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FOREWORD 
 
This report was prepared by Special Committee 159 (RTCA SC-159) and approved by the RTCA 
Program Management Committee (PMC) on June 3, 2011. 
 
RTCA, Inc. is a not-for-profit corporation formed to advance the art and science of aviation and aviation 
electronic systems for the benefit of the public.  The organization functions as a Federal Advisory 
Committee and develops consensus based recommendations on contemporary aviation issues.  RTCA's 
objectives include but are not limited to: 

• coalescing aviation system user and provider technical requirements in a manner that helps 
government and industry meet their mutual objectives and responsibilities; 

• analyzing and recommending solutions to the system technical issues that aviation faces as it 
continues to pursue increased safety, system capacity and efficiency; 

• developing consensus on the application of pertinent technology to fulfill user and provider 
requirements, including development of minimum operational performance standards for electronic 
systems and equipment that support aviation; and 

• assisting in developing the appropriate technical material upon which positions for the International 
Civil Aviation Organization and the International Telecommunication Union and other appropriate 
international organizations can be based. 

The organization's recommendations are often used as the basis for government and private sector 
decisions as well as the foundation for many Federal Aviation Administration Technical Standard Orders. 
 
Since RTCA is not an official agency of the United States Government, its recommendations may not be 
regarded as statements of official government policy unless so enunciated by the U. S. government 
organization or agency having statutory jurisdiction over any matters to which the recommendations 
relate. 
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Executive Summary 

 

This report documents a study conducted by RTCA Special Committee 159 in response to a request from 
the Federal Aviation Administration to address the issue of compatibility between the operation of a 
terrestrial wireless broadband network in the bands 1525-1559/1626.5-1660.5 MHz by LightSquared, 
pursuant to its FCC license, and GPS receivers onboard aircraft.  The report addresses the issues 
analytically based on existing domestic and international standards and includes results of tests of four 
certified aircraft GPS receivers. 

The study concludes that the current LightSquared terrestrial authorization would be incompatible with 
the current aviation use of GPS, however modifications could be made to allow the LightSquared system 
to co-exist with aviation use of GPS.  The study’s conclusions and recommendations are strictly based on 
an assumed set of operational parameters for the LightSquared system and identified source mitigations. 
These operational parameters would produce less Radio Frequency Interference (RFI) than if 
LightSquared were to operate at its fully-authorized limits. 

In addition, the analysis is based upon the assumption that all equipment is minimally compliant with the 
interference rejection requirements in harmonized domestic and international standards.  Additionally 
since GPS is an aviation safety service, the analysis includes a 6 dB safety margin as is standard practice.  
Results from the four receivers tested show that these receiver models are significantly more resilient to 
interference from the LightSquared terrestrial base stations than limits derived from the standards. 

The impact of a LightSquared upper channel spectrum deployment is expected to be complete loss of 
GPS receiver function.  Because of the size of the single-city station deployment, GPS-based operations 
below about 2000 feet will be unavailable over a large radius from the metro deployment center 
(assuming no other metro deployments are nearby).  Given the situation in the high altitude U.S. East 
Coast scenario, GPS-based operations will likely be unavailable over a whole region at any normal 
aircraft altitude. 

The results of this study indicate that terrestrial base station operation at the lower 5 MHz wide channel 
(1526.3 – 1531.3 MHz) is compatible with aviation GPS operations for all the representative scenarios 
(including both signal tracking and initial acquisition). The study indicates that for terrestrial base stations 
using only the lower 10 MHz channel at 1526-1536 MHz, there is a small positive margin for GPS 
tracking (but not necessarily initial acquisition) in the presence of mean aggregate terrestrial network 
interference.  As noted above, these conclusions are based upon specific assumptions about LightSquared 
operation. 

The main recommendations from this aviation GPS receiver operational assessment are: 

1. From an aviation perspective, LightSquared upper channel operation should not be allowed. 

2. Further study is recommended to more carefully determine a refined terrestrial base station power 
versus frequency limit considering: 

a. determination of the lowest path loss for the low altitude enroute scenario, 

b. confirmation of acceptable receiver susceptibility for GPS initial acquisition and signal 
tracking in the presence of the 10 MHz bandwidth terrestrial network interference, 

c. computation of the cumulative probability distribution function for the aggregate path 
loss. 
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1 INTRODUCTION 

1.1 Background 

1.1.1 Brief History 

LightSquared, whose planned signals are the subject of analyses in this report, is a 
privately held company.  Its predecessor companies were SkyTerra Communications, Inc. 
(SkyTerra), Mobile Satellite Ventures (MSV), Motient Services Inc. and American 
Mobile Satellite Company (AMSC).  The initial L-Band Mobile-Satellite Service (MSS) 
license, currently held by LightSquared, was issued by the Federal Communications 
Commission (FCC) to AMSC in 1989.  In 2001, LightSquared (then MSV) filed the first 
application to deploy an integrated satellite-terrestrial system to provide broadband 
wireless communications, using L-band frequencies already authorized for 
LightSquared’s MSS use in the band 1525-1559 MHz (space-to-Earth).   

To address concerns regarding potential interference to GPS L1 signals, in 2002 
LightSquared voluntarily agreed to meet certain restrictive emission limits in the band 
1559-1610 MHz.  In 2003, the FCC established, and then revised in 2005, rules for 
Ancillary Terrestrial Component (ATCt)1

RTCA Special Committee-159 (SC-159) took note of some of the ATCt regulatory 
developments and unwanted out-of-band emissions (OOBE) limits but did not study 
fundamental emission overload effects in RTCA/DO-235B [1-1].  

 service in various MSS bands, including the L-
band.  The FCC defined “ancillary” based on a number of criteria, including the provision 
of “integrated service,” for which it created a safe harbor if all customers used dual-mode 
handsets capable of communicating via both MSS and ATC.  In 2004, the FCC granted 
LightSquared’s application for ATCt authority.  In its 2005 Second Order on 
Reconsideration, the FCC, among other things, granted an 8 dB increase in power over 
the power limits authorized in 2003 (See, 47 CFR 25.253 (d)(1)-(6)).  

No ATCt deployment was made between 2003 and 2010. 

1.1.2 Further Developments Since 2009 

In March 2010, the FCC authorized the transfer of control of LightSquared to Harbinger 
Capital Partner Funds and imposed a condition that LightSquared expeditiously deploy a 
nationwide network, which would consist of approximately 36,000 base stations, 
covering hundreds of millions of people.   

In an order issued on the same day, the FCC separately approved LightSquared’s 2009 
ATCt modification application seeking additional flexibility for the technical operation of 
the ATCt network (including allowance for a base station to transmit at power levels up 
to 42 dBW effective isotropic radiated power (EIRP) per sector; see section 2.4 for 
specific technical details). 

On November 18, 2010, LightSquared applied to the FCC for a license modification that 
would permit the use of terrestrial-only devices on its ATCt network.  The application 
proposed no technical or operational changes to the ATCt network.  In response, the GPS 
community first raised concerns to the FCC that high-powered LightSquared terrestrial 
transmitters adjacent to the 1559 MHz band edge would overload GPS signal reception. 

                                                      
1 This report uses ATCt as the abbreviation for Ancillary Terrestrial Component rather than the FCC designation, 

ATC, to avoid confusion with the standard aviation abbreviation (ATC) for air traffic control. 
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1.1.3 January 2011 FCC Order and Authorization 

On January 26, 2011, the FCC conditionally granted1

1.1.4 FAA Request to RTCA 

 a waiver of its rules, permitting 
LightSquared to use terrestrial-only devices on its ATCt network.  Because of the 
concerns raised by the GPS community, the FCC conditioned the grant on LightSquared 
organizing and participating in a technical working group (TWG).  The FCC tasked the 
TWG with analyzing a variety of types of GPS devices for their susceptibility to overload 
interference from LightSquared’s terrestrial network of base stations, identifying near-
term technical and operational measures that can be implemented to reduce the risk of 
overload interference to GPS devices, and providing recommendations on steps that can 
be taken going forward to permit broadband wireless services to be provided in the L-
band MSS frequencies and coexist with GPS devices.  The TWG consists of 
representatives from LightSquared, GPS manufacturers, and GPS users (federal and non-
federal).  LightSquared is required to provide periodic status reports on the progress made 
by the TWG and submit a final report by June 15, 2011, which addresses the tasks 
identified by the FCC. 

Since the extent and impact of the interference to aviation GPS receivers and to GPS-
based aviation operations was unknown, the Federal Aviation Administration (FAA) 
asked RTCA to undertake studies of this source of potential radio frequency 
interference2

1.2 Terms of Reference 

.  These studies “should include receiver vulnerability, as well as 
[operational] scenario studies including aggregate effects of LightSquared transmissions 
on GPS receivers used in aircraft.”  In order to provide timely input to the FAA, RTCA 
was requested to work in parallel with the FCC-mandated TWG and deliver a final report 
of its independent evaluation to the FAA by June 3, 2011.  The RTCA Program 
Management Committee accepted this request March 17, 2011, as consistent with the 
existing Terms of Reference of RTCA SC-159 (Global Positioning System). 

RTCA SC-159 develops minimum standards that form the basis of FAA approval of 
equipment using GPS as a primary means of civil aircraft navigation.  One of its terms of 
reference (#6) is to address GPS receiver susceptibility to radio frequency interference 
(RFI).  SC-159 Working Group 6 (WG-6), organized to perform and document detailed 
GPS RFI studies, has two specific terms that apply to the particular FAA request: 

Develop quantitative assessments of the current and projected RF interference (RFI) 
environment; 

Recommend measures to reduce RFI at the source where it is technically feasible and 
cost-effective to do so. 

 

 

 

                                                      
1  LightSquared Subsidiary LLC, Request for Modification of its Authority for an Ancillary Terrestrial Component,  

Order and Authorization, DA 11-133 (Chief, International Bureau, 26 Jan., 2011) 
2 Letter to RTCA President, Margaret Jenny, from R. A. Frazier, Acting Group  Manager, FAA Spectrum 

Engineering Services,  RTCA Paper No. 047-11/PMC-881, 3 Mar. 2011  
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1.3 Assessment Study Objectives 

To address the FAA request, the assessment study objectives are to determine:  

1. impact on GPS airborne receiver performance from fundamental emissions of a 
single LightSquared ATCt base station  

and, through operational scenario analyses, 

2.  aggregate emissions impact from a distribution of LightSquared ATCt base and 
mobile stations on GPS airborne receivers and GPS receiver-based aviation 
operations. 

The primary focus of the RFI effects analyses in this report is the LightSquared Phase 0 
deployment (details in Section 2.4) and certain RFI effects of later planned and potential 
deployment phases are also considered. 

1.4 Report Organization 

Besides this introduction section, the report main body is organized into five more major 
sections with supporting material contained in five appendices.  Section 2 describes the 
basic analysis framework and key model parameters of the RFI sources, GPS receiver, 
and the radio propagation path.  Section 3 details five operational scenarios that each pull 
in various aspects of the RFI source, receiver, and propagation path to set up the analysis 
cases.  Section 4 describes computations for each of the five operational scenarios and 
compares aggregate received RFI results against receiver susceptibility limits.  Section 5, 
Possible RFI Mitigation Techniques, briefly describes some possible RFI source and GPS 
receiver measures to mitigate the estimated RFI effects. Section 6 contains the summary, 
conclusions, and recommendations. 

Appendix A contains a GPS MOPS-based aviation receiver test procedure for wide 
bandwidth near-band RFI effects.  Appendix B contains a detailed description of the 
aggregate RFI analysis method and the scenario analysis details.  Appendix C contains 
detail of the GPS aviation receiver susceptibility to in- and near-band RFI (including an 
estimate of the RF front-end third-order intermodulation effect).  Appendix D contains a 
summary of laboratory RFI measurement results on production GPS receivers.  Appendix 
E contains a list of report acronyms, abbreviations, and definitions. 

1.5 References 

[1-1] SC-159, “Assessment of Radio Frequency Interference Relevant to the GNSS L1 
Frequency Band,” RTCA Document No. RTCA/DO-235B, 13 Mar. 2008. 
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2 AERONAUTICAL RFI EFFECTS ANALYSIS METHOD 

After a brief introduction on the basic analysis method, the remaining subsections give 
RFI analysis method element descriptions for the GPS receiver, propagation path models, 
and LightSquared ATCt base and mobile sources.  These elements are brought together in 
the RFI scenarios described in Section 3 to form the complete analysis model set.  That 
set is used in Section 4 to determine aggregate RFI effects on GNSS L1 band aviation 
operations. 

2.1 Introduction and Basic Methodology 

The basic framework for the RFI effects analysis in this report is the classic source-path-
receiver method used in previous RTCA SC-159 analyses [2-1].  For RFI sources the 
method prescribes collection of key parameters such as EIRP (both fundamental and 
unwanted) and carrier frequency, antenna gain pattern, and modulation type and spectral 
shape.  For the aggregate RFI analysis in this report, information on number of RFI 
sources and source-to-source spacing is also needed.  Key characteristics collected for the 
“path” element include distances and directions from the receiver to the RFI sources, 
propagation type (free-space or other type), and propagation statistics.  The path 
parameters are determined largely by the particular RFI encounter scenario to be 
analyzed (details in Section 3).  Key characteristics for the receiver generally include 
signal sensitivity, selectivity, RFI susceptibility, receive antenna gain patterns, and 
minimum performance requirements.  The receiver RFI susceptibility and performance 
requirements form the basis for comparison in Section 4 of RFI effects analyses of the 
ATCt base and mobile stations. 

2.2 GPS Receiver Performance and RFI Susceptibility Model 

2.2.1 General RFI Effects on Aeronautical GPS Receivers 

An aeronautical GPS receiver typically acquires and tracks satellite signals using both 
code and carrier phase-tracking loops.  The carrier phase provides two important 
functions for an aviation receiver: a reference to demodulate the satellite signal phase 
modulated data, and a means to smooth out the large fluctuations in the code delay 
measurements from the code tracking loop.  As the RFI level increases, phase error 
increases until the carrier-tracking loop has cycle slips and eventually no longer tracks 
the satellite signal.  Aircraft dynamics limit the amount of averaging that can be applied. 

In addition to directly affecting the range measurement accuracy and data demodulation 
performance, RFI can also impact receiver integrity monitor performance.  The required 
receiver monitoring function estimates the navigation error using a number of inputs that 
include local real-time signal quality, SBAS (WAAS) and GBAS (LAAS) data on the 
satellite constellation health, and ABAS (RAIM) autonomous satellite fault detection1

                                                      
1 SBAS, GBAS and ABAS are ICAO terms referring, respectively, to Satellite-Based, Ground-Based, and Aircraft-
Based Augmentation Systems. The parenthetical terms WAAS and LAAS are FAA augmentation system names. 
Refer to Appendix E.  

.  
RFI can increase the pseudorange measurement variance.  Excessive RFI could therefore 
cause the navigation error estimate at some point to exceed prescribed limits.  RFI can 
also increase GNSS satellite data parity errors and SBAS message error rates and 
ultimately deprive the receiver of timely constellation health status and other necessary 
data. 
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2.2.2 GPS L1 Receiver RFI Effects Model 

The L1 GPS receiver system model in this assessment is a “minimum operational 
performance” model [2-1], i.e.; the least complex configuration needed to meet GPS L1 
MOPS performance requirements.  The RFI model used here assumes GPS equipment 
(Figure 2-1) comprising an active antenna unit (requirements per RTCA/DO-301) and the 
latest GPS/WAAS, /LAAS or /ABAS MOPS receiver (RTCA/DO-229D, DO-253C, DO-
316, respectively).  Desired satellite signal, system noise, and RFI levels are referenced to 
Point A, the output terminal of the passive antenna radiating element. Discussion of 
earlier generation GPS receivers is contained in Appendix C.3. 

 
Figure 2-1

2.2.2.1 GPS L1 Antenna and Receiver RF Front-end Performance Model 

 GPS L1 Receive System Block Diagram 

 
Figure 2-2
(GRCV-1 = -10 dBi for -90° ≤ el  <-30°;   = -10+(5+elev/6) for -30°≤ el ≤ 0°) 

 GPS Receive Antenna Lower Hemisphere Max. Gain Model 

(GRCV-2 = -13 dBi, el <-45°, = -10 dBi,-45° < el < -30°; =-10+(5+el/6), -30°≤ el ≤ 0°) 

Receive antenna maximum gain limit models, for the lower and upper hemisphere, have 
been developed for previous RFI analyses.  They represent the aircraft-installed GPS 
antenna pattern limits (referenced to Point A, Figure 2-1) for linear vertical polarization, 
the assumed polarization from the ATCt sources. The lower hemisphere pattern model 
(Figure 2-2) is taken directly from RTCA/DO-235B [2-1].  The upper hemisphere 
vertical polarization model (Figure 2-3) is derived from the RTCA/DO-235B model 
maximum circular polarization gain by subtracting 3 dB from each point.  Gain model 
equations are listed under each figure.  The receiver system model (Figure 2-1) has 513 K 
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input thermal noise temperature (maximum), which includes an estimated 100 K sky 
noise (black-body radiation). 

 
Figure 2-3

(GRCV = 0 dBi, 75°≤ el;  = -0.5+0.0077·(el-10), 10°≤ el ≤ 75°; = -5+4.5·el, 0 ≤ el < 10°) 
 GPS Receive Antenna Upper Hemisphere Max. Gain Model 

2.2.2.2 GPS L1 Narrow- and Wide-bandwidth Near-band RFI Effect Models 

Appendix C has a detailed plot of the required maximum narrow bandwidth (CW) 
interference test condition under which the GPS aviation receiver must be able to meet 
basic performance requirements (e.g,, measurement accuracy, data demodulation).  That 
CW power limit curve is given as a function of interference center frequency (in dBm, 
Point A, Figure 2-1) by:  PTEST(f) = -120.5 + 2.6843·(1565.42-f), for f  ≤ 1565.42 MHz.  
Particular points on the limit curve are specified test conditions for certain GPS receiver 
MOPS performance tests (e.g., in RTCA/DO-229D [2-2]).  The spectrum management 
strategy for this interference is to keep the mean RFI environment at least 6 dB below this 
receiver test limit as a safety margin1

 PENV(f) = -126.5+2.6843·(1565.42-f).   Equation 2-1 

 [2-1, Section 2.6.3].  The total power limit for 
narrowband emissions below 1565.42 MHz (in dBm) is then:  

For initial acquisition, for the purposes of this study, the test limit curve is 6 dB lower 
than for tracking. Although the MOPS only specifies this adjustment for in- and near-
band interference, a 6 dB adjustment for out-of-band interference is provided for in ICAO 
SARPs and is consistent with the need for higher C/N0 for initial acquisition versus 
tracking as derived in [2-1]. With safety margin incorporated, the initial acquisition 
environmental total RFI power limit (dBm) is, by similarity                         

PacqENV(f) = -132.5+2.6843·(1565.42-f). 

                                                      
1 The safety margin is to account for adverse deviations from the mean and other factors not quantifiable in the 
model. See also recommendation ITU-R M.1477. 
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The principal effect mechanism of a single strong near-band RFI signal, such as from an 
ATCt base station, is overload of the receiver selectivity that results in receiver RF/IF 
gain compression for the desired signal. Other degradation mechanisms are possible; 
overload was chosen for simplicity. This effect mechanism is modeled initially for this 
report as a function of total received RFI power essentially independent of RFI signal 
bandwidth.  The PENV equation (in dBW/MHz for a 5 MHz bandwidth signal) becomes: 

 PSD5ENV(f) = -163.5 +2.6843·(1565.42-f). Equation 2-2 

Thus at 1552.7 MHz, the ATCt base station planned uppermost channel center (see 
2.4.4.1), PSD5ENV = -129.36 dBW/MHz. 

The other principal near-band ATCt base station RFI mechanism, third-order 
intermodulation distortion, which generates a modulated RFI signal in the GPS receiver 
passband, is discussed further in Appendix C. 

2.2.2.3 GPS L1 Wide- and Narrow- Bandwidth In-band RFI Effect Model 

For in-band RFI, GPS receivers have a wideband RFI test limit representing aeronautical 
RFI sources, of -141.9 dBW/MHz (Point A, Figure 2-1).  It also has a simultaneous 
wideband RFI power spectral density test limit representing non-aeronautical sources, of 
-140.5 dBW/MHz, at 1575.42 ± 10 MHz.  After applying the 6 dB safety margin for the 
non-aeronautical source component, that environment limit becomes -146.5 dBW/MHz.  
Receiver performance with these source components present has been determined 
previously [2-1].  Therefore this report will use the environment limit -146.5 dBW/MHz 
as the basis for comparison with ATCt unwanted RFI analysis results. Although not 
explicitly used in this report, the narrow bandwidth RFI test limit is -150.5 dBW (0-1 
kHz bandwidth). 

2.3 RFI Propagation Path Models 

2.3.1 Background 

All the RFI propagation path loss models used in this report are based on the flat-earth 
approximation. In other words, the ground under the aircraft is assumed to be essentially 
smooth and flat out to a radio horizon radius from the point on the ground directly under 
the aircraft.  In line-of-sight propagation conditions at radio frequencies near the GPS L1 
carrier, this radio horizon value depends, in general, on the aircraft GNSS and RFI source 
antenna heights and the amount of atmospheric refraction along the path.  This report 
uses the 4/3 Earth radius approximation for the refractive effect on the radio horizon. 

Two general propagation model categories are used in this report to evaluate the impact 
of LightSquared ATCt base and mobile unit RFI to airborne GPS receivers.  Those 
scenarios where blockage is a factor are typically evaluated using probabilistic models 
while clear line of sight scenarios are analyzed using free space path loss.  

Four of the five scenarios described in Section 3 of this report involve environments in 
which emissions from LightSquared equipment undergo scattering, reflections, and 
absorption prior to arriving at an aircraft's GPS antenna.  The analysis of these scenarios 
must incorporate propagation models that adequately address such random propagation 
phenomena.  These propagation environments were the subject of much research during 
the development of cellular radio systems. As a result, the cellular radio community has 
over the years developed propagation models which for the most part are applicable to 
the present RFI evaluation scenarios. 

In this report the point above which a free space path loss is used is an aircraft antenna 
height of 550 meters. Above 550 meters, various parameter limits associated with the 
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probabilistic models are exceeded thereby making their use problematic.  Also at these 
aircraft heights, line of sight conditions generally prevail which means that free space 
path loss is the more appropriate model. 

Below the 550 meter aircraft antenna height the probabilistic models developed by the 
cellular radio community become applicable. Each of these models has one feature in 
common; the probabilistic nature of the path loss is very well approximated by a log-
normal probability distribution. A log-normal distribution is completely determined by 
two parameters, µ and σ.  The range-dependent median path loss between the GPS 
antenna and interference source determines the parameter µ while σ is generally invariant 
with range (See Appendix B.2.1.2). 

The median isotropic path loss model for aircraft antenna height values below 550 meters 
consists in general of 3 segments appropriately blended together. They form a continuous 
function of the lateral separation radius, r (in meters) between the aircraft and RFI source 
antennas. For radii less than a few hundred meters, conventional 2-Ray propagation is 
chosen.  That model assumes a direct path ray between the 2 antennas interacts with one 
other ray reflected from the ground between antennas. For radii greater than about 1 km, 
the Hata-Okumura suburban propagation model [2-3] is chosen. At radii beyond 20 km, a 
long-distance extension is made to the standard Hata-Okumura formulation.  If necessary 
to achieve path loss continuity, the 2-Ray and Hata-Okumura model segments are 
connected together by one of two means. One means is by a constant-slope logarithmic 
fit function that covers radius values in between the segment ranges.  The other means 
used in ATCt mobile station scenarios with aircraft heights below 80 m is a modified 
Erceg/Greenstein path loss segment. Since the median isotropic path loss is generally a 
function of the aircraft and RFI source antenna heights, the path loss model is adapted to 
each specific RFI scenario. The path loss examples in the following subsections are all 
computed at 1552.7 MHz.  

2.3.2 Short-Range Path Segment (Two-Ray) Model 

Measurements indicate that at short ranges, where few obstructions are present, the GPS 
antenna receives interference from an RFI source by both a direct and a reflected path. 
On the reflected path, the electromagnetic wave is reflected from the earth's surface with 
a range-dependent complex reflection coefficient ( )rρν . In addition to the relative phase 
delay between the direct and reflected rays, the complex reflection coefficient both 
attenuates and adds phase shift to the reflected ray. When the two rays additively 
combine at the receive antenna, the resulting received power fluctuates with range r. 
Hence the path loss, defined as (received power)/(transmitted power), fluctuates as shown 
in Figure 2-4. 
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Figure 2-4

Since the path loss (

 Example Two-Ray Median Path Loss  

Figure 2-4) at a range r  is the median value, there is a 50% chance 
that the actual path loss will be greater than what the graph line shows and 50% chance 
that it will be less. The probability that the path loss will take on any particular value is 
given by the log-normal distribution. 

This two-ray median path loss model is applicable to ranges of a few hundred meters and 
is used in the analysis of several of the interference scenarios as discussed in this report. 
The mathematical details of the two ray path loss model can be found in Appendix B (see 
B.3.1.1.1). 

2.3.3 Medium-Range Path Segment Model 

Median path loss models were initially developed for cellular mobile phones at lateral 
separation ranges beyond 1 km and out to 20 km. This left a need for some type of model 
to cover ranges from 100 meters out to 1 km. In the mid 1990's this need was met by 
researchers from ATT Laboratories who developed a mid-range model that came to be 
known as the Erceg/Greenstein model [2-4].  Their model pertains to ranges from 100 
meters out to 8 km with base station antenna heights between 10 and 80 meters and a 
mobile unit antenna height of 2 meters. The model was developed for suburban 
environments using three different terrain categories to make it more flexible. An 
operating frequency of 1.9 GHz was used in developing the model although 
extrapolations to other frequencies are possible.  In the Erceg/Greenstein model the 
median path loss is proportional to ( / )r ro

γ where ro is usually taken to be 100 meters.  
The loss exponent γ changes with terrain type but is greater than 2 meaning that the path 
loss is more severe than that associated with a free space model.  A modification of the 
Erceg/Greenstein model is used at medium ranges in analyzing several of the 
LightSquared interference scenarios. The modification involves the standard deviation 
about the median path loss that is allowed by the model. The classic Erceg/ Greenstein 
model has the actual path loss variation about the median increasing slightly as the range 
gets larger. The modified model holds this variance constant over all ranges.  Figure 2-5 
shows a sample median path loss produced by the modified Erceg/Greenstein model. 

M
ed

ia
n 

Pa
th

 L
os

s (
dB

) 

2 5 10 20 50 100
r

75

70

65

Range (meters) 

M
ed

ia
n 

Pa
th

 L
os

s (
dB

) 

2 5 10 20 50 100
r

75

70

65

Range (meters) 



11 

©2011 RTCA, Inc. 

Since the path loss (Figure 2-5

 

) at a range r is a median value, there is a 50% chance that 
the path loss will be above the graph line and 50% chance it will fall below the line. 

Figure 2-5

Because the Erceg/Greenstein model limits the lower of the two antenna heights involved 
to 2 m, the model is only used in this report to evaluate the ATCt mobile unit RFI. The 
ATCt base station RFI evaluations use a constant-slope logarithmic fit function that 
covers radius values between the short and long range model segments. 

 Example Erceg/Greenstein Median Path Loss 

2.3.4 Long-Range Path Model 

For propagation from RFI sources at distances beyond about 1 km from the aircraft 
antenna, the well-known Hata-Okumura median path loss model is used. It was originally 
developed for predicting UHF cellular mobile telephone propagation at distances beyond 
1 km from the base station for three terrain types:  urban areas, suburban areas and open 
areas. In this report the suburban terrain parameters are used to represent the environment 
around a large metropolitan airport. As with the Erceg/Greenstein model, the Hata-
Okumura path loss is proportional to ( / )r ro

γ  but in this case ro is set to 1000 meters. 
The exponent γ varies with antenna height, and with range as well as operating frequency 
for those ranges beyond 20 km. With the ITU-R extension to the original model, it is 
useable to ranges of 100 km. Figure 2-6 shows the median path loss generated by the 
Hata-Okumura model.  
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Figure 2-6

As in the other models, since the path loss (

 Example Hata-Okumura Median Path Loss 

Figure 2-6) at a range r is a median value, 
there is a 50% chance that the path loss will be above the graph line and 50% chance it 
will fall below the line. Mathematical details regarding the Hata-Okumura model can be 
found in Appendix B (B.3.1.1.2). 

2.3.5 Free-Space Path Model 

In the high altitude enroute scenario there is predominately clear line of sight to all the 
interfering cell towers.  In such cases a free space path loss model is most appropriate.  It 
is the most basic model in which the path loss is proportional to the square of the 
separation range.  This is a deterministic model with no associated probability 
distribution.  Hence the path loss can be exactly determined once the range between GPS 
antenna and interfering source is known.  It is also the model (among those applicable to 
this report), that in equivalent range scenarios, produces the least path loss.  Although it 
yields the lowest path loss, the long range values in the high altitude enroute scenario 
already reduce interference levels. More discussion on free space path loss can be found 
in Appendix B (B.3.1.2). 

2.4 LightSquared ATCt Base and Mobile Station Emission Models 

This section describes LightSquared ATCt base station and mobile station/User 
Equipment (UE) technical characteristics as related to RFI analysis. This includes in-band 
and out-of-band emission power levels, transmit antenna gain and radiation patterns, and 
other pertinent information to predict RFI levels. ATCt base and mobile station 
operational parameters in the following subsections are from the LightSquared 
development plans briefed to SC-159, except where indicated in the text.  As a result, 
transmission signal characteristics do not necessarily represent the worst case (from a 
GPS interference standpoint) scenario permitted by FCC authorization. 
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2.4.1 ATCt Base and Mobile Station Emission Parameters  

2.4.1.1 ATCt Base Station Emission Parameters 

LightSquared’s present deployment plans call for a maximum of 62 dBm1

The out-of-channel emission (OOCE)

 (32 dBW) 
EIRP per channel. As LightSquared plans to deploy up to two channels per sector, EIRP 
per sector will be up to 65 dBm (35 dBW) per sector. 

2

• At 1 MHz offset from edge of ATCt channel: - 32.4 dBW/MHz  

 power spectral density (PSD) limits at the transmit 
antenna output (including the antenna gain) are as follows: 

• At 2 MHz offset from edge of ATCt channel: - 39.4 dBW/MHz 

The out-of-band emission (OOBE) PSD limits are as follows: 

• In the RNSS band (1559 – 1610 MHz) band: -100 dBW/MHz (1 MHz bandwidth) 
      -110 dBW discrete in 1 kHz bandwidth 
• In the AMT band (1435 – 1525 MHz) the limits are per  47 CFR 25.202(f): 

 

Table 2-1

Frequency offset 
(f_offset) from the FCC 

authorized bandwidth (B) 

 LightSquared AMT Band Unwanted Emission Limits 

Attenuation (dB) below the 
mean output power in 

watts (P) of the transmitter 

Measurement 
bandwidth 

B/2 ≤ f_offset < B 25 4 kHz 
B ≤ f_offset < 5B/2 35 4 kHz 

5B/2 ≤ f_offset 43 + 10log(P) 4 kHz 

LightSquared has three planned spectrum deployment phases: 

• Phase 0: One 5 MHz channel: 1550.2 MHz - 1555.2 MHz, 62 dBm EIRP per 5 MHz 
channel. 

• Phase 1: Two 5 MHz channels: 1526.3 MHz -1531.3 MHz & 1550.2 MHz - 1555.2 
MHz, 62 dBm EIRP per 5 MHz channel. 

• Phase 2: Two 10 MHz channels: 1526 MHz -1536 MHz & 1545.2 MHz - 1555.2 
MHz, 62 dBm EIRP per 10 MHz channel. 

The channel modulation is 3GPP LTE (OFDM). 

Network loading effect: 2.2 dB reduction from maximum aggregate transmit EIRP 

Note: In a 4G LTE network not all the sites will be transmitting on all subcarriers at 
the same time and networks are typically designed with 60% load during 
busy hour. When a large number of base stations are considered for an 
aggregate interference calculations, the average Tx EIRP per base station 
would be 2.2 dB (10 * LOG10 (0.6)) lower than the maximum EIRP of 32 
dBW. In non-busy hour the network loading will be even smaller.  

2.4.1.2 ATCt Mobile Station (User Equipment) Emission Parameters 

LightSquared’s deployment plans call for a maximum EIRP of +23 dBm (-7 dBW) from 
its UE device.  When communicating with LightSquared towers, LightSquared User 
Equipment (UE) will transmit in the MSS uplink L-band (1626.5 MHz -1660.5 MHz). 

                                                      
1 FCC authorization allows a maximum EIRP of 42 dBW 
2 The term “OOCE” is used to refer to adjacent channel emissions that are contained within the MSS L-band.  When 
these emission fall outside the MSS L-band, they are referred to as OOBE.  
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LightSquared has three spectrum deployment phases: 

• Phase 0: One 5 MHz channel: 1651.7 MHz - 1656.7 MHz with smallest bandwidth a 
user can transmit is 180 kHz 

• Phase 1: Two 5 MHz channels: 1627.8 MHz - 1632.8 MHz & 1651.7 MHz - 1656.7 
MHz with smallest bandwidth a user can transmit is 180 kHz  

• Phase 2: Two 10 MHz channels: 1627.5 MHz - 1637.5 MHz & 1646.7 MHz - 1656.7 
MHz with smallest bandwidth a user can transmit is 180 kHz 

The out-of-channel emission (OOCE) limit is -58dBW/4kHz at 1 MHz offset beyond the 
edges of assigned spectrum bands. 

The out-of-band emission (OOBE) limit in the adjacent RNSS band (1559 – 1610 MHz) 
is -90 dBW/MHz wideband (1 MHz bandwidth) initially, improving to -95 dBW/MHz 
after 5 years of start of service.  Narrowband OOBE limits are -100 and -105 dBW, 
respectively, in a 1 kHz bandwidth. 

Average UE transmit power backoff: 10 dB 

Note: LTE systems, employ (UE) uplink power control. This power control is used for 
interference management and to make the most efficient use of UE power, 
while the link quality is maintained. The power control is driven by the 
uplink data rate assigned to the UE by the base station Scheduler.  It is very 
unlikely that all UEs will be transmitting at their maximum data rates 
simultaneously.  When a large number of UEs are considered for an 
aggregate interference calculation, the average Tx EIRP per UE is expected 
to be at least 10 dB lower than the maximum EIRP of 23 dBm. However, 
since the RFI effect on the GPS receiver is from UE unwanted emissions 
more that 52 MHz below the UE carrier, the assumed unwanted EIRP value 
for analysis in this report is the OOBE limit independent of power control. 

2.4.2 ATCt Base Station Antenna Pattern and Siting Parameters 

2.4.2.1 ATCt Base Station Antenna Pattern Parameters 

The typical base station sector antenna characteristics are listed below.  The lower and 
upper hemisphere vertical radiation patterns models are shown in Figure 2-7 and Figure 
2-8. The base station antenna height assumed in this report is 30 meters.  

• Horizontal plane beam width (-3 dB): 66.32 degrees 
• Vertical plane beam width (-3 dB): 7.95 degrees 
• Gain: 16.5 dBi 
• Front to back ratio: 35.03 dB 
• Electrical down tilt: 2 degrees (elevation) 
• Polarization: +45 and – 45 degrees, linear, cross polarized 

The lower and upper hemisphere vertical plane relative gain pattern models for the 
analysis were derived, within SC-159, from principal plane measured data on a 
representative ATCt base station sector antenna. The sidelobe relative gain levels were 
set to represent actual vertical plane sidelobe values without the minor lobe details.  In 
both hemispheres this simplification helps to reduces model complexity.  It also covers 
for the lack of data over the azimuth sector from vertical plane pattern cuts at other 
azimuth angles.  The main beam relative gain (in dB versus elevation) is modeled by a 
simple parabolic fit equation:  

GREL(elev) = -0.181818·(2+elev°)2   for elevation angles  -11° ≤ elev  ≤ +9° 
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Figure 2-7

In the RFI analysis the lower hemisphere vertical pattern model (

 ATCt Base Station Lower Hemisphere Vertical Gain Pattern Model 

Figure 2-7) is used at all 
azimuth angles without correction for azimuth plane scalloping effect due to the sector 
azimuth beamwidth.  This represents a reasonable upper bound for the actual lower 
hemisphere pattern where scattering from the ground and structures tends to make 
coverage away from beam center in azimuth angle more uniform over a sector. 

 
Figure 2-8

For the upper hemisphere vertical pattern model (

 ATCt Base Station Upper Hemisphere Vertical Gain Pattern Model 

Figure 2-8), every vertical pattern point 
in the main beam and sidelobe regions is reduced by 2.3 dB to represent an average of the 
azimuth sector beam pattern scalloping effect over each sector. 
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2.4.2.2 ATCt Base Station Location Parameters  

 
Figure 2-9

In typical 4G network installations, average inter cell (base station) tower distance varies, 
and depends on user density and morphology. For the purpose of calculating aggregate 
path loss to the aircraft, the coverage area of a single city is modeled as shown in 

 ATCt Base Station Single-City Tower Concentration Pattern  

Figure 
2-9 with three concentric circles. The inner circle with a radius of ~ 45 km is most 
densely populated with an average cell tower spacing of 2.2 km and represents dense-
urban/urban environment. Next to the inner circle, a middle ring area between radii of 45 
km and 70 km represents suburban environment with cell tower average spacing of 6.2 
km.  Finally, an outer ring area between radii of 70 km and 118 km represents a rural 
environment with cell tower average spacing of 18 km1

 

.  

Figure 2-10

At a higher aircraft altitude the radio horizon distance becomes larger and covers multiple 
cities as shown in 

 ATCt Base Station Multi-City Tower Concentration Pattern 

Figure 2-10. The multicity scenario is modeled by assuming rural area 
base station density beyond the single city coverage radius of 70 km.  The multi-city 
scenario has a total of 9,223 sites in the 6 dense areas (dark spots, ~90 km diam.), 1,583 

                                                      
1 The cell tower densities in the suburban and rural areas should be taken as signifying average values, not 
necessarily that the cell radius is half the average inter-site distance. 
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sites in the sparser areas (lighter gray, ~ 25 km thick rings), and 1,429 sites in the rural 
area for a total of 12,235 sites in the entire depicted region. 

2.4.3 Mobile Station Antenna Pattern and Siting Parameters 

2.4.3.1 ATCt Mobile Station Antenna Pattern Parameters 

The typical UE antenna characteristics are listed below. 

• Azimuth from 0 to 360 degrees 
• Max gain = - 2.41 dBi at azimuth = 105 degrees 
• Elevation from 0 to 360 degrees  where zenith is 0 degrees  
• Max gain = - 4.01 dBi at Theta = 57 degrees (i.e. 43 degrees from horizon) 

As mentioned previously (Section 2.4.1.2), the principal RFI effect on GNSS airborne 
receivers by the UE is from unwanted or unintentional RFI falling in the 1559-1610 MHz 
band.  The OOBE EIRP limit (-90 dBW/MHz) is the value chosen for this report.  The 
UE antenna model chosen for this report to represent the emission is an isotropic pattern 
(0 dBi). The mobile station antenna height assumed in this report is 1.8 meters.  

2.4.3.2 ATCt Mobile Station Location and Concentration Parameters 

The location of any particular mobile terminal within a cell is modeled as random but 
governed by a uniform probability distribution.  Although base station control software 
controls the number of mobiles transmitting simultaneously, all units serviced in the cell 
that are transmitting or idling are assumed to be emitting either unwanted or unintentional 
emission at the OOBE limit (Sec. 2.4.1.2).  Because of some uncertainty of the number of 
units in a cell, the analysis will cover a range of values for the count within a nominal 2.2 
km cell radius: 100, 300, and 1000 units.  The 300 unit count is believed to be a nominal 
value. 
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3 AERONAUTICAL RFI ENCOUNTER SCENARIO DESCRIPTIONS 

The RFI encounter scenario provides a description of the interaction between the sources 
of interference and a victim radio receiver.  Elements of the scenario description for the 
receiver include the receiver location, motion, and function(s) being performed with 
associated requirements.  Scenario elements for the RFI sources include location (relative 
to the receiver), motion, and, for aggregate RFI calculations, source-to-source spacing.  
The path element contains characteristics of the radio propagation path between the RFI 
source and the receiver, e.g. path geometry (distance, transmit and receive angles) 
propagation type (free-space or other), propagation statistics.  In general, the scenario 
description also leverages basic operational characteristics of the receiver and RFI 
sources (see Section 2 for details). For an aeronautical GNSS RFI assessment, the 
encounter scenario defines the parameters of a representative limiting case RF link 
between the RFI source and the aircraft receiver, from which the electromagnetic 
compatibility between source and receiver can be determined. 

3.1 Scenario Selection , General Features, and Other Related Aviation GPS Uses 

Based on normal aircraft operations, five operational scenarios from past SC-159 reports 
were selected for the analyses in this report.  Each operational scenario uses GNSS 
receivers1

3.1.1 RFI Encounter Scenario General Definition 

 operating in the 1559-1610 MHz band and providing navigation for the 
aircraft.  The selected scenarios are high altitude enroute operation, low altitude enroute 
and terminal area operation, Category I precision approach, Category II/III precision 
approach, and surface movement.  The operational scenario names were retained here 
since they convey information regarding the aircraft evaluation point associated with 
each of the navigation scenarios. 

Basic RFI encounter scenarios for each of the operations, developed within SC-159 for 
previous RFI assessments, were adapted to address the ATCt sources.  As the actual basis 
for the RFI analyses, they will be described in detail in Section 3.2 and following 
subsections. 

3.1.1.1 RFI Encounter Scenario - General Aircraft Location and Receiver Function 

Each RFI encounter scenario places the aircraft at a certain representative location and 
height above ground for a given aircraft operation.  In each scenario, the GNSS receiver 
is assumed to be tracking the desired navigation satellite and augmentation signals.  In 
the surface movement, low altitude, and high altitude enroute scenarios, the receiver may 
also be acquiring new satellite signals. 

Satellite acquisition may either be routine due to initial receiver power-up or normal 
satellite rising and setting or it can be as a result of some significant interruption of 
normal receiver operation.  Causes of a significant interruption include a receiver power 
interruption, long duration RFI, or abrupt aircraft maneuver.  The receiver RFI test 
condition for initial acquisition is 6 dB lower than for signal tracking (Section 2.2.2). 

3.1.1.2 RFI Encounter Scenario ATCt RFI Sources 

The scenarios in this report address two different sets of RFI sources.  The primary RFI 
sources are a collection of ATCt base stations, each of which is a fixed source located on 

                                                      
1 GPS receiver outputs are already in use or are being developed for use in each of these operations. 
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the ground with a particular spacing to adjacent base stations.  The second set of RFI 
sources are the ground-based ATCt mobile terminals associated with each base station.  
By definition this source type is mobile, but for the purposes of these scenarios the 
mobile terminals will be considered to be essentially fixed emitters, randomly located 
within a cell, with a specified surface concentration within a cell. 

3.1.1.3 RFI Encounter Scenario Key Geometry Features 

One key geometric factor for each scenario for aggregate RFI is the lateral separation 
radius between each RFI source antenna and the GNSS receive antenna.  The lower 
altitude scenarios each have constraints on base station antenna placement based on 
airport and approach layout guidelines [3-1]1

3.1.1.4 RFI Encounter Scenario Baseline Non-ATCt RFI 

.  Another key factor for each scenario is the 
relative angle-of-arrival of the RFI, which determines both the GNSS receive antenna 
gain toward the RFI source and the RFI source transmit antenna gain. 

Each of the scenarios assume the presence of a certain amount (scenario-dependent) of 
baseline continuous RFI within the GNSS receiver passband from sources other than 
ATCt elements [3-2].  The group of aeronautically-related sources generally includes 
GNSS satellite self-interference (CDMA-like), unintentional RFI from non-transmitting 
installed avionics equipment, and unwanted RFI from installed avionics transmitters.  
The non-aeronautical source group generally includes certain on-board PEDs (enroute 
only) and a widely diverse set of off-board sources, both non-transmitting and licensed 
and unlicensed transmitting sources (e.g., conventional cellular and cordless phones, 
wireless LANs and PANs, 47 CFR 15 Class A and Class B digital devices, etc.). 

3.1.2 Other Related Aviation GPS Uses 

Although the study was based upon these five navigation scenarios, GPS aviation use is 
not limited to navigation applications and operations.  This study is representative of, but 
does not directly address, all aviation use of GPS.  For the purposes of this study, 
compatibility with all encounter scenarios would tend to imply compatibility with current 
and planned expanded use of GPS.  Table 3-1 identifies current applications and 
operations using GPS.  The majority of entries in Table 3-1 “map” to both the study’s 
low altitude terminal area and/or high altitude enroute encounter scenarios.  For surface 
movement operations, there is currently limited approved operational credit for GPS use, 
although there are significant operational benefits (e.g. own ship situational awareness) 
today and surface movement applications for operational credit are in work.  Surface 
movement scenarios must ensure that GPS signals are acquired by the 
navigation/positioning equipment during maintenance and pilots’ pre-flight system 
checks for any planned or required use of GPS. 

 

 

 

 

                                                      
1  The FAA’s Airport Design Guidelines define obstacle clearance surfaces, object free areas, and controlled activity 

areas surrounding the airport and the extended runway centerline. These regions are used to identify exclusion 
zones where ATCt base stations and/or mobile terminals will not be present.   See Appendix B for more details. 
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Table 3-1

Enroute and terminal area RNAV 

 Current Aircraft Uses of GPS 

Automatic Dependent Surveillance Broadcast 
SIDS, STARS, RNP  Terrain Awareness & Warning System 
RNP SAAAR/AR  Traffic Alert & Collision Avoidance System 
WAAS LPV Cockpit Position Display (moving map) 
GLS approach Low-cost Attitude-Heading Reference System 
Automatic landing and rollout Weather Radar Optimization 
Missed approach Emergency Locator Transmitter 
Guided take-off / departure Synthetic Vision System 

Before dispatch, GPS availability must be determined for the planned route of flight 
using preflight prediction tools.  If GPS is determined to be unavailable, then the flight 
must be re-planned without use of GPS, or used only when and where GPS is predicted to 
be available.  Any predictable interference would impact preflight planning and 
operational use of GPS.  Additionally, non-aviation qualified GPS is extensively used for 
situational awareness in VFR flight operations that is not addressed by this study. 

3.2 High Altitude Enroute RFI Encounter Scenario 

This scenario represents an aircraft operating in the enroute portion of a flight.  The 
aircraft is in high speed level flight at a representative limiting altitude of 18,000 feet.  
Two basic receiver modes are considered in this scenario: tracking and data demodulation 
of both GPS and SBAS satellite signals; and initial (warm-start) acquisition (see [3-3] for 
detailed requirements). 

The baseline continuous RFI emissions present in this scenario include GNSS intra- and 
inter-system (CDMA) noise and on-board installed avionics emissions.  Continuous 
passenger cabin aggregate PED emissions are assumed to be present along with the 
aggregate continuous emissions from a set of general ground-based RFI sources [3-2].  

3.2.1 Basic High Altitude Scenario RFI Encounter Geometry 

For the high altitude enroute scenario, the aircraft antenna is at a height of 5.49 km 
(18,000 feet).  The base station antenna height is assumed to be 30 meters (see Section 
2.4).  The radio horizon radius for the GNSS receiver at this altitude is 328.2 km (based 
on a 4/3 Earth radius estimate).  Depending on the location, the resulting visible area may 
include multiple metropolitan areas. 

3.2.2 ATCt Base Station Source Concentration and Source-Free Zones 

The 328.2 km radio horizon is such that the resulting area visible to the receiver is much 
larger than any single metropolitan area.  Therefore it is necessary to use a multi-city, 
regional model for deployed base station concentration, Figure 2-10.  The base station 
tower average spacing is assumed to be 2.2 km within a particular urban region.  To 
simplify the analysis outside urban regions, a rural tower average spacing of 40 km is 
assumed.  Areas of ocean within the radio horizon (e.g., beyond 298.99 km in the specific 
case below) are the only places considered to be completely free of base stations.  See 
Appendix B for more details 

3.2.3 Specific Case: South-Central Pennsylvania Details 

A specific case location over South-central Pennsylvania is used to evaluate the aggregate 
RFI that may be encountered in a high altitude scenario.  This case is believed to be 
representative of enroute operations near densely populated coastal regions of the United 
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States.  An aircraft flying at altitude over this region will be within radio line of sight of 
seven different metropolitan areas, as indicated in Table 3-2. 

Because of the large distances involved and the relatively low unwanted emission from 
ATCt mobile terminals compared to fundamental base station emission, only the base 
station fundamental RFI effect will be addressed in this scenario analysis. 

Table 3-2

Location 

 Metropolitan Areas Visible in High Altitude Enroute Specific Case 

Lat. (°N) Long. (°W) Distance to 
aircraft (km) 

City Radius 
(km) 

Aircraft 39.819 77.573 N/A N/A 
Baltimore, MD 39.291 76.610 122.26 45.4 
Washington, DC 38.899 77.036 118.58 45.4 
Harrisburg, PA 40.260 76.882 91.25 30.0 
Philadelphia, PA 39.952 75.162 268.80 45.4 
Pittsburgh, PA 40.438 79.997 278.49 45.4 
Allentown, PA 40.603 75.470 249.84 30.0 
Richmond, VA 37.541 77.434 254.06 30.0 

3.3 Generic Low Altitude / Terminal Area (FAF WP) RFI Encounter Scenario 

For the terminal area scenario the aircraft is assumed to be in level flight with its GNSS 
antenna at an intermediate value between the enroute and Category I precision approach 
scenarios.   It is based on the representative case of the final approach fix waypoint (FAF 
WP) on the Category I approach LAX Runway 25L (Los Angeles, CA) where the 
nominal waypoint height above the touchdown surface is 1799 feet (= 1900-101).  After 
further adjustments for altitude error (-50 feet) and antenna displacement (+7 feet), the 
final antenna height value becomes 1756 feet (535.2 meters).  Tracking and data 
demodulation of both GPS and SBAS satellite signals are considered. 

Receiver tracking for GPS C/A satellite signals and data demodulation for SBAS 
(WAAS) signals are considered as the limiting case performance conditions.  Baseline 
GPS, SBAS (WAAS), and Galileo GNSS continuous self interference is assumed along 
with aeronautical on-board equipment aggregate case emissions.  Baseline aggregate 
continuous RFI from a general set of ground-based sources is also assumed to be present 
[3-2].  Continuous fundamental RFI emissions from ATCt base stations and unwanted 
RFI emissions from ATCt mobile terminals are the subjects of analyses in the scenario. 

3.3.1 Basic Terminal Area Scenario RFI Encounter Geometry 

For the terminal area scenario, the aircraft is assumed to be about to start on a nominal 3° 
glideslope at a distance of 10.46 km from the touchdown point.  The GNSS receive 
antenna is at an altitude of 535.2 meters.  Multiple ATCt base stations and mobile 
terminals are considered with antenna heights of 30 meters and 1.8 meters, respectively 
(see Section 2.4).   Using a 4/3 Earth-radius estimate, the radio horizon radius to ATCt 
base stations is 118 km.   The radio horizon radius to ATCt mobile terminals is 101 km. 

3.3.2 Base and Mobile Station Source Concentration and Source-Free Zones 

The base station source concentration for a single metropolitan area is modeled as shown 
in Figure 2-9.  In this scenario the aircraft is considered to be at the center of the region.  
The inner 45.5 km radius represents the base station concentration in the urban center, 
with an average tower spacing of 2.2 km.  Beyond this inner core the base station 
concentration decreases with a tower spacing of 6.2 km out to a radius of 70.3 km and 
finally to a tower spacing of 18 km out to the radio horizon of 118 km. 
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Three different source concentrations for ATCt mobile terminals will be evaluated: 100, 
300, and 1000 Mobile Terminals in a single 3.8 km2 cell.  Because of the relatively long 
distance to the airport runway, no ATCt base or mobile station exclusion zones are 
assumed in this scenario. 

3.4 Generic Category I Precision Approach RFI Encounter Scenario 

For the Category I Precision Approach scenario the aircraft is assumed to be in a 
stabilized descent on a 3° glideslope at the Category I decision height (DH) for the 
approach.  Tracking and data demodulation of both GPS and SBAS satellite signals are 
considered. 

Receive performance for GPS C/A and SBAS satellite signals is considered as the 
limiting case condition.  Baseline GPS, SBAS (WAAS), and Galileo GNSS continuous 
self interference is assumed along with aeronautical on-board equipment aggregate case 
emissions.  Baseline aggregate continuous RFI from a general set of ground-based 
sources is also assumed to be present [3-2]. Continuous fundamental RFI emissions from 
ATCt base stations and unwanted RFI emissions from ATCt mobile terminals are the 
subjects of analyses in the scenario. 

3.4.1 Basic Category I DH Scenario Encounter Geometry 

 
Figure 3-1

The GNSS Category I precision approach scenario geometry (

 General Runway Approach Geometry (Side View) 

Figure 3-1) has a minimum 
DH of 200 feet and the glideslope angle of 3 degrees.  The corresponding distance along 
the ground to the touchdown point (D1) is 1163 meters.  The GNSS aircraft antenna 
location, i.e. the GNSS navigation reference point, is typically above the aircraft control 
point location (basis for DH value) when in landing configuration.  A minimum estimate 
for this distance is 7 feet.  On any given Category I approach, the actual aircraft height 
(HA1) may be above or below the decision height by a nominal random error, the Total 
System Error (TSE1 = NSE+FTE).  For Category I approach, the TSE is assumed to be ≤ 
32 feet ([3-2], paragraph 3.2). Combining these adjustments gives a GNSS antenna height 
for this scenario of 175 feet (= 200 + 7 - 32) or 53.34 m. 

Multiple ATCt base stations and mobile terminals are considered with antenna heights of 
30 meters and 1.8 meters, respectively (see Section 2.4).  Using a 4/3 earth radius 
estimate, the radio horizon radius to ATCt base stations is 52.7 km.  The radio horizon 
radius to ATCt mobile terminals is 35.7 km. 
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3.4.2 Base and Mobile Station Source Concentration and Source-Free Zones 

The ATCt base station concentration in the Category I approach scenario follows the 
same single city model used for the Terminal Area scenario.  The aircraft is considered to 
be at the center of the city region.  Three different source concentrations for ATCt mobile 
terminals will be evaluated: 100, 300, and 1000 terminals in a single 3.8 km2 cell. 

The inclined surface labeled “OCS” in Figure 3-1 is the obstacle clearance surface which 
is one of the constraints on the 30 m high ATCt base antenna location near airports. The 
OCS height above the ground directly underneath the aircraft Category I DH waypoint is 
23.87 m (78.3 feet) and does not exceed 30 meters for another 208.6 meters (684 feet) out 
along the extended runway centerline.  The OCS lateral constraint also forces the 30 m 
ATCt antenna away from on each side of the extended runway centerline. 

For this report analysis the Category I model ATC base station source exclusion zone1

3.5 Generic Category II/III Precision Approach RFI Encounter Scenario  

 
consists of a complete source-free zone of 350 m radius centered under the aircraft.  
Outside that radius is an annular sector (570 m outer radius, 40° half-angle) centered on 
the runway extended centerline and oriented toward the runway threshold. Beyond that is 
a narrow wedge centered on the runway with 5.5 km outer radius and 12° half-angle 

For the Category II/III Precision Approach scenario the aircraft is assumed to be in a 
stabilized descent on a 3° glideslope at the 100 foot decision height for the Category II 
approach.  Tracking and data demodulation of both GPS and SBAS satellite signals are 
considered. 

Receive performance for GPS C/A satellite signals is considered as the limiting case 
condition.  GPS, SBAS (WAAS), and Galileo GNSS continuous self interference is 
assumed along with aeronautical on-board equipment aggregate case emissions.  Baseline 
aggregate continuous RFI from a general set of ground-based sources is also assumed to 
be present [3-2].  Continuous fundamental RFI emissions from ATCt base stations and 
unwanted RFI from ATCt mobile terminals are the subjects of analyses in this scenario. 

3.5.1 Basic Category II Decision Height Scenario Encounter Geometry 

The GNSS precision approach scenario geometry is depicted in Figure 3-1.  For Category 
II operations, the minimum decision height (DH) is 100 feet and the glideslope angle 
(EL) is 3 degrees.  The corresponding distance along the ground to the touchdown point 
(D2) is 582 meters.  The GNSS aircraft antenna location, i.e. the GNSS navigation 
reference point, is typically above the aircraft control point location (basis for DH value) 
when in landing configuration.  A minimum estimate for this distance is 7 feet.   On any 
given Category II approach, the actual aircraft height may be above or below the decision 
height by a nominal random error, the Total System Error (TSE = NSE+FTE).  For 
Category II approach, the TSE is assumed to be ≤ 21.9 feet ([3-2], paragraph 3.4.2).   
Combining these adjustments gives a GNSS antenna height for this scenario of 85.1 feet 
(= 100 + 7 – 21.9) or 25.94 m. 

The Category III vertical encounter geometry is the same as Category II up to the 
Category II decision point.   Beyond that point on the approach, the airport runway 
object-free area protection from potential ground-based RFI sources begins to apply 
(Figure 3-2).  The effect of the Object-Free Area is to exclude RFI sources from directly 
under the approach path between the runway and the Category II decision height point.  

                                                      
1 The parameters listed here are determined for the “Random Location” method.  See Appendix B for “Discrete 

Location” method details. 
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Thus the Category II DH scenario also represents a Category III approach as well.  The 
Surface (taxiway) scenario conditions (Section 3.4.2) are believed to be representative of 
the Category III landing and roll-out phases.  

Multiple ATCt base stations and mobile terminals are considered with antenna heights of 
30 meters and 1.8 meters, respectively (Section 2.4).   Using a 4/3 earth radius estimate, 
the radio horizon radii to ATCt base stations and mobile terminals are 43.6 km and 26.5 
km, respectively. 

 
Figure 3-2

3.5.2 Base Station Source Concentration and Source-Free Zones 

 Airport Runway Protection Zones - Top View 

The ATCt base station concentration in the Category II/III approach scenario follows the 
same single city model used for the Category I approach scenario.  The aircraft is 
considered to be at the center of the city region.  Three different mobile terminal source 
concentrations are evaluated: 100, 300, and 1000 terminals in a single 3.8 km2 cell. 

The Category II DH exclusion zone for ATCt base stations has similar shape to the 
Category I case but is adjusted to account for shorter aircraft distance to the runway 
threshold.  The complete exclusion zone radius is 420 m. The next annular sector has an 
840 m outer radius and 60° half-angle.  The outer runway oriented annular wedge extends 
to 4.47 km at 10° half-angle.  See Appendix B for further details. 

3.6 Generic Surface Movement (Taxiway) Guidance RFI Encounter Scenario 

This scenario represents an aircraft located on a taxiway.   The aircraft is either stationary 
or in a slow taxi.  Two receiver modes are considered in this scenario: tracking and data 
demodulation of both GPS and SBAS satellite signals; and initial acquisition. 

The baseline continuous RFI emissions present in this scenario include GNSS intra- and 
inter-system (CDMA) noise and on-board installed avionics emissions.  Baseline 
aggregate continuous RFI from a general set of ground-based sources is also assumed to 
be present [3-2].  Fundamental RFI emissions from ATCt base stations are the subject of 
analysis for this scenario, but unwanted RFI emissions from ATCt mobile terminals 
(either on- or off- board) are not considered. 
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3.6.1 Basic Surface (Taxiway) Scenario RFI Encounter Geometry 

The surface RFI encounter (Figure 3-3) has the minimum GNSS antenna-to-RFI source 
separation, D0, a function of the Obstacle Free Zones defined [3-1] for the airport and its 
taxiways.  Other ATCt base station location constraints exist due to limitations from the 
runway approaches, but stations are assumed to be located beyond the airport exclusion 
zone constraints to the radio horizon.  The GNSS antenna height is assumed to be 4 
meters (typical for a regional or business jet) and the ATCt base station antenna height is 
30 meters (Section 2.4).   Using a 4/3 earth radius estimate, the radio horizon radius to 
ATCt base stations is 30.8 km.  Similar to the Category II DH case, the ATCt base is 
illuminating with its high gain pattern region, the aircraft antenna high gain pattern 
region.  

 
Figure 3-3

3.6.2 Base and Mobile Station Source Concentration and Source-Free Zones 

 Surface RFI Encounter Geometry - Front View 

The ATCt base station concentration in the surface scenario is based on a 2.2 km tower 
spacing.  This spacing corresponds to the highest base station concentration expected to 
be found in an urban center.   The ATCt base station exclusion zone is adjusted from the 
cases above to account for the aircraft taxiway position.  The complete exclusion radius is 
550 m and the runway-oriented annular wedge extends to 4.2 km outer radius at 22.5° 
half-angle (see Appendix B for further details).  Unwanted RFI from ATCt mobile 
terminals is not considered in this case because the combination of lower transmitter 
power, increased propagation loss at low elevation, and large exclusion zones relative to 
the radio horizon limits their potential contribution. 

3.7 Aeronautical RFI Encounter Scenario Parameter Summary 

The high altitude enroute scenario South-central Pennsylvania location and city distances 
are listed in Table 3-2 above and are not repeated here.  Table 3-3 summarizes the key 
antenna height and radio horizon parameters assumed and calculated in this section for 
the five RFI encounter scenarios. 

Table 3-4 summarizes the scenario RFI source exclusion zone parameters. 
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Table 3-3

Scenario 
Case 

 Aeronautical Scenario Antenna Height and Radio Horizon Parameters 

Aircraft 
Ant. Ht. 

(m) 

ATCt Base 
Ant. Ht 

(m) 

ATCt 
Mobile Ant. 

Ht. (m) 

Radio 
Horiz. to 

Base (km) 

Radio Horiz. 
to Mobile 

(km) 
Surface 4.0 30 N/A 30.84 N/A 
Cat. II DH 25.94 30 1.8 43.59 26.54 
Cat. I DH 53.34 30 1.8 52.71 35.65 
FAF WP 535.2 30 1.8 118.00 100.94 
High Altitude 5490 30 N/A 328.16 N/A 

 

Table 3-4

Scenario 
Case 

 Aeronautical Scenario ATCt Source Exclusion Zone Parameters 

Base 
Inner 

Rad. (m) 

Base 
Outer 

Rad. (m) 

Annular 
Half-Ang. 

(deg) 

Mobile 
Inner 

Rad. (m) 

Mobile 
Outer 

Rad. (m) 

Annular 
Half-Ang. 

(deg) 
Surface 
(Taxiway) 

0 
550 

550 
4200 

180 
22.5 

N/A N/A N/A 

Cat. II DH 0 
420 
840 

420 
840 
4470 

180 
60 
10 

 
 

449.3 

 
 

2842 

 
 

25 
Cat. II DH 0 

350 
570 

350 
570 
5500 

180 
40 
12 

 
 

488 

 
 

5830 

 
 

17 
Term. Area 
(FAF WP) 

N/A N/A N/A N/A N/A N/A 

High Alt. 
Enroute 

298985* 328160* 45* N/A N/A N/A 

* This high altitude exclusion zone annular segment represents the Atlantic Ocean off 
New Jersey and the Delmarva Peninsula (45° full angular extent). 
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4 AGGREGATE LIGHTSQUARED ATCt RFI EFFECT ANALYSES 

The following subsections describe the aggregate analyses and present results for 
fundamental ATCt base station and unwanted and unintentional ATCt mobile station RFI 
effects on GPS airborne receivers.  The analyses make use of the source, propagation 
path, and receiver models described in Section 2 and the operational scenarios developed 
in Section 3 of this report. As mentioned in Section 1.3, the focus of this report is on the 
Phase 0 spectrum deployment of the LightSquared network. This section provides results 
for total received power spectral density at point A in Figure 2-1, assuming one 5 MHz 
base station channel centered at 1552.7 MHz with 32 dBW  (25 dBW/MHz (Phase 0)) 
EIRP. The results may be readily extended to the other spectrum deployment phases. 

4.1 Introduction  

The aggregate LightSquared ATCt RFI effect on airborne GPS receivers has been 
analyzed for the scenarios described in Section 3 of this report using the path loss and 
emission models described in Section 2 with the methodology described in Appendix B. 
This methodology uses both probabilistic and deterministic path loss formulations as 
appropriate to the particular scenario.  Base station RFI effects have been analyzed 
assuming both random and fixed grid locations while mobile units are assumed to be 
randomly located. Both location methods share common features of median path loss to a 
given radial location and the radio horizon for a given RFI scenario. They also share a 
measure of the relative ATCt base station tower spacing but use it somewhat differently. 
The random location method uses the tower spacing within a given deployment zone to 
determine an average value of source concentration (probabilistic parameter). The fixed 
discrete method, however, uses the spacing to set the fixed hexagonal grid size.  

RFI effects have been evaluated for interference sources that are within the radio horizon.  
The radio horizon for a given aircraft antenna height is a constraint on the location of 
ATCt sources that can affect the aggregate received RFI.  The estimated radio horizon, R0 
(in meters), between the aircraft antenna and the RFI emitter antenna is based on the 4/3 
Earth radius approximation.  The radio horizon values to ATCt base station and mobile 
antennas for each aircraft operational scenario are taken from Table 3-2. 

Runway exclusion zones summarized in Table 3-3 have been incorporated in the analysis 
for several of the operational scenarios as discussed in Section 3.6. The exclusion zones 
for the random emitter location method are implemented as described in Section B.4.1 
while for the discrete location method an exclusion zone is implemented by simply 
removing one or more of the grid points (see Section B.4.3). 

4.2 Low Altitude Enroute / Terminal Area (FAF WP) Scenario Aggregate RFI Analysis 

Although this operational scenario is formulated at a specific aircraft height above terrain 
(535.2 meters, 1756 feet), it is intended to represent effects over a range of aircraft 
heights from about 1500 to 2000 feet for general low-altitude aircraft operations above a 
large metropolitan area. 

4.2.1 Generic Aggregate ATCt Base Station Fundamental RFI Effect Analysis (FAF WP) 

As described in Section 3.3, the RFI scenario for a generic low altitude / terminal area 
GNSS receiver operation is represented by an aircraft nominally at the FAF waypoint 
(aircraft antenna height = 535.2 m).  The aircraft antenna is 505.2 m above the ATCt base 
station antenna so the lower hemisphere aircraft and upper hemisphere ATCt base 
antenna patterns are used.  The nadir point on its ground track is roughly centered within 
a metropolitan ATCt base station deployment (average tower spacing = 2.2 km out to 
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45.4 km radius, then 6.2 km out to 70.3 km, and 18 km out to 118 km radius radius). No 
source exclusion zone around the airport is used since its effect is insignificant (large 
distance to the runway threshold).  The isotropic median path loss is described in Section 
B.3.2.1, while the base station emitted power spectral density is 25 dBW/MHz (Phase 0).  

4.2.1.1 Random Method Base Station Fundamental RFI Effect Analysis (FAF WP) 

Details of the contributions from the ATCt base station deployment regions to overall 
aggregate results are listed in Table 4-1.  Annular regions #1 and #2 together comprise 
the central metro base station deployment zone (average station concentration = 0.26307 
km-2 or 10-6.580 m-2).  The outer regions #3 and #4 represent the suburban and rural 
deployment zones, respectively, with concentrations relative to the metro center as listed.  
The exclusion angle column entries indicate no source exclusion zone within the region.  

Table 4-1

Annular 
Region #

Rel 
Conc.

Excl. Angle  
(deg)

Inner 
Rad. (m)

Outer 
Rad. (m)

FAGG
Rel. Inv. 
PLAGG

1 1 0 0 20000 4.137E-04 4.137E-04
2 1 0 20000 45400 1.170E-04 1.170E-04
3 0.1259 0 45400 70300 4.254E-06 5.356E-07
4 0.0149 0 70300 117996 6.580E-07 9.829E-09

Total 5.356E-04 5.312E-04

 Random Method Aggregate Calculation Summary (FAF WP) 

 
The last two columns of Table 4-1 list the regional mean aggregate received RFI factors 
(FAGG) and relative mean aggregate inverse path loss factors (Rel. Inv. PLAGG) computed 
with Equations B-24 and B-23, respectively.  By extension of Appendix B Equations B-
23 and B-25, the overall mean aggregate path loss, PLAGG(dB), and mean aggregate 
received RFI power density, PSDR(dB), are given as: 

 PLAGG(dB) = -10 log(ρE IPLAGG), and PSDR(dB) = PSDE(dB) - PLAGG(dB);  

where IPLAGG is the total relative inverse path loss factor for the scenario, ρE is the central 
metro base station concentration and PSDE is the ATCt base station EIRP spectral density 
(25 dBW/MHz (Phase 0) for these scenarios). Using these equations and the Table 4-1 
total relative path loss factor, this scenario results are 98.55 dB mean aggregate path loss 
and -73.55 dBW/MHz mean aggregate received RFI power density.  

4.2.1.2 Discrete Method Base Station Fundamental RFI Effect Analysis (FAF WP) 

For the discrete method, the mean aggregate received RFI, computed as per Equation B-
26 in Section B.4.3, is determined to be -73.60 dBW/MHz at the output port of the 
passive antenna (Point A in Figure 2-1) while the corresponding aggregate path loss is 
98.61 dB.  ATCt base stations are assumed present in all the fixed cells within view with 
cell sizes appropriate to the single city zone model (Figure 2-9). 

4.2.2 Aggregate ATCt Mobile Station Unwanted RFI Effect Analysis (FAF WP) 

For the Final Approach Fix (FAF) scenario the GPS antenna height is 535.2 meters, the 
mobile height at 1.8 meters, and a radio horizon of 100.94 km.  The mobile unit emission 
density PSDE was set at -90 dBW/MHz in the GPS L1 band. The median path loss model 
used is a blending of the two-ray and Hata-Okumura (Hata) models as discussed in 
Section B.3.1.1.2.  
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The analysis was done for a mobile unit surface density ρE of 100, 300, and 1000 units 
per cell. The term "cell" represents 3.80 square kilometers (area of circular region with 
2.2 km average diameter). Analysis results are summarized in the Table 4-2 below. 

Table 4-2

Case 

 Mobile Unit Terminal Area (FAF WP) Scenario Results 

A/C Ant 
Height (m) 

Excl. 
Zone  

Param’s 

100 UE/cell 
Rcv PSD 

(dBW/MHz) 

300 UE/cell 
Rcv PSD 

(dBW/MHz) 

1000 UE/cell 
Rcv PSD 

(dBW/MHz) 

Agg PSD 
w/o  

ATCt 
FAF 
WP 

535.2 None -166.16 -161.39 -156.16 -151.04 

The right hand column in the table shows results from a prior analysis of mobile unit 
interference to airborne GPS receivers in which a variety of mobile and portable unit 
types were assumed present including cell phones, laptop computers, PDAs, WiFi 
equipment, etc., but without LightSquared mobiles.  These units were assumed to radiate 
power at -81.1 dBW/MHz, approximately 10 dB below the 47 CFR 15 limit, and were 
distributed with a surface concentration ρE of 1 per 10,000 m2 (equivalent to 380 units in 
a 2.2 km diameter average ATCt cell).  The ATCt unit columns are for RFI from only the 
ATCt mobiles. 

4.3 Generic Category I Precision Approach Scenario Aggregate RFI Analysis 

As in previous SC-159 RFI analyses [4-1], the generic Category I precision approach 
scenario is represented by its lowest expected antenna height case, the Cat. I DH.  The 
other limiting case for precision approach operations is the FAF WP case (Section 4.2 
above) 

4.3.1 Aggregate ATCt Base Station Fundamental RFI Effect Analysis (Category I DH) 

As described in Section 3.3, the RFI scenario for a generic Category I GNSS receiver 
precision approach operation is represented by an aircraft nominally at the Category I DH 
waypoint (aircraft antenna height = 53.34 m).  The aircraft antenna is 23.34 m above the 
ATCt base antenna so the lower hemisphere aircraft and upper hemisphere ATCt base 
antenna patterns are used.  The nadir point on its ground track is again roughly centered 
within a metropolitan ATCt base station deployment (average tower spacing = 2.2 km out 
to 45.4 km radius).  The radio horizon to a 30 m high ATCt antenna is 52.71 km. A 
source exclusion zone around the airport runway is used as described in Section B.4.2.2. 
Only two deployment zones of the single city model (Figure 2-9) fall within the aircraft 
radio horizon.  As in the FAF WP scenario above the central metro ATCt base 
concentration factor ρE value is 0.26307 km-2 (10-6.580 m-2) for an average 2.2 km diameter 
cell. The isotropic median path loss is described in Section B.3.2.2 and the base station 
fundamental EIRP spectral density is 25 dBW/MHz (Phase 0). 

4.3.1.1 Random Method Base Station Fundamental RFI Effect Analysis (Category I DH) 

Details of the contributions from the ATCt base station exclusion zones and deployment 
regions to overall aggregate results are listed in Table 4-3.  Annular regions #1 - #3 
together encompass the airport exclusion zone.  The exclusion angle column values 
represent the annular half-angle (half the overall annulus angular portion) for zero 
sources.  The innermost annular region, with 180° half-angle, is completely free of ATCt 
base stations.  Regions #4 and #5 together represent the remaining area within the metro 
zone.  Region #6 represents the suburban deployment zone portion within the radio 
horizon with the base station concentration relative to the metro central concentration as 
listed (column 2). 
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Table 4-3

Annular 
Region # Rel Conc.

Excl. 
Angle  
(deg)

Inner 
Rad. (m)

Outer 
Rad. (m)

FAGG
Rel. Inv. 
PLAGG

1 1 180 0 350 0.000 0.000
2 1 40 350 570 7.053E-05 7.053E-05
3 1 12 570 5500 2.220E-04 2.220E-04
4 1 0 5500 20000 1.406E-05 1.406E-05
5 1 0 20000 45400 8.071E-07 8.071E-07
6 0.125911 0 45000 52708 9.500E-09 1.196E-09

Total 3.074E-04 3.074E-04

 Random Method Aggregate Calculation Summary (Category I DH) 

 
The last two columns of Table 4-3 list the regional mean aggregate received RFI factors 
and relative mean aggregate inverse path loss factors computed with Equations B-24 and 
B-23, respectively. Using the technique from 4.2.1.1 and the Table 4-3 total relative 
inverse path loss factor, the scenario results are 100.92 dB mean aggregate path loss and 
-75.92 dBW/MHz mean aggregate received RFI power density.  

4.3.1.2 Discrete Method Base Station Fundamental RFI Effect Analysis (Category I DH) 

The discrete method mean aggregate received RFI, is computed as per Equation B-26 in 
Section B.4.3. The median path loss model used is the Hata model as all ranges are 
beyond 1 km. A single grid point at a radius of 2.91 km was used for the exclusion zone 
(u=-1 and v=2 in Section B.4.3). The mean aggregate power spectral density is 
determined to be -77.63 dBW/MHz while the corresponding aggregate path loss is 102.64 
dB. 

4.3.2 Aggregate ATCt Mobile Station Unwanted RFI Effect Analysis (Category I DH) 

For the Category I Decision Height scenario the GPS antenna height is 53.34 meters, the 
mobile height at 1.8 meters, and a radio horizon of 35.65 km. The emission density PSDE 
was set at -90 dBW/MHz. The median path loss model used is a blending of two-ray, 
Erceg/Greenstein, and Hata models. A wedge shaped exclusion zone was used consistent 
with airport and approach constraints on the shorter mobile unit antenna height (see 
Section  B.4.2.2). 

Again the analysis was done for a mobile unit surface density ρE of 100, 300, and 1000 
units per cell where a "cell" represents 3.80 square kilometers (see Table 4-4 below). 

Table 4-4

Case 

 Mobile Unit Category I DH Scenario Aggregate RFI Results 

A/C Ant 
Height 

(m) 

Excl. 
Zone  

Param’s 

100 UE/ cell 
Rcv PSD 

(dBW/MHz) 

300 UE/cell 
Rcv PSD 

(dBW/MHz) 

1000 UE/cell 
Rcv PSD 

(dBW/MHz) 

Agg 
PSD w/o  

ATCt 
Cat I 
DH 

53.34 R1=488m 
R2=5830m 
θo=17o 

-166.23 -161.46 -156.23 151.11 

4.4 Category II Precision Approach Scenario Aggregate RFI Analysis 

The Category II DH case represents the lowest antenna height case in the Category II 
precision approach operational scenario.  As with the Category I precision approach 
operational secenario, the FAF WP case is the other limiting case.  The Category II DH 
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case also represents the limiting case for the Category III precision approach (Section 
3.4) 

4.4.1 Aggregate ATCt Base Station Fundamental RFI Effect Analysis (Category II DH) 

The RFI scenario for a generic Category II GNSS receiver precision approach operation, 
as described in Section 3.5, is represented by an aircraft nominally at the Category II DH 
waypoint (aircraft antenna height = 25.94 m). This scenario also represents the limiting 
case for Category III approach operations.  The nadir point on its ground track is again 
roughly centered within a metropolitan ATCt base station deployment (average tower 
spacing = 2.2 km out to 45.4 km radius).  The radio horizon to a 30 m high ATCt antenna 
is 43.59 km. The aircraft antenna height is slightly (4.06 m) below the ATCt tower height 
so the aircraft primary antenna pattern region is being illuminated by the primary base 
station antenna pattern.  The central metro base station deployment and a source 
exclusion zone around the airport runway similar to the Category I case are used in the 
Category II DH analyses. The isotropic median path loss is described in Section B.3.2.3 
and the base station fundamental EIRP spectral density is 25 dBW/MHz (Phase 0). 

4.4.1.1 Random Method Base Station Fundamental RFI Effect Analysis (Category II DH) 

Details of the contributions from the ATCt base station exclusion zones and deployment 
regions to overall aggregate results are listed in Table 4-5.  Annular regions #1 - #3 
together encompass the airport exclusion zone.  The exclusion angle column values 
represent the annular half-angle (half the overall annulus angular portion) for zero 
emission.  Regions #4 and #5 together represent the remaining area of the metro 
deployment zone within the radio horizon. 

Table 4-5

Annular 
Region # Rel Conc.

Excl. 
Angle  
(deg)

Inner 
Rad. (m)

Outer 
Rad. (m)

FAGG
Rel. Inv. 
PLAGG

1 1 180 0 420 0.000 0.000
2 1 60 420 840 1.751E-04 1.751E-04
3 1 10 840 4470 1.149E-04 1.149E-04
4 1 0 4470 20000 8.957E-06 8.957E-06
5 1 0 20000 43593 7.031E-07 7.031E-07

Total 2.997E-04 2.997E-04

 Random Method Aggregate Calculation Summary (Category II DH) 

 
The last two columns of Table 4-5 list the regional mean aggregate received RFI factors 
and relative mean aggregate inverse path loss factors computed with Equations B-24 and 
B-23, respectively.  Using the technique from 4.2.1.1 and the Table 4-5 total relative 
inverse path loss factor, the scenario results are 101.03 dB mean aggregate path loss and 
-76.03 dBW/MHz mean aggregate received RFI power density. 

4.4.1.2 Discrete Method Base Station Fundamental RFI Effect Analysis (Category II DH) 

The discrete method mean aggregate received RFI, is computed as per Equation B-26 in 
Section B.4.3. The median path loss model used is the Hata model as all ranges are 
beyond 1 km. A single grid point at a radius of 2.91 km was used for the exclusion zone 
(u=-1 and v=2 in Section B.4.3). The mean aggregate RFI power spectral density is          
-79.09 dBW/MHz while the corresponding aggregate path loss is 104.10 dB. 
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4.4.2 Aggregate ATCt Mobile Station Unwanted RFI Effect Analysis (Category II DH) 

For the Category II Decision Height scenario the GPS antenna height is 25.94 meters, the 
mobile height at 1.8 meters, and a radio horizon of 26.54 km. The emission density PSDE 
was set at -90 dBW/MHz. The median path loss model used is a blending of two-ray, 
Erceg/Greenstein, and Hata models. A wedge shaped exclusion zone was used consistent 
with airport and approach constraints on the mobile unit antenna height (see Section 
B.4.1.2). 

The analysis was done for a mobile unit surface density ρE of 100, 300, and 1000 units 
per cell where a "cell" represents 3.80 square kilometers. Analysis results are shown in 
the Table 4-6 below. Idling mobiles may emit less in the receive mode than in the 
transmit mode. These results assume all units emit the same value (-90 dBW/MHz, 
OOBE regulatory limit) regardless of mode. 

Table 4-6

Case 

 Mobile Unit Category II DH Scenario Aggregate RFI Results 

A/C Ant 
Height 

 (m) 

Excl. 
Zone  

Param’s 

100 UE/cell 
Rcv PSD 

(dBW/MHz) 

300 UE/cell 
Rcv PSD 

(dBW/MHz) 

1000 UE/cell 
Rcv PSD 

(dBW/MHz) 

Agg PSD 
w/o  

ATCt 
Cat 
II 

DH 
25.94 

R1=449.3m 
R2=2842m 
θo=25o 

-164.98 -160.21 -154.98 -149.86 

4.5 Surface Movement (Taxiway) Scenario Aggregate RFI Analysis 

As described in Section 3.4, the RFI scenario for a generic airport surface GNSS receiver 
operation is represented by an aircraft nominally at the end of the taxiway (aircraft 
antenna height = 4 m).  This also represents the limiting case for Category III landing 
operations.  The nadir point is again roughly centered within a metropolitan ATCt base 
station deployment (average tower spacing = 2.2 km out to 45.4 km radius).  The radio 
horizon to a 30 m high ATCt antenna is 30.84 km. The aircraft antenna height is again 
below the ATCt tower height (by 26 m) so its primary antenna pattern region is being 
illuminated by the primary base station antenna pattern.  An exclusion zone is used 
around the airport runway similar to the Category II zone but adjusted for the different 
aircraft location.  The median isotropic path loss is described in Section B.3.2.4. The 
ATCt base deployment zone concentration factor ρE value is 0.26307 km-2 (10-6.580 m-2). 
As in the previous scenarios, the base station fundamental EIRP spectral density is 25 
dBW/MHz (Phase 0). 

4.5.1 Random Aggregate ATCt Base Station Fundamental RFI Effect Analysis (Taxiway) 

Details of the contributions from the ATCt base station exclusion zones and deployment 
regions to overall aggregate results are listed in Table 4-7.  Annular regions #1 and #2 
together encompass the airport exclusion zone.  The exclusion angle column values 
represent the annular half-angle (half the overall annulus angular portion) for zero 
emission.  Regions #3 and #4 together represent the remaining area of the metro 
deployment zone within the radio horizon. 
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Table 4-7

Annular 
Region # Rel Conc.

Excl. 
Angle  
(deg)

Inner 
Rad. (m)

Outer 
Rad. (m)

FAGG
Rel. Inv. 
PLAGG

1 1 180 0 550 0.000 0.000
2 1 22.5 550 4200 2.586E-05 2.586E-05
3 1 0 4200 20000 8.715E-07 8.715E-07
4 1 0 20000 30837 4.120E-08 4.120E-08

Total 2.677E-05 2.677E-05

 Random Method Aggregate Calculation Summary (Taxiway) 

 
The last two columns of Table 4-7 list the regional mean aggregate received RFI factors 
and relative mean aggregate inverse path loss factors computed with Equations B-23 and 
B-24, respectively.  Using the technique from 4.2.1.1 and the Table 4-7 total relative 
inverse path loss factor, this scenario results are 111.52 dB mean aggregate path loss and 
-86.52 dBW/MHz mean aggregate received RFI power density. 

4.5.2 Discrete Aggregate ATCt Base Station Fundamental RFI Effect Analysis (Taxiway) 

The discrete method mean aggregate received RFI is computed as per Equation B-26 in 
Section B.4.3 The median path loss model used is the Hata model as all ranges are 
beyond 1 km. A single grid point at a radius of 2.91 km was used for the exclusion zone 
(u=-1 and v=2 in Section B.4.3). The mean aggregate power spectral density is 
determined to be -88.76 dBW/MHz while the corresponding aggregate path loss is 113.77 
dB. 

4.6 High Altitude Enroute Scenario Analysis 

This scenario, described in Section 3.1, is represented by a limiting case for high altitude 
flight.  The aircraft is at 18,000 feet altitude (the lowest jet route level).  The specific 
aircraft location is above South-central Pennsylvania where several large metro areas 
with planned ATCt deployment are within the aircraft antenna’s radio horizon.  The flight 
level and approximate location were chosen similar to an analysis case in RTCA/DO-
235B.  The two ATCt base location methods are applied in scenarios analyses as above.  
However in this scenario, the path loss is deterministic and the only probabilistic element 
is the uniformly-distributed, random source position in the Random Method. 

The ATCt base station antenna height is 30 m as before and the aircraft antenna height is 
5490 m.  Free-space propagation is assumed between them with the antenna height 
difference of 5460 m and the radio horizon radius to an ATCt base antenna is 328.2 km.  
The base station fundamental EIRP spectral density at antenna beam center is 25 
dBW/MHz (Phase 0) over a 5 MHz channel bandwidth centered at 1552.7 MHz.  ATCt 
base stations are deployed around the metro centers as generally depicted in Figure 2-10.  
However, each location method analyzes the deployment zones somewhat differently.  
Table 3-2 indicates that the aircraft location (39.819° N, 77.573° W) is within radio line-
of-sight of 4 large metro areas (with surrounding suburban rings) and 3 smaller metro 
areas (30 km deployment radius assumed). 

4.6.1 Random Aggregate ATCt Base Station Fundamental RFI Effect Analysis (Enroute) 

The Random Location Method models the ATCt base concentrated deployment areas as 
annular segments within a low-concentration, rural background that has 40 km average 
base station spacing.  The combined aggregate RFI computation proceeds in two steps:  
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a. Computing the low concentration background level while assuming the several metro 
zones are source-free (i.e.; their defining annular segments are exclusion zones) 

b. Computing each high concentration zone aggregate RFI level separately and adding 
those to the aggregate background RFI level to determine the combined aggregate. 

4.6.1.1 Rural Concentration Zone Random Aggregate RFI Analysis 

The rural ATCt base station aggregate effect computation is performed with the help of a 
set of composite integration (metro hotspot) zones (Appendix B), each treated as source-
free for the rural background case.  Table 4-8 lists the dimensions and results from the 
integration for each of the eight zones. 

Table 4-8

Zone # 

 Composite Integration Zone Model –Rural Results 

Inner Rad. (km) Outer Rad. 
(km) 

Full Angle 
(deg.) 

Agg. Factor 
FAGG 

1 62.752 77.289 23.57 7.783 E-06 
2 77.289 119.752 98.57 2.439 E-05 
3 119.752 163.549 75.00 2.943 E-05 
4 223.447 230.516 34.15 4.577 E-06 
5 230.516 280.447 65.59 2.726 E-05 
6 280.447 298.985 31.44 1.041 E-05 

7* 298.985 316.776 76.44 8.256 E-06 
8* 316.776 328.16 45.00 8.256 E-06 

* This zone contain a source-free portion (45°) representing the Atlantic Ocean 

An aggregate factor computed for Zone 0 (covering the area aircraft nadir point out to the 
inner Zone 1 radius) in the rural case is 7.289 x 10-6 and the resulting overall rural 
aggregate factor (algebraic sum of all the 9 zone factors), FTOTR = 1.2507 x 10-4.  The 
rural base station concentration factor ρB = 7.958 x 10-4 km-2 (= 10-9.099 m-2) which holds 
everywhere except the source-free and metro hotspot zones.  Therefore the rural case 
aggregate path loss (in dB), PLAGGR(dB) = -10 log(ρB·FTOTR) = 130.02 dB and the rural 
aggregate received RFI, PSDRR(dB)=PSDE(dB)-PLAGG(dB)·= -105.02 dBW/MHz.  Note 
that this mean aggregate RFI value by itself exceeds the MOPS-related environment limit 
(-129.35 dBW/MHz) by 24.3 dB and the initial acquisition limit (-135.36 dBW/MHz) by 
30.3 dB. 

4.6.1.2 Metro Concentration Zone and Combined ATCt Base Station Aggregate Analyses 

The next step is to use the defined composite zone dimensions from Appendix B to 
compute the hotspot aggregate components by integration over just the angular 
dimension of each zone which, for this pass, contains ATCt base stations.  An adjustment 
in angular dimension is made to exclude the actual source-free ocean area portion of 
Zone 7.  Table 4-9 lists the results of the metro zone computation. 
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Table 4-9

Zone # 

 Composite Integration Zone Model – Metro Results 

Inner Rad. (km) Outer Rad. 
(km) 

Full Angle 
(deg.) 

Agg. Factor 
FAGG 

1 62.752 77.289 23.57 5.460 E-07 
2 77.289 119.752 98.57 9.200 E-06 
3 119.752 163.549 75.00 7.744 E-06 
4 223.447 230.516 34.15 4.805 E-07 
5 230.516 280.447 65.59 6.075 E-06 
6 280.447 298.985 31.44 9.947 E-07 
7 298.985 316.776 31.44* 2.244 E-06 

* The Atlantic Ocean source-free portion (45°) was removed from this zone 

The overall metro aggregate factor (algebraic sum of all the 7 metro zone factors),  
FTOTM = 2.5954 x 10-5.  The metro base station concentration factor ρM = 0.263 km-2  
(= 10-6.58 m-2) holds everywhere except the source-free zones.  The overall metro zone 
aggregate path loss (in dB), PLAGGM(dB) = -10 log(ρM·FTOTM) = 111.66 dB and the metro 
aggregate received RFI, PSDRM(dB)=PSDE(dB)-PLAGGM(dB)·= -86.66 dBW/MHz  

The combined aggregate path loss (in dB), PAGG(dB) = -10 log(ρM·FTOTM + ρB·FTOTR).  
Inserting the results for the rural and metro areas yields PAGG(dB) = 111.60 dB.  Using 
again the simple aggregate formula for the combined aggregate received RFI yields 
PSDR(dB)=PSDE(dB)-PLAGG(dB) =  -86.60 dBW/MHz.  The combined aggregate results 
are clearly dominated by the larger metro aggregate components. 

4.6.2 Discrete Aggregate ATCt Base Station Fundamental RFI Effect Analysis (Enroute) 

From the defined aircraft position (39.819° N, 77.573 W, 5.49 km alt.), aggregate RFI 
elements were computed for seven metropolitan areas within the radio horizon. Those 
areas were, Baltimore, Washington DC, Richmond VA, Harrisburg, Philadelphia, 
Pittsburgh and Allentown PA. A grid structure (see Section B.4.3, Figure B-11) was 
placed at each of the metropolitan areas with the grid origin at the center of each city. 

As before, each metro area is assumed to contain up to three annular rings each populated 
with hexagons of the appropriate cell size.  The analysis assumes a planar earth with the 
distance from aircraft nadir to the center of each metropolitan area denoted by so. 
Interference is computed for each metro area as shown in Table 4-10 and summed to get 
the composite aggregate RFI from all areas.  No ATCt base station RFI was assumed 
from outside the metro zones. 
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Table 4-10

Metro Area 

 Enroute Scenario Discrete Method Results 

# Rings 
Used 

so  (km) Rcv PSD 
(dBW/MHz) 

Agg Path 
Loss (dB) 

Baltimore 2 122.25 -93.81 118.81 
Washington 2 118.58 -92.99 117.99 
Harrisburg 1 91.25 -95.69 120.69 

Philadelphia 1 268.80 -97.31 122.31 
Allentown 1 249.84 -96.79 121.79 
Richmond 2 254.06 -96.33 121.33 
Pittsburgh 1 278.49 -97.57 122.57 

Total   -87.01 112.01 

4.7 Summary Results 

The ATCt base station fundamental aggregate RFI effect analysis results for the five 
aviation operational scenarios are shown below (Table 4-11).  The results are for a 
complete set of ATCt base stations within view of the aircraft GPS antenna. Those 
stations are operating at the LightSquared Phase 0 deployment plan center frequency of 
1552.7 MHz with a 5 MHz channel bandwidth, 32 dBW EIRP (25 dBW/MHz (Phase 0) 
EIRP spectral density) at beam center and peak channel loading (peak 100%).   

Table 4-11

Case 

 ATCt Base Station Fundamental RFI Effect Aggregate Results Summary 

A/C Ant. 
Ht. (m) 

Random Rcv 
PSD 

(dBW/MHz) 

Random 
Agg. PL 

(dB) 

Discrete Rcv 
PSD 

(dBW/MHz 

Discrete 
Agg. PL 

(dB) 
Surface 4.0 -86.52 111.52 -88.76 113.77 
Cat. II DH 25.94 -76.03 101.03 -79.09 104.10 
Cat. I DH 53.34 -75.92 100.92 -77.63 102.64 
FAF WP 535.2 -73.55 98.55 -73.60 98.61 
High Alt. 5490 -86.60 111.6 -87.01 112.01 

Note: All the received power spectral densities exceed the GPS MOPS limit of 
-129.35 dBW/MHz at 1552.7 MHz. Those shown in bold font are cases that 
exceed the limit by the largest amounts. 

The mean aggregate received RFI values above are to be compared with the GPS receiver 
MOPS tracking limit (in dBW/MHz): -129.35 dBW/MHz at the ATCt base transmit 
center frequency.  They all exceed the limit by 42.7 to 55.8 dB (random method).  Even 
the ATCt rural backgound RFI alone exceeds the MOPS-related tracking limit by 24.3 dB 
and the initial acquisition limit (-135.36 dBW/MHz) by 30.3 dB in the high altitude 
scenario (Section 4.6.1.1). If all ATCt base stations were operating at a 60% loading 
factor the range of scenario values would be 40.5 to 53.6 dB above the MOPS-related 
tracking limit. These large mean aggregate received RFI power levels are expected to 
cause complete loss of aviation GPS receive function.  The results are driven primarily by 
the high transmit power and the close proximity of ATCt carrier frequency to the GPS 
receiver passband edge.  ATCt base station deployment concentration also contributes 
directly to the results. 

Analysis results for the ATCt mobile station aggregate unwanted RFI effect are given 
(Table 4-12) for three operational scenarios where the effect is thought to be the largest.  
Because of some uncertainty on the number of mobile stations operating per ATCt cell, a 
range of values were used in the computation: 100, 300, and 1000 mobiles per cell.  Each 
mobile, whether transmitting or idling, is assumed to be emitting -90 dBW/MHz EIRP in 
the GNSS L1 band (1559-1610 MHz). 
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Table 4-12

Case

A/C 
Ant. Ht. 

(m)

100 UE/cell 
Rcv PSD 

(dBW/MHz)

300 UE/cell 
Rcv PSD 

(dBW/MHz)

1000 UE/cell 
Rcv PSD 

(dBW/MHz)

Baseline Rcv 
PSD (no UE) 
(dBW/MHz)

Surface 4.0 - - - -
Cat. II DH 25.94 -164.98 -160.21 -154.98 -149.86
Cat.I DH 53.34 -166.23 -161.46 -156.23 -151.11
FAF WP 535.2 -166.16 -161.39 -156.16 -151.04
High Alt. 5490 - - - -

 ATCt Mobile Station Unwanted RFI Effect Aggregate Results Summary 

 
The mean aggregate received RFI values for the ATCt mobiles above are to be compared 
with the GPS receiver environment limit: -146.5 dBW/MHz at the GPS L1 center 
frequency 1575.42 MHz ± 10 MHz.  All the values, including those for a general set of 
RFI sources described in Section 4.2.2 above are within the environment limit.  Since the 
baseline value is assumed to exist in all the scenario cases, the addition of the ATCt 
mobile RFI raises the overall environment mean by nominally 9% for 300 UEs/cell (up to 
31% for 1000 UEs/cell).  Even though the increased mean is still within the safety 
margin, the probability of exceeding the receiver MOPS test limit (i.e. using the entire 
safety margin) is increased [4-2]. 

Although the effect was not analyzed specifically in this report, comparison of the results 
in Table 4-11 with Table 4-12 suggests that the aggregate RFI contribution from a small 
number of  ATCt mobile stations operating onboard an aircraft parked on the ground1

4.8 References 

 
will not be significant compared to the ATCt base station aggregate RFI effect. 

[4-1] SC-159, “Assessment of Radio Frequency Interference Relevant to the GNSS L1 
Frequency Band,” RTCA Document No. RTCA/DO-235B, 13 Mar. 2008 

[4-2] Rec. ITU-R M.1477, Technical and Performance Characteristics of Current and Planned 
Radionavigation-Satellite Service (space-to-Earth) and Aeronautical Radionavigation 
Service Receivers to Be Considered in Interference Studies in the Band 1 559-1 610 MHz.  

                                                      
1 Operation of ATCt mobile units on board an aircraft in flight is considered highly unlikely, as any such use is 

disallowed unless the aircraft operator has determined that it will not cause harmful interference.  See 14 CFR 
91.21 and 14 CFR 121.306. 
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5 POSSIBLE RFI MITIGATION TECHNIQUES 

Two different mitigation categories for LightSquared ATCt RFI are considered in this 
report: mitigation at the ATCt base or mobile station, and mitigation at the GPS receiver. 

5.1 Interference Mitigation at the Source 

From an aviation perspective, mitigation at the RFI source is, in general, the preferable 
method.  Regulatory limits on the source are a principal type in this category.  Source 
mitigation is generally preferred if there are many more receivers that may be impacted 
compared to the number of emitting sources, all other considerations being equal. 

5.1.1 ATCt Frequency Shift 

One possible means to mitigate the aggregate ATCt base station fundamental RFI 
problem at the 1552.7 MHz transmit center frequency is to shift the transmit center 
frequency to near the lower band limit, 1525 MHz.  This shift takes advantage of the 
minimum required GPS receiver selectivity curve (Figure C-1). The shift would gain 
64.2 dB of extra rejection at a center frequency of 1528.8 MHz and 58.3 dB at 1531 MHz 
compared to 1552.7 MHz.  That move overcomes the current maximum shortfall of 55.8 
dB (Section 4.7) and allows margin for future changes.  If channels are further away from 
the 1559 MHz allocation boundary and chosen properly, the frequency shift also 
eliminates potential third- or higher-order intermodulation products from falling within 
the GPS receiver passband. 

5.1.2 ATCt Power Reduction 

Since the fundamental ATCt base station emission is the source of the primary RFI 
effect, reducing the EIRP might be another means of mitigation.  This reduction would 
most likely need to be combined with a frequency shift and proper channel center 
frequency selection (to avoid third- or higher-order intermodulation).  However, the 
power restriction at the upper 5 MHz channel center would be quite stringent (~-23 dBW 
EIRP max.) to make it compatible.  The estimated maximum transmit power versus 
frequency offset for compatibility is shown below (Figure 5-1). 

The estimated maximum transmit power limit curve (Figure 5-1) is derived from the 
lowest aggregate path loss value versus frequency (~98.5 dB for Low Altitude /Terminal 
Area (FAF WP) scenario) and the receiver MOPS-based susceptibility limit used in this 
report.  A preliminary check of path loss around the 535.2 m scenario antenna height 
suggests the 98.5 dB value may not be the overall minimum. Therefore, further study is 
needed to determine and validate the path loss values used in the derivation.  The antenna 
height for minimum path loss is expected to be between 535 m and 1 km for a single city 
ATCt base station deployment. The path loss is not likely to be more than 2 dB lower 
than the 535 m value. Since the path loss values used in the power limit curve are mean 
values, the further study should also include computation of the path loss cumulative 
probability distribution function. Further work to confirm the receive system 
susceptibility to broadband RFI near 1528 MHz is also needed. 
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Figure 5-1

5.2 GPS Receiver Susceptibility Reduction 

 Estimated Max. ATCt Base Station EIRP versus Channel Center Freq. 

Fielded airborne GPS, GPS/LAAS, and GPS/WAAS receivers and antennas were 
designed and certified to meet applicable performance standards in the presence of an 
assumed interference environment defined in RTCA Minimum Operational Performance 
Standards (RTCA/DO-316, DO-253C, DO-229D [5-1]) and corresponding FAA 
Technical Standard Orders. As discussed in Section 2.2.2.2, these MOPS only require 
that the installed equipment meet the applicable performance standards in the presence of 
interference levels of up to -86.4 dBm when the interference has the characteristics of the 
LightSquared ATCt base station 5-MHz emissions centered at 1552.7 MHz. This 
subsection briefly examines potential means of reducing GPS receiver susceptibility to 
near-band interference. 

5.2.1 Improved Preselection 

Most airborne installations use active antennas, built to RTCA/DO-301 [5-2] or the 
earlier RTCA/DO-228 (with change 1) MOPS [5-3].  DO-301 requires filtering (pre-
selection and/or post-selection), but the required attenuation at the upper LightSquared 5-
MHz ATCt emission center frequency of 1552.7 MHz is small – only around 6 dB. It 
would be very difficult to achieve much greater attenuation within an active antenna 
considering current commercially–available, aviation-grade filters, while simultaneously 
meeting the DO-301 performance requirements including: 

• Differential group delay over L1 +/-10.23 MHz shall not exceed 25 ns 
• Noise temperature requirements that dictate a maximum preselection insertion loss 

on the order of 2 dB or less. This is a typical design requirement, after accounting for 
the insertion loss of protector circuitry (e.g., to meet the burnout protection and 
lightning susceptibility requirements) and typical low noise amplifier noise figure. 
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• Minimum 3-dB bandwidth of 15 MHz.  

Although not specified in DO-301, form factor requirements are also important. The 
ARINC 743A [5-4] form factor (4.7 × 2.9 × 0.75 in3) is most commonly invoked for 
transport-category aircraft, whereas business or general aviation aircraft often utilize 
either ARINC 743A or a smaller tear-drop form factor.  Increasing the size of the antenna 
package over the standard form factors may make retrofitting antennas difficult.  Higher 
profile antennas will result in increased drag and icing accumulation. 

The antenna performance and form-factor requirements are most typically met through a 
combination of pre- and post-selection ceramic filters. Such filters are not easily found 
with 3-dB bandwidths less than 24 MHz. Although advances have been made in recent 
years with low insertion-loss surface acoustic wave and bulk acoustic wave filters, those 
available commercially today also do not offer a solution to significantly increase 
selectivity at the LightSquared upper carrier frequency. 

The only technology available today that can provide significantly greater selectivity over 
that found within a DO-301 compliant antenna is a cavity filter. Cavity filters, however, 
are far too large to fit within the antenna unit. Typical dimensions are on the order of 6 × 
2 × 3 in3 for a cavity filter providing 25 dB of attenuation at 1552.7 MHz. 

New filter designs are being studied that may be able to solve the RFI compatibility 
problem of an ATCt carrier up to 1555.2 MHz. Vendors involved have predicted 
potential availability within the next several years. 

The preferred approach for increasing selectivity in the long-term would be through the 
invocation of new performance standards for the combined antenna/receiver combination 
that would allow the manufacturers the ability to optimally layer filtering throughout the 
front-end. This approach would take many years, since it would require new standards to 
be developed, and installed within the fleet of aircraft that operate within U.S. airspace. 
Building to increased selectivity standards would also correct other potential coupling 
mechanisms such as reciprocal mixing, etc.  

5.2.2 Adaptive Spatial (Antenna) Processing 

Adaptive antenna processing is used for some military high-value platforms as a means to 
suppress interference. This technology requires the use of multi-element antenna arrays 
with typically 4 – 7 elements spaced an appreciable fraction of a wavelength apart. The 
physical antenna is thus very large, heavy, and expensive. There are limitations to the 
number of interference sources that can be simultaneously suppressed, which would 
likely be surpassed by the LightSquared network where hundreds of ATCt base stations 
could be simultaneously visible. The FAA has dismissed the use of such technologies for 
civil aircraft since they are export-controlled, which combined with the above high costs 
makes this technology impractical for civil aviation.  

5.2.3 Improved Receiver Tracking Processes 

As discussed in RTCA/DO-235B, the most vulnerable GPS/WAAS receiver functions in 
the presence of interference are carrier phase tracking and WAAS data demodulation. 
There are no commercially-available technologies to improve either of these functions 
substantially. Vector-tracking has been explored to improve the robustness of both carrier 
phase and code tracking, but is not yet mature to the point where it can be found in any 
civilian GPS products. WAAS data demodulation, as discussed in DO-235B, is currently 
performed to within 1.5 dB of the theoretical C/N0 limits. Very slight improvements in 
C/N0 margin would require great improvements in oscillator phase noise, which is 
impractical given that this solution would require new receivers. If new receivers are to 
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be built then increasing receiver selectivity would be a far more promising solution to 
cope with LightSquared ATCt emissions.  

5.3 References 

[5-1] SC-159, “Minimum Operational Performance Standards for Global Position 
System/Wide Area Augmentation System Airborne Equipment,” RTCA Document No. 
RTCA/DO-229D, 13 Dec. 2006. 

[5-2] SC-159, “Minimum Operational Performance Standards for Global Navigation Satellite 
System (GNSS) Airborne Active Antenna Equipment for the L1 Frequency Band,” 
RTCA Document No. RTCA/DO-301, 13 Dec. 2006. 

[5-3] SC-159, “Minimum Operational Performance Standards for Global Navigation Satellite 
System (GNSS) Airborne Antenna Equipment,” RTCA Document No. RTCA/DO-228, 
20 Oct. 1995, (with Change 1), 1 Nov. 2000. 

[5-4] AEEC, “GNSS Sensor Characteristics,” ARINC Characteristic 743A, May, 2009  
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6 SUMMARY AND CONCLUSIONS 

6.1 Summary Overview 

This report documents a study conducted by RTCA Special Committee 159 in response 
to an FAA request to address the issue of compatibility between the operation of a 
terrestrial wireless broadband network in the bands 1525-1559/1626.5-1660.5 MHz by 
LightSquared, pursuant to its FCC license, and GPS receivers onboard aircraft.  To 
address a specific FAA-requested study aspect, the study determined analytically the 
mean aggregate received RFI from a distribution of LightSquared terrestrial base and 
mobile units within view of an aircraft GPS receiver in five operational situations.  To 
address the other specific aspect, the study investigated aircraft GPS receiver RFI 
susceptibility to the planned LightSquared signals by a combination of modeling using 
existing domestic and international standards and laboratory testing of four certified 
aircraft GPS receivers.  The study also briefly addressed RFI source and GPS receiver 
mitigation methods.  From that effort and other study results, a modification was 
proposed for the LightSquared terrestrial network radio spectrum deployment to allow 
RFI compatibility with aircraft GPS receiver operations. 

6.2 Assessment Element Summaries 

The following sub-sections summarize the basic analysis framework and parameters for 
the GPS receiver, propagation path loss models, and ATCt sources (6.2.1); the RFI 
analysis scenarios (6.2.2); the aggregate RFI analyses (6.2.3); and the possible RFI 
mitigation options (6.2.4). 

6.2.1 Aeronautical RFI Effect Analysis Methodology and Element Models 

As described in Section 2, the RFI effects analyses in this report use the classic source-
path-receiver method as the basic framework similar to previous RTCA SC-159 analyses.  
Each of the three framework elements is modeled by a set of key parameters.  For 
potential RFI sources the method prescribes collection of key parameters such as 
effective isotropic radiated power (EIRP) (both fundamental and unwanted) and carrier 
frequency, antenna gain pattern, and modulation type and spectral shape.  Key 
characteristics collected for the “path” element include scenario-specific distances and 
directions from the receiver to the RFI sources, type of radio wave propagation (free-
space or other type), and propagation statistics.  Basic propagation path models (i.e.; 
isotropic attenuation versus distance) can be described independent of the RFI scenario.  
Key characteristics for the GNSS receiver generally include signal sensitivity, selectivity, 
RFI susceptibility, receive antenna gain patterns, and minimum performance 
requirements. 

6.2.1.1 ATCt Source Model Summary 

Key ATCt source power parameters used in this study are 32 dBW total base station 
fundamental EIRP per channel and -90 dBW/MHz (1559-1610 MHz) 
unwanted/unintentional mobile unit EIRP spectral density.  ATCt base station channel 
center frequencies are 1552.7 MHz (Phase 0 deployment), 1528.8 and 1552.7 MHz 
(Phase 1), and 1531 and 1550.2 MHz (Phase 2).  The base station channel modulation is 
the 3GPP LTE (orthogonal frequency division multiplex) which has essentially a 
rectangular spectrum shape either 5 MHz wide (Phases 0 and 1) or 10 MHz wide (Phase 
2).  Mobile units transmit low fundamental power (-7 dBW EIRP) with 3GPP LTE 



46 

©2011 RTCA, Inc. 

modulation on paired 5 or 10 MHz wide channels centered 101.5 MHz above the 
corresponding base station channels. 

The base station transmit antenna main beam has wide horizontal plane beamwidth and 
narrow vertical plane beamwidth to cover a 120° wide sector. The antenna pattern is 
modeled for analysis by a parabolic fit to the vertical pattern main beam and constant, 
low-gain limit levels for the side- and back-lobes.  Mobile units are assumed to have a 0 
dBi omni-directional pattern for unwanted /unintentional emissions.  Average base 
station tower-to-tower spacing values in a given metropolitan deployment zone (e.g., 2.2 
km in the metro high density central zone) help define base station locations and average 
cell diameters for the ATCt base and mobile unit aggregate RFI analyses. 

6.2.1.2 Isotropic Propagation Path Model Summary 

All the RFI propagation path loss models used in this study are based on the flat-earth 
approximation in which the ground under the aircraft is assumed to be essentially smooth 
and flat out to a radio horizon radius from the point directly under the aircraft.  This radio 
horizon value depends, in general, on the heights of the aircraft GNSS and RFI source 
antennas and the amount of atmospheric refraction along the path.  This report uses the 
4/3 Earth radius approximation to account for the refractive effect on the radio horizon. 

The isotropic propagation path model in four of the five RFI scenarios in this study is a 
probabilistic model to address random phenomena of scattering, reflections, and blockage 
prior to arriving at an aircraft's GPS antenna.  These propagation environments were the 
subject of much research during the development of cellular radio systems. As a result, 
the cellular radio community has over the years developed propagation models which for 
the most part are applicable to the present RFI evaluation scenarios.  The probabilistic 
model for the median isotropic path loss in this study is a blend of three segment models: 
a two-ray model for short ranges, a Hata-Okumura model for long ranges, and one of two 
medium range models to connect the short- and long-range segments for a continuous 
function.  For the ATCt base station analyses, the medium range path segment is a 
constant-slope logarithmic fit function.  For ATCt mobile unit analyses, due to antenna 
height limitations, it is a modified Erceg/Greenstein model.  The deterministic isotropic 
path loss model for the high altitude enroute scenario is the free-space model (attenuation 
proportional to the square of the distance). 

6.2.1.3 GNSS Airborne Receiver Model Summary 

The L1 band GPS receiver system model used in the analyses consists of an active 
antenna unit1

                                                      
1  A passive radiating antenna element and low noise amplifier with pre- and post-selector RF filters 

 connected via coaxial cable to a receiver-processor unit.  The receiver 
system model s a “minimum operational performance” model, i.e.; the least complex 
configuration needed to meet current generation GPS L1 MOPS performance 
requirements (e.g., GPS and SBAS signal tracking and data demodulation).  The receiver 
system is tested to meet the performance requirements at minimum rated desired signal 
levels in the presence of various amounts of RFI.  The two principal receiver RFI test 
conditions which form the bases for analyzing receiver susceptibility to the LightSquared 
ATCt emissions are the adjacent band CW RFI limit versus frequency and the maximum 
wideband non-aeronautical RFI power spectral density within the GPS receiver passband.  
Consistent with standard spectrum management practice, these maximum test limits are 
adjusted downward by 6 dB for the analyses to provide a safety margin for environment 
uncertainties. 
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The principal effect mechanism of strong near-band RFI signals from ATCt base stations 
is overload of the receiver selectivity that results in receiver RF/IF gain compression for 
the desired signal. Other degradation mechanisms are possible but overload was chosen 
for simplicity.  This effect mechanism is modeled for this report as a function of total 
received RFI power at a center frequency essentially independent of RFI signal 
bandwidth.  The ATCt base station received RFI is compared to the safety margin-
adjusted, MOPS adjacent band CW susceptibility limit versus frequency (e.g., -122.35 
dBW total received power at 1552.7 MHz, the upper 5 MHz wide base station channel 
center frequency). 

The principal effect mechanism for low level unwanted /unintentional RFI emissions 
received from ATCt mobile units is an increase of the baseline broadband RFI present 
within the GPS receiver passband that reduces the carrier to noise density ratio.  The 
derived limit in this case is -146.5 dBW/MHz within the GPS passband 1575.2 ± 10 
MHz.  These RFI values are referenced to the GPS passive receive antenna output 
terminals.  The receive antenna gain upper and lower hemisphere patterns used in these 
analyses have been developed within RTCA SC-159 for previous analyses. 

6.2.2 Aeronautical RFI Encounter Scenario Development 

As detailed in Section 3, five general operational scenarios have been selected from 
among normal aircraft operations for the ATCt aggregate RFI evaluations in this report:  
• high altitude enroute,  
• low altitude enroute / terminal area (FAF waypoint),  
• Category I precision approach,  
• Category II/III precision approach, and 
• airport surface movement (taxiway) operations. 

GPS-based navigation and/or position reporting is in use now or is in development for the 
operations represented by these scenarios.  Basic RFI encounter scenarios for the 
operations have been developed within SC-159 for previous RFI assessments and have 
been adapted to address the ATCt base station sources.  Each RFI encounter scenario 
places the aircraft at a certain representative location and height above ground.  Table 6-1 
summarizes for the five RFI encounter scenarios the key antenna height and radio 
horizon parameters assumed and calculated for use in the RFI analysis. 

Table 6-1

Scenario 
Case 

 Aeronautical Scenario Antenna Height and Radio Horizon Parameters 

Aircraft 
Ant. Ht. 

(m) 

ATCt Base 
Ant. Ht 

(m) 

ATCt 
Mobile Ant. 

Ht. (m) 

Radio 
Horiz. to 

Base (km) 

Radio Horiz. 
to Mobile 

(km) 
Surface 4.0 30 N/A 30.84 N/A 
Cat. II DH 25.94 30 1.8 43.59 26.54 
Cat. I DH 53.34 30 1.8 52.71 35.65 
FAF WP 535.2 30 1.8 118.00 100.94 
High Altitude 5490 30 N/A 328.16 N/A 

Generic locations at or near metropolitan airports are used in the RFI evaluation for the 
first four cases in Table 6-1.  A specific case location over South-Central Pennsylvania is 
used to evaluate aggregate RFI that may be encountered in a high altitude scenario.  This 
case is believed to be representative of enroute operations near densely populated coastal 
regions of the United States.  An aircraft flying at 5490 m (18,000 feet) altitude over the 
indicated location will have seven different metropolitan areas within its radio horizon.  
Table 3-2 lists key parameters for the High Altitude Enroute specific case. 
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Table 6-2

Location 

 Metropolitan Areas Visible in High Altitude Enroute Specific Case 

Lat. (°N) Long. (°W) Distance to 
aircraft (km) 

City Radius 
(km) 

Aircraft 39.819 77.573 N/A N/A 
Baltimore, MD 39.291 76.610 122.26 45.4 
Washington, DC 38.899 77.036 118.58 45.4 
Harrisburg, PA 40.260 76.882 91.25 30.0 
Philadelphia, PA 39.952 75.162 268.80 45.4 
Pittsburgh, PA 40.438 79.997 278.49 45.4 
Allentown, PA 40.603 75.470 249.84 30.0 
Richmond, VA 37.541 77.434 254.06 30.0 

FAA airport and approach layout guidelines contain various limitations on structure 
height and presence of objects on or near airport operational areas.  Those guidelines are 
used in this report to determine location restrictions on the ATCt base station antennas 
and mobile units (source exclusion zones).  Table 6-3 summarizes the scenario RFI 
source exclusion zone parameters used in the aggregate RFI evaluations. 

Table 6-3

Scenario 
Case 

 Aeronautical Scenario ATCt Source Exclusion Zone Parameters 

Base 
Inner 

Rad. (m) 

Base 
Outer 

Rad. (m) 

Annular 
Half-Ang. 

(deg) 

Mobile 
Inner 

Rad. (m) 

Mobile 
Outer 

Rad. (m) 

Annular 
Half-Ang. 

(deg) 
Surface 
(Taxiway) 

0 
550 

550 
4200 

180 
22.5 

N/A N/A N/A 

Cat. II DH 0 
420 
840 

420 
840 
4470 

180 
60 
10 

 
 

449.3 

 
 

2842 

 
 

25 
Cat. II DH 0 

350 
570 

350 
570 
5500 

180 
40 
12 

 
 

488 

 
 

5830 

 
 

17 
Term. Area 
(FAF WP) 

N/A N/A N/A N/A N/A N/A 

High Alt. 
Enroute 

298985* 328160* 45* N/A N/A N/A 

* This high altitude exclusion zone annular segment represents the Atlantic Ocean off 
New Jersey and the Delmarva Peninsula (45° full angular extent). 

Initial and warm-start signal acquisition are important receiver modes in several of the 
operational scenarios. However for this ATCt RFI assessment, the GPS aircraft receiver 
mode with the highest RFI test limits, signal tracking and data demodulation, is the 
chosen assessment basis. 

6.2.3 Aggregate ATCt Base and Mobile Station RFI Analysis Summary 

6.2.3.1 ATCt Location Methods Summary 

Aggregate RFI effects for ATCt base stations have been analyzed assuming both random 
and fixed grid station locations while mobile units are assumed to be randomly located 
within a cell. Three different values are analyzed for the number of mobile units per 
average cell area.  Both location methods share common features of median path loss to a 
given radial location and the radio horizon for a given RFI scenario (Table 6-1).  They 
also share a measure of the relative ATCt base station tower spacing but use it somewhat 
differently.  The random location method uses the tower spacing within a given 
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deployment zone to determine an average value of source concentration (probabilistic 
parameter). The fixed discrete method, however, uses the spacing to set the fixed 
hexagonal grid size.  The random method aggregate RFI calculation is performed by 
integration of a specified continuous function of location radius from zero to the radio 
horizon, while the discrete method calculation is performed by summing a similar 
function at specific discrete locations out to the radio horizon. 

Source exclusion zones (Table 6-3) in the vicinity of airports are incorporated in the 
analysis for several of the operational scenarios as discussed in Section 3.6.  The 
exclusion zones for the random emitter location method are implemented in the form of 
annular sectors with particular angular and radial size parameters. For the discrete 
location method an exclusion zone is implemented by simply removing one or more of 
the grid points from the sum.  An ocean exclusion zone is used in the high altitude 
scenario to represent the Atlantic Ocean off the eastern U.S. shore. 

6.2.3.2 Aggregate ATCt Base Station RFI Analysis Summary 

For each of the five RFI scenarios Table 6-4 shows the aggregate mean received RFI 
power spectral density and aggregate path loss for ATCt base station fundamental 
emissions as determined by the random and fixed discrete source location methods. The 
results are for the full distribution of ATCt base stations within view of the aircraft GPS 
antenna at the indicated antenna heights.  Those ATCt base stations are operating at the 
LightSquared Phase 0 deployment plan center frequency of 1552.7 MHz with a 5 MHz 
channel bandwidth, 32 dBW EIRP (25 dBW EIRP spectral density) at beam center, and 
peak channel loading.  The single-city ATCt base station deployment concentration 
(Figure 2-9) is used for the surface through FAF WP scenarios and the multi-city 
concentration (Figure 2-10) is used for the high altitude scenario. 

Table 6-4

Case 

 ATCt Base Station Fundamental RFI Effect Aggregate Results Summary 

A/C Ant. 
Ht. (m) 

Random Rcv 
PSD 

(dBW/MHz) 

Random 
Agg. PL 

(dB) 

Discrete Rcv 
PSD 

(dBW/MHz 

Discrete 
Agg. PL 

(dB) 
Surface 4.0 -86.52 111.52 -88.76 113.77 
Cat. II DH 25.94 -76.03 101.03 -79.09 104.10 
Cat. I DH 53.34 -75.92 100.92 -77.63 102.64 
FAF WP 535.2 -73.55 98.55 -73.60 98.61 
High Alt. 5490 -86.60 111.60 -87.01 112.01 

Note: All the received power spectral densities exceed the GPS MOPS limit of 
-129.35 dBW/MHz at 1552.7 MHz. Those shown in bold font are cases that 
exceed the limit by the largest amounts. 

The Table 6-4 aggregate mean received RFI values are to be compared with the GPS 
receiver MOPS-related environmental limit: -129.35 dBW/MHz at the ATCt base station 
Phase 0 transmit center frequency (1552.7 MHz).  Depending on the scenario, the mean 
RFI results from the random location method exceed that limit by 42.7 dB (high altitude) 
to 55.8 dB (FAF).  If the base stations were all operating at a nominal 60% loading factor, 
all the scenario mean received power results would decrease by 2.2 dB.  These results are 
driven primarily by the high transmit power, the station deployment concentration, and 
the close proximity to the GPS aviation receiver passband edge.  These large mean 
aggregate received RFI power levels are expected to cause complete loss of aviation GPS 
receive function. 
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6.2.3.3 Aggregate ATCt Mobile Station RFI Analysis Summary 

Table 6-5 summarizes the ATCt mobile unit (UE) aggregate results for the combined 
unwanted (transmitting) and unintentional (idling) RFI emission effects.  The scenarios 
analyzed here are believed to have the largest RFI impact.  Regardless of UE operating 
mode, the RFI emission assumed for this report is -90 dBW/MHz in the GNSS L1 band, 
1559-1610 MHz (i.e.; the ATCt license OOBE limit).  Within the range for numbers of 
UE’s/cell, the 300 unit count RFI values are thought to be most representative.  The 
reference cell size has a 2.2 km average diameter (3.8 square kilometers area). 

Also listed in Table 6-5 for the three scenario cases are aggregate values for a baseline set 
of general portable and mobile electronic devices (not including ATCt UE’s) previously 
described in Section 4.2.2 and taken from RTCA/DO-235B [6-1].  The DO-235B model 
baseline devices are assumed to be emitting -81.1 dBW/MHz (unwanted or unintentional 
RFI EIRP) with average surface concentration of 1 per 104 square meters (= 380 devices 
in an average ATCt metro cell area).  The baseline aggregate RFI values are calculated 
with the same method as the ATCt mobile unit values for each scenario. 

Table 6-5

Case

A/C 
Ant. Ht. 

(m)

100 UE/cell 
Rcv PSD 

(dBW/MHz)

300 UE/cell 
Rcv PSD 

(dBW/MHz)

1000 UE/cell 
Rcv PSD 

(dBW/MHz)

Baseline Rcv 
PSD (no UE)

Surface 4.0 - - - -
Cat. II DH 25.94 -164.98 -160.21 -154.98 -149.86
Cat.I DH 53.34 -166.23 -161.46 -156.23 -151.11
FAF WP 535.2 -166.16 -161.39 -156.16 -151.04
High Alt. 5490 - - - -

 ATCt Mobile Station Unwanted RFI Effect Aggregate Results Summary 

 
When Table 6-5 aggregate mean results are compared to the GPS L1 MOPS receiver 
environment limit, -146.5 dBW/MHz over 1575.42 ± 10 MHz, all the individual results 
are within the MOPS-related environment limit.  However, the baseline value in each 
scenario is always assumed to be present.  Thus the presence of the additional ATCt 
mobile units increases the overall non-aeronautical RFI environment mean power spectral 
density. 

The extra ATCt mobile station RFI does not have as significant an effect on the aviation 
GPS receiver (increase over baseline RFI level is nominally 9% for 300 UEs per cell to 
31% for 1000 UEs per cell) as the base station fundamental RFI effect.  However it still 
poses some increased probability risk over the baseline situation of exceeding the safety 
margin. 

6.2.4 Possible Mitigation Techniques 

RFI Source mitigation options discussion (Section 5.1) suggests a frequency shift to the 
lowest ATCt base station channel (1528.8 MHz) would allow compatibility as long as 
station deployment concentrations do not increase over the assumed levels.  An initial 
estimated maximum transmit power limit curve (Figure 5-1) as a function of ATCt base 
station channel center frequency has been derived as a guide for assessing RFI 
compatibility.  Since it is based on a minimum aggregate path loss value from the 5 RFI 
scenarios and may not be the actual minimum value, more study is needed to refine the 
limit curve.  Aviation GPS receiver wide bandwidth RFI susceptibility performance near 
1528 MHz also needs further validation work. 
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Receiver mitigation options discussion (Section 5.2) suggests the only viable option in 
the long term is through invocation of new performance standards for the combined 
antenna/receiver combination that would allow the manufacturers the ability to optimally 
layer filtering throughout the receiver front-end.  This approach would take many years, 
since it would require new standards to be developed, and installed within the fleet of 
aircraft that operate within U.S. airspace.  No viable short term options based on changes 
to GPS receivers or antennas have been identified. 

6.3 Conclusions and Recommendations 

The study concludes that the current LightSquared terrestrial authorization would be 
incompatible with the current aviation use of GPS, however modifications could be made 
to allow the LightSquared system to co-exist with aviation use of GPS. The following 
conclusions and recommendations are strictly based on the operational parameters for the 
LightSquared terrestrial wireless broadband network described in Section 2.4 and source 
mitigations identified in Section 5.  These operational parameters would produce less RFI 
than if LightSquared were to operate at its fully-authorized limits. 

In addition, the analysis is based upon the assumption that all equipment is minimally 
compliant with the interference rejection requirements in harmonized domestic and 
international standards.  Additionally, since GPS is an aviation safety service, the 
analysis includes a 6 dB safety margin as is standard practice (see e.g., ITU-R M.1477 [6-
2]).  Results from the four receivers tested (see Appendix D) show that these receiver 
models are significantly more resilient to interference from the LightSquared ATCt base 
stations than limits derived from the standards. 

The impact of a LightSquared terrestrial base station upper channel spectrum deployment 
is expected to be complete loss of GPS receiver function.  Because of the size of the 
single-city station deployment, GPS-based operations below about 2000 feet will be 
unavailable over a large radius from the metro deployment center (assuming no other 
metro deployments are nearby).  Given the situation in the high altitude U.S. East Coast 
scenario, GPS-based operations will likely be unavailable over a whole region at any 
normal aircraft altitude. 

The results of this study indicate that terrestrial base station operation at the lower 5 MHz 
wide channel (1526.3 – 1531.3 MHz) is compatible with aviation GPS operations for all 
the representative scenarios (including both signal tracking and initial acquisition). The 
study indicates that for ATCt base stations using only the lower 10 MHz wide channel 
(1526-1536 MHz), there is a small positive margin for GPS tracking (but not necessarily 
initial acquisition) in the presence of mean aggregate terrestrial network RFI. 

The main recommendations from this aviation GPS receiver operational assessment are: 

1. From an aviation perspective, LightSquared upper channel operation should not be 
allowed.  

2. Further study is recommended to more carefully determine a refined terrestrial base 
station power versus frequency limit considering: 

a. determination of the lowest path loss for the low altitude enroute scenario, 

b. confirmation of acceptable receiver susceptibility for GPS initial acquisition and 
signal tracking in the presence of the 10 MHz bandwidth terrestrial network 
interference, 

c. computation of the cumulative probability distribution function for the aggregate 
path loss. 
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A  MOPS-BASED GNSS RECEIVER BROADBAND RFI TEST PROCEDURES 

The objective of the following tests is to evaluate the overload and desensitization impact 
of the LightSquared transmissions on the GNSS receiver. This impact is verified by 
evaluating GPS receiver performance metrics (critical to a certified aviation receiver) in 
the presence of LightSquared 3GPP Interferers. 

A.1  MOPS-based GPS Receiver Overload RFI Effect Test Procedures  

The intent of the following test procedures is to evaluate the impact of LightSquared’s 
LTE (3GPP) signal transmissions on the GPS receiver’s performance. The following test 
procedures focus on the application of Continuous Wave (CW) and broadband interferers 
at specific frequency ranges and varying power levels.  

The simulation conditions used for the measurement accuracy tests in RTCA/DO-229D 
(Section 2.5.8) are used as a baseline for the purposes of evaluating the GNSS receiver’s 
performance in the presence of these transmissions. Based on available information, it is 
observed that LightSquared’s LTE (3GPP) transmission bandwidths will be 10 MHz 
wide (2 channels across 1526 – 1536 MHz and 1545.5 – 1555.2 MHz) during their final 
phase 2 deployment. The LTE downlink closest to the GPS band will be centered at 
1550.5 MHz (1550.5 +/- 5 MHz). However, during the initial phase zero deployment, the 
LTE downlink is centered on 1552.7 and is 5 MHz wide (1550.2 to 1555.2 MHz).  

For the purposes of the preliminary evaluation the total transmit power in the downlink 
band is assumed to be concentrated at a single frequency point (for e.g. at 1552.7 MHz).  
At the outset, the LightSquared signal is not expected to correlate with the GNSS signal.  
To validate this, the test will initially be performed with CW interference (CWI).  The 
next step would be to utilize a signal generator to replicate the LightSquared 
transmissions and compare the receiver impact of these transmissions at varying power 
levels to that of the CWI. This will aid towards obtaining a correction factor between 
CWI and the LTE modulations.  It will also help provide a reference point for the range 
accuracy SBAS message loss rate tests. The initial power levels of the LightSquared 
transmissions (for the baseline test conditions explained below) would be set at the same 
level as the GPS Receiver’s CW Interference mask RTCA/DO-229D Appendix C). 

The reported Carrier to Noise ratio (CNR) from the GPS Receiver is used as a yardstick 
of receiver performance.  In addition, the pseudorange measurement accuracy (which 
reflects a critical receiver performance metric) and SBAS Message failure rates (for 
applicable units) will be evaluated at specific 3GPP Interferer signal levels. However, for 
a given receiver architecture, the range measurement accuracy is typically tied to the 
CNR. 

A.1.1  Carrier-to-Noise Ratio (CNR) Degradation Baseline Test  

The following depicts the test conditions used for comparison of relative impact of the 
CW interference versus the 3GPP LTE interferers.  

A.1.1.1  CNR Degradation Baseline Test Satellite Simulator and Interference Conditions 

The simulator and interference conditions shall conform to the following requirements: 

a. For all test scenarios, the broadband GNSS test noise and Nsky,antenna (-172.5 
dBm/Hz) shall be simulated. A broadband external interference noise (IExt,Test) has 
a spectral density equal to -173.5 dBm/Hz at the antenna port.  
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The CW power and frequencies are listed in Table A-1. These CW frequencies are the 
mid band frequencies of the 5 and 10 MHz LTE 3GPP BTS bands that would be rolled 
out across Phases 0, 1A and 2. 

The GNSS test noise depends on the number, power, and type of satellites simulated 
during the test.  The power spectral density of the total GNSS Noise (IGNSS) is -171.9 
dBm/Hz (RTCA/DO-235B, Appendix F.2.3).  This GNSS Noise was derived for GPS 
tracking but is used in the test for both GPS and SBAS tracking to allow simultaneous 
testing of GPS and SBAS thereby reducing test time.  However it is acceptable to run the 
SBAS testing separately using a total GNSS Noise (IGNSS) of -172.8 dBm/Hz for 
collection of the SBAS message loss rate data.  The effective noise power spectral 
density (ITest) of the satellites present in the simulator scenario may be removed from the 
total GNSS Noise; to do so, the satellite equivalent power spectral density specified in 
Table A-2

IGNSS,Test = 10log10[10-171.9//10 - 10ITest/10];  where: 

 (IGH, IGL, ISH, and ISL) is removed for each satellite present.  The number of 
maximum power GPS satellites is NGH, the number of minimum power GPS satellites is 
NGL, the number of maximum power SBAS satellites is NSH, and the number of 
minimum power SBAS satellites is NSL. The GNSS test noise is determined by removing 
ITest from IGNSS as follows: 

 ITest = 10log10[(NGL)10IGL/10 + (NGH)10IGH/10 + (NSL)10ISL/10 + (NSH)10ISH/10]  

Note:  The indicated power levels (both signal and noise) are for the steady-state 
portion of the tests; power levels are set to the required values once steady 
state navigation has been achieved.  Refer to Appendix M of RTCA/DO-229D 
for an explanation of how ITest is derived and examples of the computation of 
IGNSS,Test and how it may be applied. This appendix also provides guidance on 
how the test can be setup. 

Simulated GPS and SBAS RF shall be at the minimum power level for the equipment.  
One GPS satellite shall be set to the maximum power level (including maximum transmit 
power and maximum combined satellite and aircraft antenna gain).  At least two SBAS 
satellites shall be used. 

When the setup uses an external amplifier to simulate the impact of the GNSS Antenna 
preamplifier (RTCA/DO-301 equivalent antenna), it is recommended that a net 30dB 
gain (to simulate maximum antenna pre-amp gain and minimum cabling loss) is 
implemented in order to evaluate the worst case impact of the 3GPP Interferers.  

Table A-1

Frequency (MHz) 

  Steady State Accuracy Test CWIValues* 

Power (dBm) I/S (dB) 
1528.8 -22.2 111.8 
1531 -28.1 105.9 
1550.2 -79.6 54.4 
1552.7 -86.4 47.6 

* The CWI power is specified at the antenna port. The actual level used during testing is 
reduced by the minimum frequency selectivity of the active antenna adjusted for any 
filtering in the test set-up itself. When demonstrating compatibility with a minimum 
standard antenna, the frequency selectivity is specified in RTCA/DO-301. When using a 
specific antenna, its minimum frequency selectivity can be used when determined in 
accordance with RTCA/DO-301. A block diagram of an example test setup is shown 
Figure A-1. 
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Note:        Care should be taken when applying non-L1 CW frequencies so that the L1 
CW and broadband specifications are not exceeded.  

Table A-2

Satellite Type 

 Satellite Equivalent Power Spectral Density 

Maximum Power Satellite Minimum Power Satellite 
GPS IGH = -183.5 dBm/Hz IGL = -196.5 dBm/Hz 
SBAS ISH = -179.8 dBm/Hz ISL = -198.3 dBm/Hz 

Note:        These values of equivalent power spectral density were computed using the 
same assumptions as were used to determine the total GNSS Noise in 
Appendix C of RTCA/DO-229D. 
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Figure A-1

A.1.1.2  CNR Degradation Baseline Test Procedure 

 Example Test Set-up and Compensation of Signals, Noise and 
Interference 

a. The test unit is connected to the RF signal and interference source.  

b. The simulator scenario shall be engaged and the satellites RF shall be turned on.  

c. The equipment under test shall be powered and initialized. It is assumed that the 
receiver has obtained a valid almanac for the simulator scenario to be tested prior to 
conducting these tests. 

d. When the unit is navigating, the interference to be applied shall be applied to the 
equipment under test, and the power of the signal and interference shall be adjusted 
to the required level (at the appropriate frequency as seen in Table A-1).  

e. At this base power level ensure that the unit meets the MOPS requirements per 
RTCA/DO-229D. Record the CNR’s of individual satellites (SBAS and GPS). 

f. Increase the level of the CWI by 2 dB (this step size may be varied) and hold this 
level for 60 seconds. 

g. Record the CNR’s of the individual GPS SV’s and the CWI level. 

1.  If the CNR’s on the SV’s have not degraded go back to step f. 

2. If the CNR is reduced by > 1dB, record the result for that RFI level and go back 
to the previous CWI level, ensure the unit attains the original CNR level and 
increase the CWI in smaller steps (in order to capture the CWI level that cause a 
1dB degradation). 
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3. Proceed to the next step. 

h. Repeat steps e, f and g at the other CWI frequencies listed in Table A-1.  

i. Replace the CWI interference source with a signal generator that would replicate a 5 
MHz bandwidth LTE (3GPP) signal transmission and repeat the test procedure (from 
step a) for the 1528.8 and 1552.7 MHz frequencies. 

j. Replace the CWI interference source with a signal generator that would replicate a 10 
MHz bandwidth LTE (3GPP) signal transmission and repeat the test procedure (The 
starting point may be a I/S value somewhat less than in step i, and using only center 
frequencies 1531.0 and 1550.2 MHz). 

Note:   

1. A comparison of the unit’s CNR degradation across both types on interference 
sources is helpful to verify the assumptions in interference analyses.  The value 
from steps i and j are also used in subsequent higher level receiver performance 
tests in A.1.2 and A.1.3 below. Any receiver margin above the interference mask 
is considered as design margin. 

2. As an option, the comparison test of  A.1.1.2 above may be performed for higher 
CNR degradation values. 

A.1.2  Measurement Accuracy Test  

The purpose of this Accuracy Test is to evaluate the equipment’s accuracy performance 
under specific interference levels that have been ascertained from the CNR degradation 
test procedure (see A.1.1.2). It is not intended to verify the accuracy of the atmospheric 
corrections; these corrections need not be included in the test. In order to meet the 
RTCA/DO-229D MOPS requirements, the equipment must meet the accuracy 
requirements of Section 2.1.2.1, 2.1.3.1, and 2.1.4.1.3 of RTCA/DO-229D. 

Note:        This evaluation method is based on the assumption that a least-squares 
position algorithm (per Section 2.1.4.1.4 of RTCA/DO-229D) is 
implemented.  If a different form of positioning is used, this evaluation 
method may not be appropriate. 

A.1.2.1  Measurement Accuracy Test Satellite Simulator and Interference Conditions 

The measurement accuracy test shall be performed under the following test conditions:  

a. The baseline test condition (at the MOPS interferer levels) used in A.1.1.2 with a 
modification to IExt,Test. Use IExt,Test  of -170.5 dBm/Hz vs. -173.5 dBm/Hz. 

b. The equivalent LTE (3GPP) broadband RFI signal level at which the receiver’s 
estimated CNR is lower by 1dB from the baseline used in Section 2. (option: higher 
level CNR degradation values may be used as desired) 

The total duration of each test case test shall be based upon sampling intervals required to 
obtain samples that are statistically independent.  Independent samples collected during 
the initial acquisition and before steady-state operation are used for the validation of 
σnoise overbounding.  The samples collected prior to steady-state operation should not 
be used for the steady-state RMS accuracy evaluation and the steady-state evaluation of 

[ ] [ ]




 + idivginoise σσ 22

2/1
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Note: It would be advantageous to extend the duration of this test to support evaluation 
of SBAS Message Loss Rate (for applicable receivers). 

This test is performed for following cases (with the listed order of priority) 

a. 5 MHz 3GPP Interferer BW at 1552.7 MHz 

b. 5 MHz 3GPP Interferer BW at 1528.8 MHz 

c. 5 MHz 3GPP Interferer BW’s at both 1552.7 and 1528.8 MHz 

d. 10 MHz 3GPP Interferer BW at 1531  MHz 

e. 10 MHz 3GPP Interferer BW at 1550.2 MHz 

f. 10 MHz Interferer BW’s at both 1531  and 1550.2 MHz 

It is recommended that the Doppler/delta range metrics on the tracked satellites (if 
available) be evaluated alongside the pseudorange accuracy procedure. This includes 
evaluation of the accuracy degradation of the Doppler/delta range measurement from the 
receiver, the Doppler/Delta range validity flag and available loss of code/carrier lock 
indicators. The measurement type (Doppler/delta range) and validity flag information is 
available on Label 060 (bits 21 and 22) on the ARINC standard 429 GNSS data bus. The 
measurement is found on Label 063/064 on this bus.  

A.1.2.2  Measurement Accuracy Test Procedure 

a. Perform steps a through e of A.1.1.2. Sampling should begin for each satellite 
immediately after it is included in the navigation solution for the σnoise 
overbounding evaluation described in paragraph d below. 

b. When steady-state accuracy is reached, data are recorded as follows: 

c. Initially, 50 independent samples of pseudorange data are recorded at the required 
sampling interval (see note below). 

Note:    The sampling interval will be two times the integration interval used for carrier 
phase smoothing of pseudoranges.  For example, if the integration interval 
used for carrier smoothing of the pseudoranges is 100 seconds, the sampling 
interval will be 200 seconds. If ten pseudoranges are collected per sampling 
interval (nine independent measurements), the duration of the initial data 
collection period will be 20 minutes. 

d. The normalized RMS range error statistic, RMS_PR, is computed according to the 
following formula, using all collected samples (including those prior to steady-state 
operation): 
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where: 
PRij = smoothed pseudo-range, channel i, time j 
Rij = true range, satellite i, time j (includes extrapolation) 
Nj = number of satellites at time j 
M = number of sampling intervals 
σnoise,ij = satellite i, time j (refer to Appendix J.2.4 of the DO-229D 
MOPS) 

Note: 

1. Interchannel biases on the simulator may impede the accuracy test specified 
herein.  It may be necessary to determine this bias and inflate the test threshold 
based upon equipment calibration.  If two receivers are used to remove this bias 
(via double-differencing), the test must account for potential interchannel biases 
in the receivers themselves and cannot simply remove all bias components. 

2. Since code-carrier divergence is not simulated in this test, the σdivg term is not 
used in this normalization.  Validation of σdivg should be accomplished by 
analysis. 

e. Verification of σnoise overbounding:  The error statistic is compared to the 110% 
Pass Threshold of Table 2-25

  

 of RTCA/DO-229D based on the Number of 
Independent Samples (NIS), where NIS is given by: 

( ) ( )∑
=

−≡
M

j
jNMNIS

1
1

 
If RMS_PR is below the pass threshold (Table A-3), the result is a pass.  If the RMS_PR 
is not below the pass threshold, additional data may be collected.  In this case, the 
RMS_PR shall include the initial independent samples plus all additional data, and the 
formulas and pass criteria of this section (which apply for an arbitrary number of 
samples) shall be used. 

Note:  It is expected that the pass criteria will not be met with the initial data collection 
(only the initial acquisition and 50 steady-state operation independent 
samples due to the limited sample size.  Development of the test criteria, and 
the associated pass probabilities are described in Appendix M of RTCA/DO-
229D.   

f. Steady-state value of ( ) 2/12
divg

2
noise ]i[]i[ σ+σ :  Using only those samples collected 

during steady-state, the average ( ) 2/12
divg

2
noise ]i[]i[ σ+σ output values for each satellite 

are compared to the requirements of Appendix J.2.4 of RTCA/DO-229D.  The output 
values must be less than or equal to the required accuracy values for the designator of 
the equipment. 
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g. Verification of RMS accuracy:  The steps defined in paragraph c and d are repeated 
using only those samples collected during steady-state operation and using the 
required RMS accuracy (section 2.1.4.1.3 of RTCA/DO-229D) (minus any steady-
state value of σdivg) instead of the output σnoise,i,j in the computation of σnorm,i,j.  The 
pass criteria defined in paragraph d applies. 

Table A-3

NIS 

 Pass Threshold Table 

110% Pass Threshold 125% Pass Threshold 
25-50 N/A 1.084 
50-75 0.954 1.137 

75-100 0.981 1.159 
100-150 0.998 1.172 
150-200 1.017 1.187 
200-300 1.028 1.196 
300-400 1.042 1.206 
400-500 1.050 1.212 
500-750 1.055 1.216 
750-1000 1.063 1.222 

1000-1250 1.068 1.226 
1250-1500 1.072 1.229 
1500-2000 1.074 1.231 

> 2000 1.078 1.233 

Note: The 110% pass threshold yields a 10% probability of passing equipment with a 
true accuracy of 110% of the required accuracy. The 125% pass threshold 
yields an 80% probability of failing equipment with a true accuracy of 125% 
of the required accuracy. 

A.1.3  SBAS Message Loss Tests  

The purpose of this test is to evaluate the loss rate of SBAS messages at degraded CNR’s 
as a result of the LightSquared 3GPP LTE transmissions. Typically, SBAS Message Loss 
Rate requirements in Section 2.1.1.3.2 of RTCA/DO-229D will need to be met at the 
minimum operating conditions (RTCA/DO-229D Section 2.1.1.10) in the presence of 
RTCA/DO-229D Appendix C interference conditions. In this case, the Message Loss rate 
requirement (Message Loss Rate < 1 in 1000 messages) is evaluated under interference 
conditions that also include the 3GPP interferers. This test will help evaluate 3GPP power 
levels at which the receiver does not meet the SBAS message loss requirement. Data 
necessary for this test may be collected concurrently during the tests in A.1.2.2 (by 
extending the period of time for the test in A.1.2.2). 

Notes: 

1 SBAS message loss information is typically not provided on the standard ARINC data 
outputs from a GNSS receiver. Instrumentation data from the GPS receivers may 
need to be used to obtain this information from the GPS receiver. 

2 It is expected that the SBAS message loss rate threshold would be exceeded prior to 
exceeding the pseudorange accuracy threshold. 
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B  AGGREGATE RF INTERFERENCE COMPUTATION METHOD 

B.1 Introduction 

This appendix contains a derivation of the analytic statistical aggregate received Radio 
Frequency Interference (RFI) model (B.2) used in the random RFI source location 
method and in part in the discrete RFI source location method (B.4.3).  RF propagation 
path loss models used in the aggregate computation are described (B.3).  Detailed 
aggregate computations are then described that use each of the two RFI source location 
methods (B.4) which are referenced in the report main body. 

B.2  Derivation of Analytic Statistical Aggregate Received RFI Model 

Consider a circular region as shown in Figure B-1 with a radius Ro and an RFI source 
exclusion zone as shown. The circle depicts the region on the ground around a 
metropolitan airport in which RFI sources are located during an aircraft approach 
operation but it can be generalized to other operational cases.  Geometric factors are 
shown for an RFI source exclusion zone and radio horizon (outer limit, Ro, of RFI source 
radius). The central point (WP) refers to the aircraft nadir point along its ground track. 

 
Figure B-1

B.2.1  Derivation of RFI Emitter Source Probability Factors 

 Generic Runway Approach Geometry-Top View 

B.2.1.1  RFI Source Number and Location Factors 

An unknown number of active emitters are assumed to be uniformly distributed 
throughout the allowed region with a particular surface concentration ρE (average number 
of active emitters per sq. meter). The range from aircraft nadir to each emitter is unknown 
but modeled with a known probability distribution function. Each emitter radiates energy 
with a power density of Po Watts/MHz. This radiation undergoes scattering, reflections, 
and shadow loss prior to reaching the airborne GPS receiver. The propagation 
environment is modeled probabilistically with a median path loss given by one of several 
possible models discussed in Appendix B.3. 
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The aggregate received RFI power spectral density, PI, at the aircraft GPS receive 

antenna can be written as  ∑
=

=
n

k
kkI rXP

0
)( ;  Equation B-1 

where the random variable Xk is the received RFI power (or power spectral density) due 
to emitter k, and rk is the emitter’s radial location with respect to aircraft nadir point.  The 
random number of emitters n, is appropriately described by the Poisson distribution (see 
for example [B-1]).  Thus if ξ denotes the number of active emitters present in a circle of 
radius Ro, then 

       )exp(]!/)[()( nnnnP n −==ξ ; Equation B-2 

where n denotes the mean number of active emitters in the circular region.  Note from B-
1 that n = 0 implies there are no emitters present, hence X0 = 0, but from B-2 this occurs 
with probability )exp( n− .  Thus the probability distribution function for PI is 
discontinuous at PI = 0. 

The random radial distance rk is described by a probability density function, f(r), that is 
identical for each emitter independent of the index k.  For an aircraft operational scenario 
that has no emitter exclusion zone,  

        2( ) 2 / , 0f r r R r Ro o= ≤ ≤ . Equation B-3 

In a scenario that includes an annular segment exclusion zone as shown in Figure B-1, 

    

2 2 22 / ( ( )), 02 1 1
2 2 2( ) 2( ) / ( ( )),2 1 1 2

2 2 22 / ( ( )),2 1 2

r R R R r Ro o

f r r R R R R r Ro o o

r R R R R r Ro o o

 π π − θ − ≤ < 
 

= π − θ π − θ − ≤ < 
 
 π π − θ − ≤ ≤
 

; Equation B-4 

where θ0 is the annulus half-angle and R1 and R2 are, respectively, the inner and outer 
annular radii. 

B.2.1.2  Median Single-Source Received Power Probability Factors 

Research done by the cellular radio community showed that path loss statistics taken over 
large areas exhibited two different fading components described as fast fading and slow 
fading [B-2]. The slow fading component is very well approximated by a log-normal 
distribution while the fast fading is best described using the Rayleigh distribution. This 
implies that if γ(t) denotes the received envelope arriving at an antenna from a single 
emitter, we may write ( ) ( ) ( )t t tγ = α β  where α(t) and β(t) are independent. The term α(t) 
denotes the fast fading envelope and β(t) the slow fading log-normal component with a 
standard deviation ranging from 4 to 12 dB.  As discussed in [B-2], the envelope γ(t) can 
be shown to have a Suzuki distribution. 

If the envelope power, X(t), is defined as X(t)=γ2(t), the probability distribution 
associated with X can be approximated by a log-normal distribution [B-2] to make it 
mathematically easier to handle.  The log-normal distribution is described by two 
parameters, µ and σ, which can be determined from the mean and variance of the 
distribution.  This distribution has a density function given by 

    2( ) [1 / ( 2 )]exp[ (ln( ) ) / (2 )]X X Xf X X= πσ − −µ σ . Equation B-5 
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In applying these results to interference analysis, the parameter µX becomes the median 
interference power from a single emitter in natural log terms while σX is the standard 
deviation of that power also in natural log terms.  The median power parameter, µX, will 
be a function of the ground distance, r, between the interfering emitter and the receiving 
antenna, while σX is customarily range-independent.  Since each emitter transmits the 
same power, Pk = Po, the median power received from each emitter is determined by a 
product of the isotropic median propagation path loss from the individual source, the 
transmit antenna gain, and the receive antenna gain.  Therefore the median power 
received from each emitter described by the common parameter µX(r) given by: 

    0.25( ) ln[10 ( ( )) ( ) ( ( ))]X o xmt elev rcv elevr P G r PL r G r−µ = θ ϕ ; Equation B-6 

where P0 is the interfering source emitted power, PL(r) the isotropic median path loss, 
Gxmt( ) the interfering emitter antenna gain, Grcv( ) the receive antenna gain, θelev(r) the 
elevation angle to the receive antenna, and φelev(r) the elevation angle to the interfering 
emitter antenna.  The factor 10-0.25 is associated with the log-normal approximation of the 
Suzuki distribution [B-2]. 

Similarly, the standard deviation, σX of this single source median received power is 
identical for each emitter, since it is determined by the standard deviation associated with 
path loss [B-2]. The standard deviation of the path loss (8.48 dB for this report) requires 
the substitution, (ln(10) /10)X dBσ = σ  for computation.  Note that since the emissions are 
assumed to be independent from emitter to emitter, the received signals Xk are 
independent and identically distributed random variables each having a log-normal 
distribution with parameters µX(r) and σX.  These features enable computation of the 
mean aggregate received RFI power. 

B.2.2  Mean Aggregate Received RFI Derivation 

To determine the mean aggregate received power we make use of the relation, 

       ( ) [ ( | )]I I IP E P E E P n= =  Equation B-7 
where E( ) represents the expectation operator.  Since the Xk are independent, identically-
distributed, random variables, there is no dependence on k and, for a given number of 
sources, n,  

       ( | ) ( ( ))IE P n nE X r= . Equation B-8 
Thus, since the number of sources, n, is actually an independent random variable, 

     ( ) ( ) ( ( )) ( ( ))IE P E n E X r nE X r= = . Equation B-9 
Then, since X is log-normally distributed, 

    2( ( )) [ ( ( ) | )] [exp( ( ) / 2)]X XE X r E E X r r E r= = µ + σ . Equation B-10 

By combining B-6, B-9, and B-10, the mean aggregate received power becomes 

    0.25 2

0

10 exp( / 2) ( ) ( ) ( ) ( )
oR

I o X xmt rcvP nP PL r G r G r f r dr−= σ ∫ . Equation B-11 

The value for n  depends on the whether the scenario includes an exclusion zone.  If there 
is no exclusion zone, 2

E on R= ρ π ;  Equation B-12 
where ρE = average number of sources per unit area (same dimensions as 1/R0

2).  For a 
scenario with an exclusion zone, 2 2 2

2 1( ( ))E o on R R R= ρ π − θ − . Equation B-13 
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Equation B-11 can be modified to compute mean aggregate received power spectral 
density by dividing both sides by a reference bandwidth (e.g., the necessary bandwidth of 
the representative RFI source emission with power P0). 

B.3  RFI Propagation Isotropic Path Loss Models 

B.3.1  General Isotropic Path Loss Model Methodology 

All the RFI propagation path loss models used in this report are based on the flat-earth 
approximation.  In other words, the ground under the aircraft is assumed to be essentially 
smooth and flat out to a radio horizon radius from the point on the ground directly under 
the aircraft.  In line-of-sight propagation conditions at radio frequencies near the GPS L1 
carrier, this radio horizon value depends, in general, on the aircraft GNSS and RFI source 
antenna heights and the amount of atmospheric refraction along the path.  This report 
uses the 4/3 Earth radius approximation for the refractive effect on the radio horizon.  
More details are found in Section B.4 

Various propagation models are used in evaluating the impact of LightSquared ATCt 
base and mobile unit RFI to airborne GPS receivers. In the broad sense, two categories of 
models are needed. For most of the RFI scenarios a probabilistic path loss model is 
required however there is one scenario in which free space path loss is most appropriate. 
Those scenarios where blockage is a factor are typically evaluated using probabilistic 
models while clear line of sight scenarios are analyzed using free space path loss. As free 
space path loss is discussed in a multitude of textbooks, this appendix will focus 
primarily on probabilistic propagation models.  

The majority of scenarios described in Section 3 of this report involve environments in 
which emissions from LightSquared equipment undergo scattering, reflections, and 
absorption prior to arriving at an aircraft's GPS antenna. The analysis of these scenarios 
must incorporate propagation models that adequately address such random propagation 
phenomena. These propagation environments were the subject of much research during 
the development of cellular radio systems. As a result, the cellular radio community has 
over the years developed propagation models which for the most part are applicable to 
the present RFI evaluation scenarios. 

B.3.1.1 Isotropic Path Loss Model for Aircraft Antenna Height Below 550 Meters 

The median isotropic path loss model for aircraft antenna height values below 550 meters 
consists in general of 3 segments appropriately blended together. They form a continuous 
function of the lateral separation radius, r (in meters) between the aircraft and RFI source 
antennas.  For radii less than a few hundred meters, conventional 2-Ray propagation is 
chosen.  That model assumes a direct path ray between the 2 antennas interacts with one 
other ray reflected from the ground between antennas.  For radii greater than about 1 km, 
the Hata suburban propagation model is chosen.  At radii beyond 20 km, a long-distance 
extension is made to the standard Hata formulation.  If necessary to achieve path loss 
continuity, the 2-Ray and Hata model segments are connected together by one of two 
means.  One means is by a constant-slope logarithmic fit function that covers radius 
values in between the segment ranges.  The other means used in ATCt mobile station 
scenarios with aircraft heights below 80 m is by a modified Erceg/Greenstein path loss 
segment.  Since the median isotropic path loss is generally a function of the aircraft and 
RFI source antenna heights, the path loss model is adapted to each specific RFI scenario. 
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B.3.1.1.1  Two-Ray Isotropic Path Loss Model 

 
Figure B-2

From the 2-Ray model geometry, depicted in 

 Two-Ray Path Loss Model Geometry (Profile View) 

Figure B-2, the isotropic path loss can be 
derived in the following way.  Define the direct ray path length, RDIR, and reflect ray 

length, RREF, as ( )22( )DIR A ER r r h h= + −  and ( )22( )REF A ER r r h h= + + ; where hA 
and hE are the aircraft and RFI source antenna heights, respectively.  Then by simple 

trigonometry, the ground reflection angle, θ(r), is given as: 1( ) sin A E

REF

h hr
R

−  +
θ =  

 
. 

For radio waves the ground reflection surface can be characterized by its electrical 
constituent parameters, εr, (relative dielectric constant), and σc (electrical conductivity).  
For vertically polarized waves, assumed to be emitted by the RFI sources in this 
evaluation, the complex wave reflection coefficient, ρv(fc, r), is determined by:  

2

2

( )sin( ( )) ( ) cos ( ( ))
( , )

( )sin( ( )) ( ) cos ( ( ))
r r

v c

r r

ix r ix r
f r

ix r ix r

ε − θ − ε − − θ
ρ =

ε − θ + ε − − θ
; where the electrical dissipation 

ratio parameter, x, at the RFI source center frequency, fc,, is defined as 
02

c

c

x
f
σ

=
π ε

, ε0 is 

the free-space permittivity, and  i, the imaginary constant = 1− . 

The longer reflected ray path length compared to the direct ray results in a relative phase 

delay, ( )2( ) ( ) ( )REF DIR
c

r R r R rπ
φ = −

λ
; where λc is the wavelength at the RFI source center 

frequency.  The interaction between direct and reflected rays at the aircraft receive 
antenna is given by the complex field factor ( )( ) 1 ( ) i r

v vr r e− φΡ = + ρ ⋅ .  Combining the 
relations for vertical polarization reflection coefficient, relative phase delay, and multi-
path field factor results in the 2-Ray model isotropic path loss equation (in dB): 

       2
( )4( ) 20log

( )
DIR

Ray
c v

R rPL r
r−

 π
= ⋅  λ Ρ 

 Equation B-14 
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This model should be reasonably accurate out to a lateral radius where the direct ray 
launch angle toward the aircraft antenna is above about 6 degrees.  For radii much 
beyond that point, more complex scattering, blockage, and shadowing effects become 
significant.  The reflection surface chosen for this report is concrete (εr = 7, σc = 0.15). 

B.3.1.1.2  Hata-Okumura Isotropic Median Path Loss Model 

For propagation from RFI sources at distances beyond about 1 km from the aircraft 
antenna, we use the well-known Hata-Okumura path loss model [B-2].  It was originally 
developed for predicting UHF cellular mobile telephone propagation at distances beyond 
1 km from the base station for various types of terrain.  In this report the suburban terrain 
parameters are used to represent the environment around a large metropolitan airport. 

The suburban environment median path loss (in dB), (lengths in m, frequency in MHz), is 

  

( )

2( ) 69.12 26.16 log( ) 2 log ( , )
28

( , ) log 1000

c
HSE c A E

dB A

fPL r f AF h h

rr h

 = + ⋅ − ⋅ − 
 

+ β ⋅
; Equation B-15  

where the antenna factor, AF( ), and propagation exponent factor, β, are given by: 

   2( , ) 13.82 log( ) 3.2 log (11.75 )A E A EAF h h h h= ⋅ + ⋅ ,  Equation B-16  

and   ( )( , ) 44.9 6.55log( ) ( , )dB A A Ar h h F r hβ = − . Equation B-17 

For r ≤ 20 km, F(r,hA) = 1; otherwise, 
0.83

4
, 6 2

1.87 10( , ) 1 0.014 1.87 10 log
1 7 10 20000

A
A c MHz

A

h rF r h f
h

−
−

−

 ⋅  = + + ⋅ +   + ⋅   
. Equation B-18 

The path loss model above incorporates the ITU-R extension to the conventional Hata 
model for lateral separations more than 20 km (Equation B-18). Over ranges from 1 to 
100 km, the Hata model median path loss equation set can be used up to an hA (taller 
antenna height) value around 550 m with less than 2.3 dB path loss error compared to 
Okumura’s measurements.  That error is deemed acceptable for this analysis. 

B.3.1.1.3  Erceg/Greenstein Isotropic Median Path Loss Model (ATCt Mobile) 

For ATCt mobile station RFI scenarios a modified Erceg-Greenstein path loss model is 
applied to intermediate medium ranges when aircraft antenna heights are less that 80 m. 
The standard Erceg/Greenstein model [B-3] has a median path loss that varies with both 
range and frequency and an additive term that describes the random variation about that 
median.  The general equation (in dB) is: 

( ) [ ]0( ) 10 log( / ) random variation termsE G A
A

cPL r A a bh r rh−
 = + − + ⋅ +  

. 

The intercept term, A, is the free-space path loss at reference distance, r0 , and wavelength 
λc.  That is A = 20log(4πr0/λc); where r0 is nominally 100 m.  The median path loss 
propagation exponent terms, a, b, and c, are empirically derived from measurements and 
depend on the type of propagation environment.  The second square bracket contains 
terms that include a range-dependent standard deviation. Terrain model C (flat, light tree 
cover) is used in this report. 
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The modified Erseg-Greenstein model in this report incorporates the median path loss but 
the additive term describing the variation about that median has a standard deviation that 
is invariant with range.  The modified median isotropic path loss (in dB) for terrain model 
C becomes: 

   ( ),mod 0( ) 10 log( / )EG A
A

cPL r A a bh r rh
 = + − + ⋅  

, Equation B-19 

where a, b, and c are, respectively, 3.6, 0.005, and 20. The standard deviation used here 
(8.48 dB) is taken from [B-2] but is within the range of standard deviations for terrain 
category C used in the Erceg/Greenstein model.  

The Erceg/Greenstein model is derived from data taken at 1900 MHz with an emitter 
antenna height of 2 meters [B-3]. We use this model at the GPS L1 frequency band 
(1575.42 MHz) with an assumed emitter antenna height of 1.8 meters. As per the model, 
the decrease in path loss at the lower GPS frequency is 1.63 dB, which is within 1 dB of 
the measured difference in path loss due to frequency differences by Okumura [B-2]. For 
this reason we have chosen to use the Erceg-Greenstein median path loss model even at 
the lower GPS L1 frequency 

The difference in emitter antenna heights results in a slightly lower path loss prediction 
by the standard Erseg/ Greenstein model than would be expected for a 1.8 meter height 
[B-3]. Use of the standard model, therefore, would yield a slightly larger estimate of the 
mean interference power density. Based on Okumura’s measurements, however, this 
difference should be on the order of only 0.2 dB. 

The outer radius limit to which the modified Erseg/ Greenstein path loss model applies 
depends on GPS receive antenna height.  It is chosen to achieve a smooth transition to the 
long range model as described in above (Section B.3.1.1.2).  For receive antenna heights 
greater than 80 meters, a different medium range model with a fixed propagation 
exponent value and intercept is used (Section B.3.1.1). 

B.3.1.2  Isotropic Path Loss Model for Aircraft Antenna Height Above 550 Meters 

The median isotropic path loss model for aircraft antenna height values below 550 meters 
is considered inappropriate for extension to greater aircraft heights.  The reason is that 
supporting propagation modeling studies have antenna height limits that would be 
significantly exceeded and thus affect model accuracy.  Instead a simple free-space 
propagation model is used in this report.  The isotropic free-space path loss in algebraic 
terms is: 

       
2

4( )F S
c

rPL r−

 π
=  λ 

; Equation B-20 

where λc is the RF wavelength at the RFI source center frequency. 

B.3.2  RFI Scenario-Specific Isotropic Path Loss Models 

As described in Section B.3.1 above, all the path loss models depend on the aircraft and 
RFI source antenna heights.  Table B-1 lists the antenna heights used for each of the five 
operational scenarios.  
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Table B-1

Scenario 

 Aircraft and RFI Source Antenna Heights 

Aircraft Antenna 
Height (m) 

ATCt Base Ant. 
Height (m) 

ATCt Mobile 
Ant. Height (m) 

Surface (Taxiway) 4 30 1.8 
Cat. II DH 25.94 30 1.8 
Cat. I DH 53.34 30 1.8 

Low Altitude / Terminal 
Area (FAF WP) 

535.2 30 1.8 

High Altitude Enroute 5490 30 1,8 

B.3.2.1  Generic Terminal Area (FAF WP) Scenario Isotropic Path Loss  

 
Figure B-3

From the scenario values in 

 Terminal Area Isotropic Median Path Loss (Base Station Case) 

Table B-1, the aircraft antenna is above the ATCt base 
station antenna by 505.2 m and the mobile antenna by 533.4 m.  The isotropic path loss 
equations for ATCt base station fundamental emission are figured at 1552.7 MHz, the 
uppermost 5 MHz channel center frequency.  For the mobile station the isotropic path 
loss equations for the unwanted emissions are figured at 1575.42 MHz, (the GPS L1 
carrier frequency). 

In the ATCt base station case, the 2-Ray path loss is applied out to a 1597 m lateral 
separation redius (direct ray launch angle = 17.6°) where the reflected ray grazing angle 
(18.45°) is just above the point for minimum reflection coefficient magnitude.  A 
constant-slope logarithmic fit equation (loss slope  = 2.089) is applied between 1597 m 
and 20 km. Beyond that point the extended range Hata model is used.  Figure B-3 above 
shows the composite path loss (-dBPLb(r)) versus lateral separation radius, r, for the 
ATCt base station case. 
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Figure B-4

In the ATCt mobile case, the 2-Ray path loss is applied out to 750.23 m.  A constant-
slope logarithmic fit equation (loss slope = 2.320) is applied between 750.23 m and 
7.502 km and the extended range Hata model is used beyond that point (

 Terminal Area Isotropic Median Path Loss (Mobile Station Case) 

Figure B-4).  The 
smaller lateral separation cut-off of the 2-Ray model for the mobile case is appropriate 
because of geometry relative to the shorter mobile antenna.  

B.3.2.2  Generic Category I Decision Height Waypoint Path Loss 

From the scenario values in Table B-1, the aircraft antenna is above the ATCt base 
station antenna by 23.34 m and the mobile antenna by 51.54 m.  As in the terminal area 
(FAF WP) scenario above, the path loss equations for ATCt base and mobile stations are 
figured at 1552.7 MHz and 1575.42 MHz, respectively. 

In the ATCt base station case, the 2-Ray path loss is applied out to a 222.9 m lateral 
separation.  A constant-slope logarithmic fit equation (loss slope = 2.923) is applied 
between 222.9 and 1000 m.  Beyond that point the extended range Hata model is used.  
The Cat. I DH base station example of the vertical polarization reflection coefficient 
magnitude and phase (Figure B-5) and the composite path loss (-dBPLb(r)) for the ATCt 
base station case (Figure B-6) are shown below. 

In the ATCt mobile case, the 2-Ray path loss is applied out to 101.38 m.  The Erceg/ 
Greenstein model is applied between 101.38 m and 11.288 km and the extended range 
Hata model is used beyond that point. 
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Figure B-5

 

 Vertical Polarization Wave Reflection Coefficient (1552.7 MHz) 

 
Figure B-6

B.3.2.3  Generic Category II Decision Height Waypoint Path Loss 

 Category I DH Isotropic Median Path Loss (Base Station Case) 

The Table B-1 scenario values indicate the aircraft antenna is below the ATCt base 
station antenna by 4.06 m and above the mobile antenna by 24.14 m.  As in the scenarios 
above, the path loss equations for ATCt base and mobile stations are figured at 1552.7 
MHz and 1575.42 MHz, respectively. 

In the ATCt base station case, the 2-Ray path loss is applied out to a 190.18 m lateral 
separation radius. No constant-slope fit segment is needed since the extended Hata path 
loss intersects at that point.  The roles of the aircraft antenna (height = hA) and ATCt base 
antenna (height = hB) are reversed in the extended range Hata model to keep them within 
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the appropriate value limits.  The composite path loss (-dBPLb(r)) for the ATCt base 
station case (Figure B-7) is shown below. 

 
Figure B-7

In the ATCt mobile case, the 2-Ray path loss is applied out to 114.77 m.  The Erceg/ 
Greenstein path loss model is then applied out to 2.475 km and the extended range Hata 
model is used beyond that point. 

 Category II DH Isotropic Median Path Loss (Base Station Case) 

B.3.2.4  Generic Surface (Taxiway) Path Loss 

The scenario values in Table B-1, indicate the aircraft antenna is below the ATCt base 
station antenna by 26 m.  The ATCt base station path loss equations for are figured at 
1552.7 MHz as in the previous scenarios.  No analysis was made on the mobile station 
aggregate effect due to the relatively small number mobiles estimated to be nearby. 

In the ATCt base station case, the 2-Ray path loss is applied out to a 97 m lateral 
separation radius.  A constant-slope logarithmic fit equation (loss slope = 3.983) is 
applied between 97 and 1000 m.  The roles of the aircraft antenna (height = hA) and ATCt 
base antenna (height = hB) are reversed in the extended range Hata model to keep them 
within the appropriate value limits.  The composite path loss (-dBPLb(r)) for the ATCt 
base station case (Figure B-8) is shown below. 
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Figure B-8

B.4  Scenario-Specific Aggregate Received RFI Detailed Computations 

 Surface (Taxiway) Isotropic Median Path Loss (Base Station Case) 

In the following subsections two different ATCt base station location methods are 
described: "Random" and "Fixed Discrete”. Base and mobile station location constraints 
in the airport vicinity are briefly discussed. Using the two location methods and airport 
constraints, ATCt base and mobile station aggregate RFI computations are then 
performed for the five operational scenarios developed in Section 3 using the RFI source 
and receiver parameters from Section 2. 

B.4.1  ATCt RFI Source Location Methods and Location Constraints 

B.4.1.1  Random and Fixed Discrete Location Methods – General Description 

The locations of deployed ATCt base stations relative to each other and to the aircraft are 
neither likely to be completely random with some average spacing nor are the locations 
likely to be on a regular grid structure with fixed spacing.  Instead, the locations will 
probably be represented by some arrangement between these two limits.  To determine 
reasonable bounds on the aggregate RFI, both of the two limiting-case location methods 
are used for computing the ATCt base station mean aggregate received RFI in this report.  
Since ATCt mobile stations are likely oriented randomly within each cell, only the 
random location method is used in the aggregate mobile station RFI computation. 

Both location methods share common features of median path loss to a given radial 
location and the radio horizon for a given RFI scenario. They also share a measure of the 
relative ATCt base station tower spacing but use it somewhat differently.  The random 
location method uses the tower spacing within a given deployment zone to determine an 
average value of source concentration (probabilistic parameter).  The fixed discrete 
method, however, uses the spacing to set the fixed hexagonal grid size. 

B.4.1.2  ATCt RFI Source Location Constraints 

Although it is not strictly a limit on the placement of sources, the radio horizon for a 
given aircraft antenna height is a constraint on the location of ATCt sources that can 
affect the aggregate received RFI.  The estimated radio horizon, R0 (in meters), between 
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the aircraft antenna (height = hA, in meters) and the RFI emitter antenna (height = hE) is: 

( )0 1000 17.008 17.008A ER h h= + , based on the 4/3 Earth radius approximation.  The 

radio horizon values to ATCt base station and mobile antenna for each aircraft 
operational scenario are listed below (Table B-2). 

Table B-2

Scenario 

 Radio Horizon from Aircraft to ATCt Base and Mobile Stations 

A/C Ant. 
Height 

(m) 

ATCt  
Base Ant. 

Ht. (m) 

ATCt 
Mobile Ant. 

Ht. (m) 

Radio Horiz. 
to Base  

(km) 

Radio Horiz. 
to Mobile 

(km) 
Surface 4.0 30 1.8 30.84 13.78 
Cat. II DH 25.94 30 1.8 43.59 26.54 
Cat.I DH 53.34 30 1.8 52.71 35.65 
FAF WP 535.2 30 1.8 118.00 100.94 
High Alt. 5490 30 1.8 328.16 311.10 

Certain other constraints exist in the vicinity of airports that are related to heights of 
structures.  Airport runway and approach layout guidelines [B-4] prescribe height 
limitations for structures underneath and around an aircraft final approach path by an 
obstacle clearance surface (Table B-2). 

 
Figure B-9

(Dimensions (feet): A = 200, B = 400, C = 1900, D = 10,000 (nom.), E = 0, Slope = 1:34) 
 Approach Obstacle Surface (Top and Side Views) 

Another airport layout guideline, the runway object-free zone (Figure B-9) constrains 
objects of any height in the immediate vicinity of runways.  The relatively tall ATCt base 
station antenna (30 m) encounters more location limitations near airports than the shorter 
mobile unit (1.8 m). 
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Figure B-10

The combination of these factors results in ATCt source exclusion zones for several 
operational scenarios.  The basic runway layout assumed for this report is a 10,000 foot 
single runway with approaches designated for both runway ends.  This assumption 
simplifies the exclusion zone definition and makes it more generic for analyses in this 
report.  More complex, specific cases for multiple-runway airports would likely have 
additional RFI source exclusion zones for the other runways as well.  Those specific 
cases would require further study and are beyond the scope of this report. 

 Random Method Exclusion Zone Example Diagram (Top View)  

The exclusion zone shapes are modeled slightly differently between the two source 
location methods.  The random method models an overall zone shape as a combination of 
one or more annular segments (see Figure B-10) and, in some cases, a complete circular 
segment.  The fixed discrete method simply excludes an ATCt base station source from a 
given cell or cells in the aggregate RFI summation over the grid pattern to achieve 
essentially the same RFI effect within the exclusion zone area.   

Airport-related exclusion zones are eliminated from certain scenarios since they are either 
undefined (as in the High Altitude Enroute) or rather small due to large distance from the 
runway (Terminal Area (FAF WP)).  

Table B-3 summarizes the random location method RFI source exclusion zone 
parameters for ATCt base and mobile stations in each scenario case. 
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Table B-3

Scenario 
Case 

 Aeronautical Scenario ATCt Source Exclusion Zone Parameters 

Base 
Inner 

Rad. (m) 

Base 
Outer 

Rad. (m) 

Annular 
Half-Ang. 

(deg) 

Mobile 
Inner 

Rad. (m) 

Mobile 
Outer 

Rad. (m) 

Annular 
Half-Ang. 

(deg) 
Surface 
(Taxiway) 

0 
550 

550 
4200 

180 
22.5 

N/A N/A N/A 

Cat. II DH 0 
420 
840 

420 
840 
4470 

180 
60 
10 

 
 

449.3 

 
 

2842 

 
 

25 
Cat. II DH 0 

350 
570 

350 
570 
5500 

180 
40 
12 

 
 

488 

 
 

5830 

 
 

17 
Term. Area 
(FAF WP) 

N/A N/A N/A N/A N/A N/A 

High Alt. 
Enroute 

298985* 328160* 45* N/A N/A N/A 

* This high altitude exclusion zone annular segment represents the Atlantic Ocean off 
New Jersey and the Delmarva Peninsula (45° full angular extent). 

B.4.2  Random ATCt Base Station Location Method Computations 

The random base station location method uses the principles of the analytic statistical 
aggregate RFI model described in Section B.2.  The ATCt base stations are modeled as 
randomly located within some outside radius consistent with a uniform probability 
distribution.  That distribution is defined by a specified average source-to-source spacing.  
The actual number of base stations within the outside radial constraint is a random 
number defined by a Poisson distribution.  The isotropic path loss for a source at a given 
radial separation, r, from the aircraft nadir point is characterized as a log-normal random 
variable with parameters µX and σX. 

Since the ATCt base station fundamental emission is broadband and can be represented 
by a specified EIRP spectral density, PSDE (in W/MHz), received RFI is computed as a 
mean aggregate power spectral density, PSDR.  The mean aggregate received RFI power 
spectral density is computed with the basic Equation (11) in Section B.2.2.  After 
modification for power spectral density, Equation (11) can be further simplified by 
substituting definitions for n  and f(r), to yield a simpler, more intuitive, algebraic form.  
That is: 

     SDR E SDE AGGP P F= ρ ;   Equation B-21 

where ρE is the average base station concentration factor (= 1/(average cell area) in m-2) 
and the aggregate factor, FAGG (in m2), (no exclusion zone) is given in algebraic form by: 

   
0

2 10 ( ) ( ) ( )
oR

AGG xmt rcvF PL r G r G r r drη= π ⋅ ⋅ ⋅∫ , Equation B-22 

in which the log-normal mean exponent factor, η, is: ( )2
,0.5log( ) 0.1 ln(10) 0.25X dBe σ −  

Inspection of Equation B-21 suggests that the mean aggregate received RFI, PSDR, is 
directly related to the single source EIRP spectral density, PSDE, by the product, E AGGFρ .  
This product can be used to define the mean aggregate path loss in algebraic form as  

       ,
1

M AGG
E AGG

PL F= ρ . Equation B-23 
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The “fixed discrete” method result can be expressed in similar form except that the factor 
equivalent to the explicit parameter ρE is contained in the implicit fixed grid size. 

Generalizing Equation B-22 to handle cases with any number of exclusion zones yields: 

   ( )
1

2 10 ( ) ( ) ( )
i

i

RoutN

AGG i xmt rcv
i Rin

F PL r G r G r r drη

=

 
 = ⋅ π −Θ ⋅ ⋅
 
 

∑ ∫ ; Equation B-24 

where N  is the number of exclusion zones and Θi, (in radians) Rin,i, and Rout,I (in meters) 
are the annular zone half-angle, the inner and outer radii of the i-th zone, respectively.  
Note in Equation (B-24) that if ΘI = 0, there is no source exclusion in the zone and if ΘI = 
π, there is complete exclusion.  Note also that the outermost zone outer radius is R0, the 
radio horizon.  For certain scenarios when the ρE value changes beyond a certain radius 
or for a particular annular segment, the FAGG is computed for that particular area and the 
overall mean aggregate received RFI is determined by the sum of products as 

       , ,
1

M

SDR SDE E j AGG j
j

P P F
=

= ρ∑ . Equation B-25 

B.4.2.1  Terminal Area (FAF WP) Aggregate ATCt Base Station RFI (Random Method) 

As described in Section 3.2, the RFI scenario for a generic low altitude / terminal area 
GNSS receiver operation is represented by an aircraft nominally at the FAF waypoint 
(aircraft antenna height = 535.2 m).  The nadir point on its ground track is roughly 
centered within a metropolitan ATCt base station deployment (average tower spacing = 
2.2 km out to 45.4 km radius, then 6.2 km out to 70.3 km radius).  The radio horizon to a 
30 m high ATCt antenna is 118.00 km (Table B-2).  No source exclusion zone around the 
airport is used since its effect is insignificant (large distance to the runway threshold).  
The isotropic path loss is described in Section B.3.1.  The three deployment zone ρE 
values are 0.26307 km-2 (10-6.580 m-2), 0.03312 km-2 (10-7.480 m-2) and 3.93 x 10-3 km-2 
(10 8.406 m-2).  The relative values shown are with respect to the highest ρE value. Table 
B-4 lists the regional mean aggregate received RFI factors and relative inverse path loss 
factors are computed with Equations B-23 and B-24. 

Table B-4

Annular 
Region #

Rel 
Conc.

Excl. Angle  
(deg)

Inner 
Rad. (m)

Outer 
Rad. (m)

FAGG
Rel. Inv. 
PLAGG

1 1 0 0 20000 4.137E-04 4.137E-04
2 1 0 20000 45400 1.170E-04 1.170E-04
3 0.1259 0 45400 70300 4.254E-06 5.356E-07
4 0.0149 0 70300 117996 6.580E-07 9.829E-09

Total 5.356E-04 5.312E-04

 Terminal Area (FAF) Aggregate RFI Results (Random Method) 

 
By extension of Appendix B Equations B-23 and B-25, the mean aggregate path loss, 
PLAGG(dB), and mean aggregate received RFI power density, PSDR(dB), are given as: 

 PLAGG(dB) = -10 log(ρE IPLAGG), and PSDR(dB) = PSDE(dB) - PLAGG(dB);  

where IPLAGG is the total relative inverse path loss factor for the scenario, ρE is the central 
metro base station concentration and PSDE is the ATCt base station EIRP spectral density 
(25 dBW/MHz for these scenarios).  Using these equations and the Table B-4 total 
relative path loss factor, this scenario results are 98.55 dB mean aggregate path loss and 
-73.55 dBW/MHz mean aggregate received RFI power density. 
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B.4.2.2  Category I Decision Height Aggregate ATCt Base Station RFI (Random Method) 

As described in Section 3.3, the RFI scenario for a generic Category I GNSS receiver 
precision approach operation is represented by an aircraft nominally at the Category I DH 
waypoint (aircraft antenna height = 53.34 m).  The nadir point on its ground track is again 
roughly centered within a metropolitan ATCt base station deployment (average tower 
spacing = 2.2 km out to 45.4 km radius).  The radio horizon to a 30 m high ATCt antenna 
is 52.71 km (Table B-2).  A source exclusion zone around the airport runway is used 
(parameters listed below).  The isotropic path loss is described in Section B.3.2.  Two 
deployment zone ρE values are assumed: 0.26307 km-2 (10-6.580 m-2) and 0.03312 km-2 
(10-7.480 m-2). The relative values shown are with respect to the highest ρE value.  Table 
B-5 lists the regional exclusion zone parameters and the resulting regional mean 
aggregate received RFI and aggregate path loss factors (computed with Equations B-23, 
B-24 and B-25). 

Table B-5

Annular 
Region # Rel Conc.

Excl. 
Angle  
(deg)

Inner 
Rad. (m)

Outer 
Rad. (m)

FAGG
Rel. Inv. 
PLAGG

1 1 180 0 350 0.000 0.000
2 1 40 350 570 7.053E-05 7.053E-05
3 1 12 570 5500 2.220E-04 2.220E-04
4 1 0 5500 20000 1.406E-05 1.406E-05
5 1 0 20000 45400 8.071E-07 8.071E-07
6 0.125911 0 45000 52708 9.500E-09 1.196E-09

Total 3.074E-04 3.074E-04

 Cat. I Decision Height Aggregate RFI Results (Random Method) 

 
Using the technique from B.4.2.1 and the Table B-5 total relative path loss factor, the 
scenario results are 100.92 dB mean aggregate path loss and -75.92 dBW/MHz mean 
aggregate received RFI power density. 

B.4.2.3  Category II Decision Height Aggregate ATCt Base Station RFI (Random Method) 

As described in Section 3.4, the RFI scenario for a generic Category II GNSS receiver 
precision approach operation is represented by an aircraft nominally at the Category II 
DH waypoint (aircraft antenna height = 25.94 m).  This scenario also represents the 
limiting case for Cat. III approach and landing operations.  The nadir point on its ground 
track is again roughly centered within a metropolitan ATCt base station deployment 
(average tower spacing = 2.2 km out to 45.4 km radius).  The radio horizon to a 30 m 
high ATCt antenna is 43.59 km (Table B-2).  The aircraft antenna height is slightly below 
the ATCt tower height so the aircraft primary antenna pattern region is being illuminated 
by the primary base station antenna pattern.  An exclusion zone around the airport 
runway similar to the Cat. I zone is used (parameters listed below).  The isotropic path 
loss is described in Section B.3.2.  One deployment zone ρE value is used: 0.26307 km-2 
(10-6.580 m-2).  Table B-6 lists the regional exclusion zone parameters and the resulting 
regional mean aggregate received RFI and aggregate path loss factors (computed with 
Equations B-21, B-23 and B-24). 
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Table B-6

Annular 
Region # Rel Conc.

Excl. 
Angle  
(deg)

Inner 
Rad. (m)

Outer 
Rad. (m)

FAGG
Rel. Inv. 
PLAGG

1 1 180 0 420 0.000 0.000
2 1 60 420 840 1.751E-04 1.751E-04
3 1 10 840 4470 1.149E-04 1.149E-04
4 1 0 4470 20000 8.957E-06 8.957E-06
5 1 0 20000 43593 7.031E-07 7.031E-07

Total 2.997E-04 2.997E-04

 Cat. II Decision Height Aggregate RFI Results (Random Method) 

 
Using the technique from B.4.2.1 and the Table B-6 total relative path loss factor, the 
scenario results are 101.03 dB mean aggregate path loss and -76.03 dBW/MHz mean 
aggregate received RFI power density. 

B.4.2.4  Generic Surface (Taxiway) Scenario Aggregate ATCt Base Station RFI 

As described in Section 3.4, the RFI scenario for a generic airport surface GNSS receiver 
operation is represented by an aircraft nominally at the end of the taxiway (aircraft 
antenna height = 4 m).  The nadir point is again roughly centered within a metropolitan 
ATCt base station deployment (average tower spacing = 2.2 km out to 45.4 km radius).  
The radio horizon to a 30 m high ATCt antenna is 30.84 km (Table B-2).  The aircraft 
antenna height is again below the ATCt tower height so its primary antenna pattern 
region is being illuminated by the primary base station antenna pattern.  An exclusion 
zone is used around the airport runway similar to the Cat. II zone (parameters listed 
below).  The isotropic path loss is described in Section B.3.2.  One deployment zone ρE 
value is used: 0.26307 km-2 (10-6.580 m-2).  Table B-7 lists the regional exclusion zone 
parameters and the resulting mean aggregate received RFI and aggregate path loss factors 
(computed with Equations B-21, B-23 and B-24). 

Table B-7

Annular 
Region # Rel Conc.

Excl. 
Angle  
(deg)

Inner 
Rad. (m)

Outer 
Rad. (m)

FAGG
Rel. Inv. 
PLAGG

1 1 180 0 550 0.000 0.000
2 1 22.5 550 4200 2.586E-05 2.586E-05
3 1 0 4200 20000 8.715E-07 8.715E-07
4 1 0 20000 30837 4.120E-08 4.120E-08

Total 2.677E-05 2.677E-05

 Airport Surface (Taxiway) Aggregate RFI Results (Random Method) 

 
Using the technique from B.4.2.1 and the Table B-7 total relative path loss, this scenario 
results are 111.52 dB mean aggregate path loss and -86.52 dBW/MHz mean aggregate 
received RFI power density. 

B.4.2.5  US East Coast High Altitude Scenario Aggregate ATCt Base Station RFI 

This general scenario, described in Section 3.1, is represented by a limiting case for high 
altitude flight.  The aircraft is at 18,000 feet altitude (the lowest jet route level).  The 
specific aircraft location is above South-central Pennsylvania where several large metro 
areas with planned ATCt deployment are within the aircraft antenna’s radio horizon.  The 
flight level and approximate location were chosen similar to an analysis case in 
RTCA/DO-235B. 
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The random location method models the ATCt base concentrated deployment areas as 
annular segments within a low-concentration, rural background that has 40 km average 
base station spacing.  The aggregate RFI computation proceeds in two steps:  

1. Computing the low concentration background level while assuming the several metro 
zones are source-free (i.e.; their defining annular segments are exclusion zones) 

2. Computing each high concentration zone aggregate RFI level separately and adding 
those to the aggregate background RFI level to determine the composite aggregate. 

B.4.2.5.1  Low Tower Concentration Zone Aggregate RFI Analysis 

Inspection of Table 3-1 containing metro center location radial separation distances from 
the aircraft, suggests the metro deployment concentrations could be modeled as annular 
segments with certain radial and angular dimensions.  This feature would enable random 
method aggregate computation.  Additionally, some of the metro centers have 
approximately the same radial distance. 

To begin the annular zone modeling, note that Baltimore and Washington metro zone 
centers have almost the same radial distance to the aircraft.  Because these cities are close 
together, their 45.4 km metro center deployment zones also overlap and the two central 
zones can be modeled as one larger annular segment.  A similar technique can be also 
used to pair Philadelphia and Pittsburgh, along with Allentown and Richmond.  However, 
in these two city-pair cases each city has its own separate angular segment.  Table B-8 
lists the parameters for each of the ATCt base station metro concentration zones and an 
actual exclusion zone for the Atlantic Ocean off the New Jersey and the DelMarVa 
Peninsula. 

Table B-8

Location Dist. to a/c Ave Rad Inner Rad Outer Rad Total Ang
Baltimore 122.255
Wash. DC 118.582 120.4188 77.289 163.549 75.00
Harrisburg 91.252 62.752 119.752 23.57
Philadelphia 268.799 16.00
Pittsburgh 278.493 273.6458 230.516 316.776 15.44
Allentown 249.837 17.22
Richmond 254.057 251.9471 223.447 280.447 16.93
Ocean 298.985 328.160 45.00

 High Altitude East Coast Hotspot Parameters 

 
Table B-8 indicates that certain of the hotspot annuli overlap in radius with other 
hotspots.  For example, the Harrisburg hotspot partially overlaps the Washington/ 
Baltimore.  Before the aggregate integration can be performed, these overlaps need to be 
sorted out.  From this basic definition table, a set of composite integration radial and 
angular zone dimensions can be formed (Table B-9). 
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Table B-9

Zone # 

 Composite Integration Zone Model Dimensions 

Inner Radius (km) Outer Radius (km) Full Angle (deg.) 
1 62.752 77.289 23.57 
2 77.289 119.752 98.57 
3 119.752 163.549 75.00 
4 223.447 230.516 34.15 
5 230.516 280.447 65.59 
6 280.447 298.985 31.44 

7* 298.985 316.776 76.44 
8* 316.776 328.16 45.00 

* This zone contains a source-free portion (45°) representing the Atlantic Ocean  

With the composite zone dimensions defined, the rural ATCt base station aggregate 
effect computation is performed with the Table B-9 zones treated as source-free.   Table 
B-10 lists the results from the integration for each of the eight zones. 

Table B-10

Zone # 

 Composite Integration Zone Model –Rural Results 

Inner Rad. (km) Outer Rad. (km) Full Angle (deg.) Agg. Factor FAGG 

1 62.752 77.289 23.57 7.783 E-06 
2 77.289 119.752 98.57 2.439 E-05 
3 119.752 163.549 75.00 2.943 E-05 
4 223.447 230.516 34.15 4.577 E-06 
5 230.516 280.447 65.59 2.726 E-05 
6 280.447 298.985 31.44 1.041 E-05 

7* 298.985 316.776 76.44 8.256 E-06 
8* 316.776 328.16 45.00 8.256 E-06 

The Zone 0 aggregate factor (covering the area aircraft nadir point out to the inner Zone 1 
radius) in the rural case is 7.289 x 10-6 and the resulting overall rural aggregate factor 
(algebraic sum of all the 9 zone factors), FTOTR = 1.2507 x 10-4.  The rural base station 
concentration factor ρB = 7.958 x 10-4 km-2 (= 10-9.099 m-2) which holds everywhere except 
the source-free zones.  Therefore the rural concentration aggregate path loss (in dB), 
PLAGGR(dB) = -10 log(ρB·FTOTR) = 130.02 dB and the rural aggregate received RFI, 
PSDRR(dB)=PSDE(dB)-PLAGG(dB)·= -105.02 dBW/MHz 

B.4.2.5.2  Metro Concentration Zone and Combined Aggregate RFI Analysis 

The next step is to use the defined composite zone dimensions (Table B-9) to compute 
the hotspot aggregate components from each zone.  In this case the sources only occupy 
the annular segment previously treated as source-free.  One adjustment in angular must 
be made, however, to exclude the actual source-free ocean area portion of Zone 7.  Table 
B-11 lists the results of the metro zone computation. 



Appendix B 
B-21 

© 2011 RTCA, Inc. 

Table B-11

Zone # 

 Composite Integration Zone Model –Metro Results 

Inner Rad. (km) Outer Rad. (km) Full Angle (deg.) Agg. Factor FAGG 

1 62.752 77.289 23.57 5.460 E-07 
2 77,289 119.752 98.57 9.200 E-06 
3 119.752 163.549 75.00 7.744 E-06 
4 223.447 230.516 34.15 4.805 E-07 
5 230.516 280.447 65.59 6.075 E-06 
6 280.447 298.985 31.44 9.947 E-07 
7 298.985 316.776 31.44* 2.244 E-06 

* This Atlantic Ocean source-free portion (45°) was removed from this zone  

The resulting metro aggregate factor (algebraic sum of all the 7 zone factors), FTOTM = 
2.5954 x 10-5.  The metro base station concentration factor ρM = 0.263 km-2 (= 10-6.58 m-2).  
Therefore the metro concentration aggregate path loss (in dB), PLAGGM(dB) = -10 
log(ρM·FTOTM) = 111.66 dB and the metro aggregate received RFI, PSDRM(dB)=PSDE(dB)-
PLAGGM(dB)·= -86.66 dBW/MHz  

The combined aggregate path loss (in dB), PAGG(dB) = -10 log(ρM·FTOTM + ρB·FTOTR).  
Inserting the results for the rural and metro areas yields PAGG(dB) = 111.60 dB.  Using 
again the simple aggregate formula for the combined aggregate received RFI yields 
PSDR(dB)=PSDE(dB)-PLAGG(dB) =  -86.60 dBW/MHz   The combined aggregate results 
are clearly dominated by the larger metro aggregate components. 

B.4.3  Fixed Discrete ATCt Base Station Location Method Computations 

To establish an aggregate ATCt base station RFI effect from a fixed station location grid 
structure, an analysis was done for base stations located along a regular hexagonal fixed 
grid. Figure B-11 illustrates this structure centered around a general aircraft operational 
ground track point within some ATCt base station deployment zone. 

In Figure B-11 the non-orthogonal coordinate pair (u,v) denotes discrete ATCt base 
station location coordinates (centers of the hexagonal cells) as measured in integer 
multiples of the cell spacing, d, from the central cell.  The aircraft is assumed to be on a 
particular flight path (dash-dotted line) with the nadir point on its ground track at the non-
integer coordinates (-a/2, a) where a = 1/√3.  That point is separated from the grid center 
by a distance of d/2.  A base station is assumed to be located at the center of the grid.  
Other base stations are located at cell centers out to the radio horizon.  For the indicated 
flight path in scenarios with airport exclusion zones (Table B-3), the only base station 
position assumed to be excluded by airport layout constraints has the coordinates (-1, 2).  
The radial distance between aircraft nadir point and any ATCt base station is given by 

( ) ( ) ( )( ) ( )2 2, 2 2r u v d u a u a v a v a= + + + − + − , where a = 1/√3. 

The density of base stations is assumed to be constant out to a radius of 45.4 Km at which 
point the density may change as illustrated in Figure 2-9. The interference analysis 
accounts for this by using hexagonal cell sizes which are unique to each of the annular 
rings depicted in Figure 2-9.The number of annular rings used in the analysis depends on 
the scenario and just where the ring limits from Figure 2-9 fall with respect to the radio 
horizon. The maximum number of rings needed is three. 

 



Appendix B 
B-22 

© 2011 RTCA, Inc. 

 
Figure B-11

We begin by formulating a generic analysis that pertains to all scenarios described in 
Sections 3.2 through 3.5. The analysis pertinent to the enroute scenario will be described 
separately in Section B.4.3.5. 

 Fixed Hexagonal Cellular Grid Structure (Top View) 

To this end we have the following definitions. 

Let umax(i) denote the maximum value of the u coordinate for the ith ring.  

   ( ) [ / 0.5]maxu i IntegerPart R do i= − ; 

where Ro is the radio horizon. 

Similarly umin(i) denotes the minimum value of the u coordinate for the ith ring. 

   ( ) [( / 0.5)(2 / 3)]minu i IntegerPart R do i= − − . 

The corresponding values for the v coordinate are functions of u and given by, 

   2 2( , ) [ / 2 ( / 0.5) (3 / 4) ]maxv u i IntegerPart u R d uo i= − + − −  

and   2 2( , ) [ / 2 ( / 0.5) (3 / 4) ]minv u i IntegerPart u R d uo i= − − − − . 

Also,   
2 2( , ) ( / 2) ( / 2)( ) ( )r u v d u a u a v a v ai i= + + + − + − ; where a = 1/√3 

To appropriately sum over a possible three rings we need the indicator functions, 

   
1, ( , ) min{45.4 , }1( , )1 0,

r u v Km Rog u v
elsewhere

≤
=
  
 
  

, 
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1, 45.4 / 2 ( , ) min{70.3 ,2 2( , )2 0,

Km d r u v Km Rog u v
elsewhere

+ < ≤
=
  
 
  

' 

and   
1, 70.3 / 2 ( , )3 3( , )3 0,

Km d r u v Rog u v
elsewhere

+ < ≤
=
  
 
  

. 

To account for whether or not the aircraft antenna height is greater than the cell tower 
height, we define, 

   
1,

( ) 0.2310 ,

h hEA
hA h hEA

χ
≤

= − >

  
 
  

. 

The one cell in the exclusion zone is eliminated by the function, 

   
0, { 1, 1, 2}

( , , )
1,

i u v
Ex i u v

elsewhere
= = − =

=
 
 
 

. 

We define an elevation angle γ to account for antenna gain variations with range as, 

  
/ 2, ( , ) 0

( , )
tan[(max{ , } min{ , }) / ( , )],

r u viu vi Arc h h h h r u v elsewhereiE EA A

π
γ

=
=

−

  
 
  

. 

The necessary antenna gains have been defined in Section 2 while the median path loss, 
PL(r), is defined in Section B.3. Using these definitions, we write the summand as, 

( , , ) ( , , ) ( , ) ( ( , )) ( ( , )) ( ( , ) ( / 90) sgn( ))Sum i u v Ex i u v g u v PL r u v G u v G u v h hrcv xmti i i i EAγ γ π= + −

and aggregate mean interference power density for the discrete model becomes 

                        
( ) ( , )3 max max

( ) 10 ( , , )
1 ( ) ( , )min min

u i v u i
P h P Sum i u voI A i u i v u i

ηχ= ∑ ∑ ∑
=

,           Equation B-26 

where η is as defined in Section B.3. 

B.4.3.1  Generic Terminal Area (FAF WP) Scenario Aggregate ATCt Base Station RFI 

For the Final Approach Fix (FAF) scenario the GPS antenna height is 535.2 meters, the 
cell tower height at 30 meters, and a radio horizon of 118 km. The ATCt emission power 
spectral density PSDE (=Po/ 5 MHz) was set at 25 dBW/MHz. The median path loss model 
used is a blending of the two-ray and Hata models as was used for the random method 
discussed in Appendix B.4.2.1. The number of rings for this scenario was limited to two 
with distances d1=2.2 km and d2=6.2 km. A third ring was shown to contribute no 
significant interference power. The results are shown in the table below. 

Table B-12

Mean Aggregate Base Station Received 
RFI Power Density (dBW/MHz) 

 Generic Terminal Area (FAF) Discrete Model Interference 

Mean Aggregate Base Station RFI Path 
Loss (dB) 

-73.60 98.61 
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B.4.3.2  Generic Category I Decision Height Scenario Aggregate ATCt Base Station RFI 

For the Category I decision height scenario the GPS antenna height is 53.34 meters, the 
cell tower height at 30 meters, and a radio horizon of 52.708 Km. The emission power 
spectral density, PSDE, was set at 25 dBW/MHz. The median path loss model used is the 
Hata model as all ranges are beyond 1 Km. The number of rings for this scenario was 
limited to two. The interference results are shown in the table below. 

Table B-13

Mean Aggregate Base Station Received 
RFI Power Density (dBW/MHz) 

 Generic Category I Discrete Model Interference 

Mean Aggregate Base Station Path Loss 
(dB) 

-77.63 102.64 

B.4.3.3  Generic Category II Decision Height Scenario Aggregate ATCt Base Station RFI 

For the Category II decision height scenario the GPS antenna height is 25.94 meters, the 
cell tower height at 30 meters, and a radio horizon of 43.592 km. The emission power 
spectral density, PSDE, was set at 25 dBW/MHz. The median path loss model used is the 
Hata model as all ranges are beyond 1 km. The number of rings for this scenario was 
limited to one because of the radio horizon being less than 45.4 km. The interference 
results are shown in the table below. 

Table B-14

Mean Aggregate Base Station Received 
RFI Power Density (dBW/MHz) 

 Generic Category II Discrete Model Interference 

Mean Aggregate Base Station Path Loss  
(dB) 

-79.09 104.10 

B.4.3.4  Generic Surface (Taxiway) Scenario Aggregate ATCt Base Station RFI 

For the generic surface (taxiway) decision height scenario the GPS antenna height is 
assumed to be 4 meters, the cell tower height at 30 meters, and a radio horizon of 30.836 
km. The emission power spectral density PSDE was set at 25 dBW/MHz. The median path 
loss model used is the Hata model as all ranges are beyond 1 Km. The number of rings 
for this scenario was limited to one because of the radio horizon being less than 45.4 Km. 
The interference results are shown in the table below. 

 

Table B-15

Mean Aggregate Base Station Received 
RFI Power Density (dBW/MHz) 

 Generic Surface (Taxiway) Discrete Model Interference 

Mean Aggregate Base Station Path Loss  
(dB) 

-88.76 113.77 

B.4.3.5  US East Coast High Altitude Scenario Aggregate ATCt Base Station RFI 

For the discrete model high altitude scenario, the aircraft was flown at an altitude of 5.49 
Km located at 39.819o North Latitude and 77.573o West Longitude and flying at a 
bearing of 48.27o. This places the aircraft approximately 120 km Northwest of the 
Baltimore and Washington metropolitan areas. At the altitude flown, interference was 
computed for seven metropolitan areas within the radio horizon. Those areas were, 
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Baltimore, Washington DC, Richmond VA, Harrisburg, Philadelphia, Pittsburgh and 
Allentown PA. The grid structure shown in Figure B-11 was placed at each of the 
metropolitan areas with the grid origin at the center of each city. The interference 
analysis mimics that given in Section B.4.3.1 with certain modifications to account for 
the aircraft displacement. The geometry is shown in Figure B-12 below. 

 
Figure B-12

As before, each metropolitan area is assumed to contain up to three annular rings each 
populated with hexagons of the appropriate size. The analysis assumes a planar earth with 
the u axis of the hexagonal grid co-aligned with the line depicted by so in 

 Enroute Discrete Method Interference Scenario Geometry 

Figure B-12. 
The distance s in the figure varies with annular ring number as well as (u,v) coordinate 
and is given by, 

    2 2( , ) ( ( / 2)) ( ( 3 / 2) )s u v s d u v d voi i i= + + + . 

A modification must then be made to the elevation angle γ as, 

  
/ 2, ( , ) 0

( , )
tan[(max{ , } min{ , }) / ( , )],

s u viu vi Arc h h h h s u v elsewhereiE EA A

π
γ

=
=

−

  
 
  

. 

 

 

Since cell towers in metropolitan areas tend be located at the highest possible point as on 
top of building structures, it is appropriate to assume a free space propagation model for 
the enroute scenario. Thus for the discrete grid analysis we have, 

  2 2 2 1( , ) [(4 / ) (( ) ( , ))]PL u v h h s u vi iEAπ λ −= − + . 

For certain metropolitan areas, exclusion zones have been incorporated as for example in 
Baltimore there is an exclusion zone for the Chesapeake Bay. Also as the annular rings of 
cells around Baltimore and Washington DC begin to overlap, the rings are cut off so as to 
avoid this difficulty.  

With these modifications, the expression for the mean interference power density given 
previously in equation (1) can be used directly. Table B-16 shows the results. 
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Table B-16

Metro Area 

 Enroute Scenario Discrete Method Results 

# Rings 
Used 

so  (km) Rcv PSD 
(dBW/MHz) 

Agg Path Loss 
(dB) 

Baltimore 2 122.25 -93.81 118.81 
Washington 2 118.58 -92.99 117.99 
Harrisburg 1 91.25 -95.69 120.69 

Philadelphia 1 268.80 -97.31 122.31 
Allentown 1 249.84 -96.79 121.79 
Richmond 2 254.06 -96.33 121.33 
Pittsburgh 1 278.49 -97.57 122.57 

Total   -87.01 112.01 

B.4.4  Random ATCt Mobile Station Location Method Computations 

To evaluate the magnitude of LightSquared mobile unit RFI to airborne GPS receivers, 
the methodology outlined in Appendix B.2.2 is used. The RF sources that populate the 
circular region shown in Figure B-1 are LightSquared mobile units at an assumed surface 
density ρE (mobiles per square meter). The mobile unit exclusion zone shown in Figure 
B-1 may or may not be present depending on the landing approach scenario. Details 
regarding the exclusion zones may be found in Section 3.  

Each mobile unit is assumed to have an unwanted emission into the GPS L1 band. The 
source of this emission is customarily out of band noise generated by the final power 
amplifier and as such the emission level typically remains constant independent of mobile 
unit power control. Thus in all of the cases analyzed this mobile emission level is held at 
-90 dBW/MHz (PSDE, substituted for Po in Appendix B.2.2 equation (11)).  

The mobile units are assumed to be uniformly distributed throughout the circular region 
(minus the exclusion zone) each at a height of 1.8 meters. Radiation from each mobile 
encounters scattering, reflection, and absorption which is accounted for in the analysis by 
using the probabilistic path loss model described in Appendix B.3. Generally each 
scenario utilizes the two-ray, Erceg/Greenstein, and Hata median path loss models with 
range dependent blend points appropriate for the particular scenario. The exception is the 
FAF case which uses two-ray, log-log (r-α), and Hata models. 

The results from each scenario are compared with results from a prior analysis of mobile 
unit interference to airborne GPS receivers in which a variety of mobile and portable  unit 
types were assumed present including cell phones, laptop computers, PDA's, WiFi 
equipment, etc., but no LightSquared mobiles. These units were assumed to radiate power 
at -81.1 dBW/MHz, approximately 10 dB below the 47 CFR 15 limit and were 
distributed with a surface density ρE of 1 unit every 10,000 square meters. 

B.4.4.1  Generic Terminal Area (FAF WP) Scenario Aggregate ATCt Mobile Station RFI 

For the Final Approach Fix (FAF) scenario the GPS antenna height is 535.2 meters, the 
mobile height at 1.8 meters, and a radio horizon of 95.408 Km. The emission density 
PSDE was set at -90 dBW/MHz. The median path loss model used is a blending of the 
two-ray and Hata models as was used for the random method discussed in Appendix 
B.4.2.1. Figure B-13 shows a plot of the median path loss used in this analysis case. 
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Figure B-13

The vertical axis in 

 Median Path Loss For Mobile Terminal Area (FAF WP) Scenario 

Figure B-13 shows median path loss in dB as a function of range r in 
meters (horizontal axis). 

Analysis results are shown in the Table B-17 below. In this table, the term "cell" 
represents 3.80 square kilometers (area of circular region with 2.2 km average diameter). 

Table B-17

Case 

 Mobile Unit Terminal Area (FAF WP) Scenario Results 

A/C Ant 
Ht. (m) 

Exclusion 
Zone  

Parameters 

100 UE/cell 
Rcv PSD 

(dBW/MHz) 

300 UE/cell 
Rcv PSD 

(dBW/MHz) 

1000 UE/cell 
Rcv PSD 

(dBW/MHz) 

Agg 
PSD w/o  

ATCt 
FAF 
WP 

535.2 None -166.16 -161.39 -156.16 -151.04 

B.4.4.2  Generic Category I Decision Height Scenario Aggregate ATCt Mobile Station RFI 

For the Category I Decision Height scenario the GPS antenna height is 53.34 meters, the 
mobile height at 1.8 meters, and a radio horizon of 30.119 Km. The emission density Po 
was set at -90 dBw/Mhz. The median path loss model used is a blending of two-ray, 
Erceg/Greenstein, and Hata models. Figure B-14 shows a plot of the median path loss 
used in this analysis case. 
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The vertical axis in Figure B-14 shows median path loss in dB as a function of range r in 
meters (horizontal axis). 

Analysis results are shown in the Table B-18 below. In this table, the term "cell" 
represents 3.80 square kilometers. 

Table B-18

Case 

 Mobile Unit Category I DH Scenario Results 

A/C Ant. 
Ht. (m) 

Exclusion 
Zone  

Parameters 

100 UE/cell 
Rcv PSD 

(dBW/MHz) 

300 UE/cell 
Rcv PSD 

(dBW/MHz) 

1000 UE/cell 
Rcv PSD 

(dBW/MHz) 

Agg 
PSD w/o  

ATCt 
Cat I 
DH 

53.34 R1=488m 
R2=5830m 
θo=17o 

-166.23 -161.46 -156.23 -151.11 

B.4.4.3  Generic Category II Decision Height Scenario Aggregate ATCt Mobile Station RFI 

For the Category II Decision Height scenario the GPS antenna height is 25.94 meters, the 
mobile height at 1.8 meters, and a radio horizon of 21.004 Km. The emission density Po 
was set at -90 dBw/Mhz. The median path loss model used is a blending of two-ray, 
Erceg/Greenstein, and Hata models. Figure B-15 shows a plot of the median path loss 
used in this analysis case. 

 
Figure B-15

The vertical axis in 

 Median Path Loss for Mobile Unit Category II Scenario 

Figure B-15 shows median path loss in dB as a function of range r in 
meters (horizontal axis). 

Analysis results are shown in the Table B-19 below. In this table, the term "cell" 
represents 3.80 square kilometers. 
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Table B-19

Case 

 Mobile Unit Category II DH Scenario Results 

A/C 
Ant 

Ht. (m) 

Exclusion 
Zone  

Parameters 

100 UE/cell 
Rcv PSD 

(dBW/MHz) 

300 UE/cell 
Rcv PSD 

(dBW/MHz) 

1000 UE/cell 
Rcv PSD 

(dBW/MHz) 

Agg 
PSD w/o  

ATCt 
Cat II 

DH 
25.94 R1=449.3m 

R2=2842m 
θo=25o 

-164.98 -160.21 -154.98 -149.86 

B.5  Aggregate RFI Results Comparison and Discussion 

Table B-20 summarizes the results of the ATCt base station fundamental emission mean 
aggregate RFI computations for the random and fixed discrete location methods. 

Table B-20

Case 

 ATCt Base Station Fundamental RFI Aggregate Results Summary 

A/C Ant. 
Ht. (m) 

Random Rcv 
PSD 

(dBW/MHz) 

Random 
Agg. PL 

(dB) 

Discrete Rcv 
PSD 

(dBW/MHz 

Discrete 
Agg. PL 

(dB) 
Surface 4.0 -86.52 111.52 -88.76 113.77 
Cat. II DH 25.94 -76.03 101.03 -79.09 104.10 
Cat. I DH 53.34 -75.92 100.92 -77.63 102.64 
FAF WP 535.2 -73.55 98.55 -73.60 98.61 
High Alt. 5490 -86.60 111.6 -87.57 112.60 

Note: All the received power spectral densities exceed the GPS MOPS limit of 
-129.35 dBW/MHz at 1552.7 MHz. Those shown in bold font are cases that 
exceed the limit by the largest amounts. 

The mean aggregate received RFI values in Table B-20 are to be compared with the GPS 
receiver MOPS-related tracking limit (in dBW/MHz): -129.35 dBW/MHz at the ATCt 
base transmit center frequency. They all exceed the limit by 42.7 to 55.8 dB (random 
method) for 100% peak channel loading. These results are driven primarily by the high 
transmit power and the close proximity to the GPS receiver passband edge. 

Case

A/C 
Ant. Ht. 

(m)

100 UE/cell 
Rcv PSD 

(dBW/MHz)

300 UE/cell 
Rcv PSD 

(dBW/MHz)

1000 UE/cell 
Rcv PSD 

(dBW/MHz)

Baseline Rcv 
PSD (no UE)

Surface 4.0 - - - -
Cat. II DH 25.94 -164.98 -160.21 -154.98 -149.86
Cat.I DH 53.34 -166.23 -161.46 -156.23 -151.11
FAF WP 535.2 -166.16 -161.39 -156.16 -151.04
High Alt. 5490 - - - -

Table B-21 ATCt Mobile Station Unwanted RFI Effect Aggregate Results Summary 

 
The mean aggregate received RFI values for the ATCt mobiles summarized in Table 
B-21 are to be compared with the GPS receiver environment limit: -146.5 dBW/MHz at 
the GPS L1 center frequency 1575.42 MHz. All the values, including those for a general 
set of RFI sources described in B.4.4 above are within the environment limit. Since the 
baseline value is assumed to exist in all the scenario cases, the addition of the ATCt 
mobile RFI raises the overall environment mean by between 9% (300 UE/Cell) and 31% 
(1000 UE/Cell). 
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C   Analytical Derivation of Maximum Tolerable Interference Levels   

C.1  Wide Bandwidth Near-band Aggregate RFI Limit 

Several GPS receiver MOPS have a test condition limit curve (Figure C) that specifies 
narrow bandwidth (CW) test conditions for frequencies in and near the receiver passband 
1575.42 ± 10 MHz.  This section will derive a wideband limit for signals with moderate 
bandwidth that whose spectra fall outside but near the receiver passband. 

 
Figure C-1

One particular RFI frequency range of interest for this report is 1525 - 1559 MHz.  From 

 Antenna Port CW Interference Limit 

Figure C, the CW RFI curve in that frequency range has the limit equation (in dBm): 

     PTEST(fc) = -120.5 + 2.6843·(1565.42-fc); Equation C-1 

where fc is the interference frequency in MHz.  This limit is used as a test condition for 
various receiver performance tests, but frequency management strategy dictates that the 
RFI environment be managed to a level 6 dB below that limit.  Thus the limit for non-
aeronautical environmental RFI is: 

     PENV(fc) = -126.5 + 2.6843·(1565.42-fc). Equation C-2 

One theory is that the principal effect of a strong RFI signal outside receiver passband is 
likely to saturate the receiver by overcoming its RF/IF selectivity and compressing the 
linear gain to the desired, in-band signal.  As such it should be just the total RFI power 
that causes the effect and not any particular RFI modulation.  Thus a wideband signal 
with total power PWB (dBm), center frequency fc, and necessary bandwidth bw (MHz) 
should have a limit based on Equation C-2:  
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PWB(fc) - 10·log (bw/1MHz) = -126.5- 10·log(bw/1MHz) + 2.6843·(1565.42-fc). 

Converting this equation to dBW/MHz terms yields: 

PSDWB(fc) = -156.5 - 10·log(bw/1MHz) + 2.6843·(1565.42-fc); Equation C-3 

where PSDWB(fc) = PWB(fc) -30 dB - 10·log(bw/1MHz)  

C.2  Third-Order Intermodulation RFI Effect Limit 

This subsection provides an assessment of intermodulation products that may arise in 
airborne active antennas (see Figure 2-1) built to the requirements in RTCA/DO-301 due 
to LightSquared ATCt base station emissions for the Phase 1A and Phase 2 spectrum 
deployments (each with two channels). Intermodulation products may also arise within 
the receiver-processor (see Figure 2-1). This latter scenario is not addressed here, since 
there are many variants of front-end architectures within airborne receivers, and it would 
thus not be possible to develop a “representative” design to assess. 

 
C.2.1  Active Antenna LNA Model 

Consider the simple LNA system model shown in Figure C-. The LNA takes an input 
voltage, x(t), which is typically the filtered output of a passive antenna element, and 
provides an output voltage, y(t), with a nominal power gain of G. This note focuses on a 
representative airborne active antenna LNA that provides a nominal power gain of 34.5 
dB. RTCA/DO-301 requires a minimum active antenna unit gain of 26.5 dB, and a 
nominal gain that it at least 3 dB higher than this. Considering that the active antenna unit 
also includes lossy components, assumed to be 5 dB here for the burnout protector, 
preselection filter, and postselection filter, this provides the justification for the 34.5 = 
29.5 + 5 dB nominal gain that was selected for this analysis. 

 

 
Figure C-2

For an ideal LNA, the input-output voltage characteristics may be described as: 

 Low Noise Amplifier System Model 

 1y a x=    Equation C-4 

where 1a G=  with G being the nominal power gain . 

As is well-known, actual LNAs are only well-modeled by Equation C-4 for small input 
voltages. For larger input voltages, the output voltage saturates. A truncated Taylor series 
expansion is often used (see, e.g., [C-1]) as a more accurate model: 

 
1

N
i

i
i

y a x
=

=∑  Equation C-5 

For example, Figure C- shows the voltage input-output characteristics of an LNA 
modeled using Equation C-5 with N = 5 and the following coefficients:  

x(t) y(t)

G = 34.5 dB
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where R = 50 Ω is the resistance assumed to relate voltage to power. The a1 coefficient 
was selected as 1a G=  to provide a nominal gain of 34.5 dB. The a2 and a4 
coefficients were selected as zero to provide an odd-symmetric input-output voltage 
characteristic. 

 
Figure C-3

 

 Input-Output Voltage Characteristic for Modeled Airborne Active 
Antenna LNA 

The parameter a3 was selected to achieve a 1-dB compression point just compliant with 
DO-301 (-25 dBm for the active antenna subassembly), and a third-order intercept point 
consistent with the rule-of-thumb of being 10-15 dB above the 1-dB compression point. 
Figure C- shows the input-output power characteristics of the modeled LNA. The 
modeled LNA is consistent with the DO-301 requirements, providing an input 1-dB 
compression point of -22.2 dBm (see Figure C-), which would provide an input 1-dB 
compression point above -20 dBm for the overall active subassembly presuming 
combined insertion losses of 2.7 dB for the preselector filter and protection circuit. 
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Figure C-4

C.2.2  Response of Active Antenna LNA to LightSquared Emissions 

 Modeled LNA Input-Output Power Characteristics 

Noting that the input-output characteristics are virtually unchanged for input power levels 
below -20 dBm by truncating the Taylor series to N = 3, here we focus on the simpler 
LNA input-output voltage model: 

 3
1 3y a x a x= +  Equation C-7 

with the input voltage presumed to be well-modeled as a Gaussian, wide sense stationary 
random process. 

The output voltage autocorrelation may be determined as: 

 

[ ]
( )( )

( )

3 3
1 3 1 3

2 2 4 2 3
1 1 3 3 3

( ) ( ) ( )

( ) ( ) ( ) ( )

6 9 ( ) 6 ( )

y

x x x x

R E y t y t

E a x t a x t a x t a x t

a a a a R a R

τ τ

τ τ

σ σ τ τ

≡ +
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 Equation C-8 

where ( )xR τ  is the input voltage autocorrelation and 2 (0)x xRσ = is the variance of x(t) 
(i.e., input power aside from a possible scale factor for a non-unity resistance). 

From Equation C-6, the following expression may be derived to relate the output power 
spectrum, Sy(f), of the LNA to its input power spectrum, Sx(f): 

( )2 2 4 2
1 1 3 3 3( ) 6 9 ( ) 6 ( ) ( ) ( )y x x x x x xS f a a a a S f a S f S f S fσ σ= + + + ∗ ∗  Equation C-9 

where * is the convolution operator. 

C.2.3  Preselector Filter Model 

Figure C- shows the presumed preselector filter attenuation characteristics. This curve 
was derived from Figure 2-1 of DO-301. 
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Figure C-5

C.2.4   Simulation Results  

 Modeled Active Antenna Preselector Attenuation 

Figure C-, through Figure C- show the LNA input and output power spectra for various 
LightSquared received power levels, presuming no filtering prior to the LNA. Phase 1 
emissions are assumed, and these emissions are very simply modeled as perfectly 
rectangular 5-MHz blocks centered at 1528.8 MHz and 1552.7 MHz with total input 
power as indicated on each figure. An input noise floor of -201.5 dBW/Hz is also 
included1

                                                      
1This level would not truly be present at the LNA input even presuming that the overall front-end had 

precisely this effective N0 value, since a good portion of the effective N0 arises from the LNA noise 
figure. Nonetheless, ignoring rigor in this area does not materially affect the results presented here. 
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Figure C-6

  

 Input (top) and Output (bottom) Power Spectrum of Modeled LNA; 
LightSquared Signal Power at Antenna Output Port is -45 dBm (LNA in Linear 

Region) 

Figure C-7
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Figure C-8 Input (top) and Output (bottom) Power Spectrum of Modeled LNA; 
LightSquared Signal Power at Antenna Output Port is -25 dBm (LNA Entering 

Deeper into Compression) 

Figure C- shows the degradation to the effective N0 for a C/A-code receiver due to the 
third-order intermodulation product, presuming that the remainder of the receiver front-
end is perfectly linear and perfectly bandlimited to 20 MHz1

                                                      
1These are obviously big assumptions that are not likely to be true for most fielded receivers. Saturation is likely to 
occur in later receiver components such as LNAs or mixers within receivers where accumulated front-end gain 
outpaces attenuation of the fundamental LightSquared emissions.  

. The plot was produced by 
computing the inner product of the LNA output power spectrum, referred back to the 
passive antenna port by scaling by the true LNA gain and assumed 2.7 dB insertion loss 
(for the preselector filter and protection circuity), against the normalized power spectrum 
of the C/A-code. The inner product was computed over L1 +/-10 MHz under the 
presumption that the fundamental LightSquared emissions would be suppressed 
completely by later filtering within the receiver. A 1 dB degradation is seen at a 
LightSquared received power level of -36.7 dBm (-39.7 dBm/channel) for the Phase 0 
signals, and -35.0 dBm (-38.0 dBm/channel) for the Phase 1 signals. 
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Figure C-9

C.3  Earlier Generation GPS Aviation Receiver Susceptibility 

 Degradation to Receiver Effective Noise Floor due to the Third Order 
Intermodulation Product Created by Active Antenna LNA 

Only the single receiver model described above is considered within this report due to 
time constraints. It should be noted that, although representative, this receiver system 
model does not address all airborne equipment installations. For instance, some fielded 
equipment uses passive antennas, for which the functions found in between points A and 
B in Figure 2-1 would be found within the receiver-processor. Also, some aircraft are still 
equipped with receivers built to the first GPS MOPS published in 1991 by RTCA (DO-
208). RTCA/DO-208 requires greater near-band selectivity (e.g., -40 dBm at 1555 MHz) 
than is required for modern installations addressed by DO-229/253/316 and the current 
International Civil Aviation Organization (ICAO) Standards and Recommended Practices 
(SARPs). The reason that the selectivity requirements from DO-208 were relaxed for the 
later GPS and GPS/WAAS MOPS is that DO-208 only addresses lateral guidance for 
enroute through non-precision approach flight phases, which can be met with narrow 
bandwidth C/A-code processing (e.g., a 2-MHz receiver passband) and with selective 
availability enabled, whereas the later MOPS enable vertically-guided precision approach 
operations that require wider receiver bandwidths (e.g., 20 MHz) to satisfy far more 
demanding performance requirements. 
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D  EXPERIMENTAL TEST RESULTS FOR AVIONICS GPS RECEIVERS  

D.1  MOPS-based GNSS Receiver Broadband Tests 

GPS receiver MOPS-based tests were conducted on four representative MOPS-compliant 
aviation receivers according to certain parts of Section A.1 to determine susceptibility to 
LightSquared signal emissions.  Carrier-to-noise ratio (CNR) degradation baseline tests 
(Section A.1.1) were conducted to determine the 1 dB degradation and loss of tracking 
points for all four receivers against LightSquared Phase 0, 1 and 2 as well as 5 MHz Low 
and 10 MHz Low signal configurations.  Additional tests comparing narrow (CW) and 
wide (5 MHz) bandwidth signals were done for both the Low (1528.8 MHz) and the High 
(1552.7 MHz) channels.  SBAS message loss tests (Section A.1.3) also were conducted 
but due to time constraints, only two receivers were tested for the Phase 0 LightSquared 
configuration. The following sections document test configuration, signal generation and 
results. 

D.1.1   Test Configuration 

Figure D-1 displays a functional block diagram of the test configuration used for the 
MOPS-based tests.  Four separate inputs were combined using a MiniCircuits ZC4PD-
18-S four-way power summer.  These four inputs were a simulated GPS signal, 
broadband white noise, a CW signal and the single- or dual-channel 5 or 10 MHz 
bandwidth noise representative of a LightSquared signal. 

 
Figure D-1

Simulated GPS signals were generated using a Spirent STR2760 or SPAWAR AGNS 
programmed to use the specified MOPS constellation.  The simulated GPS constellation 

 Functional Test Block Diagram 
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consisted of 24 satellites plus one or two SBAS GEOs generating L1 C/A code, 
appropriate for MOPS-based tests and consistent with GPS SPS PS and RTCA/DO-229 
(SBAS simulated for SBAS message loss tests only).  The constellation was generated 
from the Yuma almanac file from April 8, 2009, with PRNs 01, 06, 18, 24, 25, 26, 32 
removed and the GPS week changed to 1634.  The simulated GPS scenario started 
05/05/2011 01:40:00 GPS time.  Regarding the power level of the simulated GPS signals, 
one satellite (PRN 7) was set at -120 dBm and the rest were set at -134 dBm, representing 
maximum and minimum levels at the input to a representative antenna filter/LNA (at 
locations marked “A” in Figure D-1).  Note that the receivers were allowed to track for 
approximately 15 to 30 minutes with all satellites at -120 dBm before dropping power of 
all but one to -134 dBm at the start of each test.  The SBAS signal(s) used the same 
power levels with the same timing as the GPS signals. 

Broadband white noise was generated using an HP346B noise source that was amplified 
and then attenuated with a programmable attenuator to provide a controlled amount of 
additional noise.  This broadband noise emulates the degradation of numerous sources 
that are not present for conducted tests and includes the energy of all other GNSS signals 
and sky noise.  For the carrier-to-noise ratio (CNR) degradation test to determine a 1-dB 
degradation point, -173.5 dBm/Hz external noise is specified in the MOPS procedure, 
which required adding 4.1 dB of additional noise to the test configuration.  For the SBAS 
message loss tests, -170.5 dBm/Hz external noise is specified, which required adding 5.6 
dB of additional noise.  These noise levels are intended to emulate the highly stressful RF 
environment in which MOPS-compliant receivers are already required to operate.  Note 
that although some MOPS tests also require CW interference signals, which could have 
been provided with an HP83732B, these were not needed for the subset of tests 
conducted during this investigation. 

The RFI generator configuration consists of a Tektronix AWG420 and HP8780 Vector 
Signal Generator (VSG) and various filters.  The AWG420 has been programmed to 
generate various noise signals that occupy the bandwidth that LightSquared intends to 
use.  The VSG also was used to generate CW signals in the upper and lower 
LightSquared channels for comparison tests versus certain wide bandwidth noise signals.  
The output of the VSG was connected to an amplifier before it was connected to a set of 
LightSquared Band Pass Filters (BPFs) representative of the ones that will be used by 
their transmitter.  Two pairs of LightSquared BPFs, one pair centered at 1531 and the 
other pair centered at 1550 MHz, were cascaded in order to eliminate any possibility that 
noise generated by the HP8780 Vector Signal Generator (VSG) affected results.  Figure 
D-2 shows a block diagram of the RFI generator.  The only modification to the diagram 
occurred whenever only one BPF pair was needed (high or low channel only) for a given 
test condition; in this case the unneeded BPF pair was disconnected from the second 
ZAPD-2-N and the unused ports terminated. 
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Figure D-2

The RFI generator output of a CW or representative LightSquared emission was provided 
through a controllable attenuator, combined with both the GPS signal and broadband 
noise, then distributed to a WAAS ground reference receiver and a number of aviation 
receivers.  Since WAAS ground reference receivers and aviation receivers use different 
filter/LNA types, a power splitter was used to separately provide the combined emissions 
to each filter/LNA input under test.  Note that the filter/LNA is considered to be located 
immediately after its respective antenna elements in the signal path.  RFI power levels are 
reported as measured at the input to each filter/LNA (locations marked “A” in 

 RFI Generator Detail 

Figure 
D-1). 

D.1.2  Aviation LNA 

An aviation filter/LNA must meet certain performance specifications and depends on 
both the antenna element and the amplifier that individual manufacturers use.  Since no 
single representative filter/LNA was available for this investigation, signal generation 
and amplifier components were chosen to achieve the intended functionality of the 
specified aviation filter/LNA.  The required filter effects were achieved by shaping the 
white noise from the RFI generator to comply with RTCA DO-301 specifications, as 
described in the following section.  The LNA function was implemented by cascading 
two separate amplifiers, shown in Figure D-3, that provide the performance 
characteristics DO-301 requires. 

 
Figure D-3 LNA Representative of Aviation LNA 

Table D-1 lists pertinent measured characteristics of this representative aviation LNA. 
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Table D-1

Gain 

 Aviation LNA Characteristics 

+42.3 dB 

P1dB at input -23.5 dBm 

IP3 at input -12.8 dBm 

IP3 level at output +29.6 dBm 

Noise Figure +3.55 dB 

The measured gain of this LNA is +42.3 dB, which is higher than required.  However, a 
number of components are between the aviation LNA output and the input of each of the 
aviation receivers.  The net loss of these components is 16.3 dB, reducing the net gain 
from the input of the LNA to the input of the receivers to +26 dB.  This net gain is within 
the expected range for GPS/SBAS aviation receivers. 

D.1.3  LightSquared Signal Generation 

Since no aviation filter/LNA was available for these tests, an alternate approach was used 
in which the LightSquared signals were shaped by the AWG in frequency to account for 
minimum required filtering.  Figure D-4 shows the RTCA DO-301 specified frequency 
response of an aviation antenna filter. 

 
Figure D-4

Shaped white noise matching RTCA DO-301 specifications allowed testing as though the 
signal had been filtered by a DO-301 compliant filter.  However, since the actual filter is 
not present, any calibrated power measurement at the aviation LNA input must also take 
into account the insertion loss that an aviation filter would have provided.  The software 
used to design the signals was also used to calculate the difference in total power between 
the filtered and unfiltered versions of each signal.   

 Antenna Frequency Response Specified in RTCA DO-301 
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Table D-2 shows these differences, representing the insertion losses attributed to the 
various signals.  These values are used to correct the power measurement made at the 
input to the variable attenuator (at the location marked “B” in Figure D-1) when 
preparing a test run, in addition to the measured losses between the input to the variable 
attenuator and the input to each filter/LNA (i.e. the losses between “B” and each “A” in 
Figure D-1). 

Table D-2

Signal 

 Power Corrections using RTCA DO-301 Filtered Signals 

DO-301 Filter 
Insertion Loss (dB) 

Phase 0 6.3 

Phase 1 9.3 

Phase 2 10.9 

5 MHz Low 27.9 

10 MHz Low 25.3 

Figure D-5 and Figure D-6 show examples of unfiltered and filtered versions of a 
representative LightSquared Phase 1 signal.  The plots show spectra of the generated 
signals as they appear at the input of the programmable attenuator.  Note that each signal 
that includes a 5 MHz component has a portion of the spectrum that is about 50 dB lower 
than the intended signal and immediately adjacent to the intended noise.  This residual 
component is due to the VSG being unable to completely cancel the imaginary 
component of the complex representation of the signal and is typical of the performance 
that a VSG can achieve. 

 
Figure D-5 Representative Unfiltered Phase 1 Signal 
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Figure D-6

D.1.4  Narrow- and Wide-bandwidth 1 dB CNR Degradation and Loss of Tracking Results 

 Representative Filtered Phase 1 Signal with DO-301 Slope 

The 1 dB and loss of tracking results were obtained in the MOPS environment as defined 
in sections A.1 and A.1.1; external broadband noise was generated at an estimated level 
of -173.5 dBm/Hz.  Table D-3 and Table D-4 provide the signal levels at which 1 dB 
degradation and loss of tracking occurred for the various receivers and LightSquared 
configurations tested. 

Table D-3

Receiver 

 Signal Power (dBm/channel) for 1 dB C/No Degradation Caused by 
LightSquared 

Phase 0 Phase 1 Phase 2 5 MHz Low 10 MHz Low 

#1 -35.9 -35.9 -33.3 +3.4 -1.1 

#2 -61.9 -62.5 -59.7 +3.7 -1.7 

#3 -50.2 -50.0 -47.7 +2.9 -1.7 

#4 -35.4 -38.2 -37.7 -1.0 -4.4 

Table D-4

Receiver 

 Signal Power (dBm/channel) for Loss of Satellite Tracking Caused by 
LightSquared 

Phase 0 Phase 1 Phase 2 5 MHz Low 10 MHz Low 

#1 -28 -28 -24 +10* +3 

#2 -55 -56 -53 +9 +1 

#3 -48 -48 -45 +10 +2 

#4 -27 -34 -34 +7 +2 
* Receiver #1 was at low C/No but maintained lock at +10 dBm 
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In conjunction with the 1 dB CNR degradation tests, tests using continuous wave 
interference (CWI) also were conducted to compare with results of Phase 0 (1552.7 
MHz) and 5 MHz Low (1528.8 MHz) tests.  Table D-5 compares the 5 MHz bandwidth 
noise 1 dB degradation results to the corresponding CWI results for the four aviation 
receivers. 

Table D-5

Receiver 

 Power Ratio for 1 dB C/No Degradation from LightSquared vs. CW RFI 

1552.7 MHz 
LtSq RFI / CW 

(dB) 

1528.8 MHz 
LtSq RFI/ CW 

(dB) 

#1 -7.8 +0.7 

#2 -11.1 +0.8 

#3 -0.5 +0.6 

#4 -0.9 +0.7 

The RFI power level for 1 dB C/No degradation (either CW or 5 MHz bandwidth) for all 
receivers exceeded the MOPS CW test limit (-86.36 dBm) at 1552.7 dB by at least 35 dB 
(CW) and 24 dB (5 MHz bandwidth). Total loss of tracking function occurred at 
approximately 7 dB higher total power than for 1 dB indicated C/No degradation. 

D.1.5  SBAS Message Loss Test Results 

SBAS message loss, or word error rate (WER), tests were conducted with only Receivers 
#3 and #4 and Phase 0 LightSquared signal configuration.  Testing of additional receivers 
and LightSquared signal configurations could not be accomplished due to time 
constraints.  The WER tests were conducted similar to the susceptibility tests except the 
receivers were allowed to acquire GPS as well as one or two SBAS satellites for at least 
15 minutes prior to adjusting signal levels to be compliant with the environment required 
by the MOPS.  Also the external wideband noise was increased to an estimated -170.5 
dBm/Hz as specified in section A.1.2.1.   Baseline tests without the LightSquared signal 
present and 1-dB degraded tests were run.  For the 1-dB degraded tests, after the 30-
minute warm-up period, the Phase 0 LightSquared signal was inserted at the 1 dB 
degradation level previously determined for the particular receiver under test.  Each test 
was run up to approximately 3 hours with two or three SBAS channels tracking to 
accumulate adequate statistics for a PASS/FAIL determination on the WER rate 
requirement.  The WER requirement is less than one error per 1000 chances. 

The WER PASS/FAIL was determined statistically by modeling the word errors as a 
sequence of independent Bernoulli trials with (unknown) word error probability p [D-1].  
The corresponding probability of obtaining exactly j errors in N independent trials is then 

( ) ( ) ( ) Njpp
jjN

NjP jNj ,,1,0,1
!!

!
=−

−
= −  Equation D-1 

Thus, given i errors in N trials for which i > 0.001N (i.e., sample mean of error rate 
exceeds the 0.001 WER requirement), the likelihood of WER FAIL can be expressed as 1 
minus the probability of obtaining i or more errors with p = 0.001.  That is, 
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Also, given i errors in N trials for which i < 0.001N (i.e., sample mean of error rate is less 
than the 0.001 WER requirement), the likelihood of WER PASS can be expressed as 1 
minus the probability of obtaining i or fewer errors with p = 0.001.  That is, 

( ) ( ) ( ) ( )∑
=

−−
−

−=
i

j

jNj

jjN
NPASSWERP

0
001.01001.0

!!
!1  Equation D-3 

The associated confidence levels provided below are simply the above P(WER FAIL) or 
P(WER PASS) probabilities expressed in percent. 

The first test was a baseline run to confirm the receivers would PASS in the MOPS 
environment.  The results show that, without the additional 1 dB degradation from 
LightSquared, the three tested SBAS channels in Receiver #3 had 1, 5 and 2 errors out of 
9633 attempts each; these results PASS with greater than 99.9%, 91.7% and 99.6% 
confidence, respectively.  The two tested channels in Receiver #4 had 1 and 3 errors out 
of 9648 attempts each; these results PASS with greater than 99.9% and 98.6% 
confidence, respectively. 

The next tests were run with the LightSquared Phase 0 signal (1552.7 MHz) injected at 
the 1 dB degradation power levels determined during the CNR degradation tests (each 
receiver run separately at the appropriate level).  The three tested channels in Receiver #3 
had 22, 19 and 23 errors out of 10799 attempts each; these results FAIL with greater than 
99.8%, 98.5% and 99.9% confidence, respectively.  The two tested channels in Receiver 
#4 had 16 and 20 errors out of 11025 attempts each; these results FAIL with greater than 
90.6% and 99.0% confidence, respectively. 

D.2 References 

 
[D-1] Papoulis A., Probability, Random Variables, and Stochastic Processes, Third Edition, 

1991, p.44 
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E  ACRONYMS, ABBREVIATIONS AND DEFINITIONS 

E.1  Acronyms and Abbreviations 

σ(sigma) Standard deviation of a normally distributed random variable 
A/D  Analog to Digital 
AAD  Airborne Accuracy Designator 
ABAS  Aircraft-based Augmentation System 
AC  Advisory Circular or Alternating Current 
ACARS Aircraft Communications Addressing and Reporting System 
A/D  Analog-to-Digital 
ADS  Automatic Dependent Surveillance 
ADS-B  Automatic Dependent Surveillance – Broadcast 
AES  Aeronautical Electronic Systems 
AFC  Automatic Frequency Control 
AGC  Automatic Gain Control 
AGL  Above Ground Level 
AJ  anti-jam 
ALI  Automatic Location Identification 
AM  Amplitude Modulation 
AMIDS Airborne Interference Monitoring Detection System 
AMPS  Advanced Mobile Phone System 
AMSS  Aeronautical Mobile Satellite Service  
AOC  Airline Operational Communications 
APD  Amplitude Probability Distribution 
APL  Airport Pseudolite or Applied Physics Laboratory 
ARINC Aeronautical Radio, Inc. 
ARNS  Aeronautical Radionavigation Services 
ARSR  Air Route Surveillance Radar 
ARTCC Air Route Traffic Control Center 
ASDE  Airport Surface Detection Equipment 
ASMGCS Advanced Surface Movement and Guidance Control System 
ASR  Airport Surveillance Radar 
ATC  Air Traffic Control 
ATCt  Ancillary Terrestrial Component 
ATCRBS Air Traffic Control Radar Beacon System 
ATL  Atlanta International Airport 
AWG  Arbitrary Waveform Generator  
AWGN  Additive White Gaussian Noise 
BER  Bit Error Rate 
BO  Back Off (noise level reduction in dB during UWB testing, Appendix K) 
BOC  Binary Offset Carrier 
BPSK  Binary Phase Shift Keying 
BRW  Barrow, Alaska 
BW  Bandwidth 
C/A  Coarse Acquisition Code Signal in the L1 Band 
CAT I  Category I Precision Approach 
CAT II  Category II Precision Approach 
CAT III Category III Precision Approach 
CDF  Cumulative Distribution Function 
CDMA  Code Division Multiple Access 
CFR  Code of Federal Regulations 
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CONUS Continental United States 
COSPAS Space System for Search of Vessels in Distress (Russian acronym) 
CPE  Carrier Phase Error 
CRC  Cyclic Redundancy Check 
CTL  Carrier Tracking Loop 
CT2  Two-way digital cordless telephony technology 
CW  Continuous Wave or Course Width  
DA  Decision Altitude 
DARS  Digital Audio Radio Services 
dB  Decibel 
dBc  Decibel level relative to the carrier signal level 
dBi Decibel antenna gain in a specified direction relative to an 

omnidirectional antenna pattern 
dBic Decibel antenna gain in a specified direction relative to the carrier signal 

level  
dBm  Decibel level referenced to 1 milliwatt 
DBS  Direct Broadcast Satellite 
dBW  Decibel level referenced to 1 watt 
DECT  Digital European Cordless Telecommunications 
DF  Duty Factor (Burst) 
DME  Distance Measuring Equipment 
DGPS  Differential GPS 
D/U  Desired-to-Undesired (signal ratio) 
D8PSK  Differentially Encoded Eight-Phase Shift Keying 
DDM  Difference in Depth of Modulation 
DH  Decision Height 
DME  Distance Measuring Equipment 
DO  Document Designation (RTCA) 
DOT  Department of Transportation 
DP  Decision Point 
DPSK  Differential Phase Shift Keying 
DSB-AM Double-sideband Amplitude Modulation Transmission 
DSSS  Direct-Sequence Spread-Spectrum 
DTV  Digital Television 
ECM  Electronic Countermeasures 
EGNOS European Geostationary Navigation Overlay Service 
EIRP Effective Isotropic Radiated Power or Equivalent Isotropically Radiated 

Power (10.9.3.1 – second definition)  
EL  Glideslope Angle  
ELT  Emergency Locator Transponder 
EMC  Electromagnetic Compatibility 
EMI  Electromagnetic Interference 
ERP  Effective Radiated Power 
EUROCAE European Organization for Civil Aviation Equipment 
E-911  Enhanced 911 Emergency Calling Systems 
FAA  U.S. Federal Aviation Administration 
FAF  Final Approach Fix 
FANS  Future Air Navigation System 
FAR  Federal Aviation Regulations 
FBI  Federal Bureau of Investigation 
FCC  Federal Communications Commission 
FDE  Fault Detection and Exclusion 
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FDD  Frequency Division Duplex 
FDMA  Frequency Division Multiple Access 
FEC  Forward Error Correction 
FIMDS  Radio Frequency Interference Fixed Monitoring System 
FM  Frequency Modulation 
FM-BC Frequency Modulation Broadcasting   
FMS  Flight Management System 
FOG  Fiber Optic Gyro 
FRS  Family Radio Service 
FSS  Flight Service Station 
ft  feet 
FTE  Flight Technical Error 
GA  General Aviation 
GAD  Ground Accuracy Designator 
GALILEO Informal Name for the European Global Navigation Satellite System  
GBAS  Ground-Based Augmentation System 
GBT  Ground Based Transceiver 
GEO  Geo-synchronous Satellite 
GFSK  Gaussian Frequency Shift Keying 
GHz  Gigahertz 
GLONASS Global Orbiting Navigation Satellite System (Russian Federation) 
GLS  GNSS Landing System 
GMDSS Global Maritime Distress and Safety System 
GMPCS Global Mobile Personal Communications Systems 
GMRS  General Mobile Radio Service 
GMSK  Gaussian Minimum Shift Keying 
GPR  Ground Penetrating Radar 
GRAS  Ground Based Regional Augmentation System 
GSM  Global System for Mobile Communications 
GSO  Geosynchronous Satellite Orbit 
GTD  Geometric Theory of Diffraction 
HF  High Frequency 
HIL  Horizontal Integrity Limit 
HIMDS Handheld Interference Monitoring Detection System 
HIRF  High Intensity Radiation Fields 
HNL  Honolulu International Airport 
Hpol  Horizontally Polarized (antenna) 
HPL  Horizontal Protection Level 
I/Q  In Phase/Quadrature Phase 
I/S  Interference-to-Signal 
ICAO  International Civil Aviation Organization 
ICD  Interface Control Document 
ICO  an MSS operator and subsidiary of Global Communications 
IEEE  Institute of Electrical and Electronics Engineers 
IF  Intermediate Frequency 
IGEB Interagency GPS Executive Board (replaced by the National Space-

Based Positioning, Navigation, and Timing (PNT) Executive Committee 
IL  Implementation Loss 
ILS  Instrument Landing System 
IM  Inter-modulation 
IMU  Inertial Measuring Unit 
INMARSAT International Maritime Satellite Organisation 
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INS  Inertial Navigation System 
ITS  Institute for Telecommunications Sciences  
ITU  International Telecommunication Union 
IVDS  Interactive Video and Data Service 
I3  Inmarsat-3 Satellite 
JHU/APL John Hopkins University / Applied Physics Lab 
JPDO  Joint Planning and Development Office 
JSC  Joint Spectrum Center 
JTIDS  Joint Tactical Information Distribution System 
K  Kelvin  
kts  Knots (nautical miles per hour) 
kW  Kilowatt 
L1  GPS L-band signal 1 (1575.42 MHz) 
L1C  Interoperable modernized signal in the L1 frequency band 
L2  GPS L-band signal 2 (1227.6 MHz) 
L5  GPS L-band civil signal (1176.45 MHz) 
LAAS   Local Area Augmentation System 
LAL   Lateral Alert Limit 
LAX  Los Angeles International Airport 
LAN  Local Area Network 
LEO  Low Earth Orbit 
LHCP  Left-Hand Circular Polarized 
LNA  Low Noise Amplifier 
LNAV  Lateral Navigation 
LO  Local Oscillator  
LOC   Localizer 
LOL  Loss of Lock (UWB testing, Appendix K) 
LOS  Line-Of-Sight 
LP  Lateral Position 
LPL   Lateral Protection Level 
LPV  Lateral Position Velocity 
LSB   Least Significant Bit 
LTE  Long Term Evolution 
LUT  Land User Terminal 
MASPS  Minimum Aviation System Performance Standards 
MB-OFDM Multi-Band Orthogonal Frequency Division Multiplexing 
M Code A Modernized Military Signal in the L1 and L2 Bands 
MDA  Minimum Decision Altitude 
MEMS  Microelectromechanical System (gyro) 
MES  Mobile Earth Station 
MET  Mobile Earth Terminal or Mobile Earth Transmitter 
METSAT Meteorological Satellite 
MHz  Megahertz 
MIDS  Multifunction Information Distribution System 
MLS   Microwave Landing System 
MOPS   Minimum Operational Performance Standards 
MOTR  Multiple Object Tracking Radar 
MSAS MTSAT Satellite-based Augmentation System - Japanese version of 

WAAS 
MSB   Most Significant Bit 
MSL  Mean Sea Level 
MSK  Minimum Shift Keying 
MSS  Mobile Satellite System or Mobile Satellite Services 
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MSSR  Monopulse Secondary Surveillance Radar  
MSV  Mobile Satellite Ventures 
MTBF  Mean Time Between Failure 
MTBO  Mean Time Between Outages 
MTTR  mean-time-to-respond 
MW  Megawatt 
NAS  National Air Space 
NATS  National Air Traffic Services Ltd 
NASA  National Aeronautics and Space Administration 
NBFM  Narrow Band Frequency Modulation 
NCO  Numerically Controlled Oscillator 
NDB  Non-Directional Beacon 
NE  Noise Equivalence 
NEXRAD Next Generation Weather Radar 
NGS  National Geodetic Survey 
nmi   Nautical Mile 
NOAA  National Oceanic and Atmospheric Administration 
NOCC  National Operations Control Center 
NOTAM Notice To Airmen 
NPA  Non-Precision Approach 
NSE  Navigation System Error 
NTIA  National Telecommunications and Information Administration 
OCH  Obstacle Clearance Height  
OCS  Obstacle Clearance Surface 
OFDM  Orthogonal Frequency Division Multiplexing 
OFZ  Obstacle Free Zone 
OOB  Out-of-Band 
OOBE  Out-of-Band Emissions 
OOK  On-Off Keying 
ORD  O'Hare International Airport 
OS  Open Service (Galileo) 
OSM  Office of Spectrum Management 
PAD  PulsON Application Developer (Time Domain UWB source) 
PAN  Personal Area Network 
PACS  Picture Archiving System 
PCM  Pulse Code Modulation 
PCS  Personal Communications Systems 
PDA  Personal Digital Assistant 
PDF   Probability Density Function or Probability Distribution Function 
PDI  Predetection Integration 
PEDs  Personal Electronic Devices 
PHS  Personal Handyphone System 
PIMDS  Portable Interference Monitoring and Detection Systems 
PLL  Phase Lock Loop 
PPM   Pulse Position Modulation 
PRF  Pulse Repetition Frequency 
PRN   Pseudorandom Number 
PRS  Public Regulated Service (Galileo) 
PSAPs  Public Safety Answering Points 
PSD  Power Spectral Density 
PSFD  Power Spectral Flux Density 
PSK  Phase Shift Keying 
P(Y)  Precise Code signal in the L1 and L2 Band 
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QPSK  Quadrature Phase Shift Keying 
QZSS  Quasi-Zenith Satellite System (Japan) 
RAIM  Receiver Autonomous Integrity Monitoring 
RDP  Radiation Distribution Plot 
RF  Radio Frequency 
RFI  Radio Frequency Interference 
RFID  Radio Frequency Identification 
RHCP  Right-Hand Circular Polarized 
RMS   Root-Mean-Squared 
RNAV   Area/Random Navigation 
RNP  Required Navigation Performance 
RNSS  Radionavigation Satellite Service 
R & O  Report and Order 
RR  Radio Regulations 
RSS   Root Sum of Squares 
RTCA  Requirements and Technical Concepts for Aviation 
RTTY  Radioteletype 
Rwy  Runway 
RVR  Runway Visual Range 
SAR  Specific Absorption Rate 
SARPS  Standards and Recommended Practices 
SARSAT Search and Rescue Satellite 
SATCOM  Satellite Communications 
SBAS  Satellite-based Augmentation System 
SC   Special Committee 
SIS   Signal in Space 
SITA Service provider of IT business solutions and communications services 

to the air transport industry 
SMGCS Surface Movement Guidance and Control System 
SS  Spread Spectrum 
SSB  Single Sideband 
SSC  Spectral Separation Coefficient 
SS-MC-MA Spread Spectrum-Multi-Carrier-Multiple Access 
SSR  Secondary Surveillance Radars 
STDMA Self Organizing Time Division Multiple Access 
SV  Space Vehicle 
TACAN Tactical Air Navigation 
TBD   To Be Determined 
TCAS  Tactical Collision Avoidance System or Traffic Alert and Collision 

Avoidance System 
TCH   Threshold Crossing Height 
TCP   Threshold Crossing Point 
TCXO  Temperature Compensated Crystal Oscillator 
TDD  Time Division Duplex 
TDMA  Time Division Multiple Access 
TDWR  Terminal Doppler Weather Radar 
TERPS  Terminal Instrument Procedures 
TIMDS Transportable Interference Monitoring and Detection Systems 
T-PEDs Transmitting Personal Electronic Devices 
TRS  Thales Raytheon Systems (Airport Surveillance Radar) 
TSE  Total System Error 
TSO   Technical Standard Order 
TTFF  Time-To-First-Fix 
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TV  Television 
UAT  Universal Access Transceiver 
UHF  Ultra High Frequency 
US   United States 
USB  Universal Serial Bus 
UTD  Uniform Theory of Diffraction 
UWB  Ultra-Wideband 
VAL   Vertical Alert Limit 
VCO  Voltage Controlled Oscillator 
VDB   VHF Data Broadcast 
VDL-4 emerging data link technology in the VHF Aeronautical Mobile Service 

band; proposed to support data communications only for ADS-B (see 
Section 6.1) 

VDLL  Vector Delay Lock Loop  
VHF   Very High Frequency 
VLCC  Very Large Crude Carrier 
VNAV  Vertical Navigation 
VOR   VHF Omnidirectional Range 
VPL   Vertical Protection Level 
Vpol   Vertically Polarized (antenna) 
VSWR   Voltage Standing Wave Ratio 
W  Watt 
WAAS  Wide Area Augmentation System 
WACS  Wireless Access Communication System 
WER  Word Error Rate 
WG-6  RTCA Working Group 6 (GPS Interference) 
WIR  Wall-Imaging Radar 
WLANs Wireless Local area Networks 
WP  Way Point 
ZJX  Jacksonville Air Route Traffic Control Center 
ZMA  Miami Air Route Traffic Control Center 

E.2  Definitions 

Global Navigation Satellite System (GNSS) — GNSS is a world-wide position, 
velocity, and time determination system, that includes one or more constellations, 
receivers, and system integrity monitoring, augmented as necessary to support 
the required navigation performance for the actual phase of operation. 

Global Positioning System (GPS) — The satellite-based navigation system operated by 
the United States. 

Height Above Threshold (HAT) — Specifically, the height above the LTP/FTP. In 
using this term for airborne equipment specifications, care should be taken to 
define the point on the aircraft (e.g., GPS antenna, wheel height, or center of 
mass) that applies. 

Mask Angle — A fixed elevation angle referenced to the user's horizon below which 
satellites are ignored by the receiver software.  Mask angles are used primarily in 
the analysis of GNSS performance, and are employed in some receiver designs.  
The mask angle is driven by the receiver antenna characteristics, the strength of  

 

  the transmitted signal at low elevations, receiver sensitivity and acceptable low 
elevation errors. 
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Misleading Information — Misleading information is defined to be any data which is 
output from the navigation receiver to other equipment or displayed to the pilot 
that has an error larger the current protection levels (HPL, LPL/VPL) for the 
current operation. This includes all output data, such as position and deviations. 

Non-Precision Approach — A standard instrument approach procedure in which no 
glideslope/glide path is provided. (Source: FAA document 7110.65G.) 

Precision Approach — A standard instrument approach procedure in which a 
glideslope/ glide path is provided. (Source: FAA document 7110.65G.) 

Pseudolite — A pseudolite (pseudo-satellite) is a ground-based GNSS augmentation 
which provides, at GNSS ranging source signal-in-space frequencies, an 
additional navigation ranging signal. The augmentation may include additionally 
differential GNSS corrections. (Adapted from the FANS GNSS Technical 
Subgroup.) 

Pseudorange — The distance from the user to a ranging source plus an unknown user 
clock offset distance. With four ranging source signals it is possible to compute 
position and offset distance. If the user clock offset is known, three ranging 
source signals would suffice to compute a position. 

Satellite-Based Augmentation System (SBAS) — A differential GNSS employing 
satellite transponders to broadcast additional ranging signals and differential 
corrections usable over an extensive geographical area for the supported phases 
of operation. 

Selective Availability (SA) — A set of techniques for denying the full accuracy and 
selecting the level of positioning, velocity, and time accuracy of GPS available to 
users of the Standard Positioning Service (L1 frequency) signal. 

Standard Positioning Service (SPS) — The standard specified level of positioning, 
velocity and timing accuracy that is available, without qualifications or 
restrictions, to any user on a continuous worldwide basis. 

Terminal Area — A general term used to describe airspace in which approach control 
service or airport traffic control service is provided. 

Wide Area Augmentation System (WAAS) — The SBAS operated by the U.S. FAA. 

World Geodetic Survey (WGS) — A set of parameters describing the size and shape of 
the earth, the positions of a network of points with respect to the center of mass 
of the earth, transformations from major geodetic datum, and the potential of the 
earth.  
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