss in
detail this proposed test plan with FCC personnel. Such discussions could lead to a much more useful
final product insofar as the Commission's efforts in the rule making are concerned.

In general the test plan documents made available for comment represent an initial step at describing
what will be examined rather than detailing #ow it will be examined. As such, any interested party faces
many unknowns in reviewing the documents entitled Ultra-Wideband Signals for Sensing and
Communication: A Master Plan for Developing Measurement Methods, Characterizing the Signals
and Estimanng Their Effects on Exiting Systems (June 13, 2000) (Master Plan) and /7§ Ultra-
Wideband Measurement Plan (Master Plan Task 1.2) (ITS Measurement Plan). Moreover, the plans
reflect a desire to test against a thermal noise limited environment largely on a conducted basis rather
than involving real world testing that recognizes the noise that currently characterizes the allocations in
which most of the systems to be studied operate. Thus, the plans make no effort to look at existing
Part 15 devices and other systems that generate noise in the relevant spectrum and determine whether.
and if so. to what extent, UWB devices would pose any greater difficulties than those now faced.

NTIA Master Plan
The _I\"TIA’S effort should focus on determining which limits will allow UWB to operate without
causing "harmtul interference." Such an approach would allow for the introduction of new

technolpgies as is a stated objective of the Congress. The test plans refer to various unspecified
protection criteria against which the NTIA will make its determination. Without knowing what these

http.//www ntia.doc. gov/osmhome/uwbtestplan/comments on ntia_plan.htm 8/14/00
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criteria are. it is simply not possible to state with any confidence that the criteria are appropriate in the
face of emissions trom UWB devices. A better approach would be to be a parametric analysis that
measures the impact of UWB emissions from which a separate analytic process could determine the
point at which harmful interference might occur.

Although the bulk of the Master Plan addresses what should be measured with respect to UWB
emissions, it places very little attention on the actual process of measuring susceptibility. Moreover, the
susceptibility testing is flawed by the lack of any plan for measuring the impact of emissions on
performance of protected systems. Rather, the focus is on measuring intermediate signal levels with
predetermined criteria as indicators of the impact on performance. The description in the plans for
determining impact is to measure the amount of UWB energy reaching the IF stage of the protected
receiver. This methodology can be misleading as modern receivers often have significant digital signal
processing occurring after the IF stages that allows the receivers to compensate adequately for and
continue to operate in the presence of noise. Moreover, the Master Plan is not clear as to how
interference criteria will be determined, save to say that the investigators will "obtain or develop
interference protection criteria". The devil-in-the-details issue here 1s that it is unclear if these criteria
are based on reality or theory (e.g., GPS interference criteria found in books suggest that Time
Domain's UWB signals might interfere at much greater distances than they do in reality).

[n short. the goal of this testing should be to determine the susceptibility of critical federal systems to
in-band UWB emissions. Spectrum managers cannot make policy decisions on the basis of a method of
characterizing UWB emissions, rather they must understand the performance impacts of such
emissions Characterizing UWB signals in the time and frequency domains (and the relationship .
between the two domains) is a necessary, but not sufficient, step to providing spectrum managers with
the required information.

The Master Plan describes a general analysis that is primarily about peak and average power. It is
critical that spectrum managers understand that power will be just one factor in determining potential -
interference to a protected recetver. It hardly reveals the whole story, however, because, as noted
above, many modern receivers have forward error correction, digital signal processing and other
techniques that eliminate interference if the source has certain time domain properties (e.g. bursting).

With respect to the potential effect from aggregate emitters, the Master Plan calls for testing involving
three or fewer as opposed to a more valid number such as ten or more The rationale for using more
emitters in such a case is that it should yield a better fit of any curve to the data produced if there are

more points of data.

Finally, the Master Plan places a great burden on a very limited number of engineer-public servants.
Cee the Gantt chart attached to the Master Plan. Although Time Domain recognizes that this may be
due to limited resources, the approach can place unrealistic demands on a limited number of individuals
so that disruptions for other duties or the vicissitudes of life can have a tremendous adverse etfect on

the timing of the efforts.

[TS8 Measurement Plan

In general. the plan as made available for comment has not proposed a susceptibility test for critical
government systems. An effort to examine the susceptibility of these systems to various UWB

emissions should determine when operations are first affected and then monitor the effect from initial
perception all the way to harmful interference. Once such information is gathered, spectrum managers

http://www ntia.doc. gov/osmhome/uwbtestplan/comments_on ntia plan htm 8/14/00
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can then make informed decisions on what the protection criteria should be.

The ITS UWB test plan relies on use of UWB simulators that are directly coupled to victim receivers
and ancillary measurement equipment. See ITS UWB Test Plan, Section 4.4.1 Closed System
Measurements, ("Connect the UWB simulator to the RF input of the receiver being tested.") Such
measurements will differ greatly from open air measurements, and will likely show increased
interference with much lower power levels than would be found with open-air measurements. As a
result. it would not be appropriate to use such measurements in future testing and modeling as
representative of radiated UWB systems.

The model for measuring compatibility between the victim receiver and the UWB transmitter uses the
noise floor of the victim receiver to determine the distance at which the two systems can coexist with
no interference See [TS UWB Test Plan, Section 4.4.1 Closed System Measurements, ("P_is an

average UWB signal level at the receiver RF input which corresponds to a peak I/N of O dB at the
receiver [F input.") Given the low sensitivity levels with which many receivers currently operate, such
measurements will lead to a very high and hence, unrealistic, results.

This impact is exacerbated by the aggregate etfects measurements. See ITS UWB Test Plan, Section
45 Here ITS plans to correct the distance by using the data analysis from the simulators to account
for interference effects. The plan to use "gated" simulator systems in Table 5 of the ITS UWB Plan will
result in unrealistic measurements. Although the term "gating" is not defined, we assume that the test
plan contemplates synchronizing the simulators to generate pulses synchronized in time. (Our
assumption is supported by the last item of measured data to be taken, as outlined in Section 4.5:
"Compare APDs [i.e., Amplitude Probability Distributions] of the measured aggregates to results
obtained by mathematically combining individual APDs.") These gated pulses would impact on a victim
receiver with three copies of a single energy pulse. Even where a system is synchronized, this testing
configuration is not accurate. Because of the path differentials from multiple UWB transmitters, a
victim receiver would at no time be presented with three synchronized-in-time pulses.

Section 4.1, the plan proposes in item three to use an instrument with a 50 MHz IF bandwidth. If this
s the same or a similar instrument to the one supplied by ITS for trial use during the evaluation of the
L'WB equipment subject to the waiver requests, the device would not be appropriate. The instrument
did not act like a spectrum analyzer for resolution bandwidths greater than 3 MHz, and had very poor
dynamic range. Moreover, the specified bandwidth was not accurate (while the stated bandwidth was
50 MHz it was in fact more like 30 MHz). In addition, this device hardly qualifies as commercial-off-
the-shelf ("COTS") equipment of the kind that manufacturers and test labs are likely to have. In sum,
the test plan should state with greater particularity (e.g make, model, and where appropriate, software
version) the equipment proposed for critical measurement tasks.

Where the plan does contemplate radiated measurements, it does not specify whether the tests will be
i1 an anechoic chamber or on an open air test site (an "OATS site"). The results could vary by 6 dB in
field strength between these sites. Any limit developed on one site should recognize the difference due
to the lack of an additive reflective component in the case of the OATS site measurement.

Equation 4 4 1 presents an overly simplified view. It fails to take into effect antenna beam pattern (both
static and dynamic). This is important because many of the antennas for systems that are potentially
susceptible to interference rotate and scan from the horizon skyward. As a result, there should be less
interference from UWB emitters than a model that failed to account for such operational characteristics
would yield

http://'www ntia.doc. gov/osmhome/uwbtestplan/comments_on_ntia_plan htm 8/14:00
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The plan refers to "total peak power" in Table 1. Yet, the plan does not explain whether this is RMS
peak, peak as measured in the frequency domain, or peak as measured in the time domain

The plan commendably proposes to make measurements in the time domain. Nevertheless, if ITS is
coing to try to derive the actual radiated time domain waveforms (as opposed to the received
waveforms) by performing the time domain measurements on the UWB signals, it will need to back out
the losses, gains or phase distortions of the receive antennas, cables, and any amplifiers, if used. This
will be very difficult because these devices are characterized in the frequency domain, but the
measurement is made in the time domain. In sum, to back out to the actual radiated time domain
waveform will be a very complicated mathematical activity. Time Domain would offer further
comments on this aspect if the measurement antenna to be used were known. Here, too, however, the
plan fails to reveal details needed to provide insight as to the effort. Any measurements to be
performed in this manner must have well defined antenna and cables.

Other Matters.

The following reflect errors that either may be editorial or typographical in nature or comments that do
not go to the crux of the plans:

Table 4(b) sets forth incorrect units for E_ The units of measurement should be dBuV/m (dB
microvolts per meter).

Use of a thermistor based power meter as proposed in the plan makes sense. Diode power meters will
often give a misleading or incorrect answer for fast pulse systems.

At Figs. 2 and 3, [TS proposes to use a digital sampling scope. This instrument should be capable of at
least 20 Gigasamples per second in order to perform satisfactorily.

The last bullet point in Appendix A should specify E as dBuV/m instead of dBmV/m.

* k%

To be of predictive value in the effort to develop UWB regulations that provide the benefits of ultra-
wideband to the public without causing harmful interference, the testing should not start with any
preconceived notions of compatibility, but instead seek to measure adequately and quantify the effect
of UWB signals on existing systems. As part of this effort, criteria can then be developed to define
harmful interference in the context of UWB emissions. From these criteria, proper operating limits for
UWB systems can be developed. To accomplish this goal the testing effort should examine real world
environments and not only the theoretical noise limited environment.

The testing effort should reflect the ongoing dialog amongst those knowledgeable of both protected
systems and ultra-wideband technology. To this end, Time Domain appreciates the opportunity to
comment and hopes that this dialog can continue.

Respecttully.

Time Domain Corporation

http://www ntia.doc. gov/osmhome/uwbtestpian/comments_on_ntia_plan htm 8/14/00
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's/ Paul Withington
Paul Withington
Vice-President

paul withington(@tdsi.com

http://www ntia.doc.gov/osmhome/uwbtestplan/comments_on_ntia_plan.htm
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Time Domain Corporation
7057 Old Madison Pike
Huntsville, AL 35806
256-922-9229

July 24, 2000

Department of Transportation

Office of the Secretary

Radionavigation & Positioning Staff, P-7. Room 10315
400 Seventh Street, S.W.

Washington. D.C. 20590

At GPS-UWB Comiments

Re: Ultra-Wideband Testing by DoT
Dear Radionavigation & Positioning Staff Members:

Time Domain Corporation respectfully submits these comments on the testing plan
prepared by personnel from Stanford University entitled Potential Interference to GPS from
UWB Transmirtters, Test Plan - Version 4.5 (the “Stanford Plan™)' in response to the
invitation extended in the Public Notice of June 22, 2000, 65 FR 38874. Because of the
importance of Global Positioning System (GPS) applications and the promise of ultra-wideband
(UWB) technologies, the Federal Communications Commission expects to receive the test
results it asked to be conducted by October 30, 2000. To aid the FCC in reaching sound
UWB implementation decisions, the testing that DoT has proposed must be carried out in a
scientifically rigorous and objective manner.

Summary

The Stanford Plan is fundamentally flawed and will not provided meaningful assessment of
potential interference:

» The plan does not provide for any correlation to real world environments (e.g., ambient
noise levels) nor does it compare intentional and unintentional UWB interference.

o The plan tries to equate all UWB signals with “white” noise.

For case of reference, a version of the Stanford Plan with line numbers in the margin ts provided with these
comments, The citations in these comments reference that version.
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e The plan does not propose to test a signal such as that produced by Time Domain’s and
other's equipment.

e The plan proposes to subject the white noise signal to filtering prior to injecting it into
the GPS receiver. but does not propose to route the UWB signal through the same sort

of filter.

» The plan ofters no justification for its one second reacquisition criterion for land based
TECEIVers.

e The plan fails to state that the testing will be conducted using a GPS simulator operating
with a realistic constellation of satellites, giving rise to the presunption that the evaliation
will examine the effect of UWB on only one satellite signal that will have been adjusted
to a received power of less than 4 dB above the thermal noise floor - hardly a realistic
scenarto.

e The plan exhibits a clear bias by arguing that any margin has already been consumed by
the 70 dBW/MHz out-ot-band emissions limit applicable to mobile satellite
transceivers; by crippling the GPS link with high levels of noise: and then testing for the
impact of UWB.

Unless these deficiencies are corrected, the Stanford Plan will not yield the sort of information
that will assist the FCC in reaching sound decisions concerning the implementation of UWB

technology.

Overview

Both the overall assumptions and the design of the Stanford Plan rest on the foregone
conclusion that there will be harmful interference and that this effort ensures that this is the case.
The Stanford Plan, for example, devotes a substantial amount of text to arguing that the -70
dBW/MHz out-of-band signal level applicable to Mobile Satellite Service (MSS) transceivers
consumes any margin that may exist. This argument is misplaced. While GPS proponents may
assert — as they have in other FCC proceedings —that the - 70 dBW/MHz level should not apply
in the case where other emissions fall into GPS spectrum, this testing effort involves assessing
the impact of UWB emissions. not MSS transceiver emissions.

The testing should examine the actual impact of UWB signals on GPS recetvers. but
does not. To begin with. the plan proposes to correlate broadband notse with UWB signals,
while choosing to only filter the broadband noise signals. This unequal filtering approach will
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likely show a reduced impact of broadband noise, as compared to UWB. Even assuming that
such a comparison is appropriate. one cannot conclude that the broadband noise signal
introduced as a comparison signal will resemble the GPS ambient environment or an actual
white noise source as the plan suggests. Moreover. the Stanford Plan offers no confirmation
that the proposed broadband noise signal resembles the actual ambient environment in which
(GPS systems operate. 1t is possible that UWB emissions will interact ditferently with actual
noise signals in the GPS band . Therefore. at a minimum, a better approach would be to
characterize the interference effects from the broadband noise source separatety from the UWB
signal source — by testing each separately. Further, the Stanford Plan’s total reliance on
simulator testing fails to afford any check on the assumptions that underlie the proposed testing.
As one example, the Plan does not make clear whether the simulator consists of more than a
single channel receiver. To the extent that the GPS simulator attempts to approximate a typical
(iPS receiver. it must include more than a single charmel, for a typical GPS system receives
cight or more satellite signals. For these and the other reasons discussed below. the plan should
be revised if it is to have scientitic value.

The Need for Real-World Testing and Verification

The Stanford Plan is aimed at collecting data based on worst case scenartos (see
Stanford Plan page 3. lines 17-44: page 2, lines 39-42) not likely to be encountered in real
world operating conditions. It does not include any "over the air" tests of the potential
interference caused by radiated UWB transmitters — the only way that interference can actually
oceur. All of the testing will be performed in a laboratory environment, by directly connecting
the UWB and noise sources to the input of a GPS receiver. While the use ot a GPS signal
simulator provides the control needed to isolate variables, radiated emissions testing is needed
to quantify adequately the true impact on GPS receivers and to validate (and where necessary.
modify) the laboratory configurations. For example, the laboratory tests must sufficiently model
the radiated effects of both GPS and UWB antennas, as antenna effects can significantly impact
test measurements. Another example of major factors in typical GPS links is multipath.

The theoretical foundation of the Stanford Plan is suspect. The Plan states that the GPS
Receiver RFT Susceptibility Limit is - 170.1 dBmv/Hz — only 3.9 dB higher than the thermal noise
floor of - 174 dBm/Hz. At this level, all FCC Part 15 compliant Class A and B digial devices
{¢.z.. computers, radio receivers and intentional radiators) as well as a host of incidental
radiators (e.o.. motor-driven appliances) will have to be tumed oft within restricted areas of
operation. such as in and around airports. [f the -170.1 dBm/Hz GPS Receiver Susceptibility
Lunit had a relation to real-world impact. one would expect to find that GPS Systems would
already have difficulty operating — regardless of UWB equipment. Moreover, there are a
number of other RF systems that are legally permitted to radiate even higher powered signals
within the GPS bands, including out-of-band and spurious emissions from TV stations, land
mobile communications systems, and ISM equipment.
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Applying the test results from the Stanford Plan, in its current form. to the development
of protection criteria will therefore be misleading. This test plan, like any scientific study, should
focus on a single variable at a time while maintaining constant other factors. Following this
scientific principle, the test plan should anatyze only the impact of UWB transmitters on GPS

recelvers.

Further. the test plan states that the entire 5.6 dB margin is consumed by other
aeronautical services (see page 4, line 7). This leaves no margin for UWB signals. The
Stanford Plan asserts the pre-conceived bias that the Mobile Satellite Services (MSS) 1610-
1626.5 MHz (earth-to-space) band alone prevents UWB from existing with GPS systems.
Time Domain guestions the use of such an assumption. The title of this study as published in the
Federal Register is “Test Plan for Determining the Potential for Interference from UWB to GPS
Receivers.” 65 FR 38874 (June 22, 2000). MSS and other emitters should not be a factor at
this stage of the testing. Other systems properly come info play when analyzing a real-world
scenario., which, as Time Domain has already noted. includes the effects of ambient noise
interference. which includes other RF systems.

Consider another example of attempting to equate theoretical design parameters with
real-world impact. The Stanford Plan contemplates using GPS reacquisition performance, a
~critical performance metric” for “real-time land applications,” to quantify the impact of UWB
ransmissions. See page 3, lines 1-6; see afso page 8. lines 33-37. However, the Stanford
Plan fails 1o explain how the one second reacquisition performance metric was derived other
than to say that the one second figure rests on the authors assumptions as to land operating
scenarios. See page 8. lines 33-37; page 11, lines 1-3. It is unclear whether any study was
conducted to determine the adequacy of such a metric. In fact. one commonly available GPS
land receiver we encountered specified a 15 second warm-start acquisition time and a 45
second cold-start acquisition time. Furthermore. emergency response vehicles and in-vehicle
navigation systems are designed to deal with signal lock loss (hence the genesis of the
“reacquisition’ performance metric) caused by a number of factors, inchuding environmental
obstructions. If a UWB transmitter is not on-board the vehicle and operating in a manner that
couples into the extemnal GPS antenna, any impact on signal reacquisition will be transitory as
the vehicle moves. The vehicle would likely be out of any zone of potential UWB interference in
under a second. In any event, GPS systems are designed to deal with ~ and do deal with —

these situations on a regular basis.

The Stanford Plan also appears to have made an assumption that, at this stage of the
testing, it is only worth considering the reacquisition parameter in connection with land
operation. Once the time has been expended to configure a test setup, taking measurements of
pseudo-range accuracy, initial acquisition time and carrier phase data (see page 8, lines 26-27)
would be relatively simple tasks and would likely yield additional useful data points.
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Not All UWB Signals Can Be Equated With Broadband Noise

Curiously. the Stanford Plan states that it “*does not define the interference scenarios™
(sce page 6. line 40-42), while at the same time it claims to develop an RFI equivalence
concept “'to relate the interference impact of UWB signals on GPS™ through use of a well-
known RFI broadband source. See page 6, lines 5-11. The Stanford Plan asserts that it is
possible to equate the broadband noise power with UWB transmitter power. See page 6, at
lines 36-39 (“if during the broadband noise equivalence test. a 4 dB increase i broadband
noise also corresponds to a 4 dB increase in UWB transmitter power, for the same accuracy
degradation value (15 cm) then UWB source may be classified as noise like.”). Betore
conducting the procedure to determine equivalence of UWB with broadband noise (see page 6.
hines 12-22), it makes sense to determine if there exists a linear relationship between the
broadband noise and UWB sources, i.¢., can one be used as an adequate replacement of the
other. (Item 3 on page 6. at lines 36-39, presupposes a linear refationship.) The existence of
such a refationship, on which much of this testing depends, can potentially be determined by first
finding the UWB source level that causes 15 cm of deviation, then decreasing it by 2 dB, and
replacing the UWB source with broadband noise to cause the same 15 cm deviation. [f more
or less than a 2 dB compensation level is needed. then the relationship between the two sources
is not linear and a new analysis criteria must be developed. Nonetheless. even if the result here
showed equal compensation levels, use of such a test configuration is questionable in light ot the
different methods of measuring UWB transmitter power levels. A better approach would be to
characterize the interference effects of each source separately.

It is only possible to classify as noise-like some UWB transmitters. i.e., randomly time-
dithered sources in bandwidths narrower than the pulse repetition frequency (PRF). Because
the methods of quantifying UWB signals are still under question. the modeling approach in the
Stanford Plan rests on several still undetermined grounds, again stressing the need for real-world
festing to adequately quantify effects on GPS systems as measured in a laboratory. It simply
cannot be assumed that the laboratory assumptions and conditions are accurately modeling
reality: these assumptions must be validated with “over-the-air” testing.

Indeed. all interference effects measured by the Stanford Plan will be in combination
with broadband noise When coupling an UWB signal and broadband noise, the testing will show
more interference potential than analyzing the UWB source alone. White noise can have peaks
of up to 14 dB which can make it difficult to quantity the isolated impact of UWB.

The Plan states that the broadband noise source will be used to not only correlate the
impact of UWB emissions to white noise, but that it is intended to be representative of “the
actual GPS environment.” See page 6, lines 10-11; see afso page 8, lines 13-19. As Time
Domain has stated above, the other RF signals that are present in the GPS band do not appear
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to be white noise-like. and therefore this assumption is likely invalid. Additionally, the Stanford
Plan provides no justification of why the noise source is filtered and the UWB source is not.

Moreover. the Stanford Plan discusses measuring noise power and total noise power
without delineating the technique used. See page 11. line 28-31; page 13, lines 20-26, line 34-
36: page 15, lines 27-34, 43-45: page 16. lines 17-21. The method of measuring noise levels
is a critical factor — and with regard to UWB technology, an open issue. In any event. the
method used must be delineated. e.g., spectrum analyzer, power meter. peak power levels,
average RMS levels.

In sum, the Stanford Plan makes no attempt to address the actual impact of UWB
emissions on GPS receiver performance. [nstead of using a model based on the existing
environmental levels of ambient background signals, the Plan uses a filtered noise source
operated at levels sufficient to cause GPS receiver errors. The Stanford Plan should be revised
to include real-world testing to verify the assumptions inherent in the simulator testing. The
testing configuration should measure the UWB signal level required to produce interterence in
GPS systems as a function of variations in the existing ambient noise levels with the GPS system
receiving actual satellite signals. We strongly recommend that the DoT review the GPS
susceptibility test plan developed the Applied Research Laboratory, the University of Texas as
an example of a test plan based on scientific principles.

Sincerely,
Time Domain Corporation

8/

Paul Withington
Vice-President tor Standards & Testung

Enclosure; (Stanford Plan)
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Test Plan: Potential Interference to GPS trom UWB Transmitters Version 4.5 Mayv 1. 2000

1.0 Background

The Global Positioning System (GPS) is fundamental to the critical infrastructure of the United
States (US) and internationally. GPS is a fully operational service that provides a global source
for accurate timing and positioning, 24 hours a day. GPS is presently used by aviation for the en-
route and non-precision landing phases of flight. GPS is currently used within the US for
precision approach and landings and is in the final stages of approval as a national and
international standard. Companion GPS-based applications for runway incursion and ground
traffic management are also underway. Additionally, GPS-based public safety systems and
services are fielded. Planned or newer systems, such as Enhanced 911 (E911) and personal
location and medical tracking devices are soon to be commercially available. Additional future
svstems are planned for land, marine and space applications. The US telecommunications and *
power distribution systems are dependent upon GPS for network synchronization timing.
Further. GPS is a powerful enabling technology that has created new industries and new
industrial practices fully dependent upon GPS signal availability and continuity. Several critical
industries, both aviation and non-aviation, would incur adverse impact it there were degradation
to GPS signal continuity and availability.

UWB technology is based on very short pulses of radio energy. Its wide signal bandwidth yields
excellent multipath immunity. UWB technology has potential in a variety of applications
including communication and ranging, and is expected to see increased civil use in the future.
The UWB technology was the focus ol the Notice of Inquiry (NOI) of the Federal
Communications Commission (FCC) under the Office of Engineering and Technology (OET)
entitled "Notice of Inquiry in the Matter of Revision of Part 15 of the Commission's Rules
Regarding Ultra-Wideband Transmission Systems". FCC Docket Number (No.) 98-208/ET No.
98-153.

Because GPS has a pivotal role in so many critical systems that the public depends upon for its
safety and well being, 1t is necessary to determine what the potential for interference is from
ultra-wideband (UWB) systems to GPS. Preliminary analysis and testing has indicated a
potential for interference from some types of UWB sources to GPS reception. These prefiminary
findings call for the performance of controiled testing to determine the nature and extent of the
potential for interference to GPS from selected UWB parameters in order to assure public safety
and safetv-of-life. Without test results. such an assurance cannot be made with full confidence
since preliminary analysis has shown a polential for interference from UWB to GPS and other
systems. including fielded aviation systems.

The aviation community has a large body of developed and published technical standards for GPS
and defined interference criteria making it logical to initiate the first phase of testing for aviation
based on this large body of work. Additionally. due to the critical role of many non-aviation
GPS-based applications, this test phase also addresses some issues of land recetvers.

This test phase selects the metric of accuracy performance and GPS signal reacquisition time.
Aviation receivers meeting published specifications are used in the accuracy measurement phase:
a land receiver will be used for the reacquisition testing. A GPS simulator provides the GPS
input and the UWB parameters are provided by a prototype UWB wavetorm generator where the
various UWB wavelorm parameters can be varied independently in a controlied manner. These
metrics were considered appropriate for the tirst phase of testing. Accuracy measurenients also
‘nelude the deleterious effects of cycle slips, and are an appropriate metric not only tor precision
approach but other demanding applications as well. tor example. machine guidance.



(PSR

SV SR U

>

46

47

48

Tost Plan: Potential Interference to GPS trom UWB Transmitters Version 4.5 May [. 2000

Reacquisition, while important to many aviation applications, is a critical pertormance metric for
dynamic, real-time land applications, such as emergency medical response vehicles, other public
safety vehicles and in-vehicle navigation. Reacquisition is also a critical performance metric for
marine applications in harbor and harbor-approach areas. Particularly under extreme weather
conditions, these systems can be the lifeline of a successful search-and-rescue situation or can be
the measure preventing the initial event of the accident.

A tull testing program would include not only aeronautical systems, but systems critical to fand
and sea operations. We note that systems such as radio astronomy and private sector systems
should be looked at to determine whether there is potential for interference from UWB systems
operating under any proposed rules. Test results can be inculcated into the technical rules,
support appropriate regulatory actions and other associated decisions. [t is also important to
consider the current role that GPS plays in the consumer market. Since many UWB proposals are
for consumer-grade products, it is important to assure that already existing GPS-based consumer
products are included in an appropriate manner in the analysis and decision-making process.

The first phase of the test program concentrates on the aeronautical applications of GPS L1
signal. centered at 1575.42 MHz. These tests are necessary to evaluate the impact that UWB
device emissions could have on safety-of-life aeronautical systems that are based on the GPS
Standard Positioning Service (SPS), the Wide Area Augmentation System (WAAS), and the
Local Area Augmentation System (LAAS). Allowable levels of interference are already specified
n the LAAS Minimum Performance Standards (MASPS) and the WAAS and LAAS Minimum
Operating  Performance Standards (MOPS)  interterence “masks”.  Appropriate reference
documents include:

1. Assessment of Radio Frequency Interference Relevant to the GNSS. January 27, 1997 (RTCA
DO-235).
2. Minimum Aviation Performance Standards for the Local Area Augmentation System,

September 28,1998 (RTCA/DO-245).

Minimum Operational Performance Standards for Global Positioning System/Wide Area
Augmentation System Airborne Lquipment. October 6, 1999 (RTCA DO-229B or the
GPS/WAAS MOPS).

4 Minimum Operational Performance Standards for GPS Local Area Augmentation System
Airborne Equipment, January 11, 2000, (RTCA DO-253 or the GPS/LAAS MOPS).
Technical and Performance Characteristics of Current and Planned RNSS (space-to-earth)
wnd ARNS Receivers 1o be Considered in Interference Studies in the 1339 to 1610MHz.
International Telecommunications Union (ITU) Document 8/83-E, April 29,1999

6. International Civil Aviation Organization (1CAO) Global Navigation Satellite System Panel
(GNSSP) SARPs, Resistance to Interference Section B.3.7

Technical Standard Order C129, Airborne Supplemental Navigation Equipment Using the
Global Positioning System (GPS), TSO €129, USDOT Federal Aviation Administration,
December 1992,

Global Positioning Svstem - Standard Position Svstem Signal Specification; 2nd Edition: June
2. 1995,

s
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[able | highlights the parameters used to derive the limits on oul-of-band (OOB) emissions from
Mobile Satellite Service (MSS) Mobile Earth Terminal (MET) in order to protect aeronautical
GiPS receivers used tor Cat [ precision approaches.

()
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Table |. GPS L1 Receiver RFI Susceptibility Link Budget
for Single MSS MET Interference for Calegory I Landings

Parameter Value Units

MSS Fmissions Limit' -70 dBW/MHv.

100 1t Path Loss” ~06. 1 dB

GPS Antenna Gain in Direction of RE[ 10 dB

MSS RFET@GPS Receiver —146.1 dBW/MHz
-206.1 dBW/liz

Aeronautical Services Margin® 5.6 dB

(3PS Receiver RF1 Suscepubiiity Limut ~140.3 dBWMliz
~200.1 dBW/Hz

" Tliis value was determined for Mabije Satellite Services (MSS$) only, for the [559-1610 Mtz band.

" This parameter was determined for one MSS emitter and one GPS receiver onboard an aircraft for Category ID it may not be
appropriate tor all pertinent aviation or won-aviation aperational scenarios.

" This margin will be absorbed by other acronautical services.

As noted in Table 1. the total RFT susceptibility limit is —140.5 dBW/MHz. RTCA SC-159 is
currently finalizing the link budget for Category IVII approaches and landings that will be
similar in nature. 1t is expected that aeronautical interference sources external to GPS and the
additional receiver hardening required tor Category II/11l approach and landings will consume the
entire 5.6 dB aeronautical services margin. This 5.6 dB margin results in a /Ny margin of only
3.2 dB for the LAAS application (as detailed in Reference S, Annex 5).

Due to the adoption of a -70 dBW/MHz limit by the FCC for the MSS MET, the total level of
-146.1dBW/MHz is taken up by the MSS earth-to-space services leaving no margin for the UWB
emissions or other new technologies that may be proposed in the future. In order to appreciate
why the GPS Category [ link budget has a lack of margin it is necessary to provide additional
background on the allowed RF1 allocation process and the integrity monitoring design of the GPS

recelver.

For a MOPS-compliant GPS receiver (i.¢.. the receiver operates at the minimum standard), the
significance of the susceptibility limit is that any combined non-aeronautical RF1 exceeding
146, 1dBW/MHz is likely Lo cause an alert leading to loss of continuity. [n other words. the
performance of minimally MOPS-compliant receivers will fall short of requirements and may
generate Harmful and Misleading Information (HMI) in the absence of navigation alert. The
MOPS specities that all combined non-aeronautical RFt betow -146.1 dBW/MHz shall not cause
a loss of continuity. GPS receivers that surpass the MOPS requirements must issue a loss-of-
continuity alert when RFI exceeds -146.1 dBW/MHz and a navigation hazard is present; the
hazard must be detected and alerted so that users are not threatened by it.

The aeronautical community is concerned because there is no margin available in the
-140.5dBW/MHz susceplibility limit for non-aeronautical RF1 from other sources such as UWB
devices since all available margins were allotted to a single MSS MET. For instance, there also is
no margin for the World Radiocommunication Conference ot 1997 (WRC- 97) Inmarsat proposal
to operate space-to-Earth MSS satellites in the 1559-1567 MHz band. The issue is still on the
WRC-2000 agenda.

These statements are true even for a device that contorms to Part 15 limits. For example, the
FCC spurious emissions of a Part 15 device must be below -71 dBW/MHz in the GPS band. This
results in an RFT level of -147.5 dBW/MHz at 100 feet. See Table |. Since MSS METs and
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UWB device emissions may combine at the aircraft, the resulting RF1 level would be -143.56
dBW/MHz After including 5.6 dB of aeronautical signals, the RFI level would be -138
dBW/MHz. or 2.5 dB above the allowed level of -140.5 dBW/MHz. This reduces the safety
margin reserved for aviation use to an unacceptable level.

Furthermore, the above RFI scenario does not include any effects trom multipte MSS METs,
multiple UWB devices, VHF harmonics, or other systems. It identifies a receiver-emitter
proximity for a single, critical aeronautical application i.e. Category I precision approach and
landing. The range of aeronautical use of GPS has evolved and requires examination of the range
of the receiver-emitter proximity to assure that this range and the other parameters listed (see
Table 1) protect all aeronautical use of GPS. Further, these parameters must be examined for
appropriate non-aviation operational scenarios to assure that appropriate public satety services
will be protected. To achieve this work, the appropriate operational scenarios must be developed
to provide the framework into which the technical results of testing can be applied. This is true
for any service, aviation or non-aviation.

[t is planned to include study of the aggregate effect of multiple UWB emitters in a later study
phase. pending funding. Certainly to determine the appropriate protection limits for systems that
mav be potentially affected. the aggregate eftect must be somehow determined.

The above discussions described the link-budget margin for receivers used in a given aeronautical
safety-of-life scenario. For non-aeronautical applications the scenarios are under discussion.
Critical scenarios also include non-aviation safety-of-life and public safety services, such as
ambulance and E911 services. In the ambulance scenario the possibility arises where terrestrial
GPS receivers. MSS hand-held cell phones and UWB devices may operate simultaneously at very
close ranges. If interference between these systems occurs, all services can be adversely
impacted not only technically but economically as well.

Importantly, appropriate operational scenarios be developed for aviation and non-aviation
applications.  The test plan will collect interterence effects data using both acronautical and
non-aeronautical receivers that when combined with the appropriate protection limits will allow
the analysis of any appropriate scenario.

tN
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2.0 Introduction to Test Plan

The goal of this test plan is to characterize the interference effects of UWB emissions on various
tvpes of aviation and non-aviation GPS receivers in a controlled test environment. Some UWB
emissions could be quite noise-like while others may have more discrete spectral lines in the
vicinity of GPS. An RFI equivalence concept was developed Lo relate the interference impact of
UWB signals on GPS over this range of UWB emissions to that ol a known and well understood
RFT source. i.e., broadband noise. The method chosen for this test plan is to determine the UWB
interference effect for a given set of emission parameters that is equivalent to a known portion of
the broadband noise input which causes the GPS receiver to just meet its performance criterion.
A significant level of broadband noise is input to give a representation of' the actual GPS
environment.

The test criteria consist of pseudorange measurement accuracy for aviation receivers and
reacquisition time for non-aviation receivers, The pseudorange accuracy criterion for
aeronautical GPS receivers is a standard deviation of less than 15cm’. The equivalence concept
test methodology consists of inserting broadband noise into the GPS receiver and increasing its
level until 15 em of pseudorange standard deviation is indicated. The broadband noise source is
then reduced 2 dB and the UWB emission level is increased by varying one of the UWB
parameters (e.g. power) until there is a 15 cm pseudorange standard deviation indication. The
above procedure is repeated with the broadband noise source reduced by 4 dB instead of 2 dB.
Another UWB parameter (e.g. PRF) is chosen and the entire sequence repeated until all UwB
parameters have been investigated. From this interference effect data, a profile of those UWB
parameters that have the most significant effect on GPS accuracy performance will emerge.

This process provides accuracy data at three different levels of broadband noise (100%. 63%, and
40% of the critical noise input) in combination with three different levels of UWB RF1(0%, 57%,
60%). These data capture the RFT effects on the GPS receiver that can be used in external
derivations of the UWB protection level appropriate for GPS. An equivalent process is used tor a

non-aeronautical receiver with a one second acquisition time as the test criterion,

Three potential benefits from determining the equivalence of UWB transmissions with broadband
noise are:

1} asimple test procedure;

21 interference effects data that can use information {rom specific interference encounters (e.g..
range. antenna orientation and gain, source motion) and U WB source information (0
Jdetermine compatible UWB scenarios that satisfy the protection limit; and.

3} if during the broadband noise equivalence test, a 4 dB increase in broadband noise also
corresponds to a 4 dB increase in the UWB transmitter power, for the same accuracy
degradation value (15 cm) then UWB source may be classified as noise-like. In such cases a
simple calculation of broadband noise sources can determine UWB protection limit.

{t should be noted that this test plan does not:
1) define the UWB protection limits; or,

2y defline the interference scenarios.

Reference Document 4, paragraph 2.3.6.8.1. page 34
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Also a separate effort, not a part of this test. is necessary to determine ettective UWB emission
measurement techniques. since existing methods (e.g., FCC Part 15) tailored for older
rechnologies are likely inadequate.  As testing proceeds. detailed notes will be laken and
Jeveloped into appendices if warranted to clarify the details of the various aspects of this testing
approach.

Further testing for GPS must include at a minimum other receiver types such as fielded aviation
equipment based on TSO C129 standard. include the aggregate effect of multiple UWB emitters,
and address the additive atfect of other systems and their out-of-band emissions. Note that it is
important to test with actual UWB equipment to validate these results and add additional
parameters reflective of current UWB technology. Future testing should be accomplished to took
at discrete and continuous spectra. noting that some UWB equipment is a combination of the two.
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3.0 Test Scope

The test plan for this phase of testing includes an accuracy test for aviation receivers and a
reacquisition time test for land receivers, and these tests will be sequenced as follows:

)} Accuracy test for aviation recetver #1
) Accuracy test for aviation receiver #2

v Reacguisition time test for land receiver #3

) Accuracy test for aviation receiver #1 with a pseudolite sharing the channel

) Reacquisition time test for land receiver #4

) Reacquisition time test for land receiver #3 (or #4) with a pseudolite sharing the channel

|
5
3
.
4
3

jo)

In all cases, the tests will quantify the RFT impact of UWB signals relative to that of a known
amount broadband random noise. In this plan, broadband random noise will refer to continuous
noise from a noise diode that has power spectral density much broader than the RF/IF bandwidth
of the GPS receiver. Such noise is used to model thermal noise in the receiver. sky noise and any
other wideband interference process other than UWB. UWB signals also have bandwidths that
are greater than the front end of the GPS receiver, but they have an additional structure that may
cause their RFT effect to be very different than broadband random noise.

The receiver's C'N estimator will not be used to estimate total noise power for the tollowing
reasons. First, any given GPS receiver's C/N estimator may respond differently to broadband
random noise than another receiver’s estimator. Second, the estimators may respond differently
depending on the UWB signal parameters.

Pseudorange measurement accuracy, acquisition/reacquisition times, and loss-of-tracking
threshold are the four important performance metrics to GPS users. For this test phase, the metric
selected is accuracy performance in an aviation receiver. The most demanding precision
approach operations require a pseudorange measurement standard deviation of less than 15cn.
Pscudorange measurement accuracy is influenced by degradations from both code and carrier
tracking. As such it is the most sensitive metric for the aviation applications.

Acquisitionsreacquisition time is an important metric for most land users. For example, in-vehicle
navigation and emergency vehicles need to quickly reacquire GPS after signal loss and develop a
new position estimate. For this reason, emergency land applications require reacquisition times
of approximately 1 second. The reacquisition tests described here assume that only one satellite is

lost and must be reacquired.

These tests are crafted to provide input to a separate process that considers the operational
scenarios that might place UWB and GPS equipment in proximity. Such scenarios may include
the use of GPS to provide position reports with all E9L1 calls. They may also include the use of
GPS to avoid runway incursions, or the use of GPS during the precision approach of aircraft.
I'ach scenario has a link budget that assumes that the presence of certain types of interference.
The test described will not develop the scenarios or the associated link budgets. Rather, they will
provide data on the interference eflects of various combinations of UWDB signal parameters.

The RF effect of the UWB signal will be sensitive to the details of the UWB signal design. Some
ot these trends are depicted in Figure 1. We anticipate that our interference measurements will
retlect the following quantitative trends:
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e Pulse Repetition Frequency (PRF): If the pulses are sent at a very low rate compared to the
front end bandwidth of the GPS receiver, then the interterence will be smaller than that due
lo UWB operation at high PRFs. Most GPS receivers have bandwidths between 2 MHz and
24 MHz. Il the UWB PRF is less than 2 million pulses per second (MPPS), then the pulses
will still be distinct at the output of the receiver front end and interference will probably be
relatively small. If the UWB PREF is higher than the bandwidth. then the GPS front end will
smear the pulses together and the interference effect will probably be larger. GPS recevers
are well known to have lower sensitivity to pulsed interference and higher sensitivity to
continuous interference.

e No Modulation: If the PRF is high, then the interference effect will depend on the UWB
modulation. Some UWB signals may not be modulated. In this case, the signal is a pulse
train with a constant time between pulses. This case is shown in Figure 2 and results in the
line spectrum also shown in Figure 2. The GPS spectrum for the C/A code also has a line
spectrum. UWB interference will be greatest when the UWB lines fall on top ot the GPS
spectral lines. UWB interference will be small when the UWB lines tall between the GPS
lines. This spectral coincidence is difficult to predict and the UWB effect on GPS will be
very variable.

e Pulse Modulation: If the UWB pulses are modulated randomly or with a long code, then the
line spectrum will disappear. This effect is shown in Figure 3. which shows the amplitude
spectrum for a UWB pulse train without modulation. with on-oft-keying {(OOK) and with
pulse position modulation (PPM). It modulation is used with sequences that are Continuous
and have high PRFs, then the interference effect will be similar to white noise ot equal
power.

e Pulse Bursting: As shown in Figure 2. UWB pulses may be transmitted in bursts with a
prescribed on-time and off-time. If the duty cycle ( fractional on-time} is less than 40 percent
or so. then we expect that the effect of one UWB transmitter on a GPS receiver will be
reduced. The interference effect will also depend on the on-time of the pulse bursts.

e Pulse Shaping: As shown in Figure 4, the overall UWB spectrum depends on the pulse shape.
The pulse can be crafted so that the UWB spectruin avoids certain critical bands.

All of these trends must be validated and quantified. To that end, these tests will vary the UWB
signal parameters and determine how the UWB to broadband random noise equivalence depends
on the UWB signal parameters. This test philosophy is depicted in Table 2 and Figure 5, which
show four loops on the UWB signal parameters. The first loop simply varies the modulation
from: no modulation to random QOK to random PPM. The second loop transmits pulse bursts
with varving duty cycle. The third loop varies the UWB pulse repetition frequency (PRF). The
final loop captures the effect of pulse shaping by varving the UWB power. These tests simply
treat the UWB power level in the GPS band as an independent parameter.

Table 2: UWB Signal Parameters to be tested.'

U'WB Signal Parameter Range
Power (dBW/MHz) As need to introduce the imerf:erence eftects
described below”
Pulse Repetition Frequency {MHz) 0.1.1.0,20.0
Modulation None. random OOK. random PPM’
Burst Duty Cycle (%) 10,50, 100
Burst On-Time 0.1 millisecond (msec), I msec, 10 msec

i The permutations Hsted in the table represent the current plan. Ditferent values may be sclected based on the carly test results.

1 he LW test pulse spectra are depicted in Figure 4, where the pulse amplitude is controlied tw introduce a known amount of UWSB
noise power in the GPS band.
" The random PPM will be such that no spectral lines remain and the specttum ts conbinuous.
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4.0 Overview of Test Procedure

4.1 Calibration

We now describe the overall test procedure that is depicted in Figures 6 through 8. As shown in
Figure 6. the test begins with calibration of: the GPS signal generator and signal path, the
broadband random noise source and the UWB signal source. This procedure is described in the
Appendix and will not be further detailed in the body of the test plan.

4.2 Receiver Normalization

Next, the receiver is normalized using the Test Setup shown in Figure 9. Accuracy and
reacquisition time are measured as a function of input noise where the noise is entirely due to
hroadband random noise with no UWB component. This step establishes receiver performance in
the absence of UWB noise and provides a baseline for later comparison.

All noise power measurements will be mmade using a bandpass filter that is based on the
interference masks in the WAAS and LAAS Minimum Operational Performance Standards
(MOPS). This measurement filter has a noise bandwidth of approximately 20 MHz. All accuracy
and reacquisition time measurements will be made as a function of the noise power (Ny) as
measured at the output of this standard filter. A current NTIA test program will relate increase in
receiver noise using various receiver bandwidths as a function of UWB parameters.

The results from the receiver normalization will sample the curves shown in Figures 10 and 1.
As shown, both accuracy and reacquisition time will degrade with increasing noise power. Each
data point will require many measurements 1o establish statistical confidence. For the accuracy
normalization, the number of measurements per sample will be large enough to provide a 95%
confidence at the 1-centimeter level. For the reacquisition time normalization, the number of
measurements will be large enough to provide a 95% confidence at the 0.5-second level,

The time required to establish these levels of confidence is receiver dependent. The samples must
be statistically uncorrelated, and the time between such uncorrelated samples depends on the
bandwidth of the receiver’s tracking loop. Hence. this tracking bandwidth will be determined for
cach receiver under test and used to determine the time required to test each receiver.

To minimize test time, the accuracy tests will use code minus carrier measurements, where the
code will not be smoothed by the carrier. These unsmoothed errors are greater than the errors
using carrier smoothing. Moreover, the 15-centimeter (cm} requirement is based on 100 seconds
of carrier smoothing. Hence, the 15-cm requirement must be inflated by the factor, k, shown in
Figure 9. This factor is given by the noise equivalent bandwidth of the loop providing the
unsmoothed measurements divided by the noise equivalent bandwidth with 100 seconds of carrier
smoothing. This factor must be determined with care, because the ratio of these noise bandwidths
is not necessarily given by the inverse of the ratio of their stated time constants.

4.3 Receiver Operating Poinls

The normalization curves depicted in Figures 10 and || will be used to determine the operating
point for the UWB interference measurements. The accuracy test will be operated near the noise
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power required for an accuracy of k15 centimeters. This power is denoted N ... The

reacquisition test will be operated near the noise power required for a reacquisition time of |
. . % - . . .

second. This power is denoted N prico. These operating points shall be determined to an

accuracy ot +/- 0.5 dB.

For accuracy, the UWB interference tests are initiated at broadband random noise powers given
by Ny - 2dB and N ¢ - 4dB. For reacquisition time, the UWB interference tests are initiated
at broadband random noise powers given by NV gricp - 2dB and N pzqp - 4dB.

4.4 UWB Interference Measurements

The UWB interference measurements are shown in Figure 7 and the Test Setup is shown in
Figure 12. For future testing, the setup also has the capability to include signals from a
pseudolite. As shown, UWB noise power is added to the broadband random noise. These tests
are designed to provide data points on curves such as those shown in Figure 13 for accuracy and
Figure 14 for reacquisition time. In both cases. the broadband random noise power (No) is
decreased so that the noise power is at the operating points discussed above. From that operating
point, UWB power is introduced to increase the total noise power (No+Niwp). As shown in
Figures 13 and 14, this degradation may or may not cause the performance curves to tollow the
curves for broadband randomn noise alone, and the exact trajectory will depend on the UWB
signal parameters. If the specific UWB waveform has a more deleterious eftect than broadband
random noise, then the UWB trajectory will be higher than the broadband random noise curve. Lf
the parameters are such that the UWB signal is less damaging than broadband random noise, then
the UWB trajectory will fall under the broadband random noise curve. Both situations are

depicted in Figures 13 and 14.

The UWB portion of the total noise power (Ny+Nyws) will be changed in | dB steps. UWB noise
power will be measured in the same standard filter described above. This practice requires that
the UWB PRF be less than 20 Mpps. If the pulse rate is greater, then the UWB spectral lines may
fail outside of the filter passband and the results will be unreliable.

As betore, each sample will require many measurements to establish statistical contidence. For
the accuracy tests with UWB, the number of measurements per sample will be large enough to
provide a 95% confidence at the 1-centimeter level. For the reacquisition time tests with UWB,
the number of measurements will be large enough to provide a 95% confidence at the 0. 5-second
Jevel. The time required for the UWB interference measurements will be receiver dependent and
the bandwidth of the receiver under test will be used to determine the test time. Once again, code-
carrier measurements will be used to minimize the time required for the accuracy tests.

4.5 Reporting
For each set of UWB signal parameters, we will report the following parameters of significance:

1) UWB power (Niwg) portion of the total noise power (Ng+Nywy) required to degrade the
accuracy to k15 cm.

2} Accuracy as measured by code minus carrier when N, + N yp = N ce. In other words,
record the accuracy when the noise power including UWB noise is equal to the previously
determined threshold for broadband random noise only.
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UWB portion (Nyuwe) of the total power (N,+Nyywg) required to degrade the reacquisition
time Lo 1 second.

Reacquisition time when N, ~ Ny = N'y¢cc. In other words, record the reacquisition time
when the signal to noise ratio including the UWB noise is equal to the previously determined
threshold for reacquisition for broadband random noise only. The above listed parameters
will be determined for both starting points N - 2dB and N* - 4dB. We will provide timely
inputs to the processes that are developing the operational scenarios.
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5.0 Accuracy Test Procedure for Aviation Receivers

The accuracy test procedure is described in the following two subsections. This test procedure is
adapted from Section 2.5.8 of RTCA DO-229B, the Minimum Operational Performance
Standard for Avionics Using the Wide Area Augmentation System (WAAS). As described above, it
includes the following steps: calibration, normalization with white noise only, UWB interterence
measurements, and reporting. The calibration is described in the Appendix. Sections 4.1 and 4.2
delail the broadband random noise normalization and the UWD interference measurements
respectively.

n

1

2)

4

L
—

6)

Broadband Random Noise Normalization

Set up the test equipment as shown in Figure 9.

The GPS receiver is operated with the minimum rated received satellite signal level.
Compensation is applied to adjust for room temperature, satellite simulator noise output, or
the effects of a remnote antenna preamplifier as needed. In other words, set the GPS power (C)
10 —134.5 dBm+Gpaa where Gy, is the gain of any equipment that might nominally appear
between the antenna and the receiver under test.

Broadband random noise is added to the simulated GPS satellite signal at the receiver input.
Set the center frequency of the broadband noise to 1575.42 MHz. The starting value is the
RTCA/DO-229B MOPS level for initial acquisition. Adjust the broadband noise power such
that the noise power is ~103.5 dBm+Gyn, as measured in the standard filter described earlier.
The gain Grua accounts for the gain that appears between the antenna and the receiver under
test. As a rough check on power levels, measure the carrier to noise density (C/Ny) as
reported by the receiver. This (C/Ng) should be approximately 33 dB-Hz.

Lel the GPS receiver track the satellite and reach steady state (for at least 10 seconds).

Measure the unsmoothed pseudorange and estimate the one-sigma pseudorange error by
computing the standard deviation ", of the code-minus-carrier test statistic after removing a
2"_order polynomial fit of the mean. Use the sample size required to achieve the confidence
levels described above. Also recall that the unsmoothed pseudorange error is larger than the
smoothed pseudorange error by a factor of k. This factor is the ratio of the noise bandwidth
for the code loop to the noise bandwidth when 100 seconds of carrier smoothing is used.

Increase the broadband random noise power in | dB steps until the variance just exceeds the
k13 e¢m accuracy limit. Record the noise power setting (N scc). Record also the C/N
indicator from the GPS receiver.

Procedure for Testing Potential UWB Impact on GPS Accuracy

Setup the test equipment as shown in Figure 12 without the pseudolite.
Set the noise attenuator to 2 dB below the value obtained in Section 4.1, Step 6 (N ace).

Select one set of UWB signal parameters from the test matrix described earlier and set the
UWB noise power (Nw) 10 dB below the broadband random noise power (Ny).

Let the GPS receiver track the satellite and reach steady state (for at least 10 seconds).

(9]
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tn

6)

8)

Measure the unsmoothed pseudorange and estimate the one-sigma pseudorange error by
compuling the standard deviation #, of the code-minus-carrier test statistic after removing a
2".order polynomial fit of the mean. Use the sample size required to achieve the confidence
levels described above and recall that the unsmoothed pseudorange error is larger than the
smoothed pseudorange error by a tactor of .

[ncrease the UWB power until the 1S cm pseudorange variance is just exceeded. Record
that power setting. Record also the C/N indicator from the GPS receiver. Also find and
record the accuracy when the total power (UWB plus broadband) equals the threshold power
for broadband noise alone.

Change the UWB signal parameters to the next values in the test matrix and repeat steps 3)
through 6) until all » combinations of UWB signal parameters are exhausted. For this inittal
test phase, n=8/.

Set the noise attenuator to 4 dB below the value obtained in Section 4.1, Step 6 (N"ace) and
repeat steps 3) through 6) to obtain a second set ot data points for the n cases.
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6.0 Reacquisition Time Test Procedure for Land Receivers

The reacquisition time test procedure is described in the following two subsections. This test
procedure is adapted from Section 2.5.6 of RTCA DO-229B, the Ainimum Operational
Pertormance Standard (MOPS) for Avionics Using the Wide Area Augmentation System (WA4.4S).
These tests assume that only one satellite is lost and needs to be reacquired. As such, the receiver
is assumed to have a good estimate of its time offset relative to GPS time and the expected
Doppler offset of the lost satellite. However. the receiver must search over all possible values of
code phase.

Similar to the accuracy test, the reacquisition time test includes the tollowing steps: calibration,
normalization with broadband random noise only, UWB interference measurements, and
reporting. The calibration is described in the Appendix. Sections S.1 and 5.2 detail the broadband
random noise normalization and the UWB interference measurements.

6.1 Broadband Random Noise Normalization

[+ Set up the test equipment as shown in Figure 9. Connect the simulator clock to the receiver
clock. This connection provides the time information to the receiver that is assumed in the
reacquisition time tests described in Section 2.5.6 of the MOPS.

2y The GPS receiver is operated with the minimum rated received satellite signal level.

Compensation is applied to adjust for room temperature, satellite simulator noise output, or

the effects of a remote antenna preamplifier as needed. In other words, set the GPS power (C)

to —134.5 dBm+G;na where Giua is the aggregale gain ot any equipment that might

nominally appear between the antenna and the receiver under test.

Add broadband random noise to the simulated GPS satellite signal at the receiver input. Set

the center frequency of the broadband noise to 1575.42 MHz. The starting value 1s the

RTCA/DO-229B MOPS level for initial acquisition. Adjust the broadband random noise

power such that the noise power is ~103.5 dBm~+G; v, as measured in the standard [ilter

described earlier. The gain Geaa accounts for the gain that nominally appears between the
antenna and the receiver under test. As a rough check on power levels, measure the carrier to
noise densin (C/Ny) as reported by the receiver. This (C/N,) should be approximately 33 dB-

Hz.

tJ

4) Let the GPS receiver track the satellite and reach steady state ( for at least 10 seconds).
3} Attenuate the GPS signal so that the receiver loses lock.

61 Tntroduce a 50 meter step in simulated pseudorange over 10 seconds while the signal is not
being tracked by the receiver under test.

7} Remove the attenuation ol the GPS signal and measure the time until the receiver reports
code phase lock continuously for 10 seconds.

8) Repeat steps 4} through 7) until the sample size provides the confidence levels described
above.

9) Increase the broadband random noise power by | dB and repeat steps 4) through 9) until the
noise power {Ny) is slightly greater than the threshold power wgmco for the reacquisition

time specification of | second.

[ 2%
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> 6.2 Reacquisition Time Test with UWB Noise

4 1} Setup the test equipment as shown in Figure 12 without the pseudolite.

3 2) Set the noise power to 2 dB less than the threshold noise power (N‘RE,\CQ) determined in the
6 broadband random notise tests described in Section 5.1.

7 3) Select one set of UWB signal parameters from the test matrix described earlier and set the
b UWB noise power (Nywy;) 10 dB below the broadband random noise power (Ny).

9 4) Let the GPS receiver track the satellite and reach steady state (for at least 10 seconds).

10 §) Attenuate the GPS signal so that the receiver loses lock.

I 6) Introduce a 50 meter step in simulated pseudorange over 10 seconds while the signal is not
[ being tracked by the receiver under test.

1> 7} Remove the attenuation of the GPS signal and measure the time until the receiver reports
14 code phase lock continuously for 10 seconds.

13 8) Repeat steps 4) through 7) until the sample size provides the confidence levels described
16 earlier for reacquisition time.

17 9) Increase the UWB noise power by 1 dB and repeat steps 4) through 9) until the total noise

18 power (No+Nuws) is slightly greater than the power required to obtain a 1 second
19 reacquisition time. Record the UWB power (Nyjws). Also find and record the reqeauisition
20 time when the total power (UWB plus broadband) equals the threshold power for broadband
21 notse alone.

22 10) Change the UWB signal parameters to the next values in the test matrix and repeat steps 4)

23 through 9) until all UWB signal parameters are exhausted.

24 {1} Set the broadband random noise power to N'RE_,CQ - 4 dB and repeat steps 4) through 10) to
25 obtain a second set of n values of UWB power settings.

26
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Figure 3: UWB Amplitude Spectrum
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Figure 4: A UWB Signal
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Appendix B: Calibration

B.1 GPS signal calibration

B.1.1 Measure signal power at the output of the GPS simulator

This step calibrates the GPS simulator and the cable. 1t provides the relationship between the
simulator’s specilied power lever and the readings at the power meter or spectrum analyzer. if'a
spectrum analyzer is used, calibrate the spectrum analyzer with a power meter as necessary.

Spectrum

Attenuator Analvzer
50 ohm Cable #1

GPS Signal
(renerator

(3PS Simulator

Figure B1: Measured Signal Power Generated by GPS Simulator

Procedure:
= Turn off the PRN code of the GPS sinulator.
»  Sweep the power level setup of the GPS simulator.
s Measure the signal strength at the spectrum analyzer.

= Plot the calibration chart (see Figure B2 for an example).

GPS simutator output signal power calibration

-90
/9
-100 /
) e

-120 /
/
/

140
//
-150

160 i
-150 -140 -130 -120 =110 -100
Power Level eported by Simulfator (dBm)

AT
N
-
<Q

TOE @~ 2 LN DL O PI0rND
)
N
w
o

Figure B2: GPS Simulator Power Level Calibration Plot
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B.1.2 Calibrate GPS Power with splitters and combiners

Version 4.3

May 1. 2000

As shown in Figure B3, the test setup will use splitters and combiners. Hence. we need to

calibrate their effects. It is assumed that the impedance of a GPS receiver is 50 €2: thus there is

no power reflection.

Splitter
il

30€2 terminaior

Splitter #2

50Q terminator

Procedure:

Select PRN code at the GPS simulator.
Sweep the power level of the simulator.

Attenuator

GPS Signal
Generator

(GPS Sunulator

41 Spectrum
—1 Analyzer
4> 30€2 terminator
30Q terminator
#3
Combiner

Fig. B3: Calibration with Splitter and Combiner

Plot received power vs. simulator setup power (to generate a plot like Figure B2).

Rotate the location of the spectrum analyzer to calibrate each port {for each receiver).

It may be preferable to just check a few points instead of sweeping the entire power range.

We can also calibrate the setup as an equivalent 6-port net using the network analyzer.

To maintain the characteristics of the net close to thetr calibrated status, we pian to build an
enclosure to keep the above components and their connections fixed.

The circuit can be balanced by adding calibrated pads.
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B.2 UWB calibration

B.2.1 Spapshots of UWB transmitted signal

da e 1D

Record pulse shape in the time domain and spectrum in the frequency domain for each transmitter
o (for the selected parameters only).

=y

3 B.2.2 UWB transmitted power vs. setup power

10 This procedure calibrates the measured UWB output power vs. the transmitter setup power.
i1

I Cable

14

13

Lo Programmable

|7 Attenuator

18

19 Pulse Spectrum
20 Generator Analyzer
.

:; Pattern

54 Generator

23

% UWRB transmitter

37 Figure B4: UWB Transmit Power vs. Setup
29 Procedure:

30 s Set the UWB to the no-modulation mode and PRF = 20MHz (TBC).
3 e Sweep the UWB power level by adjusting the attenuator.

32 *  Measore the signal strength at the speclrum analyzer.

33 = Plot the calibration chart (for an example, see Figure B5).

34

33

36
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UW S fransmitted power vs, setup power
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Figure BS: Plot of UWB Power vs. Setup power
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B.2.3 UWB transmitted power through splitter and combiner

This setup takes into account component losses (and other effects) in the automatic measurement

setup (see Figure 12). This step is similar o Figure B3. As noted before. calibration using the
network analyzer may be equivalent.

#1 Spectrum
Analyzer
Splhitter — A
#1 42 502 termunator

50€2 terminator

#3

Combiner

30€2 terminator

9%

Splitter #

Programmable
Attenuator

50Q terminator

Pulse
(Generator

Pattern
Generator

UWB transmiiter

Figure B6: UWB Power through Splitter and Combiner

Procedure:
*  Sweep the power level ot the UWB transmaitter.
*  Plot received power vs. simulator setup power (to generate a plot similar to Figure B5).
*  Rotate the focation of the spectrum analyzer Lo calibrate each port (for each receiver)

= We may be able to just check a few points instead of sweeping the entire power range.



