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WG-6 Summary and Response 
In the 19 Oct. 2016 letter to Margaret Jenny, President of RTCA, Inc., the FAA requested that the RTCA 
review two documents that are part of Ligado’s proposals for ensuring compatibility between its 
handsets and aviation certified GPS receivers [1] and its terrestrial downlink stations and aviation 
certified GPS receivers [2].  

RTCA, in turn, asked SC-159 to review the technical aspects of the proposal while the TOC (Tactical 
Operations Committee) would address the operational aspects of this proposal. The goal of this review 
within SC-159, per guidance from the FAA, is to provide technical feedback on the assumptions and 
methodologies espoused by Ligado in its assessment of the compatibility between Ligado 
Downlink/Uplink and certified aviation GPS solutions.  

Multiple telecons were held (10/28/16, 11/4/16, 11/10/16, 11/17/16, 11/22/16, 11/30/16, 12/2/16, 
12/5/16) to disposition comments from SC-159, WG6 (which addresses GPS interference 
characterization within SC-159) on the Ligado proposal. As part of this review, 34 comments were 
compiled from multiple WG6 participants. These comments [3] are provided in the form of a comments 
resolution matrix for further review. In response to comments on the proposal, Ligado has provided 
additional information for review [4][5][6][10]. In addition, some of the original commenters then 
provided follow on responses to specific comment items which are included [7][8] for further reference.  

Pursuant to discussions with stakeholders from Ligado and the aviation community with WG6, some of 
the comments posed were dispositioned with consensus. However, a total of 15 other comments for 
which WG6 could not establish consensus are highlighted for reference in the comments matrix [3].  No 
formal comments were received on the Ligado Uplink Proposal [1]. 

 

Broadly speaking, the following are the items which WG6 did not achieve consensus: 

1. RFI Propagation (Channel) Model: Ligado’s position is that a deterministic (vs. probabilistic) 
approach on channel modeling is more appropriate because its analysis shows that a 
probabilistic model results in anomalous results (e.g. showing increased rare power RFI levels 
from base stations that are farther away from the helicopter relative to nearby base stations, 
which does not comport with RFI physics) for the aggregate RFI contribution from adjacent base 
stations. If a probabilistic approach is taken, Ligado urges that a conditional probability approach 
should be used in lieu of a per event characterization as the exposure probabilities are much 
smaller (due to substantial base station EIRP reduction). The other WG6 participants’ 
perspective is that the probabilistic approach presented in the marked-up original FAA ABC 
study methodology document [9] in fact works well and must be used for the cases in the Ligado 
proposal [2] under review to comply with the pertinent safety standards. These issues are 
discussed in further detail in comment 23. 
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2. Safety margin: Ligado’s perspective is that, in a deterministic model, a 6 dB safety margin is 

appropriate for evaluating helicopters in level flight.  Ligado also states that 2 dB safety margin is 
appropriate for evaluating helicopters in a banked or pitched attitude, as it is highly unlikely 
(based on Ligado’s conversations with HEMS operator Metro Aviation) that helicopters would be 
in such a position, close to ground level and travelling at the speed required to even maintain a 
250 bank/pitch – all in such close proximity to an obstruction.  Additionally, Ligado states that in 
such events, these aircraft are being operated under VFR and not relying on GPS for obstacle 
and obstruction clearance and avoidance. The other WG6 participants’ perspective is that the 
probabilistic approach with mean and rare RFI limits (6 dB and 2 dB, respectively, below the 
MOPS adjacent band tracking threshold) must be applied simultaneously on a per-event basis 
independent of aircraft attitude to comply with the relevant FAA recommendations; otherwise, 
an appropriate safety margin is not maintained. The per-event probability may not be 
apportioned further as a per exposure conditional probability for the same reasons. Other WG6 
participants would like to clarify that GPS is being used or relied upon for obstacle and 
obstruction clearance and avoidance under VFR conditions (HTAWS). These are discussed in 
further detail in comments 7, 12, 24. 
 

3. 250 ft. standoff radius partially based on OOBE: Ligado proposes a 250’ radius cylinder around 
towers for the purposes of modeling RFI.  They based this proposal on their assessment of 
previous FAA proposals, consultations with industry experts and an assessment of the existing 
RF environment.  In its assessment of the RF environment, Ligado refers to a technical analysis 
of the out-of-band emissions of other FCC-licensed wireless services, and concludes, based on 
information it has compiled from publicly-available FCC information, that emissions into the 
GNSS band from other sources are in excess of the RTCA criteria and that interference could be 
observed by certified GPS devices operating within 250 feet of a cell site.   The other WG6 
participants’ perspective is that, after further discussion with Ligado, there is no conclusive 
evidence from the data presented that these higher levels of unwanted emissions from PCS and 
other sources exist in the GNSS band. WG6’s assessment of the data presented by Ligado [6] is 
that this information is based on FCC filings predicated on conducted emissions testing and not 
necessarily reflective of the RFI environment as seen in the GNSS band. The conducted emission 
data in the test reports cited as evidence by Ligado are the result of the test equipment noise 
floor. These are discussed further in Comments Matrix lines 3, 22, 32, 35. 
 

4. Mechanism for Co-ordination of a potential Ligado deployment: Ligado has stated that it will 
ensure its network fully meets FAA conformance standards for instrument approaches to 
airports and heliports. Ligado further states that it has focused its efforts on developing the 
overall conformance methodology and will create its compliance plans once that methodology 
has been approved by the FAA. The other WG6 participants expressed concern that it is not 
clear how such conformance will be enforced and with uniform adherence to the FAA's obstacle 
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clearance criteria achieved for existing and future instrument procedures and related 14 CFR 77 
requirements.  Other WG6 participants also propose that the FAA recommend to the FCC that 
base station power level monitoring relative to the required RFI limit by Ligado’s network 
operations center should be included as a license condition.   This is discussed further in 
comments 6, 26, 35. 
 

5. Determination of aggregate RFI backoff:  Ligado provided an aggregate power backoff analyses 
based on deterministic path loss modeling. Ligado’s perspective is that base station design best 
practices would require that macro cells, typically using taller antennas, will have larger inter-
site distances than small cells using shorter antennas in order to avoid self-interference.  Ligado 
believes any license restrictions should be deferred to the regulatory bodies. The other WG6 
participants believe that the aggregate power backoff analyses provided by Ligado in its 
proposal is not expected to address all combinations of possible base station rollouts. To 
address this concern, one proposal from other WG6 participants is to have a license condition 
that restricts antenna base station configuration as a function of ISD. This is discussed further in 
comments 7, 18 and 25. 
 

6. Evaluation of GPS signal acquisition, initialization and power up  needs in the vicinity of a Ligado 
Downlink base station:  GPS Acquisition was not stated as a requirement per the original FAA 
tasking letter (2014 letter and RTCA response in 2015).  Ligado believes the difference between 
acquisition and tracking thresholds do not create additional risk to safe helicopter operations.  
Based on Ligado’s discussions with Metro Aviation, an HEMS operator, Ligado says there is an 
extremely small likelihood of a helicopter landing in close proximity to a transmitter that would 
create power levels on the ground that would interfere with GPS acquisition following a 
shutdown and restart of the aircraft.  In the extremely remote chance that such a situation did 
occur, normal IFR operating procedures should provide the aircraft adequate time to reacquire 
prior to entering IMC conditions. The other WG6 participants’ perspective is the following: If the 
power levels for the current Ligado proposal were to be lowered to support a standoff distance 
of 250 ft. around a base station, this deployment configuration is expected to pose a different 
set of impacts to rotary wing and UAV operations. For example, this could include impacts to 
GPS initialization, power-up, and satellite acquisition for EMS helo operations. Per RTCA/DO-
229D MOPS, certified safety of life GPS receivers are required to establish initial acquisition 
within 5 minutes from power up.  This time window may result in inadequate operational 
capability under IMC conditions if the helo operator were to commence operations prior to GPS 
signal acquisition. Analysis of the acquisition should be performed using the compatibility 
criterion that the mean RFI power should be such that the probability of exceeding a level 6 dB 
below the RTCA MOPS adjacent band threshold is less than 1 x 10-3. This is discussed further in 
comments 33 and 34.  
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7. Review of the tools and the numbers behind the final results: Ligado’s perspective is that this is 
not in the scope of the current review but has agreed to share the tools used after the 
evaluation methodology has been finalized by the FAA. The FAA clarified that the specific tools/ 
numerical results were not within the scope of the requested review. The other WG6 
participants believe that it is necessary to review the tools and final numbers before RTCA / or 
the FAA’s evaluation is finalized. Given the complexity of the algorithms and the potential for 
implementation error, other WG6 participants believe, it is important for aviation safety to have 
an FAA or RTCA replication of the results presented by Ligado, and a review of its specific 
implementation of the algorithm. This is discussed in comment 9. 
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4. Ligado Responses to WG6 11-8-16.pdf 
5. Ligado Responses to WG 6 - Release 2  11-16-2016.pdf 
6. Assessment of OOBE from other wireless carriers (Updated Nov 8, 2016).pdf - Ligado 
7. Garmin Comments on Ligado Reponses 11-16-2016.pdf 
8. Reference Comments in Item 35_v1.doc – Larry Chesto  
9. FAA GPS Adjacent-Band Compatibility Study Methodology and Assumptions, RTCA Paper No. 

095-15/SC159-1040 – SC-159 Mark-Up 
10. Ligado WG-6 Responses 12-2-16.pdf 
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Appendix A: Comment Matrix 

Comment 
ID 

Author Section Page Comment Suggested 
Resolution 

Resolution Action History/Description Action Status 

2 

John Foley General   
(applies to all 

comments) 

  Garmin’s settlement agreement with Ligado 
provides that nothing in that agreement constitutes 
an endorsement of Ligado’s proposed network.  
The agreement, however, does include restrictions 
on Garmin’s ability to object to certain matters.  
Accordingly, Garmin’s submission with respect to 
this Ligado Downlink Assessment matrix relates 
solely to interference issues regarding certified 
Garmin GNSS aviation equipment caused by 
Ligado’s use of the 1526-1536 MHz spectrum.  A 
short statement noting this point is included in 
Garmin’s matrix entries. 

    

  

  

3 

John Foley   2 The submission relates solely to certified Garmin 
GNSS aviation equipment: 
 
Ligado refers to a technical analysis of the out-of-
band emissions of other FCC-licensed wireless 
services, but does not provide any details of this 
analysis besides the conclusion the interference 
would be observed by certified GPS devices 
operating within 250 feet of a cell site. 
 
This conclusion is provided as a justification for a 
250 foot radius standoff cylinder around a Ligado 
base station.  

Provide the details 
of this technical 
analysis for RTCA 
review. 

Consensus has not been 
achieved on this item.  
Ligado perspective: 
Evidence suggests that 
emissions into the GNSS 
band from other sources 
are in excess of the 
RTCA criteria. WG6 
perspective: There is no 
conclusive evidence from 
the data presented that 
we have these higher 
levels of OOBE from PCS 
and other sources in the 
GNSS band.  

1) Ligado to provide additional references in relation to this 
query (Presentation is in record, Ligado to send WG6 a 
copy of the same), 2) Ligado to provide information on 
noise floor of OOBE from base stations into the GNSS 
band. Ligado provided information on this on 11/8/16. 

Garmin responsed to the same on 11/16/16.  

WG6 to provide 
feedback to RTCA 
per the resolution 
column  
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4 

John Foley Introduction 2 The submission relates solely to certified Garmin 
GNSS aviation equipment: 
 
Ligado asserts that rotorcraft operators do not use 
certified GPS equipment when operating in close 
proximity to structures of any kind.  This assertion 
is used as a justification for a 250 foot radius 
standoff cylinder around a Ligado base station.    
 
This assertion ignores the presence of power lines 
that are within a base station's 250 foot radius 
standoff cylinder.  These power lines are not easily 
seen in daylight VFR conditions.  Some HTAWS 
equipment provides additional GPS-based safety-
enhancing power-line alerting to warn pilots of such 
obstacles.     

The assessment 
of the suitability of 
a 250 foot radius 
standoff cylinder 
around a Ligado 
base station 
should consider 
risks imposed by 
power lines and 
other hard-to-see 
obstacles that are 
within the standoff 
cylinder and for 
which Garmin 
certified 
equipment 
provides 
warnings. 

This is an operational 
concern and is expected 
to be addressed by the 
TOC 

1) How close to the power lines can the equipment 
operate - John Foley, 2) How close to the other cell towers 
can the equipment operate - John Foley. Garmin 
responsed to the same on 11/30/16:  
 
1) Garmin is not aware of any GPS interference issues 
arising from proximity to power lines.  The following two 
papers describe analytical and test results that confirm 
that power lines do not impact GPS receiver performance: 
  
         i.            J. Michael Silva, Robert G. Olsen, “Use of 
Global Positioning System (GPS) Receivers Under Power-
LIne Conductors”, IEEE Transactions on Power Delivery, 
Vol. 17, No. 4, October 2002 
       ii.            J.B. Bancroft, A. Morrison, G. Lachapelle, 
“Validation of GNSS under 500,000 Volt Direct Current 
(DC) Transmission Lines”, Computers and Electronics in 
Agriculture, Volume 83, April 2012.  
http://plan.geomatics.ucalgary.ca/papers/bancroftetal2012-
500kvinterference%20planweb%2028feb12.pdf 
 
 
2) Regarding the operation of GPS receivers in proximity 
to other cell towers, any interference to GPS receivers 
from cell towers would be dependent on the actual 
emissions of those cell towers relative to the RFI 
susceptibility requirements defined in the applicable TSOs 
and RTCA MOPS. 

WG6 to provide 
feedback to RTCA 
per the resolution 
column  

5 

John Foley Introduction 2 The submission relates solely to certified Garmin 
GNSS aviation equipment: 
 
The proposed 250 foot radius standoff cylinder 
around a Ligado base station is very similar to the 
500 foot radius exclusion zones originally proposed 
in the FAA Adjacent Band Compatibility 
Methodology. 
 
The 500 foot radius exclusion zones were 
evaluated by RTCA's Tactical Operations Comittee 
and were found insufficient to avoid adverse safety 
and operational impacts to aviation. 

The 250 foot 
radius standoff 
cylinders should 
be evaluated for 
safety and 
operational 
impacts by the 
Tactical 
Operations 
Committee. 

TOC will be reviewing this 
proposal. TOC plans to 
follow the WG6 timeline 
(Dec 15 feedback to 
FAA). This comment will 
be forwarded to the TOC 
for discussion. 
Consensus has not been 
achieved on this item. 

This comment will be forwarded to the TOC for discussion  WG6 to provide 
feedback to RTCA 
per the resolution 
column  
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6 

John Foley Introduction 3 The submission relates solely to certified Garmin 
GNSS aviation equipment: 
 
Ligado states that it will ensure its network fully 
meets FAA conformance standards for instrument 
approaches to airports and heliports. 
 
It is not clear how this will be enforced and uniform 
adherence to the FAA's obstacle clearance criteria 
acheived.     

Provide more 
details of the 
coordination 
process between 
Ligado and the 
FAA to ensure 
that Ligado tower 
placement will not 
violate approach 
and departure 
obstacle 
clearance 
requirements. 

Clear Consensus has not 
been achieved on this 
item. 

Ligado to provide a write up of their perspective on how 
this will be addressed. Ligado provided a response 
(11/8/16 - Ligado Responses to WG6 11-8-16.pdf) and 
Garmin provided feedback on this response (11/16/16 - 
Garmin Comments on Ligado Responses 11-16-2016.pdf).  

Both these 
responses are 
available for review 
on the workspace 
and will be attached 
as part of the final 
feedback from WG6. 
  
WG6 to provide 
feedback to RTCA 
per the resolution 
column 

7 

John Foley Methodology - 
Step 2 

4 The submission relates solely to certified Garmin 
GNSS aviation equipment: 
 
Ligado is proposing an additional 0.9 dB reduction 
in the base station EIRP to account for the 
estimated maximum aggregate power received 
from other base stations.    
 
This 0.9 dB reduction is proposed to be applied to 
all base stations regardless of the actual network 
deployment in the area.  This blanket assumption 
only works if the analysis actually determines a 
worst case aggregate power that holds throughout 
the evolution of Ligado's network.  While Ligado 
does propose a license condition to limit its intersite 
distance to >= 433 meters, it does not similarly 
propose to limit other network parameters such as 
antenna patterns and downtilt, limitations that are 
necessary. 

Need additional 
confirmation that 
the 0.9 dB 
reduction for 
aggregate power 
effects actually 
overbounds the 
future aggregate 
power acounting 
for variations in 
deployment 
pattern and 
antenna 
characteristics. 

Ligado: Using a 
conditional probability 
approach to address the 
1e-6/hr case.  
 
WG6: The conditional 
probability approach does 
not apply in this case. 
The conditional 
probability assumption is 
not supported. 

1) Ligado to provide rationale on deviation of methodology 
(from FAA recommendation) for assessment of 0.9 dB 
backoff. 2) rationale for the 0.9 dB back off value.  
 
Ligado provided a response on 11/22/16 - Please refer to 
"Ligado WG-6 Responses 11-22-16.pdf" for details. 
 
 

Consensus has not  
been achieved on 
this item. Please see 
resolution column 
for details.  
 
This item will be 
shared with the TOC 
for consideration.  

8 

John Foley 2.0 6 The submission relates solely to certified Garmin 
GNSS aviation equipment: 
 
The Ligado proposal references the October 3, 
2014 FAA ABC Methodology and Assumptions 
document. 
 
RTCA reviewed this document and provided 
feedback to the FAA that included proposed 
changes (RTCA Paper No. 095-15/SC159-1040 - 
SC-159 Markup). 
 
It is not clear that the prior RTCA feedback has 
been incorporated into Ligado's proposal. 

Clarify which 
version of the FAA 
methodology 
paper was used. 

Clarifcation provided that 
the version used was the 
one that RTCA sent back 
to the FAA. This is the 
marked up version that 
RTCA sent to the FAA - 
Oct 3, 2014.  

  Item closed 
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9 

John Foley 3.0 7 The submission relates solely to certified Garmin 
GNSS aviation equipment: 
 
Ligado has developed a model to evaluate the 
transmit power and presumably has developed a 
set of computer tools to compute the maximum and 
aggregate RFI.   Given the complexity of the 
algorithms and the potential for implementation 
error, it is important for aviation safety to have an 
FAA or RTCA replication of the results presented 
by Ligado, or a review of its specific 
implementation of the algorithm. 

FAA or RTCA 
should conduct an 
independent 
review of Ligado's 
tool set or 
corroborate the 
results generated 
from the tools.    

RTCA to review 
methodology, approach 
and assumptions in the 
Ligado Proposal. Ligado 
to provide toolset to 
RTCA for review and 
feedback at a later point 
in time (Jan 2017). RTCA 
will have opportunity to 
weigh in on the tool set 
shared by Ligado. 

  Provide feedback 
from  SC-159, WG6 
per Resolution 
column 

10 

John Foley 3.0 item 1.b 7 The submission relates solely to certified Garmin 
GNSS aviation equipment: 
 
There is no specification provided for the step 
intervals used to increase the antenna height for 
the peak RFI determination.  The use of large steps 
may understate the peak RFI. 

Specify the step 
interval used to 
increment the 
altitude to 
determine the 
peak RFI. 

1 meter step interval used   Item closed 

11 

John Foley 3.0 item 1.b 7 The submission relates solely to certified Garmin 
GNSS aviation equipment: 
 
The methodology states that it is not necessary to 
check all the way up to the full height of the cell site 
as the power reduces monotonically above the 
helicopter height corresponding to maximum RFI.     
 
The base station vertical antenna pattern shown on 
page 26 does not show monotonically increasing 
gain below the peak gain value.  There is ripple in 
the vertical gain pattern.  An algorithm that stops at 
the first reduction in received RFI may miss the 
peak RFI. 

The evaluation of 
peak RFI should 
extend up to the 
full height of the 
standoff cyclinder 
(with an 
appropriately 
small step size) to 
avoid incorrrectly 
identifying the 
point of maximum 
RFI. 

Assessment is being 
performed to the full 
height of the cylinder 

Perform assessment to the full ht of the stadnoff cylinder Item closed 
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12 

John Foley 3.0 item 1.c 8 The submission relates solely to certified Garmin 
GNSS aviation equipment: 
 
Table 1 specifies a lower Aviation Safety Margin for 
the 25 degree banking case, citing the FAA 
methodology and assumptions document. 
 
Appendix C of the FAA methodology and 
assumptions document does specify a 2 dB safety 
margin for the banking and pitch requirements. 
 
However, in section 2.1.1.1 of the FAA 
methodology and assumptions document, the 6 dB 
safety limit is specified.   Additionally, the RTCA 
markup of the FAA Methodology and Assumptions 
document includes a new footnote #3 indicating 
that the 6 dB safety margin applies for aircraft and 
ground operations.  Thus, the 2 dB margin for the 
25 degree banking case appears inconsistent and 
needs clarification. 

FAA should 
confirm the 
suitability of a 
reduced (2 dB vs 
6 dB) safety 
margin for 
helicopter low 
altitude banking 
and pitch 
operations. 

17Nov2016: Difference of 
opinion: Ligado's 
perspective (per Ligado's 
interpretation of the ABC 
methodology document - 
2014) is that the 
probabilistic limit 
addresses the banking 
cases and mean power 
limit does not apply for 
banking operations (for 
purposes of assessing 
compliance). WG6 
perspective is that  both 
mean and rare power 
limit apply for banking 
operations. 

Need to discuss the 2dB banking case from the 
perspective of mean aggregate vs the probabilistic 
modeling. Offline discussion was held on 11/4/2016. Some 
of the participants are: 
 
Ligado, Sai, John Foley, Bob Erlandson, Ken Peterson, 
Ken Alexander, Andrew Roy. 

Provide feedback 
from  SC-159, WG6 
per Resolution 
column.  

13 

John Foley 3.0 item 2.a 8 The submission relates solely to certified Garmin 
GNSS aviation equipment: 
 
The descriptions of the parameters used to 
compute the aggregate RFI for scenario 1 is 
confusing, particularly the vague text in footnote 8 
that states the central tower was different from the 
adjacent towers. 

Clarify the 
conditions used to 
generate the 
results for 
scenario 1. 

  Ligado to provide additional clarification note. Ligado 
provided a response to this on 8Nov16. 

Item closed 
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14 

John Foley 3.0 item 2.a.ii 8 The submission relates solely to certified Garmin 
GNSS aviation equipment: 
 
Ligado proposes the use of a 1.8 dB reduction from 
peak azimuthal antenna gain when determing 
aggregate interference effects.  This is intended to 
represent the average base station antenna gain.  
Ligado references the FAA Methodology and 
Assumptions document as the basis for this 1.8 dB 
gain reduction.   
 
However, the FAA Methodology includes a 
probabilistic component to account for variations in 
the received power.  The Ligado method does not 
appear to include any probabilistic aspects in 
determining the aggregate RFI, so it would appear 
that using the average antenna gain may not be 
sufficient to ensure aviation safety.    
 
Since the aggregate interference analysis is 
intended to determine the maximum aggregate 
interference that could be seen by an aircraft 
operating near any Ligado base station, reducing 
the base station antenna gain does not seem 
appropriate.  

Use the peak 
base station 
antenna gain to 
determine the 
maximum 
aggregate RFI. 

FAA GPS ABC Study 
doc, Scn 3.1.2.1, para 2 
has the 1.8 dB reduction 
reference.  

Need to discuss the variation between the mean 1.8 dB 
reduction and the probabilistic variation around the same.  

Item closed 

15 

John Foley 3.0 item 2.a.ii 8 The submission relates solely to certified Garmin 
GNSS aviation equipment: 
 
How is the aircraft ground control point chosen for 
the multi-tower RFI calculations?   The selection of 
this point seems like it would affect the set of 
distances that are evaluated for aggregate 
interference. 

Clarify how the 
aircraft ground 
control point is 
chosen and what 
impact that has on 
the aggregate RFI 
results. 

resolved   Item closed. Need 
more close out info 
on this item. 



13 | P a g e  Approved in SC-159 Plenary December 13, 2016 

 
 

16 

John Foley 3.1 10 The submission relates solely to certified Garmin 
GNSS aviation equipment: 
 
Ligado assumes dual polarization for the base 
station transmissions, with half the total EIRP split 
for each.     
 
The FAA methodology assumes only vertical 
polarization for analysis of RFI to in-flight aircraft 
from ground base stations. 

Provide 
justification for the 
assumption of 
dual polarization 
for the base 
station emissions. 

Ligado: Design of 
transmit system aims to 
have equal power on H 
and V polzn. WG6  
recommends that this be 
an FCC license 
restriction. 
 
 
Ligado has evaluated the 
power levels at and 
beyond the boundary of 
the cylinder to ensure that 
the power levels are not 
violated at and beyond 
the 250 ft cylinder 
threshold. 

V and H Pol assumed for MIMO operations - Ligado to 
provide rationale for this assumption. Ligado provided 
response and group reviewed the same on 10Nov2016. A 
follow on action for Ligado to clarify that the the power 
levels were at the boundary of the cylinder and beyond. 
Ligado to provide additional text to this end (11/10/16). 

Item closed 

17 

John Foley 4.1 item 2.d 14 The submission relates solely to certified Garmin 
GNSS aviation equipment: 
 
The Ligado proposal references DO-301 as the 
source of the GPS antenna pattern.  However, DO-
301 doesn't provide the response relative to 
horizontal and vertically polarized signals, nor does 
it specify the lower hemisphere antenna pattern. 
 
Is the intent that the GPS antenna patterns 
specified in Appendix A, section A.2 of the FAA 
methodology and assumptions document be used 
for the analysis instead of DO-301? 

Clarify source of 
the GPS receive 
antenna pattern. 

Ligado clarified that this is 
from the  the FAA 
methodology and 
assumptions document 

  Item closed 
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18 

John Foley 5.0 15-16 The submission relates solely to certified Garmin 
GNSS aviation equipment: 
 
It appears that the limiting case driving the 0.9 dB 
backoff is in Example 2, with a 9 m base station 
height, a banked helicopter, and the 433 m intersite 
distance (6.2 BS/Sq.Km).  However, this limit is not 
much different than the Example 1 case that used 
a larger intersite distance of 693 m (2.4 
BS/Sq.Km), but with a variety of base station and 
GPS Rx parameters.    
 
Is there anything preventing the most stringent 
conditions in the Example 1 case from occurring 
with the 433 m intersite distance?  Would this result 
in a larger required backoff for aggregate 
interference?     
 
Since the Ligado proposal allows for an intersite 
distance down to 433 meters, should the Example 
1 cases also be evaluated at that distance? 

Provide additional 
data of aggregate 
RFI if Example 1 
used a smaller 
intersite distance. 
Garmin response 
on 11/16/16:  
 
Ligado’s license 
should require 
that it modify the 
additional EIRP 
backoff to account 
for 
aggregate RFI 
from an urban 
macro cell 
deployment with a 
cell radius of 
0.25km (433m 
ISD) and 
an antenna height 
of 25m, consistent 
with the smallest 
urban macro cell 
radius shown in 
Table 3 
of ITU‐R M.2292. 
Alternately, the 
license should 
include a 
condition to 
restrict base 
station 
antenna heights to 
9m when the ISD 
falls below 693m 

Consensus has not been 
achieved on this.  
 
Ligado: Any license 
restrictions should be 
deferred to the regulatory 
bodies. 
 
WG6: 
Garmin's proposal: 
 Ligado’s license should 
require that it modify the 
additional EIRP backoff to 
account for 
aggregate RFI from an 
urban macro cell 
deployment with a cell 
radius of 0.25km (433m 
ISD) and 
an antenna height of 
25m, consistent with the 
smallest urban macro cell 
radius shown in Table 3 
of ITU‐R M.2292. 
Alternately, the license 
should include a condition 
to restrict base station 
antenna heights to 9m 
when the ISD falls below 
693m 

Ligado to review this further and get back to WG6. 
Potential to look at tying basestation distances to a range 
of antenna heights. Ligado responded to this on 11/10/16 
and Garmin responded to the same on 11/16/16.  

This was discussed 
further on 
11/17/16.and Ligado 
has an action to 
respond to garmin's 
feedback from 
11/16/16. 
 
 
 SC-159, WG6 to 
provide feedback 
per the resolution 
column. 
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John Foley 5.1 16 The submission relates solely to certified Garmin 
GNSS aviation equipment: 
 
There is no justification provided for why the 
Example 1 parameters will produce the maximum 
delta RFI.  For example, only 4 of the Use Cases 
utilize the 25 deg bank angle.  It is unclear why all 
of the Use Cases do not use both bank angles. 

Provide 
justifcation for the 
selected Use 
Case parameters. 

  Ligado to provide additonal results for 0 and 25 degree 
bank angles and 8 , 10 degree downtilt (Update to 
Example 1). 
 
"Ligado provided an update on 11/22/16: "Ligado WG-6 
Responses 11-22-16.pdf". These responses were limited 
to the case of deterministic propagation modeling.  
 
Pursuant to discussions during the meeting, Ligado has 
the following actions: 
 
1) to provide more information on the propagation path 
losses vs radius for horizontal and vertical polarization 
components. 
 
2) provide all the details of the computation for one of the 
scenarios in the Nov 22, 2016 response to item 19 
(Scenario 28).  

Ligado response 
pending 
 
1) provide antenna 
data sheet with diff 
gains 
 
2) update table to 
capture the 25 deg 
banking analysis 
 
3) provide gains on 
direct and reflected 
rays for case 28 
 
4) use case 28, 
details with the 25 
deg banking 
analysis. 

20 

John Foley Appendix 1 19 The submission relates solely to certified Garmin 
GNSS aviation equipment: 
 
This section appears to be switching between cell 
density and base station density when determining 
the minimum intersite distance.  It is unclear how 
the cell density of 2.2 BS/Sq. km is computed. 

Clarify 
computation of the 
cell density which 
is an input to the 
computation of the 
intersite distance. 

Clarification provided Clarify in the Appdx that the 433 m ISD translates into a 
given density of stations for a given hexagonal side value.  

Item closed 
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John Foley Appendix 2 21-26 The submission relates solely to certified Garmin 
GNSS aviation equipment: 
 
The base station antenna pattern on page 26 
provides only one example of a base station 
antenna that might be used in the Ligado network.   

Obtain 
explanation for the 
selection of the 
base station 
antenna pattern 
used in the Ligado 
method.  Clarify 
whether or not the 
base station 
antenna pattern 
will be updated 
when determining 
the baseline 
reference power 
for an individual 
cell site (Step 1 of 
the Ligado 
method).                       
Evaluate whether 
the Ligado 
method 
adequately 
addresses the use 
of other antennas. 

  Ligado to provide clarifying note in regard to antenna 
pattern assumptions on analysis for aggregate backoff vs 
specific patterns for single basestation calculation. 
Response provided by Ligado in 11/8/16 feedback.   

Item closed 

22 

WG6 - 
various 

Exec Summary 2 How is the 250 ft. standoff cylinder minimum 
radius justified? It seems that the RTCA TOC did 
not recommend any min. radius 

Provide detailed 
technical 
justification 

Consensus has not been 
achieved on this item.  
Ligado perspective: 
Evidence suggests that 
emissions into the GNSS 
band from other sources 
are in excess of the 
RTCA criteria. WG6 
perspective: There is no 
conclusive evidence from 
the data presented that 
we have these higher 
levels of OOBE from PCS 
and other sources in the 
GNSS band.  

Ligado to provide updated information on the OOBE 
emissions from other cell sources into the GNSS band at 
L1. Ligado to include relevant points for the technical 
justification of the 250 ft standoff radius. Ligado provided 
response on 11/8/16. 

Provide feedback 
from SC-159, WG6 
per resolution 
column 



17 | P a g e  Approved in SC-159 Plenary December 13, 2016 

 
 

23 

WG6 - 
various 

3.0 7 Why was the Ligado downlink propagation 
modeled using a deterministic two-ray model while 
the uplink was modeled assuming a probabilistic 
propagation environment?  

The downlink 
interference 
scenario should be 
redone using the 
probabilistic 
propagation 
model outlined in 
the RTCA ABC 
study document as 
both the mean 
power limit and 
the so-called rare 
limit imply that 
such a model be 
used. 

Consensus has not been 
achieved. 
 
Ligado: In conjunction 
with the response for item 
12, the methodology 
utilizes a use case based 
conditional probability of 
the helicopter being at the 
most vulnerable point on 
the standoff cylinder. 
WG6: The  conditional 
probability approach (per 
interpretation of the ABC 
methodology doc) is not 
applicable for this case. 

Ligado to provide write up that explains the rationale used 
for the determinitstic modeling for review by WG6.Ligado 
provided feedback on 11/16/16. 

Provide feedback 
from wg6 per 
resolution column. 

24 

WG6 - 
various 

3.0 8 Table 1 lists the RFI limit for the banking 
orientation as -30.1 dBm (rare condition at 10-6 
prob.) while banking is a normal flight orientation 

Revise for proper 
mean and rare 
condiion limit 
application. See 
related KMP,RJE 
comment for Sec. 
3.0 pg. 7  

Consensus has not been 
achieved 
 
Please see responses to 
items 12 and 23 

See item 12, plan to have meeting before end of week 
(11/4/16) 

Provide feedback 
from wg6 per 
resolution column. 

25 

WG6 - 
various 

4.1.2 15 Report ITU-R M.2292, referenced for the 0.43 km 
small cell, seems to also cover the larger cell 
example in 4.1.1. Would those small cells be 
operated simultaneously with the larger cell 
surrounding them? 

Provide a more 
complete 
explanation and, if 
necessary, a 
revised analysis  

Consensus has not been 
achieved on this.  
 
Ligado: Freq reuse will 
preclude having a small 
cell network within a 
larger cell.  
 
Any license restrictions 
should be deferred to the 
regulatory bodies. 
 
WG6: Recommend that 
there be a restriction on 
the license similar to what 
was proposed in Line 18. 

Ligado continuing to evaluate this and will provide more 
information to WG6 on the same once analysis is 
complete. Ligado provided additional feedback on 11/8/16 
on item 20.  

Provide feedback 
from wg6 per 
resolution column 
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Larry chesto 

Overview 
(Power Control)   

It is not clear how power is controlled.  Is it fixed at 
each site or controlled by a computer.   

If it is controlled 
by computer, 
then RTCA/DO-
178 on software 
should be applied 
a it is for certified 
aviation receivers 

Please see comment 35 
(which mirrors this 
comment and adds to the 
same) for resolution 

Ligado to provide write u p to clarify this query (in terms of 
how the power is controlled, regulatory mechanism that 
determines compliance).  
 
Ligado provided response on 11/8/16.  

Provide feedback 
from SC-159, WG6 
per resolution 
column 

27 

Larry chesto 

3.1 
(Propagation)   

Not sure why 2-Ray model is not applied when the 
distance exceeds the breakpoint distance.  

It may not matter 
when the aircraft 
is in motion as the 
reflected signal 
strength will 
change. Rate of 
change depends 
on aircraft 
speed.  In a 
stationary 
condition, one 
could have a 
Fresnel zone 
interference 
situation which is 
similar to the 2-
Ray concept.  In a 
communication 
system this is 
resolved by 
changing antenna 
height 

Ligado's assumptions are 
more conservative and 
addresses this query   Item closed 

28 

Larry chesto 

Overview 
(Antenna)   

they can not use an existing antenna for this band 
of operation (1526-1536 MHz) 

a low pass filter 
should be 
investigate that 
can be in front of 
antenna or 
integrated into 
the 
antenna.  There 
are companies 
that custom 
design RF filters 
(e.g. Anatech 
Electronics).  This 
would solve this 
complex problem 

Please see comment 35 
(which mirrors this 
comment and adds to the 
same) for resolution Sai and larry to tie off on this. Item closed 
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Gregory 
Baker 

  2 

The RFI limit was not evaluated at the top of 
cylinder. An antenna with a poor upper side lobe 
suppression (For 90/65/45 degree beamwidths) or 
an omni antenna could radiate enough power to 
break the RFI Limit 

RFI Limit is 
analyzed for 

antenna with poor 
USLS and Omni 

antennas 

Ligado plans to comply at 
the entire boundary 
around the antenna Ligado to provide data for the top surface of the standoff 

cylinder. Ligado provided data on 11/8/16 

Item closed 

30 

Gregory 
Baker 

  9 

2-ray model case only applies to reflected path with 
ground, not the top of the rooftop. A very common 
scenario in RF Deployment is in a rooftop mounted 
site where the antenna is mounted ~10-40 feet 
from the rooftops edge for mounting purposes or 
due to zoning 

RFI Limit is 
analyzed for with 
reflection wave 
coming from 
rooftop 

This is not expected to be 
the worst case scenario 
and is subsumed by the 
worst case scenario 
analysis (to be confirmed) 

  Item closed 

31 

Gregory 
Baker 

  17 
Clarification on worse case antenna: Is it only 
limited to di-pole arrays? In a multi-beam antenna, 
is the power restricted per radio, or per antenna? 

  
For MIMO net EIRP will 
be consistent with the 
commitment 

  Item closed 

32 

Gregory 
Baker 

Ligado OOBE 
updated 
11/8/16 

  

Emissions correlate to frequency response of 
spectrum analyzer and/or amplifier.  For Radio #3 
and Radio #4, the displayed power on the 
spectrum analyzer in the spurious region of the 
remote radio head, as well as the displayed power 
in the GPS L1 band, appears to be noise 
generated from the test equipment. 

Clarify the OOBE 
emission tests 
provided by 
Ligado are not 
related to the test 
equipment 

Consensus not achieved. 
 
Ligado perspective: 
Evidence suggests that 
emissions into the GNSS 
band from other sources 
are in excess of the 
RTCA criteria. WG6 
perspective: There is no 
conclusive evidence from 
the data presented that 
we have these higher 
levels of unwanted 
emissions (including 
OOBE and spurious 
emissions) from PCS and 
other sources in the 
GNSS band.  

Greg Baker: To present the calculations for radio head 
power level. Update - 11/17/16: Pls see  "Power Calc - 
Greg Baker.pdf". Santanu to provide a short write up on 

what a cumulative -8 dBm OOBE implies (for eg: a 48dBc 
w.r.t. carrier) 

Provide feedback to 
SC-159, WG6 per 
resolution column, 
Consensus not 
achieved 
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Sai 
Kalyanaraman 
- Rockwell 
Collins 

    

As applicable to civil certified GPS receivers, how 
does the 1e-3 threshold for the acquisition case at 
6 dB below the tracking threshold get addressed in 
this proposal. 

Please clarify how 
GPS acquisition 
cases are 
addressed by this 
proposal.  

Consensus not achieved. 
 
Ligado Response: GPS 
Acquisition was not 
stated as a requirement 
per the original FAA 
tasking letter (2014 letter 
and RTCA response in 
2015). 

  

WG6 to Provide 
feedback per 
resolution column. 
Consensus not 
achieved 

34 

Various (Ref: 
WG-6 telecon 
4 Nov 2016) 

General Scope N/A 

Should scenarios related to receiver 
initialization/power-up/satellite acquisition be 
assessed that correspond to EMS helicopter 
operations to/from pick-up scenes (in addition to 
IAPs)? The scenario would define (a) if the receiver 
is generally powered up through the pick-up or if it 
must be assumed the receiver can be powered up 
and initialized at the scene, (b) what the receiver 
operating state is required to be before departing 
the pick-up scene, and (c)  the need for the 
helicopter to support IFR operations at a specific 
time, altitude or distance from the pick-up scene 
and/or destination.         EMS: emergency medical 
services, IAP:   instrument approach 
procedure,   IFR:    instrument flight rules 

Either (1)  In 
concert with the 
RTCA TOC, 
define appropriate 
scenarios and 
assess 
compatibility with 
existing MOPS 
requirements and 
test procedures. –
or– (2) Submit the 
comment to the 
FAA for their 
consideration. 

Consensus not achieved, 
item not fully resolved. 
Do both items 1 and 2 

  

WG6 to Provide 
feedback per 
resolution column. 
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Larry Chesto 

General Scope N/A 

1) Power control.  Software security and Integrity.  
Ligado has action item on part of this. Is max TX 
power 60 W?   
2) There are 9 assumptions in Ligado paper and 4 
ensures.  Need to verify all assumptions  and 
determine how everything is ensured. 
3) Acquisition and re-acquisition should be 
addressed.  With all the increased noise in the 
1559-1610 MHz band in a metro area, it is 
necessary to keep additional noise at a minimum. 

Ligado approach 
appears to be in 
the correct 
direction.  
However, one 
should not base a 
conclusion on 
equipment data 
for other 
frequency bands. 
No final approval 
should be made 
by RTCA until the 
final specifications 
and tests of the 
system are 
available and can 
be analyzed by 
RTCA.  Need 
actual specs and 
tests of equipment 
that will be used 
including 
transmitter and 
antenna. 

This comment will be 
provided to the FAA as 
such. Consensus not 
achieved. 
 
Ligado: This will be 
addressed by Ligado in 
conjunction with the FCC 
prior to rollout of the 
network.  
WG6: Understanding that 
power control is being 
implemented in the 
networks (and is the norm 
for cellular network 
operations), the onus of 
ensuring that the transmit 
power level requirement 
is being met (at all times 
at the applicable 
probability threshold) so 
as to not interfere with 
certified safety of life 
operations needs to be 
taken into account in 
terms of design of the 
system (and relevant 
system monitors). This 
needs to be addressed as 
part of a license 
condition.   

WG6 to Provide 
feedback per 
resolution column. 





 

 

August 30, 2016 
 
Mr. Bruce DeCleene 
Manager, Flight Technologies and Procedures Division 
Flight Standards Services 
Federal Aviation Administration 
470 L’Enfant Plaza, Suite 4102 
Washington, DC  20024 
 
Via Email 
 
Dear Bruce, 
 
Further to your request, Ligado is formally transmitting to the FAA the report that Ligado included 
in its filing to the FCC on June 6, 2016. This report, which was authored by Ligado, assessed 
Ligado’s operations in the uplink bands at the reduced power levels and OOBE limits that were 
part of the modification applications that Ligado submitted to the FCC on December 31, 2015.  
 
Ligado undertook this analysis using the proposed FAA work plan that was submitted to RTCA in 
a letter dated October 7, 2014 and approved by the Plenary Session of SC-159 on March 20, 2015. 
Specifically, Ligado assessed the impacts of the following use cases as called for in the RTCA 
response: (i) numerous Ligado devices operating at ground level on aircraft in flight overhead, (ii) 
passengers using Ligado devices inside an aircraft that is taxiing, (iii) operation of a Ligado device 
at the top of the stairs leading from the tarmac to an aircraft, (iv) numerous Ligado devices 
operating simultaneously near an aircraft parked at the gate, and (v) numerous Ligado devices 
operating at ground level on low-flying aircraft utilizing terrain awareness and warning systems. In 
each use case, even using worst-case assumptions, the attached analyses confirm that emissions 
from Ligado’s proposed handheld devices would not affect certified aviation GPS operations, 
using compatibility criteria specified in the FAA letter to RTCA. Thus, Ligado’s proposed uplink 
operations are fully compatible with existing standards for the protection of certified aviation GPS 
operations. 
 
We understand that you are ready to forward this report (as well as this cover letter) to RTCA for 
their feedback at their next meeting as part of your process to finalize your assessment of these 
conclusions. As always, please do not hesitate to contact me with any questions. 
 
Sincerely, 
 
 
/s/ Geoff Stearn 
 
Geoff Stearn 
Vice President, Spectrum Development 
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Ligado Report on Compatibility of Ligado Networks’ Uplink Emissions with FAA 
Requirements for Certified Aviation GPS Receivers 

June 6, 2016 

 

1.0 Background and Summary 

On October 7, 2014, the FAA, in a letter to RTCA (“FAA Letter”), submitted questions to elicit 
input to the FAA’s analysis of commercial spectrum bands adjacent to spectrum used by GPS. 
The FAA Letter proposed use cases and compliance methods that would be used to determine if 
uplink emissions from handsets (referred to here as “User Equipment”, or “UE”) using bands 
such as those licensed to Ligado Networks, would cause harm to the operation of certified 
aviation GPS receivers.   
 
On March 19, 2015 the summary response to the FAA questions, as well as new edits to the 
proposed FAA work plan (together, the “WG-6 Response”), were presented to WG-6 which 
approved the documents.  The WG-6 Response was then approved by the Plenary Session of SC-
159 on March 20, 2015.1 
 
This report analyzes the compatibility of Ligado’s proposed uplinks in accordance with the 
recommendations in the WG-6 Response.   
 
The only exceptions are with respect to certain propagation models where Ligado has made 
simplifying assumptions that make the models more conservative.  The need for this 
simplification arose because a certain input parameter (the mean out of band emissions 
(“OOBE”) power spectral density (“PSD”) of legacy UEs at the GPS receiver, for use cases 
where the aircraft is on the ground) is required to run the new interference models defined by the 
FAA.  That information is controlled by the FAA and thus was not available to Ligado as it 
developed the analysis, and so a more conservative assumption was used instead.2 Ligado has 
shared the models described below with the FAA in the process of developing the present work.  
 
This report concludes that Ligado’s operations in the uplink bands (1627.5-1637.5 and 1646.5-
1656.5) are compliant with applicable FAA requirements for each of the use cases identified by 
the FAA – while utilizing highly conservative assumptions that further assure aviation safety is 
not compromised in any way.   
 
 

                                                           
1 Ligado Networks (then LightSquared) had reservations about certain aspects of the RTCA’s recommendations in 
the WG-6 Response, and proposed alternatives in a companion report filed on April 3, 2015. 
2 FAA is the owner of the aggregate legacy UE PSD model and provided the subject information for heights other 
than ground level in DO-327 and in the Letter. 
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2.0 Use Cases3 
 

2.1 Inflight Aircraft / Ground-based Handset Cases 

This use case is designed to demonstrate the potential effects of thousands of ground-based 
handsets on an aircraft that is flying overhead. 

Excerpt from FAA Letter4: 

The FAF WP case is also used to represent airborne terminal area operations, while the other 2 cases 
represent limiting cases on aircraft precision approaches. The ground-based handsets in these cases are 
assumed to have a 1.8 meter antenna height. Their random locations are assumed to be uniformly 
distributed to the radio horizon except where excluded, as noted, from annular sector zones. Besides the 
basic parameters for the aircraft receive antenna height, radio horizon, and exclusion zone, Table 1 also 
lists important breakpoint radii for the blended path loss model. For example, the “Mid-range Inner 
Radius” is the breakpoint between the 2-Ray short range path loss model and the mid-range model. 

 

 

Assumptions 

In the past, the FAA had evaluated the compliance of the uplink Out Of Band Emissions 
(OOBE) from UEs using a new band, such as Ligado’s, by comparing the composite power 
spectral density (PSD) of the emissions from UEs in the new band with the existing emitters5, to 
a maximum mean threshold of -146.5 dBW/MHz.  This is also referred to as the Environmental 
Limit.6   

The Environmental Limit was derived by adding 6 dB of safety margin to the absolute maximum 
threshold of tolerable RFI of -140.5 dBW/MHz.  This threshold is the testing threshold for the 
RTCA Minimum Operational Performance Standards (“MOPS”) (referred to herein as the 
“MOPS Threshold”). 

The FAA Letter set forth a new methodology which it described as follows: 7  

Recent studies ([3], [5]) have shown that an existing baseline environment8 results in an aggregate received 
RFI whose probability distribution tail essentially comes up to the operational probability limit for precision 

                                                           
3 These use cases have been defined by the FAA and thus form the focus of this report.   
4 FAA Letter, Section 3.1.1. 
5 Model defined in RTCA DO-235B 
6 RTCA DO-327, Section 6.2.3.3 
7 Id. Section 2.1.1.2 
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approach. As such any additional aggregate impact from new broadband wireless source unwanted emission 
will need to be kept well below that of the baseline environment. The limit for the short duration study is the 
aggregate effect from additional in-band RFI shall not increase the exceedance probability by more than 
6%.  

The FAA adopted this new approach because it acknowledged that certain variations of the 
environmental OOBE level exist currently due to the randomness in the clustering of legacy UEs 
on the ground and normal variations in propagation paths between UEs and GPS receivers.  

A theoretical example of the physical implication of this new methodology is illustrated in 
Figure 1. This demonstrates the types of random variation cited above that exist today, which 
at times exceed the MOPS threshold value of -140.5 dBW/MHz.   
 

Figure 1 Description of OOBE compliance requirement introduced by FAA Letter  

  

The FAA’s methodology requires the creation of probability distribution of the OOBE from 
legacy UEs in the current environment.  The FAA has specified in [1], [2] the method it wishes 
to apply to determine the probability distribution function (PDF) of the legacy UEs for all aircraft 
heights in Table 1 and, from them, to calculate the exceedance probability, shown as P(Threshold 
Exceedance) in Figure 1. The addition of Ligado devices is not permitted to increase the 
Exceedance Probability by more than 6%.9  Ligado has used the FAA’s methodology to obtain 
the results below. 

                                                                                                                                                                                           
8 Accumulation of unwanted emissions from cellular mobile handsets, unlicensed wireless network interface 
infrastructure (U-NII) emitters and unintentional emissions from FCC Part 15 Class B digital devices. 
9 As mentioned, this model is not specified for the case of the aircraft on the ground but the “6% exceedance 
requirement” applies only to aircraft when they are airborne – specifically at the heights in Table 1 in the FAA 
Letter.  Therefore the lack of this data was not a barrier to performing the present calculations. 
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2.1.1 Results and Discussion  

The calculations by RTCA [1] show that the worst case mean aggregate PSD of -152.67 
dBW/MHz from the legacy devices on the ground is generated at the GPS receiver at an altitude 
of 25.9 m AGL (which is the Category II Decision Height for a landing aircraft). The statistical 
behavior of the aggregate RFI is shown in table 4 of [1] and is represented in Figure 2 as a plot of 
cumulative probability distribution of the mean RFI PSD versus the probability of Threshold 
Crossing.  

Here, the threshold value is the MOPS Threshold of -140.5 dBW/MHz and is referred to as 0 dB 
reference on the X axis. The probability of crossing this threshold is shown on the Y axis as a 
function of mean RFI level relative to the MOPS Threshold.  

As an example, for a mean RFI PSD level of -152.67 dBW/MHz, the analysis is as follows: 

1) Calculate the level relative to the reference line, which is: -140.5 - (-152.67 dBW/MHz) = 
12.17 dB. 

2) Read the probability of exceeding threshold on Y axis as 3.0 x10^-4.  

With an equal number of Ligado devices as legacy devices in the same area and with the same 
user densities, the calculation shows (Table 3) that the new aggregate RFI PSD will be -152.65 
dBW/MHz, an increase in noise floor of 0.02 dB. (Level relative to 0 dB reference line: 12.15 
dB).  

Note that the probability of exceeding the threshold is increased to 3.1 x10^-4. The increase in 
the exceedance probability is calculated as: 

  (3.1 x10^-4) – (3.0 x10^-4) / (3.0 x10^-4) = 3.33% 

 
  



5 
 

[Grab your reader’s attention with a 
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anywhere on the page, just drag it.] 

Figure 2 Cumulative Probability Distribution of RFI PSD versus Probability of Threshold 
Crossing 

 

 

Figure 3 – Magnified view at Aggregate mean RFI PSD below -140.5 dBW/MHz at 12 dB 

 
  

Reference (-140.5 
dBW/MHz) 

Cumulative 
Distribution 
Function 

Cumulative 
Distribution 
Function 



6 
 

Table 2 Calculations of Exceedance Probability with Legacy UEs’ OOBE 

 

 

2.1.2 Conclusion: 

As the FAA requirement is that the increase in exceedance probability caused by OOBE from the 
new band be less than 6%, Ligado’s uplinks comply with this requirement.  

 

Comments
1 Parameter Value Unit

2 Aircraft Altitude CAT II DH
Worst case received RFI at 25.94 m height 
(Ref 1, Table 3)

3 Legacy UE OOBE Tx EIRP
-81.1

dBW/MHz

Surface density ρe = 10^-4 per sqm, 
(100/Sq Km), Height of handset ,HE = 1.8 m, 
(Ref 1, Para 2.1) 

4
 Mean Aggregate received RFI Power 

density 
-152.67

dBW/MHz Ref 1, Table 3
5 Receiver MOPS test threshold -140.50 dBW/MHz Reference 1, Paragraph 4.3.2

6
Ratio of MOPS test threshold to mean 

aggregate received RFI 12.17 dB Line 5 - Line 4

7
Ratio of MOPS test threshold to mean 

aggregate received RFI 16.5 Linear term Linear term for line 6

8
Probability of Aggregate received RFI 

exceeding test threshold 3.0E-04 # Reference 1, Table 5 (generalized model)

Comments

1
RFI from legacy devices located outside 

aircraft on ground -152.67 dBW/MHz
Reference - 1, Table - 3 for CATII DH (new 
model Aggr mean)

2 Baseline/Environmental RFI PSD -152.67 dBW/MHz Line # 1
3 Aggregate Mean  Path loss 71.57 dB Calculated [-81.1 dBW/MHz-line # 1]

4
RFI from Ligado devices on ground (1 

UE/10^4 Sqm) -176.57 dBW/MHz Calculated [-105 dBW/MHz - Line # 3]
5 Aggregate RFI -152.65 dBW/MHz  linear sum of Line # 3 and line # 4)
6 Receiver MOPS test threshold -140.50 dBW/MHz Reference 1, Paragraph 4.3.2

7
Ratio of MOPS test threshold to mean 

aggregate received RFI 12.15 dB Line # 6 - line # 5

8
Ratio of MOPS test threshold to mean 

aggregate received RFI 16.4 Linear term Linear term for line # 7

9
Probability of Aggregate received RFI 

exceeding test threshold 3.1E-04 #
See chart below (chart is plot of Ref 1,  
table 4)

10
Exceedance probability due to 

additional in-band RFI  3.33% # Objective: < 6 %

In-Flight Aircraft/Ground Based Handset Case -  RFI Analysis 

In-Flight Aircraft/Ground Based Handset Case - Baseline

Table 3 Calculations of Exceedance Probability with Legacy + Ligado UEs’ OOBE 
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2.2 Aircraft on Ground / Onboard Handset Cases 

This use case is designed to demonstrate the potential effects of multiple Ligado handsets 
operating onboard an aircraft which is taxiing. 

The relevant excerpt from the FAA Letter, marked by RTCA’s SC-159 WG-610, is provided 
below:11 

Unlike the inflight scenario above, when the aircraft is on the ground and taxiing toward the gate, the 
onboard broadband handsets will be assumed to communicate through a standard ground base station 
outside the aircraft. Because of the partial shielding of the aircraft fuselage, the handsets will be assumed to 
operate at full transmit power for their necessary emission. The aircraft antenna height is assumed to be 4 m 
above ground and at a representative location at the start of the taxiway. As in the Sec. 3.1 scenarios, the 
aircraft GPS receiver is assumed to be in the signal tracking mode. Propagation of both necessary and 
unwanted handset emissions to the aircraft GPS antenna will be characterized by the same model as in 
RTCA/DO-235 Appendix E.6.2. For unwanted emission analyses, the GPS receiver is assumed to operate 
in the presence of a baseline level of unwanted RFI from other randomly-distributed sources outside the 
aircraft. See Table 4 and [5] for baseline RFI calculation details. Handsets will be distributed in a random 
assortment of discrete locations throughout the passenger cabin for a few representative values of total 
handset count. Path loss values at possible locations are to be taken from DO-235 Appendix E, Table E-10. 
 

Table 4  Key Geometric Parameters for the Ground Aircraft - Baseline Unwanted RFI 

Parameter Taxiway Case 
Receive Antenna. Ht. (m) 4.0 
Std. Dev. Inner Radius, rs (m) 15.529 
Mid-range Inner Rad. R1 (m) = rs 
Mid-range Outer Rad. R2 (m) 1000 
Excl. Zone Half-angle (deg) 25 
Excl. Zone Inner Rad. (m) 60* 
Excl. Zone Outer Rad. (m) 2800 
Radio Horizon Radius (km) 13.7813 
* Total RFI source exclusion within this radius 

 
Assumptions 
 

UE Power  
 
Ligado, in its December 31, 2015 filing has proposed to reduce the EIRP on uplink 
channels from 0 dBW to -7 dBW (23 dBm). This is also the maximum power of a device 
according to the 3GPP standard for LTE.  This is an extremely conservative assumption 
for the operational power, which will be further reduced from the above maximum value 
due to uplink power control.  For example, the CSMAC [2] simulations have shown that, 
in suburban environments, the UE power is less than 10 dBm with a probability greater 
than 95% for an individual device.  However, as a conservative assumption, Ligado has 

                                                           
10 In its response to the FAA Letter, RTCA SC159 WG 6 provided suggested edits and changes to the FAA’s 
methodology as a markup to the original FAA Letter (the “RTCA Markup”) 
11 RTCA Markup, Section 3.2.2. 
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not factored this 13 dB average reduction in the analysis and the analysis has been done 
with maximum UE power of 23dBm. 
 

UE antenna coupling loss 
A device antenna coupling loss of 0 dB, relative to an isotropic radiator, was used.  This 
value is extremely conservative. For example, in its 2011 assessment, the Cellular 
subgroup of Technical Working Group tasked by the FCC to study the GPS interference 
issue assumed a higher antenna coupling loss of 5 dB for a transmit antenna on a 
cellphone for the use cases that it studied. 

 

Number of simultaneously transmitting devices 

All 64 window seats of a Boeing 737-20012 are assumed to be occupied with 
simultaneously transmitting users.  It should be recognized that this is an implausible 
scenario that is more conservative than required by the FAA Letter, which requires, 
“handsets will be distributed in a random assortment of discrete locations throughout the 
passenger cabin for a few representative values of total handset count”.  This is an 
extremely conservative scenario in which 1/3 of all aircraft seats are occupied by a user 
with a Ligado UE operating at full power with the minimal possible path loss to the 
aircraft GPS antenna.  It is presented here as a way to demonstrate the positive margin 
inherent in the use case in general, and avoid debate about the number and seat choices of 
the handsets.   

The “baseline level of unwanted RFI from other randomly-distributed sources outside the 
aircraft”,13 comprised an equal number of legacy and Ligado UEs.  As mentioned above, 
the PSD of baseline RFI was determined by a simplified model of 2-ray propagation to 
all UEs up to the radio horizon.  This model results in less propagation loss than that 
recommended by the FAA and RTCA.  It therefore created a higher baseline RFI than 
would have resulted from the FAA model had it been calculated at ground level.  The 
model used by Ligado reduced the margin between the composite (from all UEs) mean 
RFI PSD and the Environmental Limit of -146.5 dBW/MHz.  As the compatibility metric 
specified by the FAA is the positive margin between the Environmental Limit and the 
composite mean PSD, the approach used by Ligado is more conservative than that 
recommended by the FAA and RTCA. 
 

OOBE PSD from UE 
The Ligado limit of -105 dBW/MHz for OOBE PSD is used instead of the -95 
dBW/MHz limit specified in the FAA Letter, which is no longer current based on 
Ligado’s December 31, 2015 FCC filing. 

 

                                                           
12 This is the aircraft type specified in the FAA Letter. 
13 RTCA Markup, Section 3.2.2. 
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Value Unit

1
-149.5 dBW/MHz

2 -157.4 dBW/MHz
3 -148.8 dBW/MHz
4 -146.5 dBW/MHz

5 2.3 dB Calculated
6 52.4 dB
7 -29.4 dBm

8 -16.7 dBm
9 12.7 dB

10 -22.7 dBm
11 6.7 dB

Comment

Overload threshold with 6 dB aviation 
margin (GLONASS)
Overload Margin for GLONASS Rx

At 1632.5 MHz ICAO MOPS

64 users in all cabin window seat - Calcuated 
Linear sum Line # 1 and line # 2
Reference 3, Figure C-1

(-105 dBW/MHz) - Line # 2
(23 dBm) - Line # 6

Reference 3, Figure C-1

Line # 8 - Line # 7

Line # 10 - line # 7

 Combined received RFI Power 
density @ 4 m A/C height from legacy 
and Ligado devices 

Aircraft on ground / Onboard Handset case (64 Users) Use case 3.2.2

Total received OOBE 

Overload margin

Aggregate RFI       
dB aviation margin

OOBE Margin 

Overload threshold with 6 dB aviation 
margin

Aggregate path Loss (dB)
Total received  fundamental power 

Environmental RFI (total) at @ 4 m  Aircraft 
height (sum of legacy and Ligado devices on 
ground)

Item 

OOBE threshold at the GPS receiver 
The OOBE threshold used is -206.5 dBW/Hz, as per RTCA DO-229D. 

 

Overload threshold at the GPS receiver 
The overload threshold used is -16.7 dBm, as per RTCA DO-229D for a CW signal at 
1632.5 MHz. 

 

2.2.1 Result and Discussion 
 

Table 5  Calculations for Aircraft on Ground / Onboard Handset Cases 

  
 

As mentioned above, the composite PSD of baseline RFI from legacy and Ligado devices was 
calculated using a conservative, line-of-sight two-ray model from each source within the radio 
horizon of receiver (~14 Km radius).  With the total count of ~120,000 sources, the PSD value 
is -149.5 dBW/MHz. The calculations in Table 5 show that the aggregate RFI is below the 
tracking threshold of receiver with an OOBE margin of 2.3 dB and overload margin of 12.7 dB 
for GPS receivers and 6.7 dB for GLONASS receivers14. 

                                                           
14 The OOBE limits for GLONASS are identical to those for GPS, so the OOBE margin for GLONASS is not separately 
stated in this document. 
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2.2.2 Conclusions 

The Ligado uplinks meet the requirements of this use case. 

It is noteworthy that the total RFI level is dominated by legacy devices outside the aircraft. 
Without any Ligado devices in cabin, the in-band tracking margin would have been 3 dB.  The 
64 Ligado devices inside the aircraft only consumed 0.7 dB of the available margin.       

 

2.3 Aircraft at Gate / Single Handset Source on or near Boarding Stairs or Jetway 

This scenario is designed to assess the potential impact of a single user that is boarding a 
regional jet using a stairway, and is positioned at the top of the stairway, outside of the aircraft. 

Excerpt from the RTCA Markup15: 

This scenario has a single broadband wireless handset operating potentially at up to full necessary emission 
power at the center frequencies listed in Section 2.3.1. The propagation is assumed to be free-space (1/r2). 
Handset location relative to the GPS aircraft antenna is assumed to be such that the receive antenna gain is -
5 dBi. Given the propagation conditions and single source, the result is assumed to be deterministic. In this 
case for a single handset with 0 dBW (30 dBm) EIRP operating at 1616 MHz, the minimum handset 
antenna separation distance for compatibility16 is 3.5 m. This separation might be assured by aircraft 
fuselage size and geometry. Some further verification should be undertaken in the short duration study. 
Unwanted handset RFI analysis should also include the baseline RFI effect as in Sec. 3.2.2 and also include 
the effect of unwanted RFI from a concentration of general sources inside the airport terminal. 

 

The scenario assumptions and link calculations are given below. 

Maximum UE Power  
As a conservative assumption, the maximum operational UE power was assumed to be 23 dBm 
at a transmit frequency of 1632.5 MHz.  In actual use cases, the transmit EIRP will typically be 
much lower due to uplink power control and a UE transmit antenna coupling loss (antenna gain 
less than 0 dBi in the direction of transmission).      

 

GPS antenna gain towards UE 
As recommended by the FAA, GPS antenna gain of -5 dBi is assumed towards UE.   

 

Number of simultaneously transmitting devices 
This scenario involves a single user at the top of the aircraft stairs.  It does not appear possible to 
have more than a single user at this particular location. 

 

                                                           
15 RTCA Markup, Section 3.3. 
16 With respect to 1616 MHz susceptibility (Fig. 1) with 6 dB safety margin (-22.5 dBm) 
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Separation distance from UE to GPS receiver 
As recommended by FAA, the separation distance was assumed to be 3.5 m.   

 

OOBE PSD from UE 
The Ligado limit of -105 dBW/MHz for OOBE PSD is used instead of the -95 dBW/MHz limit 
specified in the FAA Letter, which is no longer current based on Ligado’s December 31, 2015 
FCC filing. 

 

OOBE threshold at the GPS receiver 
The OOBE threshold used is -206.5 dBW/Hz (-146.5 dBW/MHz), as per RTCA DO-229D. 

 

Overload threshold at the GPS receiver 

The overload threshold used is -16.7 dBm, as per RTCA DO-229D for a CW signal at 1632.5 
MHz. 

 

Link Calculations 

Table 6 shows the link calculations for the single user case. 

The analysis is performed without any changes to the recommended parameters for the scenario 
in the FAA Letter. The baseline noise is assumed to be sourced from legacy devices and Ligado 
devices on ground as described in Section 2.3 of this document.  
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Table 6 Calculations for Aircraft at Gate / Single Handset Source on or near Boarding 
Stairs or Jet-way  

 

 
 

2.3.1 Result and Discussion 
In addition to baseline noise PSD from legacy and Ligado sources within the radio horizon 
outside the aircraft, additional RFI sources within the terminal building are also considered 
contributing the base line noise. Ligado has assumed 30 legacy and 30 Ligado users randomly 
distributed inside the terminal building where the aircraft is parked, and has used 
recommendations from the FAA Letter to calculate path loss to the receiver. Even with 
contribution from background in-band noise, the analysis shows positive 1.2 dB margin for in-
band, overload margin of 12.6 dB for GPS receiver and 6.6 dB for GLONASS receiver.    

 

1
2 Parameter Value Unit Comment

3
 Mean Aggregate received RFI Power density @ 
4 m A/C antenna height from legacy devices on 
the ground

-149.5 dBW/MHz
Calculated in "Baseline RFI @ 4 m" tab assuming 
worst case, two ray path loss assumptions. Device 
OOBE = -81.1 dBW/MHz (Ref -1)

4
 Mean Aggregate received RFI Power density @ 
4 m A/C antenna height from Ligado devices

-173.4 dBW/MHz
Calculated in "Baseline RFI @ 4 m" tab assuming 
worst case, two ray path loss assumptions. Device 
OOBE = -105 dBW/MHz

5
 Combined received RFI Power density @ 4 m 
A/C antenna height from legacy and Ligado 
devices 

-149.5 dBW/MHz
Environmental RFI (total) at @ 4 m  Aircraft height 
(linear sum of line # 3 and line # 4)

6
 Mean Aggregate received RFI Power density 

-154.0
dBW/MHz

30 legacy devices randomly distributed in terminal 
(10 trials) 

7
 Mean Aggregate received RFI Power density 

-177.6
dBW/MHz

30 Ligado devices randomly distributed in terminal 
(10 trials) 

8 Baseline/Environmental RFI PSD -148.2 dBW/MHz Linear sum of line  # 5, # 6 and # 7
9

10 Max UE Tx EIRP 23 dBm
11 UE Maximum OOBE PSD (select) -105 dBW/MHz

12
Uplink power control factor (user location: 
outdoor)

0 dB

13 Rx Antenna Coupling loss 5 dB  -5 dBi gain of GPS antenna (Reference 2, para 3.3

14 Tx/Rx Distance 3.5 Meters
Minimum plausible distance for use case (Reference 
2, para 3.3)

15 Path loss to GPS antenna 47.3 dB Free Space @ 1575 MHz
16 OOBE received by GPS antenna -157.3 dBW/MHz line # 11- # 12 - line # 13 - line # 15
17 Baseline/Environmental RFI PSD -148.2 dBW/MHz Line # 8
18 Aggregate RFI -147.7 dBW/MHz Linear Sum of Line # 16 and # 17

19
Receiver MOPS test threshold with 6 dB aviation 
margin -146.50 dBW/MHz

Reference 3, Figure C-1

20 OOBE Margin 1.2 dB Line # 19- line # 18
21 Fundamental signal power -29.3 dBm line # 10 - # 12 - # 13 - # 15 

22
Overload threshold with 6 dB aviation margin 
for GPS -16.7 dBm

At 1632.5 MHz, Reference 3, Figure C-1

23 Overload margin for GPS Rx 12.6 dB Line # 22 - line # 21
24 Overload threshold with 6 dB aviation margin GLO -22.7 dBm At 1632.5 MHz ICAO MOPS
25 Overload Margin for GLONASS Rx 6.6 dB Line # 23 - line # 21

Single Ligado User near Boarding Stairs or Jet way - Baseline  RFI calculations

Single Ligado  User near Boarding Stairs or Jet way  -  RFI analysis 
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2.3.2 Conclusions 
Ligado uplinks comply with this use case for both OOBE and Overload. 

     

2.4 Aircraft at Gate/30 Users Inside Airport 
This use case is designed to simulate the effects of multiple users dispersed around the gate area 
of an airport with an aircraft parked at the gate. 

Excerpt from the RTCA Markup17: 

The following are proposed features for this new scenario with 30 wireless broadband handsets operating in an 
airport terminal gate area that generate RFI to a GPS receiver on an aircraft parked outside the terminal in front 
of the gate area. Unwanted handset RFI analysis should also include the baseline RFI effect as in Sec. 3.3. The 
choice of the ratio of baseline sources inside the terminal to wireless broadband sources should be justified. 

1. The aircraft GPS antenna height is assumed to be 4 meters above ground and 34 meters from front edge 
of terminal area. 

2. The handset antenna heights are all 3 m above the aircraft antenna level (2 m above terminal floor) 
3. Terminal area is assumed to be symmetrically spaced in front of the aircraft with a 20 meters average 

depth and 50 meters width 
4. 30 handsets are assumed to be uniformly distributed throughout the 1000 sq. m. area. 
5. Handsets are assumed to be operating in the 1610-1656.5 MHz band with -95 dBW/MHz unwanted 

EIRP in the GPS L1 band. 
6. Due to the relatively few handsets and the large minimum separation distance, the aggregate unwanted 

RFI in-band to the GPS receiver is expected to be the dominant effect (c.f. §3.3). 
7. The median path loss model to be used would be free-space at these distances but with additional 

building loss incorporated as per the July, 2014 NTIA document. That is, 20% of handsets incur an 
additional 20 dB loss, 60% an additional 15 dB loss, and 20% an additional 10 dB loss. (excess loss 
assigned relative to decreasing distance from front terminal wall) 

8. A Monte Carlo method is suggested for analysis. 
 

 

Assumptions 
 

Maximum UE Power 
As a conservative assumption, the maximum operational UE power was assumed to be 23 
dBm.  In actual use cases, the transmit EIRP will typically be much lower due to uplink 
power control and a UE transmit antenna coupling loss (antenna gain less than 0 dBi in 
the direction of transmission).      
 

 

                                                           
17 RTCA Markup, Section 3.4. 
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GPS antenna gain towards UE 
Using the pattern of an aviation GPS antenna provided in RTCA DO-235B, Fig. G-13, an 
antenna gain of -2.75 dBi is used for elevation angles +5 degrees for the nearest user 
device to Aircraft Antenna.  This is a conservative, worst case assumption. 

 

Number of simultaneously transmitting devices 
It is assumed that all thirty Ligado users are transmitting simultaneously at constant 
power (as detailed above) at varying distances from an aircraft parked at the gate and that 
their powers add at the GPS receiver as specified in the FAA Letter and RTCA Markup.  
Specifically, six users are operating in the front glass of the terminal building at a 
distance of 0 - 6 meters facing the aircraft, 18 users are in middle section of the terminal 
at a distance of and 6 – 14 meters, and  6 users are in backside of the terminal at a 
distance of 14 – 20 meters. These are extremely conservative assumptions, both in terms 
of the number of active users within the separation distances and in terms of the 
likelihood of power addition at the GPS receiver.  The latter likelihood is low because the 
TDMA component of the LTE protocol will, with very high probability, assign non-
overlapping transmit-time epochs to the users.  Indeed, the CSMAC working groups 
assumed six simultaneous users per cell sector for its modeling assumptions.   

The high number of users in this instance demonstrates the substantial margin that exists 
overall for this type of use case.   

 

Separation distance from UE to GPS receiver 
As recommended by FAA, the separation distances vary from 34-60 meters from the 
aircraft GPS receive antenna. 

 

OOBE PSD from UE 
The Ligado limit of -105 dBW/MHz for OOBE PSD is used instead of the -95 
dBW/MHz limit specified in the FAA Letter, which is no longer current based on 
Ligado’s December 31, 2015 FCC filing. 

 

OOBE threshold at the GPS receiver 
The OOBE threshold used is -206.5 dBW/Hz (-146.5 dBW/MHz), as per RTCA DO-
229D. 
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Overload threshold at the GPS receiver 
The overload threshold used is -16.7 dBm, as per RTCA DO-229D for a CW signal at 
1632.5 MHz. 

 

2.4.1 Results and Discussion 
 
The analysis in Table 7 was conducted using Monte Carlo method by simulating the 30 Ligado 
users in the airport terminal as discussed above. Hundreds of trials were performed (ten trails 
per each calculation epoch) to determine the median RFI. The environmental RFI PSD for 
background noise was considered to originate from an equal number of legacy and Ligado 
devices distributed within the radio horizon. The in-band aggregate RFI was compared with the 
receive threshold of -146.5 dBW/MHz. The analysis shows positive margin of 1.7 dB for 
OOBE and 31.2 dB for overload RFI. Overload margin of 25.2 dB is available for GLONASS 
receiver.   

 

Table 7 Calculations for Aircraft at Gate/30 Users Inside Airport 
 

 
 

2.4.2 Conclusions 
 
Compatibility is demonstrated for both OOBE and Overload, with the use of highly 
conservative assumptions. 
 

Parameter Value Unit Note

1

 Combined received RFI Power density @ 4 m A/C 
height from legacy and Ligado devices 

-149.5 dBW/MHz
Environmental RFI (total) at @ 4 m  Aircraft 
height (sum of legacy and Ligado devices on 
ground)

2  Mean Aggregate received RFI Power density 
-154.0

dBW/MHz
30 legacy devices randomly distributed in 
terminal (10 trials) 

3 Baseline/Environmental RFI PSD -148.2 dBW/MHz Linear sum of line # 1 + line # 2
4

5  Mean Aggregate received RFI Power density 
-175.9

dBW/MHz
30 Ligado devices randomly distributed in 
terminal (10 trials)

6 Aggregate OOBE received by GPS antenna -148.2 dBW/MHz Linear sum of line # 3 and # 5

7
Receiver MOPS test threshold with 6 dB aviation 

margin -146.50 dBW/MHz
Reference 3, Figure C-1

8 OOBE Margin 1.7 dB Line # 7 - line # 6
9 Aggregate path Loss (dB) 70.9 dB Calculated,  (-105 dBW/MHz) - line # 5

10 Total received  fundamental power -47.9 dBm (23 dBm) - line 9
11 Overload threshold with 6 dB aviation margin -16.7 dBm DO-229D At 1632.5 MHz, Reference 3, Figure C-1
12 Overload margin (GPS) Rx 31.2 dB Line # 11-line # 10

13
Overload threshold with 6 dB aviation margin 

GLONASS -22.7 dBm
At 1632.5 MHz ICAO MOPS

14 Overload Margin for GLONASS Rx 25.2 dB Line # 13 - line # 10

Aircraft at Gate, 30 users inside terminal - Baseline  RFI calculations

30 Ligado Users inside terminal - RFI analysis 
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2.5 TAWS / HTAWS and Pos/Nav Scenarios with Ground-based Mobile Broadband 
Handsets 

This scenario was constructed to assess the potential impact of Ligado UEs located on the 
ground on aircraft that are using GPS with terrain awareness systems (TAWS for fixed wing 
aircraft and HTAWS for helicopters) as well as other positioning and navigation systems that 
rely on receivers certified to the RTCA DO-229D and related MOPS. 

 
Excerpt from RTCA Markup18: 

The RTCA results [3] for mobile broadband handset aggregate unwanted emissions were largest 
for the Cat II DH scenario where the aircraft antenna was 25.94 m above the ground. For this 
scenario, exclusion zones were assumed where mobile handsets could NOT be (e.g., within the 
airport runway object-free area, obstacle clearance zone, etc. - see Table B-3 in [3]). This 
exclusion zone was a rather substantial annular wedge (~50 degrees). The handset interference 
results would be worse for the (TAWS/HTAWS) scenarios developed during the base station 
studies performed by the FAA with LightSquared during late 2011/early 2012 [4]. In those 
scenarios, the airborne user would be roughly the same height above ground but without 
exclusion zones for mobiles beneath the aircraft.  

In this study, the mobile broadband handsets are assumed to be randomly distributed at one of 3 
different surface concentrations (30, 75, 180 per sq. km). Their assumed unwanted emission is -
95 dBW/MHz in the GPS L1 receiver passband. At these surface concentration values, the 
fundamental emission effects will be insignificant by comparison. The two different aircraft 
antenna height cases to be analyzed are: 25.94 and 53.34 m. Comparison can then be made with 
the final approach cases from Sec. 3.1.1 which contain source exclusion zones. 

       
Assumptions 
 

Maximum UE Power  
As a conservative assumption, the maximum operational UE power was assumed to be 23 
dBm.     
 

Uplink power control 
No Uplink power control is assumed. 

 

Antenna coupling loss 
UE transmit antenna coupling loss is assumed to be 0 dB.  

 

                                                           
18 RTCA Markup, Section 3.5.1 
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GPS antenna gain towards UE 
Using the pattern of an aviation GPS antenna provided in RTCA DO-235B, Fig. G-13, 
varying GPS receive antenna gain are considered, based on the angle of arrival of the RFI 
signal from randomly located user device.  

 

Number of simultaneously transmitting devices 
Device concertation of 30, 75 and 180 per Sq. Km. in the radio horizon.   
 
Height of GPS receiver 
As suggested by FAA, the 25.94 meters and 53.34 meters are considered 

 

OOBE PSD from UE 
The Ligado limit of -105 dBW/MHz for OOBE PSD is used instead of the -95 
dBW/MHz limit specified in the FAA Letter, which is no longer current based on 
Ligado’s December 31, 2015 FCC filing. 

 

OOBE threshold at the GPS receiver 
The OOBE threshold used is -146.5 dBW/Hz, as per RTCA DO-229D. 

 

Overload threshold at the GPS receiver 
The overload threshold used is -16.7 dBm, as per RTCA DO-229D for a CW signal at 
1632.5 MHz. 

 

Exclusion Zone 

For uplink use cases, the term “Exclusion Zone” refers to potential restrictions on the 
placement of Ligado base stations, which would then eliminate UEs from those areas as 
well.  In the case of the current analysis, no exclusion zones have been assumed.  

Propagation Model 

Two-Ray Line of Sight 
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2.5.1 Results and Discussion 
The RFI analysis in Table 8 shows that significant margin exists (more than 23 dB) for OOBE 
and more than 25 dB exists for the overload conditions for all aircraft heights, and device 
concentrations considered. Considering the fact that tracking threshold (Environmental Limit) 
for in-band (OOBE) was at -146.5 dBW/MHz, even for the calculating the increase in 
exceedance probability, the mean RFI would be approximately 29 dB (23 + 6 ) below the -140.5 
dBW/MHz reference threshold. This also would result in an extremely small increase (less than 1 
%) in exceedance probability.  

        
Table 8 

Calculations for TAWS / HTAWS and Pos/Nav Scenarios with Ground-based Mobile 
Broadband Handsets 

 
 

   

 
2.5. 2 Conclusions 

 
The calculations use the Ligado limit of -105 dBW/MHz for OOBE PSD instead of the -95 
dBW/MHz limit specified in the FAA Letter, which is no longer current. 

  

OOBE Margin (dB) 
(Threshold -146.5 

dBW/MHz)

O/L Margin (dB) at 
1632.5 MHz

OOBE Margin (dB) 
(Threshold -146.5 

dBW/MHz)

O/L Margin (dB) at 
1632.5 MHz

30 31.4 33.2 31.8 33.6
75 27.4 29.2 27.8 29.6

180 23.6 25.4 24.0 25.8

Ground Based Handsets for TAWS/HTAWS
Aircraft height = 25.94 m Aircraft height = 53.34 m

UE Concentration 
(per Sq Km)
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Introduction and Executive Summary 

 

 

Background 

 

Ligado Networks has an application pending with the FCC, which was filed on December 31, 2015, 

seeking to modify Ligado’s terrestrial authorization to use certain radio frequencies.  A key part of this 

application is a provision whereby the FCC would modify Ligado’s licenses such that it would be 

required to operate in a manner so that the Effective Isotropic Radiated Power (EIRP) of Ligado’s cell 

sites operating from 1526-1536 MHz would be restricted to assure compatibility with all standards 

incorporated into active and any future FAA Technical Standards Orders (TSOs) for certified aviation 

GPS devices.  This license condition ensures that Ligado’s operations would be compliant with applicable 

FAA requirements.   

 

During the past nine months, Ligado has worked diligently with the FAA to determine the methods by 

which compatibility with these aviation standards can be assured, consistent with FAA and RTCA 

methodologies.  This document details the methods, formulas and values by which this will be 

accomplished.   

 

 

Selection of Helicopter Use Cases 

 

The assessment of aviation compatibility is based on use cases involving helicopters rather than fixed 

wing aircraft since rotorcrafts present the most difficult use cases because they are less constrained in 

their operations and, as a result, can operate in much closer proximity to structures with cellular antennas.  

For example, fixed-wing aircraft are required by the FAA to operate at least 500 feet from any obstruction 

(such as a radio tower), and often farther.1  Rotorcraft in general have no minimum distance requirement, 

provided that the operator ensures there is no hazard to persons or property.  Because they may operate in 

closer proximity to Ligado’s cell sites, focusing on rotorcraft use cases will result in the maximum 

reduction of Ligado EIRP from its 1526-1536 downlink channel in order to ensure compatibility with 

aviation standards. 

 

 

                                                           
1 14 C.F.R. § 91.119 (requiring that aircraft operate at least 1,000 feet above the highest obstacle within 2,000 feet 

horizontally when over a congested area, 500 feet above the surface when not over a congested area, and not closer 

than 500 feet to any person, vessel or structure. 
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Minimum Offset Distance and Standoff Cylinder Approach 

 

In order to assess compatibility between Ligado operations and certified aviation GPS devices, it is 

critical to establish the minimum distance from a Ligado transmit antenna that a helicopter is expected to 

operate safely, based on the TSO guarantee of performance of certified GPS equipment.  Ligado studied 

this issue intensively, consulting with the FAA and a major operator of air ambulance helicopter services. 

Ligado also performed a technical analysis of the authorized out of band emissions of other FCC-licensed 

wireless services that are widely deployed (such as Cellular, Personal Communications Services and 

Advanced Wireless Services licenses that are held by all of the major wireless carriers).   

 

As a result of this analysis, Ligado determined that: 1) a rotorcraft operating at a distance closer than 250’ 

from a cell site, would experience authorized emissions from the commercial wireless services mentioned 

above that exceed the compatibility limits for certified GPS devices and thus are capable of interfering 

with GPS devices, and 2) in order to ensure safe operations, rotorcraft operators utilize visual flight rules 

when operating in such close proximity to structures of any kind and do not rely on certified GPS 

equipment for their rotorcraft operations at these close distances.  Given these two important 

considerations, Ligado has used a lateral offset distance of 250’ from its transmit antennas for the purpose 

of the calculations contained in this analysis.   

 

To assess compliance, the model uses a cylinder around a tower with a radius for the cylinder that extends 

250’ laterally from the antenna with a vertical component that extends to 30’ above the antenna all the 

way to the ground (“Standoff Cylinder”).  Under this proposal, Ligado’s EIRP from its 1526-1536 MHz 

channel cannot exceed the FAA’s limits at any point on the surface of the Standoff Cylinder and outside it 

in order to assure compatibility.  

 

 

30 ft. 

Ground 

Standoff 
Cylinder 

250 ft. 

Ligado 
Transmit 
Antenna 
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Additionally, rotorcraft and fixed wing aircraft rely on certified GPS equipment for instrument 

approaches to airports and heliports and could operate within 250’ of cellular transmitters while on these 

approaches.  In order to ensure that compatibility limits are not exceeded within the obstacle clearance 

areas of the approach, Ligado will ensure its network fully meets FAA conformance standards in these 

areas. 

 

 

Methodology 

 

In the analysis that follows, Ligado uses for the most part the analytical methods, formulas and values 

previously endorsed by the FAA and RTCA, which are cited within the document. Any instances in 

which Ligado has varied from that methodology are identified within the analysis. 

 

For elements that were not previously addressed by the FAA, or where assumptions have needed to be 

updated due to the evolution of wireless network architectures, Ligado has utilized highly conservative 

values as well, described in detail below.   For instance, Ligado’s assessment of the aggregate power that 

is received at a particular location utilizes a worst-case assumption that all cell sites are equally spaced at 

a minimum distance from each other.  This produces the highest possible interference power level (which 

must be subtracted from Ligado’s operating power) even though such an interference power is nearly 

impossible to attain because Ligado will ensure that the deployed cells sites will, in fact, be farther apart 

than the minimum allowable distance in real-world deployments and actual radio signals typically do not 

comport to a free space propagation model all the way to the radio horizon.  The result of this 

conservative approach is a lower EIRP.  The purpose of these conservative assumptions is to ensure 

compatibility in all possible situations. 

 

As explained below, Ligado proposes a model analysis that would determine the maximum safe level of 

operation for each Ligado cell site.  In order to determine the appropriate maximum power for each cell 

site in Ligado’s network, the following two steps are performed: 

 

Step 1 – Determine the Baseline Reference Power for an Individual Cell Site 

 

As detailed in Section 3.1 below, Ligado will use the model to assess the appropriate power level 

for each individual site within its network—prior to commencement of operation—in order to 

ensure that its power does not exceed the established thresholds (with applicable safety margin) 

on the surface of and outside the Standoff Cylinder.  The power for each site is modeled, using 

calculations previously endorsed by the FAA and RTCA, using the unique attributes of such site 

including antenna height, pattern and downtilt.  The maximum EIRP is determined by evaluating 

a helicopter along the surface of the Standoff Cylinder and determining the point and orientation 

(i.e. bank angle) at which the aircraft would be capable of receiving the strongest signal from 

Ligado’s transmit antenna.  Ligado’s EIRP is then reduced to the point at which compatibility is 

achieved at this “worst case” aircraft position and orientation. 
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Step 2 – Further Reduce EIRP to Account for Power from Surrounding Sites 

 

Since a helicopter’s antenna can receive signal from multiple sources simultaneously, it is 

important to account for the effects of surrounding Ligado cell sites as well.  As detailed in 

Section 3, Ligado has constructed and evaluated two types of models.  One model emulates a 

macro cellular network and evaluates a variety of surrounding cell sites of different antenna 

heights and orientations at a fixed distance of 693 meters (which produces a cell density of 2.4 

base stations/sq. km) from the central site being assessed.  A different model emulated an urban 

small cell network and used cell sites of identical height and antenna orientations, with at a fixed 

distance of 433 meters from the central site being assessed.  This produces a density of 6.2 cell 

sites/sq. km. 

 

The results of both the macro cell and small cell analyses converged on a common value of 

approximately 0.9 dB of additional power that can potentially be received by a certified aviation 

GPS antenna.  This 0.9 dB will be subtracted from the Step 1 EIRP determined above to arrive at 

the cell site’s final maximum EIRP.  Furthermore, Ligado will propose that its license be 

conditioned to limit deployment of sites only where the inter-site distance is 433 meters or greater 

in order to ensure that its actual deployment is not denser than that assumed in this analysis. 

 

 

Ligado has carefully defined this analytical approach in order to ensure the safe operation of certified 

GPS equipment is maintained in all use cases.  It has utilized existing FAA and RTCA methodology 

wherever possible and has utilized highly conservative assumptions, consistent with this methodology, 

where none had previously been established.  Ligado looks forward to working with the aviation 

community to further vet this conformance assessment to ensure that stakeholders have full input into its 

adoption and implementation. 
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1.0 Objectives 

This document provides the detailed calculation steps and methodology to predict the aggregate RFI 

toward a low-altitude (e.g., helicopter) aircraft GPS receiver due to combined RF emissions from 

surrounding base station towers using the MSS L-band (downlink) for terrestrial operations.  It also 

proposes a method for determining the safe operating power level of a base station, with defined 

deployment parameters, so as to meet the certified aviation MOPS with FAA mandated safety margins.  

2.0 Geometric Overview 

Fig. 1 shows the geometric flat-earth model for the RFI calculation: 

Fig. 1: Geometric Model2 

 

A hexagonal cell pattern is defined in Cartesian coordinates out to the radio horizon, with a base station 

tower located at the center of each cell.  The inter-site distance (ISD – i.e., the distance between adjacent 

towers) is determined from the given base station density D (towers per sq.km.) as follows: 

ISD (m) = 1000*SQRT[2/{SQRT(3)*D}] 

      (1) 

As described in Fig. 2, the aircraft is constrained to maintain a minimum standoff distance from any 

tower, defined by a cylinder that extends 250’ radially and from ground level to 30’ above the top of the 

Central Tower transmit antenna.  The RFI power at any point on and outside the surface3 of the cylinder 

must be less than a threshold value that depends on the interference mask in RTCA DO-229D [3] and 

                                                           
2 Note: figures depicted in this document are for illustrative purposes and are not drawn to scale 
3 The RFI calculations extend to distances beyond the surface of the cylinder to a point where the potential RFI 

reaches its maximum level. 
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FAA mandated safety margins defined in the FAA’s compatibility study methodology and assumptions 

[1].  

 

Fig. 2: Aircraft Standoff Cylinder (25 Degree Banking Use Case) 

Note: Both 25° and 0° bank angles are examined in the calculation method 

 

 
  

 

Referring to Fig. 1, the aircraft is located a lateral distance of 250’ from the Central Tower located at the 

origin.  The aircraft receive antenna height and tower transmit antenna height, relative to ground level, are 

denoted hA and hT, respectively. The aircraft “Control Point” is defined in x-y coordinates at ground level 

directly beneath the aircraft antenna. 

In addition to its location coordinates (x, y, and hT), each tower is characterized by its antenna pattern, 

down-tilt angle and sector peak transmit EIRP. The aircraft is specified to be in one of two banking 

states4; 1) non-banking (i.e., level flight), or 2) 25o banking toward the Central Tower.5 For purposes of 

                                                           
4 Restriction of the bank angle to 2 values follows the FAA directions for such analysis, based on the FAA’s 

compatibility study methodology and assumptions [1], where two different interference thresholds were specified, 

one for each bank angle. 
5 In some documents referenced herein, the Central Tower is referenced as the “Control Tower.” 
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calculating propagation loss, the interference carrier frequency for all towers is specified to be 1531 MHz, 

which is the center point of a 10 MHz channel from 1526-1536 MHz. 

For a given aircraft antenna height hA and tower antenna height hT, the radio horizon distance R0, which 

includes a 4/3-earth radius factor to account for refraction, is given by the FAA’s compatibility study 

methodology and assumptions [1]: 

 R0 (m) =  4124 * (√hA(m)  + √hT(m) )      (2) 

Any tower whose lateral separation from the aircraft Control Point exceeds R0 is excluded from the 

aggregate RFI calculation as it would be beyond the radio horizon. 

 

3.0 RFI Calculation Approach 

For a given banking scenario (no-banking or 25o banking) and tower configuration (defined by height hT 

and antenna down-tilt), the calculation of received RFI at the aircraft antenna and the corresponding 

maximum allowable sector EIRP proceeds in two steps: 

1. Single Tower RFI calculation: 

a. Starting at an aircraft antenna height hA = 4 m (or 10 m for aircraft banking), the RFI received 

from the Central Tower only (all other surrounding towers disabled) is calculated for some 

initial sector EIRP value6, with lateral separation distance between aircraft and tower equal to 

76.2 m (250’). The path loss is determined using the 2-Ray model considering the directional 

(in elevation) TX and RX antenna patterns7:  

i. To produce the most conservative 2-ray model result for the Central Tower RFI, the 

calculation algorithm finds the peak RFI level at or beyond the 76.2 m (250’) lateral 

separation where the direct and reflected rays add constructively.  

ii. For conservatism, it is assumed that the aircraft bearing as viewed from the Central 

Tower corresponds to the azimuth of maximum sector antenna gain (i.e., boresight 

azimuth). 

b. With the lateral separation fixed at 76.2 m, the above RFI calculation is repeated as the 

receive antenna height hA is incrementally raised from 4 m (or 10 m for aircraft banking) to a 

level where any further increase would result in a lower received RFI level. It is not necessary 

to check all the way up to full height of the standoff cylinder (30’ above the height of the base 

station antenna) as the power reduces monotonically above the helicopter height 

corresponding to the maximum RFI.  The value of hA that corresponds to the highest received 

RFI level is denoted the “critical” receive antenna height for the single tower case. 

 

c. The “Maximum Allowed Single Tower EIRP” is referenced to the point of maximum TX 

antenna pattern gain, and is determined as follows: 

Max_allowed_single_tower_EIRP (dBW)  

 = Initial_EIRP – (RFIcritical – RFIlimit)     (3) 

where: 

                                                           
6 For this study, an initial sector EIRP of 13 dBW was used, although the actual initial value is not critical. 
7 The antenna pattern is an input to the model.  The examples for which results are produced in this report, used an 

antenna whose pattern in provided in Appendix 1.  The antenna is specified by its manufacturer as a small cell 

antenna. 
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 Initial_EIRP  ≡  the initial sector EIRP (dBW) described in step 1.a. 

 RFIcritical  ≡  max. RFI (dBm) calculated at critical antenna height. 

 RFIlimit   ≡  allowed RFI limit (dBm) at RX antenna output. 

The threshold RFI limit values used for this study are derived in Table 1:  

Table 1: Received RFI limits at the RX Antenna Output (dBm) 

Parameter Reference No banking 25o Banking 

GPS tracking threshold: RTCA DO-229D [3], 

Fig. C-1 

-28.1 dBm -28.1 dBm 

Aviation safety margin: RTCA DO-229D [3], 

Sec. 2.1.1.1, 

FAA methodology and 

assumptions [1], App. 

C 

6 dB 2 dB 

RFI limits:   -34.1 dBm -30.1 dBm 

The calculation of step 1 is repeated for both non-banking and banking conditions, and the more 

restrictive of the two conditions, in terms of defining the maximum allowed single tower EIRP, 

which then becomes an input into the aggregate multi-channel RFI calculation (step 2) below. 

2. Aggregate Multi-Tower RFI Calculation: 

a. For this step, the aircraft antenna is placed at the critical antenna height for the single tower 

case determined in step 1.b., for the most restrictive of banking or no-banking conditions as 

determined in step 1. All surrounding towers (also referred to as Adjacent Towers) are 

enabled with transmit EIRPs equal to the Maximum Allowed Single Tower EIRP (for the 

applicable banking or non-banking condition) calculated in step 1c.8 The propagation loss and 

received RFI from each surrounding tower is calculated separately, and the RFI contributions 

from the Central Tower (determined in step 1) and all surrounding towers are then summed 

power-wise to produce the aggregate multi-tower RFI: 

i. Unlike the Central Tower path loss calculation that uses the 2-Ray model exclusively, 

the path loss model for each surrounding tower is selected based on its lateral 

separation distance from the aircraft. The 2-Ray model is used up to a breakpoint 

distance r1, where the vertically polarized component is at its minimum magnitude 

(Brewster angle distance). This is consistent with the definition of the r1 breakpoint 

for the FAA propagation model in the FAA’s compatibility study methodology and 

assumptions [1]. Between the r1 breakpoint and radio horizon R0, free-space loss 

(FSL) is used.  

ii. For the purpose of calculating aggregate RFI, the surrounding tower antenna gains 

for the specified down-tilt are reduced by 1.8 dB9 from the peak sector gain over 

                                                           
8 One exception to this rule was in Scenario 1, where the Adjacent Towers were analyzed in two ways – (i) the 

Adjacent Towers were identical to the Control Tower and (ii) the Adjacent Towers, while being identical to each 

other, were deployed with a Central Tower that was different from the Adjacent Towers. 
9 Averaging the 3-sector gain pattern used in this study over 360o in azimuth produced an average gain that is 1.8 dB 

below the peak azimuth gain.  If the deployment has fewer than 3 sectors with random sector orientations, the 

aggregate power reduction is greater: 3.6 dB for 2 sectors and 6.6 dB for 1 sector.  This 1.8 dB reduction of the 

antenna gain below the peak azimuthal value, is appropriate as the aggregate RFI is assumed to come from all 

azimuths with equal probability. The mean antenna gain over a 1200 azimuth sector (with the elevation angle 

corresponding to boresight) is 1.8 dB below the peak gain over the same 1200 azimuth sector.   Only 3-sectored sites 

were assumed for this aggregate analysis. 
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azimuth, to reflect the average antenna gain over all possible sector azimuth 

orientations as viewed from the aircraft. This approach for discounting the peak 

antenna gain owing to azimuthal selectivity in the case of a 3-sector base station 

antenna, for a random azimuthal angle of departure, was used in the FAA’s 

compatibility study methodology and assumptions [1]. 

b. The “Multi-Tower EIRP Back-off” is defined as the amount that the Maximum Allowed 

Single Tower EIRP from step 1 would need to be reduced to comply with the maximum RFI 

limits of Table 1 with the additional RFI contribution from the surrounding towers. The 

Multi-Tower EIRP Back-off is applied equally to the Central Tower and all surrounding 

towers, and is calculated as follows: 

Multi-Tower_EIRP_Back-off (dB)  = RFIagg – RFIlimit (4) 

 where: 

RFIagg ≡  aggregate RFI (dBm) from Central Tower and all surrounding towers 

determined in step 2a. 

RFIlimit ≡  maximum received RFI limit as shown in Table 1. 

 

3.1 Detailed Calculation of Propagation Loss and Received RFI from an Individual Tower:   

Fig. 3 shows the 2-Ray model geometry for RFI emissions from a single tower toward the aircraft. For 

cases where FSL propagation is used instead of the 2-Ray model (i.e., surrounding towers where the 

lateral distance d exceeds the r1 breakpoint distance), only the direct path d1 propagation in Fig. 3 is 

applied. 

 

Fig. 3: 2-Ray Model Geometry for RFI Emissions from One Tower 

 

 

 

 

 

 

 

 

 

Referring to Fig. 3, given tower antenna hT, aircraft antenna height hA, and lateral separation distance d, 

then the following path lengths and angles are given by: 

 d1 (direct path)    = √[d2 + (hA – hT)2] 

 d2 (reflected path)   = √[d2 + (hA + hT)2] 

hA

d
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 (2-Ray reflection angle)   = ATAN[(hT + hA)/d]  

 

For the propagation model used in this study, the base station transmits dual orthogonal linear 

polarizations, where each orthogonal polarization is rotated 45o (i.e., diagonally oriented) with respect to 

vertical. The RFI calculation resolves the diagonally polarized transmit signals into their vertically 

polarized (v-pol) and horizontally polarized (h-pol) vector components. It is assumed that the signals 

transmitted in each diagonal polarization are mutually uncorrelated and of equal transmit EIRP. 

Therefore, it is numerically equivalent (and computationally simpler) to calculate the RFI as if all the 

EIRP were transmitted from only one of the two diagonal polarizations10. 

The detailed RFI calculation steps for an individual tower are described below: 

Antenna Models: Note: All terms in linear units unless otherwise indicated. 

TX linear polarized antenna has h-pol and v-pol components, with antenna input power split equally 

between v-pol and h-pol. The TX antenna pattern is modeled to be constant over all azimuth angles11, but 

varies over elevation angles. For elevation angles-of-departure corresponding to direct and reflected 

paths, we define: 

GdvTX ≡ direct path TX antenna gain for v-pol, normalized to peak gain  

GdhTX ≡ direct path TX antenna gain for h-pol, normalized to peak gain 

GrvTX ≡ reflected path TX antenna gain for v-pol, normalized to peak gain  

GrhTX ≡ reflected path TX antenna gain for h-pol, normalized to peak gain 

RX elliptically polarized antenna is characterized by its gains with respect to v-pol and h-pol transmitted 

carriers. For elevation angles-of-arrival corresponding to direct and reflected paths, we define: 

 GdvRX ≡ direct path RX antenna gain for a v-pol transmitted carrier 

 GdhRX ≡ direct path RX antenna gain for an h-pol transmitted carrier 

 GrvRX ≡ reflected path RX antenna gain for a v-pol transmitted carrier 

 GrhRX ≡ reflected path RX antenna gain for an h-pol transmitted carrier 

For this analysis, it is assumed that the v-pol direction coincides with the ellipse major axis, and that the 

h-pol direction coincides with the ellipse minor axis. Then the RX antenna voltage axial ratios for direct 

and reflected paths are given by: 

 rd   =  direct path voltage axial ratio  =  (GdvRX / GdhRX)1/2 

 rrefl   = reflected path voltage axial ratio  =  (GrvRX / GrhRX)1/2 

                                                           
10 This yields the same result as transmitting half the total EIRP over each of 2 orthogonal polarizations, where the 

signals transmitted on each polarization are mutually uncorrelated, so as to combine power-wise at the receive 

antenna output. 
11 As previously noted, the TX antenna gain for the Central Tower assumes the maximum gain over azimuth is 

directed toward the aircraft, whereas for the surrounding towers, the TX antenna gain over azimuth is reduced by 1.8 

dB from peak azimuth gain to account for a random sector orientation in azimuth toward the aircraft. 
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To create an elliptical RX antenna polarization, the h-pol received signal voltage is phase shifted by +90o 

(for RHCP) and vector-added to the v-pol received signal voltage to produce the composite signal voltage 

at the antenna output. This phase shift step is included in the calculations that follow. 

Definition of Terms: 

 Gdv ≡  GdvTX GdvRX  (consolidation of terms) 

 Gdh ≡  GdhTX GdhRX  (consolidation of terms) 

 Grv ≡  GrvTX GrvRX  (consolidation of terms) 

 Grh ≡  GrhTX GrhRX  (consolidation of terms) 

 P ≡  total sector peak EIRP  

 L ≡  direct path free space loss = [d1)]2, where  is the carrier wavelength and d1 = 

direct path distance shown in Fig. 3 

 f ≡  phase difference between received direct and reflected carriers at RX antenna 

 v ≡  v-pol reflection coefficient, v =  |v| exp(jqv)   

 h ≡  h-pol reflection coefficient, h =  |h| exp(jqh)   

 d ≡  ratio of direct path to reflected path distances (<1) 

  ≡  carrier radian freq. = 2f(Hz)] 

 Vd(t) ≡  direct path received signal voltage (v + h-pol) at RX antenna output 

 Vr(t) ≡  reflected path received signal voltage (v + h-pol) at RX ant. output  

 V2ray(t)  ≡  combined direct + reflected path signal voltage at RX ant. output 

 Pd ≡  direct path mean envelope power at RX antenna output 

 P2ray ≡  composite direct + reflected path mean envelope power at RX antenna output 
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The 2-Ray vertically and horizontally polarized reflection coefficients v and h are given by Parsons [2]: 

v =  (r – jx) sin (r – jx) – cos2

 

  (r – jx) sin (r – jx) – cos2  

h =  sin (r – jx) – cos2

 

 sin (r – jx) – cos2

where  x =  [f(MHz)]  

For the derivation that follows, it is more convenient to express v and h in complex polar form: 

 =  || exp(jq)  , where qIm{} / Re{}] 

Direct & Reflected Path RFI : The following derivation assumes that identical c.w. signals are applied 

to both the h-pol. and v-pol. TX antenna inputs: 

Direct Path (FSL Solution):   

Note: for RX antenna h-pol phase shift, cos(t + 90o) = sin(t).

Vd(t) =  [PGdv L]1/2 cos(t) – [PGdh L]1/2 sin(t)    (5) 

Pd =  Lim  1/T ∫˳
ᵀ Vd

2(t) dt =  (P L/2) [Gdv + Gdh]   (6) 

         T →∞ 

Reflected Path: 

Vr(t) = [PGrv L]1/2 d|v|cos(t+qvf) – [P Grh L]1/2d|h|sin(t+qhf) 

 = cos(t){[PL]1/2 [Grv
1/2d|v|cos(qvf)  Grh

1/2d|h|sin(qhf)]} 

  sin(t){[PL]1/2 [Grv
1/2d|v|sin(qvf)  Grh

1/2d|h|cos(qhf)]}   (7) 

Direct + Reflected Path (2-Ray Model Solution): 

V2ray(t) = cos(t){[PL]1/2 [Gdv
1/2 + Grv

1/2d|v|cos(qvf)  Grh
1/2d|h|sin(qhf)]} 

    sin(t){[PL]1/2 [Gdh
1/2 + Grv

1/2d|v|sin(qvf)  Grh
1/2dh|cos(qhf)]}  (8) 

P2ray =  Lim  1/T ∫˳
ᵀ V2ray

2(t) dt  

         T →∞ 

= (PL/2){Gdv + Gdh + Grvd2|v|2 + Grhd2|h|2 + 2[Grv Grh]1/2d2|v| |h| sin(qvqh) 

+ 2[Gdv Grv]1/2d|v| cos(qvf)  2[Gdv Grh]1/2d|h| sin(qhf) 

+ 2[Gdh Grv]1/2d|v| sin(qvf)  2[Gdh Grh]1/2d|h| cos(qhf) }  (9) 
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Received Angle-of-Arrival Correction for Aircraft Banking: 

Similar to the TX antenna, the RX antenna gain is modeled to be omni-directional in azimuth but variable 

over elevation. So for an aircraft in level flight, the received RFI from any given tower does not depend 

on the tower’s azimuth direction relative to the aircraft, but only on the elevation angle-of-arrival (AOA).  

When the aircraft is banking, the AOA from the Central Tower and those surrounding towers in the same 

azimuth direction increase, while the AOA from towers on the opposite side of the aircraft decrease. So 

for the banking case, the elevation AOA (and hence received RFI level) becomes dependent on the 

azimuth direction of the tower from the aircraft as well as its elevation. This effect is illustrated in Fig. 4, 

where the banking is represented by a rotation of coordinates about the x-axis by a banking angle denoted 

: 

Fig. 4: Effect of Banking on Receive Antenna Az/El Coordinates 

 

 

The banking rotation changes the coordinates of fixed vector OP in Fig. 4 from (Az, El, r) in the original 

coordinate system to (Az’, El’, r) in the rotated coordinate system. Conversion of (Az, El, r) to (Az’, El’, r 

) is performed using a 3-step approach: 

1. Convert non-banked (Az, El, r) spherical antenna coordinates to Cartesian (x, y, z) coordinates. 

2. Perform coordinate system rotation about the x-axis by angle  and determine rotated Cartesian 

coordinates (x’, y’, z’). 

3. Convert rotated Cartesian coordinates (x’, y’, z’) to corresponding rotated antenna coordinates 

(Az’, El’, r). From inspection, it is clear that the vector length r is unchanged (that is, r’ = r). 

Using the above approach, it can be shown that the elevation AOA for the banked case is given by: 

  

El’(deg.) =  90o – ACOS[ sin El cos    cos El sin Az sin  ]  (10) 
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The above elevation angle transformation is used to determine the received RFI contributions from the 

surrounding towers. 

 

4.0 Example Scenarios 

RFI calculations are provided in this section for two example scenarios.   

4.1 Scenario Definitions 

Some of the parameters determining RFI power at the GPS receiver were common to both scenarios.  

These are defined below. 

1. Base Station Towers: 

a. Tower density D:  Scenario dependent 

b. ISD:    Scenario dependent  

c. Antenna height hT:  Scenario dependent 

d. Antenna down-tilt:  Scenario dependent 

e. Radio horizon radius R0: ~17 km to ~71 km (dependent on hA, hT) 

f. Antenna polarization:  450 dual-linear orthogonal pol.12  

g. TX antenna pattern:  Andrew V65-1 XR_00DT (small cell) 

2. Aircraft: 

a. Min. antenna height hA:  4 m (no banking), 10 m (w/ banking) 

b. Banking angles:   0o and 25o 

c. Antenna polarization:  Right-hand circular pol.  

d. RX antenna pattern:  source: RTCA/DO-301 

3. Propagation parameters: 

a. RFI carrier frequency:  1531 MHz 

b. 2-Ray dielectric const.:  r = 7 (ground) 

c. 2-Ray conductivity:   = 0.15 (ground) 

d. 2-Ray/FSL breakpt. r1:  22.5 m to 437 m (dependent on hA, hT) 

 

4.1.1 Example 1: 2.4 base stations/sq. km, different deployment configurations 

Example 1 comprises a geographically uniform deployment of base stations with 2.4 base stations/square 

km, which was the density suggested by the FAA and is a 4X increase in density from the macrocell 

density of 0.6 base stations/square km used in earlier FAA and RTCA analyses.  With an arrangement of 

the base stations in hexagonal cells, the above deployment results in a uniform inter-site distance (ISD) of 

693 m.  This density was suitable for urban macrocells; therefore, the scenario was analyzed with a 

variety of (net 18) macrocell type deployment configurations,13 referred to as use cases.  Both the base 

station power limit considering a single site, and the power increase due to aggregate RFI (delta-RFI) 

were examined.   

                                                           
12 Carriers transmitted on the 2 orthogonal polarizations are assumed to be uncorrelated, so they are power-additive 

at the receive antenna output. 
13 A “deployment configuration” refers to a particular set of the following parameters related to a given base station 

[antenna pattern, antenna height, antenna polarization, EIRP]. 
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Furthermore, the aggregate RFI effect was analyzed in two ways while keeping the ISD fixed at 693 m: 

(i) the Adjacent Towers were identical to the Central Tower and (ii) the Adjacent Towers, while being 

identical to each other, were deployed with a Central Tower that was different from the Adjacent Towers.  

The motivation of this analysis was to determine if a low EIRP Central Tower would encounter greater 

delta-RFI when surrounded by higher power Adjacent Towers. 

 

The network was assumed to extend to the radio horizon. 

 

4.1.2 Example 2: 6.2 base stations/sq. km [ITU-R M.2292] 

Example 2 comprises a denser, small cell deployment conforming to ITU-R M.2292.  It is also laid out in 

hexagonal cells but with an ISD of 433 m (6.2 base stations/square km).     

Unlike Example 1, the small cell deployment configuration was kept fixed at the ITU recommendation as 

these deployments are typically uniform with little variation in site height, antenna type and downtilt 

angles.14  

As in Example 1 for the macrocell networks, here also the network was assumed to extend to the radio 

horizon, although this is almost impossible for a small cell network.  The practical upper limit for the 

coverage of such networks is a circular area with a radius of 2.5 km relative to the Central Tower.  Results 

for this constrained coverage case are also provided. 

  

5.0 Results and Discussion 

5.1 Example 1 

The results for Example 1 are provided below. 

 

 

                                                           
14 The case of increasing the antenna height from 6 m to 9 m (same antenna and downtilt) was examined but 

produced very similar results as the 6 m case. 
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It is clear from the results, spanning a large multiplicity of use case, that the maximum delta-RFI is 0.85 

dB.15  This parameter cannot be tied to a single base station configuration (use case) if the market has a 

variety of base station configurations.  Therefore, the most conservative approach is to apply a base 

station EIRP backoff corresponding to the maximum delta-RFI. 

 

5.2 Example 2 

The results for Example 2 are provided below. 

 

 

                                                           
15 The 0.9 dB delta-RFI occurs when the Central Tower corresponds to use case #14 and the Adjacent Towers 

correspond to use case #16. 

1 0 25 10 13.5 0.30 13.20 0.35 12.15

2 2 25 10 13.6 0.30 13.30 0.34 12.16

3 0 0 5 14.1 0.50 13.60 0.58 11.93

4 2 0 5 13.5 0.40 13.10 0.49 12.02

5 0 0 4 14.5 0.60 13.90 0.69 11.82

6 2 0 4 13.5 0.50 13.00 0.53 11.97

7 4 0 4 12.7 0.40 12.30 0.41 12.10

8 0 0 8 15.0 0.70 14.30 0.79 11.72

9 2 0 6 13.9 0.50 13.40 0.59 11.91

10 4 0 4 12.8 0.40 12.40 0.42 12.08

11 0 25 23 15.0 0.49 14.51 0.55 11.96

12 2 0 14 14.2 0.57 13.60 0.67 11.84

13 4 0 11 13.2 0.44 12.80 0.50 12.01

14 6 0 11 12.5 0.34 12.17 0.34 12.17

15 0 25 74 15.1 0.57 14.55 0.61 11.90

16 2 0 64 14.3 0.67 13.62 0.85 11.65

17 4 0 61 13.3 0.52 12.81 0.65 11.85

18 6 0 61 12.6 0.39 12.22 0.50 12.00

25

Down Link Center frequency: 1531 MHz, Carrier BW: 10 MHz (BS density: 2.4 BS/Sq.Km)

Use Case 

No

Base 

Station 

Antenna 

height (m)

Base Station 
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down tilt 

(deg)

Helicopter 

bank angle 

(deg)

GPS Rx antenna 

height at Max EIRP 

(m)

Max Tx EIRP 

(Single Tower) for 

a given Threshold 

(dBW)

EIRP backoff required 

considering Multiple 

Towers (Same as 

Control Tower) (dB)

Max Tx EIRP (Multiple 

Towers) for a given 

Threshold (dBW)

EIRP backoff with use 

case # 14 as Control 

Tower and with 

indicated type of 

Adjacent Multiple 

Towers (all same)  (dB)

Max Tx EIRP for Use 

case # 14 for indicated 

type of Adjacent 

Towers (dBW)

4.5

10

15

19

75

1 6 0 25 10 13.60 0.857 12.70 0.442 13.16

2 9 0 25 10 13.80 0.904 12.90 0.459 13.34

EIRP backoff required 

considering Multiple 

Towers (Same as 

Control Tower) Service 

Coverage up to 2.5 km 

radius (dB)

Max Tx EIRP (Multiple 

Towers) for a given 

Threshold (dBW) 

Service  Coverage up 

to 2.5 km radius (dBW)

Down Link Center frequency: 1531 MHz, Carrier BW: 10 MHz (BS density: 6.2 BS/Sq.Km)
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(m)
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Towers (Same as 

Control Tower) 

Service Coverage up 

to Radio Horizon (dB)

Max Tx EIRP (Multiple 

Towers) for a given 

Threshold (dBW) Service  

Coverage up to radio 

Hoizon
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This example also shows that, in the case where the network extends to the radio horizon, the delta-RFI is 

approximately 0.9 dB.  In a more likely scenario of the coverage being less than a circle of 5 km diameter, 

the delta-RFI is approximately 0.4 dB. 

6.0 Implementation 

The analytical process described above will ensure that Ligado’s terrestrial base station deployments 

produce power levels, both individually or in the aggregate, that are fully compliant with the standards 

adopted (with applicable safety margins) by the FAA and RTCA for certified aviation receivers. 

 

6.1 Inter-Site Distance and Aggregate Effects 

As explained in Section 3, for each individual cell site the first step establishes the maximum power level 

for that cell site based on the transmit antenna height, pattern and down-tilt that complies with the FAA 

and RTCA standards for a helicopter operating at a lateral distance of 250’ and a worst-case (i.e., lowest 

path loss) height and bank angle. 

As detailed in Section 5.2, an additional power reduction of 0.9 dB would be made to each cell site’s 

operating parameters calculated above to account for the maximum potential contribution of power from 

adjacent sites to the aggregate power received by the certified aviation GPS antenna.  This 0.9 dB power 

reduction assumes an inter-site distance that is never less than 433 meters, a constraint which Ligado to 

which Ligado would adhere in its network design and deployment. 

 

6.2 Conformance with Part 77 Operations 

In order to ensure that Ligado’s operations will not interfere with aircraft IFR operations on approach and 

departure routes at airports and heliports and other navigable airspace governed by Part 77, Ligado will 

not locate sites where any portion of the standoff cylinder would pierce the plane of a defined obstacle 

clearance surface. This will ensure that Ligado’s EIRP will be within conformance limits at all points on, 

and above, the OCS. 

Figure 5: Part 77 Conformance 
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Deriving the maximum cell site power based both on the contributions from the primary site and 

surrounding sites, will ensure that Ligado’s operations are fully consistent with all applicable RTCA and 

FAA standards, including the required safety margins. 
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Appendix 1 

 

Derivation of Small Cell Inter-Station Distance (ISD) from ITU Recommendation [4] 

 

The subject ITU recommendation provides the following table of deployment parameters. 

 

 

We assume that there will be 3 Small Cells per 1 Macro Urban cell, which has a cell radius (A) =0.5 km, 

and a derived Cell density of 2.2 BS/Sq. km., as shown in Table 3.  

We then derive a small cell base station density of 6.02 base stations/square km, leading to an ISD of 

433 m as follows. 

 

 

 

The 6.2 cells/square km base station density leads to an ISD of 433 m, as shown below. 
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 - Let "r" = length of each hexagon (i.e., small cell) side.  
 - Then each cell is made up of 6 equilateral triangles of length "r" on each side. 

 - The area of each equilateral triangle = 1/2 bh = 1/2 * r * sqrt(3) /2 * r   =   

sqrt(3) / 4 * r2. 

 - So the area of each cell =  3 * sqrt(3) /2 * r2.   
 - Let D be the cell density (cells / sq. km.). So the area served by 1 tower = 1/D. 

 - Solving for r in terms of D:  r = sqrt[2 / (3 * sqrt(3) * D)]   
 - ISD in Fig. 1 = sqrt(3)*r:  So  ISD  = sqrt[2 /(sqrt(3)* D)].  

     
EXAMPLE:             D: 6.2 cells per sq. km. (1 tower per cell)  

Solution:               r: 0.25 km   
ISD: 0.43 km   
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Appendix – 2 

TX Antenna Specifications 

 

Note: The Commscope V65S-1XR antenna is specified for small cell deployments in the 1695 – 

2690 MHz band.  To Ligado’s knowledge, there are no small cell antennas that are commercially 

available for the 1526-1536 MHz band as of yet.  However, there would be no material difference 

in the horizontal and vertical gain patterns of the same small cell antenna modified for use in the 

1526-1536 spectrum band.   

This antenna was selected because it has a broad vertical and horizontal beamwidth.  These 

attributes produce higher levels of RFI in the analytical models that were utilized in the analyses 

in the document than other antennas which were evaluated.  This is consistent with the overall 

conservatism of these analyses.   
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Antenna Pattern 

 

Legend 

Description Port Frequency Tilt Cut Color 

Dual Polarization Port 1 +45 1695 0 A 
 

Dual Polarization Port 1 +45 1695 0 V 
 

 

 

 

 




